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Background: Circulating tumor DNA (ctDNA) has offered a minimally invasive approach

for the detection and measurement of cancer. However, its diagnostic and prognostic

value in hematological malignancies remains unclear.

Materials and methods: Pubmed, Embase, and Cochrane Library were searched

for relating literature. Diagnostic accuracy variables and disease progression prediction

data were pooled by the Meta-Disc version 1.4 software. Review Manager version 5.4

software was applied for prognostic data analysis.

Results: A total of 11 studies met our inclusion criteria. In terms of diagnosis, the pooled

sensitivity and specificity were 0.51 (95% confidence intervals (CI) 0.38–0.64) and 0.96

(95% CI 0.88–1.00), respectively. The AUSROC (area under the SROC) curve was 0.89

(95%CI 0.75–1.03). When it comes to the prediction of disease progression, the overall

sensitivity and specificity was 0.83 (95% CI 0.67–0.94) and 0.98 (95% CI 0.93–1.00),

respectively. Moreover, a significant association also existed between the presence of

ctDNA and worse progression-free survival (HR 2.63, 95% CI 1.27–5.43, p = 0.009), as

well as overall survival (HR 2.92, 95% CI 1.53–5.57, p = 0.001).

Conclusions: The use of ctDNA in clinical practice for hematological malignancies is

promising, as it may not only contribute to diagnosis, but could also predict the prognosis

of patients so as to guide treatment. In the future, more studies are needed to realize

the standardization of sequencing techniques and improve the detection sensitivity of

exploration methods.

Keywords: circulating tumor DNA, hematological malignancies, lymphomas, multiple myeloma, myelodysplastic

syndrome, leukemia, meta-analysis

INTRODUCTION

In recent years, significant progress in the diagnosis and treatment of hematological malignancies
has been made. However, the current gold standard for disease diagnosis and monitoring, tissue or
bone marrow (BM) biopsy, is invasive and painful. A further issue is that sampling a single tumor
site during biopsy may not reveal all malignant clones (1).
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Mandel and Metais first described the presence of DNA
molecules in human plasma in 1948 (2). In 1994, Vasioukhin
et al. described the presence of tumor-specific mutations in cell-
free DNA (cfDNA) of patients with myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML), demonstrating the
significance of circulating tumor DNA (ctDNA) analysis in
hematologic malignancies (3, 4). Unfortunately, due to the lack of
sensitive and specific detection methods, the research on cfDNA
is relatively behind. With the recent advent of new techniques,
such as droplet digital polymerase chain reaction (ddPCR) and
next-generation sequencing (NGS), tumor-derived fragmented
DNA in the plasma or serum, known as ctDNA, has the ability to
be one of the most sensitive, non-invasive biomarkers available
for use in cancer patients (5). Compared with a classic biopsy,
ctDNA is more convenient and presents minor procedural risk
to the patient, with a less expensive price. And more importantly,
ctDNA has been determined to have a half-time of 16min to 2.5 h
in circulation, which enables ctDNA analysis to be considered as a
real-time snapshot of disease burden (6). In theory, ctDNA could
also deliver more complete information regarding the patient’s
entire tumor burden, because the sample may represent all tumor
DNA present in the circulation, without spatial limitations of
the biopsy sampling of a single lesion within a single anatomic
site (7).

Although many recent studies have focused on applications in
hematological malignancies (8–13), the results are still unclear.
Therefore, we performed a meta-analysis to estimate the clinical
application value in patients with hematological malignancies.

METHODS

Search Strategy
We searched for studies in Pubmed, Embase, and Cochrane
library with no restriction of publication date using key
words “lymphomas AND ctDNA,” “myeloma AND ctDNA,”
“myelodysplastic syndrome AND ctDNA,” and “leukemia
AND ctDNA.”

Inclusion Criteria, Exclusion Criteria
Two reviewers evaluated potential articles independently,
according to the inclusion and exclusion criteria mentioned
below. Discrepancies were resolved by discussion until a
consensus was reached.

Inclusion criteria: (1) retrospective and prospective
observational cohort studies involving patients with lymphoma,
multiple myeloma, myelodysplastic syndrome, or leukemia;
(2) ctDNA was analyzed in patients; (3) information on the
diagnostic, prognostic, or predictive value of ctDNA was
provided; (4) prognostic studies had to report the results of

Abbreviations: ctDNA, circulating tumor DNA; BM, bone marrow; cfDNA,
cell-free DNA; ddPCR, droplet digital polymerase chain reaction; NGS, next-
generation sequencing; HR, hazard ration; OS, overall survival; PFS, progress-
free survival; EFS, event-free survival; CI, confidence interval; PLR, positive
likelihood ratios; NLR, negative likelihood ratios; DOR, diagnostic ratios; SROC,
the summary receiver operating characteristic curve; EGFR, epidermal growth
factor receptor; MRD, the minimal residual disease; MAF, the mutant allele
fraction; MDS, myelodysplastic syndrome.

a survival analysis in the form of a hazard ratio and 95 %
confidence intervals; (5) a sample size≥5; (6) reported in English;
and (7) participants were adults.

Exclusion criteria: (1) cell-free DNA without information
of mutations; (2) circulating viral DNA; (3) lack of outcomes;
and (4) conference abstracts, comments, reviews, case reports,
or meta-analyses.

Data Extraction
Only full-text articles were taken into consideration. Extracted
study characteristics included: first author, publication year, type
of cancer, number of patients, ctDNA measurement method,
and mutation evaluated in ctDNA. If the eligible studies
provided survival data, hazard ration (HR) for overall survival
(OS), progress-free survival (PFS), event-free survival (EFS),
or disease progressing with 95% confidence interval (CI) they
were extracted.

TABLE 1 | Results of diagnosis quality assessment of included studies according

to the QUADAS-2 tool criteria.

Study Risk of bias Applicability concerns

Patients

selection

Index

text

Reference

standard

Flow

and

time

Patients

selection

Index

text

Reference

standard

Fontanilles,

M.2017

L L L L L L L

Hickmann,

A.K.2019

U L U L L L L

Mazzotti.C

2018

U L L L U L L

Sakata-

Yanagimoto,

M 2017

U L L U L L L

Watanabe,

J. 2019

PCNSL

L L L L L L L

L: low risk of bias; H: high risk of bias; U: unclear risk of bias.

TABLE 2 | A study could be allocated one point for each of the seven criteria; in

case of ambiguity, half a point was assigned.

Adapted REMARK criteria for quality assessment (1 point/criteria)

1. Case selection adequate (baselines from medical chart)

2. States the marker examined and the aim of the study

3. Reporting at least the following characteristics: disease stage,

histology, and received treatment

4. States the time and type of sampling (serum/plasma)

5. States the assay methods used and provides a detailed

protocol (at least cfDNA isolation, sequence method, and

sequence depth)

6. A clear description of the flow of patients through the study

7. A clear description of the reasons for dropout

A study was included for further analysis when graded ≥ 5.5 points.
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TABLE 3 | Prognostic studies were scored according to the criteria in Table 2.

Study 1 2 3 4 5 6 7 Total

Roschewski, M.2015 1 1 1 1 1 1 1 7

Assouline, S. E.2016 1 1 1 1 1 1 1 7

Kurtz, D. M.2018 1 0.5 1 1 0.5 1 1 6

Sarkozy, C.2017 1 1 1 1 0.5 1 1 6.5

Fontanilles, M. 2017 1 1 1 1 1 1 1 7

Hossain, N. M.2019 0.5 1 0.5 1 0.5 1 1 5.5

Qiong Li.2020 1 1 1 1 1 1 1 7

Studies’ Quality Assessment
The results of diagnosis quality assessment were shown in
Table 1. The quality of prognostic studies was assessed by
an adapted version of the reporting recommendations for
tumor marker prognostic studies (REMARK) criteria for
biomarker studies (Table 2) (14). Detailed information on quality
assessment about prognostic studies was shown in Table 3.

Statistical Analysis
Diagnostic variables, such as sensitivity, specificity, likelihood
ratios [i.e., positive likelihood ratios (PLR) or negative likelihood
ratios (NLR)], diagnostic ratios (DOR), and the summary
receiver operating characteristic curve (SROC) were calculated
and analyzed using the Meta-Disc software, version 1.4. The
pooled HR and the 95% CIs for OS or PFS were analyzed by the
Review Manager version 5.4 software. We used a random-effect
model if significant heterogeneity was observed (P < 0.05 or I2 >

50%); if not, we would turn to a fixed-effect model.

RESULTS

A total of 996 articles were identified through the search
(Figure 1). After screening, 273 duplicated studies were removed,
and 674 studies were excluded based on their titles and abstracts.
A further 39 studies were excluded for not fulfilling the inclusion
criteria. Finally, a total of 11 studies were included in the meta-
analysis. The details and main characteristics of included studies
are summarized in Table 4.

ctDNA as Marker for Diagnosis in
Hematological Malignancies
Five studies were pooled for the meta-analysis of diagnostic
accuracy. As presented in Figure 2, the overall sensitivity and
specificity was 0.51 (95% CI 0.38–0.64) and 0.96 (95% CI
0.88–1.00) respectively. The pooled PLR and NLR were 4.04
(95% CI 1.68–9.70) and 0.60 (95% CI 0.37–0.98), respectively.
The area under the SROC was 0.89 and the DOR was 14.60
(95%CI 3.74–57.02).

ctDNA as Prognostic Marker in
Hematological Malignancies
Three studies were pooled for the meta-analysis of disease
progression prediction. As shown in Figure 3, the overall
sensitivity and specificity was 0.83 (95% CI 0.67–0.94) and 0.98

(95% CI 0.93–1.00) respectively. The pooled PLR and NLR
were 17.31 (95%CI 4.11–72.84) and 0.21 (95% CI 0.09–0.49),
respectively. The DOR was 145.74 (95% CI 30.17–704.12).

Three articles with a total of 266 patients included analysis on
the association of ctDNA and PFS in patients with hematological
malignancies. A significantly worse PFS for ctDNA positive
patients was observed(HR 2.63, 95% CI 1.27–5.43)(Figure 4).
Moreover, there were four articles with 352 patients that included
analysis on the association of ctDNA and OS with hematological
malignancies. Patients who had ctDNA positive or higher ctDNA
levels had a worse OS (HR 2.92, 95% CI 1.53–5.57) (Figure 5).

DISCUSSION

Since fragmented DNA was first found in the whole blood by
Mandel and Metais, cfDNA and ctDNA have been applied in
a variety of disciplines. For example, detection of ctDNA is an
effective method to determine EGFR status in NSCLC, providing
a more expedient measure to predict resistance to EGFR tyrosine
kinase inhibitors and prognosis (25). A study showed that ctDNA
monitoring may help identify hematologic cancer patients at
risk for relapse in advance of established clinical parameters (8).
However, the relationship between ctDNA and hematological
malignancies remains unclear. Therefore, it is necessary to
conduct comprehensive analysis illuminating the clinical utility
of ctDNA in the diagnoses of patients with hematological
malignancies and prognosis prediction.

Our pooled data have shown that the detection of ctDNA has
an obvious advantage in hematological malignancies diagnosis
specificity (specificity: 0.96, 95% CI 0.88–1.00). A phase 1 clinical
trial which studied the clinical value of ctDNA in MDS showed
that there was an excellent correlation (r2 = 0.84; P < 0.0001)
between the mutant allele fraction (MAF) of somatic mutations
in BM and ctDNA across multiple matched time points (26).
Another study on gene detection with 26 patients with MDS
showed that the correlation of 52 somatic mutations detected
in BM and ctDNA was also significant (R2

=0.8272, P <

0.0001) (13). These results imply that mutations in ctDNA may
represent somatic mutations in tumor cells. So in this regard,
ctDNA testing is a good alternative to biopsy because of its non-
invasive advantages. However, in terms of test sensitivity, the
present evidence showed no superiority of ctDNA over biopsy
(sensitivity: 0.51, 95% CI 0.38–0.64). Hematologic tumors are
highly heterogeneous, with various gene mutations in a tumor,
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FIGURE 1 | Flow chartof selection process to enrolleligiblestudie.

which may be one of the main reasons for its lack of sensitivity.
On the other hand, we pooled results of various tumors and
mutations on account of the limited number of studies in our
meta-analysis, which may lead to inaccurate results. Therefore,
more accurate circulating gene targets need to be defined. To
increase the sensitivity of ctDNA, there is a necessity to study
the detection rate of ctDNA using a panel-based NGS approach,
and panels should include the most-frequently mutated genes in
tumor tissue.

The quantitative level of ctDNA has prognostic value
for patients which could influence therapy choices (27, 28).
Detection of ctDNA clearance during first-line chemotherapy
can reflect tumor response to treatment, which may allow real-
time adjustment of duration or intensity, or identification of
patients at high risk of treatment failure (20). Similar to our
results, studies by Herrera et al. also showed a correlation
between ctDNA and disease progression as well as recurrence,
whose multivariable model results show that detectable ctDNA
was associated with increased risk of progression/death (HR
3.9, P = 0.003) and relapse/progression (HR 10.8, P =

0.0006) (29). Moreover, some studies indicated that detectable
ctDNA was also associated with tumor volume, which means
ctDNA is associated with tumor burden in patients (11, 24).
Given the non-invasive nature and short half-life of ctDNA,
its interim monitoring during therapy can provide a real-
time assessment of tumor dynamics, allowing for an early
indication of response or resistance to therapy. After treatment,
ctDNA can be used for post-treatment monitoring. It can
perform a similar function to surveillance imaging without the
need for radiation exposure, which may potentially increase
susceptibility to preclinical recurrence, and ultimately allow
for early intervention (28, 30, 31). The study by Roschewski
et.al. showed that patients developed detectable ctDNA a
median of 3.5 months before clinical evidence of disease (20).
Similarly, ctDNA detected relapse at a mean of 6 months before
imaging detection in another study by Scherer et al. (32).
These encouraging results suggest that ctDNA may help faster
relapse detection, and allows subsequent therapy to be initiated
before clinical progression. These findings will highly strengthen
the value of ctDNA in clinical management of patients with
hematological malignancies.

As is shown in our pooled data, the presence of ctDNA or
higher levels of ctDNA is associated with a poorer PFS and
OS. Sarkozy’s study has a similar result to us, showing that
patients with higher levels of ctDNA experienced a significantly
shorter PFS than those with lower levels of ctDNA (median 15.3
months vs. not reached, p = 0.004) (23). Another study also
showed that patients with detectable ctDNA have worse survival
outcomes than those without (6). These results imply that
ctDNA assessment could be a useful alternative endpoint for PFS
and OS.

Several limitations in this study need to be addressed. Firstly,
the lack of a well-accepted ctDNA gene target might contribute
to the presence of bias. Secondly, due to the limited studies, we
included little data which may lead to results’ bias. Furthermore,
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TABLE 4 | Major characteristics of enrolled studies.

No. Study Type of cancer Number of

patients

ctDNA measurement

method

Mutation evaluated in ctDNA

1 Fontanilles, M. (14) PCNSL 50 NGS MYD88 c.T778C

2 Hickmann, A, K. (15) PCNSL 6 NGS MYD88, PIM1, BCL2, ETV6, KMT2D, LPHN3, PRDM1, CD79B, SOCS1, IRF4,

MYC, FOXB1, LRP1B, HLA-B, LTF, EPHA5, EP400, SYNE1, BLNK, STAT3,

FES, SEPT9, POLR3A, DPYD, TFE3, CSMD3, FAT1, KIT, MAGI1, TP53,

ASXL1, SETD2, IDH2, MTRR, PBRM1, BCR, MN1, RNF213, TOP1, ATM,

FANCM, CDKN1B, PAX5, FOXO1, MCL1, PTPRT, CARD11, PPM1D, DST,

BCL10, TCL1A, FN1, HSP90AA1, NIN, SLCO1B1, HSP90AB1, ARID5B,

ETS1, ERBB4, CCND2, HLA-C, ITGB2, EPHA3, BCL6, TBL1XR1, PCBP1,

RECQL4, CREBBP, STAT4, MLLT3, KEAP1, BTK

3 Mazzotti,C. (16) MM 37 NGS IGH, IGK, IGL rearrangements

4 Sakata-Yanagimoto, M.

(17)

PTCL 14 Targeted sequencing G17V-RHOA

5 Watanabe, J. (18) PCNSL 12 ddPCR MYD88

6 Roschewski, M. (19) DLBCL 126 NGS VDJ rearrangements

7 Assouline, S. E. (20) DLBCL 20 CAPP-seq and ddPCR EZH2, MEF2B, CREBBP, EP300, MLL2, FAS, STAT6, TP53, MYD88, MLL3

8 Kurtz, D. M. (21) DLBCL 217 CAPP-seq ABCB11, ACTG1, AFF1, APC, B2M, BCHE, BCL10, BCL2, BCL6, BTG1,

BTG3, BTK, CAPZA3, CARD11, CCND1, CCND3, DSEL, EGR1, EPHA7, RF1,

IRF4, KRAS, LAMA1, MAP2K1, MC5R, MED12, MEF2B, PXDN, RASSF9,

STAT6, ZFP42, ZMYM6, ZNF608, ZNF678, et al.

9 Sarkozy, C. (22) FL 29 NGS VDJ rearrangements

10 Hossain, N. M. (23) DLBCL 6 NGS immunoglobulin gene V(D)J rearrangements

11 Qiong, Li. (24) ENTKL 65 NGS ADAM3A, APC, ARID1A, ARID1B, ARID2, ASXL3, ATM, BCOR, BCORL1,

CD28, CHD8, CREBBP, DDX3X, DNMT3A, EP300, EZH2, FYN, IDH2, IL2RG,

JAK1, JAK3, KDM6A, KMT2A, KMT2D, MGA, NF1, NOTCH1, PRDM1,

PTPN1, RHOA, SETD2, SOCS1, STAT3, STAT5B, STAT6, TET1, TET2,

TNFRSF14, TP53, TRAF3, ZAP608

FIGURE 2 | Diagnostic accuracy forest plots. (A) Forest plots of overall sensitivity. (B) Forest plots of overall specificity. (C) Forest plots of positive likelihood ratio. (D)

Forest plots of negative likelihood ratio. (E) Forest plots of SROC Curve. (F) Forest plots of diagnostic odds ratio.
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FIGURE 3 | Disease progression prediction forest plots. (A) Forest plots of overall sensitivity. (B) Forest plots of overall specificity. (C) Forest plots of positive likelihood

ratio. (D) Forest plots of negative likelihood ratio. (E) Forest plots of diagnostic odds ratio.

FIGURE 4 | Forest plot of a Fixed-effect meta-analysis of the prognostic role of ctDNA on progression-free survival.

FIGURE 5 | Forest plot of a Fixed-effect meta-analysis of the prognostic role of ctDNA on overall survival.

the difference in detection method and materials, such as
PCR primers or the equipment applied, is also an important
source of study bias. Therefore, our conclusion might not be
universal suitable.

Despite its preliminary nature, this study clearly indicated that
the presence of ctDNA in hematological malignancies patients
predicted unfavorable survival. Before its wide application in
hematological malignancies patients, some concerns still need
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to be addressed, including more accurate molecule targets and
more suitable detection techniques. In a word, more prospective
studies with consistent and standardized methodology are
needed to further resolve these problems.

CONCLUSIONS

In summary, our meta-analysis revealed that the presence
of ctDNA is related to a worse prognosis in patients with
hematological malignancies (lymphomas, multiple myeloma,
myelodysplastic syndrome, or leukemia). Moreover, ctDNA is a
potential diagnostic biomarker in hematological malignancies,
although the low diagnostic accuracy is a point of concern. The
specificity and non-invasive nature of ctDNA testing, as well as
its ability to reflect the patient’s tumor burden in real time, makes
it a potential substitute for biopsy. In the future, more studies are
needed to realize the standardization of sequencing techniques
and explore methods to improve detection sensitivity.
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Non-Hodgkin lymphoma (NHL) is a common type of hematological malignant tumor,
composed of multiple subtypes that originate from B lymphocytes, T lymphocytes, and
natural killer cells. A diagnosis of NHL depends on the results of a pathology examination,
which requires an invasive tissue biopsy. However, due to their invasive nature, tissue
biopsies have many limitations in clinical applications, especially in terms of evaluating the
therapeutic response and monitoring tumor progression. To overcome these limitations of
traditional tissue biopsies, a technique known as “liquid biopsies” (LBs) was proposed.
LBs refer to noninvasive examinations that can provide biological tumor data for analysis.
Many studies have shown that LBs can be broadly applied to the diagnosis, treatment,
prognosis, and monitoring of NHL. This article will briefly review various LB methods that
aim to improve NHL management, including the evaluation of cell-free DNA/circulating
tumor DNA, microRNA, and tumor-derived exosomes extracted from peripheral blood
in NHL.

Keywords: non-Hodgkin lymphoma, diffuse large B-cell lymphoma, primary central nervous system lymphoma,
liquid biopsies, cell-free DNA, circulating tumor DNA, microRNA, tumor-derived exosomes
INTRODUCTION

Non-Hodgkin lymphoma (NHL) is a common type of hematological malignant tumor, composed
of multiple subtypes that originate from B lymphocytes, T lymphocytes, and natural killer (NK)
cells, including diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL), T cell lymphoma
(TCL), and NK-T cell lymphoma (NKTCL). The most common NHL subtype is DLBCL, which is a
group of heterogeneous tumors (1). This heterogeneity is reflected by significant differences in the
responses of these tumors to the standard first-line treatment strategy, known as R-CHOP
(rituximab, cyclophosphamide, doxorubicin hydrochloride, oncovin, and prednisone).
Approximately 20%–50% of patients experience relapse or develop drug-resistance after
treatment (2). The 5-year survival rates for DLBCL reported for the United States and Europe
are 63.8% and 55.4%, respectively (2). Primary central nervous system lymphoma (PCNSL) is a rare
type of primary extranodal NHL that originates in the brain parenchyma, cranial nerves,
leptomeninges, eyes, or spinal cord, without affecting other sites. In greater than 90% of PCNSL,
the pathology is consistent with DLBCL. With the application of high-dose methotrexate-based
combination chemotherapy, the median overall survival rate of PCNSL increased from 12.5 months
in the 1970s to 26 months in the 2010s (3). Similar to systemic DLBCL, approximately 50% of
PCNSL patients relapse after treatment (4), and 10% to 15% of patients are primarily refractory (5).
In cases of refractory or relapsed disease, the prognosis is typically poor.
March 2021 | Volume 11 | Article 658234113
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Regardless of the NHL subtype identified, the current gold
standard for diagnosis remains the pathological examination of
the affected tissue, which is typically obtained through surgical
resection or lymph node puncture. However, tissue biopsies are
invasive examinations that can only reflect the characteristics of
tumors statically and locally at the biopsy location. Biopsies
cannot be used for the dynamic monitoring of tumors during
treatment and follow-up (6). Many disadvantages, including the
risks associated with tissue biopsy (bleeding, infection, functional
impairment, etc.), the complexity of obtaining biopsy samples,
and difficulties associated with reproducibility, have significantly
hampered the development of clinical applications for tumor
evaluation and prediction. To overcome these barriers, the
concept of liquid biopsies (LBs) has been introduced. LBs are
characterized by being noninvasive, allowing for the convenient
and continuous collection and dynamic monitoring of samples
that can provide information regarding disease progression (7,
8). LBs are considered to serve as beneficial supplements to tissue
biopsies. LBs can be used for screening and early detection,
assessing prognosis, real-time monitoring of response to
treatment, guiding treatment, identifying treatment targets, and
detecting early recurrence (8). Various forms of LBs are currently
widely studied, including circulating tumor cells (CTCs),
circulating blood nucleic acids, tumor-derived exosomes
(TDE), and tumor-educated platelets (9). Initially, studies of
LB focused on CTCs, but recent research focus has shifted to
circulating nucleic acids, which are easier to obtain and analyze
(7). This article primarily reviews the clinical applications of
various types of LBs, including cell-free DNA (cfDNA)/
circulating tumor DNA (ctDNA), microRNA (miRNA), and
TDE extracted from peripheral blood, in the assessment and
treatment of NHL. cfDNA/ctDNA sheds into blood from tumor
cells via apoptosis, necrosis or through an active process
(Figure 1). Molecular aberrations in tumor tissues, such as
point mutations, insertions, deletions, and alterations in DNA
methylation can be detected in cfDNA/ctDNA. Tumor cells can
Frontiers in Oncology | www.frontiersin.org 214
also shed different classes of RNA into the bloodstream. Among
RNAs, miRNA is the most frequently investigated RNA species
as biomarkers (Figure 1). The TDEs are produced by tumor cells
and secreted into the bloodstream through exocytosis. TDE
contents include proteins, nucleic acids, lipids and metabolites
(Figure 1). Therefore, LBs can yield data regarding genetic,
transcriptional, and proteomic changes useful for diagnosis,
prognosis, and therapy of NHL (Figure 1). LB can be used for
screening and early detection, assessing prognosis, real-time
monitoring of response to treatment, guiding treatment,
identifying treatment targets, and detecting early recurrence of
NHL (Figure 2). A comprehensive understanding of the clinical
application value of LBs will help clinicians better manage NHL
patients, and achieve the purpose of improving treatment effects
and improving prognosis.
CHARACTERISTICS AND DETECTION
METHODS USED IN LBs

Following apoptosis or necrosis, both normal cells and tumor
cells release nucleic acids (DNA, mRNA, and miRNA) into
bodily fluids, such as the peripheral blood, cerebrospinal fluid,
and urine (10, 11). Non-cell-bound DNA fragments found in the
circulatory system are referred to as cfDNA, which typically
consists of both normal DNA and ctDNA (12). The origins of the
tumor portion of cfDNA may be apoptosis or necrosis, the lysis
of CTCs, or the release of DNA from tumor cells into the
circulation (13). Previous research has confirmed that cfDNA
typically appears as fragments, with sizes that peak at 166–167
bp, and ctDNA is usually even shorter than normal cfDNA (14,
15). The proportion of ctDNA in cfDNA can range from 3% to
93% (16). Current methods for detecting circulating DNA
include polymerase chain reaction (PCR) and next-generation
sequencing (NGS, Table 1). The detection limit of PCR is 10−5
FIGURE 1 | The value of liquid biopsy. ctDNA, circulating tumor DNA.
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(17), and the two most commonly used PCR-based detection
techniques are real-time quantitative PCR and droplet digital
PCR (18, 19). Epigenetic changes can be detected by
pyrosequencing (20). In contrast to PCR, which only targets
specific DNA sequences, the detection range for NGS is broader
because it targets the entire genome or the entire exome (17).
Compared with PCR, the detection rate for NGS increase to 10−6

(21). The two platforms commonly used in DLBCL research are
noninvasive tumor immunoglobulin gene NGS (IgNGS) and
cancer personalized profiling by deep sequencing (CAPP-Seq).
The cfDNA/ctDNA can be used for cancer diagnosis, prognosis,
Frontiers in Oncology | www.frontiersin.org 315
and monitoring. However, cfDNA can also be upregulated by
other conditions, such as infection, trauma, inflammation,
transplantation, and autoimmune disorders (22), which can
introduce uncertainties to the interpretation of cfDNA results.

MicroRNAs are small, regulatory, non-coding RNAs that can
negatively regulate gene expression at the post-transcriptional
level by binding to target mRNA molecules, resulting in the
increased degradation or translational inhibition of the targeted
mRNA (23). Evidence has shown that tumor-related miRNAs
can be detected in bodily fluids (such as serum or plasma) (24).
As biomarkers, circulating miRNAs play an essential role in the
TABLE 1 | Detection methods used by liquid biopsy.

Methods Characteristics

cfDNA
ctDNA

PCR qRT-PCR
ddPCR

Targets certain DNA sequences

NGS IgNGS
CAPP-Seq

Higher sensitivity and wider coverage

miRNA RT-PCR High sensitivity and specificity
NGS Sequencing
Microarray High-throughput analysis

Requires enough initial samples
TDE Ultracentrifugation Requires higher speeds and longer durations

Less suitable for fluids with high viscosity
Size-based techniques Ultrafiltration Faster than ultracentrifugation

Protein contamination
SEC Pure isolates with intact physical characteristics

PEG precipitation Simple, low-cost, rapid
Co-precipitated proteins

Immunoaffinity enrichment High-purity separation
cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; TDE, tumor-derived exosomes; PCR, polymerase chain reaction; qRT-PCR, real-time quantitative PCR; ddPCR, droplet digital PCR;
NGS, next-generation sequencing; CAPP-Seq, cancer personalized profiling by deep sequencing; RT-PCR, reverse transcription PCR; SEC, size exclusion chromatography; PEG,
polyethylene glycol.
FIGURE 2 | Summary of clinical application of liquid biopsy in non-Hodgkin’s lymphoma. LBs, liquid biopsies; NHL, non-Hodgkin’s lymphoma; cfDNA, cell-free
DNA; ctDNA, circulating tumor DNA; miRNA, microRNA; TDE, tumor-derived exosomes; MRD, minimal residual disease.
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diagnosis, typing, treatment response monitoring, and
prognostic prediction of NHL. The detection of miRNA can be
performed by reverse transcription PCR, NGS, and microarray
techniques (25). At present, in most NHL studies, miRNA
expression has been evaluated in serum.

Exosomes are a type of endosome-derived extracellular
vesicle with a diameter ranging from 30 to 120 nm (2).
Exosomes typically contain nucleic acids, proteins, lipids, and
metabolites (26). Similar to cfDNA, exosomes can also be found
in a variety of bodily fluids, including peripheral blood,
cerebrospinal fluid, urine, saliva, and peritoneal fluid (27).
Exosomes have been shown to participate in cell-to-cell
communications and can affect the phenotypes of recipient
cells (28). Exosomes play important roles during both
physiological and pathological conditions, including the
maintenance of cell homeostasis and the regulation of gene
transcription, and exosomes have been shown to participate in
the immune response and tumor progression (29). Exosomes
differ depending on their cellular origins, and the contents and
expression of exosomes secreted by healthy cells differ from those
secreted by tumor cells. Therefore, TDEs represent excellent
biomarkers for the diagnosis, prognosis, and management of
NHL patients at multiple stages. Many methods can be used to
isolate exosomes (Table 1). A commonly used method for exosome
separation is differential ultracentrifugation; however, this method is
not suitable for processing high-viscosity fluids due to the requirement
for higher speeds and longer centrifugation durations (30). Density-
gradient ultracentrifugation is similar to differential ultracentrifugation
and can be used to obtain purer fractions; however, density-gradient
ultracentrifugation requires long processing times and expensive
equipment, which are disadvantages (31). Ultrafiltration and size
exclusion chromatography can be used to separate exosomes
according to size. The polyethylene glycol precipitation method is a
relatively simple, low-cost, and rapid method that can produce high
yields while retaining the biophysical properties of isolated exosomes.
However, co-precipitated proteins can contaminate exosomes in
ultrafiltration and polyethylene glycol precipitation method (32). The
immunoaffinity enrichment method uses antibodies against
extracellular membrane markers (usually the transmembrane
proteins CD9, CD63, and CD81) to isolate exosomes from biological
fluids (9). The immunoaffinity method can result in high-purity
separation and has been proven to be a very effective method for the
separation of exosomes. These various extraction methods are each
associated with advantages and disadvantages, and different methods
can be selected according to the aims of the experiment.
LBs IN DIAGNOSIS

Although tissue biopsies are invasive, a pathological NHL
diagnosis based on the histological examination of a tissue
biopsy sample remains the “gold standard.” As a noninvasive
test, cfDNA assessments are safer and more reproducible than
tissue biopsies and are, therefore, likely to become a standardized
detection method for disease screening and early diagnosis.
Several studies have shown that cfDNA is increased in DLBCL
Frontiers in Oncology | www.frontiersin.org 416
compared with the normal control group, with a sensitivity of
70%–82.5% (33–35) and a specificity of 62.8%–94% (34–36). The
median cfDNA concentration has varied across studies, ranging
from 11.7–845 ng/ml in DLBCL, 12.4–662 ng/ml in NKTCL, and
12.9–942 ng/ml in TCL (33, 35–37). Currently, the most
commonly used methods to detect cfDNA include various
types of PCR. Commonly used methods to quantify cfDNA/
ctDNA are Qubit for quantification (33, 37) and quantitative
PCR (34–36). Although differences in the detection methods
used have resulted in heterogeneity among the cfDNA
concentrations reported by different studies, all of these studies
have reached the conclusion that cfDNA concentrations in NHL
cases are higher than those in normal controls. This finding
suggests that cfDNA might be used as a diagnostic indicator. Sun
et al. compared and analyzed the cfDNA concentrations of
DLBCL and NKTCL patients and found that the cfDNA
concentration in NKTCL patients was significantly higher than
that in DLBCL patients (19.6 ng/ml vs. 11.7 ng/ml, p = 0.027)
(37). This result suggested that cfDNA also has the potential to
identify different types of NHL. However, studies have also
demonstrated that cfDNA concentration can be elevated
during many non-tumor diseases, such as sepsis, severe
trauma, liver damage, and immune diseases (22). Therefore,
the analysis and interpretation of cfDNA data may be
challenging for both diagnosis and differential diagnosis.

At present, a variety of circulating miRNAs in DLBCL have
been studied, resulting in the identification of greater than 80
miRNAs, to date. Nine specific miRNAs have been examined in
multiple studies, including miR-21, miR-155, miR-210, miR-15a,
miR-29c, miR-494, miR-34a, miR-145, and miR-379 (38–51).
However, only two miRNAs have been confirmed to be elevated
in DLBCL cases compared with their levels in normal
individuals: miR-21 (38–40, 44, 46, 50, 51) and miR-155 (40–
42, 44, 46, 49). Moreover, the study by Chen et al. showed that
the level of miR-21 in the activated B cell-like (ABC) group was
higher than that of the germinal center B cell-like (GCB) group
(39). A study by Eis et al. of DLBCL cell lines found that the miR-
155 level in DLBCL with an ABC phenotype was higher than in
cells with the GCB phenotype (42). Interestingly, Caivano et al.
studied miR-155 in extracellular vesicles from 5 DLBCL patients
and found that miR-155 level in extracellular vesicles in the
DLBCL group did not differ from that in the normal group (52).
However, the number of cases examined in this study was
relatively limited. Two other miRNAs have been confirmed to
be downregulated in DLBCL cases compared with normal
controls, miR-145 (46, 47) and miR-379 (47, 48), but each of
these has only been evaluated in two studies. Beheshti’s team
identified 10 related circulating miRNAs (let-7b, let-7c, miR-10b,
miR-130a, miR-155, miR27a, miR-24, miR-18a, miR15a, and
miR-497) in the DLBCL mouse model (53). Since then, the team
has shown that 5 multi-miRNA signature (let-7b, let-7c, miR-
18a, miR-24, and miR-15a) can be used to differentiate DLBC
from control groups with high sensitivity and specificity (90%
and 94%, respectively) (45). In addition to miRNAs that are
upregulated in DLBCL, recent studies have identified some
miRNAs that are downregulated in DLBCL, such as miRNA-
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16-1 (54), miR-425, miR-141, miR-197, miR-345, miR-424, miR-
128, and miR-122 (47). Unfortunately, none of these miRNAs
has been verified repeatedly. The peripheral circulatory system of
DLBCL patients is rich in miRNAs, which carry a lot of
information. Currently, only miR-21 is recognized as having
the potential to become a diagnostic marker for DLBCL. In
addition to DLBCL, Guo et al. compared 79 NKTCL patients
with 37 normal plasma samples to examine miR-221 and found
that the miR-221 level in the NKTCL group was significantly
higher than that in the normal group (55). However, current
research on circulating miRNAs primarily focuses on DLBCL,
with few studies on other NHL subtypes; therefore, many areas
remain to be explored regarding circulating miRNAs.

Although exosomes can contain much information, including
nucleic acids and proteins, research regarding exosomes in NHL
remains scarce. Xiao et al. found that the expression level of the
serum exosome miR-451a was significantly reduced in the
DLBCL group compared with that in the control group, and
serum exosome miR-451a levels (p < 0.01) had a moderate
diagnostic efficiency for DLBCL (56). In PCNSL, Gállego et al.
showed that RNU6-1 levels were significantly lower in serum
exosomes from PCNSL patients than in those from glioblastoma
patients (18.1 copies/20 µL vs. 412 copies/20 µL; P = 0.004) (57).
The expression of RNU6-1 in serum exosomes may be used for
the differential diagnosis between PCNSL and glioblastoma (57).
However, so few related studies exist that the exact contribution
of TDE analysis to the diagnosis of NHL is difficult to determine.
The value of TDE for the diagnosis and differential diagnosis of
NHL requires additional research and further exploration.
LBs IN TUMOR GENOTYPING AND
CELL-OF-ORIGIN CLASSIFICATION

In 2017, Rossi et al. detected DLBCL-related mutations in cfDNA
among patients with DLBCL, and the results showed that genetic
variants with allele frequency ≥20% in tissue biopsies could also
be detected in cfDNA, with >90% sensitivity and approximately
100% specificity (58). In contrast, Rivas et al. reported a
sensitivity of detecting DLBCL mutations in cfDNA of 68%
(59), whereas Liu et al. reported a sensitivity of 87.5% (60).
The research by Rivas and Bohers both showed that the
mutational landscape in cfDNA samples was highly consistent
with that in biopsied tissue (59, 61). In a study of NHL, the
genetic analysis of plasma cfDNA found that when detecting
mutations that were detected at frequencies of greater than 20%
in biopsy tissue, the sensitivity was 88.0%, and the specificity was
greater than 99% (62). The consistencies of gene mutations
detected among ctDNA and biopsied tissues from extranodal
NK/T-cell lymphoma (nasal type), T-cell lymphoblastic
lymphoma, and angioimmunoblastic T-cell lymphoma were
93.75%, 89.1%, and 83%, respectively (63–65). The above
results indicated that cfDNA/ctDNA could be used to assess
the tumor genotypes of NHL patients as alternative methods for
tissue biopsy. In addition, Rossi et al. confirmed that mutations
could be identified in cfDNA that were undetectable in tissue
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biopsies due to the spatial heterogeneity of the tumor (58).
Therefore, cfDNA can be used as a supplementary test for cell-
of-origin (COO) classification. Scherer et al. used NGS to detect
ctDNA from pretreatment plasma for COO typing in DLBCL,
and the results were 80% consistent with those derived using the
Hans algorithm (66). They concluded that ctDNA genotyping
could be used to classify DLBCL based on COO analysis (66).
Sun et al. found that the mean concentration of cfDNA was
significantly higher in non-GCB patients than that in GCB
patients (15.95 ng/ml vs. 4.72ng/ml, p = 0.015) (37).

The above research results show that cfDNA can be used for
genotyping analysis, providing a more straightforward and easier
detection method for determining disease classification criteria
in NHL. Although cfDNA can compensate for the heterogeneity
associated with tissue biopsy and provide more supplementary
information regarding genetic phenotypes, current research has
indicated differences between cfDNA and tumor biopsies for the
analysis of phenotypic results. No evidence has supported the use
of cfDNA to completely replace biopsies for tumor genotyping.

Unfortunately, the results of studies examining PCNSL have
not been as promising as those examining systemic DLBCL.
Hattori et al. detected cfDNA evaluated by droplet digital PCR in
14 patients, among whom the MYD88 L265P mutation was
identified in tumor-derived DNA. The MYD88 L265P
mutation was detected in only eight of the 14 cfDNA samples
(67). Montesinos et al. also detected CD79b and MYD88 in both
tumor-derived DNA and cfDNA. Among 27 PCNSL tissue
biopsies, CD79B and MYD88 mutations were detected in 59%
and 85% of cases, respectively; however, the detection rates for
the CD79B and MYD88 mutations in cfDNA from the same
group of patients were only 0% and 4%, respectively (68). These
results showed that in PCNSL, even if the patient carries the
CD79B or MYD88 mutation, these mutations may not be
detectable in blood-derived cfDNA (68). These studies indicate
that unlike systemic DLBCL, circulating cfDNA may not be
applicable for the genotyping analysis of PCNSL. Montesinos
et al. proposed that the detection of genetic mutations in cfDNA
may indicate the possibility of systemic DLBCL and distinguish
PCNSL and second central nervous system lymphoma (68).
LBs AS BIOMARKERS FOR PROGNOSIS

A number of studies have shown that the levels of cfDNA/
ctDNA may be associated with poor clinical prognosis
indicators, and at least two studies have reported that the levels
of cfDNA/ctDNA were significantly associated with age, B
symptoms (34, 35), disease stage (34, 35, 59, 66), and the
International Prognostic Index (IPI) score (34, 35, 37, 59, 61)
in DLBCL. In T cell lymphoblastic lymphoma, studies have
confirmed that ctDNA concentrations are associated with IPI
scores (64). These indicators are highly correlated with poor
prognosis. However, whether circulating DNA levels are related
to lactate dehydrogenase (LDH) levels remains controversial.
LDH is considered to be an indicator of tumor burden of
lymphoma. Rivas et al. (59), Sun et al. (37), and Bohers et al.
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(61) have shown that the detection of cfDNA/ctDNA in DLBCL
is related to LDH levels. In contrast, Hur et al. (33) and Eskandari
et al. (34) found no strong correlations between serum LDH and
cfDNA in DLBCL. The relationship between cfDNA and Ki-67 is
also unclear. Only Wu et al. have examined the relationship
between cfDNA and Ki-67 in NHL, and they found that the
concentration and integrity of cfDNA were significantly
correlated with Ki-67 expression (69). The study also
confirmed that cfDNA concentration and integrity are
significantly related to the Eastern Cooperative Oncology
Group (ECOG) score, LDH level, disease stage, IPI score, and
B symptoms (69). In addition, higher concentrations of ctDNA
have been significantly correlated with total metabolic tumor
volumes, assessed by positron emission tomography/
computerized tomography (PET/CT), in both DLBCL and
extranodal NK/T-cell lymphoma (59, 63, 66, 70), indicating
that ctDNA levels might serve as a surrogate for tumor
burden. Many studies have confirmed that high levels of
cfDNA/ctDNA in NHL, including DLBCL, FL, TCL, and
NKTCL, are associated with shorter progression-free survival
(PFS) and overall survival (OS) (33, 34, 36, 59, 71, 72), which
indicates that high cfDNA/ctDNA concentrations are poor
prognostic factors for NHL. Other studies have examined the
DNA methylation patterns in cfDNA. Kristensen et al. analyzed
158 plasma samples from DLBCL patients and examined the
DNA methylation patterns in the promoter regions for death-
associated protein kinase 1 (DAPK1), deleted in breast cancer 1
(DBC1), MIR34A, and MIR34B/C using pyrosequencing (20).
They concluded that DAPK1 methylation was an independent
prognostic factor for OS (P < 0.0007) (20). Chiu et al. profiled
genome-wide 5-hydroxymethylcytosine (5hmC) patterns in
plasma cfDNA from 48 DLBCL patients and found that the
cfDNA 5hmC profiles were associated with the disease stage and
IPI score (73). These results indicated that DNA methylation in
cfDNA at diagnosis might also be associated with prognosis,
representing a new predictive strategy for DLBCL.

A large number of favorable results have indicated that
cfDNA/ctDNA have great potential for prognosis. However, no
new prognostic model has been developed based on cfDNA/
ctDNA. Whether cfDNA/ctDNA can serve as independent
prognostic indicators of NHL and the determination of the
prognostic efficacies and accuracies of cfDNA/ctDNA will
require further studies.

A large number of circulating miRNAs have been associated
with DLBCL; therefore, researchers are also exploring the value
of miRNAs for prognosis. In 2008, Lawrie et al. found that high
miR-21 expression levels were associated with longer relapse-free
survival in DLBCL (40), and Chen et al. reached a similar
conclusion (39). Conversely, upregulated miR-21 has been
described as an independent and poor prognostic factor in
another study (51), and the increased expression of miRNAs is
thought to be related to poor prognosis. A high expression level
of serum miR-22 in DLBCL at diagnosis is an independent
prognostic factor for estimating PFS (74). DLBCL patients with
upregulated miR-155 (41) and miR-125b (46) had shorter OS.
Plasma high levels of miR-20a/b, miR-93, and miR-106a/b were
Frontiers in Oncology | www.frontiersin.org 618
associated with higher mortality in DLBCL (47). Although a
variety of prognostic-related miRNAs have been identified, their
prognostic efficacy and whether they can be applied to a
prognostic model for the accurate stratification of patients
remains unclear. Recently, a prognostic model for DLBCL
based on four circulating miRNAs (miR21, miR130b, miR155,
and miR28) was established and tested in a training cohort of 279
patients and a validation cohort of 225 patients (NCT01852435)
(75). However, the potential application of this model requires
additional clinical data. We also expect that any existing
prognostic models for DLBCL and other NHL subtypes will
l i k e l y improve as more miRNA resea rch re su l t s
become available.

Although few studies have examined the relationship between
exosomes and prognosis, the results of several published studies
have shown that the concentrations of TDEs and the miRNA or
protein components contained in TDEs have good prognostic
potential. The research by Feng et al. examining exosome
miRNA in 2019 showed that the increased levels of miR-99a-
5p and miR-125b-5p in serum exosomes derived from DLBCL
patients were associated with shorter PFS (76). In 2020, the same
team found that the increased expression level of carbonic
anhydrase 1 (CA1) in serum exosomes from DLBCL patients
was associated with inferior PFS and IPI scores (77). Zare et al.
observed that refractory/relapsed DLBCL patients receiving R-
CHOP therapy presented with higher concentrations of
exosomes and exosomal miR-155 levels than responsive
patients (78). Therefore, they speculated that exosome miR-155
might be used as a potential biomarker for predicting the
response of DLBCL patients to treatment (78). Ryu et al. found
that in extranodal NK/T-cell lymphoma, high levels of miR-
4454, miR-21-5p, and miR-320e in serum exosomes were
significantly related to poor OS (79). As the roles of large
numbers of miRNAs are gradually being unraveled, the
prognostic roles of circulating exosomes require additional
exploration. With the deepening of research, the prognostic
potential of TDEs will gradually become more apparent.
LBs IN TREATMENT

cfDNA can be used to detect a variety of gene mutations and
abnormal pathways, and these changes can be developed as
therapeutic targets. Therefore, many researchers suspect that
testing cfDNA at diagnosis may be able to guide subsequent
treatment. Camus et al. used digital PCR to detect XPO1,
MYD88, and EZH2 mutations in cfDNA from DLBCL patients
(80). Hayashida et al. found that angioimmunoblastic T-cell
lymphoma patients carried RHOAG17V and IDH2R172

mutations in cfDNA (81). These related mutations may be
beneficial for guiding the selection of targeted drugs. However,
no studies have confirmed whether the development of
treatment strategies based on cfDNA can benefit patients.

Similar to cfDNA, miRNA has been shown to be associated
with some gene mutations and signaling pathways. In 2017,
Beheshti et al. identified ten circulating miRNAs in a DLBCL
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mouse model (let-7b, let-7c, miR-10b, miR-130a, miR-155,
miR27a, miR-24, miR-18a, miR15a, and miR-497) that
strongly impacted JUN and MYC oncogenic signaling (53).
Khare et al. identified mRNAs that were targeted by
abnormally expressed miRNAs (miR-124, miR-532-5p,
miR-141, miR-145, miR-197, miR-345, miR-424, miR-128, and
miR-122) in the DLBCL model mice and the biological processes
in which they were involved (47). The results showed that these
miRNAs might upregulate signal transducer and activator of
transcription 3 (STAT3), interleukin 8 (IL8), phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT), and transforming
growth factor (TGF)-b signaling pathways and downregulated
the phosphatase and tensin homolog (PTEN) and p53 signaling
pathways (47). In addition, Cui et al. found that miR-494 was
differentially upregulated in immunosuppressive monocytes and
macrophages, and the levels of miR-494 and miR-21 decreased
within 3–6 months after DLBCL patients initiated immuno-
chemotherapy (38). In B lymphoma cells and DLBCL patients,
miRNAs (miR-21, miR-130b, miR-155, and miR-28) were found to
regulate Ras signal transduction through insulin-like growth factor
(IGF1) and JUN, participating in the induction of myeloid suppressor
cells and Th17 cells (75). These results suggested that miRNA
expression and detection may be able to guide treatment,
representing a novel treatment strategy.

Compared with circulating nucleic acids, exosomes represent a
critical component of the malignant tumor microenvironment,
involved in tumor progression, metastasis, immune escape, and
other factors, and may have tremendous therapeutic potential. B
lymphoma cell-derived exosomes contain proteins that are
involved in antigen presentation, cell migration, and cell
adhesion and have been shown to carry tumor surface antigens,
such as CD19, CD20, and CD22 (82). These results indicated that
B lymphoma cell-derived exosomes might be able to induce tumor
antigen-specific anti-tumor immunity. In vivo experiments in a
mouse model of TCL also confirmed that TDE could induce
humoral and cellular immune responses (83). Therefore, TDE
may serve as a potential source of lymphoma cell-related antigen
immunotherapy. Chen et al. demonstrated that exosomes from
DLBCL cell lines express tumor-related molecules, including
c-Myc, Bcl-2,Mcl-1,CD19, andCD20 (84).TDEs fromDLBCLcan
be captured by dendritic cells and lymphoma cells and exert an
immunosuppressive effect by inducing T cell apoptosis and the
upregulation of programmed cell death protein 1 (PD-1) (84).After
being pulsed with TDEs, dendritic cells might stimulate the clonal
expansion of T cells, increasing the secretion of IL-6 and tumor
necrosis factor a (TNFa), and decreasing the production of
immunosuppressive cytokine IL-4 and IL-10 (84). This study
provides a theoretical basis for TDE to become a treatment for
DLBCL. These results show that TDE can be used as a new
immunotherapy target for NHL and the use of exosome-derived
vaccines to enhance anti-tumor immune responses. Exosomes can
protect cargo from nucleases and proteases during cell
communication, have low immunogenicity and cytotoxicity, and
have the ability to target tumor cells specifically; therefore, they are
often regarded as molecular signaling factors and have been
examined as carriers in applications such as drug delivery and
Frontiers in Oncology | www.frontiersin.org 719
horizontal gene transfer (85). Exosomes derived from malignant
tumors can promote immune escape and directly or indirectly
support tumor cells in the tumor microenvironment. Blocking the
secretion of exosomes from tumor cells or removing them from the
patient’s body may inhibit tumor progression, suggesting that
targeting TDEs may represent a novel strategy for NHL treatment.

Immunochemotherapy has achieved remarkable results in the
treatment of NHL, and a variety of immunotherapies based on
molecules in B-cell NHL surface provide many new possibilities
for improving the prognosis of NHL (86). LBs, which can be used
as a biomarker, a therapeutic target or a screening tool for
immunotherapy, plays an important role in a variety of new
immunotherapies such as immune checkpoints, bispecific
antibodies, and antibody-drug conjugates (86).

In addition, LBs may hold great promise with tumor
microenvironment. The tumor microenvironment provides
protection for tumor cells and suppresses the immune
response. LBs may be used to monitor and regulate the tumor
microenvironment in NHL. As we all know, angiogenesis plays a
key role in the progression and prognosis of NHL (87).
Angiogenesis provides tumors with sufficient oxygen, nutrients
and an effective metabolic waste removal system (88).
Angiogenesis also provides an “escape route” for tumor cells,
thereby promoting tumor spread and metastasis (88). miRNA is
a regulator of tumor angiogenesis (87). It can not only play an
anti-angiogenesis effect, but also act as a pro-angiogenesis factor
(87). Therefore, miRNA has great potential in regulating tumor
microenvironment and improving the treatment response
of NHL.
LBs AS BIOMARKERS TO EVALUATE
RESPONSE TO TREATMENT

Sidaway et al. used ctDNA to assess the early response of DLBCL
patients to treatment (89). Within one week of starting
treatment, the ctDNA levels of responders were significantly
reduced, allowing the responders and non-responders to be fully
distinguished before the end of the first treatment cycle (89). The
24-month event-free survival (EFS) of patients who displayed
early molecular response (EMR) and major molecular response
(MMR) were significantly improved compared with other
patients, and EMR patients who ultimately required rescue
treatment also showed higher 24-month EFS (89). Dynamic
changes in cfDNA/ctDNA levels can provide early indications
of clinical outcomes (89), although the results of cfDNA/ctDNA
research have been controversial. A study of NHL compared
cfDNA at the time of diagnosis with various time points during
the treatment period (69). The results showed that the
concentration and integrity of cfDNA during the diagnosis
stage were significantly higher than those during the treatment
stage (69). By comparing and analyzing the plasma cfDNA of
DLBCL patients after R-CHOP treatment, LDBCL-related
mutations were quickly cleared in patients who responded to
treatment, and the basic mutations in cfDNA did not disappear
from those patients who were drug-resistant (58). In addition, in
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drug-resistant patients, new mutations were detected in cfDNA,
and resistant clones were screened during the process of clonal
evolution (58). In contrast, a recent study by Hur et al. reached a
different conclusion (33). They analyzed the cfDNA from
DLBCL patients before and during various chemotherapy
regimens and found no significant differences in PFS and OS
regardless of the cfDNA concentration (33). Changes in cfDNA
levels before and after treatment may be caused not only by
changes in tumor burden but also by other conditions, including
infection or chemotherapy-induced inflammation (33). These
discrepant findings indicated that some uncertainty exists regarding
the use of cfDNA concentration to monitor treatment response. In
addition, cfDNA has also been reported to be highly expressed in
conditions other than malignant tumors, such as inflammation and
infection. After patients receive chemotherapy, the effects of
cytotoxic drugs are likely to result in inflammation-related
changes in the microenvironment. Due to the small number of
studies, whether cfDNA concentration can be used to monitor early
treatment response remains unclear. In addition, whether any
changes in cfDNA observed during treatment is related to the
patient’s prognosis remains controversial. The use of cfDNA
concentration as an indicator of efficacy in the monitoring and
guidance of treatment requires careful consideration.

A study analyzed 736 miRNAs in the serum of 20 patients
with complete DLBCL remission and patients with primary
refractory DLBCL (90). Five miRNAs (miR-224, miR-1236,
miR-520d-3p, miR-33a, and miR-455-3p) were differentially
expressed between the two groups and were verified in other
133 patients (90). The upregulation of miR-455-3p and miR-33a
was associated with chemosensitivity, whereas the upregulation
of miR-224, miR-1236, and miR-520d-3p was associated with
chemoresistance (90). Other studies reported that miR-22, miR-
494, and miR-21 were downregulated in DLBCL after
immunochemotherapy (38, 74). miR-494 and miR-21
expression was reduced in patients who were PET/CT-negative
but not in those who remained PET/CT-positive (38). In DLBCL
patients who did not respond to treatment, plasma miR-21 and
miR-197 levels were significantly upregulated (50). The
circulating levels of miR-125b and miR-130a may be related to
R-CHOP resistance (46). Overall, these results indicated that
differences in circulating miRNA expression before and after
treatment might reflect the treatment response or disease
progression. Therefore, circulating miRNAs have the strong
potential to serve as predictive and monitoring indicators of
treatment response in DLBCL patients. However, only miR-21
has been shown to be significantly associated with treatment
response in more than one study. More research remains
necessary to obtain a large amount of reliable data.

With the discovery of TDEs in DLBCL patients in recent
years, researchers have also explored the possibility of using
exosomes to monitor tumor progression. Xiao et al. found that
the expression level of exosomal miR-451a in the DLBCL group
was significantly lower than that of the control group (56). After
treatment with rituximab combined with chemotherapy, the
level of serum exosomal miR-451a in treated patients was
significantly increased, although it remained below the normal
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level (56). Feng et al. found that the expression level of CA1 in
exosomes was significantly increased in drug-resistant DLBCL
cells compared with drug-sensitive DLBCL cells, and the
presence of CA1 in exosomes can boost chemotherapy
resistance via the nuclear factor (NF)-kB and STAT3 pathways
(77). These results suggested that TDE could be used to evaluate
treatment response. However, additional research remains
necessary to explore and verify this issue.
LBs AS BIOMARKERS IN DISEASE
MONITORING

Imaging is currently the primary method used for detecting
NHL. However, imaging has many limitations. CT has low
sensitivity for disease detection, and although the use of PET/
CT can improve sensitivity, PET/CT still has low tumor
specificity and a high false-positive rate (91). More
importantly, imaging cannot directly assess diseases at the
molecular level or dynamically monitor or identify the
biological mechanisms that drive the development of tumors,
such as tumor heterogeneity and clonal evolution. In addition,
imaging tests are associated with other risks, including radiation
exposure, the use of invasive imaging agents, and high cost. A
meta-analysis of 737 patients with DLBCL showed that a
considerable number of patients relapsed during follow-up
(91). The commonly used PET/CT protocols have a spatial
resolution of 6–7 mm, which cannot detect minimal residual
disease (MRD), which is a common origin of recurrence (18, 92).

The concept of MRD is an excellent surrogate for the
evaluation of curative effects, the guidance of treatment, and
the prediction of outcomes. MRD has been widely used in a
variety of hematological tumors, including acute myeloid
leukemia (AML) and acute lymphocytic leukemia (ALL) (93,
94). However, NHL patients typically lack leukemic involvement;
therefore, the detection of MRD in NHL using current
conventional methods is not currently possible. Fortunately,
the discovery of circulating nucleic acids and circulating
exosomes have introduced the possibility of evaluating MRD at
the molecular level. MRD can be detected in the blood by
studying tumor mutation using a variety of techniques,
including PCR–based methods, and NGS–based techniques (21).

Scherer et al. followed up and monitored the ctDNA levels of
11 DLBCL patients and found that in 8 (73%) patients, ctDNA
could be detected as an indicator of MRD before disease relapse
(66). The average time from the discovery of ctDNA to clinical
relapse was 188 days (66). In a National Cancer Institute (NCI)
study, the ctDNA of 17 patients with DLBCL who progressed
after complete remission (CR) was analyzed, and 15 were found
to be positive for ctDNA before progression was detected (95).
Chen et al. monitored the ctDNA of 14 T cell lymphoblastic
lymphoma patients after treatment and found that in the 2 cases
that relapsed during the maintenance phase, ctDNA could be
detected before recurrence (64). The time from the detection of
ctDNA to clinical recurrence was 83 and 84 days in these patients
March 2021 | Volume 11 | Article 658234

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lv and Liu Liquid Biopsy in NHL
(64). Shin et al. followed up the ctDNA levels of NHL patients
after treatment and found that 93% (13 of 14) of patients who
achieved CR presented declining ctDNA, and ctDNA
disappeared in most patients. In the 2 cases in which trace
ctDNA could be detected, the disease progressed after 6 months
of ctDNA monitoring (62). These results indicated that ctDNA
could be used as an indicator to monitor recurrence or disease
progression. However, Suehare et al. suggested that the TP53 and
DNMT3A mutations detected in the cfDNA of DLBCL patients
after the disease remission could be derived from clonal
hematopoiesis of indeterminate potential (CHIP) rather than
from MRD (96). The results of LBs should be analyzed more
rigorously, especially for those gene mutations that are shared
between lymphoma and CHIP (96). The source of cfDNA is
more complicated than that of ctDNA. However, for cfDNA/
ctDNA, the current research results are minimal, and more
prospective research remains necessary.

Unfortunately, the results of a study conducted in PCNSL
were not satisfactory. Hattori et al. detected the MYD88 L265P
mutation in cfDNA during and after chemotherapy treatments
in five patients with PCNSL, among whom the MYD88 L265P
mutation was detected in cfDNA at diagnosis (67). However,
they found that the MYD88 L265P mutation was not detected in
cfDNA even if the disease progressed (67), which may indicate
that MYD88 L265P may be negative in relapsed patients, or
cfDNA might not circulate in the peripheral blood after
chemotherapy (67). These findings indicated that cfDNA
might not be applicable for the monitoring of MRD in PCNSL.
However, the study only analyzed five patients, and the role of
cfDNA for monitoring the MRD of PCNSL requires
additional research.

Although few studies have examined the use of miRNA as a
monitoring indicator, they all confirmed that miRNA has the
potential for use in the monitoring of MRD or progression
and recurrence. Among DLBCL patients with CR, high levels
of miR-19b, miR-20a, and miR-451 were able to distinguish
MRD-positive patients from patients without residual disease
(50). In addition, studies have found that changes in the serum
miR-130a and miR-125b levels of DLBCL patients are detectable
in the clinical diagnosis of relapse or progression (46).
DISCUSSION

The evaluation of circulating DNA, cfDNA/ctDNA, as a type of
LB has been increasingly studied. LBs can play vital roles in the
diagnosis, classification, prognosis, and treatment of NHL.
During the diagnosis and classification of NHL, tissue biopsy
continues to play a decisive role; however, the evaluation of
circulating DNA can be used as a complementary detection
method. Tissue biopsy is difficult to use to detect recurrence or
evaluate MRD because biopsy is invasive and cannot be repeated
multiple times. Imaging has limited sensitivity and cannot detect
changes that occur at the molecular level. The advantages of
evaluating circulating DNA were discussed in-depth, and
research has revealed the developmental potential for
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circulating DNA both during and after treatment. However,
the use of cfDNA/ctDNA as a surrogate marker requires the
optimization and standardization of pre-analytical steps and
analysis techniques.

Researchers have similar expectations regarding the
evaluation of another circulating nucleic acid: miRNA.
However, although a large number of miRNAs have been
studied, only miR-21 has obtained relatively consistent results
in multiple studies, suggesting that it may play a role in diagnosis,
prognosis, and response assessment.

Circulating exosomes contain a great deal of information,
enabling a more comprehensive understanding of disordered
signal transduction processes and the expression of related
antigens for diagnosis and treatment. In contrast, circulating
nucleic acids cannot provide information about changes in the
proteome and transcriptome of lymphoma. Although few
relevant studies have been published, these studies have
confirmed the potential role of TDEs in the diagnosis,
prognosis, treatment, and monitoring of NHL. In particular,
the physiological properties of circulating exosomes make them
more potential options for improved treatment.

Very few studies have examined the use of peripheral blood
for the performance of LB in PCNSL. The results of several
cfDNA/ctDNA studies have not been satisfactory thus far.
Compared with cfDNA/ctDNA in peripheral blood, CSF
ctDNA seems to have more advantages in the management of
PCNSL. CSF ctDNA can better detect central nervous system
lymphoma than plasma ctDNA (97). Analysis of gene mutations
such as CD79B and MYD88 in CSF can be used as a molecular
diagnostic method for PCNSL (10). The longitudinal analysis of
CSF ctDNA revealed that sustained tumor responses were
associated with the clearance of ctDNA from the CSF (98, 99).
CSF ctDNA predicted central nervous system relapse in central
nervous system and systemic lymphomas (97). Research on
circulating exosomes in PCNSL is almost nonexistent. PCNSL
is a malignant tumor that originates in the brain, making the
acquisition of tissues during diagnosis or after treatment
particularly difficult and enhancing the developmental
prospects for LB in PCNSL. More than 90% of PCNSL
pathology is DLBCL, which provides a theoretical basis for
extending the LB results associated with DLBCL to PCNSL.

Although LB has been associated with positive findings in
many aspects of the disease, some questions remain worth
considering. (1) Thus far, no widely accepted standard
protocols have been developed for the collection, processing,
and storage of samples, which may lead to pre-analysis bias and
varying results. (2) The best time and duration for monitoring
remains undetermined. (3) cfDNA is dysregulated in many
disease states, and no reliable standard has been established to
distinguish normal exosomes from TDEs, which can make the
interpretation of results difficult. (4) The detection cutoff levels
set by different groups have been inconsistent, resulting in a lack
of comparability among the results. (5) The current research
primarily focuses on DLBCL, with little data and results
regarding other NHL subtypes. (6) A large number of
reasonably designed prospective studies remain necessary to
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verify the reported findings. (7) A better understanding of the
biological characteristics of circulating nucleic acids and
exosomes will help optimize their use.
CONCLUSIONS

The noninvasive , easy-to-obtain, and reproducible
characteristics of LB provide unique opportunities for the
dynamic assessment of NHL-related changes. This method
improves the diagnostic accuracy of identifying disease
subtypes and prognosis and can be used to provide better-
individualized treatment for patients. More importantly, LB
can be used to fill the gaps in the monitoring of response to
treatment and the detection of MRD in NHL. The real-time
monitoring of treatment and timely adjustments to treatment
plans based on identifiable characteristics will provide enhanced
benefits to patients. The accurate early detection of disease
Frontiers in Oncology | www.frontiersin.org 1022
recurrence can also enable clinicians to perform remedial
treatments earlier. In-depth research examining the various
substances in the circulatory systems of cancer patients will
also help clarify the pathogenesis of NHL and promote the
development of new treatment strategies.
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The prognostic impact of Wilms tumor 1 (WT1) mutations remains controversial for
patients with acute myeloid leukemia (AML). Here, we aimed to determine the clinical
implication of WT1 mutations in a large cohort of pediatric AML. The clinical data of 870
pediatric patients with AML were downloaded from the therapeutically applicable research
to generate effective treatment (TARGET) dataset. We analyzed the prevalence, clinical
profile, and prognosis of AML patients with WT1 mutations in this cohort. Our results
showed that 6.7% of total patients harbored WT1mutations. TheseWT1mutations were
closely associated with normal cytogenetics (P<0.001), FMS-like tyrosine kinase 3/internal
tandem duplication (FLT3/ITD) mutations (P<0.001), and low complete remission
induction rates (P<0.01). Compared to the patients without WT1 mutations, patients
withWT1mutations had a worse 5-year event-free survival (21.7 ± 5.5% vs 48.9 ± 1.8%,
P<0.001) and a worse overall survival (41.4 ± 6.6% vs 64.3 ± 1.7%, P<0.001). Moreover,
patients with both WT1 and FLT3/ITD mutations had a dismal prognosis. Compared to
chemotherapy alone, hematopoietic stem cell transplantation tended to improve the
prognoses of WT1-mutated patients. Multivariate analysis demonstrated that WT1
mutations conferred an independent adverse impact on event-free survival (hazard ratio
1.910, P = 0.001) and overall survival (hazard ratio 1.709, P = 0.020). In conclusion, our
findings have demonstrated thatWT1mutations are independent poor prognostic factors
in pediatric AML.

Keywords: acute myeloid leukemia, WT1 mutations, pediatric patients, prognostic factors, FLT3/ITD mutations
INTRODUCTION

Acute myeloid leukemia (AML) is a type of blood cancer that originates in the bone marrow from
immature white blood cells known as myeloblasts. About 20% of all children with leukemia have
AML (1, 2). In the last few years, collaborative studies have revealed a link between the degree of
genetic heterogeneity of AML and the clinical outcome, allowing risk stratification before therapy
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and guiding post-induction treatment (3). The Wilms tumor 1
(WT1) gene, located on chromosome 11p13, encodes a zinc-
finger protein that exists in multiple isoforms. It has been
implicated in the regulation of cell survival, proliferation and
differentiation, and may function both as a tumor suppressor and
an oncogene (4, 5). Various mutations across WT1 gene have
been reported in solid tumors and AML (6, 7). However, the
prognostic impact of WT1 mutations remains controversial for
patients with AML (8).

The WT1 mutations have been shown to be independent
predictors of worse clinical outcome in some but not all adult
AML studies (9–11). Recently, WT1 mutations are proposed to
be prognostic markers of risk stratification for adult AML (12).
However, the prognostic implications of WT1 mutations have
not been clarified in pediatric AML. Moreover, large cohort
studies on the clinical significance ofWT1mutations in pediatric
AML are scarce. A pediatric study of 298 patients with AML
found that WT1 mutations conferred an independent poor
prognostic significance (13). However, another study of 842
pediatric AML revealed that the presence of WT1 mutations
had no independent prognostic significance in predicting the
disease outcome (14). Recently, in a cohort of 353 pediatric
patients with AML, Niktoreh et al. (15) have found that WT1
mutations significantly increased the chance of relapse or
treatment failure and reduced the probability of 3-year overall
survival (OS), but had no significant impact on the 3-year
probability of event-free survival (EFS). On the other hand,
hematopoietic stem cell transplantation (HSCT) is an
important treatment modality for patients with AML.
However, the role of HSCT for patients with WT1 mutations
remains unknown.

To determine the clinical implication of WT1 mutations, an
independent large cohort study of pediatric AML is needed.
Therefore, we analyzed the clinical data of 870 pediatric patients
with AML from the therapeutically applicable research to
generate effective treatment (TARGET) dataset. We found that
WT1 mutations are independent poor prognostic factors in
pediatric AML in terms of 5-year EFS and OS. Patients with
both WT1 and FMS-like tyrosine kinase 3/internal tandem
duplication (FLT3/ITD) mutations had a dismal prognosis.
Moreover, HSCT might be an effective strategy for patients
with WT1 mutations.
MATERIALS AND METHODS

Patients
The clinical data on patients with AML were downloaded from
the TARGET dataset (https://ocg.cancer.gov/programs/target/
data-matrix). In total, 870 pediatric patients younger than 18
years old with the information of WT1 mutations were included
in our study. The year of diagnosis ranged from 1996 to 2010
while the year of last follow-up ranged from 1997 to 2015. The
diagnosis of pediatric AML and risk stratification were defined
according to the Children’s Oncology Group (COG) guidelines.
Subtype classifications of AML were assigned according to the
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French–American–British (FAB) classifications. Mutation
analyses of WT1, FLT3/ITD, NPM1, and CEBPA were
performed as previously described (14, 16–18). Treatment
protocols for AML included AAML03P1, AAML0531 and
CCG-2961. HSCT was considered for high-risk patients in the
first complete remission. Detailed treatments and risk
stratification of these studies have been previously
described (19).

Statistical Analysis
The data were analyzed with the Statistical Package for the Social
Sciences (SPSS®) version, 20.0 (IBM Corporation, Armonk, NY,
USA). The c2 test was used to compare the frequencies of
mutations. Fischer’s exact test was used when data were sparse.
The nonparametric Mann–Whitney U-test was applied for
continuous variables. Complete remission (CR) was defined as
bone marrow aspirate with < 5% blasts by morphology. EFS was
defined as the time between diagnosis and first event, including
induction failure, relapse, or death of any cause. OS was defined
as the time between diagnosis and death from any cause. The
survival curves were estimated using the Kaplan–Meier method
and compared using the log-rank test. Cox proportional hazard
models were used to estimate hazard ratios (HR) for multivariate
analyses. A two-sided P-value less than 0.05 was considered
statistically significant for all statistical analyses.
RESULTS

Relationship Between WT1 Mutations and
Clinical Characteristics
The patients’ clinical characteristics are shown in Table 1. Overall,
among the 870 pediatric patients with AML, 58 patients (6.7%)
were identified with WT1 mutations. The white blood cell count
(WBC) at diagnosis was significantly higher in WT1-mutated
patients (median 56.9×109/L) than in WT1 wild-type patients
(median 30.8×109/L; P=0.041). In WT1-mutated group, the FAB
subtypes were mainly M1, M2, and M4. A higher proportion of
WT1-mutated patients had M4 morphology in comparison with
WT1 wild-type patients (41.2% vs 25.9%; P = 0.018). We also
evaluated the associations between WT1 mutations and
cytogenetic and molecular alterations. In terms of cytogenetics,
WT1 mutations were found more frequently in the normal
cytogenetics subset (44.2% of WT1-mutated patients had normal
cytogenetics compared with 22.3% of those without WT1
mutations; P<0.001). Regarding the molecular alterations, there
was a substantial overlap betweenWT1mutations and FLT3/ITD,
as shown in Table 1, 48.3% of those carrying a WT1 mutation
were also FLT3/ITD positive as opposed to 14.7% of patients
without WT1 mutations (P<0.001). Moreover, the WT1-mutated
patients were classified more frequently as high risk (40.7% vs
12.6%; P<0.001). The treatment protocols for pediatric AML were
equally distributed between these two groups (P=0.058). However,
there were no significant differences in the median age, the median
of FLT3/ITD allelic ratio, NPM1, and CEBPA mutations between
the WT1-mutated group and WT1 wild-type group.
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Clinical Outcome and Prognostic Effect of
WT1 Mutations
The CR rate was determined for all patients after the first and
second course of induction therapy. At the end of the first course
of therapy, patients with WT1 mutations had a lower rate of CR
(60.3%) compared to those withoutWT1mutations (77.4%), and
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the difference was statistically significant (P=0.002). At the end of
the second course of therapy, 38(69.1%) of the 55 patients with
WT1 mutations achieved a CR compared to 698 (88.5%) of 789
patients without WT1 mutations (P<0.001). Taken together,
WT1 mutations were significantly associated with low
induction CR rates.
TABLE 1 | Characteristics of pediatric patients with or without WT1 mutations.

All patients WT1-mutated case WT1 wildtype case P-value

Number (%) 870 58 (6.7%) 812(93.3%)
Age, median (year) 9.6 11 9.5 0.221

<3years, n (%) 211(24.3%) 6 (10.3%) 205 (25.2%) 0.011
3≤Age<10years, n (%) 237(27.2%) 19 (32.8%) 218 (26.8%) 0.329
10≤Age<18years, n (%) 422(48.5%) 33 (56.9%) 389 (47.9%) 0.186

Sex 0.119
male, n (%) 454 (52.2%) 36 (62.1%) 418 (51.5%)
female, n (%) 416 (47.8%) 22 (37.9%) 394 (48.5%)

WBC, ×109/L,
Median (range) 31.7(0.2-610) 56.9(1.1-446) 30.8(0.2-610) 0.041
FAB classification: n (%) 0.001

M0 20 (2.8%) 1 (2.0%) 19 (2.9%) >0.999
M1 96 (13.4%) 10 (19.6%) 86 (13.0%) 0.181
M2 193 (27.0%) 11 (21.6%) 182 (27.5%) 0.362
M3 2 (0.3%) 0 (0.0%) 2 (0.3%) >0.999
M4 193 (27.0%) 21 (41.2%) 172 (25.9%) 0.018
M5 160 (22.4%) 3 (5.9%) 157 (23.7%) 0.003
M6 11 (1.5%) 4 (7.8%) 7 (1.1%) 0.005
M7 39 (5.5%) 1 (2.0%) 38 (5.7%) 0.351

Risk group: n (%) <0.001
Low risk 328 (39.0%) 15 (27.8%) 313 (39.8%) 0.079
Standard risk 391 (46.5%) 17 (31.5%) 374 (47.6%) 0.022
High risk 121 (14.4%) 22 (40.7%) 99 (12.6%) <0.001

FLT3/ITD <0.001
Positive, n (%) 147 (16.9%) 28 (48.3%) 119 (14.7%)
Negative, n (%) 722(83.1%) 30 (51.7%) 692 (85.3%)

FLT3/ITD allelic ratio,
Median (range)

0.54 0.55 0.54 0.865
(0.03-9.50) (0.03-5.19) (0.03-9.50)

NPM1 0.794
Positive, n (%) 66(7.6%) 3(5.3%) 63(7.8%)
Negative, n (%) 802(92.4%) 63(94.7%) 748(92.2%)

CEBPA 0.245
Positive, n (%) 49(5.7%) 1(1.7%) 48(5.9%)
Negative, n (%) 817(94.3%) 57(98.3) 760(94.1%)

Cytogenetic status
Normal (n, %) 196(23.7%) 23(44.2%) 173(22.3%) <0.001
Abnormal (n, %) 631 (76.4%) 29 (55.8%) 602 (77.7%) 0.317
inv(16)(n, %) 106(12.8%) 9(17.3%) 97(12.5%) 0.046
t(8;21) (n, %) 128(15.5%) 3(5.8%) 125(16.1%)

HSCT in 1st CR 0.906
No (n, %) 663 (83.8%) 38 (84.4%) 625 (83.8%)
Yes (n, %) 128 (16.2%) 7 (15.6%) 121 (16.2%)

Protocol 0.058
AAML03P1 (n, %) 91 (10.5%) 7 (12.1%) 84 (10.3%) 0.679
AAML0531 (n, %) 732 (84.1%) 44 (75.9%) 688 (84.7%) 0.074
CCG-2961 (n, %) 47(5.4%) 7 (12.1%) 40 (4.9%) 0.031

CR status at end of course 1 0.002
CR, n (%) 656 (76.3%) 35 (60.3%) 621 (77.4%) 0.003
Not CR, n (%) 189 (22.0%) 20 (34.5%) 169 (21.1%) 0.017
Death, n (%) 15 (1.7%) 3 (5.2%) 12 (1.5%) 0.074

CR status at end of course 2 <0.001
CR, n (%) 736 (87.2%) 38 (69.1%) 698 (88.5%) <0.001
Not CR, n (%) 88 (10.4%) 14 (25.5%) 74 (9.4%) <0.001
Death, n (%) 20 (2.4%) 3 (5.5%) 17 (2.2%) 0.136
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CEBPA CCAAT, enhancer binding protein alpha; CR, complete remission; FAB, French–American–British morphology classification; FLT3/ITD, internal tandem duplication of the FLT3
gene; HSCT, hematopoietic stem cell transplantation; NPM1, Nucleophosmin; WBC, white blood cell count.
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A B

C D

E F

FIGURE 1 | Survival curves of pediatric AML patients with and without WT1 mutations. Probability of EFS (A) and OS (B) for all patients with and without WT1
mutations, respectively. Probability of EFS (C) and OS (D) for cytogenetically normal patients with and without WT1 mutations, respectively. Probability of EFS (E)
and OS (F) for cytogenetically abnormal patients with and without WT1 mutations, respectively.
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Next, we evaluated the survival data for all the 870
pediatric patients. The median follow-up time for the
survivors was 5.6 years. As shown in Figure 1A, WT1-
mutated patients had a significantly worse 5-year EFS
(21.7 ± 5.5%) compared with WT1 wild-type patients
(48.9 ± 1.8%; P<0.001). Moreover, patients with WT1
mutations had a worse 5-year OS (41.4 ± 6.6%) than those
without WT1 mutations (64.3 ± 1.7%; P<0.001) (Figure 1B).
When analyses were restricted to patients having normal
cytogenetics, there were significant differences in the
outcome between patients with and without WT1 mutations
(Figures 1C, D) (5-year EFS: 15.2 ± 7.8% vs 51.8 ± 3.8%,
P<0.001; 5-year OS: 34.4 ± 10.4% vs 66.1± 3.7%, P<0.001). In
the subgroup of abnormal cytogenetics (Figures 1E, F), WT1-
mutated patients also had a worse survival time compared
with WT1 wild-type patients in terms of 5-year EFS (31.0 ±
8.6% vs 48.3 ± 2.1%, P=0.027) and OS (48.0 ± 9.3% vs 64.6±
2.0%, P=0.048).
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Prognostic Impact of WT1 and
FLT3/ITD Mutations
Survival data for patients with FLT3/ITD positive and negative
were also explored. As shown in Figure S1A, FLT3/ITD positive
was significantly associated with inferior EFS (5-year EFS=33.5±
4.0% vs 49.7± 1.9% for FLT3/ITD-negative; P<0.001). Moreover,
the FLT3/ITD positive group had a worse 5-year OS (51.5 ±
4.3%) than the FLT3/ITD-negative group (65.0 ± 1.8%; P=0.003)
(Figure S1B).

Given the overlap between WT1 mutations and positive
FLT3/ITD status, subset analysis was performed to assess the
relative influence of WT1 mutations and FLT3/ITD on the
prognosis of children with AML (Figures 2A, B; Table 2). In
the FLT3/ITD-positive subgroup, WT1-mutated patients had an
extremely dismal prognosis (5-year EFS =12.5 ± 6.5% vs 38.4±
4.5% for WT1 wild-type patients, HR: 2.179 [1.364-3.482],
P=0.001; 5-year OS = 27.5± 8.8% vs 57.0 ± 4.7% for WT1
wild-type patients, HR: 2.225[1.305-3.796], P=0.003). When
A B

FIGURE 2 | Survival curves of all pediatric AML patients according to the combined WT1 mutations and positive FLT3/ITD status. Probability of EFS (A) and OS (B)
for patients according to the combined WT1 mutations and positive FLT3/ITD status, respectively.
TABLE 2 | Statistical comparison of survival data according to both WT1 and FLT3/ITD status.

Comparison EFS hazard ratio (95% CI) EFS OS hazard ratio OS
P-value (95% CI) P-value

FLT3/ITD(-):
WT1 wildtype vs WT1 mutant

1.861(1.197-2.892) 0.006 1.600(0.933-2.744) 0.088

FLT3/ITD(+):
WT1 wildtype vs WT1 mutant

2.179(1.364-3.482) 0.001 2.225(1.305-3.796) 0.003

WT1 wildtype:
FLT3/ITD(-)vs FLT3/ITD(+)

1.386(1.075-1.788) 0.012 1.305(0.961-1.771) 0.088

WT1 mutant:
FLT3/ITD(-) vs FLT3/ITD(+)

1.605(0.886-2.906) 0.118 1.748(0.870-3.514) 0.117
April 2021 | Volume 11 | Article
CI, confidence interval; EFS, event-free survival; FLT3/ITD, internal tandem duplication of the FLT3 gene; OS, overall survival.
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restricted to the FLT3/ITD-negative subgroup, WT1 mutations
had an adverse impact on 5-year EFS (HR: 1.861[1.197-2.892],
P=0.006) instead of 5-year OS (HR: 1.600[0.933-2.744],
P=0.088). Similarly, for the WT1 wild-type patients, FLT3/ITD
positive had reduced 5-year EFS (HR: 1.386[1.075-1.788],
P=0.012) but not 5-year OS (HR: 1.305[0.961-1.771], P=0.088).
However, FLT3/ITD mutations had no significantly negative
influence on the outcome of WT1-mutated patients (EFS HR:
1 .605[0 .886-2 .906] , P=0.118 ; OS HR: 1 .748[0 .870-
3.514], P=0.117).

Similar results were found in the subgroup of cytogenetically
normal AML patients according to the combined WT1
mutations and positive FLT3/ITD status (Figure S2). Of note,
the survival curves showed that there were no significant
differences between WT1-mutated patients with FLT3/ITD-
positive (n=17) and FLT3/ITD negative (n=6), in terms of 5-
Frontiers in Oncology | www.frontiersin.org 631
year EFS (14.1 ± 9.0% vs 16.7 ± 15.2%; P=0.584) and OS (34.5 ±
12.3% vs 33.3 ± 19.2%; P=0.665).

The Effect of SCT in Patients With
WT1 Mutations
As shown in Table 1, there was no significant difference in the
proportion of HSCT in WT1-mutated group and WT1 wild-type
group (15.6% vs 16.2%, P=0.906). The survival analysis, after HSCT
stratification, showed that forWT1-mutated pediatric AML patients,
HSCT conferred a favorable prognostic impact with a trend of better
5-year EFS (42.9 ± 18.7% vs 22.3 ± 7.0% for chemotherapy-only;
P=0.316) and OS (57.1 ± 18.7% vs 43.6 ± 8.2% for chemotherapy-
only; P=0.483) (Figures 3A, B).

To further evaluate the role of HSCT in the patients with co-
occurringWT1 and FLT3/ITDmutations, we explored the impact
of HSCT on those patients. As shown in Figures 3C, D, for AML
BA

DC

FIGURE 3 | Survival curves of pediatric AML patients according to WT1 mutations and hematopoietic stem cell transplantation (HSCT) status. Probability of EFS (A)
and OS (B) for patients with WT1 mutations according to HSCT status, respectively. Probability of EFS (C) and OS (D) for patients with WT1 mutations and FLT3/
ITD positive according to HSCT status, respectively.
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patients with bothWT1mutations and positive FLT3/ITD, 5-year
EFS (33.3 ± 19.2%) and OS (50.0 ± 20.4%) were higher in children
with HSCT than those with chemotherapy-only (EFS: 0.0 ± 0.0%,
P=0.152; OS: 17.3 ± 11.1%, P=0.205), respectively, although
the differences between the two groups were not
statistically significant.

Multivariate Analysis of Prognostic Factors
Cox regression analyses were then performed to evaluate WT1
mutation status as a predictor of EFS and OS alongside other
prognostic factors: age (utilizing 10 years of age as the cutoff
value), white blood cell count at diagnosis (utilizing 50×10 9/L as
the cutoff value), high risk, standard risk, and HSCT. We
identified WT1 mutations as an independent prognostic factor
for both EFS and OS in pediatric patients with AML (Table 3).
WT1 mutations were significantly associated with inferior EFS
(HR: 1.910, 95% CI: 1.297-2.812, P=0.001) and OS (HR: 1.709,
95% CI: 1.090-2.679, P=0.020). Additionally, age (older than 10
years), white blood cell count greater than 50×109/L at first
diagnosis, high-risk and standard-risk were significantly related
to poor EFS and OS, while HSCT was related to better survival
prognosis (HR: 0.431, 95% CI: 0.313-0.593, P<0.001) and OS
(HR: 0.594, 95% CI: 0.419-0.843, P=0.004).
DISCUSSION

The TARGET program is a collaborative COG-national cancer
institute (NCI) project aiming to comprehensively characterize
the mutational, transcriptional, and epigenetic landscapes of a
large, well-annotated cohort of pediatric cancer (20). Using this
large cohort of subjects, we were able to investigate the clinical
implication of WT1 mutations in pediatric AML. Our findings
showed that the frequency of WT1 mutations was 6.7% among
these 870 pediatric AML patients. This result was similar to the
adult AML studies. In a large cohort of adult AML study, the
frequency of WT1 mutations among 3157 patients was reported
to be 5.5% (21). Next, we found that WT1 mutations were
Frontiers in Oncology | www.frontiersin.org 732
significantly associated with FAB subtypes of M4, with high
white blood cell counts at first diagnosis, normal cytogenetics,
and FLT3/ITD mutations. However, no association was found
between WT1 mutations and CEBPA mutations. These results
were different from some of the other studies. For instance, a
report by Ho et al. (14) also found that WT1 mutations were
related to normal cytogenetics and FLT3/ITD mutations, but
they found no correlation between WT1 mutations and white
blood cell counts or M4 subtype. A pediatric AML report by
Hollink et al. (13) showed that WT1 mutations clustered
significantly in the subgroup with normal cytogenetics and
were associated with FLT3/ITD and CEBPA mutations.

The prognostic impact of WT1 mutations has not been
clarified in pediatric AML. In our study, we found that patients
with WT1 mutations had lower CR induction rates, worse EFS
and OS rates in comparison to patients without WT1 mutations.
Patients with both WT1 and FLT3/ITD mutations had a dismal
prognosis. The multivariate analysis showed thatWT1mutations
were an independent adverse impact factor. These results are
consistent with findings by Hollink et al. (13), though they found
the CR induction rates did not differ significantly between
patients with WT1-mutated and WT1 wild-type AML. A
report from the French study group confirmed that WT1
mutations were an independent prognostic factor for pediatric
AML (22). However, a report from the Japanese study group
showed that WT1 mutations were related to a poor prognosis in
patients with normal cytogenetics, excluding those with FLT3/
ITD and those younger than 3 years (23). By contrast, a report
from the Nordic Society of Pediatric Hematology and Oncology
(NOPHO) revealed that no significant correlation with survival
was seen for WT1 mutations (24). Notably, they found that
patients with WT1 mutations but negative FLT3/ITD had a
superior EFS compared with patients with WT1 wildtype with
or without concurrent FLT3/ITD (24). In adult studies, the
presence of WT1 mutation has been found to be associated
with poor clinical outcomes of AML patients in some but not all
studies. In the studies from Cancer and Leukemia Group B (9)
and Hou et al. (10), WT1 mutations were correlated with a poor
prognosis in AML patients. However, in the study from the
German-Austrian Study Group (11), WT1 mutation as a single
molecular marker did not seem to impact the patient outcomes.
These conflicting results may be due to the differences in sample
size, exon of WT1 mutations, and variable treatment protocols
across studies. It has been reported that the negative impact of
WT1 mutations may be overcome by the use of repetitive cycles
of high-dose cytarabine, especially in the subgroup of patients
with negative FLT3/ITD genotype (11).

The mechanism of WT1 mutations in leukemogenesis
remains elusive. Several different WT1 mutations have been
described in AML, which occur primarily in exons 1, 7, and 9.
WT1 mutations may result in the loss of DNA binding ability
due to loss of the zinc-finger domain or result in loss of
expression of the WT1 protein altogether (25–27). WT1
mutations fail to properly direct the ten-eleven translocation-2
to its target sites, either by disruption of the interaction itself or
by failing to bind to DNA (28, 29). Recently, Pronier et al. (30)
TABLE 3 | Cox regression analysis of WT1 mutations and other prognostic
factors.

Outcome Variable Hazard ratio (95% CI) P-value

EFS WT1 1.910(1.297-2.812) 0.001
High risk 3.136(2.235-4.400) <0.001
Standard risk 2.581(2.207-3.286) <0.001
HSCT 0.431(0.313-0.593) <0.001
Age > 10 years 1.300(1.053-1.607) 0.015
WBC>50×109/L 1.499(1.220-1.841) <0.001

OS WT1 1.709(1.090-2.679) 0.02
High risk 3.991(2.653-6.004) <0.001
Standard risk 3.413(2.494-4.670) <0.001
HSCT 0.594(0.419-0.843) 0.004
Age > 10 years 1.496(1.158-1.933) 0.002
WBC>50×109/L 1.307(1.018-1.677) 0.036
CI, confidence interval; EFS, event-free survival; HSCT, hematopoietic stem cell
transplantation; OS, overall survival; WBC, white blood cell count.
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have found that WT1 heterozygous loss enhances stem cell self-
renewal, WT1 depletion cooperates with FLT3/ITD mutation to
induce fully penetrant AML. Mutational analysis of a large
cohort of AML cases revealed that WT1 may play an
important role in the epigenetic pathway (31, 32). Given the
epigenetic alterations catalogued in WT1 mutant, epigenetic-
targeted therapy has been explored as a potential mechanism to
deal with this subgroup of leukemia (33). Recently, Sinha et al.
(34) have found that mutant WT1 is associated with DNA
hypermethylation of polycomb repressor complex 2 targets in
AML, and inhibitor of enhancer of zeste homolog 2 (EZH2) may
be helpful in this AML subtype.

Alternately, HSCT is one of the most effective treatments for
AML. However, it is unknown whether WT1-mutated patients
will benefit from HSCT. Our studies showed that compared to
chemotherapy alone, HSCT tended to improve the prognoses of
WT1-mutated patients, and for patients with both WT1 and
FLT3/ITD mutations as well. These results are in agreement with
a previous pediatric AML report (14). Recently, Eisfeld et al. (12)
have found that co-occurrence of WT1 and NPM1 mutations
confers especially poor outcomes in a large cohort of 863 adult
AML. They proposed that mutated WT1 co-occurrence with
mutated NPM1 would be an adverse marker for risk
stratification, indicating patients with both WT1 and NPM1
mutations might be considered for HSCT. However, since
NPM1 mutation is relatively rare in children, we could not
draw a firm conclusion on this topic due to the small number
of patients with bothWT1 and NPM1 mutations. Thus, whether
WT1 mutation is an indication for HSCT in pediatric AML
requires further investigation.

There were several limitations to our study. Firstly, since
different WT1 mutations may affect its functions on DNA
binding or protein interaction differentially, the details of
WT1 mutants can be important to the clinical outcome of
AML patients with these mutants. However, the information on
the specific mutations of in WT1 is not provided in the
TARGET dataset, therefore, we can’t perform further
analysis. Secondly, though this is a large pediatric AML
cohort study, the sample size is still relatively small in the
subgroups of patients withWT1mutations. We cannot rule out
the contribution of FLT3/ITD co-occurrence towards the
prognosis. Thirdly, our findings showed that WT1 mutations
were associated with poor clinical outcomes, andWT1-mutated
patients might benefit from HSCT. These results suggested that
WT1 mutations could be used as predictive factors and linked
to a specific clinical management plan. However, due to the
limitations associated with the TARGET dataset as mentioned
above, and the retrospective analysis nature of our study, a large
multicentric prospective future study could be of value to
further address the prognostic significance of WT1 mutations
in AML.

In summary, we analyzed the clinical implication of WT1
mutations in a large pediatric AML cohort. Our findings
showed that WT1 mutations are independent poor
prognostic factors in pediatric AML. Patients with co-
occurring WT1 and FLT3/ITD mutations had a dismal
Frontiers in Oncology | www.frontiersin.org 833
prognosis. Moreover, HSCT might be an effective strategy
for patients with WT1 mutations. These results have
important implications and might contribute to the refining
risk stratification of pediatric AML.
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Non-Common Histology
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The unsatisfactory cure rate of relapsing ALK-positive Anaplastic Large-Cell Lymphoma
(ALCL) of childhood calls for the identification of new prognostic markers. Here, the small
RNA landscape of pediatric ALK-positive ALCL was defined by RNA sequencing. Overall,
121 miRNAs were significantly dysregulated in ALCL compared to non-neoplastic lymph
nodes. The most up-regulated miRNA was miR-21-5p, whereas miR-19a-3p and miR-
214-5p were reduced in ALCL. Characterization of miRNA expression in cases that
relapsed after first line therapy disclosed a significant association between miR-214-5p
down-regulation and aggressive non-common histology. Our results suggest that miR-
214-5p level may help to refine the prognostic stratification of pediatric ALK-
positive ALCL.

Keywords: ALCL, childhood, miRNA, prognosis, biomarker, RNA-seq
INTRODUCTION

Anaplastic Large-Cell Lymphoma (ALCL) accounts for 10-15% of pediatric and adolescent non-
Hodgkin lymphomas. Most pediatric ALCL cases carry ALK gene fusions (ALK-positive ALCL)
that constitutively activate RAS-ERK, JAK3-STAT3 and PI3K–Akt oncogenic signaling pathways,
thus promoting cancer cell proliferation, differentiation, and survival (1). In pediatric ALK-positive
ALCL, the current treatment regimens achieve a progression-free survival of ~70% at 10 years from
diagnosis (2). The prognosis of patients with resistant or relapsing disease is still relatively poor (3),
calling for an increased understanding of ALCL aggressiveness and for the development of new
prognostic markers for the early identification of patients with higher risk of treatment failure, who
could benefit from more intensive chemotherapy regimens. Minimal Disseminated Disease (MDD),
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measured by PCR detection of NPM-ALK, and low anti-ALK
antibody titer at diagnosis are significantly associated with
inferior outcome (2). Recently, a large multicentric study
confirmed that non-common (NC) histological patterns (e.g.
small cell or lympho-histiocytic ALK-positive ALCL) are key
relapse risk factors, either considered alone or in combination
with MDD (2). Previous studies suggested an important role of
microRNAs (miRNAs) in adult onset ALCL, and compared the
ALK-positive and ALK-negative phenotypes, identifying miR-
17~92 cluster up-regulation in ALK-positive ALCL and miR-155
overexpression in ALK-negative cases (4). For the first time, this
study associates the risk of relapse in pediatric ALCL with
miRNA signatures and identifies miRNA expression patterns
specifically related to high risk NC histotypes.
THE SMALL RNA LANDSCAPE OF
PEDIATRIC ALCL SHOWS
DYSREGULATION OF SEVERAL MIRNAS

Small RNA (sRNA) sequencing (Supplementary Methods) was
performed on a set of 20 pediatric ALK-positive ALCL cases. Six
reactive lymph node (RLN) biopsies were also analyzed as
controls. An extended cohort of 58 ALCL cases and 10 RLN,
including 39 independent ALCL cases and 4 RLN, was used to
validate the differential expression of selected miRNAs
(Supplementary Table 1). All patients were treated according
to the ALCL-99 protocol (2). The study was approved by the
local institutional ethical committee and informed consent was
obtained from the patients’ legal guardians. The sRNA-seq data
were analyzed with miR&moRe2 v0.2.3 (5) and DESeq2 to test
for differential expression between ALCL and RLN samples
(Supplementary Methods). Of the 1,013 miRNA-derived sRNAs
detected, 449 miRNAs and 24 miRNA-offset RNAs (moRNAs)
expressed in all samples of at least one group were compared. Only
51 miRNAs (5% of the detected) accounted for 95% of the observed
sRNA expression (Supplementary Figure 1B). MiR-21-5p, miR-
148a-3p and let-7i-5p were amongst the top expressed miRNAs
in ALCL.

Interestingly, ALCL and RLN had different sRNA expression
profiles (Figure 1) and 121 miRNAs resulted significantly
deregulated (q-value ≤ 0.01) in ALCL (Supplementary Table 2).
Figure 1 shows the 60 most dysregulated (q-value ≤ 0.01 and
absolute fold change ≥ 2) miRNAs, of which 37 were up-regulated
and 23 were down-regulated in ALCL. Dysregulation of some of
these miRNAs was previously described in adult ALCL primary
tumors or cell lines (4), whereasmost have not been reported before.
In line with our results, miR-135b-5p is up-regulated in ALK-
positive ALCL tumor biopsies compared to RLN (6) and miR-142-
5p, miR-142-3p and miR-29a-3p are down-regulated compared to
peripheral T cells of healthy donors (7). Quantification by qRT-PCR
in the extended cohort confirmed the significant up-regulation of
miR-21-5p (Mann Whitney, p-value = 0.0005; Figure 1), and the
decreased expression of miR-19a-3p (p-value = 0.0001; Figure 1)
and miR-214-5p (p-value = 0.02; Figure 1) in ALCL compared
to RLN.
Frontiers in Oncology | www.frontiersin.org 236
MiR-21-5p is a known oncomiR up-regulated in aggressive
activated B cell-type diffuse large B-cell lymphomas compared to
germinal center B cell-type cases (8). Previous data indicated that
miR-21-5p is more expressed in ALCL than in the less mature T-
cell acute lymphoblastic leukemia cell lines (9), raising the
hypothesis that the up-regulation of miR-21-5p could reflect
an activated T-cell phenotype of tumor cells. We examined also
activated T-cells from healthy donors (Supplementary Figure 2),
an alternative normal counterpart and putative cell-of-origin of
ALCL. Quantification in activated T-cells confirmed the significant
upregulation of miR-21-5p in ALCL (Mann Whitney, p-value =
0.02; Supplementary Figure 3A). From a pathobiological
perspective, this evidence further corroborated our finding about
the ectopic expression of this oncomiR in ALCL, whose role in the
malignant transformation warrants further investigation.

Next, miR-19a-3p significantly downregulated in ALCL
compared to RLN (Figure 1) was demonstrated to be
significantly reduced also in comparison to activated T-cells
(Mann Whitney, p-value = 0.047; Supplementary Figure 3B),
suggesting that miR-19a-3p could play a tumor suppressor role
in ALCL, in line with recent data in invasive breast cancer (10).
MIR-214-5P IS DOWN-REGULATED IN
ALK-POSITIVE ALCL WITH NC
HISTOLOGY AND HIGH RISK OF RELAPSE

To explore the usefulness of miRNAs in disease risk
stratification, miRNA expression was assessed at diagnosis in
patients that underwent relapse after first line therapy.
Compared to non-relapsed (NR) cases, relapsing (REL) ALK-
positive ALCL samples were characterized by the down-
regulation of 26 miRNAs (Figure 2). These included miR-10b,
miR-126-3p, miR-199a-5p, and miR-26b-5p within the most
expressed in ALCL. Of note, miR-214-5p (Figure 2), miR-615-
3p, miR-126-3p and miR-19a-3p (Supplementary Figure 4),
which are down-regulated in ALCL, resulted significantly less
expressed also in REL compared to NR patients. Since the NC
histology is associated with a worse prognosis (2), we examined
miR-214-5p expression in patients of the extended cohort.
Compared to common type ALCL (CM), cases with NC
histology disclosed significantly lower expression of miR-214-
5p (Mann Whitney, p-value = 0.046; Figure 2). This observation
was confirmed by in situ hybridization for miR-214-5p on
representative tissue sections from ALCL cases with CM (n =
6) and NC (n = 6; 4 lympho-histiocytic and 2 small cell)
histology. High positivity for miR-214-5p was observed for 5/6
CM ALCL and in none of the 6 NC variants (p-value = 0.02;
Figure 2D and Supplementary Table 3). The association
between miR-214-5p down-regulation and NC histology is of
particular interest since NC histological patterns are currently
not considered among the factors for risk-based treatment
stratification. Estimating miR-214-5p expression level by qRT-
PCR and miRNA in situ hybridization (11) could prove useful to
complement the standard histopathological evaluation of
pediatric ALK-positive ALCL at diagnosis.
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DISCUSSION

Low miR-214-5p expression is associated with poor prognosis in
other solid tumors (12, 13), whereas high miR-214-5p expression
with good outcome in diffuse large B-cell lymphoma (14). Beyond
its prognostic value, the biological implications of miR-214-5p
deregulation in ALK-positive ALCL with NC histology are poorly
characterized and deserve further investigation. MiR-214-5p down-
regulation can play a key role in ALCL lymphomagenesis, since it
may lead to the de-repression of several oncogenic targets, thus
driving increased cell proliferation and tumor cell migration (12, 13,
15). This is in line with previous studies in other malignancies,
whereby the impairment of miR-214-5p by competitor endogen
Frontiers in Oncology | www.frontiersin.org 337
RNAs (e.g. DANCR, LINC00963 and circ-XPR1) promotes cancer
cell proliferation and metastasis (12, 13, 15). These observations
may be even more valid for ALK-positive ALCL, since miR-214-5p
physiologically blocks key pathways for ALCL proliferation,
migration and invasion. Indeed, miR-214-5p dampens Notch
pathway activation by repressing the JAG1 Notch ligand (16).
Notch signaling is of key importance for ALK-positive ALCL
pathobiology, being constitutively activated by the NPM-ALK
fusion gene through STAT3 (17). In summary, this study
provides an unprecedented view of the miRNAome in pediatric
ALK-positive ALCL highlighting the up-regulation of miR-21-5p,
and the down-regulation of miR-19a-3p and miR-214-5p.
Our results also highlight miRNAs that are particularly
A B

D E

C

FIGURE 1 | Differentially expressed sRNAs in primary tumours of ALCL patients compared to reactive lymph nodes (RLN). (A) Unsupervised principal component
analysis of sRNA expression profiles in ALCL (red dots) and RLN (green dots) samples. (B) Heatmap of the 60 miRNAs most dysregulated in ALCL compared with
RLN (q-value ≤ 0.01 and absolute log2 Fold Change (LFC) ≥ 1; standardized expression; the two columns on the left indicate the mean expression in ALCL and RLN
samples, for each miRNA); (C–E) Expression of miR-21-5p, miR-19a-3p and miR-214-5p determined by RNA-seq in the discovery cohort (left panel; ** and
*** q-value < 0.01 and < 0.001) and validated by qRT-PCR in the extended cohort (right panel; * and ***, p-value < 0.05 and < 0.001; Mann-Whitney).
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FIGURE 2 | Differentially expressed miRNAs among relapsed and non-relapsed ALCL cases. MiR-214-5p expression is significantly reduced in ALCL of non-
common histological subtypes compared to common histology. (A) The 26 significantly down-regulated miRNAs in relapsed (REL) compared to non-relapsed (NR)
ALCL cases of the discovery cohort (Mean_REL and Mean_NR average expression (normalized read count) in REL and NR patients, respectively); (B) MiR-214-5p
expression is significantly lower in REL compared with NR samples and in ALCL patients of the discovery cohort with respect to reactive lymph nodes (RLN),
according to sRNA-seq (* and ** q-value < 0.05 and < 0.01, respectively). (C) MiR-214-5p expression quantification by qRT-PCR in the extended cohort of ALCL
patients with common (CM) and non-common (NC) histology and in RLN from healthy donors (data relative to RLN; * and ** p-value < 0.05 and 0.01, respectively;
Mann Whitney, ns, not significant). (D) CM ALK + ALCL (n = 6), histologically characterized by sheets of large, atypical cells with sternbergoid features, include
neoplastic elements strongly and diffusely positive for ALK1 (cytoplasmic and nuclear expression), with moderate to strong positivity for miR-214-5p by in situ
hybridization (5/6 tested cases; positive signal: blue staining in tumor cell cytoplasm - arrowheads). ALK+ ALCL lympho-histiocytic (E) and small cell (F) NC variants
(n = 6) are instead characterized by weak to absent cytoplasmic signal for miR-214-5p (faint blue signal – arrowheads) (H&E and peroxidase stain; original
magnification, x 40).
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down-regulated in high-risk cases. Of importance, the uncovered
link between miR-214-5p down-regulation and ALCL with NC
histology and unfavorable prognosis suggests the use of selected
miRNAs as novel biomarkers to complement the standard
prognostic stratification of pediatric ALK-positive ALCL
at diagnosis.
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RNA binding proteins act as essential modulators in cancers by regulating biological
cellular processes. Heterogeneous nuclear ribonucleoprotein H1 (HNRNPH1), as a key
member of the heterogeneous nuclear ribonucleoproteins family, is frequently upregulated
in multiple cancer cells and involved in tumorigenesis. However, the function of HNRNPH1
in chronic myeloid leukemia (CML) remains unclear. In the present study, we revealed that
HNRNPH1 expression level was upregulated in CML patients and cell lines. Moreover, the
higher level of HNRNPH1 was correlated with disease progression of CML. In vivo and in
vitro experiments showed that knockdown of HNRNPH1 inhibited cell proliferation and
promoted cell apoptosis in CML cells. Importantly, knockdown of HNRNPH1 in CML cells
enhanced sensitivity to imatinib. Mechanically, HNRNPH1 could bind to the mRNA of
PTPN6 and negatively regulated its expression. PTPN6 mediated the regulation between
HNRNPH1 and PI3K/AKT activation. Furthermore, the HNRNPH1–PTPN6–PI3K/AKT
axis played a critical role in CML tumorigenesis and development. The present study
first investigated the deregulated HNRNPH1–PTPN6–PI3K/AKT axis moderated cell
growth and apoptosis in CML cells, whereby targeting this pathway may be a
therapeutic CML treatment.

Keywords: CML, HNRNPH1, PTPN6, PI3K/AKT, proliferation, apoptosis
INTRODUCTION

Chronic myeloid leukemia is a malignant polyclonal disease originating from hematopoietic stem
cells characterized by the Ph chromosome, which is the ectopic of t (1, 2) (q34; q11). The formation
of the BCR–ABL fusion gene encodes P210 protein with constitutive tyrosine kinase activity
involved in proliferation, apoptosis, and other biological functions of CML cells (3). Although the
tyrosine kinase inhibitors (TKIs) chemotherapy induces a high clinical response rate in the majority
Abbreviations: CML, chronic myeloid leukemia; RBP, RNA binding protein; HNRNPH1, Heterogeneous nuclear
ribonucleoprotein H1; TKI, tyrosine kinase inhibitors; AML, acute myeloid leukemia; BM-MNCs, Bone marrow
mononuclear cells; NC, normal control; FBS, Fetal bovine serum; RIP, RNA immunoprecipitation; qRT-PCR, quantitative
real-time reverse transcriptase-polymerase chain reaction.
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of CML patients, some of them still suffered from disease
progression which means poor prognosis and shorter overall
survival (4, 5). While the BCR–ABL fusion gene plays an
important role in the initial stages of CML, some patients were
suffered from the progression of CML because of the TKI
intolerance or drug resistance. As we know, the etiology of
disease progression is highly complex with wide heterogeneity,
involving aberrantly activated pathways driven by the gene
expression abnormalities (6, 7). Thus, understanding the
underlying mechanisms of CML disease progression and
search novel therapeutic targets is urgently needed.

RNA-binding proteins (RBPs), which could bind to mRNA or
other RNAs, play a critical role in various biological cellular
processes including transcription, translation, cleavage splicing
and mRNA stability. Due to structural flexibility and domain
polyfunctionality, the alterations or mutations of RBPs
expression may be associated with tumorgenesis in a variety of
human cancers, especially in hematologic malignancies (8, 9).
However, few studies have focused on the role of RBPs in the
initiation and progression of CML. Therefore, investigating the
intricate network of RBPs and downstream mRNA may provide
a strategy for understanding the mechanism and treatment in
CML progression.

HNRNPH1, as an early reported RBPs, participates in RNA
editing, RNA modification, and RNA stability (10). The aberrant
overexpression of HNRNPH1 was seen in many cancers, such as
gliomas, esophageal cancer, rhabdomyosarcoma and
hepatocarcinoma (1, 11–13). Previously studies have confirmed
that high expression level of HNRNPH1 could moderate
tumorigenesis not only by upregulating the expression of
oncogenes but also inhibiting the expression of tumor suppressor
genes, such as P53, Ron and BCL-X (14–17). Furthermore,
HNRNPH1 may also contribute to the drug response in gastric
cancer cells (18). Importantly, a previous study has confirmed that
HNRNPH1 is frequently elevated in AML patients. Knockdown of
HNRNPH1 correlated to the cell proliferation in AML cells (1).
However, the roleofHNRNPH1inCMLhasrarelybeen investigated.

In the present study, we found that the HNRNPH1 level was
upregulated in CML patients, especially the CML progression
phase. The HNRNPH1 downregulation inhibited cell
proliferation, induced cell apoptosis, and arrested the cell cycle
of CML cells in vivo and in vitro. Moreover, HNRNPH1 was
revealed as a member of RBPs, affecting the PI3K/AKT pathway
by regulating the PTPN6 expression through binding to its
mRNA. The findings of this study provide a deep insight into
the metabolic dysfunctions in CML progression and a novel
potential therapeutic target for CML patients in the future.
Frontiers in Oncology | www.frontiersin.org 242
MATERIALS AND METHODS

Specimen Collection
Bonemarrowmononuclear cells (BM-MNCs) were extracted from
60 newly diagnosed and untreated CML patients between 2016 and
2020 in the Department of Hematology of the Second Hospital of
Hebei Medical University, Shijiazhuang, China. Full detailed
information of the patient characteristics is presented in Table 1.
Furthermore, BM-MNCs of 30healthy donorswere used as normal
controls (NC). Chronic myeloid leukemia was diagnosed by
molecular biology, bone marrow morphology, immunology, and
cytogenetics examination (19, 20). Patients with severe
cardiopulmonary, renal or liver failure or coagulation
abnormality or pregnant were excluded. The BM-MNCs were
extracted by lymphocyte isolation fluid following the instructions.
After centrifugation, the cell layer was collected for analysis. Red
blood cells were lysed using RBC lysis solution, and samples were
washed twice with PBS. The ethics committee of the Second
Hospital of Hebei Medical University approved this experiment.

Cell Culture
K562 and KCL22 cells were chosen as representatives of the CML
cell lines. HL-60, THP-1, and U937 cells were acute leukemia cell
lines. All cell types were maintained in our laboratory. All above
cells were cultured in RPMI 1640-based culture medium (Gibco)
or Iscoves-modified Dulbecco’s medium (IMDM; Gibco) culture
medium supplemented with 10% fetal bovine serum (FBS;
Gibco). The aforementioned conditioned media contained 100
units/ml penicillin and 100 ug/ml streptomycin. The cells were
cultivated in an incubator at 37°C, 95% air and 5% CO2 saturated
humidity (Thermo, Waltham, MA, USA).

Cell Transfection
Lentiviruses containing shRNA-HNRNPH1 or overexpression of
PTPN6 plasmid were constructed by the Shanghai Genechem Co.,
Ltd. (Shanghai,China).Themultiplicityof infection (MOI) refers to
the proportion of infectious viruses per cells. K562 cells were
infected with each virus at an MOI of 30. The MOI of KCL22 was
40.The viruswas added into cells from the logarithmic growth stage
according to the infection conditions and cultured for 12–16 h.
Then the cells were incubatedwith culturemedium containing 10%
FBS. The cells were treated with puromycin at 2 mg/ml to screen for
stably transfected cells lines on conditions.

Cell Viability Assay
The cell viability was measured using the CCK-8 (Beibo
Biological Reagent Co., Shanghai, China) assay. Approximately
TABLE 1 | Characteristics of the patients included in the study.

Characteristic CML-CP (n = 30) CML-AP (n = 18) CML-BP (n = 12)

Age (years), median (range) 51 (21–79) 49 (25–66) 57 (36–73)
Male/female (n/n) 19/11 9/9 4/8
WBC count, ×109/L, median (range) 155.4 (23.5–527.5) 72.5 (1.75–433) 78.7 (1.5–327.9)
Haemoglobin level (g/l) 105 (70–147) 85 (52–118) 92 (56–124)
Platelet count, ×109/l, median (range) 522 (3–1,476) 609 (4–3,000) 151 (11–576)
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100 ul of mixed suspension cells (1 × 105 cells/ml) required for
different experiments were added to the 96-well plate. Following
cell culture, 10ul CCK-8 solution was added into each plate at
various time points and incubated at 37°C in 5% CO2 saturated
humidity for 2 h. The optical density was read at 450 nm in a
microplate reader (BioTek, Winooski, VT, USA) in different
time points.
Cell Apoptosis Assay
Cell apoptosis was assayed by an Annexin V/FITC/PI Apoptosis
Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA). The
cells required for different experiments were mixed with 5 µl
Annexin V/FITC and 10 µl propidium iodide (PI) based on the
manufacturer’s instructions. They were analyzed with a FC500
flow cytometer (Beckman Coulter). The data was performed
using Kaluza software (Beckman Coulter).
RNA Extraction and Quantitative
Real-Time PCR
qRT-PCR analysis was performed with standard procedure as
described previously (21). Briefly, total RNA of cells lines and BM-
MNCs were extracted using Trizol (Invitrogen, Carlsad, CA,
USA). The cDNA was synthesized by a SureScriptTM First-
Strand cDNA Synthesis Kit (Funeng, Guangzhou, China).
Quantitative real-time reverse transcriptase-polymerase chain
reaction (qRT-PCR) was performed by an All-in-OneTM qPCR
Mix (Funeng, Guangzhou, China). Each reaction was dependently
repeated thrice. qRT-PCR was performed at 95°C for 10 min,
followed by 40 cycles of 95°C (15 s), 60°C (30 s), and 72°C (30 s).
Moreover, GAPDH was used as an internal reference.
Western Blot Analysis
Proteins were obtained using radioimmunoprecipitation assay
(RIPA) buffer to dissolve the cells. The quantification was tested
using bicinchoninic acid Protein Assay Kit (Boster Biological
Company, Ltd., Wuhan, China). All protein samples were
subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The target strip was transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Burlington, MA, USA) via
electrophoresis. The PVDF membrane was blocked in 5% nonfat
milk. The protein bands were incubated with specific primary
antibodies as follows: HNRNPH1 (1:2,000) (ab 154894, Abcam,
CA, USA), PTPN6 (1:1,000) (ab 32559, Abcam, CA, USA), AKT
(1:1,000) (ab 38449, Abcam, CA, USA), p-AKT (1:1,000) (ab 8805,
Abcam, CA, USA), and b-ACTIN (1:8,000; Abways Technology,
NewYork,NY,USA;AB0035).Moreover, the PVDFmembranewas
incubated in a goat-anti-rabbit secondary antibody (1:10,000, Boster
Biological Company, Ltd., Wuhan, China) overnight. Images of
protein quantification were captured by BioSpectrum Imaging
System (UVP, LLC, Upland, CA, USA).
Immunofluorescence Staining
Cell samples were centrifuged, fixed, and smeared onto
coverslips. The cells were fixed using 4% formaldehyde and
Frontiers in Oncology | www.frontiersin.org 343
preincubated with 10% normal goat serum (710,027, KPL,
Gaithersburg, MD, USA). The cells were rinsed with PBS and
incubated with anti-HNRNPH1 antibody (Abcam, ab 154894) at
37°C for 1 h. Immunofluorescence staining was enhanced using a
rabbit anti-red fluorescent-labeled antibody (Rockland
Immunochemicals Inc., Gilbertsville, PA, USA; 1:100). The
smears were then incubated with DAPI. Furthermore, nuclear
staining was observed by confocal microscopy (Zeiss LSM 700,
Germany) and digitized with confocal software.

Colony-Forming Assay
The colony formation was performed with standard procedure in
accordance with the method described in previous study (2, 22).
The logarithmic growth phase of treated cells was added to the
1% methylcellulose for 14–18 days at 37°C with 5% CO2

saturated humidity. The methylcellulose medium was mixed
with powder culture medium with ultrapure water, 40% FBS,
and 1% penicillin/streptomycin. The colonies were quantified as
aggregates with greater than 50 cells by microscope (Axio-
observer D1, Zeiss, Germany). Then the colonies were counted
manually and photographed.

RNA Immunoprecipitation
The cells were treated with cell lysis buffer. The 10% lysis sample
(named input) was stored, and 80% (named IP) was used in
immunoprecipitation reactions with HNRNPH1 antibody
(Abcam No 154894), and 10% (named IgG) was incubated
with rabbit IgG (Cell Signaling Technology, Danvers, MA,
USA) as a negative control The RNA of input and IP was
extracted using TRIzol reagent (Invitrogen). The purified RNA
samples were analyzed with conventional RT-PCR.

RNA-Seq
Three biological replicates in each control and knockdown
HNRNPH1 groups in K562 cells were collected for microarray
analysis after 14 days of infection. The total RNA was extracted
using TRIzol reagent (Invitrogen) and subject to RNA sequencing.
RNA seq was performed by BGI Technology Services Co., Ltd
(Shenzhen, China). The differentially expressed genes were
screened based on fold change (>0.5) and Student’s t-test (P <0.05).
The RNA-sequencing raw data have been deposited into sequence
read archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra).
Animal Experiment
Sixteen female severe combined immunodeficient (SCID) athymic
nude mice (16–20 g, 5–6 weeks’ old) were purchased from SPF
Biotechnology Co., Ltd. (Beijing, China). All mice were raised at an
ambient temperature of 18–22°C and relative humidity of 50–60%.
The stably knockdown-HNRNPH1K562 cells andnegative control
K562 cells were subcutaneously injected into the left dorsalflanks of
each mouse (0.5 × 106 cells per injection). Tumor size and body
weight were dynamically observed. The nude mice were sacrificed
on day 28 post-inoculation. All animal experiment protocols were
approved by the committee on animal experimentation of Hebei
Medical University and carried out following the guidelines on
animal experimentation.
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Immunohistochemistry
The tumor tissues of mice were fixed with 4% paraformaldehyde
and routinely dehydrated, embedded in paraffin sections, and cut
into 4-mm thick sections. The antigen repair was then performed
with sodium citrate. Moreover, endogenous peroxidase was
inactivated by 3% hydrogen peroxide. Tissue sections were
incubated with the primary antibodies at 4°C overnight and with
secondary antibody at room temperature for 30 min respectively.
Sections were incubated with DAB chromogen at room
temperature for 3–10 min after washing with phosphate-buffered
saline with detergent Tween. Slices were sealed with coverslips after
rinsing with running water and hematoxylin counterstain.

Statistical Analysis
The data were presented by means ± SD. Student’s t-test and
Chi-square test were applied to detect the significant difference
by using the Statistical Package for the Social Sciences, version
13.0 (SPSS Inc., Chicago, IL, USA). P values <0.05 were
considered statistically significant.
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RESULTS

HNRNPH1 Is Upregulated in CML
Patients and Cell Lines
The difference in the HNRNPH1 expression between the BM-
MNCs of CML patients and the healthy donors was first explored
to investigate the role of HNRNPH1 in CML. qRT-PCR result
showed that mRNA expression of HNRNPH1 in BM-MNCs of
CML patients was significantly higher compared with the normal
controls (Figure 1A). The HNRNPH1 expression in different
progressions of CML was then compared. Moreover, the
HNRNPH1 expression in the progressive phase was higher
compared with the chronic phase (Figure 1B). However, the
expression level in the blast phase was the highest. HNRNPH1
protein level was then also detected in the BM-MNCs of 10
patients selected in different stages of CML and healthy donors.
The Western blot analysis result showed that the HNRNPH1
protein level was significantly increased in CML patients
compared with normal controls. Consistent with qRT-PCR
A
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D
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C

FIGURE 1 | HNRNPH1 is upregulated in CML patients and cell lines. (A) qRT-PCR was used to detect HNRNPH1 mRNA level in BM-MNCs of CML patients and
BM-MNCs of healthy donors. Normalized to GAPDH. ***P < 0.001 vs. NC. (B) qRT-PCR was used to detect HNRNPH1 mRNA level in different phases of CML
(CML-CP, CML-AP, and CML-BP) patients’ BM-MNCs compared with normal controls. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Western blot was used to detect
HNRNPH1 protein levels in different phases of CML (CML-CP, CML-AP, and CML-BP) patients’ BM-MNCs compared with normal controls. Left panel, scatter plots
of protein densitometric analysis. **P < 0.01, ***P < 0.001. (D) Western blot was used to detect HNRNPH1 protein levels in leukemia cell lines (HL-60, U937, THP-1,
K562, and KCL22) and BM-MNCs of normal controls. Right panel, densitometric analysis. **P < 0.01, ***P < 0.001 vs. NC. (E) qRT-PCR was used to detect
HNRNPH1 mRNA levels in leukemia cell lines (HL-60, U937, THP-1, K562, and KCL22) and BM-MNCs of normal controls. *P < 0.05, ***P < 0.001 vs. NC.
(F) Immunofluorescence analyzed the HNRNPH1 protein level and localization of HNRNPH1 in PBMCs of CML-CP patients and BM-MNCs of normal controls.
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results, the HNRNPH1 protein level was increased in the blast
and accelerated phase compared with the chronic phase
(Figure 1C). Furthermore, mRNA and HNRNPH1 protein
levels were found to be upregulated in leukemia cell lines
compared with BM-MNCs of healthy donors (Figures 1D, E).
Immunofluorescence also displayed that HNRNPH1 protein was
primarily localized in the nucleus and increased in CML patients
(Figure 1F). These results suggest that HNRNPH1 expression is
abnormally elevated in CML, especially in the progressive phase.

HNRNPH1 Downregulation Promotes
Apoptosis of CML Cells
HNRNPH1 was knocked by transfection of sh-RNA or empty
vector (sh-Con) into CML cell lines to investigate the impact of
HNRNPH1 on CML progression. The sh-RNA transfection of
HNRNPH1 successfully reduced the HNRNPH1 expression level
in both K562 and KCL22 cells compared with the negative
controls (Figure 2A). Cell viabilities were then measured by
CCK-8 assay. The HNRNPH1 downregulation markedly
reduced cell proliferation compared with negative controls
(Figure 2B). The cell apoptosis by flow cytometry using
Annexin V-FITC/PI staining was then detected next. The
result showed that HNRNPH1 knockdown in CML cells
promoted cell apoptosis compared with the negative controls
(Figure 2C). Consistently, HNRNPH1 suppression was found to
inhibit the multiplication of CML cells by mainly arresting their
Frontiers in Oncology | www.frontiersin.org 545
cell cycle at G1/G0 phase(K562 44.34% vs. 52.35%, KCL22
43.61% vs. 53.60%)and caused S phase reduction(K562 48.58%
vs. 38.86%, KCL22 52.41% vs. 41.9%), suggesting that
HNRNPH1 knockdown played an inhibitory effect on cell
arrest phase (Figure 2D). Furthermore, colony formation
experiments also confirmed that HNRNPH1 knockdown
inhibited cell proliferation (Figure 2E). Taken together, these
results revealed that HNRNPH1 played a curtail role in CML cell
survival in vitro.
HNRNPH1 Knockdown Increases the
Sensitivity of Imatinib in CML Cells
CML cells were transfected with sh-RNA of HNRNPH1 or sh-
Con and then treated with different concentrations of imatinib to
investigate the effect of HNRNPH1 on imatinib sensitivity. The
IC50 of imatinib was detected by the CCK-8 assay. Moreover,
HNRNPH1 silencing significantly increased imatinib sensitivity
compared with the negative control (Figure 3A). Consequently,
the number of apoptotic cells induced by imatinib was increased
in the knockdown group compared with the negative control
(Figure 3B). Moreover, colony formation assay showed that
HNRNPH1 knockdown in CML cells could promote cell
sensibility to imatinib (Figure 3C). These results suggest that
HNRNPH1 knockdown promotes imatinib sensitivity in
CML cells.
A
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FIGURE 2 | HNRNPH1 downregulation promotes apoptosis of CML cells. (A) K562 and KCL22 cells were transfected with specific sh-RNA of HNRNPH1 or
negative sh-RNA (sh-Con). Western blot was used to detect HNRNPH1 protein level. (B) CML cells were prepared as (A), CCK-8 analysis was used to detect cell
proliferation. ***P < 0.001 vs. sh-Con. **P < 0.01 vs. sh-Con. (C) CML cells were prepared as (A), and cell apoptosis rate was detected by flow cytometry using
Annexin V-FITC/PI staining. The right panel shows the apoptosis rate from three independent experiments. ***P < 0.001 vs. sh-Con. (D) CML cells were prepared as
(A), and the cell cycle was detected by flow cytometry. The right panel shows the cell proportion of three independent experiments. **P < 0.01 vs. sh-Con. (E) CML
cells were prepared as (A), and cell proliferation was detected by colony formation assay. ***P < 0.001 vs. sh-Con. The bottom panel shows an image of colonies.
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HNRNPH1 Regulates the
PTPN6 Expression
HNRNPH1 was knocked down in K562 cells to identify
molecular mechanisms of HNRNPH1 in regulating the growth
of CML cells. RNA-seq was then performed. In addition, the
differential expressed genes were displayed in the volcano plot
between the sh-RNA and negative control groups (Figure 4A).
Among those relative upregulated genes, PTPN6, which had
been confirmed to play a crucial role as a cancer suppressor in
leukemia, was focused on (21). The HNRNPH1 was knocked
down in K562 cells to confirm the results of the RNA-seq and
detect the PTPN6 expression. Consistent with the result of RNA-
seq, the fold change of PTPN6 expression was upregulated in
HNRNPH1 knocked down cells than control cells by qRT-PCR
analysis. As shown in Figure 4B, the fold change of PTPN6
mRNA expression in K562 and KCL22 cell were 1.56 and 1.42,
respectively. Likewise, the western blot result showed that the
protein level of PTPN6 was increased in HNRNPH1-reduced
cells compared with the negative control (Figure 4C).
Additionally, the PTPN6 expression in CML patients was
detected by qRT-PCR analysis. The PTPN6 expression which
was reduced in CML-CP patients compared with healthy donors
was related to illness aggravation (Figure 4D). A significant
inverse correlation existed between the HNRNPH1 expression
and PTPN6 in CML patients (Figure 4E). Taken together, these
data revealed that PTPN6, which was downregulated in CML,
may negatively correlate with HNRNPH1.
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HNRNPH1 Regulates PI3K/AKT Pathway
by Binding to PTPN6
As an RNA binding protein, HNRNPH1 is involved in gene
regulation by directly assembling on its mRNA (23).
Radioimmunoprecipitation (RIP) followed by RT-PCR and
qRT-PCR were performed to investigate whether HNRNPH1
could bind to the mRNA of PTPN6 to regulate its expression.
RIP-PCR analysis showed that PTPN6 mRNA, but not Actin,
was present in the protein–RNA complex pulled down by the
antibody HNRNPH1 (Figures 5A, B), indicating that
HNRNPH1 could physically bind to the mRNA of PTPN6.
The screened differential genes were enriched in the PI3K/AKT
pathway (Figure 5C), just like a previous study reported that
PTPN6 could influence the activity of the PI3K/AKT pathway
(24). To further verify whether HNRNPH1 contributed to the
regulation of the PI3K/AKT pathway, CML cells were
transfected with sh-HNRNPH1 or PTPN6 overexpression
plasmid or co-transfected them together. The western blot
results showed that PTPN6 overexpression could decrease the
p-AKT protein level, while this reduction effect of p-AKT could
be further reduced by HNRNPH1 knockdown together in CML
cells (Figure 5D), suggesting that PTPN6 may mediate the
relationship between the HNRNPH1 and the activation of
PI3K/AKT in CML cells. Interestingly, this study also found
that the expression trend of P210 protein that encoded BCR–
ABL1 fusion gene was surprisingly consistent which is
regulated positively by HNRNPH1 but negatively by PTPN6.
A B

C

FIGURE 3 | HNRNPH1 knockdown increases imatinib sensitivity in CML cells. (A) K562 and KCL22 cells were transfected with specific sh-RNA of HNRNPH1 or
negative sh-RNA (sh-Con) and treated with different imatinib concentrations for 48 h. CCK-8 analysis was used to detect cell inhibition. ***P < 0.001, **P < 0.01 vs.
sh-Con. (B) K562 and KCL22 cells were transfected with specific sh-RNA of HNRNPH1 or negative sh-RNA (sh-Con) and treated with imatinib (3 µM) for 48 h. Cell
apoptosis was detected by flow cytometry using Annexin V/FITC/PI. The right panel shows the apoptosis rate from three independent experiments. **P < 0.01 vs.
sh-Con. (C) CML cells were prepared as (B), and cell proliferation was detected by colony formation assay. *P < 0.05, **P < 0.01 vs. sh-Con. The bottom panel
shows an image of colonies.
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FIGURE 4 | HNRNPH1 regulates the PTPN6 expression. (A) Three independent HNRNPH1 reduced and control cells were prepared for RNA preparation and microarray
analysis. Genes with altered expression were displayed in volcano plots. The upregulated genes are highlighted in pink and downregulated genes in blue. (B) K562 and KCL22
cells were transfected with specific sh-RNA of HNRNPH1 or negative sh-RNA (sh-Con). qRT-PCR was used to detect the PTPN6mRNA level. ***P < 0.001 vs. sh-Con.
(C) CML cells were prepared as (B), western blot was used to detect PTPN6 protein level. Right panel, densitometric analysis. ***P < 0.001 vs. sh-Con. (D) qRT-PCR was used
to detect PTPN6 mRNA level in different phases of CML (CML-CP, CML-AP, and CML-BP) patients’ BM-MNCs compared with normal controls. *P < 0.05, **P < 0.01,
***P < 0.001. (E) Pearson correlation analysis was used to analyze the relationship between HNRNPH1 and PTPN6 in BM-MNCs of CML patients (R = 0.36, P < 0.0001).
A B
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FIGURE 5 | HNRNPH1 regulates PI3K/AKT pathway by binding to PTPN6. (A, B) RIP-PCR and agarose gel electrophoresis were used to test the interaction
between the HNRNPH1 protein and PTPN6 mRNA. ***P < 0.001 vs. IgG (C). KEGG pathway significant enrichment was used to identify the main biochemical
metabolic and signal transduction pathways involved in differentially expressed genes. (D) CML cells were transfected with sh-HNRNPH1 or PTPN6 overexpression
plasmid or co-transfected them together. Western blot analysis was used to detect PTPN6, p-AKT, AKT, and P210BCR-ABL protein levels.
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Collectively, these results revealed that HNRNPH1 contributed
to CML cell progression by moderating PI3K/AKT pathway.

HNRNPH1 Downregulation Inhibits CML
Cell Growth In Vivo
The nude mice xenograft model was applied to confirm whether
the reduction of HNRNPH1 expression could inhibit the
proliferation of CML cells through the PTPN6–PI3K/AKT
pathway in vivo. The shRNA K562 cell lines stably suppressing
HNRNPH1 were screened. The HNRNPH1-reduced K562 and
control cells were then subcutaneously implanted into the nude
mice. The HNRNPH1 reduction could inhibit the tumor size
compared with the control in vivo (Figures 6A, B). Similarly, this
study also found that downregulating the HNRNPH1 expression
could decrease the weight of xenograft tumors (Figure 6C). In
addition, the protein level of HNRNPH1, PTPN6, AKT, p-AKT
and BCR-ABL was detected by immunohistochemical
(Figure 6D) and western blot analysis (Figure 6E). The results
showed that the PTPN6 protein level increased while the p-AKT
and BCR-ABL dramatically decreased in the HNRNPH1
reduction group compared with the negative control. The
results proved that HNRNPH1 reduction also inhibited CML
cell growth in vivo through the PTPN6-PI3K/AKT pathway.
DISCUSSION

The pathogenesis of CML is a complex progress that is concerned
with numerous mechanisms. Therefore, many studies have been
dedicated to elucidate the pathogenesis of advanced CML. Our
previous studies have shed light on underlying mechanisms linked
to disease progression, such as epigenetic alterations, abnormal
Frontiers in Oncology | www.frontiersin.org 848
activation of coding or non-coding RNA transcripts and cancer-
related pathways. For example, the PTPN6 expression is closely
related to the progression of CML, which is regulated by epigenetics
modifications including acetylation and methylation (21). The Long
Noncoding RNAMEG3 which could sponge to miRNA inhibit the
CML cell proliferation in CML cells and contributes to CML
progression (25, 26). Moreover, the deubiquitinating enzyme
ubiquitin-specific peptidase 15 expression level was significantly
downregulated in CML patients by blocking JAK/STAT5 pathway
and involved in imatinib resistance (27). However, the specific
mechanismsofCMLdevelopment andprogression remainexclusive.

Growing evidence have proved that the post-transcription is a
critical mechanism for regulating gene expression. RBPs are
considered as essential modulators in RNA translation,
transcription, splicing and mRNA stability, which are frequently
dysregulated in tumor cells (28, 29). An increasing number of
studies have indicated the critical role of RBP in hematological
malignancies. For example, Wang et al. have reported that
degradation of RBM39 sustains leukemia survival by altering the
splicing of HOXA in AML cells (8). Gallardo et al. found that the
upregulation of hnRNPK regulates MYC expression in B-cell
lymphoma post-transcriptionally and translationally (9). Ge
revealed that RBM25 has an impact on the AML development as
a splicing factor of c-myc (30). In the present study, we found
thatHNRNPH1was upregulated inCML patients and correlated to
disease progression. HNRNPH1 could function as a diagnosis
related biomarker and a novel target for combination therapy for
CML patients. Due to the limitations, a single-center study with a
low number of patients was afforded, where subsequent research is
needed to delineate the relationship with the prognosis.

Currently, some hnRNPs have been demonstrated to be
involved in the oncogenesis of human hematologic malignancies.
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FIGURE 6 | HNRNPH1 downregulation inhibits CML cell growth in vivo. (A) K562 cells were engineered to stably knockdown HNRNPH1 and the cells were then
subcutaneously injected into the nude mice to establish CML xenograft tumors. Tumor volumes were monitored by direct measurement. **P < 0.01, ***P < 0.001 vs.
sh-Con. (B) Representative tumor sizes of xenograft mice in each group. (C) The xenograft tumor wet weight in each group of mice. **P < 0.01 vs. sh-Con. (D)
Immunohistochemistry stain was used to measure the HNRNPH1, PTPN6, and P-AKT protein levels in xenograft tumors. (E) Western blot was used to detect the
PTPN6, p-AKT, AKT, and P210BCR-ABL protein levels in xenograft tumors. Right panel, densitometric analysis. ***P < 0.001 vs. sh-Con.
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For instance, HNRNPK was downregulated in leukemia cells.
Knockdown of HNRNPK promoted tumor growth of
myeloproliferative neoplasm in vivo (31). HNRNPD also had an
effect on the proliferation of BCR-ABL-positive cell lines which
were increased in hematopoietic stem cells (32). The alternative
splice alterations ofHNRNPA2B1 influenced the development and
adverse outcome in myelodysplastic syndromes (33). Despite
having some HNRNPs family members being confirmed to
function as oncogenes or tumor suppressor genes in CML (32,
34–36), a few of them have clearly revealed the molecular
mechanisms in CML progression. HNRNPH1, which is localized
in the nucleus, has been shown aberrantly overexpressed in
hematological malignancies including AML, Burkitt lymphoma,
and T-acute lymphoblastic leukemia (8, 37, 38). Importantly,
Yamazaki et al. also found that HNRNPH1 plays a crucial role in
stem cell maintenance and hematopoietic development suggesting
thatHNRNPH1maybe involved in the regulationofhematopoietic
stem cells (39). In the present study, we demonstrated that
HNRNPH1 expression was higher in CML patients compared
with healthy donors, and gradually elevated along with disease
progression that blast crisis patients have significantly highly
expressed HNRNPH1 (Figures 1A–C). The higher level of
HNRNPH1 has also been observed in leukemia cell lines and was
particularly prominent in CML cells. Given that some patients in
the progressive phases are associated with TKIs insensitive or
resistance, HNRNPH1 downregulation was found to increase
imatinib sensitivity. The above results potentially indicated that
HNRNPH1 was an important molecular marker for CML
progression and may help improve treatment, such as early turn
to more efficacious TKIs or combination chemotherapy. Our data
further elaborated that the reduction of HNRNPH1 expression can
promote apoptosis and inhibit proliferation in CML cells.
Therefore, HNRNPH1 was shown to be an important regulator
for the proliferation of CML cells. These findings further validated
thatHNRNPH1may serve as therapeutic target for CML treatment
as its functions as the anti-apoptotic molecule in tumor metastasis
and growth. Notably, whether the downregulation of HNRNPH1
Frontiers in Oncology | www.frontiersin.org 949
would arrest or even reverse disease progression still requires
further investigations.

Besides the potential use of HNRNPH1 as a biomarker of CML
disease progression, underlying mechanisms of HNRNPH1 were
identified. PTPN6, possessing an SH2 domain, was a tumor
suppressor by dephosphorylation in CML (21, 40). RIP-PCR
revealed that HNRNPH1 could be a negative upstream regulator
by regulating the mRNA expression of PTPN6 directly.
Gratifyingly, HNRNPH1 motif sequence was found to be present
in the PTPN6 gene, suggesting that HNRNPH1 regulated the post-
transcription level of PTPN6, which supported the experimental
results in our study (41). However, our experiments did not fully
address the mechanism whether HNRNPH1 affects the stability or
splicing of PTPN6, which still needs to be further explored. The
tyrosine kinase activity of BCR-ABL activate multiple signaling
pathways, including PI3K/AKT, of which is responsible for cell
survival (42). It is consistent with previous studies that PTPN6may
inhibit the activation of PT3K/AKT pathway by mediating AKT
dephosphorylation (43). The present study also made a promising
discovery that BCR-ABL was positively regulated by HNRNPH1
downregulation mediated by PTPN6. A prior study demonstrated
that PTPN6 was a binding protein of P210 BCR-ABL, which may
explain the reason for this phenomenon (44). We have here
provided the first piece of evidence that the HNRNPH1–PTPN6–
PI3K/AKT axis mediated CML progression.

In this study, we demonstrated that downregulation of
HNRNPH1 inhibits the potential tumorigenic both in vitro and in
vivo, and can increase imatinib sensitivity, providing a rational drug
design to prevent the expression ofHNRNPH1 inBCR-ABLpositive
leukemia. It was confirmed that HNRNPH1 was indeed associated
with PARylation with a conserved domain of pADPr-binding (45).
Given that the reduction of PARG activity can significant elevate the
PARylation cellular level (46), implying that PARG inhibitors may
block the HNRNPH1 related tumor growth. We hypothesize that
PARG inhibitor can serve as a targeted HNRNPH1 inhibitor for a
combination of chemotherapies in CML patients with high level of
HNRNPH1, which deserves further exploration.
FIGURE 7 | A schematic model depicting the role of HNRNPH1–PTPN6–PI3K/AKT axis in CML.
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CONCLUSION

Taken together, as displayed in Figure 7, HNRNPH1 was
uncovered, for the first time, as a potential molecular marker
in CML disease progression. In addition, HNRNPH1 was also
first revealed as an upstream PTPN6 regulator that can directly
bind to the PTPN6 transcript. Due to the RBP nature of
HNRNPH1, which has oncogene function and multiple
transcriptional factor binding sites, HNRNPH1 could be a
novel CML therapeutic target that has a huge potential clinical
translation value. Thus, the HNRNPH1–PTPN6–PI3K/AKT axis
played an important role in the genesis and CML progression.
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in Acute Myeloid Leukemia
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Relapse of acute myeloid leukemia (AML) has a very poor prognosis and remains a common
cause of treatment failure in patients with this disease. AML relapse is partially driven by the
chemoresistant nature of leukemia stem cells (LSCs), which remains poorly understood, and
our study aimed at elucidating the underlying mechanism. Accumulating evidences show that
long noncoding RNAs (lncRNAs) play a crucial role in AML development. Herein, the lncRNA,
LINC00152, was identified to be highly expressed in CD34+ LSCs and found to regulate the
self-renewal of LSCs derived from AML patients. Importantly, LINC00152 upregulation was
correlated with the expression of 16 genes within a 17-gene LSC biomarker panel, which
contributed to the accurate prediction of initial therapy resistance in AML. Knockdown of
LINC00152 markedly increased the drug sensitivity of leukemia cells. Furthermore,
LINC00152 expression was found to be correlated with poly (ADP-ribose) polymerase 1
(PARP1) expression in AML, whereas LINC00152 knockdown significantly decreased
the expression of PARP1. Upregulation of LINC00152 or PARP1 was associated with poor
prognosis in AML patients. Collectively, these data highlight the importance and contribution
of LINC00152 in the regulation of self-renewal and chemoresistance of LSCs in AML.

Keywords: leukemia stem cells, LINC00152, poly (ADP-ribose) polymerase 1, chemo-resistance, leukemia
INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous and deadly disease characterized by aberrant
myeloid lineage cell proliferation and differentiation (1). Although most AML patients achieve
remission, up to 70% of adults and 30% of pediatric patients do not survive beyond 5 years after the
initial clinical response due to relapse (2). Historically, the relapse of AML patients has been
attributed to the pre-existence of chemoresistant leukemia stem cells (LSCs) (3, 4). Nevertheless, the
mechanisms underlying LSC-mediated leukemia relapse have not been elucidated. Leukemia cells
differentiate from LSCs (5), which have the capacity to initiate leukemia in immunocompromised
mice. Therefore, it is warranted to investigate potential factors contributing to the self-renewal and
chemoresistant nature of LSCs.
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Long noncoding RNAs (lncRNAs) have been identified in whole
transcriptome sequencing projects, such as gene expression
profiling interactive analysis (GEPIA). The established functions
of lncRNAs include cell cycle regulation, lineage differentiation,
and cancer progression (6–8). Deregulated expression of lncRNAs
often occurs in AML (9, 10), which has been reported to be
independently associated with AML patient prognosis (9, 11, 12).
Although lncRNAs have been identified to regulate leukemia
progression (13–15), their detailed role in chemoresistance
remains unknown. LINC00152 is an lncRNA located at
chromosome 2p11.2. Recently, LINC00152 was identified as a
potent oncogene in various cancers (16, 17). In particular,
LINC00152 expression has been reported to be upregulated in
AML samples and facilitate AML leukemogenesis (18); nevertheless,
its underlying mechanism needs to be further investigated.

Considering the high expression of LINC00152 in CD34+ LSCs
and its regulatory role in LSC self-renewal, we hypothesized that
LIN00152 could have biological significance in LSC
chemoresistance, and the present study was performed with an
aim to elucidate this significance. The inhibition of LINC00152was
found to increase the sensitivity of leukemia cells to doxorubicin.
Furthermore, LINC00152 expression was correlated with the
expression of poly [ADP-ribose] polymerase 1 (PARP1), whereas
LINC00152 knockdown markedly decreased PARP1 expression.
Thus, our results indicate that LINC00152may serve as a potential
prognostic marker for AML patients.

MATERIAL AND METHODS

Cell Culture
Cell lines were purchased from the American Type Culture
Collection (Manassas, VA, USA) and were cultured in a
humidified incubator at 37°C and 5% CO2. 293T cells (ATCC
CRL-3216) were cultured in Iscove’s modified Dulbecco’s medium
(Thermo Fisher Scientific, Waltham, MA, USA) containing 10%
fetal bovine serum (FBS) (BiochromGmbH, Berlin, Germany) and
digested with trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA).
K562 cells (ATCC CCL-243) were cultured in RPMI-1640 (Sigma-
Aldrich) supplemented with 10% FBS (Biochrom GmbH). Cells
were grown in log-phase (1 × 105–1 × 106 cells/ml).

Bone Marrow Cells Isolation
Bone marrow specimens were collected from 15 adult AML
patients and analyzed after obtaining written informed consent
in accordance with the Declaration of Helsinki.

Bone marrow cells were obtained at the diagnosis of adult
patients with AML assessed at the Huashan Hospital of Fudan
University, Shanghai, China. Bone marrow samples were
collected in 10-ml syringes with 10.000IE/20 ml heparin after
bone marrow puncture.

Flow Cytometry
Bone marrow cells were incubated with Alexa Fluor 488 anti-
human CD34 antibody and phycoerythrin anti-human CD38
antibody (both from Biolegend, San Diego, CA, USA) diluted in
magnetic-activated cell sorting buffer for 15 min on ice. The
staining process was performed under a hood in the dark. After
Frontiers in Oncology | www.frontiersin.org 253
incubation, the cells were washed with phosphate-buffered saline
(PBS). Stained cells were kept on ice before sorting. The
concentration of the cells was adjusted to approximately 1 ×
106 cells/ml. Sorted cells were collected and freshly filtered, with
PBS containing 2% FBS used as the catch medium. Acquisition
was performed using an LSR II flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). FlowJo software (BD Biosciences) was
used for data analysis.

Colony Formation Assay
Methylcellulose (Stemcell Technologies, Vancouver, BC, Canada)
was placed at room temperature for 30 min before usage. Each
selected human LSC was adjusted to a concentration that was 10-
fold higher than thefinal plating concentration.The cell suspension
(300 ml) was mixed well with 3-ml methylcellulose at a density of
300 cells per ml of methylcellulose. After removing the air bubbles,
the mixture was transferred to a 12-well plate with three replicates
for each cell. Colonies (> 50 cells) were stainedwith trypan blue and
counted under a microscope after 10 days.

Small Hairpin RNA (shRNA)
and Plasmid Cloning
LINC00152 shRNAs were cloned into the pLKO.1_GFP vector
with BamHI and AgeI restriction sites. The hairpin was
synthesized by Sangon Biotech. The empty vector was
recovered after digestion with BamHI and AgeI. The annealed
hairpin and digested vector were ligated with T4 ligase (Thermo
Fisher Scientific), and the ligating product was then transformed
into Escherichia coli. The shRNA-targeting sequences were as
follows: forward, CACAGCCGGAATGCAGCTGAA and
reverse, CCACTGTGGACTCTGAGGCCT.

Lentivirus Package and Leukemia
Cell Infection
PLKO.1_GFP vector and packaging vectors (PLP1, PLP2, and
VSVG) were transfected into 293T cells using Turbofect reagent
(Thermo Fisher Scientific). After 48 h, supernatants with
lentivirus particles were collected by ultracentrifugation. AML
cells were transduced by incubation with the viral particles in the
presence of polybrene (8 mg/ml, Sigma-Aldrich). The viral titers
were then determined by flow cytometry 48 h following transduction.

RNA Isolation, Reverse Transcription, and
Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
AML cells were prepared by centrifugation, and total RNA was
isolated using TRIzol reagent (Thermo Fisher Scientific),
followed by removal of genomic DNA. Complementary DNA
was reverse transcribed using PrimeScript RT Reagent Kit
(Thermo Fisher Scientific). qRT-PCR was performed with
SYBR Green Master Mix (Bio-Rad, Hercules, CA, USA) on a
StepOnePlus Real-Time PCR system (Thermo Fisher Scientific).
The primers used for targeting LINC00152 were (forward)
TGGCACAGTCTTTTCTCTACTCA and (reverse) TCAAGA
GGTTTCCAGGGGCT, whereas for PARP1 they were (forward)
ACTGACATAGAGAAAAGGCTGGAG and (reverse) GGGGAA
ACCAGTAAGGCAGAC.
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Drug Sensitivity Assay
K562 cells (control and LINC00152 shRNA) were seeded onto
24-well plates at a density of 2.5 × 104 viable cells/well in
triplicate and treated with doxorubicin at the indicated
concentrations. Cells were counted and analyzed after 3 days
using a cell counting plate under a microscope.

Statistical Analyses
Statistical analyses were performed using SPSS version 22 (IBM
Corp., Armonk, NY, USA) and R studio 3.5.0 (R Foundation,
Vienna, Austria). Student’s t-test or one-way analysis of variance
(ANOVA) was used to identify statistical significance. For Kaplan–
Meier survival analysis, the log-rank test was used to determine
statistical significance. Statistical significance was set at P < 0.05.
RESULTS

LINC00152 Is Highly Expressed in LSCs
and Correlated With Poor AML
Patient Prognosis
Evidence from a previous study suggests that CD34+CD38− stem
cells are the leading cause of chemoresistance (19). To investigate the
role of this stem cell population in AML, bonemarrow cells from 15
paired AML patients were collected, and the CD34+CD38− and
CD34−CD38+ subpopulations were sorted using flow cytometry
(Figure 1A). Notably, CD34+CD38− cells possessed a markedly
stronger capacity for colony formation than CD34−CD38+ cells
derived from paired 15 AML patients (P = 5.4 × 10−13)
(Figure 1B). qRT-PCR showed that LINC00152 was highly
expressed in CD34+CD38− cells compared with CD34−CD38+

subpopulations (P = 0.02) (Figure 1C). Furthermore, GEPIA,
based on The Cancer Genome Atlas (TCGA) data, was performed
to determine the functions of LINC00152. Overall, high expression
of LINC00152 was associated with poor AML patient survival
(Figure 1D), suggesting that LINC00152 may be a potential
prognostic marker for AML.

Correlation Between LINC00152 and
LSC-Associated Gene Expression
Comprehensive analysis of LSC gene expression signatures was
previously performed in 78 AML patients and validated by
xenotransplantation, which generated a 17-gene LSC (LSC17)
biomarker panel (ZBTB46, SOCS2, SMIM24, NGFRAP1,
MMRN1, LAPTM4B, DNMT3B, CPXM1, AKR1C3, CDK6,
CD34, ARHGAP22, GPR56, NYNR1N, KIAA0125, EMP1, and
DPYSL3). Moreover, Ng et al. reported that patients with high
LSC17 scores had poor prognosis with current treatments,
including allogeneic stem cell transplantation (20). To test
whether LINC00152 expression correlates with the LSC17 gene
signature, GEPIA was performed, which revealed that the
expression of 15 of the 17 genes was significantly associated with
that of LINC00152 (Figure 2). Two uncorrelated genes (EMP1, P =
0.6; and DPYSL3, P = 0.69) are not shown. These results suggest an
important role of LINC00152 in leukemic stemness.
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Repression of Colony Formation by
LINC00152 Knockdown In CD34+

AML Cells
LINC00152 upregulation in LSCs and the observed correlation
between LINC00152 and the LSC17 biomarker profile suggested
its possible biological contribution toward the stemness of LSCs.
To explore the influence of LINC00152 on LSC stemness,
knockdown of LINC00152 using targeted shRNAs (sh00152#1
and sh00152#2) was performed. qRT-PCR analysis confirmed
that both shRNAs significantly decreased the expression of
LINC00152 compared with control non-targeted shRNA
(Figure 3A). Colony formation assay is a well-characterized
and validated method to assess the differentiation and
proliferation ability of primitive hematopoietic cells. Herein,
this assay was performed with cells lacking LINC00152.
Knockdown of LINC00152 led to a significant decrease in the
colony formation capacity of CD34+ cells derived from three
AML patients (Figures 3B–D), indicating that LINC00152
regulates the self-renewal of LSCs.

LINC00152 Regulates LSC
Chemoresistance Via PARP1
Chemotherapy based on doxorubicin, an anthracycline, remains
the standard line of treatment for leukemia (21). As previously
described, chemoresistant LSCs partially induce leukemia relapse
(3, 4). Whether LINC00152 can regulate the chemoresistance of
LSCs to doxorubicin was next investigated. The drug sensitivity
curve indicated that LINC00152 knockdown markedly reduced
the chemoresistance of K562 cells to doxorubicin (Figure 4A).

PARP1 has been reported to play an important role in DNA
damage repair, and its expression is correlated with poor prognosis
in AML (22). Moreover, PARP1 inhibition has exhibited the
potential to enhance immunotherapy efficacy in AML (23). Thus,
whether LINC00152 can regulate the chemoresistance of LSCs
through PARP1 was investigated. qRT-PCR analysis confirmed
that PARP1 expression in AML cells was significantly decreased
upon LINC00152 knockdown (Figures 4B, C). Moreover, PARP1
was found to be highly expressed in CD34+CD38− subpopulation
compared with CD34−CD38+ cells derived from five AML patients
(P = 0.0024) (Figure 4D). GEPIA further showed that the
expression of LINC00152 was highly correlated with that of
PARP1 (Figure 4E). Publicly available microarray data sets were
also used to compare PARP1 expression between CD34+ and
CD34− cells in AML patients. Overall, PARP1 was found to be
highly expressed in CD34+ cells (paired CD34+ vs. CD34−

subpopulations from 44 AML patients; GSE30029) (Figure 4F),
as well as in CD34+CD38− cells, compared with CD34−CD38+ cells
(CD34−CD38+ subpopulations from 54 AML patients vs.
CD34−CD38+ cells from 69 AML patients; GSE76008)
(Figure 4G). Accordingly, PARP1 overexpression was associated
withpoorprognosis inAMLpatients (Figure4H).Altogether, these
data suggest that LINC00152 modulates the chemoresistance of
AML through PARP1.

To further explore the potential mechanism through which
LINC00152 and PARP1 modulate the chemoresistance of LSCs,
Gene Ontology (GO) analysis via gene set enrichment analysis was
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performed. The results of GO analysis showed that both LINC00152
andPARP1were enriched inprocesses associatedwithDNAdamage
repair-related signaling, such as nucleotide-excision repair
preincision complex stabilization, nucleotide-excision repair, DNA
duplex unwinding, and global genome nucleotide-excision repair
(GSE76009) (Figures 5A–F and Table 1).

DISCUSSION

LSCs are the most important contributors toward drug resistance
and disease relapse in AML, with the proportion of LSCs in
patients with AML being closely related to poor prognosis (20).
A better understanding of the regulatory mechanisms of LSCs is
necessary to effectively combat AML. In recent years, lncRNAs
have been reported to play a key role in the growth and
differentiation of cancer stem cells, in addition to being
involved in cancer metastasis and drug resistance development
(24, 25). Hence, the field of lncRNAs has attracted increasing
attention, with drug development targeting lncRNAs emerging
as a new direction. Theoretically, targeting lncRNAs can be
achieved through blocking or knockdown by either antisense
Frontiers in Oncology | www.frontiersin.org 455
oligonucleotides (ASOs) or small interfering RNAs (siRNAs).
However, the specific transport of ASOs or siRNAs to target cells
and ensuring their stability remain considerably challenging (26).

In this study, it was confirmed thatCD34+CD38− cells fromAML
patients possess strong LSC characteristics and tumor formation
potential. Moreover, high expression of LINC00152 was found to be
significantly correlated with the poor prognosis of AML patients.
Indeed, LINC00152 expression was significantly correlated with that
of 15 genes within 17 biomarker genes, which could accurately
determine the drug resistance of AML patients. Furthermore, the
present experimental data revealed that LINC00152 expression was
significantly increased in CD34+CD38− cells and that its knockdown
significantly reduced the colony formation ability of LSCs obtained
from threeAMLpatients. Taken together, these data indicate that the
self-renewal ability of LSCs is greatly modulated by LINC00152, but
the underlying mechanism requires further clarification.

LINC00152 is a large intergenic noncoding RNAwith a length of
852bp, locatedonchromosome11.2of genome2 (16).Recent studies
have shown that LINC00152 is highly expressed in various tumors,
such as glioma, non-small cell lung cancer, and gastric cancer.
Upregulated LINC00152 interacts with several signaling pathways,
A B

C D

FIGURE 1 | LINC00152 expression is upregulated in leukemia stem cells (LSCs). (A) CD34+CD38− and CD34−CD38+ cell subpopulations were sorted by flow
cytometry from 15 acute myeloid leukemia (AML) patients. (B) Colony formation assay using sorted CD34+CD38− and CD34−CD38+ cells was performed and the
mean number of clone forming units was analyzed. Data are presented as the mean ± SEM of three independent experiments (***P < 0.001). (C) LINC00152
expression in CD34+CD38− and CD34−CD38+ cells derived from five AML patients. Data are represented as the mean ± SD of three independent experiments
(*P < 0.05). (D) Correlation between overall survival of AML patients and LINC00152 expression (based on a publicly available data set by gene expression profiling
interactive analysis (***P < 0.001).
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FIGURE 2 | Correlation between LINC00152 expression and leukemia stem cell (LSC)-associated gene expression. LSC17 biomarker gene profile and LINC00152
expression were analyzed based on a publicly available data set (GSE76009) by gene expression profiling interactive analysis.
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thereby promoting inflammatory responses as well as tumor cell
proliferation, invasion, and metastasis (27–30). Recent studies have
also reported that LINC00152 knockdown suppresses proliferation,
accelerates apoptosis, and induces cycle arrest in AML cells (18).

Herein, the expression of PARP1 was found to be significantly
decreased when LINC00152 was downregulated. PARP1 is
mainly involved in DNA damage repair and is overexpressed
in cancer stem cells. Previous studies have reported that high
PARP1 expression is associated with poor AML prognosis (3)
and the treatment with the PARP1 inhibitor enhances anti-AML
effects (22). This is consistent with the results presented herein,
which demonstrate that PARP1 is highly expressed in LSCs and
that its expression is significantly correlatedwith that ofLINC00152
in AML. Additionally, the findings revealed that high PARP1
expression was correlated with poor overall survival in AML.
Moreover, along with the knockdown of LINC00152, PARP1
expression was significantly decreased, which in turn increased
the sensitivity of cancer cells to the DNA damaging agent
doxorubicin. Consistently, GO analysis showed that genes of
LINC00152 and PARP1 were mainly enriched in processes
associated with DNA damage repair-related signaling, such as
nucleotide-excision repair, preincision complex stabilization,
nucleotide-excision repair, DNA duplex unwinding, and global
genome nucleotide-excision repair. Chemotherapy is the standard
treatment for AML; however, the prognosis of AML patients who
relapse remains poor. Our study will be useful for exploring novel
Frontiers in Oncology | www.frontiersin.org 657
targets to induce DNA damage and perturb cellular DNA damage
repair. However, our results contrast with data from breast cancer
(31), in which lncRNAH19 overexpression promoted doxorubicin
resistance by downregulating PARP1 expression. Therefore, the
detailed regulatory network of LINC00152 and PARP1 in AML
needs to be further explored.

lncRNAs display significant expression variability and
subcellular localization diversity. Accumulating evidence shows
that a novel regulatory mechanism exists between lncRNAs and
microRNAs. lncRNAs can act as endogenousmolecular sponges to
compete for the targets of the microRNAs, thereby negatively
regulating the expression of microRNAs. For example, Chen et al.
reported that the lncRNA UICLM could function as a competing
endogenousRNA (ceRNA) formiR-215 in colorectal cancer cells to
regulate the expressionofZEB1 (32), andLi et al. demonstrated that
lncRNA ZFAS1 functions as an oncogene in hepatocellular
carcinoma progression by binding to miR-150 and abrogating its
tumor-suppressive function (33). In particular, it has been reported
that LINC00152 acts as a ceRNA for miR-185-3p and miR-632
to regulate FSCN1 expression in colorectal cancer (34) cells, and
recent studies have reported that ectopically expressed LINC00152
acceleratesAMLproliferation and targets themiR-193a/CDK9 axis
to exert its effect (18). Since PARP1 is amajor downstream target of
miR-181a (35), LINC00152 may also regulate PARP1 through
microRNAs. Furthermore, posttranslational modifications of
PARP1, such as mono (ADP-ribosyl)-ation (36, 37),
A B

C D

FIGURE 3 | LINC00152 knockdown decreases the capacity of colony formation of LSCs. (A) LINC00152 expression in cells transfected with short hairpin RNAs
(shCTRL or sh00152s) (*P < 0.05, ***P < 0.001). (B–D) Quantification of colony formation derived from three acute myeloid leukemia patients. Data are presented as
the mean ± SEM of three independent experiments (*P < 0.05, **P < 0.01).
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FIGURE 4 | LINC00152 regulates chemoresistance of leukemia stem cells (LSCs) via PARP1. (A) Doxorubicin sensitivity assay after LINC00152 knockdown
in K562 cells. (B) PARP1 mRNA level after LINC00152 knockdown compared with control acute myeloid leukemia (AML) cells (*P < 0.05, **P < 0.01).
(C) PARP1 expression at the protein level after LINC00152 knockdown compared with control AML cells. (D) PARP1 expression in CD34+CD38− and
CD34−CD38+ cells derived from five AML patients. Data are represented as the mean ± SD of three independent experiments (**P < 0.01). (E) Expression of
LINC00152 was correlated with that of PARP1 in AML based on a publicly available data set by gene expression profiling interactive analysis. (F) PARP1
expression in paired CD34+ cells vs. CD34− cells (GSE30029, ***P < 0.001). (G) PARP1 expression in CD34+CD38− vs. CD34−CD38+ cells (GSE760008,
***P < 0.001). (H) Correlation between overall survival of AML patients and PARP1 expression based on a publicly available data set (GSE76009) by gene
expression profiling interactive analysis.
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C D

E F

FIGURE 5 | Both LINC00152 and PARP1 expression correlated with DNA damage repair in acute myeloid leukemia. High expression of LINC00152 and PARP1
individually enriched the genes associated with nucleotide-excision repair, preincision complex stabilization (A, B), nucleotide-excision repair, DNA duplex unwinding
(C, D), and global genome nucleotide-excision repair (E, F).
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phosphorylation, methylation, and acetylation, can modulate its
activity. Thus, LINC00152may influence PARP1 posttranslational
modification by binding to the enhancer of zeste homologue 2
(EZH2) (38) or participate in the phosphatidylinositol 3-kinase/
AKT signaling pathway (39), which may also be important for
PARP1 expression and activity.

In conclusion, our study shows that LINC00152 is highly
expressed in LSCs and correlated with PARP1 expression, with
the inhibition of LINC00152 leading to the downregulation of
PARP1. Moreover, expression of LINC00152 or PARP1 is
associated with poor prognosis in AML patients. Functionally,
it can be speculated that LINC00152 regulates the self-renewal of
LSCs and induces chemoresistance via PARP1. Therefore, these
findings suggest that the LINC00152/PARP1 pathway could
serve as a novel therapeutic target for AML.
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TABLE 1 | Gene Ontology analysis

Gene sets enriched in phenotype (LINC00152) P-
value

Gene sets enriched in phenotype (PARP1) P-
value

NUCLEOTIDE EXCISION REPAIR PREINCISION COMPLEX
ASSEMBLY

0.004 SIGNAL TRANSDUCTION INVOLVED IN REGULATION OF GENE EXPRESSION 0.004

POSITIVE REGULATION OF PROTEIN DEPOLYMERIZATION 0.002 GLOBAL GENOME NUCLEOTIDE EXCISION REPAIR 0.000

TRANSCRIPTION COUPLED NUCLEOTIDE EXCISION REPAIR 0.006 NUCLEOTIDE EXCISION REPAIR PREINCISION COMPLEX STABILIZATION 0.000

NUCLEOTIDE EXCISION REPAIR PREINCISION COMPLEX
STABILIZATION

0.004 RRNA METABOLIC PROCESS 0.000

NUCLEOTIDE EXCISION REPAIR DNA INCISION 0.008 RRNA MODIFICATION 0.000
NUCLEOTIDE SUGAR METABOLIC PROCESS 0.000 EXTABLISHMENT OF PROTEIN LOCALIZATION TO TELOMERE 0.000
INTRACILIARY TRANSPORT 0.010 RIBOSOME BIOGENESIS 0.000
REGULATION OF HEMATOPOIETIC PROGENITOR CELL
DIFFERENTIATION

0.000 DNA DAMAGE RESPONSE DETECTION OF DNA DAMAGE 0.000

NON RECOMBINATIONAL REPAIR 0.004 NUCLEOTIDE EXCISION REPAIR DNA DUPLEX UNWINDING 0.002

ERROR FREE TRANSLESION SYNTHESIS 0.012 TRANSLATIONAL TERMINATION 0.006
OLIGOSACCHARIDE LIPID INTERMEDIATE BIOSYNTHETIC
PROCESS

0.008 MITOCHONDRIAL TRANSLATION 0.004

NUCLEOTIDE EXCISION REPAIR DNA DUPLEX UNWINDING 0.014 NCRNA PROCESSING 0.000

PURINE NUCLEOSIDE MONOPHOSPHATE METABOLIC
PROCESS

0.010 GLUTAMINE METABOLIC PROCESS 0.000

HISTONE UBIQUITINATION 0.006 AMINO ACID ACTIVATION 0.006
RNA 3 END PROCESSING 0.006 NCRNA METABOLIC PROCESS 0.000
G0 TO G1 TRANSITION 0.010 PURINE NUCLEOSIDE MONOPHOSPHATE BIOSYNTHETIC PROCESS 0.000
REGULATION OF SIGNAL TRANSDUCTION BY P53 CLASS
MEDIATOR

0.000 POST ANAL TAIL MORPHOGENESIS 0.004

HEMATOPOIETIC STEM CELL DIFFERENTIATION 0.004 MATURATION OF SSU RRNA FROM TRICISTRONIC RRNA TRANSCRIPT SSU RRNA
5.8S RNA LSU RRNA

0.004

MRNA 3 END PROCESSING 0.006 NEGATIVE REGULATION OF TELOMERE MAINTENANCE 0.004
GLOBAL GENOME NUCLEOTIDE EXCISION REPAIR 0.014 RIBONUCLEOPROTEIN COMPLEX BIOGENESIS 0.004
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Multiple myeloma (MM), the second most commonly diagnosed hematologic neoplasm, is
the most significant clinical manifestation in a series of plasma cell (PC) dyscrasia.
Monoclonal gammopathy of undetermined significance (MGUS) and smoldering MM
(SMM), approximately 1% or 10% of which, respectively, can progress to MM per year,
are the premalignant stages of MM. The overall survival (OS) of MM is significantly
improved by the introduction of proteasome inhibitors (PIs), but almost all MM patients
eventually relapse and resist anti-MM drugs. Therefore, it is crucial to explore the
progression of MM and the mechanisms related to MM drug resistance. In this study,
we used weighted gene co-expression network analysis (WGCNA) to analyze the gene
expression of the dynamic process from normal plasma cells (NPC) to malignant profiling
PC, and found that the abnormal gene expression was mainly concentrated in the
proteasome. We also found that the expression of one of the proteasomal subunits
PSMB7 was capable of distinguishing the different stages of PC dyscrasia and was the
highest in ISS III. In the bortezomib (BTZ) treated NDMM patients, higher PSMB7
expression was associated with shorter survival time, and the expression of PSMB7 in
the BTZ treatment group was significantly higher than in the thalidomide (Thai) treatment
group. In summary, we found that PSMB7 is the key gene associated with MM disease
progression and drug resistance.

Keywords: multiple myeloma, proteasome inhibitor, PSMB7, WGCNA, drug resistance
INTRODUCTION

Multiple myeloma (MM), accounting for 10% of all hematological malignancies, the final stage of a
continuum plasma cell (PC) dyscrasia, which is characterized by malignant profiling of monoclonal
protein with increased bone marrow (BM) PC, osteolytic lesion, hypercalcemia, and anemia (1).
Monoclonal gammopathy of undetermined significance (MGUS) is a premalignant stage of MM
that is defined as the presence of monoclonal immunoglobulin (Ig) in blood or urine (M protein),
less than 10% clonal PC in the BM, and the absence of myeloma-related end-organ damage.
Approximately 1% of MGUS patients evolve to MM per year (2, 3). MGUS may progress to a more
advanced stage known as smoldering multiple myeloma (SMM). SMM, the probability of
July 2021 | Volume 11 | Article 684232163
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progression was 10% per years, is a transitional stage between
MGUS and NDMM that is defined as M protein level of more
than 3g/dl and/or >= 10% plasma cell in the BM without
myeloma-related end-organ damage (4).

MM treatment has undergone many changes since the first well-
documented case (5). In 1958, the introduction of melphalan was
accompanied by alkylating agents and chemotherapeutic drugs, but
overall survival did not significantly increase (6). In the 1980s, high-
dose chemotherapy and autologous stem-cell transplantation
(ASCT) were introduced, and subsequent prospective,
randomized trial shown that high-dose therapy combined with
ASTC could improve the response rate and overall survival in MM
patients (7, 8). The introduction of immunomodulatory drugs
(IMiDs) and proteasome inhibitors (PIs) expanded the
therapeutic armamentarium for MM. Survival outcomes have
significantly improved with the introduction of PIs, bortezomib,
carfilzomib, and ixazomib, for the treatment of MM over the past
decades (9). Despite an initially promising response, almost all MM
patients eventually relapse and become refractory to anti-MM
therapies due to drug resistance, which is the main obstacle in the
treatment of MM. PIs drug resistance involves many mechanisms
including increased endoplasmic reticulum (ER) stress, apoptosis
failure, autophagy activation, aberrant expression of proteasomal
subunits, and the bone marrow microenvironment (10–14). High-
throughput genomic techniques have proved the existence of
genomic instability and clonal heterogeneity during the
pathogenesis of MM from the premalignant stage to the
malignant proliferative stage (15). Thus, it is critical to determine
the key biomolecules associated with drug resistance and related to
the pathogenesis of normal PC to malignant proliferation PC.

In this study, based on WGCNA analysis of integrated
dynamic progression datasets from health control (HC) to
NDMM, we found that the expression of proteasome 20S
subunit beta 7 (PSMB7), which could discriminate different
stages of PC dyscrasia and positively correlated with the degree
of the malignancy of PC dyscrasia. Additionally, the OS of
NDMM patients with high expression of PSMB7 was shorter
than that of patients with low expression of PSMB7 in the TT3
(total therapy 3) group and there was no statistical difference in
the TT2 (total therapy 2) group and there was higher expression
of PSMB7 in the TT3 than in the TT2 group.
MATERIALS AND METHODS

Microarray Dataset
The microarray dataset were downloaded from the gene
expression omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/). The MM international staging system (ISS)
prognostication analysis dataset E-MTAB-4032 was
downloaded from the ArrayExpress database (https://www.ebi.
ac.uk/arrayexpress/experiments/E-MTAB-4032/) (16, 17).
GSE6477 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE6477) was used to construct the co-expression network and
evaluate the diagnostic value in different PC dyscrasia stages (18,
19). GSE24080 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
Frontiers in Oncology | www.frontiersin.org 264
cgi?acc=GSE24080) was used to validate the a prognostic
signature (20).

Construction of Co-Expression Network
To construct a co-expression network by “WGCNA”, the
original probeids in the GSE6477 dataset were converted to
genesymbol (gene name). The gene expression level was
defined as the average expression level when multiple probeids
correspond to a specific genesymbol. The disease progression
from HC to MGUS, SMM, and finally to NDMMwas treated as a
continuum. The soft threshold with the argument type “signed”
is selected according to the scale-free (SF) topology criterion
(21). A topological overlap matrix (TOM) was used to determine
modules defined as clusters of densely interconnected genes (22).
In order to quantify all of the genes on the array to every module,
gene significance (GS) was defined as the correlation between the
individual genes and the trait, and module membership was
defined as the correlation between the module eigengene and the
gene expression profile (23). Next, the modules and GS was
related to the different stages of PC dyscrasias.

GO and KEGG Pathway
Enrichment Analysis
To identify the significant biological roles of the genes in the
modules closely related to NDMM, gene ontology (GO)
enrichment analysis and meaningful enrichment contained
biological process (BP), molecular function (MF), and cellular
component (CC) was performed using DAVID bioinformatics
resources 6.8 (24). Pathway enrichment analysis was performed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG;
http://www.Genome.Jp/kegg). KEGG pathway was selected with
a cut‐off of a false discovery rate (FDR) of<0.05.

Expression of PSMB7 in Different PC
Dyscrasia Stages and ISS Statuses
The GSE47552 dataset, which contained 21 MGUS, 24 SMM, and
69 NDMMnewly diagnosed without treatment patient samples and
15 NPC as health control (HC), was used to analyze the expression
of PSMB7 in different PC dyscrasia stages. E-MTAB-4032,
including 38 ISS I, 45 ISS II, and 69 ISS III, were used to analyze
the expression of PSMB7 in different ISS statuses.

c-BioPortal Analysis
Mutation analysis used MM datasets (Broad, Cancer Cell 2014),
containing 203 multiple myeloma paired tumor/normal sample
pairs, by the cBio Cancer Genomics Portal (http://cbioportal.org)
(25–27).

ROC Analysis
To measure the accuracy and specificity of PSMB7, the GSE6477
dataset was used for receiver operating characteristic (ROC) and
area under the curve (AUC) analysis.

Overall Survival Analysis
345 NDMM patients were treated with TT2 (TT2 added Thai to
melphalan (MEL200)-based tandem autotransplants) and 214
NDMM patients were treated with TT3 (TT3 incorporated BTZ
July 2021 | Volume 11 | Article 684232
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into a melphalan-based tandem transplant regimen) in
GSE24080 was used for the OS analysis (28, 29). According to
the average expression of PSMB7, the clinical and OS
information of TT2 and TT3 treated NDMM patients was
divided into the high or low expression group and the OS
analysis was performed to calculate the correlation between the
expression of PSMB7 and the survival time in TT2 or TT3.
RESULTS

Construction of WGCNA and Identification
of Modules
To explore the dynamic changes associated with the PC dyscrasia
process, we performed WGCNA analysis using the GSE6477
Frontiers in Oncology | www.frontiersin.org 365
dataset, including HC, MGUS, SMM, and NDMM, showing the
stepwise progression from the pre-MM stages to NDMM. The raw
files were pre-processed by means of background correction and
normalization, and the average gene expression was treated as the
final gene expression (30, 31). A total of 13,236 genes was finally
used for the WGCNA analysis. Soft threshold power b=8 was
chosen for the adjacencymatrix calculation and the SF topology fit
index reached 0.85 (Figures 1A, B). Then, 12 gene modules were
identified through TOM-based clustering (Figure 1C).

Correlation Between the Module and
Different PC Dyscrasia Stages
To explore the association between each module and different PC
dyscrasia stages, eigengenes, the first principal component of the
expression matrix of the corresponding module, was correlated
A B

C

FIGURE 1 | WGCNA on the dynamic progression of MM. (A) Analysis of network topology for various soft threshold powers (b). (B) Mean connectivity with various
soft threshold power. (C) Clustering dendrogram of all differentially expressed genes with assigned module colors. Each color block represented a module of highly
co-expressed genes.
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to them (23). We noticed that the module eigengene (ME) pink
was closely related to NDMM (Figure 2A). The GS and module
membership were highly correlated (cor=0.076), illustrating that
genes significantly associated with NDMM were also critical
elements of ME pink (Figure 2B).

Functional Enrichment Analysis Found
That Proteasome Played a Crucial Role in
the Development of MM
DAVID database were used to analyze the canonical pathway
analysis and biological function of the genes contained in ME
pink. As shown in Figure 3A, hsa03050: proteasome (red arrow)
was mainly changed, suggesting that the proteasome changed
significantly as the disease progressed. MF, BP, and CC
enrichment analysis in ME pink was shown in Figures 3B–D.

PSMB7 Discriminated Different PC
Dyscrasia Stages and Its Expression Was
the Highest in the ISS III Status of NDMM
The GSE6477 dataset was used for explore the expression of
genes in the proteasome at different PC dyscrasia stages. The
results showed that PSMB7 could distinguish all stages of PC
dyscrasia, fromMGUS to SMM and NDMM (Figure 4A), HC vs.
MGUS, P=0.112, HC vs. SMM, P<0.0001, HC vs. NDMM,
P<0.0001; MGUS vs. SMM, P=0.019, MGUS vs. NDMM,
P<0.0001; SMM vs. NDMM, P<0.0001. The E-MTAB-4032
dataset was used to explore the expression of PSMB7 in
different ISS statuses of NDMM. The results showed that the
expression of PSMB7 at ISS III was significantly higher than at
Frontiers in Oncology | www.frontiersin.org 466
ISS stage I (P = 0.001) and II (P = 0.038) in NDMM
patients (Figure 4B).

No Mutation Was Found in PSMB7
Since the expression of PSMB7 is highest expressed in NDMM
and ISS III, we wondered about the relationship between the high
expression of PSMB7 and genomic alterations. Using cBioPortal
to determine the types and frequency of PSMB7 alterations in
203 MM patients, no mutations were found, suggesting that the
expression level of PSMB7 played a crucial role (Figure 5).

PSMB7 Has the Highest Sensitivity and
Specificity for NDMM
We performed ROC analysis of MGUS, SMM, and NDMM to
analyze the risk signature of PSMB7. The AUC of MGUS, SMM,
and NDMM are 0.628 (P=0.1918, 95%CI: 0.4445 -0.8118), 0.9028
(P=0. 95%, 95%CI: 0.7092-0.9626), and 0.9674 (P= <0.0001, 95%
CI: 0.7092-0.9626),respectively, demonstrating that PSMB7 could
discriminate HC from PC and NDMM had the highest sensitivity
and specificity (Figures 6A–C).

High Expression of PSMB7 With Shorter
Overall Survival in TT3
To further explore the relationship between the expression of
PSMB7 and the clinical outcome in NDMM patients, the
GSE24080 dataset, containing two kinds of MM chemotherapy:
TT2 and TT3, was selected for OS analysis by means of Kaplan-
Meier Survival analysis. The main difference between TT2 and
TT3 was that TT2 contained Thai, and TT3 contained BTZ. The
A B

FIGURE 2 | The relationship between modules and PC dyscrasia. (A) Module-trait associations. Each row corresponds to a ME, each column to a stage of PC
dyscrasias. The table is color-coded by the corresponding correlation according to the color legend. (B) A scatterplot of GS for weight vs. module membership in
the ME pink.
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A B

C D

FIGURE 3 | Functional enrichment analysis of hub genes. (A) KEGG pathway enrichment analysis. (B) MF enrichment analysis. (C) BP enrichment analysis. (D) CC
enrichment analysis.
A B

FIGURE 4 | The expression of PSMB7. (A) The expression of PSMB7 from HC to NDMM in GSE6477. (B) The expression of PSMB7 in different ISS status in
E-MTAB-4032. ns, not significant, *P < 0.05, ***P < 0.001, and ****P < 0.0001.
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result suggested that the OS of PSMB7 in the TT3 low-expression
group was significantly longer than that of TT3 high-expression
group, and there was no difference in the TT2 group
(Figures 7A, B). In addition, the expression of PSMB7 in the
TT3 was significantly increased compared to the TT2 group (P <
0.001) (Figure 7C).
DISCUSSION

The malignant transformation from healthy cells to cancer cells
is a multi-step and multi-faceted process. Cancer biology have
shown that clonal evolution drives tumor development (15).
Previous studies have shown that the proportion of PC in the BM
and the rate of increase of the serum M-protein level during the
first years can be used to predict the possibility of MGUS/SMM
progressing to NDMM[ (32). Most of these studies focused on
the differential gene expression in two stages of PC malignant
transformation, such as comparing HC, MGUS, and SMM with
NDMM, but the malignant transformation from HC to NDMM
is a dynamic progression and these findings could not explain the
underlying causes of the malignant progression.

In this study, by WGCNA, a systems biology algorithm can be
applied to describing the correlation patterns among genes across
microarray samples, finding highly related gene modules and
relating modules to a particular PC dyscrasia stage (23). We
analyzed the entire dynamic disease process from HC to NDMM
and found that the abnormal gene expression of PC concentrated in
the 26S proteasome, of which PSMB7 is positively correlated with
Frontiers in Oncology | www.frontiersin.org 668
the degree of PC malignancy and is highest expressed in NDMM.
The proteasome is a large multi-catalytic protein complex that can
degrade different kinds of cellular proteins (33). The 26S
proteasomes is composed of 20S core particles (CP) and 19S
regulatory particles (RP). 20S CP is a hollow structure in the
middle, while 19S RP is located at both ends. 19S RP can
recognize and bind ubiquitinated proteins and transport them to
the core particle to degrade excess and abnormally folded proteins
(34, 35). The proteasome and ubiquitin proteasome system (UPS)
participate in the regulation of cell growth and survival. In the
course of MM, abnormal UPS function can lead to excessive
proteasome activation, which leads to excessive degradation of
tumor suppressor p53 and the inhibition of nuclear factor-kB
(NF-kB). The excessive degradation of various cancer suppressor
factors and the activation of cancer-related pathways lead to the
activation of NF-kB downstream effectors and form a positive
feedback loop, enhancing the cell signal transmission in the BM
microenvironment and the survival rate of MM cells, ultimately
leading to the quick malignancy profiling of myeloma cells (36, 37).

PIs are an important new class of drugs for the treatment of
multiple myeloma. The success of PIs is due to the susceptibility
of myeloma cells to the inhabitation of the 26S proteasome (38).
The 20S proteasome contains seven different subunits, the most
important of which are PSMB6 (b1), PSMB7 (b2), and PSMB5
(b5). When stimulated by cytokine signals, the cellular stress
response promotesb1, b2, and b5 to convert into b1i, b2i, and b5i
(39). The first generation of PIs, agent BTZ, is a dipeptide borate
that reversibly binds to b5, b1, and b5i subunits. It prevents the
formation of transcribed blood vessels and the adhesion of PC by
FIGURE 5 | Mutation analysis of PSMB7 in NDMM. There were 0% genomic alterations of PSMB7 in MM.
A B C

FIGURE 6 | Receiver operating characteristic curve analysis in MGUS, SMM, and NDMM. (A) ROC of PSMB7 in MGUS, (B) ROC of PSMB7 in SMM, (C) ROC of
PSMB7 in NDMM.
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inhibiting NF-kB transcription factor IkB kinase and bone
marrow stromal cells from promoting MM cell apoptosis (40).
Although PI agents improve the survival and prognosis of MM
patients, drug resistance has become the biggest obstacle to their
clinical application. In a previous study, Ruud Oerlemans et al.
found that not only the PSMB5 but also PSMB6 and PSMB7
subunits increased in BTZ resistant cell lines CEM-C7 and 8226
(41). Thus, we further analyzed all of the genes contained in the
proteasome, and found that the expression of PSMB7 was
positively correlated with the degree of PC dyscrasia, and could
distinguish the different PC dyscrasia stages.

Given the importance of the proteasome in MM biology and
therapy, we further explored the relationship between PSMB7
and ISS status of NDMM and found that the expression of
PSMB7 in ISS III was significantly higher than in ISS I/II, which
means that PSMB7 was not only positively correlated with the
malignant degree of PC dyscrasia, and it was also correlated with
the ISS status of NDMM. More importantly, in the BTZ
treatment group, the OS of the PSMB7 high expression group
was significantly shorter than that of the low expression group
with the BTZ treatment, but there was no difference in the Thai
treatment group. Moreover, the expression of PSMB7 was higher
in the BTZ group than in the Thai treatment group, which means
increasing PSMB7 accompanies BTZ therapy. Subsequently, the
ROC analysis of PSMB7 in MGUS, SMM, and NDMM was
conducted. These results suggested that PSMB7 could act as a
reliable diagnostic and prognostic indicator in NDMM.

PSMB7, together with PSMB5 and PSMB6 composes the 20S
proteolytic of the proteasome complex 26S. It has been believed
that PSMB5 played a vital role in cell viability, but other
publications demonstrated that protein degradation could be
inhibited only by simultaneously inhibiting PSMB5 and PSMB6
or PSMB7. Chang-Xin Shi et al. found that PSMB7 depletion was
lethal to MM cell lines, and expression levels of PSMB5, PSMB6,
and PSMB7 increased in patients after BTZ treatment, which was
consistent with our findings (42).

Collectively, in this study, based on integrated bioinformatic
analysis, we demonstrated that PSMB7 is a key gene in MM
Frontiers in Oncology | www.frontiersin.org 769
development and resistance to BTZ therapy. Our findings may
provide clues for elucidating the mechanisms of malignant
transformation in PC dyscrasia and may help identify patients at
high risk of progression and point to more precise therapeutic targets.
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(C) Expression of PSMB7 in the TT2 and the TT3 group, ****P < 0.001.
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Next generation sequencing has uncovered several genes with associated mutations in
hematologic malignancies that can serve as potential biomarkers of disease. Keeping
abreast of these genes is therefore of paramount importance in the field of hematology.
This review focuses on PHF6, a highly conserved epigenetic transcriptional regulator that
is important for neurodevelopment and hematopoiesis. PHF6 serves as a tumor
suppressor protein, with PHF6 mutations and deletions often implicated in the
development of T-lymphoblastic leukemia and less frequently in acute myeloid leukemia
and other myeloid neoplasms. PHF6 inactivation appears to be an early event in T-
lymphoblastic leukemogenesis, requiring cooperating events, including NOTCH1
mutations or overexpression of TLX1 and TLX3 for full disease development. In
contrast, PHF6 mutations tend to occur later in myeloid malignancies, are frequently
accompanied by RUNX1 mutations, and are often associated with disease progression.
Moreover, PHF6 appears to play a role in lineage plasticity within hematopoietic
malignancies, with PHF6 mutations commonly present in mixed phenotype acute
leukemias with a predilection for T-lineage marker expression. Due to conflicting data,
the prognostic significance of PHF6 mutations remains unclear, with a subset of studies
showing no significant difference in outcomes compared to malignancies with wild-type
PHF6, and other studies showing inferior outcomes in certain patients with mutated
PHF6. Future studies are necessary to elucidate the role PHF6 plays in development of T-
lymphoblastic leukemia, progression of myeloid malignancies, and its overall prognostic
significance in hematopoietic neoplasms.

Keywords: PHF6, leukemia, tumor suppressor, T-ALL, AML
INTRODUCTION

Plant homeodomain (PHD) finger proteins consist of a family of epigenetic regulators that bind to a
variety of targets, including both post-translationally modified and unmodified histones (1). The
PHD finger protein, homeodomain finger protein 6 (PHF6), is a highly conserved, 365 amino acid,
41kDa protein, that was first identified in the X-linked neurodevelopmental disorder, Börjeson-
Forssman-Lehmann syndrome (BFLS) (2, 3). PHF6 contains two imperfect PHD-like zinc finger
domains, two nuclear localization signals as well as a nucleolar localization sequence (Figure 1)
(2, 4–6). Expression of PHF6 is found in almost all tissues, with particularly high expression in the
brain/developing central nervous system as well as in all hematopoietic subpopulations (high levels
July 2021 | Volume 11 | Article 704471172
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in CD34+ precursor cells and B-cells; low levels in NK-cells and
monocytes) implicating a role for PHF6 in a variety of functions
including neurogenesis and hematopoiesis (2, 7, 8).
FUNCTION OF PHF6

Supporting a fundamental role for PHF6 in general development,
PHF6-homozygous knockout mice die perinatally (9). However,
scientists have also developed various knockout models in mice
to explore the role of PHF6 in hematopoiesis (8, 10–13). McRae
et al. showed that germline deletion of murine PHF6 is lethal in
males whereas heterozygous females survived to adulthood (10).
Using Phf6lox/Y;Tie-creTg/+ male mice with a Phf6-null mutation
in hematopoietic and endothelial cells, McRae et al. showed an
increase in Lin-c-Kit+Sca-1+ (LSK) stem and progenitor cell-
enriched populations, specifically the heterogeneous progenitor
cell population (HPC-1), with an enrichment in cycling forms
(10). Inactivation of PHF6 at various stages of development
results in increased embryologic proliferative properties of
hematopoietic stem cells, but also an increased ability for
PHF6-deficient neonatal and adult HSCs to repopulate the
bone marrow in serial transplant assays (10–13). Studies
suggest that this enhanced proliferative ability of PHF6-deleted
HSCs results, at least in part, from IFN-a signaling, the
inhibition of TNFa-associated growth suppressing genes, and
perhaps upregulation of JAK1 signaling (10–12).

Wendorff et al. similarly showed that conditional knockout of
PHF6 displayed expansions of total immature hematopoietic LSK
cells, but also showed increased multipotent MPP2, and MPP3
populations in 8-week-old mice, and no differences in the numbers
of more mature myeloid progenitors, uncommitted lymphoid
progenitors, or B-cell precursors (11). However, conditional
knockout of PHF6 does show a mild reduction in double-negative
DN2 and DN3 thymic progenitors and decreased numbers of
peripheral blood CD4 and CD8 positive T-cells in 8-week-old
mice (10, 11, 13). Moreover, knockdown studies in cord blood
and thymus-derived hematopoietic precursors showed that PHF6
loss fosters a preferential differentiation of B-lymphocytes, reduced
erythroid development, and accelerated T-cell development via
downregulation of NOTCH1 (8).
Frontiers in Oncology | www.frontiersin.org 273
Like other PHD finger proteins, PHF6 functions in chromatin-
mediated regulation of gene expression. It is capable of binding
double-stranded DNA, but not histones, in vitro via its atypical
PHD2 domain (14). Co-immunoprecipitation experiments using
antibodies to PHF6, reveal it interacts with constituents of the
nucleosome remodeling deacetylase (NuRD) complex, including
CHD4, HDAC1, and Rbb4 (6, 15). The NuRD complex is a major
ATP-dependent chromatin remodeling complex, implicated in
nucleosome positioning and both repressing and activating genes
involved in embryonic development (16). PHF6 has additionally
been shown to bind to the PAF1 transcription elongation complex,
regulating Neuroglycan C/Chondroitn sulfate proteoglycan 5
(NGC/CSPG5) and ultimately neuronal migration in murine
cerebral cortex development (17). One consequence of PHF6-
mediated transcription regulation includes the modulation of
levels of the RNA Pol I preinitiation complex activator, upstream
binding factor (UBF), thereby suppressing UBF-mediated rRNA
transcription (5, 18).

Knockdown studies of PHF6 suggest a tumor suppressor role
for the protein, as PHF6 deficiency in HeLa cell lines resulted in
increased UBF protein levels, and increased DNA damage at the
rDNA locus (5). Deficiency of PHF6 results in the formation of
DNA-RNA hybrid (R-loops) and increased R-loop-dependent
rDNA damage (5). Moreover, knockdown of PHF6 interferes
with the G2 checkpoint recovery of U2OS cells, leading to
decreased DNA repair in response to ionizing radiation (19).
These data implicate a tumor suppressor role for PHF6 resulting
from regulating DNA damage response.
PHF6 AND HEMATOLOGIC DISEASE

Despite the discovery of PHF6 via its role in BFL syndrome and
its prominent role in neurogenesis, mutations of PHF6 have only
been identified to date in hematologic malignancies (20). The
first and most well-documented hematologic malignancy
harboring mutations of PHF6 is T-lymphoblastic leukemia
(T-ALL), with fewer cases identified in acute myeloid leukemia
(AML), and rarer cases identified in pre-malignant clonal
hematopoiesis (4, 21–23). Mutations in hematologic malignancies
include deletion, missense, frameshift, and nonsense mutations,
FIGURE 1 | Diagram of PHF6. PHF6 has two imperfect PHD-like zinc finger domains (PHD1 and PHD2), two nuclear localization signals (NLS), and one nucleolar
localization signal. Mutations originally identified in T-ALL by Van Vlierberghe et al. (4) are identified at the top of the diagram, whereas mutations originally identified in
AML by Van Vliergerghe et al. (21) are identified at the bottom of the diagram.
July 2021 | Volume 11 | Article 704471

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Kurzer and Weinberg PHF6 Mutations in Hematologic Malignancies
which span the whole coding region, with missense mutations
concentrated in the PHD2 domain (Figure 1) (4, 21, 24). The
ultimate effect of these mutations is to inhibit PHF6 function or
deplete its levels, and as such, provide supporting evidence that this
protein serves as a tumor suppressor. Indeed, a patient with BFLS
was noted to develop T-ALL (25).
T-Lymphoblastic Leukemia
The PHF6 locus is one of the most frequently mutated genes in
T-lymphoblastic leukemia (T-ALL). Inactivating mutations of
PHF6 have been identified in 5-16% of pediatric and 19-40% of
adult patients with T-ALL and ~25% of adults with T-
lymphoblastic lymphoma (T-LBL) with some groups
identifying an association with NOTCH1 mutations (67%-
84.6% of PHF6 mutated/deleted T-ALL with NOTCH1
mutations versus 39.8% PHF6 WT) (4, 26–38). Copy number
alterations of PHF6 in pediatric T-ALL has been reported to be
between 13-14% (39, 40). The location of PHF6 on chrX26.2 lead
researches to speculate that such mutations may at least partially
explain the 2-3 fold increased incidence of T-ALL in males, as
PHF6 mutations were originally found predominantly in male
T-ALL patients (31.5% vs 2.6%) (4). Subsequent studies,
however, have failed to show a gender preference (26–28, 33).
Recently, PHF6 mutations have additionally been found in up to
25% (3/12) of early T-cell precursor subtype of T-ALL (ETP), a
form of T-ALL that frequently expresses myeloid-associated
markers (41, 42).

The role PHF6 plays in leukemogenesis is actively under
investigation. Analyzing whole exome sequencing data from
diagnostic and relapse leukemias, Wendorff et al. showed that
somatic mutations of PHF6 occur early in leukeomogenesis (11).
Nevertheless, animal models have revealed that while PHF6
mutations/deletions may be initial events, they are insufficient
for tumor initiation without additional driver mutations. For
example, Miyagi et al. did not observe leukemia development
subsequent to serial transplantation of PHF6-deleted HSCs in
mice (12). Likewise, no T-ALL tumors developed in a PHF6+/-

zebrafish model (43).
Studies show that PHF6 dysfunction cooperates with several

other driver mutations. For example, inactivation of PHF6 in
hematopoietic progenitors has been reported to facilitate
NOTCH1-induced T-ALL, potentially through increasing
leukemia-initiating cells and development of a “leukemia stem
cell transcriptional program” in lymphoblasts (11, 13). A study of
102 pediatric T-ALL cases in Taiwan showed that PHF6
mutations frequently cooperate with HOX11L2 overexpression
and/or WT1 mutations (44). In addition, PHF6 mutations have
been shown to be associated (at times in conjunction with
DNM2) with T-ALLs that overexpress homeobox transcription
factors, TLX1 and TLX3 (4, 32, 45). Indeed, ectopic expression of
TLX3 in PHF6-deleted mice facilitated early onset leukemia and
a hTLX1;PHF6+/- zebrafish model demonstrated fully penetrant
early-onset leukemia development, underscoring the role of
cooperation between these mutations in leukemogenesis (10,
43). Other associations include those with mutations in X-
linked genes, USP9X and MED1 as well as with IL7R-JAK
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pathway genes, WT1, PTPN2 deletions, and HOX11L2
overexpression (33, 34, 44, 46). In the setting of ETP, PHF6
mutations frequently occur with mutations in EZH2, EED, and
SUZ12 (41). Finally, a network of miRNAs, including miR-19b,
miR-20a/93, miR-26a, miR-92, and miR-223, have been shown
to target multiple PHF6 and other T-ALL-associated tumor
suppressors, and thus promote leukemia (47).

PHF6 has additionally been shown to interact with LMO2 to
bind DNA via the LMO2/TAL1/LDB/GATA2 complex in T-
ALL cell lines (48). The PHF6/LMO2/TAL1/LDB/GATA2
complex was shown to bind at DNA segments associated with
hematopoietic or lymphoid organ development, hematopoiesis,
as well as T-cell activation and differentiation (48).

While sample sizes are small, patients with T-ALL harboring
PHF6 mutations tend to be older, have been demonstrated to
have lower white blood cell counts than other T-ALL patients, as
well as lower hemoglobin and platelet levels, splenomegaly/
lymphadenopathy, and have blasts with a tendency to express
CD13 (26, 29, 37). Genomic analysis of matched diagnosis,
germline (remission) and relapse DNA samples from 46 T-
ALL cases reveals that PHF6 alterations are found commonly
at diagnosis, and persist at relapse (49). While mutations in
PHF6 have been implicated in increased resistance to
prednisolone in T-ALL cell lines, the majority of studies have
shown no correlation with PHF6 mutations and overall survival
in patients with T-ALL, and a potential favorable prognosis
associated with T-LBL (4, 26, 27, 29, 50, 51). Nevertheless, one
study of pediatric T-ALL found PHF6 mutations/deletions
predict an inferior overall survival upon multivariate analysis
(44). Another study of Chinese adults found that the co-existence
of PHF6 and NOTCH1 mutations in T-ALL conferred a shorter
event-free survival and a poor prognosis (37). Further study is
therefore required to assess the true prognostic significance of
PHF6 mutations in T-ALL.
Myeloid Neoplasms
The largest study of PHF6 mutations in myeloid malignancies
involved targeted sequencing of 1760 cases with myeloid
neoplasms (24). This study revealed 54 patients with 62
somatic mutations of PHF6 (24). With regard to disease
burden, the percentage of blasts in the bone marrow tended to
be higher in patients with myeloid neoplasms harboring PHF6
mutations (24). As for cytogenetics, abnormal karyotypes showed
no significant predilection for PHF6 mutations, although +8, t
(8;21), and complex karyotypes were abnormalities most often
identified (24). At the molecular level, co-mutated genes
associated with PHF6 mutations included RUNX1, U2AF1,
SMC1A, ZRSR2, EZH2, and ASXL1, whereas PHF6 was found
to be mutually exclusive with SF3B1 (24). In contrast to T-ALL,
mutations of PHF6 tend to occur later in disease evolution,
sometimes with different mutations in parallel clones (24).

Acute Myeloid Leukemia
Inactivating somatic PHF6mutations have been found in ~2-3% of
AMLs (20, 21, 24, 28, 52, 53). Similar to T-ALL, a male
predominance was initially reported but not further substantiated
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for AML identified with PHF6mutations (21, 24, 53).With respect
to AML subtypes, PHF6mutations are found in 15% of AML with
inv(3)(q21q26.2)/t(3;3)(q21;q26.2) and 15.4%of cases ofAMLwith
myelodysplasia relatedchanges (MRC) (24, 54). Interestingly, a case
report of AML with MRC harboring a P2RY8-CRLF2 fusion was
found to have gained a PHF6 mutation upon transformation to
AML, suggesting a potential role for PHF6 in the transition ofMDS
to AML (55). Further evidence for PHF6 mutations acquired
secondarily and leading to progression of myeloid neoplasms was
found in patients with germline mutations of RUNX1, where PHF6
mutations were implicated in the transition to MDS in one patient
and the transition toAML in the other (56, 57). Interestingly, PHF6
has been shown to frequently co-occur with RUNX1 in AML (58).

Despite PHF6 mutations leading to inactivation of the
protein, an analysis of PHF6 expression levels in AML
regardless of mutation status revealed that PHF6 protein levels
are higher in patients with AML than normal controls, a finding
seemingly at odds with its role as a tumor suppressor (59).
Moreover, increased PHF6 levels correlated with an increased
percentage of blasts, with a possible correlation with CD34
positivity (59). Decreased PHF6 protein expression correlated
with longer overall survival than those with high expression
levels (2 years versus 6 months) (59).

A study of 318 pediatric patients with de novo AML identified
PHF6 mutations in 6 (2%) cases with FAB subtypes of M0, M1,
and M2 (53). The median age for this group was 12.6 years
(versus 9.5 in wild type PHF6 AML), with 4 of 6 succumbing to
the disease. Co-genetic abnormalities included RUNX1/
RUNX1T1 translocations, NUP98/KDM5A translocations, and
mutations in WT1, RAS, ETV6, TET2, IDH1, and BCORL1 (53).
Measuring the expression level of PHF6 showed decreased PHF6
levels in patients with mutations compared to M0, M1, and M2
AML subtypes with wild-type PHF6, again supporting a tumor
suppressor role for PHF6 and providing at least some genetic
context to the results found by Mousa et al. above (53, 59).

A study of 398 patients with AML younger than 60 years of
age revealed PHF6 to be associated with decreased overall
survival in patients with intermediate-risk AML with wild-type
FLT3-ITD (60). This implicates PHF6 mutations as a potential
prognostic marker to be used in intermediate-risk AML,
although it should be noted that this finding has not been
replicated by others (24). Interestingly, subdividing AML with
MRC cases that are associated with complex karyotypes into
typical (those harboring 5q, 7q and/or 17p abnormalities) and
atypical (those without these abnormalities) shows that AML
with atypical complex karyotypes tend to have PHF6 mutations
more frequently, TP53 mutations less frequently, be younger,
have a higher WBC and blast percentage, and higher complete
remission and overall survival rates (61).

Myelodysplastic Syndrome
Animal models suggest a possible role for PHF6 mutations in
myelodysplastic syndrome (MDS), as aged mice with knocked-
out PHF6 exhibit megakaryocytic dysplasia and associated
decreased platelet counts as well as extramedullary hematopoiesis
(13). Nevertheless, PHF6 mutations are relatively rare (~3%) in
MDS (24, 62–64). The limited data indicate that PHF6 mutations
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are found most frequently (5.3% of MDS cases) in the high-grade
subtypes (MDS with excess blasts) (24). PHF6mutations tended to
show low variant allele frequencies and acquisition in sub-clonal
populations (24). The most frequent co-mutations were seen in
ASXL1, RUNX1, TET2, and DNMT3A (64). A study of 21 MDS
patients harboring PHF6 mutations revealed 61.9% had normal
karyotypes and no patients had complex karyotypes (64).

Myeloproliferative Neoplasms
PHF6 mutations are rarely identified in myeloproliferative
neoplasms (MPN) (0.7%), occurring in only 1.6% of chronic
myelogenous leukemia (24). A screen of 81patients with CML in
myeloid blast crisis identified 2 male patients with PHF6
mutations, with at least one patient showing no PHF6
mutations in the preceding chronic phase (65). This finding
raises the possibility that, similar to MDS, the accumulation of
PHF6 mutations might mediate progression of the disease.
Relatedly, a review of 22 patients with PHF6 mutations in
myeloproliferative neoplasms at three institutions revealed an
enrichment in cases with increased fibrosis and/or blast crisis
(66). Other than JAK2, the most common co-mutations in these
MPNs were ASXL1, and TET2 with a median of 2.5 non JAK2
co-mutated genes (66).

With respect to mixed myelodysplastic syndrome/
myeloproliferative neoplasm cases, PHF6 mutations were seen
in 4.7% of CMML patients (24). To date, no effect on survival has
been seen in PHF6-mutation associated CMML patients (64).
B-Lymphoblastic Leukemia
Despite their prevalence in T-ALL, PHF6 mutations have only
rarely been identified in B-lymphoblastic leukemia (4, 41, 67).
50% of the rare MEF2D-rearranged B-ALL was found to have
PHF6 mutations (67). Intriguingly, use of a retrovirally-
expressed shRNA screening library into a B-lymphobastic
leukemia cell line revealed that knockdown of PHF6 levels
inhibited cell growth and leukemia growth in transplanted
models (68). Indeed, CRISPR-Cas9-mediated deletion of PHF6
in a murine BCR-ABL1+; p19-/-; mCherry+ B-ALL cell line
resulted in delayed tumor formation after injection in
immunocompetent mice compared to wild-type B-ALL cells
(69). Moreover, PHF6 KO B-ALL cells induced a malignancy
closer in presentation to lymphoma than leukemia, with tumor
cells showing reduced expression of CD19 and B220 and B-cell
development genes (e.g., Cd74, IL4ra, Lyn, Ly86, and BLK), and
upregulation of CD4 and T-cell signal transduction genes (69).
These data therefore implicate PHF6 mutations as lineage
specific with respect to tumorigenesis, and even implicate
mutation of PHF6 as a potential mediator of lineage plasticity
in hematopoietic neoplasms.
Acute Leukemia of Ambiguous Lineage
The association of PHF6mutations with leukemias of ambiguous
lineage further supports a role for these mutations in lineage
plasticity. An analysis of 29 mixed phenotype acute leukemia
cases at Memorial Sloan Kettering Cancer Center revealed PHF6
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(23%) and DNMT3A (23%) as the most common recurrent
mutations (70). Mutations in PHF6 and DNMT3A are
mutually exclusive in MPAL, correlate with T-lineage marker
expression (83% and 100%, respectively), and have higher
relapse at 2 years (58% and 79%, respectively) compared to
MPAL lacking these mutations (70).

In addition to T/M cases, Xiao et al. identified PHF6
mutations in patients with T/B/M and T/B phenotypes (70).
Similarly, Getta et al. found PHF6 mutations in 3 of 16 MPAL
patients with at least 2 of 3 patients of the MPAL, NOS subtype
(B/T or B/T/M) (71). Furthermore, a review of 9 patients from
multiple institutions identified PHF6 mutations in 5 patients
with B/T MPAL (56%) (72).

Similar to T-ALL, PHF6 mutations are believed to be early
events in MPAL, as Xiao et al. found every blast population
isolated from selected cases showed nearly 100% VAF (70).
Interestingly, PHF6-associated MPAL correlates with younger
patients, higher hemoglobin and higher platelet values (70, 72).

Bond et al. performed an analysis of the transcriptional
program of AMLs and T-ALLs and identified an expression
program at the interface of these two diseases (73). Comparing
T-ALL to T-ALL-like AMLs and AML-like T-ALLs, it was found
that all T-ALLs with PHF6 mutations were accompanied by
NOTCH1 mutations, whereas 3/5 PHF6 mutated interface cases
lacked NOTCH1 mutations (73).

Interestingly, a study of acute undifferentiated leukemias
found PHF6 mutations in 7/16 cases of AUL, whereas only 1/
25 cases of minimally differentiated AML harbored these
mutations (74). Nevertheless, in the limited study, no clinical
outcome differences were seen between the two groups (74).
DISCUSSION

The last two decades have elucidated a role for PHF6 in
neurodevelopment and hematopoiesis, and revealed it as a
potent tumor suppressor with an exclusive tendency for
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hematologic malignancies (Figure 2). PHF6 mutations are
most common in T-ALL, and appear early in the disease
course yet appear insufficient for leukemia development. Given
the conflicting data regarding the prognostic significance of
PHF6 mutations in T-ALL, additional studies are necessary to
clarify the role of PHF6 inactivation in the disease course. It is
likely that appropriately powered studies will need to assess its
significance in specific patient cohorts.

In contrast to T-ALL, PHF6 mutations are less frequent in
myeloid malignancies. Of interest, these mutations are more
frequently found later in the disease course at points of disease
progression. Further work is therefore required to determine the
mechanism by which PHF6 pushes these neoplasms to a more
aggressive disease, as well as to determine the overall prognostic
significance of PHF6 mutations in myeloid malignancies in
general. If additional studies continue to show a role for PHF6
mutations in disease progression, laboratories may wish to offer
specific targeted analysis of PHF6 for the monitoring of
myeloid disease.

Finally, it is becoming clear that PHF6 plays a role in lineage
plasticity of hematopoietic malignancies, as PHF6 mutations
exist in T/Myeloid MPAL as well as MPAL, NOS (particularly
B/T MPAL) and is frequently associated with early T-ALL which
frequently shows myeloid marker expression. The underlying
contextual factors, including cell of origin and cooperative gene
mutations, remain to be elucidated to understand what drives a
PHF6-associated malignancy to be T-lineage, myeloid lineage, or
a combination of both.
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FIGURE 2 | Model of PHF6 in Hematopoietic Malignancies. The timing and context of the acquisition of PHF6 deletions/mutations appear to determine the fate of
the resulting malignancy. In T-ALL, PHF6 deletions/mutations arise early, but are insufficient for transformation into leukemia. In contrast, in myeloid neoplasms, PHF6
deletions/mutations tend to develop later possibly leading to disease progression. Finally, acquisition of inactivating mutations of PHF6 in myeloid or B-cell precursors
may promote T-cell gene expression and eventual development of mixed phenotype acute leukemias.
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et al. The Evolution of Relapse of Adult T Cell Acute Lymphoblastic
Leukemia. Genome Biol (2020) 21:284. doi: 10.1186/s13059-020-02192-z

32. Liu Y, Easton J, Shao Y, Maciaszek J, Wang Z, Wilkinson MR, et al. The
Genomic Landscape of Pediatric and Young Adult T-Lineage Acute
Lymphoblastic Leukemia. Nat Genet (2017) 49:1211–8. doi: 10.1038/ng.3909

33. Spinella J-F, Cassart P, Richer C, Saillour V, Ouimet M, Langlois S, et al.
Genomic Characterization of Pediatric T-Cell Acute Lymphoblastic Leukemia
Reveals Novel Recurrent Driver Mutations. Oncotarget (2016) 7:65485–503.
doi: 10.18632/oncotarget.11796

34. Vicente C, Schwab C, Broux M, Geerdens E, Degryse S, Demeyer S, et al.
Targeted Sequencing Identifies Associations Between IL7R-JAK Mutations
and Epigenetic Modulators in T-Cell Acute Lymphoblastic Leukemia.
Haematologica (2015) 100:1301–10. doi: 10.3324/haematol.2015.130179

35. Zhang H-H, Wang H-S, Qian X-W, Fan C-Q, Li J, Miao H, et al. Genetic
Variants and Clinical Significance of Pediatric Acute Lymphoblastic
Leukemia. Ann Transl Med (2019) 7:296. doi: 10.21037/atm.2019.04.80
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Risk Stratification of Cytogenetically
Normal Acute Myeloid Leukemia
With Biallelic CEBPA Mutations
Based on a Multi-Gene Panel
and Nomogram Model
Li-Xin Wu1†, Hao Jiang1†, Ying-Jun Chang1, Ya-Lan Zhou1, Jing Wang1, Zi-Long Wang1,
Lei-Ming Cao1, Jin-Lan Li1, Qiu-Yu Sun1, Shan-Bo Cao2, Feng Lou2, Tao Zhou2,
Li-Xia Liu2, Cheng-Cheng Wang2, Yu Wang1, Qian Jiang1, Lan-Ping Xu1,
Xiao-Hui Zhang1, Kai-Yan Liu1, Xiao-Jun Huang1,3,4* and Guo-Rui Ruan1*

1 Beijing Key Laboratory of Hematopoietic Stem Cell Transplantation, Peking University People’s Hospital, Peking University
Institute of Hematology, National Clinical Research Center for Hematologic Disease, Beijing, China, 2 Department of
Bioinformatics, AcornMed Biotechnology Co., Ltd., Beijing, China, 3 Peking-Tsinghua Center for Life Sciences, Academy for
Advanced Interdisciplinary Studies, Peking University, Beijing, China, 4 Research Unit of Key Technique for Diagnosis and
Treatments of Hematologic Malignancies, Chinese Academy of Medical Sciences, Beijing, China

Background: Approximately 30% of Chinese individuals with cytogenetically normal
acute myeloid leukemia (CN-AML) have biallelic CEBPA (biCEBPA) mutations. The
prognosis and optimal therapy for these patients are controversial in clinical practice.

Methods: In this study, we performed targeted region sequencing of 236 genes in 158
individuals with this genotype and constructed a nomogram model based on leukemia-free
survival (LFS). Patients were randomly assigned to a training cohort (N =111) and a validation
cohort (N =47) at a ratio of 7:3. Risk stratification was performed by the prognostic factors to
investigate the risk-adapted post-remission therapy by Kaplan–Meier method.

Results: At least 1 mutated gene other thanCEBPAwas identified in patients andmutation
number was associated with LFS (61.6% vs. 39.0%, P =0.033), survival (85.6% vs. 62.9%,
P =0.030) and cumulative incidence of relapse (CIR) (38.4% vs. 59.5%, P =0.0496). White
blood cell count, mutations in CFS3R, KMT2A and DNA methylation related genes were
weighted to construct a nomogram model and differentiate two risk subgroups. Regarding
LFS, low-risk patients were superior to the high-risk (89.3% vs. 33.8%, P <0.001 in training
cohort; 87.5% vs. 18.2%, P =0.009 in validation cohort). Compared with chemotherapy,
allogenic hematopoietic stem cell transplantation (allo-HSCT) improved 5-year LFS (89.6%
vs. 32.6%, P <0.001), survival (96.9% vs. 63.6%, P =0.001) and CIR (7.2% vs. 65.8%,
P <0.001) in high-risk patients but not low-risk patients (LFS, 77.4% vs. 88.9%, P =0.424;
survival, 83.9% vs. 95.5%, P =0.173; CIR, 11.7% vs. 11.1%, P =0.901).

Conclusions:Our study indicated that biCEBPAmutant-positive CN-AML patients could
be further classified into two risk subgroups by four factors and allo-HSCT should
be recommended for high-risk patients as post-remission therapy. These data will
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help physicians refine treatment decision-making in biCEBPA mutant-positive
CN-AML patients.
Keywords: acutemyeloid leukemia, targeted region sequencing (TRS), biCEBPAmutations, risk stratification, therapy
INTRODUCTION

Acute myeloid leukemia (AML) is one of the adult malignancies
bearing the fewest mutations (1, 2). However, this disorder still
comprises heterogeneous subgroups with variable responses to
therapy stratified by identified leukemia driver events such as
abnormalities in FLT3-ITD, NPM1, and BCR-ABL1 fusion.
Patients without adverse or favorable genetic alterations were
classified into the intermediate-risk subgroup and allogenic
hematopoietic stem cell transplantation (allo-HSCT) was
recommended to improve survival (3). Some of the intermediate-
risk patients with normal karyotype were refined as the favorable
risk ones in the revised 2016 WHO classification of AML because
they had the prognostically favorable alteration, biallelic CEBPA
(biCEBPA) mutations, compared with patients with wild-type or
monoallelically mutated CEBPA (4, 5). However, this subgroup is
still not homogeneous with relapse rate reaching approximately
40% (4, 6) and thus the best post-remission therapy remains
controversial. Elucidation of cooperating events in this subgroup
is urgently required.

Approximately 86% of AML patients have two or more driver
mutations and such gene-gene interactions significantly alter the
prognosis (5). To clarify the potential risk factors in biCEBPA
mutated AML patients, next-generation sequencing has been
adopted in many studies for the detection of co-mutated genes
with sensitivity reaching 1 in 107 cells (7). GATA2, CSF3R and
other tyrosine kinase genes (KIT, JAK3 and FLT3-ITD), WT1
and genes involved in chromatin/DNA modification, cohesin
complex, and splicing were identified as hotspots in recent
studies to decipher prognostic stratification in biCEBPA
mutated AML (6, 8–12). Despite promising results, the true
status of these concomitant mutations and their prognostic
impact on biCEBPA mutated AML remain to be fully defined
(13). This discordance may be attributed to two reasons. First,
the sample size of biCEBPA mutated AML patients was small
(<100 in most studies), thus limiting the statistical significance of
the conclusions to some extent. Second, dozens of genes, or just
the hotspot genes, were detected, hindering analysis of the
relationships among different mutations.

In addition to mutational information, clinical data are also of
significance. In our previous study, we established the prognostic
value of pretreatment parameter, such as higher white blood cell
(WBC) count, and posttreatment parameter, such as minimal
residual disease detected by multiparameter flow cytometry
(MFC-MRD) in biCEBPA mutated AML (14, 15). Patients
with positive MFC-MRD after consolidation therapy showed a
high risk of relapse and benefited from transplantation (15).
Therefore, chemotherapy would no longer be appropriate as the
first-line treatment for some biCEBPA mutated AML patients
and identification of additional risk factors is required to refine
281
treatment decision-making. However, a comprehensive and risk-
adapted estimation of the most appropriate post-remission
therapy based on clinical and molecular data at diagnosis
(pretreatment parameters) in this population remains to
be established.

In this study, we conducted high-depth (≥1 000×) targeted
region sequencing (TRS) in a large panel with 236 known and
potential driver genes to investigate the mutational context in
158 newly diagnosed patients with cytogenetically normal AML
(CN-AML) and biCEBPA mutations. Mutational and clinical
data at diagnosis were combined and weighted in a nomogram
model for refined risk stratification. This study will provide
practical prognosis information for biCEBPA mutated CN-
AML patients and pave the way for precision treatment.
PATIENTS AND METHODS

Patients
A total of 1 255 patients with newly diagnosed AML were
enrolled from February 2010 to December 2019 at Peking
University People’s Hospital. All participants included in our
study met the following criteria: (1) age ≥15 years; (2) normal
cytogenetics; (3) achieved complete remission (CR); (4)
biCEBPA mutant-positive (Figure 1). In total, 158 participants
qualified for subsequent analyses. The protocols for induction
therapy and post-remission therapy are described in our
previous study (14, 16–18). Induction treatment included 1–2
cycles of IA10 (idarubicin 10 mg/m2 for 3 days and cytarabine
100 mg/m2 for 7 days), HAA (homoharringtonine 2 mg/m2 for 7
days, aclarubicin 20 mg/day for 7 days and cytarabine 100 mg/m2

for 7 days) or CAG (cytarabine 10 mg/m2 every 12 hours for 14
days, aclarubicin 20 mg/day for 4 days and granulocyte-colony
stimulating factor 300mg/day for 14 days). When CR was
achieved, patients were recommended to receive at least 6
cycles of consolidation chemotherapy, including 4 cycles of
intermediate-dose cytarabine (2 g/m2 every 12 hours for 3
days) and 2 or more cycles of anthracycline (daunorubicin 45
mg/m2 or idarubicin 10 mg/m2 for 3 days or mitoxantrone 8 mg/
m2 for 3 days) in combination with cytarabine (100 mg/m2 for
7 days). Patients proceeded to undergo an allo-HSCT received
at least 2 cycles of consolidation chemotherapy. Donors were
selected from human leukocyte antigen (HLA) matched siblings,
HLA matched unrelated donors or HLA haploidentical related
donors. MFC-MRD monitoring was described as previously
reported (15). The sensitivity was 0.01% and any measurable
level of MRD was considered positive (19). For patients with
positive MRD after allo-HSCT, preemptive antileukemic
chemotherapy in combination with donor lymphocyte infusion
(DLI) or interferon-a was given (20). For patients with
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hematologic relapse, chemotherapy followed by DLI was given as
the first-line strategy. And for relapse prophylaxis, only DLI was
used. Details of DLI were described previously (21, 22).

High-Depth TRS and Analysis
We designed a panel of 236 known and potential driver genes for
TRS (Supplementary Table 1). DNA was extracted from bone
marrow samples using DNAzol® kits (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. The
sequencing process was performed according to our previous
report (23). The average sequencing depth on target per sample
was ≥1 000×. Typical mutations in NPM1 (type A/B/D) were
validated by real-time quantitative polymerase chain reaction and
atypical mutations were validated by Sanger sequencing (24).
Mutations in FLT3-ITD were validated by Sanger sequencing.

Nomogram Model and Risk Stratification
Participants were assigned to a training cohort (N =111) and a
validation cohort (N =47) at a ratio of 7:3 randomly. A
nomogram was constructed based on the variables selected
from the Cox regression model. The discrimination ability of
the prediction model was measured by the concordance index
(C-index) and the calibration was evaluated graphically by the
calibration plots. Risk stratification was performed based on the
nomogram model.

Endpoints and Statistical Analyses
The primary endpoint in this study was leukemia-free survival
(LFS), which was calculated from the date of CR to relapse, death
from any cause, last contact, or June 30th, 2020. The secondary
endpoints included survival, cumulative incidence of relapse (CIR)
and non-relapse mortality (NRM). Survival was calculated from the
date of diagnosis to death from any cause, last contact, or June 30th,
2020. CIR and NRM were used in a competing risk setting and
Frontiers in Oncology | www.frontiersin.org 382
death without disease progression or relapse was treated as a
competing event. Continuous variables were analyzed by Mann-
Whitney U test. Categorized variables were analyzed by Pearson
Chi-square test. Survival functions were estimated using the Kaplan-
Meier method and compared by the log-rank test. Variables were
selected by univariate Cox regression model and those with P <0.15
were subsequently enrolled in the multivariate Cox regression
model. Receiving an allo-HSCT was recorded as a censored event
to identify the prognostic factors before an allo-HSCT. Landmark
analysis was performed to revise bias from early relapse or death
when comparing the outcomes of post-remission therapies.
Analyses were performed using SPSS software version 22.0
(Chicago, IL, USA), GraphPad Prism 7.04® (San Diego, CA,
USA) and R software version 4.0.2 (http://www.Rproject.org).
P <0.05 was considered to indicate statistical significance.
RESULTS

Patient Characteristics
Among the 158 patients with biCEBPA mutations, 103 received
chemotherapy only, while 55 received an allo-HSCT. Rate of
patients receiving an allo-HSCT was significantly decreased after
2016 than before (22.5% vs. 44.8%, P =0.003). The median time
from the first CR (CR1) to receiving an allo-HSCT was 4.77
months. According to the landmark analysis, 10 patients with
LFS ≤4.77 months would be excluded from the subsequent
analyses unless receiving an allo-HSCT was treated as a
censored event. As shown in Table 1, there were no significant
differences between the consolidation chemotherapy and allo-
HSCT cohorts in terms of sex, WBC, hemoglobin, platelets,
French-American-British (FAB) type and MRD after induction
(MRDint) (all P >0.05). Age and CR rate after first induction
were significantly greater in the consolidation chemotherapy
FIGURE 1 | Patient recruitment and cohort assignment. AML, acute myeloid leukemia; CN, cytogenetically normal; TRS, targeted region sequencing; Allo-HSCT,
allogenic hematopoietic stem cell transplantation.
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cohort than that in the allo-HSCT cohort (age, median, 41 y vs. 33
y, P <0.001; CR rate, 92.6% vs. 79.6%, P =0.021). The allo-HSCT
cohort had better 5-year LFS (84.8% vs. 51.2%, P <0.001) and 5-year
survival (91.9% vs. 74.1%, P =0.018), lower 5-year CIR (9.1% vs.
47.7%, P <0.001) but comparable NRM (6.1% vs. 1.1%, P =0.125)
(Supplementary Figure 1).

Genomic Analysis of biCEBPA
Mutated CN-AML
Of the 158 biCEBPA mutated ones, two patients carried two
frameshift deletion mutations respectively and one carried two
frameshift insertion mutations (Figure 2). We identified 1 306
mutations in 203 genes other than CEBPA. The median mutation
number was 8 (1–20). Interestingly, additional mutations of ≤5,
6–7, 8, 9–10, >10 were identified uniformly with ~20% of
patients (Supplementary Figure 2). Missense mutations were
the predominant type (N =1 024; 78.4%), followed by frame-shift
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(N =103; 7.9%), in-frame (N =98; 7.5%), nonsense (N =55; 4.2%)
and splice-site (N =26; 2.0%) mutations. These genes (mutated in
≥10 patients) were classified into 9 genetic subgroups:
transcription factors (GATA2 and MYC), tumor suppressors
(WT1 and MPL), activated signaling (NRAS, CSF3R, LILRB3,
JAK3, MACF1, MST1, FLT3-ITD, KIT, NCOR2 and LAMA5),
chromatin modifiers (EP300, SRCAP, DPF2, ASXL2 and ALK),
cell metabolism (HERC2), DNA methylation (TET2), cohesin
complex (RAD21), histone methylation (KMT2A and KMT2D)
and others (AHNAK2, PCLO, EPPK1, POTEG, TRIO, POTEH,
LOXHD1, AHNAK, HMCN1 and PLEC). Two genetic subgroups
(spliceosome and adhesion) were not listed because of the low
frequency of their mutated genes. GATA2 was the most
frequently affected gene in 48 patients (30.4%), followed by
WT1 (N =42, 26.6%), NRAS (N =31, 19.6%), AHNAK2 (N =31,
19.6%), PCLO (N =28, 17.7%) and CSF3R (N =24, 15.2%). FLT3-
ITD represented 10.1% (N =16) in this population and 14 of
FIGURE 2 | Genomic landscape of 158 CN-AML patients with biCEBPA mutations. Genes mutated in ≥10 patients are shown. Boxes are colored according to the
mutation type. Black box indicates multi-hit of mutation type. Non-black box of CEBPA indicates the same mutation type in one patient. The top bar indicates
mutation load (mutation/Mb DNA) and the right bar indicates mutation frequency.
TABLE 1 | Patient characteristics categorized by post-remission therapy.

Variables Consolidation Chemotherapy (N=94) Allo-HSCT (CR1) (N=54) P-value

Sex, N (%)
Male 55 (58.5) 38 (70.4) 0.151

Age, y
Median (range) 41 (17–74) 33 (15–59) <0.001

WBC, ×109/L
Median (range) 17.27 (1.15–315.62) 18.30 (3.52–266.00) 0.164

Hemoglobin, g/L
Median (range) 102 (47–157) 100 (58–157) 0.707

Platelets, ×109/L
Median (range) 27 (5–184) 35 (2–172) 0.363

FAB type, N (%)
M2 88 (93.6) 48 (88.9) 0.483

CR after first induction, N (%)
Yes 87 (92.6) 43 (79.6) 0.021

MRDint positivity, N/N (%)
Yes 48/88 (54.5) 35/51 (68.6) 0.103
August 2021 | Volume 11 | Article
Allo-HSCT, allogenic hematopoietic stem cell transplantation; CR, complete remission; WBC, white blood cell; FAB, French–American–British; MRDint, minimal residual disease after induction.
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them were identified by Sanger sequencing. The missed two
variants were attributed to the low mutational burden (7.7% and
7.9% respectively). Only 1 patient had NPM1 mutation and this
variant was further validated by real-time quantitative
polymerase chain reaction.

We further identified 21 pairs of genes with co-occurrence
and 1 pair with mutual exclusivity with significance (P<0.05,
Figure 3A). Both NRAS and NCOR2 had 4 pairwise associated
genes. Mutations in NRAS, JAK3 and KIT showed significant
associations with each other. Positive pairwise associations were
also found in TET2 and POTEG, GATA2 and AHNAK, and
CSF3R and ASXL2. Only GATA2 showed significant mutual
exclusivity with KMT2A. KEGG pathway enrichment analysis
revealed that the mutated genes, including CEBPA, were mainly
involved in cancer (Figure 3B). These genes represent pan-
cancer biomarkers not only in myelogenous leukemia (acute
and chronic myeloid leukemia) but also in many solid tumors.
Apart from several pivotal cancer-related pathways in signal
transduction, we also enriched pathways in central carbon
metabolism in cancer, microRNAs in cancer and EGFR
tyrosine kinase inhibitor resistance.

Mutational Context and Clinical Relevance
The general relapse rate was 32.3% (51/158) in our cohort. We
further explored the correlation of mutational complexity with
disease progression. A higher median mutation number was seen
in ones with events (9 [2–18] vs. 8 [1–20]; P =0.050) for the
patients receiving consolidation chemotherapy only. According
to the median mutation number (N =8), patients were simply
divided into two subgroups: patients with low mutational burden
(mutation number <8, N=66) and high mutational burden
(mutation number ≥8, N =92). Patients with low mutational
burden showed significantly higher 5-year LFS (61.6% vs. 39.0%,
P =0.033), higher 5-year survival (85.6% vs. 62.9%, P =0.030),
lower 5-year CIR (38.4% vs. 59.5%, P =0.0496) and comparable
5-year NRM (0 vs. 1.5%, P =0.407) compared with those with
high (Supplementary Figure 3).

Nomogram for LFS Analysis
Clinical variables, genes, and genetic groups with mutations
in ≥10 patients were enrolled for univariate analysis of LFS
(allo-HSCT was recorded as a censored event). Eight variables
were eligible for subsequent analysis with P <0.15 in the training
cohort (Supplementary Table 2) and 4 of them eventually
entered the nomogram model after multivariate Cox analysis:
WBC (high vs. low, represents >18.30×109/L vs. ≤18.30×109/L),
CSF3R mutation (+ vs. -), KMT2A mutation (+ vs. -) and DNA
methylation related mutation (mutations in TET2, DNMT3A,
BAZ2A, IDH2 and IDH1, mutated in 14, 9, 5, 5 and 3 patients
respectively) (+ vs. -) (Figure 4A). All points corresponding to
the 4 variables were summed to predict individual probabilities
of 1-, 3- and 5-year LFS. The model showed good discrimination
with C-index value of 0.750 (95% confidence interval, 0.670–
0.830) as well as good calibration (Supplementary Figure 4A).
In validation cohort, the model also had good discrimination (C-
index, 0.771; 95% confidence interval, 0.661–0.881) and
calibration (Supplementary Figure 4B).
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Risk Stratification Based on
Nomogram Model
According to the variables in nomogram model, patients with no
identified risk factor were assigned to the low-risk subgroup
(N =50) and the remaining to the high-risk (N =108). In training
cohort, low-risk patients (N =35) showed better 5-year LFS
compared with the high-risk (N =76, 89.3% vs. 33.8%,
P <0.001) (Figure 4B). In the validation cohort, there were 15
patients assigned to low-risk subgroup and 32 to high-risk. The
validation cohort also differentiated the two risk subgroups (low
risk vs. high risk, 87.5% vs. 18.2%, P =0.009) (Figure 4C).
MRDint was available in 148 patients and 59 (39.9%) ones
were positive. The positive rate was significantly lower in low-
risk subgroup (9/45, 20.0%) compared with high-risk (50/103,
48.5%) (P =0.001).

Allo-HSCT Was Superior to Chemotherapy
in High-Risk Subgroup
We then interrogated the effect of consolidation chemotherapy
and allo-HSCT as post-remission therapies in the two risk
subgroups. In the low-risk subgroup (N =49), there was no
significant difference in the 5-year LFS (allo-HSCT vs.
consolidation chemotherapy, 77.4% vs. 88.9%, P =0.424), 5-
year survival (83.9% vs. 95.5%, P =0.173), 5-year CIR (11.7%
vs. 11.1%, P =0.901) and 5-year NRM (10.9% vs. 0, P =0.099)
(Figures 5A–D). However, in the high-risk subgroup (N =99),
allo-HSCT was superior to consolidation chemotherapy alone
(5-year LFS, 89.6% vs. 32.6%, P <0.001; 5-year survival, 96.9% vs.
63.6%, P =0.001; 5-year CIR, 7.2% vs. 65.8%, P <0.001) with
comparable 5-year NRM (3.1% vs. 1.6%, P =0.685)
(Figures 5E–H).
DISCUSSION

Our study presents comprehensive information on mutational
context and detailed risk stratification of biCEBPA mutated CN-
AML patients. A significant reduction in the rate of
transplantation in recent years was seen in our study. This was
attributed to the important insights into biCEBPA mutations in
AML and recommendation for consolidation chemotherapy as
the first-line post-remission therapy (25). However, in
accordance with other studies (4, 6), we observed a
considerable relapse rate in the CN-AML patients with
biCEBPA mutations. Furthermore, although not limited to
CN-AML, our previous study with 36 patients identical to the
current study, also supported the heterogeneity of biCEBPA
mutations in patients with similar relapse rate (15). It has been
found that HSCT reduced the relapse rate in this population;
however, the survival benefit is still controversial (26, 27). Our
study indicated that allo-HSCT improved the prognosis
(Supplementary Figure 1), demonstrating that the first-line
post-remission treatment should be tailored according to an
individualized risk assessment. Risk factors alone cannot
represent the actual status of a patient and a comprehensive
and quantitative method such as a nomogram model may
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A B

FIGURE 3 | Genomic analyses. (A) Pairwise association between genes mutated in ≥10 patients. Green colors indicate positive association and pink colors indicate
negative association. (B) KEGG enrichment analysis. The top 20 pathways are shown. Dot size depends on the mutation number and color depends on the q value
(adjust P value).
A

B C

FIGURE 4 | Nomogram model and risk stratification. (A) For WBC, “Yes” represents WBC >18.30×109/L at diagnosis; for genes or genetic group, “Yes” represents
mutation. (B, C) Leukemia-free survival analyses by risk stratification in training (B) and validation (C) cohort. WBC, white blood cell.
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provide a refined stratification. We thus sought to elucidate the
heterogeneity by a large panel and develop a new prognostic
model based on clinical and molecular data in this population.
Frontiers in Oncology | www.frontiersin.org 786
As expected, higher WBC (median as the cutoff) was
identified as the clinical prognostic factor. We found that at
least 1 mutation cooccurred with mutated biCEBPA and
A B

D

E F

G H

C

FIGURE 5 | Prognosis of two post-remission therapies by risk stratification. (A–D) Leukemia-free survival, survival, cumulative incidence of relapse and non-
relapse mortality analyses in low-risk subgroup. (E–H) Leukemia-free survival, survival, cumulative incidence of relapse and non-relapse mortality analyses in
high-risk subgroup.
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mutation complexity did confer higher relapse risk, which
further verified the heterogeneity of biCEBPA mutated CN-
AML. GATA2 mutation was the most frequent co-activated
event with biCEBPA mutations (6, 8, 11). Study showed that
GATA2 activity affected the mutational dynamics of leukemia
in Cbfb-MYH11 knockin mice (28). The prognostic value of
this gene is not well established. Several studies have revealed a
trend of improvement in GATA2 mutated CN-AML patients
with biCEBPA mutations (8, 29), especially when mutations
disrupted the zinc finger 1 domain. In our study, GATA2
mutation showed no correlation with prognosis (data not
shown). We further identified two mutated genes (CSF3R
and KMT2A) and a genetic group (DNA methylation) which
conferred prognostic significance in our cohort. Braun et al.
(30) confirmed that CEBPA mutations must be the initial
event prior to mutant CSF3R since otherwise, AML did not
develop and CSF3R and CEBPA mutations cooperated to
promote leukemogenesis. CSF3R, which is involved in the
JAK-STAT signaling pathway, is a common tyrosine kinase
mutated gene in biCEBPA mutated AML patients who were
sensitive to JAK inhibition (9, 11, 31). The EGFR tyrosine
kinase inhibitor resistance is also a pathway related to tyrosine
kinase. Reports of the role of EGFR and its inhibitors (gefitinib
and erlotinib) in the origination, progression and treatment of
AML were discordant (32–34). Mahmud et al. (35) reported
elevated protein levels of EGFR and its activation in a subset of
AML and attributed the discordance in other studies to patient
selection because the EGFR levels in more than 80% of AML
patients did not differ from those in normal individuals.
Although EGFR mutations were not identified in this study
and its expression was not evaluated, the downstream mutated
genes which were enriched in the EGFR tyrosine kinase
inhibitor resistance pathway may confer drug resistance in
biCEBPA mutated CN-AML patients. Genes involved in DNA
methylation (such as TET2 and DNMT3A) were frequently
mutated in biCEBPA mutated AML, especially in the older
participants and mutated TET2 was not significantly different
from wild type in relapse/event-free survival (6, 36). We
further studied these genes as a genetic group and found
that mutations in this group conferred a worse outcome.
However, reports of other epigenetic modifiers involved in
histone methylation are rare (13). We identified that KMT2A,
as well as KMT2D and EP300 mutations, were mutually
exclusive with the most frequent GATA2 mutation
(Figure 3A). The infrequent mutation in KMT2 gene family
members represents an obstacle to interpretation. In our
study, we revealed that mutated KMT2A was also an
independent r isk factor in biCEBPA mutated CN-
AML patients.

Combined with sequencing data, we developed a nomogram
model and further stratified the patients by the risk factors.
According to our stratification, approximately one third of the
patients were categorized into the low-risk subgroup, which had
only biCEBPA mutations and no other detrimental clinical or
genetic factors. Low-risk patients were more sensitive to
induction chemotherapy with lower MRD level after induction
Frontiers in Oncology | www.frontiersin.org 887
therapy. The 5-year LFS and CIR in this subgroup were not
significantly improved by allo-HSCT and chemotherapy alone
seemed to have better 5-year survival. That was because of the
high rate of transplant-related mortality counterbalancing the
graft-versus-leukemia effect in allo-HSCT. These data strongly
indicated that this subgroup represented the patients with a real
favorable prognosis in those with biCEBPA mutated CN-AML.
However, allo-HSCT was shown to be a powerful therapy to
reverse the high mortality resulting from relapse in the high-
risk subgroup.

One limitation of our study was the analysis of FLT3-ITD.
The prognostic impact of FLT3-ITD in biCEBPA mutated
AML patients was controversial. Grossmann et al. (36)
indicated that FLT3-ITD had no impact, while Zhang et al.
(11) revealed that FLT3-ITD had worse outcome in biCEBPA
mutated CN-AML patients. In our study, 13 FLT3-ITD
patients with biCEBPA mutations received allo-HSCT during
the CR1 (median time from CR1 to allo-HSCT, 4.53 months).
The prognostic value could not be estimated because these
patients were censored at the date of allo-HSCT. Although
FLT3-ITD was more frequently observed in non-biCEBPA
mutated AML patients (6), the contribution of FLT3-ITD to
risk stratification warrants further investigation because two of
the FLT3-ITD patients receiving the consolidat ion
chemotherapy relapsed (LFS, 20.0 months and 16.1 months
respectively) eventually. Other prognostically associated genes
in our study, like CSF3R and KMT2A, still need a larger and
prospective study to validate.

In summary, we validated the heterogeneity of CN-AML
patients with biCEBPA mutations and developed a new
system of risk stratification based on a nomogram model.
Only one third of these patients represented the low-risk
subgroup, and consolidation chemotherapy should be the
first-line post-remission therapy. While in the high-risk
subgroup, allo-HSCT is recommended. These data, if
va l idated , wi l l be great ly benefic ia l in trans lat ing
commercial sequencing into clinical testing and directing
decision-making during treatment of CN-AML patients
with biCEBPA mutations.
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Background: NPM1 mutation status can influence prognosis and management in
AML. Accordingly, clinical testing (i.e., RT-PCR, NGS and IHC) for mutant NPM1 is
increasing in order to detect residual disease in AML, alongside flow cytometry (FC).
However, the relationship of the results from RT-PCR to traditional NGS, IHC and FC is
not widely known among many practitioners. Herein, we aim to: i) describe the
performance of RT-PCR compared to traditional NGS and IHC for the detection of
mutant NPM1 in clinical practice, and also compare it to FC, and ii) provide our
observations regarding the advantages and disadvantages of each approach in order
to inform future clinical testing algorithms.

Methods: Peripheral blood and bone marrow samples collected for clinical testing at
variable time points during patient management were tested by quantitative, real-time,
RT-PCR and results were compared to findings from a Myeloid NGS panel, mutant
NPM1 IHC and FC.

Results: RT-PCR showed superior sensitivity compared to NGS, IHC and FC with the
main challenge of NGS, IHC and FC being the ability to identify a low disease burden
(<0.5% NCN by RT-PCR). Nevertheless, the positive predictive value of NGS, IHC and
FC were each ≥ 80% indicating that positive results by those assays are typically
associated with RT-PCR positivity. IHC, unlike bulk methods (RT-PCR, NGS and FC), is
able provide information regarding cellular/architectural context of disease in biopsies.
FC did not identify any NPM1-mutated residual disease not already detected by RT-
PCR, NGS or IHC.

Conclusion: Overall, our findings demonstrate that RT-PCR shows superior sensitivity
compared to a traditional Myeloid NGS, suggesting the need for “deep-sequencing” NGS
panels for NGS-based monitoring of residual disease in NPM1-mutant AML. IHC provides
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complementary cytomorphologic information to RT-PCR. Lastly, FC may not be
necessary in the setting of post-therapy follow up for NPM1-mutated AML. Together,
these findings can help inform future clinical testing algorithms.
Keywords: NPM1, AML, MRD, RT-PCR, NGS, IHC, Flow Cytometry
INTRODUCTION

Nucleophosmin (NPM1) is a highly expressed nucleolar protein,
which has been implicated in diverse cellular functions in many
cell types (1). Genetic alterations including translocations and
mutations of NPM1 have been reported in a variety of myeloid
disorders (1, 2). More specifically, mutations in NPM1 have been
reported in approximately 50% of acute myeloid leukemia
(AML) with a normal karyotype and represents a distinct
subset of AML according to the World Health Organization
classification (2, 3). NPM1 mutations in AML are frameshift
variants (i.e., small insertion/deletions) in the terminal exon,
frequently involving codons Trp288 or Trp290 (3). The most
common variant is the Type A mutation (c.860_863dupTCTG;
p.W288Cfs*12), which constitutes approximately 80% of all
NPM1 mutations in AML (3). As a result of the Type A
frameshift variant (as well as other less common frameshift
variants), the amino acid sequence of the C-terminus of the
NPM1 protein is altered, leading to abnormal cytoplasmic
localization of mutant NPM1 in leukemic cells (3, 4).

The presence of NPM1 mutations in AML has prognostic
significance which is modified with co-mutations in FLT3
(internal tandem duplications, ITD) and DNMT3A. For
example, NPM1 mutation without FLT3 ITD or DNMT3A co-
mutation tends to be associated with a better prognosis, than
when co-existing with FLT3 ITD and/or DNMT3Amutations (2,
5–8). Thus, the mutation status of NPM1 (as well as other genes
such as FLT3) can help direct clinical management decisions
related to bone marrow transplantation (2, 9, 10) as well as
specific chemotherapy regimens, including the use of BH3-
mimetics (e.g., venetoclax) (11–13). Additionally, NPM1 has
been shown to be a reliable molecular biomarker of disease,
which is retained in > 90% of relapsed patients who initially had
mutated NPM1 at AML diagnosis (9, 14, 15); thus, interrogation
of mutant NPM1 can be used to identify minimal/measurable
residual disease (MRD) and/or early relapse, post-therapy.
According to Ivey et al., after the second cycle of chemotherapy,
AML patients with mutated NPM1 transcripts detectable in the
blood had a greater relapse rate and shorter survival than patients
without detectable mutated NPM1 transcripts (9). Other studies
have suggested a relationship between high NPM1 mutant allele
burden at diagnosis and inferior clinical outcome in de novo
NPM1-mutated AML (16–18). Additionally, recent preliminary
studies suggest that therapy response (i.e., post-therapy fold-
reduction of mutant NPM1 transcripts from baseline levels at
diagnosis) may affect risk of disease progression (19). Thus, the
need to assess and track mutant NPM1 is growing, as part of an
overall effort to harness molecular and immunophenotypic
291
approaches to evaluate residual disease and identify early relapse
in AML (20, 21).

Molecular testing for NPM1 mutation has been described
using both RNA and/or genomic DNA (15, 22). RNA has been
suggested to provide greater analytical sensitivity than genomic
DNA, and consequently, RNA input has been used in most
follow-up monitoring studies (9, 22). Typically, RNA is used in a
quantitative, real-time, reverse transcription PCR (RT-PCR)
assay using mutant-NPM1 specific primers with the NPM1-
mutant transcript signal normalized by ABL1 transcripts
(% Normalized Copy Number: (mutant NPM1 copy number/
ABL1 copy number) x 100). Other methods to detect mutant
NPM1 including next generation sequencing (NGS)-based (23,
24) and immunohistochemical (IHC)-based (17, 25, 26)
approaches have been described. A recent European
LeukemiaNet consensus document has begun to raise
awareness of the clinical and technical challenges for the
application of molecular (i.e., RT-PCR, NGS) and flow
cytometric (FC) methods to assess MRD in AML, including
the assessment of mutant NPM1 (21). Thus, as these assays
become more broadly implemented in the clinical setting,
continued improvement in the understanding of the relative
performance of these assays is needed by practitioners in
pathology, oncology and other disciplines who perform,
interpret and use the results for clinical management.
Currently, RT-PCR is considered by most to be the “gold
standard” for the detection of MRD in NPM1-mutant AML;
thus, at our center, we have implemented RT-PCR, alongside
other testing methods, to assess mutant NPM1 as a part of
prospective testing used in real-time, during routine clinical
practice. Herein, we aim to: i) compare the performance of our
RT-PCR assay to our NGS and IHC (i.e., to compare the
detection of mutant NPM1 RNA transcript, mutant NPM1
genomic DNA sequence, and mutant NPM1 protein,
respectively) as well as compare RT-PCR to routine FC, ii)
provide information regarding the advantages and
disadvantages experienced with each approach.
MATERIALS AND METHODS

Cases
The samples comprise individual, consecutively received
peripheral blood (PB) and/or bone marrow (BM) specimens
from patients undergoing routine clinical work up for diagnosis
and/or follow up of acute myeloid leukemia [94 samples from 37
unique patients: 17 men, 20 women, average age at diagnosis: 60y
(range 30-93y)]. Patients had a prior history of NPM1 mutation
August 2021 | Volume 11 | Article 701318
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(Type A) and corresponded to follow up samples, except for 7
samples (#21, #28, #62, #63, #66, #84, #93) which were tested at
initial diagnosis (of note, all of these 7 initial diagnostic samples
showed concordant results for NPM1 mutation status by RT-
PCR, NGS and IHC (pan-negative: #21, #28, #62, #63, #66, #93;
or pan-positive: #84). Appropriately, the 6 samples that were
negative for NPM1-mutation at diagnosis (#21, #28, #62, #63,
#66, #93) were not used in the comparison of FC to RT-PCR
since, as expected, FC would be positive for leukemia at diagnosis
and RT-PCR would be negative. Overall, all samples with NPM1
RT-PCR data available and data from at least one other testing
modality (NGS, IHC or FC) were included (see Supplementary
Table 1 for data available for each sample). Specimen types
available for RT-PCR and NGS included both PB and BM, while
specimen type available for IHC and FC included only BM
samples (Supplementary Figure 1). In standard clinical
practice, all laboratory tests are not performed on both PB and
BM simultaneously. Thus, for PB specimens with RT-PCR data
or with RT-PCR and NGS data available, comparison was made
to the results of the other testing modalities (e.g., IHC, FC) from
a recent BM biopsy (within 2 weeks of the PB sample). In
addition, separate comparison of the results from the various
testing modalities was performed after restricting samples to the
same specimen type and the same col lect ion date
(Supplementary Table 2), in order to rule out any potential
confounding effect of time and sample for the assay results being
compared. Lastly, a separate group of diagnostic AML samples
which did not have RT-PCR data were used to compare mutant
NPM1 IHC versus NGS (Supplementary Table 3).
Real-Time, Reverse Transcription PCR
(RT-PCR) Assay for Type A Mutant
NPM1 Transcripts
Patients’ PB and/or BM aspirate samples collected in EDTA
tubes underwent RNA extraction (QIAamp RNA Blood Mini
Kit, #52304) according to standard protocol. Reverse
transcription was performed with RNA (≥ 1µg) in 20 µL final
volume (SuperScript III RT, Life Technologies, #18080085;
RNaseOUT, Life Technologies, #10777019; Random Primers,
Life Technologies, #48190011; dNTP mix (10 mM), Promega,
#U151B; First Strand Buffer (5x) and DTT (0.1 M)) at 65°C for 5
minutes, then placed on ice or left at 4°C for at least 1 minute;
cycling conditions: 25°C (10 min), 50°C (50 min), 85°C (5 min),
4°C (Hold) (Applied Biosystems, GeneAmp 9700 thermocycler
or ProFlex PCR systems). cDNA was diluted by adding 30 µL of
nuclease-free water (50 µL total volume). Five µL of the diluted
cDNA (corresponding to ≥ 100 ng RNA equivalent) was input
into real-time PCR (NPM1 mutA MutaQuant primers and
probes, Ipsogen, Qiagen, #677513) using ABI 7500 Fast Real-
Time PCR system (Applied Biosystems), TaqMan Universal PCR
Master Mix, Life Technologies, #4304437; with cycling
conditions: 50°C (2 min); 95°C (10 min); [95°C (15 sec), 60°C
(60 sec)] x 50 cycles. Analysis was performed with a threshold of
approximately 0.1 set for both NPM1 and ABL. RT-PCR results
were reported as % Normalized Copy Number (%NCN): (NPM1
Mutant A Copy Number/ABL Copy Number) x 100. All samples
Frontiers in Oncology | www.frontiersin.org 392
and controls were run in duplicate reactions. We have previously
validated the performance characteristics of the RT-PCR assay to
detect NPM1 Type A mutant transcripts in patient PB and BM
aspirate specimens (27); the RT-PCR assay showed the expected
analytical sensitivity (limit of detection approximately
0.01% NCN).

Myeloid NGS Panel
A custom 45 gene NGS panel [Thunderstorm system, RainDance
Technologies, Billerica, MA, USA, Illumina MiSeq (v3
chemistry)] interrogating single nucleotide variants (SNV) and
insertion/deletions (InDels) was used. Samples were run in
duplicate. The NGS detection sensitivity was approximately 2%
for SNV and 1% for INDEL. In addition, every NGS case was
manually reviewed in IGV for the presence of any mutant NPM1
sequencing reads (limit of detection approximately 0.1%-1%
variant allele frequency (VAF)). The mean and median
sequencing read depth at the NPM1 mutation locus
(chr5:170,837,530-170,837,570) were 3036 and 2905
reads, respectively.

Immunohistochemistry
IHC for mutant NPM1 was performed on 5um Bouin or
formalin fixed paraffin embedded BM core biopsy or clot
sections using anti-mutant NPM1 antibody (Thermo Fisher/
PA1-46356, Polyclonal, 1:1500 dilution) with ER2 antigen
retrieval for 30 mins [H2 (30 mins) on the Leica Bond III
automated immunostainer using alkaline phosphatase Refine
Red detection (Leica Biosystems Inc., Buffalo Grove, IL.]. The
antibody is directed against the epitope of Type A mutation
(c.863_864insTCTG) of NPM1 and it targets the c-terminus
region (including amino acids within the final exon of NPM1).
Differences in immunostaining were not observed for Bouin or
formalin fixed samples. Immunostaining results were reviewed
by the original hematopathologist and also reviewed by a
separate hematopathologist (MK) blinded to results from other
testing modalities. Immunostaining for mutant NPM1 protein
was considered positive if there was homogenous, cytoplasmic
staining in >3 hematopoietic cells, with the positive cells often
forming clusters. Cases were considered negative if there was no
such staining in hematopoietic cells. Cases were considered
borderline positive when there were very rare (i.e., 1-3 cells),
scattered hematopoietic cells with variable cytoplasmic staining,
such that the result could not be easily distinguished from
background signal, due to the very low number and variable
intensity staining of suspected cells. If there was discordance
such that one pathologist considered the case to be borderline
positive by IHC, but the other pathologist considered it negative,
then the case was assigned to the borderline positive IHC
category, since the presence of any potential mutant NPM1
protein staining (above background) in hematopoietic cells
could be significant (given that the mutant protein is not
expressed in normal tissues).

Flow Cytometry
Flow cytometry (8-color) was performed using the EuroFlow
AML panels (28), which include many markers (e.g. CD45,
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HLA-DR, CD117, CD34, CD13, CD33, CD56, CD7, etc). FC
does not include analysis of NPM1 protein. FC results were
analyzed with BD FACSDiva software (BD Biosciences, San Jose,
CA). Gating was performed using FSC-A/FSC-H to identify
singlets, CD45/Viability Dye to identify viable cells, and FSC/
SSC, CD45/SSC to identify blast, lymphocyte, monocyte and
granulocyte subpopulations. In follow up samples, identification
of leukemic blasts was performed by assessment for the
abnormal immunophenotypic profile which was recorded at
diagnosis. Approximately 500,000 cells were collected in
samples if FC appeared negative and an adequate number of
cells were available. FC was reported as positive when there was
diagnostic evidence of the patient’s prior leukemic blast
population. FC was reported as borderline when there was an
atypical blast population with a dissimilar phenotype of
uncertain significance. FC was considered negative when
diagnostic evidence of acute leukemia was not seen.

Statistical Analysis
Sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV) and concordance (i.e., the number of
cases which were positive (and negative) by the 2 respective
testing modalities, divided by total number of cases tested) were
calculated for each modality (NGS, IHC and FC) in comparison
to RT-PCR. Fisher’s Exact Test was used for statistical
comparison (Table 2, Supplementary Table 2). PPV and NPV
indicate the performance of NGS, IHC and FC compared to RT-
PCR (which is considered the “gold standard” test). Statistical
analysis was performed using the base R package; graphics were
generated with GGPLOT2.

This work is covered under the IRB Protocol #: 1007011151.
RESULTS

Samples were acquired from patients undergoing routine clinical
workup for diagnosis and/or follow up of AML. A total of 94 PB
or BM specimens were received for NPM1 quantitative RT-PCR
testing, for which data were also available from other testing
Frontiers in Oncology | www.frontiersin.org 493
modalities (e.g., NGS, IHC, FC) (Supplementary Figure 1). A
small subset of patients in the current cohort had both PB and
BM available from the same date of collection; RT-PCR of these
samples showed %NCN scores for BM which were similar to, or
greater than, the % NCN score seen in the concomitant PB
(Supplementary Figure 2), consistent with the pattern of
potentially greater sensitivity of bone marrow samples reported
previously (9).

NPM1 Type A mutant RT-PCR results were compared to
NGS, IHC and FC results (Table 1). Overall, there were 94
samples with RT-PCR data including 54 (57%) positive and 40
(43%) negative samples. Among these 94 samples, NGS data was
available for 72 (77%), IHC data for 81 (86%) and FC data for 81
(86%) samples (see Supplementary Table 1 for additional details
regarding data available from each modality for each sample).
Among the RT-PCR positive samples, 12 of 39 (31%) samples
with NGS data were NGS positive, 37 of 47 (79%) samples with
IHC data were IHC positive (including borderline positive
samples), and 17 of 46 (37%) FC samples were FC positive
(including borderline positive samples) (Table 1).

In order to better understand the relationship between RT-
PCR results compared to Myeloid NGS, Mutant NPM1 IHC and
FC, contingency tables were generated (Table 2).

Myeloid NGS
As noted above, the Myeloid NGS panel showed a sensitivity of
31% (12/39) compared to RT-PCR; the RT-PCR positive samples
which were negative by NGS had RT-PCR values of ≤ 0.5% NCN
in 22 of 27 samples (Supplementary Table 1, Figure 1)
indicating a low disease burden that was detectable by RT-PCR
but not NGS. The remaining 5 samples had >0.5% NCN by RT-
PCR and 4 of these samples had IHC data available; each of the 4
samples were positive by IHC, compatible with the positive RT-
PCR result. These 27 NGS-negative cases accounted for the
negative predictive value of approximately 53% for NGS
compared to the RT-PCR assay. On the other hand, the
Myeloid NGS panel showed a specificity of 94% (Table 2); the
2 samples which were positive for NGS, but negative by RT-PCR
(samples 27 and 79, Supplementary Table 1, both with known
history of NPM1 Type A mutation) showed very low/borderline
NGS VAF values (approximately 0.08% VAF), borderline IHC
results and negative FC results. These 2 cases resulted in the NGS
assay showing a positive predictive value 86% compared to RT-
PCR. For sample 27, RT-PCR and NGS were both performed on
the BM specimen at 100 days post-transplant; additional follow
up over the subsequent 10 months for this patient has shown
persistent negativity for NPM1 by both RT-PCR (x2) and NGS
(x2) (samples 36 and 75). The underlying reason for the
difference in the RT-PCR and NGS results for sample 27 is
uncertain but, may have resulted from sampling variability at a
low level of disease, that subsequently was associated with more
complete clearance of disease further out from transplant. For
sample 79, NGS was performed on BM (at 28 days post-
transplant) and subsequently (i.e., 6 days later) RT-PCR was
performed on PB (as a follow up for the NGS finding);
subsequent follow up on this patient 2 months later has
TABLE 1 | Summary of Results: NPM1 Type A Mutation Status.

RT-PCR+ RT-PCR- Total
(n = 54) (n = 40) (N = 94)

NGS, n (%)
NGS+ 12 (31%) 2 (6%) 14 (19%)
NGS- 27 (69%) 31 (94%) 58 (81%)
Total 39 (100%) 33 (100%) 72 (100%)

NPM1 IHC, n (%)
IHC+ 21 (45%) 0 (0%) 21 (26%)
IHC Borderline+ 16 (34%) 7 (21%) 23 (28%)
IHC- 10 (21%) 27 (79%) 37 (46%)
Total 47 (100%) 34 (100%) 81 (100%)

FC, n (%)
Flow+ 6 (13%) 5 (14%) 11 (14%)
Flow Borderline+ 11 (24%) 4 (12%) 15 (18%)
Flow- 29 (63%) 26 (74%) 55 (68%)
Total 46 (100%) 35 (100%) 81 (100%)
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revealed BM positivity for a very low level of disease by RT-PCR
(0.014% NCN, sample 92) and borderline staining by IHC.

Taken together, these findings indicate that the genomic
DNA-based, standard Myeloid NGS panel used herein (with
limit of detection 0.1%-1% VAF) is less sensitive than RNA-
based RT-PCR, due primarily to the challenge of detecting
mutant NPM1 in samples with a low burden of disease (<0.5%
NCN by RT-PCR). Nevertheless, NGS may provide some helpful
information in BM cases with borderline IHC and negative RT-
PCR of PB. These findings support the need for further
development and implementation of “deep-sequencing” NGS-
based approaches in order to improve the sensitivity of NGS-
based assays for the assessment of NPM1.

Mutant NPM1 IHC
Representative images of immunostaining are shown in Figure 2.
Comparison of IHC results to RT-PCR, reveals a sensitivity of
79% (37/47) was observed for the IHC (including borderline IHC
positive samples)(Table 2); the RT-PCR positive cases which
were negative by IHC (10 samples) had a very low disease burden
as evidenced by the %NCN RT-PCR values (≤0.05% NCN in 8 of
10 samples and <0.5% in the remaining 2 samples
(Supplementary Table 1, Figure 1); in 7 of these 10 samples
NGS data was available (Supplementary Table 1) and no mutant
NPM1 alleles were detected in the 7 samples, consistent with the
above NGS findings for cases with a low burden of disease by RT-
PCR. Given the findings in these 10 samples, the negative
predictive value of the IHC was 73% compared to the RT-PCR
Frontiers in Oncology | www.frontiersin.org 594
assay. In terms of other performance variables, the specificity of
the IHC was 79% compared to RT-PCR (Table 2) and the
positive predictive value of IHC was 84% compared to RT-
PCR. The 7 samples (sample #s: 16, 17, 27, 37, 65, 67, 79)
(Supplementary Table 1) which were positive by IHC but
negative by RT-PCR showed only borderline IHC results, were
negative by FC results, and were negative by NGS except for two
cases (samples 27 and 79 which showed very low/borderline
0.08% VAF for NPM1 Type A mutation by NGS, as described in
preceding section). Overall, the underlying reasons for the
difference in the RT-PCR and IHC results for these 7 samples
likely includes sampling variability at a low level of disease and/
or difficulty discerning background IHC staining from true, rare
positive cells. Sample 79 highlights a situation where borderline
IHC results (when associated with even minimal evidence of
mutant NPM1 by NGS) may be relevant, since RT-PCR on a
subsequent BM sample from this patient (sample 92) has
revealed very low persistent levels of mutant NPM1 by RT-
PCR(0.014% NCN) as well as borderline IHC staining.
Furthermore, the findings from another patient (corresponding
to samples 16, 17, 37) also illustrate the potential utility of IHC in
some BM samples to prompt appropriate follow up studies; more
specifically, sample 16 (PB) and sample 17 (BM) collected at the
same time were both negative for mutant NPM1 by RT-PCR and
NGS; FC was also negative in the BM, however, IHC showed
borderline staining. A subsequent PB specimen (sample 24) was
negative by RT-PCR and NGS. Continued follow up of the
patient over time revealed a very low level of mutant NPM1
transcripts (0.05% NCN) in PB (sample 33) by RT-PCR. During
further follow up, BM biopsy was done and showed mutant
NPM1 staining in rare, scattered cells (Figure 2, bottom left
panel); NGS on the BM was negative and concomitant RT-PCR
on a limited PB specimen (sample 37) appeared negative. Further
follow up PB samples (sample 41, 42) confirmed low level of
mutant NPM1 transcripts by RT-PCR. Taken together, the
scenarios from these two patients highlight how mutant NPM1
IHC can be helpful in some cases to prompt appropriate follow
up monitoring by RT-PCR and other studies.

A related useful aspect of mutant NPM1 immunostaining is
that it can provide helpful information when the cellularity of
BM aspirate and PB specimens used for bulk studies (i.e., RT-
PCR, NGS and FC) may be variable (e.g., due to a “packed-
marrow”) and may underestimate tumor cell number (Sample
64, Figure 2, bottom right panel). Again, in this situation also,
the presence of mutant NPM1 staining can prompt appropriate
follow up studies (RT-PCR, NGS, etc).

Lastly, IHC can provide information regarding the
cytomorphologic details of mutant NPM1-positive cell types; it
was observed that in addition to hematopoietic precursor-like
cells (i.e., blast forms) being positive by mutant NPM1 IHC,
occasional megakaryocytes were also positive. For example, a
case with a subset of the megakaryocytes positive for mutant
NPM1 is shown (Figure 2, top right panel). Subsequent biopsies
from this patient (data not shown) revealed persistent mutant
NPM1 staining predominantly in immature hematopoietic cells,
as well as scattered megakaryocytes.
TABLE 2 | NPM1 status: RT-PCR v. NGS.

PCR+ PCR- Total Predictive Value

NGS+ 12 2 14 Positive: 86%
NGS- 27 31 58 Negative: 53%
Total 39 33 72

Sensitivity: Specificity: Concordance:
31% 94% 60%

P Value: 0.01473.
NPM1 status: RT-PCR v. IHC.

PCR+ PCR- Total Predictive Value

IHC+ 37 7 44 Positive: 84%
IHC- 10 27 37 Negative: 73%
Total 47 34 81

Sensitivity: Specificity: Concordance:
79% 79% 79%

P Value: 0.0000003.
RT-PCR v. Flow Cytometry.

PCR+ PCR- Total Predictive Value

Flow+ 17 3 20 Positive: 85%
Flow- 29 26 55 Negative: 47%
Total 46 29 75

Sensitivity: Specificity: Concordance:
37% 90% 57%

P Value: 0.01512.
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Taken together, these findings indicate that, compared to RT-
PCR, mutant NPM1 IHC demonstrates sensitivity and specificity
approaching 80%, and provides cytomorphologic insight into
mutant NPM1-positive cell populations in biopsies, but that
interpretation of IHC in samples with a low burden of disease
can be challenging and thus requires correlation with molecular
studies (e.g., RT-PCR).

Flow Cytometry
In comparison to RT-PCR, FC showed a sensitivity of 37%
(17/46) (including borderline FC positive samples) (Table 2). The
RT-PCR positive cases which were negative by FC had a variable
disease burden as evidenced by the %NCN RT-PCR values of
≤ 0.5% NCN in 18 of 29 cases, 0.5%-5% NCN in 4 samples, 5%-
15% NCN in 3 samples and >15% NCN in 4 samples
(Supplementary Table 1, Figure 1). In 7 of the 11 samples
with disease burden >0.5% NCN by RT-PCR which were
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negative by FC, the samples available for FC were limited due
to hypocellularity (mean +/- SD = 260,000 +/- 58,000 cells).
Given the negative FC findings in the RT-PCR positive samples,
the negative predictive value of the FC was 47% compared to the
RT-PCR assay. In terms of other performance variables, the
specificity of the FC was 90% (26/29) compared to RT-PCR
(Table 2) when considering cases which had a known history of
mutant NPM1. As shown in Table 2 and Supplementary
Table 1, only 3 samples with a history of mutant NPM1 were
positive by FC and negative by RT-PCR (samples # 36, 43 and
55); these samples were also negative by NGS and IHC, and, not
surprisingly showed only borderline FC results (0.3%-0.7%
abnormal cells by FC). These 3 cases resulted in the overall FC
positive predictive value being 85%. The atypical flow cytometric
findings in these 3 cases likely represented immunophenotypic
variability resulting from therapy and/or presence of clonal
(non-leukemic) populations; indeed, as mentioned above, NGS
A B

C

FIGURE 1 | Overview of NGS, IHC and FC Results for All RT-PCR Positive Samples. (A) Mutant (Type A) NPM1 RT-PCR (%NCN) (plotted on Log10 scale) is shown
compared to NGS results; samples are grouped by NGS status (i.e., Negative, <1% VAF and >1% VAF). Samples are noted to be detectable by NGS only when
RT-PCR % NCN values are ≥5%. (B) Mutant (Type A) NPM1 RT-PCR (%NCN) is shown compared to IHC results; samples are grouped by IHC status (i.e., Negative,
Borderline Positive and Positive). In general, mutant NPM1 protein is detectable (i.e., Positive) by IHC when RT-PCR % NCN values are ≥1% (although occasional
samples may show detectable mutant NPM1 protein by IHC at lower % NCN values (i.e., 0.01-1% NCN). (C) Mutant (Type A) NPM1 RT-PCR (%NCN) is shown
compared to FC results; samples are grouped by FC status (i.e., Negative, Borderline Positive and Positive). In general, samples are Positive by FC only when RT-
PCR % NCN values are >10% (although occasional samples may show borderline FC positivity at lower % NCN values).
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in each of these 3 cases was negative for NPM1 mutation but,
interestingly, 2 of these 3 samples did show variants associated
with clonal hematopoiesis (i.e., DNMT3A and/or TET2). FC
did not detect residual disease in any cases which was not
identified by RT-PCR, NGS or IHC. Taken together, the
FC findings indicated that FC is less sensitive than RT-PCR,
and phenotypic variations post-therapy related to clonal
hematopoiesis may confound assessment for residual disease
by FC. Thus, in the setting of monitoring for residual disease in
NPM1-mutant AML, FC appears to provide no additional benefit
beyond RT-PCR, NGS and IHC.

In addition to the above findings regarding RT-PCR, NGS,
IHC and FC results, a similar pattern of findings was observed
when comparing the available RT-PCR, NGS, IHC and FC
results for samples restricted to the same specimen type and
the same collection date (i.e., PB samples with RT-PCR and NGS
Frontiers in Oncology | www.frontiersin.org 796
from same date, or BM samples with RT-PCR, NGS, IHC and/or
FC from same date) (See (Supplementary Tables 1 and 2).

Clinical Application
Lastly, to provide a specific example of the sensitivity of RT-PCR
and its suitability for quantitative, serial monitoring on PB
specimens, a time course of RT-PCR data from a patient is
shown (Figure 3). The patient presented as a 58-year-old woman
with an incidental finding of circulating blasts in PB. She had a
history of prior gynecological tumor treated with surgical
resection (no chemotherapy and no radiation therapy). Work-
up lead to a diagnosis of AML with normal karyotype; molecular
studies (Myeloid NGS) revealed variants in NPM1 (Type A
mutation, p.Trp299Cysfs*12, 40% VAF), NRAS (p.Gly13Asp,
42% VAF) and IDH2 (p.Arg140Gln, 45% VAF). The patient
was treated with induction and consolidation chemotherapy
FIGURE 2 | Representative Images of Mutant NPM1 IHC. Top Left: Bone marrow negative for mutant NPM1 immunostaining (40x); inset (100x) shows lack of
staining in hematopoietic cells; occasional background staining in vascular cells is noted. Bottom Left: Bone marrow borderline positive for mutant NPM1
immunostaining (40x); inset (100x) shows an immature hematopoietic cell which is positive for red, homogeneous cytoplasmic, mutant NPM1 immunostaining.
Adjacent megakaryocyte is negative. Top Center: Bone marrow positive for mutant NPM1 immunostaining; this low power view (10x) shows patchy nature of
staining; the cluster of red (positive) cells is noted on the left side of field. Bottom Center: Bone marrow positive for red, homogeneous cytoplasmic mutant NPM1
immunostaining in hematopoietic cells(40x); inset(100x). Top Right: Bone marrow positive for mutant NPM1 immunostaining; scattered positive hematopoietic cells
are seen admixed with scattered positive megakaryocytes (40x); inset (100x). Bottom Right: Bone marrow positive for mutant NPM1 immunostaining in a sample
with a very high tumor cell burden; frequent positive hematopoietic cells are seen (40x); inset (100x): focally admixed mature erythroid elements (i.e., cells with small,
round, hyperchromatic (i.e., dark blue) nuclei) are negative.
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(4 cycles) and achieved complete remission. RT-PCR testing of
PB for mutant NPM1 was negative through 10 months post
diagnosis, except for one borderline finding at 5 months post
diagnosis (before starting final cycle of consolidation therapy),
which was followed by several negative RT-PCR PB samples (as
well as a BM biopsy (sample 17) at 7 months post diagnosis
which was negative by RT-PCR, NGS and FC). 13 months post
diagnosis, a PB sample (Sample 33) showed a low level of mutant
NPM1 transcripts by RT-PCR (0.05% NCN) and a BM biopsy
was performed and was negative by NGS and FC assessment;
mutant NPM1 staining revealed rare, single, scattered positive
cells consistent with a borderline positive IHC result (Figure 2,
bottom left panel)(i.e., very rare mutant NPM1 positive cells
seen). Close interval monitoring of PB by RT-PCR was initiated
and confirmed the presence and increase in mutant NPM1
transcripts over the following 4 weeks. Azacitidine was started,
and although the RT-PCR-detected mutant NPM1 transcripts in
PB continued to rise 2 weeks after starting the azacitidine, the
mutant transcript level began decreasing by day 29 after
initiation. Azacitidine therapy was continued and venetoclax
therapy was added. By RT-PCR, mutant NPM1 transcript
levels in the PB continued to decrease and have remained
undetectable during continued azacytidine/venetoclax therapy.
Taken together, this patient’s time course illustrates the potential
significance of very low level (i.e., 0.05%-0.5% NCN) of mutant
NPM1 transcripts detected in PB by RT-PCR in some cases, and
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highlights the utility of serial, quantitative RT-PCR testing of the
PB for mutant NPM1 during patient management. Recent
findings by other authors have also demonstrated the utility of
quantitative RT-PCR and IHC in clinical management (29).
DISCUSSION

The detection and monitoring of mutant NPM1 in AML is
becoming increasingly implemented in the clinical setting.
Thus, clinical practitioners in oncology and pathology need to
be familiar with the various issues related to the application and
interpretation of the assays used to detect mutant NPM1 in
clinical practice. Several methods are available to detect mutant
NPM1 including: RT-PCR for mutant NPM1 transcripts (15, 21,
22), NGS for NPM1 mutation (16, 23) and IHC for mutant
NPM1 protein (17, 25). Having implemented RT-PCR for Type
A mutant NPM1 transcripts, IHC for mutant NPM1 protein and
a myeloid NGS panel at our academic center, we set out to:
i) assess the relative performance of these assays and, ii) provide
information regarding the advantages and disadvantages of
each approach.

We have found that RT-PCR for Type A mutant NPM1
transcripts showed superior sensitivity compared to NGS, IHC
and FC. Nevertheless, the positive predictive value of NGS, IHC
and FC were each > 80% indicating that positive results by those
FIGURE 3 | Time Course of Serial, Quantitative RT-PCR of Peripheral Blood. NPM1 (Type A) mutant transcript monitoring by RT-PCR (%NCN) from peripheral
blood is shown over time for a patient. Red arrows indicate detection and confirmation of unexpected increase in NPM1 mutant transcripts. Blue line indicates
initiation and duration of azacitidine/venetoclax therapy. Shortly after the initiation of azacitidine therapy, the NPM1 mutant transcripts continued to rise, but then
decreased during further into azacitidine treatment and remained undetectable with continuation of azacitidine/venetoclax therapy.
August 2021 | Volume 11 | Article 701318

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lopez et al. Multimodal Assessment of NPM1-Mutant AML
assays are typically associated with RT-PCR positivity. The NGS
and FC were limited in their ability to detect a low disease burden
(i.e., <0.5% NCN by RT-PCR). For NGS, although manual
review of the relevant NPM1 sequencing reads permitted the
detection of 0.1%-1% VAF in this study, the myeloid NGS assay
used herein does not incorporate molecular barcoding and is not
a so-called “deep-sequencing” NGS panel. The superior
analytical sensitivity of RT-PCR may also be derived from the
fact that NPM1 transcripts are known to be expressed at high
levels (30, 31), and that skewed expression of NPM1 transcripts
from the mutant allele (32), lead to a technical advantage of
approaches using RNA-based input. Other studies of mutant
NPM1 have also suggested that RNA-based input provides
greater sensitivity than genomic DNA input (22). For FC,
analytical sensitivity was impaired when the total number of
cells available for analysis was limited due to sample
hypocellularity. Also, for FC, the lack of an aberrant
immunophenotype of the blasts in some cases can render their
identification difficult by FC (21). IHC (79%) was more sensitive
than NGS (31%) and FC (37%), however, samples which were
negative by IHC showed a low burden of disease by RT-PCR (i.e.,
< 0.5% NCN). A technical limitation of IHC is that samples with
low %NCN by RT-PCR often show rare, if any, scattered mutant
NPM1 positive cells. Thus, a challenge with IHC can be
differentiating background staining from rare, scattered mutant
NPM1-positive cells. Indeed, similar findings have been recently
reported by Falini et al. (29) who described rare NPM1
cytoplasmic positive cells (likely post-mitotic cells) even in
occasional normal bone marrow samples. Nevertheless, in
occasional cases with low burden of disease by RT-PCR (<0.5%
NCN), it is possible to identify mutant NPM1 staining in rare
single hematopoietic cells. Overall, IHC for mutant NPM1 alone
is not suitable as a stand-alone assay for assessment of residual
disease, but, in combination with RT-PCR, IHC can help
visualize the tumor cell burden and provide information
regarding neoplastic cell distribution and cell type; along these
lines, mutant NPM1 staining was noted in occasional
megakaryocytes, which has been previously described,
indicating multilineage involvement of mutant NPM1 (25).

With regards to the advantages and disadvantages of
each approach:

RT-PCR, in addition to its superior sensitivity, has the
advantages that it is quantitative and can be performed on PB,
without BM biopsy, providing non-invasive serial testing during
follow up to monitor disease dynamics. However, a disadvantage
of RT-PCR for NPM1 is that mutation-specific assays are
required, and up to 20% of NPM1 mutations in AML can be
non-Type A mutations (i.e., so called Type B, Type D mutations,
etc.). Recently a multiplex digital droplet RT-PCR assay has been
reported which permits the detection of several types of NPM1
mutations (e.g., Type A, B, D, etc) in one reaction (33); although
the specific type of NPM1 variant present is not identifiable with
that assay and confirmation of reliable performance in the
clinical setting is needed. A disadvantage of all RT-PCR
approaches is that the input RNA may be degraded if not
handled properly during collection, transport and processing.
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NGS has the advantages that it uses genomic DNA (i.e., a stable
substrate), it is quantitative and can detect various NPM1mutation
types as well as co-mutated genes (e.g., DNMT3A, FLT3, etc).
However, myeloid NGS approaches in routine clinical practice
often have limited analytical sensitivity, with limits of detection in
the 1-5% VAF range. RT-PCR may show 1-2 orders of magnitude
greater signal than NGS assays with genomic DNA input [see
Supplementary Table 1 and (22)]. More recent so-called “deep
sequencing” NGS approaches (23, 24, 34) demonstrate limits of
detection of approximately 0.001%-0.01% VAF. However, they
typically interrogate a limited panel of genes, require higher DNA
input,use increased replicates, and incurgreater cost toacquireand to
analyze the deeper sequencing (i.e., 200,000-450,000 reads);
therefore, these “deep-sequencing” NGS approaches will likely take
more time before they are widely implemented for clinical testing.

FC has the potential advantages of quantitation and cell-
sorting, but its main disadvantage is the challenge of phenotypic
variability in AML due to disease heterogeneity (21), therapy-
induced changes in protein expression, and phenotypic
aberrations associated with background clonal hematopoiesis,
which can confound the identification of residual disease, as we,
and others (35) have observed. Thus, in the setting of post-
therapy follow up for NPM1-mutated disease, priority can be
given to RT-PCR, NGS and IHC testing.

IHC has unique advantages including its capacity to visualize
tumor cell burden in situ, and to detect architectural and cytologic
features that are not apparent by bulk methods (i.e., RT-PCR, NGS,
FC). In addition, IHC is inexpensive and rapid compared to the other
techniques. IHC may be helpful in cases where fibrosis, a “packed-
marrow” with high disease burden, or other technical factors
compromise the BM aspirate material for RT-PCR, NGS and FC.
However, thedisadvantages of IHC include theneed for aBMbiopsy,
its qualitative nature, and the potential difficulty to discern rare
mutant NPM1-positive cells from background staining [a similar
challenge has been recently reported by other authors (29)]. An
additional caveat is that mutant NPM1 IHC may rarely detect
cytoplasmic NPM1 in AML cases with a negative molecular assay;
this may occur if the mutation involving NPM1 is not covered by a
“type-specific” RT-PCR assay or occurs in an exon not covered by
NGS (36). Taken together, the advantages and disadvantages
mentioned above for each assay highlight how the various methods
provide complementary information during the analysis of
patient samples.

Our findings have prompted us to consider further optimizing
our testing algorithms. Currently, we performMyeloid NGS (along
with ancillary FLT3, IDH1/2 molecular testing) and FC on BM
biopsies at the timeof initial diagnosis ofAML.Wearenot routinely
performing RT-PCR forNPM1mutation status at initial diagnosis.
However, given the evolving role tomonitormutantNPM1 levels to
check response to initial chemotherapy (19), and given the usual 2
week turn-around time of NGS reporting, IHC staining at initial
AML diagnosis could aid in the rapid identification of NPM1-
mutated AML cases needing baseline RT-PCR. In the follow up
setting for NPM1-mutated AML, currently we receive PB samples
for mutant NPM1 RT-PCR monitoring. When a BM biopsy is
collected, the BM is tested by NGS (for mutation status of NPM1
August 2021 | Volume 11 | Article 701318

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lopez et al. Multimodal Assessment of NPM1-Mutant AML
and co-mutations in other genes), RT-PCR, mutant-NPM1 IHC
and FC. Given the FC findings herein, we have considered
eliminating FC assessment in follow up BM samples of known
NPM1-mutated AML, if there is no other clear indication to
perform FC. An additional point for further study in the setting
offollow-up testing includes performance of RT-PCRonPB and/or
BM samples; we (see Supplementary Figure 2) and others (9) have
found BM samples appear to provide the potential for greater
sensitivity for RT-PCR than PB.

In sum, our findings indicate that each method (RT-PCR,
NGS, IHC and FC) provides complementary information and
thus, while cognizant of the strengths and limitations of each
assay, a multimodal assessment of mutant NPM1 can improve
our understanding of mutant NPM1 status in patient samples.
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Background: Lymphoma-associated macrophages (LAMs) are key components in the
lymphoma microenvironment, which may impact disease progression and response to
therapy. There are two major subtypes of LAMs, CD68+ M1 and CD163+ M2. M2 LAMs
can be transformed from M1 LAMs, particularly in certain diffuse large B-cell lymphomas
(DLBCL). While mantle cell lymphoma (MCL) is well-known to contain frequent epithelioid
macrophages, LAM characterization within MCL has not been fully described. Herein we
evaluate the immunophenotypic subclassification, the expression of immune checkpoint
molecule PD-L1, and the prognostic impact of LAMs in MCL.

Materials andMethods: A total of 82 MCL cases were collected and a tissue microarray
block was constructed. Immunohistochemical staining was performed using CD68 and
CD163, and the positive cells were recorded manually in four representative 400× fields
for each case. Multiplexed quantitative immunofluorescence assays were carried out to
determine PD-L1 expression on CD68+ M1 LAMs and CD163+ M2 LAMs. In addition, we
assessed Ki67 proliferation rate of MCL by an automated method using the QuPath digital
imaging analysis. The cut-off points of optimal separation of overall survival (OS) were
analyzed using the X-Tile software, the SPSS version 26 was used to construct survival
curves, and the log-rank test was performed to calculate the p-values.

Results:MCL had a much higher count of M1 LAMs than M2 LAMs with a CD68:CD163
ratio of 3:1. Both M1 and M2 LAMs were increased in MCL cases with high Ki67
proliferation rates (>30%), in contrast to those with low Ki67 (<30%). Increased number of
M1 or M2 LAMs in MCL was associated with an inferior OS. Moreover, high expression of
PD-L1 on M1 LAMs had a slightly better OS than the cases with low PD-L1 expression,
whereas low expression of PD-L1 on M2 LAMs had a slightly improved OS, although both
were not statistically significant.
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Conclusions: In contrast to DLBCL, MCL had a significantly lower rate of M1 to M2
polarization, and the high levels of M1 and M2 LAMs were associated with poor OS.
Furthermore, differential PD-L1 expressions on LAMs may partially explain the different
functions of tumor-suppressing or tumor-promoting of M1 and M2 LAMs, respectively.
Keywords: mantle cell lymphoma, lymphoma microenvironment, lymphoma associated macrophage, PD-L1,
quantitative immunofluorescence analysis
INTRODUCTION

Mantle cell lymphoma (MCL) accounts for 5-6% of non-Hodgkin
lymphomas, with characteristic expression of cyclin D1 due to
CCND1-IGH gene rearrangement. MCL has a broad morphologic
spectrum with variable architectural patterns and cytologic
features, which are associated with heterogeneous clinical
behaviors (1–3). Patients with MCL usually present at advanced
stages with an aggressive clinical course. The long-term prognosis
remains poor with a median overall survival of 3-5 years despite
significant improvement in the management (4). On the other
hand, ~15% cases of MCL demonstrate indolent clinical course
with an overall survival of 7-10 years (5–7). Therefore, it is
necessary to identify the different prognostic subgroups of MCL
and allow for risk-adjusted therapeutic approaches.

In recent years, studies focusing on tumor microenvironment
and associated immunotherapies have been increasingly pursued,
particularly in solid tumors including breast cancer, lung cancer
and melanoma. Some of the most widely studied biomarkers for
immunotherapy are the programmed death-1 receptor (PD-1,
CD279) and its ligands PD-L1 (CD274, B7-H1) and PD-L2
(CD273, PDCD1LG2, B7-DC), which are essential in many
autoimmune and neoplastic conditions (8–11). Interactions
between PD-1 and PD-L1/PD-L2 induce immune evasion of
tumor cells, which can be reversed by restoring effector T-cell
functions through targeted therapy against PD-1 or its ligands (12,
13). In the hematopoietic system, PD-L1 is expressed in antigen-
presenting cells and activated T-cells (12). Certain types of B-cell
lymphomas may express PD-L1, including classic Hodgkin
lymphoma (CHL), nodular lymphocyte-predominant Hodgkin
lymphoma (NLPHL), and some diffuse large B-cell lymphoma
(DLBCL) subtypes (14). Immunotherapies with PD-1 or PD-L1
blockade have shown clinical responses in these lymphomas (15).

Relatively few studies have assessed MCL immune
microenvironment. In MCL, the lymphoma cells and
microenvironment are thought to have low expression of PD-
L1 (14, 16); however, it is not certain whether PD-L1 expression
has any significance in clinical therapy and survival. In addition,
immunotherapy in MCL has not provided desirable results. PD-
L1 expression on MCL cells may induce suppression of anti-
tumor immune responses. Therefore targeting PD-L1 on tumor
cells may represent a novel approach to improve the efficacy of
immunotherapy (17). Consequently, immunotherapy may be
feasible in treating MCL and preventing lymphoma relapse.

Macrophages represent an essential component of tumor
microenvironment, and a variable number of macrophages
have been found in association with nearly all lymphoma
2102
types, which are referred as lymphoma-associated macrophages
(LAMs) (18, 19). MCL is well-known for the presence of
epithelioid histiocytes without phagocytic activities, so called
“pink histiocytes” by many pathologists. LAMs have been divided
into two major subtypes based on their immunophenotype, M1
andM2. Their functions are thought to be variable among different
lymphoma types. M1 LAMs are considered to prevent the growth
of tumors, whereas M2 LAMs are associated with angiogenesis and
tumor progression (20). The presence of a high number of LAMs
has been associated with aggressive clinical course in CHL, DLBCL,
follicular lymphoma (FL) and angioimmunoblastic T-cell
lymphoma (AITL) (18, 19, 21, 22). However, the significance of
LAMs in MCL has not been fully characterized (18). Only a few
studies have linked macrophage number with the prognosis of
MCL, and the data on functional roles for LAMs in MCL are
limited. Therefore, further studies are necessary to explore the
characteristics and biological functions of LAMs in MCL. In this
study, we investigated the number, subtype, and PD-L1 expression
of LAMs in MCL and assessed their prognostic impact.
MATERIALS AND METHODS

Case Selection and Data Collection
The pathology archives from two institutions (Yale University
and University of Nebraska Medical Center) were retrospectively
searched to identify cases of MCL from 2000 to 2019 after approval
from local institutional review board (IRB# 2000023891). No
individual patient consent was required. Diagnosis of MCL was
based on the following major criteria: 1) Morphology: small cell,
classic, and blastoid variants (blastic and pleomorphic); diffuse and
nodular growth patterns; 2) Immunophenotype, particularly
expression of CD5, cyclin D1, and SOX11; and 3) Molecular
genetic studies for CCND1 rearrangement if necessary. The
major inclusion criteria of case selection included: 1) All de novo
cases without prior treatment; 2) Locations: lymph node,
gastrointestinal tract, spleen, and other solid organs; 3) Sufficient
clinical data availability, including clinical information at diagnosis,
treatment plans, follow-up, and survival data; and 4) Excisional or
large biopsies. The exclusion criteria included: 1) In-situmantle cell
neoplasm, and MCL with mantle zone growth pattern; 2) Core
biopsy, bone marrow biopsy, and decalcified specimens;
3) Suboptimal specimens with inadequate fixation, poor
processing, or marked crush artifacts; 4) Inadequate remaining
tissue in paraffin blocks; and 5) Insufficient clinical or
pathology data.
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The essential clinical information of each patient was
collected, including age, gender, biopsy site(s), extent of disease
by imaging studies, bone marrow biopsy results, clinical stage
and status (ECOG and sMIPI), treatment regimens, responses,
and outcomes. For all eligible cases, the pathology reports, H&E
slides, and immunohistochemical slides were reviewed to
confirm the diagnosis, in conjunction with flow cytometric
results, molecular assays, and cytogenetic studies. The detailed
clinical and pathologic characteristics are summarized in
Supplementary Tables 1, 2.

Construction of Tissue Microarray
A total of 82 eligible MCL cases were included in the study, and
the formalin-fixed paraffin embedded (FFPE) tissue from each
case was collected for tissue microarray (TMA). The H&E slides
were reviewed to select the paraffin blocks with adequate tumor
tissue for TMA construction. For each case, the lymphoma tissue
was punched in duplicate (1.0 mm in diameter) and separately
plated into one TMA block.

Immunohistochemical Stains and
Manual Evaluation
TheTMAblockwassectionedat4.0umthick. Immunohistochemical
staining was performed on the sections according to the
manufacture’s manual. The antibodies used in this study included
CD68(ClonePG-M1;DAKO,Carpinteria,CA,USA),CD163 (Clone
10D6; Abcam, Cambridge, MA, USA), cyclin D1 (Clone SP4; Cell
Marque, Rocklin, California), and SOX11 (Clone MRQ-58; Cell
Marque). The immunostains were performed on a Ventana
Benchmark Ultra immunostainer (Ventana Medical Systems,
Tucson, AZ, USA), with appropriate positive and negative controls.
Immunohistochemical stains forCD68andCD163were evaluated in
a quantitative method by recording positive cells manually in four
representative 400× fields on the two 1.0 mm cores of each case.

QuPath Digital Image Analysis
The immunostained slide for Ki67 (Clone MIB1; DAKO) was
scanned using the Aperio ScanScope CS2 platform (Leica
Biosystems, Inc., Buffalo Grove, IL, USA). The slide was
scanned at 200× with a pixel size of 0.4986 µm × 0.4986 µm,
which was analyzed using the QuPath software (https://qupath.
github.io) to quantitatively calculate the Ki67 proliferative rate of
the positive cells over all nucleated cells.

Multiplexed Quantitative
Immunofluorescence Assays
The TMA sections were briefly deparaffinized, followed by antigen
retrieval at 97°C with pH 8.0 EDTA buffer for 20 minutes using PT
module epitope retrieval solutions (Lab Vision, Waltham, MA,
USA). Subsequently, a 30-minute incubation in 2.5% hydrogen
peroxide was performed to block endogenous peroxidases and then
unspecific antigens were blocked using a 0.3% BSA for 30 minutes.
A multiplexed immunofluorescence staining was performed with
three primary antibodies, including CD68 (Clone PG-M1; 1:200;
DAKO), CD163 (Clone 10D6; 1:7500; Abcam), and PD-L1 (Clone
SP142; 1:800; Abcam) on the same tissue section. Horseradish
peroxidases (HRP)-conjugated secondary antibodies specific to
Frontiers in Oncology | www.frontiersin.org 3103
each primary antibody isotype were used sequentially (anti-mouse
IgG1, 1:100, eBioscience; anti-rabbit EnVision, DAKO; anti-mouse
IgG3, 1:1,000, Abcam). Tyramide-bound fluorophores were added
after each secondary antibody to bind to the HRPs. Specifically,
Cyanine 7 tyramide (Cy7), cyanine 3 tyramide (CY3) tyramide, and
cyanine 5 tyramide (Cy5) were used for CD68, CD163 and PD-L1,
respectively. Finally, the nuclei were stained with 4,6-diamidino-2-
phenylin-dole (DAPI). Quantitative immunofluorescence assays were
performed on the Vectra Polaris (Perkin Elmer, Inc., Waltham, MA,
USA) automated fluorescence microscopy platforms. The resultant
images were analyzed and quantified using the InForm Software
(Perkin Elmer) on all tumor spots as described previously (23).

Statistical Analysis
The cut-off points of optimal separation of overall survival were
analyzed using the X-Tile software (24), the SPSS version 26 (IBM,
Armonk, New York, USA) was used to construct survival curves,
and the log-rank test was performed to calculate the p-values.

RESULTS

Clinical and Pathology Characteristics
The clinical and pathology data of the 82 patients with MCL are
briefly summarized in Table 1, and the detailed clinicopathologic
characteristics are depicted in Supplementary Tables 1, 2. There
was a male predominance with a male to female ratio of ~3:1, and
the median age at diagnosis was 67 years (range, 37 to 92 years).
Thirty percent (22/74) of patients had documented systemic
TABLE 1 | Summary of the clinicopathologic data of the 82 patients with MCL.

Total case number 82

Median Age (Years) 67 (37-92)
Male/Female 61/21
B-Symptoms 22/74 (30%)
BM Involvement 48/59 (81%)
Advanced Clinical Stages (III/IV) 67/70 (96%)
sMIPI Risk
Low 18/50 (36%)
Intermediate 22/50 (44%)
High 10/50 (20%)

Immunohistochemical Stains
CD20 53/53 (100%)
CD5 45/50 (90%)
CD23 0/14 (0%)
Cyclin D1 79/80 (99%)
SOX11 69/79 (87%)
CD10 2/29 (7%)
BCL6 0/21 (0%)
CCND1 FISH 28/32 (88%)

Treatment
Chemo- and/or Radio-Therapy 67/75 (87%)
Watchful Waiting 8/75 (13%)

Reponses to Treatment
Complete Remission 38/63 (60%)
Partial Response 13/63 (21%)
Persistent or Progressive 12/63 (19%)

Stem Cell Transplant 24/68 (35%)
Follow Up (Median, Months) 36 (1-221)
Outcome (Deceased) 46/81 (57%)
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symptoms, including fatigue, fever, and weight loss. Bone marrow
involvement was detected in 81% (48/59) of patients. The majority
(67/70; 96%) of patients presented at high clinical stages (III/IV).
Fifty cases had sufficient data to calculate the sMIPI score, of which
18 (36%) cases were classified as low risk, 22 (44%) intermediate
risk, and 10 (20%) high risk.

Of the 75 patients with clinical treatment information, 67
(87%) received chemotherapy and/or radiotherapy, and the
remaining eight (13%) were under observation with no therapy.
Sixty-three patients had treatment responses available; 38 patients
(60%) achieved a complete remission, 13 (21%) yielded a partial
response, and 12 (19%) had persistent or progressive disease.
Following chemotherapy, 24/68 (35%) of patients received
allogeneic hematopoietic stem cell transplant. Eight-one patients
were followed up clinically with a median duration of 36 months
(range 1-221 months), and 46 (57%) had died.

On the TMA block, each MCL case had two separate 1.0 mm
cores with representative lymphoma tissue (Figure 1A). A
variable number of epithelioid histiocytes were present
admixed with tumor cells (Figure 1B). The vast majority of
the MCL cases were positive for CD5 (45/50, 90%), cyclin D1
(79/80, 99%), and SOX11 (69/79, 87%); one case (case #60) was
negative for both cyclin D1 and SOX11 without CCND1 FISH
data, which was excluded from further assays. Only two of 29
cases (7%) expressed CD10. BCL6 and CD23 were negative in 21
and 14 cases tested, respectively. FISH studies for CCND1
Frontiers in Oncology | www.frontiersin.org 4104
rearrangement were performed in 32 cases, of which 28 (88%)
cases were positive.
Manual Counts of CD68+ and CD163+
Macrophages and Overall Survival
Immunohistochemical stains for CD68 and CD163 were
performed on the TMA sections (Figures 1C, D), and the
number of positive cells were recorded manually by a
pathologist on four representative 400× fields for each case. A
total of 73 MCLs were included in this assay after excluding nine
cases with suboptimal staining or insufficient tissue. The average
count for CD68+ cells was 170 (range 29-493) and CD163+ cells
was 57 (range 0-519) (Figures 2A, B). The CD68+ macrophages
were present in higher numbers than the CD163+ macrophages
with an overall CD68:CD163 ratio of 3:1. In addition, CD163+
macrophages had a broader range and more frequent low counts.

The overall survival (OS) of the 73 MCL patients was
calculated based on the CD68+ or CD163+ macrophages using
the Kaplan-Meier analysis. The CD68+ macrophage cut-off was
set to the median (50%) by X-Tile. The 50% of cases with lower
CD68+ counts (n=36) had a significantly better OS than those
50% with higher counts (n=37) (Figure 2C). The CD163+
macrophage optimal cut-off was set to 90% by X-Tile, and the
90% of cases with lower (n=66) CD163+ macrophages had a
better OS than the higher 10% (n=7) (Figure 2D).
FIGURE 1 | Construction of tissue microarray (TMA) and immunostains of CD68 and CD163. (A) Each MCL case had two separate 1.0 mm cores on the TMA
(H&E, original magnification ×20). (B) Scattered epithelioid histiocytes admixed with abundant lymphoma cells (H&E, ×400), which were highlighted by immunostains
with CD68 (C, ×400) and CD163 (D, ×400).
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CD68, CD163, and PD-L1 Expression
With Multiplexed Quantitative
Immunofluorescence Analysis and
Overall Survival
Expression of CD68, CD163, and PD-L1 was assessed on the
TMA section with multiplexed quantitative immunofluorescence
analysis, and the PD-L1 expression was co-localized with either
CD68 or CD163 (Figures 3A–J). A total of 73 MCLs were
included in this assay after excluding nine cases with poor
staining or insufficient tissue.

The optimal cut-off for survival curve of CD68 expression was
set to 90% by X-Tile, and the 90% of cases with lower expression
of CD68 (n=66) had a significantly better OS than the higher
10% (n=7) (p=0.002) (Figure 4A). Similarly, the optimal cut-off
of CD163 expression was set to 80% by X-Tile, and the 80% of
cases with lower expression of CD163 (n=57) had a significantly
better OS than the higher 20% (n=16) (p=0.001) (Figure 4B).

For PD-L1 expression on CD68+ macrophages, the optimal
cut-off for survival curve was set to 65% by X-Tile, and the 65% of
cases (n=47) with higher expression of PD-L1 on CD68+ cells
had a slightly better OS than the lower 35% (n=26) but it did not
reach statistical significance (p=0.097) (Figure 4C). Expression
Frontiers in Oncology | www.frontiersin.org 5105
of PD-L1 on CD163+ macrophages was measured and the
optimal cut-off for survival curve was set to 80% by X-Tile; the
80% of cases (n=57) with lower expression of PD-L1 on CD163+
cells had a slightly better OS than the higher 20% (n=16) but it
was not statistically significant (p=0.120) (Figure 4D).

Assessment of Ki67 Proliferation Index
With Digital Image Analysis
A total of 69 MCLs had adequate tissue on the Ki67 stained TMA
slide. These 69 patients included 52 males and 17 females, with a
median age of 68 years (range 37-92). The median survival was
35 months (range 1-213). The TMA slide stained with Ki67 was
scanned using the Aperio scanner and then analyzed using the
QuPath program to count the positive cells (Figures 5A–D). For
each case, the Ki67 proliferation index was assessed using the
Ki67-positive cells over all cells in the cores, and an average
percentage was calculated from the two cores (Figure 5E).

The optimal cut-off point for the Ki67 proliferation index was
31.9% using X-Tile, which was very close to the 30% cut-off in
the clinical practice. Therefore, we adopted the same cutoff of
30% for comparison of OS. Most of the cases (61/69, 88%) had a
Ki67 proliferation rate of <30%, while the remain 8 cases (12%)
A B

C D

FIGURE 2 | Manual count of CD68+ macrophages (A) and CD163+ macrophages (B) in the 73 MCL cases. MCL with lower CD68+ counts had a better overall
survival (OS) than those with higher counts (C). The lower count of CD163+ macrophage also predicted an improved OS (D).
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>30%. In our study, the patients with lower Ki67 proliferation
index of <30% had a median survival of 52 months, which was
significantly better than those >30% (median survival 8 months;
p=0.021) (Figure 5F).

The MCL cases with high Ki67 (>30%) had a significantly
higher count of CD68+ M1 LAMs than the cases with low Ki67
(<30%) (p=0.018). CD163+ M2 LAMs were also increased in the
high Ki67 cases than in the low Ki67 group albeit it was not
statistically significant (p=0.17).
DISCUSSION

The studies on lymphoma microenvironment (LME) have been
markedly increased in recently years, which provided better
understanding of the interactions between the neoplastic cells
and the supporting cells. In particular, immunotherapies to
modulate the signals between the tumor cells and the
microenvironmental components have shown promising results
in treating lymphomas. This study utilized quantitative imaging
analysis on TMA sections to evaluate LAMs and Ki67 proliferation
index in MCL. Our findings demonstrated that an increase in
CD68+ M1 LAMs or CD163+ M2 LAMs was associated with
inferior prognosis in MCL. In addition, M1 LAMs were present in
higher numbers than M2 LAMs, indicating that MCL had a lower
rate of M1 to M2 polarization in contrast to DLBCL. Both M1 and
M2 LAMs were increased in theMCL cases with high Ki67 (>30%),
compared to the Ki67 low group (<30%). Furthermore, the M2
LAM counts had a broader range and more frequent low counts,
suggesting increased heterogeneity of the M2 microenvironment.

Using multiplexed quantitative immunofluorescence assays,
we found that high expression of PD-L1 on M1 LAMs was
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associated with a slightly improved OS, whereas increased PD-L1
expression on M2 LAMs predicted a slightly inferior OS, although
both did not reach statistical significance. Finally, our studies also
showed that QuPath DIA is a very promising tool to measure Ki67
proliferation index in MCL, and it accurately separated the patient
groups with significantly different OS, which is very close to the
30% cut-off in the clinical practice. Further studies are necessary
with large cohorts to validate this assay.

LME consists of variable numbers of immune cells (reactive
B-cells, T-cells, macrophages, natural killer cells, and granulocytes),
stromal cells, blood vessels, and extracellular matrix (19, 21, 21, 25,
26). The LME influences the behavior of lymphoma, providing a
protective niche for neoplastic cells and facilitating tumor cell
proliferation and survival. Meanwhile, lymphoma cells recruit and
activate the LME cells. The collaborative interactions between
lymphoma cells and LME cells enable and sustain tumor cell
growth, anti-apoptosis, immunosuppression, angiogenesis,
chemoresistance, cell homing andmetastasis, and disease progression.

Exploration of the LME has escalated in recent years,
particularly with regard to CHL and DLBCL. Similar to other
B-cell lymphomas, extrinsic signaling is believed to favor MCL
growth, survival, and migration. CD3+, CD8+, and particularly
CD4+ T-cells are increased in indolent MCL but decrease with
more aggressive histology. A high CD4:CD8 ratio correlates
independently from other high-risk prognostic factors with
longer OS, suggesting a prognostic role for T-cells in MCL (27).
However, studies on the LME cells, soluble factors, intercellular
interactions, and intracellular regulations in MCL are limited (18).
Therefore, further studies are necessary to integrate the key roles of
the LME cells, uncover the mechanisms of the interactions between
lymphoma cells and LME, provide more effective treatment, and
predict response to therapy and overall survival.
FIGURE 3 | Multiplexed quantitative immunofluorescence analysis. Immunofluorescence stains of CD68 (A, F), CD163 (B, G), and PD-L1 (C, H). Overlying of CD68
and CD163 (D, I). Overlying of CD68, CD163 and PD-L1 (E, J). (DAPI, counterstaining of nuclei; CD68, Cy7; CD163, Cy3; PD-L1, Cy5).
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Variable numbers of macrophages are present in nearly all
lymphoma types, including CHL, NLPHL, T-cell lymphoma, and
low-grade or high-grade B-cell non-Hodgkin lymphoma. These
macrophages can be sparsely distributed, form small loose
clusters, or become so abundant as to form granulomas and
even obscure lymphoma cells. They are referred to as lymphoma
associated macrophages (LAMs), which are composed of
different biologic subtypes. Furthermore, they can shift their
functional phenotypes depending on signals generated from
lymphoma and stromal cells, a process known as polarization
of LAMs (18, 22, 28). Currently, there are two major subtypes of
LAMs, CD68+ M1 and CD163+ M2 LAMs (18, 20, 22, 29–31).
M1 LAMs are considered to be tumor-suppressing or classically
activated macrophages, and they are mainly involved in
inflammatory responses and antitumoral defense by producing
various activated lytic enzymes, reactive oxygen species, and
inflammation-promoting chemokines. M2 LAMs are known as
tumor-promoting, polarized, or alternatively activated macrophages.
M2 LAMs secrete key chemokines, cytokines, and bioactive
proteases, which can stimulate lymphoma cell growth,
angiogenesis, metastasis, chemoresistance, and immunosuppression.
In particular, M2 LAMs express checkpoint molecules, including
PD1 and PD-L1, which are key immunotherapeutic targets for
specific checkpoint-blocking immunotherapies (anti-PD-1/PDL-1).
The tumor-promotingM2 LAMs can be induced under the influence
of the cytokines (IL-4, IL-13, IL-10 and M-CSF) produced by the
lymphoma cells and the microenvironment. Lymphomas may be
able to escape the immune surveillance by recruiting and polarizing
Frontiers in Oncology | www.frontiersin.org 7107
M1 LAMs to M2 LAMs that highly express immune checkpoint
molecules, such as PD-L1 and PD-L2 (20, 22, 30–32).

The presence of LAMs in different lymphoma types may be
associated with different outcomes. A high level of macrophages
in CHL correlated with EBV-positivity, advanced stage, and
inferior prognosis (33). However, in primary testicular DLBCL,
high PD-L1+ LAM content predicted favorable survival (34).
Primary cutaneous DLBCL, leg type, and nodal DLBCL had a
significantly higher level of M2 LAMs than M1 LAMs, which
contributed to the poor prognosis (35, 36). According to the
studies from Poles et al., EBV-positive DLBCL showed a
significant elevated M2 polarization with a higher CD163/
CD68 ratio (median value 1.24), compared to EBV-negative
DLBCL cohort (median value 0.14) (37). Furthermore, in EBV-
negative DLBCL, the CD163/CD68 ratio was higher among
advanced-staged/high-tumor burden disease (37). In our study,
the overall ratio of CD163:CD68 is 1:3, indicating a lower M2
polarization, in contrast to DLBCL. In addition, the MCL cases
with high Ki67 proliferation rates (>30%) contained increased
M1 and M2 LAMs, compared to the Ki67 low group (<30%).

One of the most widely studied pathways for immunotherapy
is the PD-l and its ligands PD-L1 and PD-L2, which play a
critical role in a variety of autoimmune and neoplastic conditions
(8–11). PD-1 is expressed on the activated T-cells and B-cells,
follicular helper T-cells, dendritic cells, andmonocytes/macrophages,
while PD-L1 is detected on monocytes/macrophages, dendritic cells,
and regulatory T-cells. Many solid tumors (carcinoma and
melanoma) and Hodgkin lymphomas express PD-L1. In contrast,
A B

DC

FIGURE 4 | Assessment of CD68, CD163 and PD-L1 expression with multiplexed quantitative immunofluorescence analysis. Lower expression of CD68 (A) and
CD163 (B) was associated with a significantly better outcome. Increased expression of PD-L1 on CD68+ cells had a slightly better OS (C), while the high expression
of PD-L1 on CD163+ cells was related to inferior prognosis (D), although both were not statistically significant.
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PD-L1 is only rarely expressed by non-Hodgkin lymphomas, except
some DLBCLs and virus-associated lymphomas. The interaction
between PD-1 and PD-L1 reduces T-cell proliferation and cytokine
release, inhibits survival proteins, and therefore results in apoptosis.
Immune checkpoint inhibitors, such as anti-PD-1 antibody, bind to
the PD-1 on activated cytotoxic T-cells, thus stimulating their
proliferative capacity and enabling the immune system to resume
recognizing, attacking, and destroying tumor cells. This may be one
reason that PD-1 inhibition in DLBCL has been effective when
directed at specific subtypes, including primary mediastinal large B-
cell lymphoma, T-cell/histiocyte-rich large B-cell lymphoma, and
EBV-positive lymphoma (15, 16, 36, 38–41). Especially, PD-1
blockade with nivolumab in relapsed and/or refractory CHL has
revealed robust response rates as high as 87% (42).

Through multiplex quantitative immunofluorescence analysis,
we demonstrated that higher expression of PD-L1 in CD163+ M2
LAMs had a slightly worse OS, whereas higher expression of PD-
L1 in CD68+ M1 LAMs was associated with a slightly better OS,
although both did not reach statistical significance. These findings
suggested that the tumor-suppressing functions in M1 LAMs and
Frontiers in Oncology | www.frontiersin.org 8108
tumor-promoting functions in M2 LAMs are at least partially
attributed to the expression of PD-L1 in these two subtypes.
Studies have shown that PD-L1 expressed on MCL was able to
inhibit T-cell proliferation induced by the tumor cells, impair the
generation of antigen-specific T-cell responses, and render MCL
cells resistant to T-cell-mediated cytolysis (17). In addition,
blocking or knocking down PD-L1 on MCL cells enhanced T-
cell responses and restored tumor-cell sensitivity to T-cell-
mediated killing in vitro and in vivo (17). Moreover, knocking
down PD-L1 on MCL cells primed more CD4+ or CD8+ memory
effector T cells. Therefore, it might be beneficial to include
checkpoint-blocking immunotherapies for aggressive, relapsed or
chemo-resistant MCLs, particularly in those cases with high PD-
L1 expression on neoplastic cells and M2 LAMs.

In a recently published study using syngeneic MCL cells and
xenografted human MCL cell lines in the mouse models, Le et al.
confirmed the presence of polarized M1 and M2 TAMs in the MCL
tumors in vivo. They also demonstrated that MCL cells can
differentiate TAM toward a M2-like phenotype and particularly
M2 but not M1 TAMs favor MCL cell growth and tumorigenesis via
A B
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FIGURE 5 | Assessment of Ki67 proliferation rates using QuPath DIA. Whole TMA image with Ki67 immunostain before (A) and after (B) cell detection and positive
cell detection. High magnification of a case before (C) and after (D) cell detection and positive cell detection. (E) Dynamic percentage range of Ki67 proliferation rates
of the 73 MCL cases. (F) Kaplan-Meier curves for optimal cut-point for patients with high (>30%) vs. low (<30%) Ki67 proliferation rates.
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STAT1 signaling by secretion of IL-10 (43). In another study,
through coculture of MCL cells and monocytes, Papin et al.
showed that MCL polarized monocytes into M2-like macrophages
through secretion of CSF1 and, to a lesser extent, IL-10, which in
turn promoted lymphoma survival and proliferation (44). These
studies explored molecular level of the dynamic interactions between
MCL cells and TAMs in the lymphoma microenvironment.

In our study, we also assessed the Ki67 proliferation rates of
MCL by an automated method using the QuPath DIA. The Ki67
immunostaining is commonly utilized to assess the proliferation
index of MCL (cut-off at 30%). The Ki67 proliferation index is a
prognostic biomarker independent of sMIPI score and predicts
survival in patients receiving chemotherapy and autologous stem
cell transplant; a low Ki67 correlates with a more indolent form of
MCL. However, it may be difficult to accurately assess the Ki67
proliferation rate, since the current “eyeballing”method has a high
inter-observer variability and often results in over-estimation.

Automated immunohistochemical scoring by computerized
image analysis (CIA) enables accurate and reproducible scores by
circumventing the poor reproducibility of manual scoring. The
automated scoring system also provides extensive evaluation of
relevant cutoff points, taking advantage of the continuous scale
quantification compared to the categorical measurement of
manual scoring. In our study, the QuPath DIA accurately
separated the patient groups with significantly different OS,
and the optimal cut-off point for the Ki67 proliferation index
was 31.9%, which was very close to the 30% cut-off in the clinical
practice. Therefore, QuPath DIA is a very promising tool to
measure Ki67 proliferation index in MCL. Further studies may
be necessary with large cohorts to validate this assay, which may
potentially be applied for future practice.

Taken together, we utilized the complexed quantitative
fluorescence imaging analysis with automated whole-slide
imaging and integrated whole-slide image analysis in our
studies. These techniques enabled simultaneous detection and
automatic quantification of multiple markers on TMA sections
constructed from formalin-fixed paraffin-embedded tissues.
However, our studies are limited by the small number of MCL
cases in the different cohorts and the heterogeneity of treatments.
CONCLUSIONS

M1 and M2 LAM counts may serve as a fast and affordable tool
to stratify MCL patients into risk groups. MCL had a significantly
lower rate of M1 to M2 polarization, and the high levels of M1
and M2 LAMs were associated with poor OS. However, high
expression of PD-L1 on M1 and M2 LAMs may have different
Frontiers in Oncology | www.frontiersin.org 9109
impacts on MCL outcomes, which requires further studies with
larger cohorts and more in-depth assessment of LAMs.
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Downregulation of GNA15 Inhibits
Cell Proliferation via P38 MAPK
Pathway and Correlates with
Prognosis of Adult Acute Myeloid
Leukemia With Normal Karyotype
Mengya Li1, Yu Liu1, Yajun Liu2, Lu Yang1, Yan Xu1, Weiqiong Wang1, Zhongxing Jiang1,
Yanfang Liu1, Shujuan Wang1* and Chong Wang1*

1 Department of Hematology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 2 Department of
Orthopaedics, Rhode Island Hospital, Warren Alpert Medical School, Brown University, Providence, RI, United States

Background: The prognosis of acute myeloid leukemia (AML) with a normal karyotype is
highly heterogonous, and the current risk stratification is still insufficient to differentiate
patients from high-risk to standard-risk. Changes in some genetic profiles may contribute
to the poor prognosis of AML. Although the prognostic value of G protein subunit alpha 15
(GNA15) in AML has been reported based on the GEO (Gene Expression Omnibus)
database, the prognostic significance of GNA15 has not been verified in clinical samples.
The biological functions of GNA15 in AML development remain open to investigation. This
study explored the clinical significance, biological effects and molecular mechanism of
GNA15 in AML.

Methods: Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was
used to detect the mRNA expression level of GNA15 in blasts of bone marrow specimens
from 154 newly diagnosed adult AML patients and 26 healthy volunteers. AML cell lines,
Kasumi-1 and SKNO-1, were used for lentiviral transfection. Cell Counting Kit-8 (CCK8)
and colony formation assays were used to determine cell proliferation. Cell cycle and
apoptosis were analyzed by flow cytometry. The relevant signaling pathways were
evaluated by Western blot. The Log-Rank test and Kaplan-Meier were used to evaluate
survival rate, and the Cox regression model was used to analyze multivariate analysis.
Xenograft tumor mouse model was used for in vivo experiments.

Results: The expression of GNA15 in adult AML was significantly higher than that in
healthy individuals. Subjects with high GNA15 expression showed lower overall survival
and relapse-free survival in adult AML with normal karyotype. High GNA15 expression
was independently correlated with a worse prognosis in multivariate analysis. Knockdown
of GNA15 inhibited cell proliferation and cell cycle progression, and induced cell
apoptosis in AML cells. GNA15-knockdown induced down-regulation of p-P38 MAPK
and its downstream p-MAPKAPK2 and p-CREB. Rescue assays confirmed that
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P38 MAPK signaling pathway was involved in the inhibition of proliferation mediated by
GNA15 knockdown.

Conclusions: In summary, GNA15 was highly expressed in adult AML, and high GNA15
expression was independently correlated with a worse prognosis in adult AMLwith normal
karyotype. Knockdown of GNA15 inhibited the proliferation of AML regulated by the P38
MAPK signaling pathway. Therefore, GNA15 may serve as a potential prognostic marker
and a therapeutic target for AML in the future.
Keywords: acute myeloid leukemia, GNA15, cell proliferation, P38 MAPK, prognosis
INTRODUCTION

Acute myeloid leukemia (AML) is a group of heterogeneous
clonal hematopoietic progenitor cell neoplasm and the adverse-
risk subjects experience poor prognosis (1, 2). Advances in the
therapy of AML, such as risk stratification, concurrent
chemotherapy, novel drugs and hematopoietic stem cell
transplantation, have improved the treatment outcomes of
patients (3). Cytogenetic analysis has proved to be crucial for
the risk stratification of AML patients (4). However, nearly half
of AML patients have a normal karyotype (NK) (4).
Identification of the changes in genetic profiles such as
mutations of NPM1, FLT3-ITD and CEBPA has further
improved the risk stratification of NK-AML. However, most
NK-AML still belongs to the intermediate prognostic subgroup
in which the most appropriate treatment remains to be defined
(4). It is urgent to identify novel prognostic biomarkers and
update the risk stratification for NK-AML.

Our group screened and verified 7 new biomarkers of B cell
acute lymphoblastic leukemia (B-ALL) based on the ImmuSort
database and clinical specimens. G protein subunit alpha 15
(GNA15) is one of the prominent candidates (5). In the process
of verification, we found that the expression level of GNA15 in
AML was significantly higher than that in B-ALL and normal
controls, suggesting that GNA15 may play an important
biological role in AML.

The GNA15 gene is located on chromosome 19p13.3, spans
approximately 27.7 kb, and encodes a 44 KDa GNA15 protein
(6). GNA15 is a member of the GNA gene family (including
GNAq, GNA11 and GNA14) (7). The protein encoded by the
GNA15 gene is the alpha subunit of the G protein, which
participates in the regulation of cell proliferation and apoptosis
(8). The GNA15 protein, or Ga15, belongs to the Gaq subfamily
and is highly expressed in some cell types, such as hematopoietic
emia; BM, bone marrow; CCK8, Cell
e element binding protein; DEG,
, The Database for Annotation,
LT3-ITD, FMS-like tyrosine kinase-3
ine nucleotide binding protein subunit
nibus; GO, gene ontology; HSC,
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, leukemia stem cell; MAPK, mitogen-
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uantitative polymerase chain reaction.
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stem cells and epithelial cells during specific stages of
differentiation. It is up-regulated in CD34+ hematopoietic stem
cells and decreases with cell maturation (9, 10). G protein-
coupled receptors (GPCRs) are the largest cell surface molecule
family involved in signal transmission. It accounts for more than
2% of genes encoded in the human genome (11). Abnormal
activation of GPCRs is related to tumor occurrence and
metastasis (12). By coupling to GPCRs, GNA15 promotes cell
proliferation and inhibits cell apoptosis by regulating
downstream signaling pathways (10). GNA15 is known to play
as an oncogene in several tumors, such as gastroenteropancreatic
neuroendocrine neoplasia (GEP-NEN) (8), liver cancer (13, 14),
pancreatic ductal adenocarcinoma (15) and ovarian cancer (16).
These biological functions are mediated by ERK, NFkB and Akt
signaling pathways in GEP-NEN (8, 13–16). Nevertheless, the
clinical value and biological function of GNA15 in AML
remain unknown.

Therefore, in this study, we examined the expression and
prognostic value of GNA15 in AML and its effects on cellular
proliferation, cell cycle and apoptosis. The underlying
mechanism of GNA15 regulation was also explored.
MATERIALS AND METHODS

Database Analyses
We collected the expression data of 263 hematopoietic stem cell
(HSC) samples and 113 leukemia stem cell (LSC) in the ImmuCo
database (http://immuco.bjmu.edu.cn), 74 peripheral blood
mononuclear cell (PBMC) samples, 542 AML samples in the
ONCOMINE database (https://www.oncomine.org) and 173
AML samples in the Gene Expression Profiling Interactive
Analysis (GEPIA2) database (http://gepia2.cancer-pku.cn), and
compared the expression level of GNA15. One publicly available
cytogenetically normal AML data sets (GSE12417 of GEO
database) were used to perform survival analysis.

Subjects
Bone marrow samples from 154 newly diagnosed AML patients
(patients with acute promyelocytic leukemia were excluded) and
26 healthy controls were obtained following informed consent at
the First Affiliated Hospital of Zhengzhou University between
February 2017 and April 2019. Details of treatment regimens
were reported (17). Subjects were followed up until death, loss to
September 2021 | Volume 11 | Article 724435
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follow-up or April 2021. Complete remission, relapse, risk
stratification, overall survival (OS) and relapse-free survival
(RFS) were defined as described (17). The study was approved
by the Ethics Committee of the First Affiliated Hospital of
Zhengzhou University and informed consent was obtained
according to the Declaration of Helsinki.

Next-Generation Sequencing
The mutational hotspots of genes were assessed by next-
generation sequencing. The detection was performed utilizing a
Rightongene AML/MDS/MPN Sequencing Panel (Rightongene,
Shanghai, China) on an Illumina MiSeq System (Illumina, San
Diego, CA) high-throughput sequencing platform. The original
data after sequencing was analyzed by bioinformatics using
NCBI, CCDS, dbSNP (v138), COSMIC, human genome
database (HG19) and other databases to determine the
pathogenic mutation site. The average depth of the sequencing
was 4837.978Kb, detection sensitivity was ~ 5%.

Cell Lines and Reagents
The human AML cell lines (Kasumi-1, SKNO-1, and HL-60),
were purchased from American Type Culture Collection
(Manassas, VA, USA). The human ALL cell lines (Sup-B15,
BV173, NALM-6, and BALL-1) were obtained from Guangzhou
Jennio Biotech Co. Ltd (Guangzhou, China). The human AML
cell line HEL, chronic myeloid leukemia cell line K562, the
human lymphoma cell line Ramos and the human myeloma
cell line KM-3 were kind gifts from Professor K. Y. Liu of Peking
University People’s Hospital. These cell lines were maintained in
RPMI 1640 medium containing 10% fetal bovine serum (FBS),
1% streptomycin and penicillin (all from Gibco, Billings, MT,
USA) at 37 °C with 5% CO2. Cell viability was observed daily
with a microscope (Olympus, Ckx53sf, Tokyo, Japan), cell lines
(except SKNO-1 cell line) were passaged every 2–3 days and
SKNO-1 cells were passaged every 3-4 days. Asiatic Acid (Selleck
Chemicals, Houston, TX, USA), was used as a P38
MAPK activator.

Lentiviral Transduction
Kasumi-1 and SKNO-1 (FLT3-wildtype) cells were infected with
human GNA15 shRNA lentiviral particles (Genechem, Shanghai,
China) or empty control lentiviral particles (Genechem) at a 100
multiplicity of infection (MOI). Media containing lentiviral
particles were replaced with a complete medium 12 hours
post-infection. Stably transfected Kasumi-1 and SKNO-1 cells
were selected with 2 mg/ml and 5 mg/ml puromycin
dihydrochloride (Genechem, Shanghai, China) respectively at
72 h post-infection. After 3 weeks of antibiotic selection, stable
GNA15-knockdown cells and control cells were obtained.
GNA15 expression levels were confirmed by real-time
quantitative PCR (RT-qPCR) and Western blot analyses.

RNA Extraction and RT-qPCR
Bone marrow was collected by Ethylene Diamine Tetraacetic
Acid (EDTA) anticoagulant tube and mononuclear cells were
isolated from bone marrow by density gradient centrifugation.
TRIzol® (Invitrogen, Carlsbad, CA, USA) was used to extract
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total RNA following the manufacturer’s instructions. The cDNA
templates were synthesized with a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA)
(18). Gene transcript levels were determined by the Taqman
method as previously reported (19). Serial dilutions of plasmids
expressing GNA15 and ABL1 (Genechem) were amplified to
construct standard quantification curves. Copy numbers of
GNA15 and ABL1 were calculated from standard curves using
Ct values. Samples were assayed in duplicates to evaluate data
reproducibility. The primers and probe sequences of GNA15 and
ABL1 are shown in Supplementary Table 1.

Western Blot Analyses
RIPA lysis buffer (Solarbio, Beijing, China) with Protein
phosphatase inhibitor (Biomed, Beijing, China) and
phenylmethylsulfonyl fluoride (PMSF, Biomed) was used to
extract total protein lysate. Lysates were run on 10% SDS-PAGE
gels, and protein bands were transferred to 0.45mm polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA, USA), then
blocked with 5% skim milk at room temperature for 1 hour. The
membrane was incubated with primary antibodies (GNA15, Novus
Biologicals, Centennial, USA, 1:1000; GAPDH, Solarbio, 1:1000; p-
P38 MAPK, P38 MAPK, p-CREB, CREB, p-MAPKAPK2Thr222,
MAPKAPK2Thr222, p53, cleaved-PARP, cleaved-Caspase3, p27
Kip1, Cyclin D1, CDK4, p-p44/42 MAPK, p-AMPKa, p-Akt, p-
Smad3, LC3A/B, Cell Signaling Technology [CST], MA, USA,
1:1000) overnight at 4°C and probed with secondary antibodies
(goat anti-rabbit IgG, goat anti-mouse IgG, Solarbio, 1:1000) at
room temperature for 1 hour. The immunoreactive bands were
defined using Super ECL Prime (US EVERBRIGHT,
Suzhou, China).

Cell Proliferation and Colony-Forming
Assay
The stably transfected cells were seeded in 96-well plates at a
density of 1×105 cells/ml. Then 10 ml of Cell Counting Kit-8
(CCK8, Dojin Laboratories, Kumamoto, Japan) was added into
each well after 0, 24, 48, 72 hours. Cell proliferation was detected
by a full-wavelength microplate reader at 450 nm 3 hours later.
To analyze the colony formation, cells were seeded into 35 mm
dishes (6×103 cells/well) in methylcellulose-based MethoCult
medium (STEMCELLTM TECHNOLOGIES, Vancouver,
British Columbia, Canada). The colonies with ≥50 cells were
counted with an inverted microscope after 10 days of growing in
a humid incubator. The experiments were performed three times
to show the repeatability of the data.

Cell cycle and Apoptosis Analyses
Cells were seeded into 6-well plates (1×105 cells/ml) and starved by
adding serum-freemedium for 24hours to research synchronization,
and a complete medium was then added for an additional 48 hours.
The Cell Cycle and Apoptosis Kit (US EVERBRIGHT, Suzhou,
China) was used for cell cycle analyses and the Annexin V-APC/PI
Apoptosis Kit (US EVERBRIGHT) was used as the apoptosis assay.
The cell cycle and apoptosis were determined by flow cytometry
according to the manufacturer’s instructions.
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Xenograft Tumor Mouse Model
Male 6-week-old BALB/c nude mice (Beijing HFK Bioscience
Co., Ltd.; Beijing, China) were prepared for generating xenograft
models. All mice were divided into two groups (CTRL and KD, 5
m i c e / g r oup ) w i t h i n t r a p e r i t o n e a l i n j e c t i on s o f
cyclophosphamide (100mg/kg/d × 2d). After two days, the cells
(1.5 × 107 cells suspended in 100 ml PBS) with lentiviral particles
were syringed in the right flank. We measured the diameters (the
longest and shortest diameters) and calculated the volume
(L×I2×0.5; L: the longest diameter, I: the shortest diameter) of
tumor every other day for 12 days, after that all mice were
euthanized and tumor tissues obtained for the following assay.
All studies were approved by the Ethics Committee of the First
Affiliated Hospital of Zhengzhou University.

Statistical Analyses
Differences across groups were compared using the Pearson Chi-
square test or Fisher exact analysis for categorical data and
Frontiers in Oncology | www.frontiersin.org 4115
Mann-Whitney U-test or Student’s t-test for continuous
variables. The Kaplan-Meier method and Log-Rank test were
used for survival analysis. A Cox proportional hazard regression
model was used to determine associations between GNA15
transcript levels and OS and RFS. Variables with P < 0.1 in the
single variable analysis were included in the model. A two-sided
P < 0.05 was considered significant. Analyses were performed by
SPSS software version 26.0 (Chicago, IL, USA) and Graphpad
Prism™ 8.01 (San Diego, California, USA).
RESULTS

The GNA15 Gene Is Highly Expressed in
Subjects With AML
Firstly, we surveyed the expression level ofGNA15 in AML based on
the database. As shown in Figure 1, the gene expression level of
GNA15 was higher in leukemic stem cells than in hematopoietic
A B

D E F

C

FIGURE 1 | The GNA15 gene was highly expressed in subjects with acute myeloid leukemia (AML). (A) In the ImmuCo database, the gene expression level of
GNA15 was higher in leukemic stem cells (LSC, n=113) than in hematopoietic stem cells (HSC, n=263). (B) In the ONCOMINE database, GNA15 showed
significantly higher expression in AML patients (n=542) than in normal peripheral blood mononuclear samples (PBMC, n=74). (C)The expression of GNA15 in various
cancers and normal tissues was significantly different and GNA15 was overexpressed in AML in the GEPIA2 database. The height of the bar represents the median
expression of GNA15 of a certain tumor or normal tissue. (D) GNA15 transcript levels in normal volunteers, acute lymphoblastic leukemia (ALL) and AML. (E) GNA15
transcript levels in AML with or without FLT3-ITD mutation. (F) GNA15 transcript levels in AML with or without AML1-ETO fusion gene. Error bars indicate median
with interquartile range (D–F).
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stem cells based on the ImmuCo database (P<0.0001, Figure 1A).
GNA15 expression in AML patients from the Oncomine database
was also compared, and similarly, GNA15 showed significantly
higher expression in AML patients than normal peripheral blood
mononuclear samples (PBMC, P=3.62×10-37, Figure 1B).
Furthermore, by using the public GEPIA2 database, we also
observed elevated GNA15 expression levels in AML (Figure 1C).
Thus, we surveyed the transcript levels of GNA15 in the bone
marrow of newly diagnosed subjects with AML and normal healthy
volunteers. The expression of GNA15 in AML was significantly
higher than healthy volunteers and ALL in our cohort (median
810.00%, range [67.87%-6630.48%] vs 209.15% range [0-1073.74%],
P<0.0001; 810.00%, range [67.87%-6630.48%] vs 520.55% range
[13.64%-5205.27%], P=0.0003; Figure 1D). AML with FLT3-ITD
mutation had higher GNA15 transcript levels than those without
FLT3-ITD mutation (889.85% [171.59%-3351.42%] vs 625.16%
[67.87%-1656.21%], P=0.0002, Figure 1E). AML with AML1-ETO
fusion gene had lower transcript levels than those without AML1-
ETO fusion gene (456.58% [86.78%-1306.69%] vs 941.28% [67.87%-
6630.48%], P=0.0037; Figure 1F). The transcript levels of GNA15
showed no difference in AML with different French-America-
Frontiers in Oncology | www.frontiersin.org 5116
British (FAB) classification or cytogenetic risk stratifications
(Supplementary Figure 1).

GNA15 Transcript Levels Are
Independently Associated With OS and
RFS in AML With Normal Karyotype
Subjects in the GSE12417 database (AML with normal karyotype)
were divided into the high expression group and the low expression
group according to the median expression value ofGNA15. Subjects
with high expression ofGNA15 showed a relatively worse 3-year OS
than the subjects with low expression of GNA15 (20.3% [10.1%-
30.5%] vs 43.1% [31.5%-54.7%], P=0.0009, Figure 2A) in the
GSE12417 database. In our AML cohort, AML patients were
classified into the high expression group and the low expression
group according to the median value of GNA15 (810.00%). The
median follow-up of these 154 patients was 410 days (range 14–
1057 days). In the whole cohort, the 2-year OS between low
expression group and high expression group showed no
significant difference (40.4%, 95% confidence interval (CI)
[28.8%-52.0%] vs 38.2% [26.2%-50.2%], P=0.564, Figure 2B).
Then we analyzed the prognostic value of GNA15 in the
A B
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FIGURE 2 | Overall survival (OS) and relapse free survival (RFS) of adult subjects with AML according to GNA15. (A) OS of 163 AML subjects with normal karyotype
in GSE12417. (B) OS of 154 AML subjects in our cohort. (C, D) OS (C) and RFS (D) of 50 AML subjects with normal karyotype in our cohort. (E, F) OS (E) and
RFS (F) of 39 FLT3-ITD-negative subjects in NK-AML cohort according to GNA15. H-GNA15, high GNA15 expression; L-GNA15, low GNA15 expression.
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subgroup with normal karyotype (NK, n=50). In the NK-AML
subgroup, subjects in the high expression group were older,had
higher expression of Wilms tumor gene 1 (WT1) at diagnosis and
higher minimal residual disease (MRD) levels after a course of
induction chemotherapy (Table 1). However, there was no
significant correlation between the level of GNA15 expression and
other clinical characteristics, including risk groups, gender, platelets,
hemoglobin level, gene mutations and transplant (Table 1). In the
NK-AML subgroup, subjects with highGNA15 expression showed a
worse 2-year OS and RFS than subjects with low GNA15 expression
(OS: 15.1% [0%-30.8%] vs 49.7% [28.1%-71.3%], P=0.0046; RFS:
24.1% [0%-49.8%] vs 49.4% [26.7%-72.1%], P=0.0409; Figures 2C,
D). Moreover, in the NK-AML without FLT3-ITD mutations,
subjects with high GNA15 expression showed a worse 2-year OS
(13.7% [0%-50.7%] vs 44.5% [18.2%-70.8%], P=0.0115; Figure 2E)
and a similar 2-year RFS (32.3% [0%-65.0%] vs 40.6% [13.6%-
67.6%], P=0.1715; Figure 2F). In multivariate analysis, high GNA15
expression was independently associated with a worse OS and RFS
(Table 2). Female was independently associated with a better OS
and RFS (Table 2). Other factors, such as age, risk group, WT1
expression, FLT3-ITD mutation and other gene mutations did not
show any significant correlation with OS or RFS.

Down-Regulation of GNA15 Inhibits Cell
Proliferation and Colony Formation in
AML Cells
We quantified the transcriptional level and protein level of
GNA15 in cell lines of hematological malignancies. RT-qPCR
and Western blot analysis revealed that GNA15 is highly
expressed in nearly all acute leukemia cell lines tested while
lowly expressed in lymphoma and myeloma cell lines and
normal controls (Supplementary Table 2 and Supplementary
Frontiers in Oncology | www.frontiersin.org 6117
Figure 2). Cell lines with stable GNA15 knockdown and control
cell lines using lentiviral small hairpin RNAs were constructed in
Kasumi-1 and SKNO-1, and the knockdown efficiency was
assessed by RT-qPCR (Figures 3A, B) and Western blot
(Figures 3C, F). CCK8 analysis revealed a significant reduction
in cell viability in both Kasumi-1 and SKNO-1 following GNA15
knockdown (Figures 3D, E). Moreover, the knockdown of
GNA15 dramatically inhibited the cell colony formation ability
in Kasumi-1 (Figures 3G–I). SKNO-1 control and knockdown
cells failed to complete the colony formation test.

Knockdown of GNA15 Promotes Cell
Cycle Arrest and Induces Apoptosis of
AML Cells
Flow cytometry analysis showed that knockdown of GNA15
significantly increased the apoptosis rate in both Kasumi-1 and
SKNO-1 cells (Figures 4A, B). In addition, compared to the
control group, knockdown of GNA15 significantly increased cell
counts in the G0/G1 phase in both Kasumi-1 and SKNO-1 and
decreased cell counts in the G2/M phase in Kasumi-1
(Figures 4C–E). To further explore the effect of GNA15
knockdown on cell apoptosis and cell cycle, Western blot was
used to evaluate proteins related to cell cycle and apoptosis.
Knockdown of GNA15 resulted in an increase in cleaved-PARP,
cleaved-Caspase3, p53 and p27 and a significant decrease in
Cyclin D1 but no change in CDK4 (Figure 4F).

P38 MAPK Pathway Is Critical for GNA15-
mediated Changes
To understand the mechanism behind the reduction in cell
proliferation of GNA15 knockdown, we examined the
expression levels of phosphorylated proteins related to
TABLE 1 | Relationship between Transcription Level of GNA15 and Clinical Characteristics in Normal Karyotype AML.

Variables Total L-GNA15 H-GNA15 P-value
N = 50 N = 27 N = 23

Age,years
Mean ± SD 43.9 ± 15.8 39.4 ± 15.5 49.3 ± 14.7 0.024
≥60, n (%) 7 (14) 2 (7.4) 5 (21.7) 0.295
Female, n (%) 28 (56.0) 16 (59.3) 12 (52.2) 0.615
Risk group, n (%) 0.868
Low 10 (20) 6 (22.2) 4 (17.4)
Medium 20 (40) 10 (37.0) 10 (43.5)
High 20 (40) 11 (40.7) 9 (39.1)
PLT, ×109/l 38 (4-260) 29 (6-260) 45 (4-218) 0.453
Hb, g/l 85.3 ± 21.7 82.5 ± 19.4 88.5 ± 24.2 0.339
Blast of BM (%) 75.0 (0-99) 75.0 (0-99) 75.5 (0-94) 0.016
MRD of flow cytometry (%) 0.7 (0-75.5) 0.9 (0-26.9) 0.9 (0-75.5) 0.003
Mutations, n (%)
FLT3-ITD 11 (22) 5 (18.5) 6 (26.1) 0.520
NPM1 6 (12) 3 (11.1) 3 (13.0) 1.000
CEBPA 5 (10) 3 (11.1) 2 (8.7) 1.000
DNMT3A 5 (10) 4 (80) 1 (20) 0.449
WT1 6.2 (0-86.9) 0.5 (0-12.9) 6.2 (5-86.9) 0.000
TET2 19 (38) 12 (63.2) 7 (36.8) 0.309
IDH1/2 8 (16) 7 (87.5) 1 (12.5) 0.092
RUNX1 2 (4) 1 (50) 1 (50) 1.000
Transplant, n (%) 11 (22) 8 (29.6) 3 (13.0) 0.285
Se
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H-GNA15, high GNA15 expression; L-GNA15, low GNA15 expression; SD, standard deviation; PLT, platelet; Hb, hemoglobin; BM, bone marrow; MRD, minimal residual disease.
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proliferation, metabolism, and autophagy. As shown in Figure 5,
phosphorylation of P38 MAPK, MAPKAPK2Thr222 and CREB
were notably decreased in GNA15-KD cells whereas
phosphorylation of AMPK, Akt, Smad3, ERK and LC3 A/B
were not significantly different (Figures 5A, B). To confirm
the role of the P38 MAPK pathway in GNA15-mediated effects,
we used Asiatic Acid, a P38 MAPK activator in GNA15-KD cells
of Kasumi-1. As shown in Figure 5C, the addition of the P38
MAPK activator (2.5mM, 5mM, 10mM for 48 hours) could visibly
increase the protein level of p-P38MAPK and the downstream p-
MAPKAPK2Thr222. Phosphorylation of P38 MAPK after adding
Asiatic Acid reversed the inhibitory effect of GNA15 knockdown
on the proliferation of AML cells (Figures 5D–G).

Knockdown of GNA15 Inhibits the Growth
of Tumor Tissues In Vivo
Xenograft tumor model was used to verify the results of
functional experiments and changes in signaling pathways in
vitro. Our study showed that in Kasumi-1 cells, GNA15
knockdown significantly inhibited the growth of tumors
compared to controls (Figures 6A, C). The inhibitory effect
was also verified in SKNO-1 cells (Figures 6B, D). Western blot
was performed to investigate the mechanism of change, GNA15,
p-P38 MAPK, p-MAPKAPK2Thr222 were significantly decreased
Frontiers in Oncology | www.frontiersin.org 7118
(Figure 6E). These changes in the signaling pathway were the
same as the results in vitro.
DISCUSSION

In this study, we evaluated the role of GNA15 in predicting the
prognosis of adult AML patients and investigated its molecular
mechanism. Based on the bioinformatics analyses and our data,
we found that the expression level of GNA15 in AML was
significantly higher than that of normal controls. The high
expression of GNA15 was independently associated with worse
survival in AML with normal karyotype. GNA15 knockdown
inhibited cell proliferation and colony formation, induced cell
apoptosis, and promoted cell cycle arrest in AML cell lines, and
decreased cell proliferation through inhibiting the P38
MAPK pathway.

There are few studies on GNA15, and its effect on cancer was
reported even less frequently. A study based on bioinformatics
analysis suggested that GNA15 may be related to ovarian cancer,
but it has not been clinically and experimentally verified (16).
The high expression of GNA15 was associated with poor survival
in small intestinal neuroendocrine neoplasia (8). de Jonge et al.
reported that GNA15may be a specific marker of AML leukemia
TABLE 2 | Univariate and Multivariate Analysis of OS and RFS in AML with Normal Karyotype.

End point Variables Univariate Multivariate

HR (95% CI) P-value HR (95% CI) P-value

OS
H-GNA15 2.77 (1.33-5.79) 0.007 2.62 (1.25-5.51) 0.011
Age≥60 years 1.74 (0.74-4.07) 0.205
Female 0.43 (0.21-0.89) 0.024 0.46 (0.22-0.96) 0.039
Risk group
Low vs High 0.62 (0.20-1.90) 0.400
Medium vs High 0.86 (0.40-1.85) 0.694
MRD 1.00 (0.99-1.03) 0.676
FLT3-ITD+ 0.76 (0.31-1.87) 0.553
WT1 1.00 (0.99-1.02) 0.660
NPM1 0.96 (0.33-2.74) 0.933
DNMT3A 0.86 (0.26-2.86) 0.810
IDH1/2 0.82 (0.32-2.16) 0.693
TET2 1.36 (0.66-2.81) 0.399
RUNX1 3.71 (0.83-16.62) 0.087 2.89 (0.63-13.28) 0.174

RFS
H-GNA15 2.36 (1.01-5.52) 0.047 2.45 (1.04-5.73) 0.040
Age≥60 years 1,51 (0.50-4.53) 0.466
Female 0.39 (0.17-0.90) 0.028 0.37 (0.16-0.88) 0.024
Risk group
Low vs High 0.92 (0.28-3.03) 0.889
Medium vs High 1.12 (0.44-2.85) 0.811
MRD 1.01 (0.99-1.03) 0.412
FLT3-ITD+ 0.90 (0.33-2.45) 0.838
WT1 1.01 (0.99-1.03) 0.555
NPM1 0.96 (0.28-3.24) 0.940
DNMT3A 0.73 (0.17-3.13) 0.670
IDH1/2 1.10 (0.40-2.97) 0.864
TET2 1.25 (0.54-2.92) 0.603
RUNX1 2.23 (0.28-17.47) 0.446
Sep
tember 2021 | Volume 11 | Article
OS, overall survival; RFS, relapse free survival; H-GNA15, high GNA15 expression; L-GNA15, low GNA15 expression; HR, hazard ratio; CI, confidence interval; MRD, minimal
residual disease.
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stem cells based on gene expression profile analysis of bone
marrow CD34(+) and CD34(-) cells of AML patients and normal
bone marrow CD34(+) cells (9). Their study suggested that
GNA15 can be used as a new marker for prognostic evaluation
of AML with normal karyotype. However, the prognostic study
of this study was based solely on the GEO database. Thus the
prognostic significance of GNA15 has not been verified in clinical
samples, and the function and mechanism of GNA15 in AML
have not yet been studied.

In our study, we found that the expression of GNA15 in acute
leukemia was significantly higher than that in controls, and the
expression of GNA15 in AML was significantly higher than that
in ALL. In addition, we found that the expression of GNA15 in
AML patients with FLT3-ITD (FMS-like tyrosine kinase-3
internal tandem duplications) was significantly higher than
those without FLT3-ITD. Patients with FLT3-ITD account for
20% to 30% of AML (20), and often have a poor prognosis (21–
23). Therefore, patients with high GNA15 expression are more
likely to have FLT3-ITD mutation, which may be one of the
reasons for the adverse outcomes. There was no significant
difference in the survival analysis of GNA15 expression in the
entire cohort, which may be caused by the complicated
Frontiers in Oncology | www.frontiersin.org 8119
prognostic analysis of AML. For example, the application of
hematopoietic stem cell transplantation, targeted drugs and
immunotherapy could greatly improve the prognosis of high-
risk patients (24, 25). Therefore, we further performed the
prognostic analysis in adult AML with normal karyotype and
found that high GNA15 expression was independently associated
with poor OS and RFS in this subgroup, which was consistent
with the survival analysis results of the GEO database. It is worth
noting that FLT3-ITD mutations, which constitute well-
established negative prognostic factor, did not show significant
correlation with OS and RFS. In our NK-AML cohort, there are
11 cases with FLT3-ITD, 4 of them had NPM1 co-mutation and 2
of them received an allo-transplant. That may partially explain
why FLT3-ITD mutations did not show significant correlation
with OS and RFS. In order to solve the possible confounding
factor of FLT3-ITD mutations, we performed a subgroup analysis
of NK-AML without FLT3-ITD mutations and found that
subjects with high GNA15 expression also showed a worse OS
in NK-AML without FLT3-ITDmutations. These results indicate
that GNA15 may be used as a potential marker for predicting
survival and recurrence of AML patients, especially for patients
with normal karyotype.
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FIGURE 3 | Down-regulation of GNA15 inhibited cell proliferation and colony formation in AML cells. The efficiency of GNA15 knockdown in the Kasumi-1 and
SKNO-1 cell lines was verified by (A, B) real-time quantitative polymerase chain reaction and (C, F) Western blot, respectively. (D, E) Cell proliferation was detected
by the CCK-8 assay in Kasumi-1 and SKNO-1. (G–I) The colony formation of GNA15-CTRL and GNA15-KD in Kasumi-1. CTRL, control; KD, knockdown; *P < 0.05
compared with CTRL cells; **P < 0.01 compared with CTRL cells; ***P < 0.001 compared with CTRL cells; Error bars indicate the standard deviation.
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GNA15 participates in a variety of biological processes
through interactions with a diverse set of cellular targets (26).
Zanini et al. showed that down-regulation of GNA15
significantly inhibited cell proliferation in small intestinal
neuroendocrine neoplasia, and the expression levels of cell
cycle-dependent kinase inhibitors p16 and p21 were
significantly reduced (8). In this study, we also found that the
down-regulation of GNA15 significantly inhibited proliferation
and colony formation of AML cell lines, an increased proportion
of apoptotic cells, and inhibited cell cycle progression. These
results indicate that GNA15 plays an oncogene role in AML and
is likely to become the potential therapeutic target of AML.

To further explore the mechanism of the biological function,
we studied the changes in important signaling pathways related
Frontiers in Oncology | www.frontiersin.org 9120
to proliferation, metabolism and autophagy in AML cell lines.
Mitogen-activated protein kinase (MAPK) is one of the main
signaling pathways mediating the growth and survival of tumor
cells and plays important roles in regulating cell proliferation,
cell cycle, apoptosis, migration and invasion (27–29). Our results
revealed that the phosphorylated P38 MAPK was significantly
reduced in the GNA15-KD cells, while the phosphorylated ERK,
AMPKa, Smad3, Akt and LC3 A/B showed no change. The
results indicated that the P38 MAPK pathway was involved in
inhibiting the proliferation of AML mediated by GNA15
knockdown. MAPK-activated protein kinase (MAPKAPK2) is
a target of P38 MAPK and acts directly after phosphorylation of
P38 MAPK, under stress conditions (30, 31). cAMP-response
element binding protein (CREB) is a bZIP transcription factor
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FIGURE 4 | Apoptosis and cell cycle analysis in AML cell lines. (A, B) The flow cytometry was utilized to analyze apoptosis in GNA15 knockdown cells compared
with control. (C–E) Cell cycle was determined with propidium iodide (PI) staining in CTRL and KD cells. (F) Alterations in apoptosis and cell cycle-related protein
assay in GNA15-KD cells compared to those of their vector controls. CTRL, control; KD, knockdown; *P < 0.05 compared with CTRL cells; **P < 0.01 compared
with CTRL cells; ***P < 0.001 compared with CTRL cells.
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that can be activated by phosphorylated kinases such as
MAPKAPK2, and then it activates the target gene through
cAMP response elements to further mediate many
physiological signaling transmission and regulate various
cellular responses (32–34). Our research found that GNA15
knockdown inhibited the expression of p-P38 MAPK and its
downstream p- MAPKAPK2 and p-CREB, confirming that
GNA15 knockdown inhibits the activation of the p38 MAPK
pathway. Moreover, a MAPK activator, Asiatic Acid, increased
the protein level of p-P38MAPK and the downstream p-
MAPKAPK2Thr222, which in turn ameliorated the suppressed
proliferation caused by GNA15 knockdown. The xenograft
tumor mouse model also showed that GAN15 affects the
growth of tumor tissues in vivo by regulating the P38 MAPK
pathway. These results suggest that GNA15 could modulate the
growth and survival of AML cells by regulating the P38
MAPK pathway.

There are several limitations to our study. Firstly, our study
was retrospective, and the inherent biases should not be
neglected. The second limitation is the small sample size,
Frontiers in Oncology | www.frontiersin.org 10121
especially in the subgroup analysis. Also, there is the potential
for an interaction between GNA15 transcript levels and gene
mutation including FLT3-ITD. Due to these limitations, our
present conclusions need to be further validated in
prospectively randomized studies with large samples.
CONCLUSIONS

In summary, our research indicated that GNA15 was highly
expressed in adult AML, and the high expression of GNA15 was
independently correlated with worse OS and RFS in adult AML
with normal karyotype. In addition, GNA15 knockdown
inhibited cell proliferation, promoted cell cycle arrest, and
induced apoptosis of AML cells. Moreover, GNA15 modulated
the growth of AML cells by regulating the P38 MAPK signaling
pathway. Although the detailed mechanisms still require further
investigation, our current research suggests GNA15 may serve as
a potential prognostic marker and a therapeutic target for AML
in the future.
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FIGURE 5 | P38 MAPK pathway is critical for GNA15-mediated alterations. (A) Western blot analysis of P38 MAPK pathway in GNA15-KD cells and controls.
(B) Western blot analysis of other proliferation- and metabolism-related proteins in GNA15-KD cells and controls. (C) The upregulation of P38 MAPK signaling
pathway by Asiatic Acid (P38 MAPK activator) in GNA15-KD cells of Kasumi-1. (D, F) Asiatic Acid (2.5mM, 5mM, 10mM) reversed the inhibitory effect of GNA15
knockdown on the proliferation of Kasumi-1 (D) and SKNO-1 (F). (E, G) Asiatic Acid (2.5mM, 5mM, 10mM) reversed the inhibitory effect of GNA15 knockdown on the
proliferation of Kasumi-1 (E) and SKNO-1 (G) at 72h. CTRL, control; KD, knockdown; p-MK2Thr222: p-MAPKAPK2Thr222; ***P < 0.001 compared with CTRL cells;
Error bars indicate the standard deviation.
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Mast cell leukemia with associated hematologic neoplasm (MCL-AHN) is a rare and highly
aggressive entity that remains understudied due to the paucity of cases. We present a
case of a 45-year-old man who was concurrently diagnosed with mast cell leukemia and
acute myeloid leukemia. We identified four additional patients who had MCL-AHN in our
institution and performed whole-exome sequencing of all available tumors. Our series
revealed a novel and identical NR2F6 variant shared among two of the patients. This case
series and sequencing results demonstrate the importance of fully characterizing rare
tumors that are resistant to treatment.

Keywords: mast cell leukemia, associated hematologic neoplasm, whole-exome sequencing, acute myeloid
leukemia, systemic mastocytosis (SM)
INTRODUCTION

Mast cell leukemia (MCL) is an exceedingly rare and aggressive form of systemic mastocytosis (SM),
carrying a poor prognosis with median survival time of less than 6 months (1, 2). The diagnostic criteria
of MCL require mast cell (MC) involvement of >20% of the bone marrow aspirate and can be further
classified into typical/classic MCL (≥10%MCs in peripheral blood) or aleukemic variant (<10%MCs in
peripheral blood) (1). MCL can arise de novo or by transformation from other SM subtypes (1).
Furthermore, it can be diagnosed with an associated hematologic neoplasm, so-called MCL-AHN.

Somatic gain-of-function mutations in the coding region of KIT are identified in >80% of SM, most
frequently KIT D816V (1). Unfortunately, despite this frequently identified targetable mutation, SM is
often refractory to medical treatment. Given the advancements in molecular studies, more complex
genetic profiles have been described in SM. We present comprehensive clinicopathologic features of five
cases of MCL-AHN coupled with results from in-depth targeted DNA sequencing and whole-exome
Abbreviations: MCL, mast cell leukemia; SM, systemic mastocytosis; MC, mast cell; MCL-AHN, mast cell leukemia with
associated hematologic neoplasm; AML, acute myeloid leukemia; ETP-ALL, early T-cell precursor acute lymphoblastic
leukemia; WES, whole-exome sequencing; BM, bone marrow; PB, peripheral blood.
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sequencing (WES). In addition to mutations in KIT and other genes
associated with hematologic malignancies, our series revealed a
novel and identical NR2F6 variant shared among two of the
patients. This advocates for the integration of high-throughput
genomic profiling to better understand the molecular landscape of
this disease process.
CASE DESCRIPTION

Patient 1 is a 45-year-old man with no significant past medical
history. He presented to the hospital with abdominal pain and
malaise of 2 weeks. Laboratory studies were notable for macrocytic
anemia (10.6 g/dl, reference range 12.0–18.0 g/dl; 102.0 fl, reference
range 78.0–94.0 fl) and profound thrombocytopenia (19,000/ml,
reference range 140,000–440,000/ml). Initial bloodwork also
identified 33% blasts in the peripheral blood. Physical exam was
notable for a palpable spleen to the left umbilicus with mild
tenderness to palpation. An ultrasound examination demonstrated
an enlarged spleenmeasuring 22.2 × 21.0 cmwithout focal lesions or
perisplenic collections. The patient was subsequently admitted to the
hematology service for further workup.

Bone marrow biopsy (Figure 1) demonstrated markedly
hypercellular marrow (90% cellular), with approximately 50% of
the cellularity composed of pale, round, degranulated mast cells
scattered and in clusters, aberrantly expressing CD25. Aspirate
smears revealed approximately 48% abnormal degranulated mast
cells and 23% myeloblasts. The patient was diagnosed with mast
cell leukemia, aleukemic variant, with concurrent acute myeloid
leukemia (MCL-AML). His serum tryptase level was 614 mg/l
(reference range <11.0 mg/l) at the time of diagnosis.
Frontiers in Oncology | www.frontiersin.org 2125
The patient received chemotherapy with 7 + 3 regimen
(cytarabine 100 mg/m2/day and idarubicin 12 mg/m2) with
midostaurin (50 mg daily). After salvage cladribine (0.13 mg/kg
daily for 5 days) with high-dose midostaurin, his recovery marrow
showed persistent mast cell leukemia with no increase in blasts. The
patient was subsequently switched to avapritinib, and his tryptase
levels decreased from 391 to 22 UI/l after 6 months. The patient’s
bone marrow at 8 months following initial diagnosis showed 15%
mast cells without evidence of AML, compared to 50% mast cells at
initiation of avapritinib. He received a matched unrelated donor
peripheral blood stem cell transplant 10 months after initial
diagnosis, which was complicated by severe gastrointestinal graft-
versus-host-disease. Currently, the patient is 17 months from his
initial diagnosis; he remains on avapritinib with regular follow-up.

Four additional patients with MCL-AHN were identified within
our institution, and all available records were reviewed (Table 1).
Patient 2 was a 71-year-old man who presented for evaluation of
extreme fatigue. Workup revealed early T-cell precursor acute
lymphoblastic leukemia (ETP-ALL), and the patient was started
on combination chemotherapy consisting of 6-mercaptopurine,
vincristine, methotrexate, and prednisone (POMP) with low-
intensity intrathecal methotrexate. A posttreatment bone marrow
biopsy/aspirate 3months later demonstrated no evidence of residual
leukemia but marked mastocytosis (63%) with aberrant positive
expression of CD25 and CD2, consistent with MCL. Flow
cytometry revealed recurrent ETP-ALL 19 months after the first
diagnosis of malignancy despite maintenance chemotherapy. He
died of disease 2 months later.

Patient 3 was a 74-year-old man who was evaluated 14 years
prior for chronic anemia. His bone marrow biopsy at that time
revealed myelodysplastic syndrome with ringed sideroblasts, and he
FIGURE 1 | Patient 1 bone marrow aspirate and trephine biopsy. (A, B) Bone marrow aspirate smear (Wright-Giemsa, ×400, ×1,000) is notable for numerous mast cells
intermixed with myeloblasts. Degranulated mast cells are interspersed throughout the bone marrow aspirate smear. (C) The bone marrow biopsy (H&E, ×100) demonstrates
hypercellular marrow for age (90% cellularity). (D) Approximately 50% of the cellularity is composed of mast cells with oval nuclei, and hypogranulated cytoplasm (H&E, ×400).
Blast elements and other marrow elements are scattered throughout. (E) CD117 immunostain (×400) highlights abundant mast cells. (F)Mast cell tryptase immunostain (×400).
(G) CD34 immunostain (×400) highlights blast elements, comprising >20% of non-mast cell cellularity. (H) CD25 immunostain (×400) is positive in the neoplastic mast cells.
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was managed on observation. Eight years later, a repeat marrow
biopsy was performed for worsening anemia, demonstrating
persistent myelodysplastic syndrome and 3% mast cells. He was
started on Aranesep and red blood cell transfusions. Repeat bone
marrow 2 years later revealed persistent myeloid neoplasm with
mast cell aspirate count of 20%, consistent with MCL-AHN. He
began midostaurin and received darbepoetin every other week. The
patient died 4 years after the diagnosis of MCL-AHN from
pneumonia with persistent mastocytosis at time of death.

Patient 4 was a 60-year-old man who presented to the hospital
with a suspected cardiovascular accident. His initial bone marrow
biopsy demonstrated AML with abnormal mast cells (positive for
CD25 and CD2) involving <5% marrow cellularity. He was treated
with standard induction chemotherapy followed by consolidation.
A repeat marrow biopsy 10 months later demonstrated no evidence
of AML but 37% mast cells consistent with MCL. He received
cladribine, then switched to midostaurin for persistent disease. The
patient failed to respond significantly to any MCL therapy, and
subsequent bone marrow biopsies continued to show persistent
MCL without evidence of AML. He died of disease less than 2 years
after his initial diagnosis.

Patient 5 was a 68-year-old female who was diagnosed with
AML after presenting with fatigue and increased peripheral blood
myeloblasts. The patient was started on standard induction
chemotherapy and achieved morphologic remission on day 14.
One month later, a bone marrow aspirate revealed 11% myeloblasts
with 34% mast cells, which aberrantly expressed CD25. The patient
underwent consolidation therapy with a matched unrelated donor
stem cell transplant. Unfortunately, the patient demonstrated AML
relapse and persistent low-level mastocytosis. She died of disease 47
months after her initial diagnosis of AML.
METHODOLOGY

Available specimens from all five MCL-AHN patients were
subjected to molecular profiling: allele-specific PCR for KIT
mutation on residue 816, targeted DNA-sequencing for genes
relevant in myeloid neoplasms, and/or whole-exome sequencing
(WES) combined with a high-coverage spike-in panel for known
cancer-associated genes (see Supplementary Methodology).
Patient 1 specimens were pretreatment bone marrow (BM), with
involvement by MCL-AML, and buccal swab as matched normal
sample. Patient 2 specimen was peripheral blood (PB) with
involvement by ETP-ALL 1 month prior to the diagnosis of MCL,
and PB atMCL diagnosis. Patient 3 and 4 specimens were PB at the
time of MCL diagnosis. Patient 5 pretreatment PB was drawn at
diagnosis ofAML,while her subsequent BMsampled 3months later
was remission AML, with involvement by MCL only (Tables 1, 2).

Targeted Sequencing Panel
Tumor specimens from patients 1 (BM), 3 (PB), and 5 (PB, BM)
underwent high-throughput genotyping analysis by the Tumor
Profiling Laboratory at Yale New Haven Hospital. Genomic
DNA was extracted from the specimens and amplified using
1,298 primer pairs, designed with Ion Torrent AmpliSeq
T
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software, covering full exonic regions or hotspot regions of
selected genes (see Supplementary Methodology). Next-
generation sequencing was performed on the Ion Torrent
S5 Sequencer.

Whole-Exome Sequencing
Additional tumor specimens from patients 1 (BM), 2 (PB), and 5
(PB, BM) underwent WES with a high-coverage spike-in panel
for known cancer-associated genes developed at the Yale Center
Frontiers in Oncology | www.frontiersin.org 4127
for Genome Analysis in collaboration with Integrated DNA
technologies (IDT) and the Yale Cancer Center. Tumor DNA
was extracted from bone marrow cells or peripheral blood cells
after Ficoll separation. Normal DNA for Patient 1 was extracted
from buccal swab. DNA extraction was performed using the
QIAGEN DNeasy Blood & Tissue Kit according to the
manufacturer’s instructions. WES libraries were prepared
adding spike-ins for cancer genes and sequenced on the
Illumina NovaSeq sequencer (paired-end, 100bp).
TABLE 2 | Molecular profiling results.

Patient 1
Timepoint MCL-AHN
Source BM
Molecular Method targeted DNA-seq, WES
Variants:
KIT c.2447A>T p.D816V, COSMIC: COSV55386424, dbSNP: rs121913507 32.6
PHF6 c.1024C>T p.R342X, COSMIC: COSV59699091, dbSNP: rs132630297 13.7
RUNX1 c.319C>T p.R107C, COSMIC: COSV55866866 45.6
Patient 2
Timepoint ETP-ALL MCL-AHN
Source PB PB
Molecular Method WES PCR
Variants:
KIT c.2447A>T p.D816V, COSMIC: COSV55386424, dbSNP: rs121913507 n/d present
DHRS4L2 c.236A>G p.E79G, COSMIC: COSV58730199 2.4
DNMT3A c.2656C>G p.Q886E, COSMIC: COSV53044466, dbSNP: rs752280049 15.9
EXOC7 c.1826G>A p.R609Q, COSMIC: COSV58035445, dbSNP: rs768692750 50.0
JAK2 c.1849G>T p.V617F, COSMIC: COSV67569051, dbSNP: rs77375493 4.3
NR2F6 c.394C>G p.P132A, COSMIC: COSV52244108, dbSNP: rs202200760 47.8
PTPN11 c.179G>T p.G60V, COSMIC: COSV61005028, dbSNP: rs397507509 5.9
Patient 3
Timepoint MCL-AHN
Source PB
Molecular Method targeted DNA-seq
Variants:
KIT c.2447A>T p.D816V, COSMIC: COSV55386424, dbSNP: rs121913507 7.0
CBL c.1228-2A>G splice acceptor variant, COSMIC: COSV50629953, dbSNP:
rs727504426

10.0

SF3B1 c.2098A>G p.K700E, COSMIC: COSV59205318, dbSNP: rs559063155 36.0
Patient 4
Timepoint MCL-AHN
Source PB
Molecular Method PCR
Variants:
KIT c.2447A>T p.D816V, COSMIC: COSV55386424, dbSNP: rs121913507 present
Patient 5
Timepoint AML MCL-AHN
Source PB BM
Molecular Method targeted DNA-seq, WES targeted DNA-seq, WES
Variants:
KIT c.2447A>T p.D816V, COSMIC: COSV55386424, dbSNP: rs121913507 33.8 n/d
ANO4 c.2747G>A p.R916Q, COSMIC: COSV54611712, dbSNP: rs267603265 50.6 39.4
CACNA1C c.5737G>A p.E1913K, COSMIC: COSV59697224, dbSNP: rs200231105 7.3 10.2
DNM2 c.1072G>A p.G358R, COSMIC: COSV58965871, dbSNP: rs267606772 4.1 n/d
GNB1 c.169A>G p.K57E, COSMIC: COSV66100005, dbSNP: rs141326438 n/d 13.6
JAK2 c.1849G>T p.V617F, COSMIC: COSV67569051, dbSNP: rs77375493 4.2 n/d
NR2F6 c.394C>G p.P132A, COSMIC: COSV52244108, dbSNP: rs202200760 43.4 35.3
WFIKKN2 c.244G>A p.V82I, COSMIC: COSV60958856, dbSNP: rs562819910 54.0 47.6
September 20
Variants are defined by: gene, coding sequece change, amino acid chage, COSMIC ID, dbSNP ID if available, variant allele frequency (color-coded according to the values; lowest value in
blue, highest value in orange).
For samples with targeted DNA-seq and WES profiling, only the WES frequency is reported.
After KIT variant, the other variants are reported in alphabetical order. Variants identified in more than one sample are underlined.
MCL-AHN, mast cell leukemia with associated hematologic neoplasm; AML, acute myeloid leukemia; BM, bone marrow; WES, whole exome sequencing; ETP-ALL, early T-cell precursor
acute lymphoblastic leukemia; PB, peripheral blood; PCR, polymerase chain reaction.
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DISCUSSION

To date, the most significant prognostic indicator for MCL
patients is mutational status in any of the SRSF2, ASXL1, or
RUNX1 genes, collectively referred to as S/A/R gene panel (3). In
a study cohort of 25 MCL patients, approximately half
demonstrated S/A/Rpos status (1), which correlated with more
aggressive phenotypes, more (intrinsic) resistance to disparate
treatment modalities, and worse treatment response in
comparison to S/A/Rneg patients (1). In our cohort, only
patient 1 was S/A/Rpos due to a RUNX1 mutation (Table 1).
The S/A/R status of patients 2 and 4 is unknown due to limited
molecular study results.

The PB sample of Patient 5 was taken at the diagnosis of AML
without known evidence of MC disease and contained the
following variants: KIT p.D816V, ANO4 p.R916Q, CACNA1C
p.E1913K, DNM2 p.G358R, JAK2 p.V617F, WFIKKN2 p.V82I,
and NR2F6 p.P132A. Her BM specimen following treatment
showed no evidence of leukemia but did contain MCL. This
subsequent specimen demonstrated the following variants:
GNB1 p.K57E, ANO4 p.R916Q, CACNA1C p.E1913K,
WFIKKN2 p.V82I, and NR2F6 p.P132A. Peripheral blood
sequencing identified the KIT p.D816V mutation, which may
have hinted at early/evolving MCL disease. Interestingly, the KIT
mutation is not identified on the later BM specimen, possibly
indicating treatment effect on KIT+ mast cells (Table 2 and
Supplementary Figure 1).

We also identified identical missense NR2F6 variants in
patients 2 and 5, previously undescribed in SM. NR2F6
(nuclear receptor subfamily 2, group F, member 6) is an
orphan member of the nuclear receptor superfamily (4). This
variant is clinically interesting due to studies demonstrating that
NR2F6-/- mice had enhanced IL-2 and IFN-gamma secretion,
favoring T cell-mediated cancer cell elimination (4). NR2F6-
deficient tumor-bearing mice have enhanced survival via T cell-
dependent antitumor immunity (4). This is a possible means to
potentiate established PD-L1 and CTLA-4 blockade therapies (4,
5). Further studies will be necessary to determine the function of
the NR2F6 p.P132A missense variant observed in these cases,
exploring the somatic pathogenicity or the germline
predisposition for MCL.

In MCL, KIT p.D816V is found in approximately 55% of
cases, which is lower in frequency than in other forms of
advanced SM (2). Even though all our patients demonstrated
the KIT p.D816V mutation in at least one specimen (Table 2),
none of them demonstrated durable response to targeted
therapy. The average survival time was 32 months following
the diagnosis of MCL. The only patient to have considerable
survival time after the first hematologic diagnosis was patient 3,
who had a less aggressive AHN with a long interval time prior to
the development of MCL.

Avapritinib, a new tyrosine-kinase inhibitor targeting KIT
and its mutants, is the most recent addition to our drug
armamentarium and has shown some remarkable activity in
less aggressive presentations (6). Its use in advanced forms of
mast cell disease such as MCL is scarce, but the treatment
response presented in patient 1 is encouraging.
Frontiers in Oncology | www.frontiersin.org 5128
The direction of hematologic malignancies has increasingly
leaned toward molecular profiling, which would aid in the
diagnosis, prognosis, and identification of potential novel treatment
options.Weconductedapilot studyonfivepatients affectedbyMCL-
AHN. Despite the small size of the patient cohort due to the rarity of
the disease and the limited specimen availability given the nature of
retrospective studies, the application of a boosted whole-exome
sequencing allowed us to detect somatic variants at the whole-
exome level without losing depth in regions frequently affected by
cancer-associated mutations, resulting in a comprehensive and deep
characterization ofMCL-AHNmolecular features. MCL has proven
to be largely resistant to treatment, despite frequently identified KIT
mutations. The molecular aberrations of MCL-AHN identified
presently are not well understood but could be of potential value in
treatment guidance.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Yale University IRB. The patients/participants
provided their written informed consent to participate in
this study.
AUTHOR CONTRIBUTIONS

PL, GB, and MX designed and performed the research as well as
wrote the manuscript. PL and MX collected patient samples. GB
analyzed next-generation sequencing data. TPa, ZP, SK, SH, and
TPr revised the clinical data and edited the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was in part supported by the DeLuca Center for
Innovation in Hematology Research at Yale Cancer Center and
The Frederick A. Deluca Foundation.
ACKNOWLEDGMENTS

We would like to thank Allen Bale, Daniel Dykas, Preti Jain, Irina
Tikhonova, and Kaya Bilguvar for contributing to the whole-
exome/cancer-exome sequencing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
730503/full#supplementary-material
September 2021 | Volume 11 | Article 730503

https://www.frontiersin.org/articles/10.3389/fonc.2021.730503/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.730503/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Mast Cell Leukemia Molecular Correlates
REFERENCES

1. Jawhar M, Schwaab J, Meggendorfer M, Naumann N, Horny HP, Sotlar K, et al.
The Clinical and Molecular Diversity of Mast Cell Leukemia With or Without
Associated Hematologic Neoplasm.Haematologica (2017) 102(6):1035–43. doi:
10.3324/haematol.2017.163964

2. Georgin-Lavialle S, Lhermitte L, Dubreuil P, Chandesris MO, Hermine O,
Damaj G. Mast Cell Leukemia. Blood (2013) 121(8):1285–95. doi: 10.1182/
blood-2012-07-442400

3. Jawhar M, Schwaab J, Schnittger S, Meggendorfer M, Pfirrmann M, Sotlar K,
et al. Additional Mutations in SRSF2, ASXL1 and/or RUNX1 Identify a High-
Risk Group of Patients With KIT D816V+ Advanced Systemic Mastocytosis.
Leukemia (2016) 30(1):136–43. doi: 10.1038/leu.2015.284

4. Hermann-Kleiter N, Klepsch V, Wallner S, Siegmund K, Klepsch S, Tuzlak S,
et al. The Nuclear Orphan Receptor NR2F6 Is a Central Checkpoint for Cancer
Immune Surveillance. Cell Rep (2015) 12(12):2072–85. doi: 10.1016/
j.celrep.2015.08.035

5. Klepsch V, Hermann-Kleiter N, Do-Dinh P, Jakic B, Offermann A, Efremova
M, et al. Nuclear Receptor NR2F6 Inhibition Potentiates Responses to PD-L1/
PD-1 Cancer Immune Checkpoint Blockade. Nat Commun (2018) 9(1):1538.
doi: 10.1038/s41467-018-04004-2

6. Rossignol J, Polivka L, Maouche-Chrétien L, Frenzel L, Dubreuil P,
Hermine O. Recent Advances in the Understanding and Therapeutic
Frontiers in Oncology | www.frontiersin.org 6129
Management of Mastocytosis. F1000Res (2019) 8:8. doi: 10.12688/f1000
research.19463.1

Conflict of Interest: MX serves as a consultant (advisory board) for Blueprint
Medicines and for Seattle Genetics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Biancon, Patel, Pan, Kothari, Halene, Prebet and Xu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
September 2021 | Volume 11 | Article 730503

https://doi.org/10.3324/haematol.2017.163964
https://doi.org/10.1182/blood-2012-07-442400
https://doi.org/10.1182/blood-2012-07-442400
https://doi.org/10.1038/leu.2015.284
https://doi.org/10.1016/j.celrep.2015.08.035
https://doi.org/10.1016/j.celrep.2015.08.035
https://doi.org/10.1038/s41467-018-04004-2
https://doi.org/10.12688/f1000research.19463.1
https://doi.org/10.12688/f1000research.19463.1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Mina Luqing Xu,

Yale University, United States

Reviewed by:
Filomena De Falco,

University of Perugia, Italy
Dimitris Xirodimas,

Délégation Ile-de-France Sud (CNRS),
France

*Correspondence:
Carlos Pipaón

carlos.pipaon@scsalud.es
orcid.org/0000-0002-3851-6710

†These authors have contributed
equally to this work and

share first authorship

Specialty section:
This article was submitted to
Hematologic Malignancies,

a section of the journal
Frontiers in Oncology

Received: 23 June 2021
Accepted: 07 September 2021
Published: 23 September 2021

Citation:
Arenas V, Castaño JL,
Domı́nguez-Garcı́a JJ,
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A Different View for an Old Disease:
NEDDylation and Other Ubiquitin-
Like Post-Translational Modifications
in Chronic Lymphocytic Leukemia
Vı́ctor Arenas†, Jose Luis Castaño†, Juan José Domı́nguez-Garcı́a,
Lucrecia Yáñez and Carlos Pipaón*

Laboratorio de Hematologı́a Molecular, Servicio de Hematologı́a, Hospital Universitario Marqués de Valdecilla-Instituto de
Investigación Marqués de Valdecilla (IDIVAL), Santander, Spain

Despite the enormous amount of molecular data obtained over the years, the molecular
etiology of chronic lymphocytic leukemia (CLL) is still largely unknown. All that information
has enabled the development of new therapeutic approaches that have improved life
expectancy of the patients but are still not curative. We must increase our knowledge of
the molecular alterations responsible for the characteristics common to all CLL patients.
One of such characteristics is the poor correlation between mRNA and protein
expression, that suggests a role of post-translational mechanisms in CLL
physiopathology. Drugs targeting these processes have indeed demonstrated an effect
either alone or in combination with other aimed at specific pathways. A recent article
unveiled an increment in ubiquitin-like modifications in CLL, with many protein members of
relevant pathways affected. Interestingly, the inhibition of the NEDD8-activating protein
NAE reverted a substantial number of those modifications. The present review gets the
scarce data published about the role of NEDDylation in CLL together and establishes
connections to what is known from other neoplasias, thus providing a new perspective to
the underlying mechanisms in CLL.

Keywords: chronic lymphocytic leukemia, post-translational modifications, ubiquitin, NEDD8, MLN4924-pevonedistat
CHRONIC LYMPHOCYTIC LEUKEMIA

Chronic lymphocytic leukemia (CLL) is the most frequent lymphoid malignancy in the Western
world and appears typically in the elderly. The diagnosis of this disease requires the presence
of ≥5 x109/L monoclonal mature CD19+ CD5+ B cells with a characteristic phenotype that usually
infiltrates the blood, bone marrow and lymphoid tissues (1). CLL has a very heterogeneous clinical
course: some patients show a stable course without the requirement for therapy, while others show a
more aggressive disease requiring early treatment and, in some cases, turning into an aggressive
lymphoma (Richter transformation) (1). In the last 30 years, many aspects on its biology have been
unraveled. The discovery of the dysregulation of several survival pathways or the importance of BCR
signaling in the maintenance of the tumoral cells (2), has uncovered new therapeutic targets.
Nevertheless, our knowledge about the causes of this chronic disease is still quite poor.
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PHYSIOPATHOLOGY OF CLL

The physiopathology of CLL is a complex process that can be
explained in part by a sequence of events that lead to the
transformation of a normal B CD5+ cell into a neoplastic cell.
The starting point of the disease is not well known. The fact that
CLL develops in the adult population suggests that aging-related
factors, unknown at present, play an essential role in the
pathogenesis of the disease. In approximately 10% of the
patients, a genetic predisposition may explain the development
of CLL (3). Other initiation factors such as a dysfunction on the
immune system related to some infections or the exposition to
certain toxics have been speculated, but to date none of them has
been reliably verified.

In cancer, the neoplastic transformation usually starts with an
alteration of the chromosomal material and in approximately 80%
of patients with CLL at least one of four common chromosomal
abnormalities (Chromosome 13q deletion, chromosome 12
trisomy, chromosome 11q deletion and chromosome 17p
deletion) can be detected by interphase fluorescence in situ
hybridization (FISH) at the moment of diagnosis or in their
evolution. A model of sequential chromosomal abnormalities
and genetic mutations has been proposed, defining early,
intermediate and late drivers that allow CLL cells to develop and
evolve. Chromosome 13q deletion, chromosome 12 trisomy and
mutations in MYD88 or NOTCH1 are considered early drivers of
the disease while the acquisition of chromosome 11q or
chromosome 17p deletions as well as mutations in genes
frequently mutated in cancer (TP53, ATM, SF3B1 or NRAS)
appear during CLL progression (4).

The microenvironment has also been related to the
proliferation, survival, and drug resistance in B cell neoplasms
like multiple myeloma, mantle cell lymphoma and specifically
CLL. Mesenchymal cells, nurse-like and lymphoma-associated
macrophagic cells, natural killer and other T cells, interact with
CLL neoplastic cells engaging some receptors like BCMA, TACI,
BAFF-R or VLA-4, thus activating anti-apoptotic pathways and
promoting the secretion of cytokines, chemokines, growth
factors and adhesion molecules allowing the extended survival
of the malignant B cell (5).
GENOMIC STUDIES IN CLL

Over the last years, a great effort has been put in trying to identify
the genomic causes of CLL. As a result of these studies, several
genes have been identified as involved in the pathogenesis of the
disease. Among those are TP53, NOTCH1, BIRC3, SF3B1 or
ATM (2, 6, 7). Nevertheless, the mutations affecting them do not
exceed a 15% of penetration, so there are still many issues to be
solved. Taking into account the somatic mutations, the cytogenetic
alterations and the mutations in non-coding regions, they
conclude CLL relates to alterations in eight signaling pathways:
B cell receptor, cell cycle regulation, apoptosis, response to DNA
damage, chromatin remodeling, RNA metabolism and Notch and
NF-kB pathways (7).
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CURRENT THERAPIES

For many years, chemotherapy was the treatment of choice for
patients with CLL. However, the improvement in the knowledge of
the molecular processes involved in CLL pathogenesis has marked
current therapeutic strategies. The discovery of the importance of B-
cell antigen receptor (BCR) signaling in CLL cells completely changed
the landscape in the treatment of this disease. BCR engagement leads
to a massive recruitment of kinases to the plasma membrane that
transduce the signal to many effector pathways and transcription
factors essential for B lymphocyte survival and proliferation. To date,
drugs against phosphoinositide 3-kinase (PI3K) (idelalisib, duvelisib,
copanlisib, umbralisib) and Bruton´s Tyrosine Kinase (BTK)
(ibrutinib, acalabrutinib, zanubrutinib, pirtobrutinib) have been
studied, and some approved, for the therapy of patients with CLL
with excellent results, not only in progression free survival but also in
overall survival, in comparison to standard chemoimmunotherapy (8).

The involvement of Bcl-2 in the prolonged survival of B-CLL
cells is long known (9). However, the toxicity related to the first in
class Bcl-2 inhibitor, navitoclax, prevented this drug from being
used in the past. Recently, a new Bcl-2 specific inhibitor, venetoclax,
has demonstrated a huge activity against B-CLL cell survival with
an excellent toxicity profile and nowadays is broadly used to achieve
a deep response that allow to stop the treatment (10).
NEDDylation

NEDDylation is a post-translational modification consisting in the
covalent conjugation of a NEDD8 peptide with target proteins at
lysine residues. NEDD8 is one of the ubiquitin-like peptides
(UBLs), with 80% homology to ubiquitin and an activation and
conjugation mechanism absolutely analogous (Figure 1). This
occurs through the sequential action of three enzymes generally
termed as E1, E2 and E3. NAE is the specific E1 that activates
NEDD8 and is the target of an investigational inhibitor named
MLN4924-Pevonedistat. Activated NEDD8 is then transferred to
the E2s UBE2M or UBE2F. Different target-specific E3 proteins
adapt the system for the modification of many different proteins,
thus affecting a wide array of cellular processes. The majority of
NEDD8 E3 ligases contain a RING domain, including RBX1, RBX2,
c-CBL, FBXO11, IAP, MDM2, TRIM40, RNF111 and TFB3.
Noteworthy, the existence of isopeptidases that remove NEDD8
from target proteins underlines the regulatory essence of this
process. Among them, only NEDP1 and the COP9 signalosome
are NEDD8-specific (11). There is a close connection between the
ubiquitination and NEDDylation processes, since the major group
of E3 ubiquitin ligases, the Cullin-RING ligases (CRLs), must have
their Cullin component NEDDylated to be functional (12, 13).
Although Cullins are the main target of NEDDylation, many
cellular processes have been reported to be regulated by the
conjugation of NEDD8 to some of their effector proteins (14).
ROLE OF NEDDylation IN CLL

NEDDylation is a post-translational modification that affects
many critical aspects of cancer (15, 16). Due to this, MLN4924-
September 2021 | Volume 11 | Article 729550

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Arenas et al. NEDDylation in Chronic Lymphocytic Leukemia
pevonedistat is being tested in clinical trials for the treatment of
different types of tumors (https://clinicaltrials.gov/ct2/results?
term=MLN4924&Search=Search). Our knowledge of the role
of NEDDylation in the physiopathology of CLL comes from
the reported action of MLN4924 in ex-vivo experiments, as well
as in other types of cancer. These studies have identified several
target pathways in CLL.

As already mentioned, B-CLL cells are highly dependent on
cell to cell interactions in bone marrow and lymphoid organs. In
these niches, nuclear factor-kB (NF-kB) signaling gets activated
in B-CLL cells, ensuring apoptosis evasion (17). It has been
shown that MLN4924 successfully truncates NF-kB pathway
activity, B-CLL cell survival and chemoresistance in an in vitro
co-culture model that mimics the lymph node microenvironment.
MLN4924 extends the half-life of the inhibitor of NF-kB (IkB), a
negative modulator of the pathway, by preventing its
polyubiquitination and degradation (18, 19).

Earlier findings suggested that CLL cells possess DNA
damage repair ability that is highly variable between individual
samples (20, 21). Contrarily, others reported a defect in the
repair of UVC-induced lesions in CLL cells (22), suggesting an
affection of specific DNA repair pathways in CLL. Treatment
with MLN4924 leads to an accumulation of the licensing factor
Frontiers in Oncology | www.frontiersin.org 3132
Cdt1 and sensitization to alkylating agents in B-CLL cells (23).
Overexpression of Cdt1 has been shown to induce DNA re-
replication followed by head-to-tail collision of replication
forks (24).
DISTRIBUTION OF THE UBIQUITIN-LIKE
MODIFICATIONS IN CLL

As already mentioned, several groups have shown a cytostatic
effect of MLN4924 over B-CLL cells ex vivo, potentiating the
action of alkylating agents and drugs commonly used in the
treatment of this neoplasia, like ibrutinib and idelalisib (18, 23,
25). Nevertheless, the extension and relevance of NEDDylation
in these cells is unknown. To shed some light on this respect, we
recently used the Ubiscan platform, that utilizes an antibody
against the di-glycine remnants left over the modified lysines
when proteins are digested with trypsin (26). The peptides thus
enriched were then identified by mass spectroscopy. However,
the homology between ubiquitin, NEDD8 and ISG15 in their N
terminus makes it impossible to distinguish each of these types of
modifications using this methodology. Akimov et al. developed a
ubiquitination-specific antibody for the profiling of whole cell
samples treated with the endopeptidase Lys-C and reported a
ubiquitination profile of Jurkat and Hep2 cell lines (27).
Although some reports have tried to establish a consensus
NEDDylation target sequence that would allow to discriminate
exclusive NEDDylation sites (28), this is still largely unknown, so
we could not use Akimov’s work as a reference to exclude
ubiquitination sites from our screening. On the other hand,
two different groups have recently developed strategies to identify
proteome-wide NEDD8 modification sites in HEK293T and
HCT116 human cell lines (29, 30). Unfortunately, the genetic
alteration methods needed make them not suitable for the
profiling of primary samples from patients.

In an attempt to circumvent those drawbacks, we analyzed
matched samples treated or not with MLN4924, to distinguish
NEDDylation-sensitive sites in CLL. The fact that cullins and
other previously identified NEDDylated sites reverted their
modification level with the treatment, validated the approach.
Even so, as the NEDDylation of Cullins regulates CRL function,
the modifications found could still be NEDDylation-sensitive
ubiquitinations. In concordance with those works reporting a
somehow correcting effect of MLN4924 over B-CLL cells, our
screening identified a preponderance of peptides with an
increased rather than decreased MLN4924-sensitive
modification, supporting the idea that NEDDylation is elevated
in chronic lymphocytic leukemia. We identified 353 lysines with
a significant increment in their di-Gly remnant modification (2.5
fold threshold) that was reverted with MLN4924, thus making
them candidates to be direct NEDDylations. We compared those
NEDDylation candidate sites to the bona fide NEDDylation sites
obtained in the screenings of Vogl et al. and Lobato-Gil et al. (29,
30) in search for some kind of confirmation. 23 and 14 sites
coincide with each of the screenings, respectively. Only 5 lysines
were common to all three screenings: NEDD8 K22, PPIA K125,
FIGURE 1 | Mechanism and connection of the ubiquitination and the
NEDDylation cascades. All UBLs are conjugated to their target proteins
following a completely homologous cascade in three steps catalyzed by
enzymes generally termed as E1, E2 and E3. The names of the enzymes
specific of the NEDDylation cascade are stated (NAE, UBE2M/UBE2F as well
as its best characterized E3s RBX1/RBX2). The main NEDDylation target
proteins are Cullins, that form part of one of the biggest groups of E3
ubiquitin ligases, the Cullin-RING ligases (CRLs).
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PARP1 K97, UBA3 K409 and HMGB1 K114. When comparing
the proteins target of the modifications, we found 20
coincidences between the three studies: 34 and 62 common
target proteins between our study and each of those screenings,
respectively. These data, emphasizes the cell-type specific profiles
of NEDDylation but does not exclude other nature for the UBL
modifications found in CLL. Interestingly, 5 of the NEDD8
lysines found in B-CLL cells showed a discreet increment in
their modification, that was clearly reverted upon incubation
with MLN4924 (31), indicating the generation of poly-NEDD8
chains in CLL. Only lysine 11 and, to a lesser extent, lysine 5 of
SUMO2, but no ubiquitin residue, were represented in our
screening, indicating putative alterations in the NEDD8-
SUMO2 but not in the NEDD8-ubiquitin chains in CLL. These
data are in concordance with those pointing at K11 of SUMO2 as
a key residue in the generation of NEDD8-SUMO2 hybrid
chains (30).

Deletion 2q37 is the genomic alteration that confers the
highest augmented overall survival-hazard ratio in CLL (7).
Interestingly, this region harbors the loci for three members of
the COP9 signalosome complex: COPS8, COPS7B and COPS9.
Additionally, COPS5P1 locus maps in 6q16.1, a region which
deletion is also related to an increase in survival hazard (7).
Theoretically, deletion of these members of the COP9
signalosome, involved in the deNEDDylation of Cullins, may
result in the overall increase in protein post-translational
modifications that we observed in the scan, supporting a key
role of NEDDylation in the cellular phenotype of CLL.
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In addition, although the mononuclear fraction of patients and
controls is not completely comparable, the data showed an
over-expression of the genes coding for the E1 and E2 proteins
specific of the NEDD8 activation pathway (NAE1, UBE2F and
UBE2M) in CLL patients (31).

The analysis of the UBL-PTM data by intracellular pathways
fits very well with the mutational studies and the cellular
manifestations of the disease. However, a detailed characterization
of the nature and effects of the modifications found in the harboring
proteins is needed to determine their contribution to the CLL
phenotype. For some of those pathways there was reported
evidence of the role of NEDDylation in their regulation. This is
the case of the non-homologous end joining DNA repair
mechanism of double strand breaks (DSB), involved in some
resistances of CLL cells (32), where NEDDylation is needed for
the release of Ku70 and Ku80 from DNA (33) (Figure 2A). These
two proteins are profusely over-modified in CLL and MLN4924
reverts in part those modifications. Ku70 and Ku80 stabilize the
DNA ends generated when double strand breaks occur and recruit
ligase IV (XRCC4) to rejoin them. This mechanism is error prone,
and it might be behind the cytogenetic alterations selected in CLL.
By contrast, proteins involved in the repair of DSB by homologous
recombination are scarcely represented in the screening of UBL-
PTM in CLL, being lysine 765 of FANCB an exception. FANCB
participates in the E3 complex that monoubiquitinates FANCD2
and FANCI as part of the detection and signaling of DSB, but none
of those proteins showed variations in their modifications, maybe
suggesting a role of FANCB in CLL aside of the FANCcore
A

B

FIGURE 2 | Proteins involved in DNA repair mechanisms with UBL-PTM affected in CLL. Cells repair different types of DNA damage using specific mechanisms.
Proteins involved in two of these mechanisms show an altered UBL modification level in CLL. (A) The Non-Homologous End Joining (NHEJ) is the main mechanism
to repair double strand breaks in human cells but is prone to introduce mutations. Ku70 and Ku80 play a key role in the re-joining of the broken ends, and they are
aberrantly modified in CLL, as shown with green diamonds in the scheme. (B) The Nucleotide Excision Repair (NER) system is in charge of repairing lesions
generating mismatches in the DNA, like those induced by UV irradiation. Previous data indicated a defect in NER in CLL and the recent data shows alterations in the
level of UBL modification of some of the proteins involved, as represented in the figure with green diamonds.
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complex. In that direction, overexpression of FANCA have been
found as a bad prognosis factor in CLL, since it collaborates with
MDM2 in the destabilization of p53 (34). Moreover, FANCA is
necessary in the NEDDylation of several CLL markers like CXCR5,
beta-2-microglobulin and CD44 (35). Apart from the repair of DSB,
several members of the nucleotide excision repair (NER)
machinery, specialized in the repair of mismatched DNA bases
like those produced by UV radiation, were found to be highly
modified with MLN4924-sensitive UBLs in CLL (Figure 2B).
Distortions in the DNA helix are directly recognized by XPC,
complexed with hRAD23B and centrin 2 (CETN2). Lesions that do
not destabilize DNA duplexes are first recognized by DDB2 (XPE)
in complex with DDB1, creating a kink that is then recognized by
XPC. DDB1 and DDB2 are part of the CUL4-ROC1 ubiquitin
ligase complex that ubiquitinates DDB2, XPC and several histones
upon DNA damage. The XPC-hRAND23b-CETN2 complex melts
the DNA around the lesion and attracts the rest of the NER repair
proteins. The UBL modification of these proteins involved in the
recognition of DNA lesions might be related to the hypersensitivity
of B-CLL cells to UVC radiation (22, 36). Whether these
modifications collaborate in the generation of mutations or
cytogenetic aberrations leading to the progression of CLL is still
to be determined.

The NF-kB pathway is a well stablished target of the action of
MLN4924, supporting a key role of NEDDylation in its
regulation (19, 37). The group of Doctor Danilov have found
that MLN4924 thwarts the survival support provided over B-CLL
cells by the stroma of lymphoid organs through its negative
regulation of the NF-kB pathway (18, 38). NF-kB signaling
inhibition in T cells also seems to play a role in the
immunologic anergy of CLL (39). Since activation of the NF-
kB pathway by the canonical way involves the degradation of the
inhibitor IkB by the Skp1-Cul1-F-box (SCFFbw1) complex, and
given the regulation exerted by NEDDylation over this later, IkB
stabilization has been assumed as the interaction level of
MLN4924 over the pathway. Of note, several works have
demonstrated the association of the COP9 signalosome and
the IKK complexes, facilitating the coupled phosphorylation
and degradation of IkB, central in the activation of the
pathway (40, 41). However, the MLN4924-sensitive modifications
found in the UBL-PTM profile of CLL reveals other putative points
where the drug may be exerting its action. Thus, the upstream
proteins TANK, TRAF2, CD40, NEMO and IKKß are aberrantly
modified in B-CLL cells, suggesting other levels of regulation of this
pathway by NEDDylation (Figure 3). Interestingly, NEDDylation
of NEMO by the RING E3 ligase TRIM40 in the gastrointestinal
tract inhibits NF-kB activity and TRIM40 is down regulated in
gastrointestinal carcinomas (42). In addition, MLN4924 induces
phosphorylation of IkB as well as p65 by itself, keeping total p65
levels unchanged (43).

As previously mentioned, current therapies to fight CLL target
the pathways downstream of the B cell receptor (BCR), as well
as the anti-apoptotic protein Bcl-2. BCR drives the B-cell response
to the presentation of antigens, triggering a bunch of survival
pathways that lead to the expansion of the clone to fight infection.
Due to reasons still not fully understood, BCR signaling is elevated
Frontiers in Oncology | www.frontiersin.org 5134
in CLL. Upon binding to an antigen, BCR recruits a great amount
of kinases to the cytoplasmic membrane, thus promoting their
mutual inter-activation. This is the case of the kinases SYK and
LYN. In addition, BCR signaling receives positive and negative
reinforces from other membrane proteins (44): CD19 activates
PI3K, which in turn phosphorylates phosphatidylinositol (4, 5)-
bisphosphate that recruits BTK to the membrane where it is
activated by phosphorylation (45, 46). On the other hand,
membrane proteins like CD22 recruit phosphatases like SHIP,
reverting the previous process (47). The recruitment of this
protein complex to the membrane results in the activation of
downstream survival and proliferation pathways like NF-kB or
MAPK in CLL. SYK, LYN, BTK or the adaptor protein BLNK are
highly modified with UBL molecules in CLL (Figure 4). More
interestingly, these modifications coordinately increase in
response to MLN4924, which discards their direct NEDD8
modification but suggests a common NEDDylation-dependent
regulation. This might be an exploitable mechanism to strongly
interfere with the activation of the pathway and avoid resistances
based on individual mutations.
FIGURE 3 | UBL-PTMs of the NF-kB pathway altered in CLL. Schematic
representation of the main components of the NF-kB pathway showing the
ubiquitin-like post-translational modifications found in B cells from patients
of CLL. It was long known that activation of the pathway involves the
polyubiquitination of the inhibitor IkBa and its degradation at the proteasome.
This process is regulated by NEDDylation of the Cullin component of the E3
ubiquitin ligase targeting IkB for its polyubiquitination. Recent observations in
B-CLL cells have revealed alterations in the post-translational pattern of
proteins working upstream in the pathway, like TRAF2, TANK, NEMO or IKKß
(represented as green diamonds in the figure).
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Proteins involved in many other cellular processes associated
with the development or prognosis of CLL were also revealed as
aberrantly modified in CLL in the screening. This is the case of
proteins of the cytoskeleton, the chromatin or the RNA
processing machinery, as described next.

One of the most largely known alterations of B-CLL cells, still
used in its diagnosis, is the condensation of the chromatin in
clonal cells (48). For that reason, it was interesting to realize that
the largest group of proteins with K-GG remnants sensitive to
MLN4924 identified in our screening were histones and other
chromatin associated proteins. As schematically seen in Figure 5,
several histones conforming the core of the nucleosomes (H2B,
H2A, H3 and specially H1) receive a higher amount of
modifications in CLL (31). Interestingly, all of these modifications
are reverted at different extent with 0.25µM of the NAE inhibitor,
suggesting a role of NEDDylation in the characteristic chromatin
dynamics of CLL.

Similarly, fragility of the B-CLL cells when smeared in
microscopy preparations is another distinctive characteristic of
this pathology, giving rise to broken cells named smudge cells or
Gumprecht shadows. The manifestation of smudge cells in smear
peripheral blood preparations of CLL patients has been
Frontiers in Oncology | www.frontiersin.org 6135
associated with low vimentin levels (49, 50) and, intriguingly,
with a better prognosis (51). Vimentin and other cytoskeleton
proteins showed an increase in post-translational modifications
in CLL and treatment withMLN4924 reverted those modifications
along with a reduction in the amount of smudge cells (31).
Although the study of a larger amount of samples is needed to
get solid conclusions, these results suggest a negative effect of
NEDDylation over vimentin and other components of the
cytoskeleton, posing a role of post-translational modifications in
a characteristic cellular manifestation of CLL.

Mutations in the splicing factor SF3B1 have been found in
around 15% of CLL patients, suggesting an alteration of RNA
splicing (52). Our screening found alterations in the modification
state of many proteins involved in this mechanism. Eukaryotic
genes include non-coding sequences called introns that are
removed by a complex array of proteins known as the
spliceosome. Introns are marked by sequence elements in the
mRNA. These cis elements include conserved sequences at the 5’
and 3’ ends of exons as well as two other elements called the
branch point sequence (BPS or BS) and the polypyrimidine (PY)
tract. In addition, pre-mRNAs include exonic and intronic
splicing enhancers (ESEs or ISEs) and silencers (ESSs or ISSs)
that modulate constitutive and alternative splicing by binding
regulatory proteins that either stimulate or repress the splicing at
an adjacent site (53). Many proteins binding to these cis
elements, responsible for the initial steps of spliceosome
assembly, received an elevated and MLN4924-sensitive level of
UBL post-translational modifications in CLL, indicating a
putative NEDDylation. Among them are the BPS binding
FIGURE 4 | BCR-activated pathways with UBL-PTMs altered in CLL. B cell
receptor (BCR) engagement triggers a massive recruitment of protein
kinases to the plasma membrane where they get activated and transduce
the signal to final transcription factor effectors like NFAT, NF-kB or AP-1.
The good response of B-CLL cells to inhibitors of BTK or PI3K-delta
supports a relevant role of these pathways in the physiopathology of CLL.
The recent screening of the UBL-PTM in CLL showed alterations in the
modifications of many proteins involved in these pathways (represented as
green diamonds in the figure).
FIGURE 5 | UBL-PTMs of components of the chromatin altered in CLL. B-
CLL cells are characterized by a distinctive appearance of their chromatin.
The recent screening revealed an extensive alteration in the pattern of UBL-
PTMs of the histones that may account for the particular chromatin dynamics
in these cells. The figure is a scheme of those modifications, depicted as
green diamonds. As in the other figures, the amount of green diamonds on
each protein represents the approximated proportion of lysines with altered
modifications in CLL.
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protein SF1, the U2 small nuclear ribonucleoprotein (snRNP)-
associated protein SF3A1, several members of the serine/arginine
(SR)-rich protein family (SFRS2, SFRS3 and SRFS7) or the ESE-
binding SF2 factor (Figure 6). In addition, the UBL modifications
of a bulky list of proteins that include PY tract binding proteins,
ESE or ESS binding factors, RNA helicases or small nuclear
ribonucleoproteins, among others, are altered in CLL with
different sensitivities to NAE inhibition. NEDDylation of SRSF3
at lysines 11 and 85 has already been related to processes like the
progression of liver disease and the assembly of stress granules in
response to arsenite-induced oxidative stress, respectively (54). On
the other hand, SUMOylation plays a well-known role in the
regulation of the RNA processing machinery (55). Together with
the presence of alterations in the modification of SUMO in lysine
11 (see above), our data may indicate a cross-talk between these
two post-translational modifications in the regulation of splicing
in CLL.

Constitutive activation of NOTCH is considered one of the
main drivers of CLL, since it has been found in at least, but not
only, the 4-13% of CLL cases carrying NOTCH1 mutations (2,
56, 57). Somehow surprisingly, no alteration in the modifications
of proteins directly involved in this pathway were found in CLL.
However, some modulators of this pathway are represented in
our study like MIB1 (highly modified in two adjacent lysines in
CLL according to our screening) that positively regulates
NOTCH signaling by ubiquitinating and facilitating the
endocytosis of NOTCH ligands by epsin (58), a protein also
over-modified in CLL. In addition, IKAROS (that shows a
reduction in its K-GG remnant modification in B-CLL cells
compared to control CD19+ peripheral cells) has been shown to
antagonize NOTCH signaling (59, 60). These observations may
be quite relevant, contributing to the nonmutational NOTCH1
activation found in many CLL patients (61). Further studies are
necessary to discern how those modifications contribute to the
activation of the NOTCH pathway in CLL.

WNT signaling is nowadays considered as a network of
interacting pathways that affect many cellular processes like
micro-environment interactions, cytoskeleton rearrangements,
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cell cycle regulation, proliferation and apoptosis among others.
B-CLL cell survival is greatly dependent on stroma and cell to cell
interactions, suggesting a key role of WNT signaling in its
pathogenesis (62). Indeed, early studies found high expression
of genes encoding ligands able to activate the Wnt/ß-catenin
pathway (63), although this could not be related to an aggressive
form of the disease (64). However, the Wnt/PCP signaling
branch, that do not require ß-catenin stabilization, show
several of its members up-regulated in B-CLL cells (65). The
Wnt/PCP pathway controls the chemotactic response and cell
homing in CLL (66) and represents a very promising therapeutic
target (62). Indirect data support a role of NEDDylation in the
regulation of Wnt signaling, since knockdown of the catalytic
subunit of COP9 signalosome, CSN5, leads to decreased ß-
catenin levels and to an up-regulation of DKK1 in colorectal
carcinoma cell lines (67). Moreover, the NAE inhibitor
MLN4924 induces a reduction in DKK1 expression. However,
our screening did not identify alterations in the UBL-PTM of any
member of this pathway.

Mutations or alterations in the function of p53 are virtually
behind all types of tumors. In CLL, deletion of 17p (del17p) or
mutation of p53 are the main markers of bad prognosis. Post-
translational modifications of p53 play a key role in its function
as tumor suppressor and many of them have been described (68).
It was somehow surprising to find that only the modification of
lysine 120 of p53 was altered in CLL. Lysine 120 is located within
de DNA binding domain of p53, and its acetylation has been
related to the stabilization of p53 and the increase of its affinity to
the promoters of proapoptotic genes (69, 70). Acetylation of
lysine 120 has also been related to the induction of apoptosis by
p53 through transcriptional-independent mechanisms (71).
Either NEDDylation or ubiquitination of p53 impaired its
transactivation capacity in luciferase experiments, in concordance
with previous reports (72). However, while ubiquitination
mediated p53 destabilization, NEDDylation did not. Moreover,
we could demonstrate for the first time that NEDDylation of lysine
120 of p53 greatly abolished the acetylation in this residue, along
with a loss in the transactivation capacity of p53 and an
FIGURE 6 | Scheme of the members of the spliceosome that harbor UBL-PTMs altered in CLL. Schematic representation of part of the spliceosome complex,
focusing on the proteins with altered UBL-PTM in CLL. Introns are marked in nascent mRNAs by cis elements (BPS, Py tract, ESE, ESS, etc, see text) bound by an
array of proteins that collaborate in their elimination.
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impairment of its interaction with Bcl-2 (31). These alterations in
p53 function support a role of lysine 120 over-NEDDylation in the
etiology and prognosis of CLL patients.
SUMMARY AND FUTURE DIRECTIONS

The recently published UBL-PTM profile of chronic lymphocytic
leukemia has placed these transversal processes in a central
position between the different intrinsic, genetic and
environmental factors that explain the CLL phenotype. Among
them, NEDDylation is recently receiving special attention, due to
the promising results obtained with its inhibitor, MLN4924, in
preclinical assays. MLN4924 blocks the micro environmental
activation of NF-kB and induces cell death or senescence in B-
CLL cells. However, the UBL-PTM profile of these cells has
extended the putative role of NEDDylation over the regulation of
many other different pathways, key in the physiopathology of
CLL and target of the new therapies used to fight it. However, the
limitations of the tools available to date to specifically profile
NEDDylation in different pathologies makes mandatory a
Frontiers in Oncology | www.frontiersin.org 8137
detailed study of the nature of each of the modifications found
as altered. These studies will help us understand the role of these
kind of post-translational modifications in the physiopathology
of CLL and will surely uncover new therapeutic targets.
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Next generation sequencing (NGS) is routinely used for mutation profiling of acute myeloid
leukemia. The extensive application of NGS in hematologic malignancies, and its
significant association with the outcomes in multiple large cohorts constituted a proof
of concept that AML phenotype is driven by underlying mutational signature and is
amenable for targeted therapies. These findings urged incorporation of molecular results
into the latest World Health Organization (WHO) sub-classification and integration into
risk-stratification and treatment guidelines by the European Leukemia Net. NGS mutation
profiling provides a large amount of information that guides diagnosis and management,
dependent on the type and number of gene mutations, variant allele frequency and
amenability to targeted therapeutics. Hence, molecular mutational profiling is an integral
component for work-up of AML and multiple leukemic entities. In addition, there is a vast
amount of informative data that can be obtained from routine clinical NGS sequencing
beyond diagnosis, prognostication and therapeutic targeting. These include identification
of evidence regarding the ontogeny of the disease, underlying germline predisposition and
clonal hematopoiesis, serial monitoring to assess the effectiveness of therapy and
resistance mutations, which have broader implications for management. In this review,
using a few prototypic genes in AML, we will summarize the clinical applications of NGS
generated data for optimal AML management, with emphasis on the recently described
entities and Food and Drug Administration approved target therapies.

Keywords: AML, acute myeloid leukemia, next generation sequencing, actionable mutations, targeted therapy, FDA
INTRODUCTION

Acute myeloid leukemia (1) is a clonal malignant expansion of immature myeloid precursors due to
block in differentiation. Mutation profiling is standard for routine baseline clinical evaluation of
AML. Prior to 2008, there were two functional genetic groups for leukemic pathogenesis: class I
(activated signaling genes such as FLT3, KIT and RAS mutations) that conferred the proliferative
potential, and class II genes involved in transcription and differentiation such as CEBPA and
RUNX1 (2). The development of high-throughput NGS sequencing platforms uncovered many
somatic mutations in AML. In 2013, the Cancer Genome Atlas (TCGA) project expanded the
September 2021 | Volume 11 | Article 7482501140
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functional genetic classes to nine families involved in the
pathogenesis of the myeloid neoplasms. An average of 14
mutations were identified in the AML genome, ranging
between five to 23 genetic mutations in each case (3). In 2016,
a large cohort that enrolled 1540 AML patients described 11
subgroups of genomic alterations with different clinical
outcomes using NGS. The additional separate categories
included AML with mutations in genes encoding chromatin
and RNA-splicing regulators, AML with TP53 mutations and/or
chromosomal aneuploidies, and AML with IDH2 R172
mutations (4). Taken together, these findings supported the
fact that AML phenotype is driven by underlying mutational
signature (Figure 1).

Accordingly, both the 2016 revisions to the WHO and 2017
European LeukemiaNet (5) incorporated gene mutations into the
sub-classification and risk-stratification of AML (6, 7). Molecular
Frontiers in Oncology | www.frontiersin.org 2141
testing plays a major role in the current World Health
Organization (WHO) classification of myeloid neoplasms.
Specific genetic abnormalities are regarded as disease-defining
mutations and others have important prognostic and therapeutic
implications. The WHO recognizes 3 distinct sub-categories of
AML based on somatic mutations: AML with NPM1 mutation,
AML with bi-allelic mutations of CEBPA, and AML with
mutated RUNX1 (provisional entity). Genes such as TP53,
RUNX1, IDH1/2 and FMS-related tyrosine kinase 3 (8), among
others, are found to be altered in the different subcategories of
AML with prognostic and/or therapeutic implications of utmost
importance. The latest 2017 European Leukemia Net (ENL)
guidelines for AML recommends molecular profiling for
mutations in NPM1, CEBPA, FLT3-ITD, TP53, RUNX1,
ASXL1, and BCR-ABL1. Therefore, the complete cytogenetic
and molecular work-up is essential at the time of initial AML
FIGURE 1 | Genomic Classifications of Acute Myeloid Leukemia as Proposed by the TCGA Project and the 2016 Study.
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evaluation. The main goal of genome sequencing is the
identification of actionable gene mutations and risk-
stratification. Hence, multi-gene panel next-generation
sequencing (NGS) based mutation analysis is the primary
mode for assessment for multiple AML associated genes (9).

In this review, we will provide an overview of the diagnostic,
prognostic and therapeutic data that can be obtained from
routine clinical NGS data in AML. In addition, we will
describe the implications of the vast amount of additional data
that can be obtained from routine clinical NGS beyond
prognostication and management, such as the ontogeny of
AML, clues regarding underlying germline predisposition and
clonal hematopoiesis, serial monitoring to assess the effectiveness
of therapy and resistance mutations. We will use a few prototypic
genes for each section, with emphasis on the recently described
entities and actionable mutations, specifically pertaining to the
Food and Drug Administration (10) approved target therapies
and the ongoing clinical trials. AML-defining translocations are
beyond the scope of this review.
GENETIC ALTERATIONS WITH FDA-
APPROVED TARGETED THERAPIES

AML With Mutated FLT3
Category: activated signaling genes.

Clinicopathologic and morphologic features: Leukocytosis.
Recommended method of testing: NGS for tyrosine kinase

domain (TKD) mutations (25) and small internal tandem
duplications (8), Polymerase Chain Reaction (PCR) followed
by capillary electrophoresis (CE) for medium and large internal
tandem duplications (8, 31).

FLT3 is a receptor with tyrosine kinase (TK) activity, involved
in proliferation and differentiation of hematopoietic progenitors.
The associated mutations generally affect the juxta-membrane
and the TK domain of the receptor. Broadly, mutations in FLT3
are of two types: FLT3-ITD which is the most frequent alteration,
and FLT3-TKD which consists of a point mutation in the TK
domain (25).

FLT3-ITD
FLT3-ITD are in-frame mutations which consist of duplication
of small sequences, ranging from 3 to larger than 400 base pairs
resulting in a receptor with an elongated juxta-membrane
domain. This leads to constitutive activation of the receptor
and activation of intracellular pathways resulting in cellular
proliferation (25, 32). The frequency of FLT3-ITD mutations
in AML ranges from 20-50% (30). FLT3-ITD is associated with
proliferative AML with a high WBC count (25). The prognostic
implication of the mutation is dependent on the allelic burden
(33). The allele burden of FLT3-ITD can be measured using one
of the two parameters (10): allele ratio (AR), defined as the ratio
of the area under the curve of mutant to wild-type and (2) allele
frequency (AF) which is defined as the ratio of the area under the
curve of mutant to total (mutant + wild-type). The 2017 ELN
adopts a cut-off of 0.5 to differentiate between low versus high AR
(34). AML patients with high AR FLT3-ITD had significantly low
Frontiers in Oncology | www.frontiersin.org 3142
complete remission (CR) rates, with poor survival and relapse;
only high FLT3-ITD AR patients (≥0.5) benefited from
allogeneic stem cell transplantation (32). Per ELN, NPM1
mutated AML with FLT3-ITD AR <0.5 is considered as a
favorable prognostic subgroup, similar to AML with absent
FLT3-ITD mutation, and stem cell transplant is not
recommended (34).

FLT3-TKD
FLT3-TKD mutations are less common than the FLT3-ITD; they
consist mainly of missense point mutations, deletions or
insertions within the TK domain. The most frequent alteration
is a point mutation involving nucleotide substitution on codon
835. NGS can identify numerous mutations outside of D835,
including deletions. The definitive implications of these various
FLT3-TKD in prognostic stratification are still under review (25).

FLT3 mutations can be targeted using tyrosine kinase
inhibitor drugs in combination with standard chemotherapy.
The addition of tyrosine kinase inhibitor (TKI), Midostaurin, to
standard chemotherapy protocol for AML led to significantly
longer overall survival (OS) and event-free survival (EFS) in
three FLT3 subgroups: FLT3-TKD, FLT3-ITD low and FLT3-
ITD high AR (RATIFY-NCT00651261) (12). Midostaurin, the
first FDA approved targeted therapy in AML, is a non-selective
first generation TKI that targets multiple other pathways
including c-KIT, PKC, PDGFR, VEGFR, resulting in higher
toxicity (13). In 2018, a more selective “second-generation”
FLT3 inhibitor, Gilteritinib, with fewer side-effects received
FDA approval for relapsed or refractory FLT3-ITD or FLT3-
TKD mutations-positive AML (14) based on the results of
ADMIRAL (NCT02421939) and CHRYSALIS (NCT02014558)
clinical trials, both of which demonstrated significantly improved
outcomes in the Gilteritinib group (15, 16). Other first and
second generation of inhibitors for FLT3 such as Sorafenib
(NCT01398501) (31) and Quizartinib (NCT02668653) (in
newly diagnosed AML) (8), have currently reached late stages
of clinical testing.

While NGS is ideal for identification of mutations across the
entire coding region, specifically FLT3 TKD mutations and small
FLT3 ITDs, amplicon-based targeted NGS is unable to pick up
majority of the medium to larger ITDs. Hence, ITD mutations
are always tested concurrently by PCR followed by fragment
analysis using capillary electrophoresis (CE). Alternate
computational algorithms, such as Pindel to analyze NGS data
have shown promising results with 100% sensitivity and
specificity in detecting medium and large insertions at 1% VAF
(35). Pindel is a pattern growth algorithm to detect breakpoints
of medium and large alterations from paired-end short
reads (36).

Resistance mutations to FLT3 inhibitors can emerge over the
course of therapy via activation of alternative alternate
intracellular pathways. Certain type II (second generation)
FLT3 inhibitors do not have activity against TKD mutations,
therefore the emergence of a FLT3-TKD mutation during
treatment, particularly FLT3 D835 mutation would confer
resistance to TKI (16). Crenolanib is a second generation
inhibitor with activity against ITD and TKD mutations, hence,
September 2021 | Volume 11 | Article 748250
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able to overcome the treatment resistance resulting from FLT3-
TKD alteration (25). Other mechanisms of resistance to FLT3
inhibitors include the emergence of leukemia clones harboring
mutations that activate RAS/MAPK pathway signaling, or BCR-
ABL1 fusions (37). Hence, sequential mutation analysis is
important for early detection of these resistant clone to
modulate the therapy accordingly, prior to overt morphologic
relapse (Tables 1, 2 and Figure 2).

AML With Mutated IDH1 and IDH2
Category: DNA methylation related.

Clinicopathologic and morphologic features: AML without
maturation [French-American-British classification (FAB) M1],
AML with maturation (FAB M2), and acute monocytic leukemia
(FAB M5).

Recommended method of testing: NGS, droplet digital PCR
(ddPCR) for MRD (38).

IDH1 and IDH2 are DNA methylation genes; the mutations in
IDH induce dysregulation of epigenetic methylation particularly the
function of the TET family of methylators. These aberrations will
ultimately result in muting the pathways involved in differentiation
of hematopoietic progenitors leading to maturation arrest (5).
Moreover, IDH mutations diminish the DNA repair mechanism
and result in the accumulation of secondary mutations (39). IDH1
and IDH2mutations are associated with AML in 4–9% and 8–19%
of the cases respectively; they are generally a founding clone
sufficient to cause overt leukemia without additional genetic
alterations (23). The hotspot mutations involve amino-acid
substitutions at codon 132 in exon 4 of the IDH1 gene and
codons 140 or 172 in exon 4 of IDH2. IDH2-R172 is mutually
exclusive with NPM1 mutation and is regarded as an independent
sub-category by genomic analysis, but not currently recognized by
the WHO (40).
Frontiers in Oncology | www.frontiersin.org 4143
Similar to FLT3, mutations in IDH1/2 are a prototypic
example of targeted therapy in AML. Enasidenib is an oral
selective inhibitor of mutant IDH2 enzyme variants R140Q,
R172S, and R172K (11); it was FDA approved in 2017 for the
treatment of relapsed/refractory AML patients (11). Ivosidenib
targets mutant IDH1enzyme leading to normal differentiation
and maturation of malignant cells, and was FDA approved in
2019 for treatment of relapsed/refractory AML cases (10).

Despite the presence of hotspot mutations, NGS is ideally
suited for baseline identification, serial monitoring of response to
therapy and relapse emergence. Droplet digital PCR for specific
mutations during serial monitoring can provide a higher
sensitivity than standard NGS, however, can miss detection
new emerging mutations (Tables 1, 2 and Figure 2).

AML With Mutated KIT
Category: Kinase signaling pathway.

Clinicopathologic and morphologic features:
Seen mostly in core-binding factor (CBF) leukemias that

encompass AML with inv(16) and t(8;21). In the absence of
either translocations, detection of KIT mutation is a helpful clue
to search for underlying mastocytosis.

Recommended method of testing: 1-(10) Allele-specific PCR
to detect exon 17 D816V specifically (41); 2- NGS (preferred) or
other sequencing techniques covering for exons 17 and 8.

Activating mutations of KIT (encoding a transmembrane
glycoprotein) leading to constitutional activation of receptor
tyrosine kinase pathway, similar to systemic mastocytosis,
GIST and germ cell tumors, are most commonly observed in
“core binding factor” (CBF) leukemias which encompass AML
with t(8;21) and AML with inv(16). Gain of function mutations
in KIT have been found in 2% of AML overall and in a 33% of the
CBF leukemias. These mutations tend to occur within exon 17,
TABLE 1 | Summary of key FDA approved targeted therapy for acute myeloid leukemia treatment.

Drug Targeted gene/
protein

Year of
approval

Study/Clinical
trial

Indication Response Rate
(RR) Complete

Remission (CR) Overall
Survival (OS)

Refs

1 Enasidenib IDH2 2017 NCT01915498 Relapsed/refractory AML patients 40.3% RR
19.3% CR
5.8 months OS

11

2 Ivosidenib IDH1 2019 NCT02074839 Relapsed/refractory AML 41.6% RR
21.6% CR
9.3 months OS

10

3 Midostaurin FLT3 2017 RATIFY
(NCT00651261)

Newly diagnosed AML with FLT3-TKD or FLT3-ITD
mutations

58.9% CR
74.7 months OS

12, 13

4 Gilteritinib FLT3 2018 ADMIRAL
(NCT02421939)

Relapsed/refractory AML showing FLT3-TKD or
FLT3-ITD mutations

34% CR
9.3 months OS

14–16

CHRYSALIS
(NCT02014558)

52% RR
41% CR
31 months OS

5 Quizartinib FLT3 2019 Approved only in
Japan
Study:
NCT02668653

Relapsed/refractory AML showing FLT3-ITD mutations 48% CR
6.2 months OS

8

6 Venetoclax BCL2 protein 2018 NCT02203773 Newly diagnosed AML in patients > 75 years old or who
have severe comorbidities

37% CR with azacitidine
54% CR with decitabine

14,
17, 18

NCT02287233 21% CR with cytarabine
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most importantly the hotspot D816, and exon 8 of the KIT
gene (42).

Although CBF-AML has a favorable overall prognosis,
most reports indicate that co-occurrence of KIT mutations
confer an adverse prognosis in AML with both inv(16) and t
(8;21), and a higher incidence of relapse in AML with inv(16)
(41–44).

Therefore, CBF-AML with KIT mutations has been
reclassified into intermediate-risk group in the National
Comprehensive Cancer Network recommendations (43).
Nevertheless, data is still unclear since some authors attributed
the negative prognostic effect of KIT alterations to only those
present at an allelic burden higher than 25% or 35% (43, 45, 46).

Moreover, the prognostic effect of KIT mutation in pediatric
CBF AML patients is still uncertain (47).
Frontiers in Oncology | www.frontiersin.org 5144
Given the prognostic implication of the gain-of-function KIT
mutations, and over-expression of KIT observed in most CBF-
AML including those with KIT mutations (48), studies have
explored the addition of KIT inhibitors such as dasatinib and
avapritinib to frontline therapy (49) to improve the outcome.
Results are promising in terms of reducing relapse rates of KIT
mutated CBF-AML to levels comparable to non-KIT mutated
CBF AML (49) (Tables 1, 2 and Figure 2).
WHO CLASSIFICATION DEFINING
GENETIC MUTATIONS

AML With Mutated NPM1
Category: DNA replication and cell cycle.

Clinicopathologic and morphologic features: monocytic/
myelomonocytic phenotype; blasts with classical fish-
mouth morphology.

Recommended method of testing: NGS, PCR followed by
CE (50), ddPCR for serial monitoring (51).

NPM1 is a molecular chaperone involved in cell cycle
progression with multiple critical functions including ribosome
biogenesis and transport, apoptotic response to stress stimuli,
maintenance of genomic stability, and DNA repair (52). NPM1
mutations are the most common genetic alteration in AML
occurring in 25% to 41% of cases (53). These alterations affect
exclusively the C-terminal region, leading to cytoplasmic mis-
localization of the NPM1 and leukemogenesis induction by
inhibition of p53 activity (54). The most frequent mutation is a
4 base pair insertion of TCTG at position 956–959 (55). Multiple
gene variants of NPM1 have been identified, all engendering the
TABLE 2 | Summary of distribution of frequencies of genes mutations in Acute
Myeloid Leukemia.

Genetic Mutation Frequency in AML (%) Refs

ETV6 1 19
KIT 2 20
DDX41 3 21
TERT 3 22
IDH1 4-9 23
Biallelic CEBPA 4-9 24
FLT3-TKD 7-10 25
IDH2 8-19 23
TP53 in de novo AML
TP53 in therapy related AML

8-14
60

26–28

GATA2 9 29
RUNX1 (somatic) 4-16 24
NPM1 27 4
FLT3-ITD 20-50 30
FIGURE 2 | Role of different Genetic Alterations as Diagnostic, and Prognostic markers, as well as the Availability of Targeted Therapy.
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same biological effect. They are mostly associated with normal
karyotype, and they are mutually exclusive with other known
recurrent genetic abnormalities including RUNX1 and CEBPA.
Interestingly, NPM1 mutations co-occur with mutations in
epigenetic modifiers including DNMT3A, TET2 and IDH1/2
in 73% of the cases (55); these epigenetic alterations, unlike
NPM1, are usually identified in pre-leukemic cells, and NPM1
mutations are believed to be a later occurrence (56). NPM1
mutated AML is considered a distinct biological subtype of AML
in the latest (2016) WHO classification (57). In the settings of
myelodysplastic syndrome (MDS) or myelodysplastic syndrome/
myeloproliferative neoplasms (MDS/MPN), independent studies
have suggested that the presence of NPM1mutation should be an
AML-defining mutation, irrespective of the blast percentage,
since these patients benefit from AML-type treatment with
intensive chemotherapy (58, 59).

NPM1 mutated AML is generally considered a favorable
prognostic marker with good response to induction therapy
(60). The prognosis is influenced by concurrent mutations in
other genes particularly FLT3 allele ratio. AML patients with
NPM1 mutation with absent or low FLT3-ITD AR (<0.5) have
similar OS, and are classified as favorable risk by 2017 ELN,
whereas AML patients with mutated NPM1 and high FLT3 ITD
AR are classified as intermediate-risk along with wild-type
NPM1 with absent or low FLT3 ITD AR. NPM1 mutations in
AML disappear with CR. However, the persistence of the
mutation during follow-up is a sign of adverse prognosis (1).
Unfortunately, residual leukemia is not always apparent by
morphology or flow cytometry. Cocciardi et al. described the
loss of NPM1mutation at relapse in 9% of NPM1mutated AML,
a finding that alters the prognosis through the selection of clones
that harbor FLT3 or DNMT3A mutations exclusively (61). Both
of the above findings highlight the importance of serial NGS as a
follow up tool for AML to identify the clonal evolution of
the disease.

A significant improvement of OS was observed in NPM1
mutated AML with Venetoclax, a BCL2 inhibitor, in
combination with hypomethylating agents in patients > 65
years old (17). Venetoclax was approved by the FDA in
combination with azacitidine or decitabine for the treatment of
newly diagnosed AML in patients older than 75 years old or who
have severe comorbidities (14, 18). Multiple other targeted
therapeutic options for NPM1 mutated AML are ongoing;
these include: 1- Deguelin, a selective silencer of the NPM1
mutation that stimulates apoptosis and induces differentiation in
AML cells (62); 2- NSC34884 a molecula that disrupts the
hydrophobic region that induce NPM1 oligomerization leading
to apoptosis; 3- CIGB-300 a molecule that binds NPM1 to
prevent the phosphorylation process resulting in induction of
apoptosis (63); 4- Selinexor (KPT 330), an inhibitor of exportin 1
responsible of the cytoplasmic mis-localization of mutated
NPM1 (64); 6- EAPB0503, a molecule that promotes NPM1
degradation and corrects the NPM1 mis-localization causing an
inhibition of the leukemia cell growth (65) (Table 2).

AML With Mutated RUNX1
Category: myeloid transcription factor (22).
Frontiers in Oncology | www.frontiersin.org 6145
Clinicopathologic and morphologic features: minimally
differentiated AML (AML-M0).

Recommended method of testing: NGS that includes the
whole coding region (66).

RUNX1 is a TF located on chromosome 21q22.12 recurrently
involved in leukemia due to multiple types of alterations
including chromosomal translocations, mutations, and copy
number changes. Somatic mutations occur in up to 15% of the
AML, and the frequency is higher in secondary AML arising
from MDS (67). De novo AML with mutated RUNX1 have
characteristic clinicopathologic features that include male
predominance, higher frequency of SRSF2 and ASXL1
mutations, normal karyotype, and absent NPM1 mutations (68).

Per 2017 ELN guidelines, mutated RUNX1 is considered as an
adverse prognostic factor. You et al. reported the results of a
study on 219 patients with AML, those with RUNX1 mutations
had shorter relapse-free survival than patients with wild type-
RUNX1 (69). In a meta-analysis of four studies, RUNX1mutation
was associated with dismal prognosis in AML (70). Stengel et al.
reported a better outcome when RUNX1mutation was associated
with IDH2 mutation, but worse when associated with ASXL1,
SF3B1, SRSF2 and PHF6 mutations (71). Based on the poor
outcome observed in studies that evaluated AML with RUNX1
mutations, the 2016 revised WHO AML classification system
regards de novo AML with mutated RUNX1 as a provisional
entity (57, 69, 70). However, when only de novo AML cases are
evaluated, the outcome is similar to AML with wild-type RUNX1
cases (68).

Notably, as RUNX1 is a gene implicated in germline
predisposition disorders, attention should be given to specific
findings in RUNX1 alterations. The presence of double
mutations or mutations with near heterozygous or
homozygous VAF, presence of mutation in familial clusters
and history of thrombocytopenia should prompt investigation
for an underlying familial platelet disorder with predisposition to
myeloid malignancy (72).

While there are no direct targeted therapies at this time,
enhancer suppression using bromodomain and extra-terminal
motif (BET) inhibitor prevents aberrant RUNX1 and ERG signal-
induced transcription in pre-clinical studies (73). Using CRISPR/
Cas9, the BET protein antagonist induced inhibition of RUNX1
resulting in more apoptosis of leukemic cells expressing mutated
RUNX1 compared to wild-type cells, inducing an improvement
of the survival of mice (74) (Table 2).

AML With Mutated CEBPA
Category: myeloid TF.

Clinicopathologic and morphologic features: AML with or
without maturation.

Recommended method of testing: NGS and PCR followed
by direct sequencing (sanger-sequencing) (75).

CCAAT enhancer binding protein (CEBPA) is a TF located
on chromosome 9q13.11 expressed in myeloid lineage. It plays a
major role in proliferation and differentiation of the myeloid
precursors to granulocytes or monocytes (76).

CEBPAmutations are found in 10–15% of patients (77). AML
with biallelic CEBPA mutations in a heterozygous or
September 2021 | Volume 11 | Article 748250
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homozygous pattern are significantly associated with better
overall prognosis and outcomes independently of other
molecular markers (77, 78). AML with single CEBPA
mutations are uncommon, and more studies are needed to
elucidate the clinical significance. Detection of biallelic CEBPA
alterations should also prompt investigation for an underlying
germline mutation on constitutional DNA with skin fibroblast
culture and investigation of underlying familial predisposition
(57, 79).

Due to the high GC content, CEBPA is a notoriously difficult
gene to sequence. There are reports of successful CEBPA
sequencing by NGS. This requires extensive modifications and
tweaking of the PCR conditions and probe sequences (75).

Jakobsen et al. identified NT5E that encodes CD73 to be up-
regulated in bi-allelic CEBPA mutant leukemia (80). The efficacy
of CD73 inhibitors, including synergy with immune checkpoint
inhibitors such as PD-1/PD-L1 are being evaluated as targeted
therapy in bi-allelic CEBPA mutant AML (NCT03454451)
(Table 2).
GENES INVOLVED IN PROGNOSTIC
RISK-STRATIFICATION OF AML

Tumor Protein p53 (TP53)
Category: tumor suppressor.

Clinicopathologic and morphologic features: associated
with complex karyotype and shorter OS.

Recommended method of testing: NGS for detections
mutations across the whole coding region and low mutant
burden (81).

TP53 is mutated in 8-14% of de novo AML cases, but as high
as 73% in AML in older patients and therapy-related AML (26–
28). The mutations induce loss-of-function, dominant negative
and gain-of-function phenotypes (82). The presence of a TP53
mutation is an independent predictor of poor survival and is
associated with a high risk of recurrence and treatment
resistance. The 2017 ELN classification regards the presence of
TP53 mutation as an adverse risk category (7).

One important additional information obtained from NGS
for prognostication, beyond just the presence of a TP53
mutation, is the variant allele frequency (VAF). In MDS, there
is significant difference in prognosis between MDS with TP53
VAF >40% vs. <20% (median OS of 124 months vs. OS not
reached) (83). Prochazka et al. categorized 98 de novo AML cases
using similar cut-offs: VAF >40%, VAF 20% - 40% and VAF
<20%; sub-clonal TP53mutation (VAF <20%) showed a negative
prognostic effect in terms of CR rate, OS and EFS (81). These
findings highlight the importance of a sensitive molecular assay
that detects minute sub-clones of TP53 mutation, and the
importance of the genetic data provided by NGS, including
accurate VAF.

The development of targeted therapy in TP53 mutated cases
should take into consideration multiple factors such as
alterations affecting related pathways as well as other
therapeutic options such as BCL2 inhibitors’ in the latter, the
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TP53 activation may overcome resistance to BCL-2 inhibitors
(84). Idasanutlin, an MDM2 inhibitor (85) and Cobimetinib a
MEK inhibitor (86), both affecting TP53 expression, are being
evaluated in combination with Venetoclax (BCL2 inhibitor) in
phase I and phase II trials. Also, clinical trials exploring APR-
246, a mutant P53 activator, are underway (NCT03931291);
recently, in 2020, FDA granted breakthrough therapy
designation for APR-246 in Combination with Azacitidine for
the treatment of MDS with a TP53 Mutation (87). The different
roles of TP53 in chemotherapy response and particularly the
work of Zuber et al. on the activation of TP53 gene in mice
provide supportive data of the significant role of exogenous
activation of TP53 pathway in regard to treatment response
(79) (Table 2).
GENE MUTATION SIGNATURES FOR
IDENTIFICATION OF AML ONTOGENY

Lindsley et al. evaluated the differences in gene mutation patterns
between secondary AML, therapy-related AML, and de novo
AML to decode the ontogeny of different subsets of AML. The
authors identified a set of gene mutations that can provide an
objective evidence of AML ontogeny irrespective of clinical
information. The presence of a mutations in any of these
genes: SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, or
STAG2 was >95% specific for the diagnosis of secondary AML
(88). Majority of these genes, SRSF2, SF3B1, U2AF1, ZRSR2, are
genes encoding proteins that belong to the spliceosomal complex
that encompasses a large number of members including small
nuclear ribonucleoproteins and protein factors responsible for
removing introns from a transcribed pre-mRNA (89). EZH2 and
BCOR mutations are associated with worse OS in AML (55, 90,
91) while STAG2 is a part of the cohesion complex.

The findings have major clinical and diagnostic implications.
When detected in “de novo” setting, the presence of secondary
AML mutations can identify a subset of patients with worse
outcome (88). The “secondary-type” mutations, as expected, are
frequently present in MDS (92) and chronic myelomonocytic
leukemia (CMML) (93). These findings imply these mutations
are unlikely to promote the development of acute leukemia
without a co-operating event. It is also to be noted that these
mutations occur early in the disease course and persist during
follow-up despite morphologic CR, hence should not be used for
MRD follow up purposes (Figure 2 and Table 2).
UNCOVERING UNDERLYING GERMLINE
MUTATIONS IN AML AND FAMILIAL
PREDISPOSITION

Somatic NGS sequencing in AML can potentially uncover
incidental germline mutations. The latest WHO recognizes
myeloid neoplasms with germline predisposition syndromes as
a distinct diagnostic category (57). Recognition of these
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conditions has major therapeutic implications (94) and different
diagnostic and monitoring strategies for the patient himself, as
well as the family members. When clinically suspicious, germline
mutations testing and proper family screening are important,
especially when an allogeneic bone marrow transplant is
under consideration.

The new WHO classification introduced four broad
categories of AML with germline predisposition: 1-nMyeloid
neoplasms with germline predisposition without a pre-existing
disorder or organ dysfunction, it includes AML with CEBPA and
DDX41 mutations 2- Myeloid neoplasms with germline
predisposition and pre-existing platelet disorders, which
encompass RUNX1, ANKRD26 and ETV6 mutations 3-
Myeloid neoplasms with germline GATA2 mutation and 4-
Myeloid neoplasms with germline predisposition associated
with inherited bone failure syndromes and telomere biology
disorders. Hence, it is recommended to include these genes,
CEBPA, DDX41, RUNX1, ANKRD26, ETV6, TERT and GATA2,
within the standard NGS panel.

Since most of the mutated genes associated with germline
predisposition disorders are also recurrently mutated in sporadic
leukemia cases, attention should be given when interpreting the
results of sequencing to identify clues suggesting a germline
origin, such as double mutations, one with a near heterozygous
or homozygous VAF (95). The presence of any of these
mutations in a newly diagnosed leukemia is not sufficient to
diagnose an AML with germline predisposition. Germline origin
by testing constitutional DNA (skin fibroblast culture in most
patients with active hematological malignancies) should be
performed for confirmation (72, 88). It is important to
highlight that targeted sequencing will not detect all the
germline alterations such as intronic regions and large
deletions spanning multiple exons; additional tests should be
done to further investigate when clinically suspicious, such as
array comparative hybridization for deletions and whole exome
sequencing for novel mutations (96, 97). The confirmation of
germline origin requires a prior genetic counseling since the
results may cause significant disturbance of the affected
individuals and families if not properly interpreted and
handled (Figure 2 and Table 2).
VARIANT ALLELE FREQUENCY OF GENE
MUTATIONS ESTIMATED BY NGS IS
IMPORTANT FOR TREATMENT
DECISIONS

NGS is a quantitative assay that provides information on mutant
allele burden, which is critical for management decisions and
predict outcome. VAF is defined as the ratio of reads with
mutation against total (mutant + wild-type) reads. Hence,
current NGS reports are generally not limited to presence or
absence of mutations but include the VAF of each alteration.
VAF is important for management decisions and outcome
prediction in AML and MDS. This was previously elaborated
in the context of TP53 mutations in AML and MDS (81, 83).
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A high mutant allele burden at diagnosis can be a negative
prognostic factor. Patel et al. demonstrated a negative prognostic
effect of high NPM1mutant allele burden at diagnosis in de novo
AML cases (98). Sasaki et al. investigated the effect of the VAF of
clonal hematopoiesis associated genes ASXL1, DNMT3A, JAK2,
TET2, and TP53 mutations on survival in 421 newly diagnosed
AML using NGS. Higher VAF (cut-off of 30%) was associated
with worse survival in AML patients within intermediate-risk
cytogenetic group (99).
SEQUENTIAL NGS ASSESSMENT FOR
MRD CHEMORESISTANCE AND EARLY
RELAPSE DETECTION

Serial NGS is ideal for monitoring AML patients for mutational
clearance and/or clonal evolution and relapse. Clearance of
somatic mutations in non-preleukemia genes at the time of CR
was associated with better OS and decreased risk for relapse
(100). Sequential analysis for persistent mutations is particularly
helpful to evaluate residual disease in patients treated using novel
targeted therapeutic agents, such as IDH inhibitors, as these can
pose diagnostic challenges on morphology and/flow cytometry.
Therefore, NGS is particularly useful to objectively evaluate
evidence of residual disease in these circumstances.

The implications of NGS include assessment of effectiveness
of therapy and detection of resistance mutations which can have
implications on management and therapeutic regimen choices.
Most importantly, sequencing of blast cells can detect TP53
mutations which are independent predictors of poor survival and
treatment resistance (7). Moreover, mutations that trigger
resistance to FLT3 inhibitors can be identified in AML cases
including emergence of leukemic clones harboring mutations
that activate RAS/MAPK pathway signaling (37). On the other
hand, emergence of FLT3-TKD mutation during treatment can
engender resistance to TKI; therefore, sequential mutational
analysis is mandatory for early detection of potential treatment
resistance and the choice of alternative drugs. Finally, the
acquisition of IDH1, WT1, ASXL1 variants in certain AML
clones, either present at diagnosis or gained at relapse confer
chemotherapy resistance (101).

While NGS facilitates identification of disease evolution and
treatment resistance mutations, there are several caveats. First,
the sensitivity of standard NGS panels used in clinical
laboratories, currently limited to 2-5% VAF (102) is less or
comparable to standard flow cytometry techniques for
detection of residual disease at the time of morphologic
remission. Yet, NGS results are more helpful than latter in
settings where blasts show monocytic differentiation or in
settings with limited sample quality. The identification of the
mutations is partly limited by the intrinsic error rates (0.1% to
1%), that can be potentially overcome using the error correction
methodologies such as molecular barcoding (103). Alternately,
ultra-deep sequencing NGS with an ultra-high depth of coverage
or individual gene assays such as ddPCR assays can be helpful
(104). In one study, a high-throughput deep sequencing NGS
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method showed a detection sensitivity of 10-4 for SNVs and 10-5

for insertions/deletions (105).
Second, persistence of “pre-leukemia” mutation signature

cannot be used for MRD detection. NGS enables the
identification of background clonal hematopoiesis. Clonal
hematopoiesis of indeterminate potential (CHIP), defined as
the presence of a somatic alterations (either a somatic
mutation associated with myeloid malignancy present at least
2% VAF or cytogenetic abnormality) in apparently healthy
individuals. These patients have an increased risk of
developing a hematologic malignancy, higher risk of
developing therapy related myeloid neoplasms following
chemotherapy for a solid tumor and increased frequency of
adverse cardiovascular events (106).

Most of the CHIP alterations belong to genes DNMT3A,
TET2 and ASXL1 (DTA) (106, 107). All three genes are involved
in epigenetic regulation of myeloid differentiation and are
considered to be within preleukemic hematopoetic stem cells
(108). DTA gene mutations cannot induce leukemia without a
co-operating second hits (109). The mutations in either one of
the DTA genes impart negative prognostic outcomes in AML
(110–112). The 2017 ELN classifies ASXL1 mutations as adverse
risk category (7), and its presence was >95% specific for AML of
secondary origin (88).

Mutations in all three genes can be seen within the entire
coding region, and include missense, frameshift, nonsense and
splice-site mutations leading to a non-functional protein. The
only exception being DNMT3A, which has a hotspot point
mutation in codon R882 (113, 114). Loss of TET2 function can
also occur via mutations in IDH1, IDH2 and WT1 (115, 116),
that explain the mutual exclusivity between IDH1/2-TET2-WT1
mutations in AML (116). Hence, NGS is an ideal technique for
detection of all these mutations.

Importantly, DTA gene mutations likely persist at the time of
remission of AML in pre-leukemic clones, hence they cannot be
used to detect MRD (109). DNMT3A R882 mutation persists in
75% of AML patients during remission without any negative
impact on outcomes (117). Interestingly, ascorbate
supplementation can restore methylation patterns and
minimize proliferation of blasts (118). A clinical trial
evaluating the efficacy of azacitidine and high dose ascorbic
acid in AML with mutated TET2 is ongoing (NCT03397173).

9- Subclonal evolution in AML using single-cell technology:
All malignancies are genetically heterogeneous, composed of

mutationally-defined subclonal cell populations characterized by
distinct phenotypes. Precise identification of clonal and sub-
clonal architecture is mandatory to understand the temporal
evolution of tumor and the emergence of treatment resistance.
Bulk sequencing cannot definitively resolve the actual complex
clonal composition of neoplasms generally and AML specifically.
Therefore, there is great interest in understanding the genetic
alterations at a single-cell level using the newly designed
sequencing platforms. Multiple reports published recently
highlighted the subclonal selection during the treatment
journey. Morita et al. reported the sub-clonal complexity in 37,
clonal architecture and mutational histories of 123 AML
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patients. The authors explored single cell-level mutation co-
occurrence and mutual exclusivity revealing novel clonal
relationships; and emergence and selection of resistant
subclones under therapies by longitudinal analysis (119).
Interestingly, current emerging single-cell multi-omics
technology, aid in profiling simultaneously single-cell
mutations and cell surface proteins in AML cases, allowing
correlation of genetic and phenotypic heterogeneity (120).
Using the novel features of this technology, Petti et al., using a
high-throughput platform to distinguish tumor and non-tumor
cells in AML, identified tumor cells showing phenotypic
aberrancies and lineage infidelity, evaluated the sub-clonal
progression of tumor samples with time with a molecular
signature for each sample, and cell-surface markers that could
be used to isolate specific cells for downstream studies (121).
Another study showed that FLT3-ITD mutation was present in
the primitive cells, whereas FLT3-TKD mutation was present in
the more differentiated cells within the same tumor. The study
demonstrated that FLT3 variants differentially affected AML
differentiation that explained the worse prognosis associated
with certain alleles (122).
DISCUSSION

We believe that NGS is an exciting tool that has helped
pathologists and oncologists tremendously to improve their
understanding of AML pathogenesis and clonal evolution of
the disease. It has played a major role in designing therapies
targeting the disease and control relapse. Genomic analysis of
cases at diagnosis and relapse have uncovered the alterations and
clonal evolution of the genetic profile of the tumor cells during
disease progression. The cited studies and clinical trial results
highlight the unique genetic signature of every patient’s disease,
not only with respect to different combinations of mutations, but
also in terms of clonal burden of different mutations, sequence of
mutations, and concurrent chromosomal gain and losses. As a
consequence of this, 1- the prognostic outcome of each patient
can be unique and cannot be simply generalized based on the
presence or absence of mutations; 2- the therapeutic molecules
should be targeted to attack both the primary clone and
emerging sub-clones with potential resistance mechanisms.
Hence, a better understanding of each patient’s AML genome
by NGS is mandatory to make decisions related to appropriate
personalized therapy.

Nevertheless, a lot more standardization is needed for
implementing NGS in daily clinical practice; for instance, so far
there is no universal consensus, yet on which target genes should be
included in the sequencing panels. Moreover, the sequencing depth
of coverage is still a subjective number chosen by each laboratory for
the validation of their sequencer. Furthermore, there is no consistent
practice for quality assessment of sequencing data; the accuracy of
results is compromised at genome locations with highly repetitive
sequences, or in GC-rich locations, common problems encountered
during sequencing and data analysis. Finally, results interpretation
can be time-consuming and requires specific expertise from
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bioinformatics and pathology (or equivalent degree). Further
standardizations are needed when NGS is used for serial follow-
up to assess measurable residual disease. It is important to keep in
mind that bulk NGS represents the “average” findings per cell, and
hence the data on genomic complexity is only inferred. On the other
hand, single-cell NGS can accurately provide concrete information
on sub-clonal architecture, but it has not reached the mainstream
clinical work-flow yet (123).

At the same time, while NGS is an important component of
AML workup, other testing needs to be performed to accurately
sub-classify the disease, specify the prognosis, and determine the
best targeted therapy. A comprehensive workup for AML should
include a karyotype to identify the disease defining chromosomal
translocations including t(8;21), t(15;17), t(16;16) and the new
WHO entity AML with BCR/ABL (57); however, some fusions
can be cryptic (57), and other testing is required to highlight
these aberrations including Fluorescence in situ hybridization
(FISH), RT-PCR, RNAseq, and other targeted fusions assays.
Moreover copy-neutral loss of heterozygosity (cnLOH) has
prognostic significance in patients with acute leukemia (124);
Walker et al. showed that LOH mediated by uniparental disomy
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(UPD) is a common finding in cytogenetically normal AML.
Also, UPD involving 13q and 11p are important for genetic risk
stratification in these cases (125). FISH and karyotyping can be
used to depict copy number aberrations; however, they are
limited by low resolution or restriction to targeted assessment.
The alternative method of testing is Chromosomal microarray
which can characterize chromosomal copy number changes and
cnLOH in myeloid malignancies (126).

Overall, NGS has enabled phenomenal advances in
understanding of molecular genetics of AML and opened up
new horizons for development of highly effective therapeutic
molecules and protocols for individualized treatment and
monitoring that are completely reshaping the management of
the different subtypes of AML.
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Adverse Prognostic Significance of KIT Mutations in Adult Acute Myeloid
Leukemia With inv(16) and t(8;21): A Cancer and Leukemia Group B Study.
J Clin Oncol (2006) 24(24):3904–11. doi: 10.1200/jco.2006.06.9500

43. Kuykendall A, Duployez N, Boissel N, Lancet JE, Welch JS. Acute Myeloid
Leukemia: The Good, the Bad, and the Ugly. Am Soc Clin Oncol Educ Book
(2018) 38):555–73. doi: 10.1200/edbk_199519

44. Jin H, Zhu Y, Hong M, Wu Y, Qiu H, Wang R, et al. Co-Occurrence of KIT
and NRAS Mutations Defines an Adverse Prognostic Core-Binding Factor
Acute Myeloid Leukemia. Leuk Lymphoma (2021) 1–10. doi: 10.1080/
10428194.2021.1919660

45. Allen C, Hills RK, Lamb K, Evans C, Tinsley S, Sellar R, et al. The
Importance of Relative Mutant Level for Evaluating Impact on Outcome
of KIT, FLT3 and CBL Mutations in Core-Binding Factor Acute Myeloid
Leukemia. Leukemia (2013) 27(9):1891–901. doi: 10.1038/leu.2013.186

46. Duployez N, Marceau-Renaut A, Boissel N, Petit A, Bucci M, Geffroy S, et al.
Comprehensive Mutational Profiling of Core Binding Factor Acute Myeloid
Leukemia. Blood (2016) 127(20):2451–9. doi: 10.1182/blood-2015-12-
688705

47. Pollard JA, Alonzo TA, Gerbing RB, Ho PA, Zeng R, Ravindranath Y, et al.
Prevalence and Prognostic Significance of KIT Mutations in Pediatric
Patients With Core Binding Factor AML Enrolled on Serial Pediatric
Cooperative Trials for De Novo AML. Blood (2010) 115(12):2372–9.
doi: 10.1182/blood-2009-09-241075

48. Lück SC, Russ AC, Du J, Gaidzik V, Schlenk RF, Pollack JR, et al. KIT
Mutations Confer a Distinct Gene Expression Signature in Core Binding
Factor Leukaemia. Br J Haematol (2010) 148(6):925–37. doi: 10.1111/j.1365-
2141.2009.08035.x

49. Borthakur G, Kantarjian H. Core Binding Factor Acute Myelogenous
Leukemia-2021 Treatment Algorithm. Blood Cancer J (2021) 11(6):114.
doi: 10.1038/s41408-021-00503-6

50. Szankasi P, Jama M, Bahler DW. A New DNA-Based Test for Detection of
Nucleophosmin Exon 12 Mutations by Capillary Electrophoresis. J Mol
Diagn (2008) 10(3):236–41. doi: 10.2353/jmoldx.2008.070167

51. Wertheim GBW, Bagg A. NPM1 for MRD? Droplet Like It’s Hot! J Mol
Diagn (2017) 19(4):498–501. doi: 10.1016/j.jmoldx.2017.04.008

52. Zarka J, Short NJ, Kanagal-Shamanna R, Issa GC. Nucleophosmin 1
Mutations in Acute Myeloid Leukemia. Genes (Basel) (2020) 11(6):649.
doi: 10.3390/genes11060649

53. Rau R, Brown P. Nucleophosmin (NPM1) Mutations in Adult and Childhood
Acute Myeloid Leukaemia: Towards Definition of a New Leukaemia Entity.
Hematol Oncol (2009) 27(4):171–81. doi: 10.1002/hon.904

54. Colombo E, Marine JC, Danovi D, Falini B, Pelicci PG. Nucleophosmin
Regulates the Stability and Transcriptional Activity of P53. Nat Cell Biol
(2002) 4(7):529–33. doi: 10.1038/ncb814

55. Damiani D, Tiribelli M. Molecular Landscape in Adult Acute Myeloid
Leukemia: Where We are Where We Going? J Lab Prec Med (2019) 4
(0):17. doi: 10.21037/jlpm.2018.09.08

56. Villanueva MT. Genetics: Acute Myeloid Leukaemia: Driving the Driver.
Nat Rev Cancer (2016) 16(8):479. doi: 10.1038/nrc.2016.75

57. Swerdlow SHCE, Harris NL, Jaffe ES, Pileri SA, Stein H, et al. WHO
Classification of Tumours of Haematopoietic and Lymphoid Tissues,
Revised 4th edition. (2017).

58. Montalban-Bravo G, Kanagal-Shamanna R, Sasaki K, Patel K, Ganan-
Gomez I, Jabbour E, et al. NPM1 Mutations Define a Specific Subgroup of
MDS and MDS/MPN Patients With Favorable Outcomes With Intensive
Chemotherapy. Blood Adv (2019) 3(6):922–33. doi: 10.1182/
bloodadvances.2018026989

59. Patel SS, Ho C, Ptashkin RN, Sadigh S, Bagg A, Geyer JT, et al.
Clinicopathologic and Genetic Characterization of Nonacute NPM1-
September 2021 | Volume 11 | Article 748250

https://doi.org/10.18632/oncotarget.4668
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1038/s41375-018-0357-9
https://doi.org/10.1002/gcc.22796
https://doi.org/10.1002/cncr.30203
https://doi.org/10.1080/10428194.2017.1422864
https://doi.org/10.1080/10428194.2017.1422864
https://doi.org/10.1038/leu.2012.174
https://doi.org/10.1007/s00277-011-1280-6
https://doi.org/10.1182/asheducation-2013.1.220
https://doi.org/10.1182/blood-2007-08-109090
https://doi.org/10.1182/blood-2014-05-578070
https://doi.org/10.1002/cncr.31885
https://doi.org/10.1016/j.jmoldx.2012.08.001
https://doi.org/10.1093/bioinformatics/btp394
https://doi.org/10.1158/2159-8290.CD-18-1453
https://doi.org/10.1016/j.clinbiochem.2018.08.012
https://doi.org/10.1016/j.clml.2015.05.009
https://doi.org/10.1016/j.clml.2015.05.009
https://doi.org/10.1200/JCO.2009.27.3730
https://doi.org/10.2353/jmoldx.2010.090054
https://doi.org/10.1200/jco.2006.06.9500
https://doi.org/10.1200/edbk_199519
https://doi.org/10.1080/10428194.2021.1919660
https://doi.org/10.1080/10428194.2021.1919660
https://doi.org/10.1038/leu.2013.186
https://doi.org/10.1182/blood-2015-12-688705
https://doi.org/10.1182/blood-2015-12-688705
https://doi.org/10.1182/blood-2009-09-241075
https://doi.org/10.1111/j.1365-2141.2009.08035.x
https://doi.org/10.1111/j.1365-2141.2009.08035.x
https://doi.org/10.1038/s41408-021-00503-6
https://doi.org/10.2353/jmoldx.2008.070167
https://doi.org/10.1016/j.jmoldx.2017.04.008
https://doi.org/10.3390/genes11060649
https://doi.org/10.1002/hon.904
https://doi.org/10.1038/ncb814
https://doi.org/10.21037/jlpm.2018.09.08
https://doi.org/10.1038/nrc.2016.75
https://doi.org/10.1182/bloodadvances.2018026989
https://doi.org/10.1182/bloodadvances.2018026989
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


El Achi and Kanagal-Shamanna NGS Applications in AML
Mutated Myeloid Neoplasms. Blood Adv (2019) 3(9):1540–5. doi: 10.1182/
bloodadvances.2019000090

60. DiNardo CD, Cortes JE. Mutations in AML: Prognostic and Therapeutic
Implications. Hematol Am Soc Hematol Educ Program (2016) 2016(1):348–
55. doi: 10.1182/asheducation-2016.1.348

61. Cocciardi S, Dolnik A, Kapp-Schwoerer S, Rucker FG, Lux S, Blatte TJ, et al.
Clonal Evolution Patterns in Acute Myeloid Leukemia With NPM1
Mutation. Nat Commun (2019) 10(1):2031. doi: 10.1038/s41467-019-
09745-2

62. Yi S, Wen L, He J, Wang Y, Zhao F, Zhao J, et al. Deguelin, a Selective
Silencer of the NPM1 Mutant, Potentiates Apoptosis and Induces
Differentiation in AML Cells Carrying the NPM1 Mutation. Ann Hematol
(2015) 94(2):201–10. doi: 10.1007/s00277-014-2206-x

63. Di Matteo A, Franceschini M, Chiarella S, Rocchio S, Travaglini-Allocatelli
C, Federici L. Molecules That Target Nucleophosmin for Cancer Treatment:
An Update. Oncotarget (2016) 7(28):44821–40. doi: 10.18632/
oncotarget.8599

64. Talati C, Sweet KL. Nuclear Transport Inhibition in Acute Myeloid
Leukemia: Recent Advances and Future Perspectives. Int J Hematol Oncol
(2018) 7(3):IJH04. doi: 10.2217/ijh-2018-0001

65. Nabbouh AI, Hleihel RS, Saliba JL, Karam MM, Hamie MH, Wu HJM, et al.
Imidazoquinoxaline Derivative EAPB0503: A Promising Drug Targeting
Mutant Nucleophosmin 1 in Acute Myeloid Leukemia. Cancer (2017) 123
(9):1662–73. doi: 10.1002/cncr.30515

66. Kohlmann A, Nadarajah N, Alpermann T, Grossmann V, Schindela S,
Dicker F, et al. Monitoring of Residual Disease by Next-Generation Deep-
Sequencing of RUNX1 Mutations Can Identify Acute Myeloid Leukemia
Patients With Resistant Disease. Leukemia (2014) 28(1):129–37.
doi: 10.1038/leu.2013.239

67. Dicker F, Haferlach C, Sundermann J, Wendland N, Weiss T, Kern W, et al.
Mutation Analysis for RUNX1, MLL-PTD, FLT3-ITD, NPM1 and NRAS in
269 Patients With MDS or Secondary AML. Leukemia (2010) 24(8):1528–
32. doi: 10.1038/leu.2010.124

68. Quesada AE, Montalban-Bravo G, Luthra R, Patel KP, Sasaki K, Bueso-
Ramos CE, et al. Clinico-Pathologic Characteristics and Outcomes of the
World Health Organization (WHO) Provisional Entity De Novo Acute
Myeloid Leukemia With Mutated RUNX1. Modern Pathol (2020) 33
(9):1678–89. doi: 10.1038/s41379-020-0531-2

69. You E, Cho YU, Jang S, Seo EJ, Lee JH, Lee JH, et al. Frequency and
Clinicopathologic Features of RUNX1 Mutations in Patients With Acute
Myeloid Leukemia Not Otherwise Specified. Am J Clin Pathol (2017) 148
(1):64–72. doi: 10.1093/ajcp/aqx046

70. Jalili M, Yaghmaie M, AhmadvandM, Alimoghaddam K, Mousavi SA, Vaezi
M, et al. Prognostic Value of RUNX1 Mutations in AML: A Meta-Analysis.
Asian Pac J Cancer Prev (2018) 19(2):325–9. doi: 10.22034/APJCP.
2018.19.2.325

71. Stengel A, Kern W, Meggendorfer M, Nadarajah N, Perglerova K, Haferlach
T, et al. Number of RUNX1 Mutations, Wild-Type Allele Loss and
Additional Mutations Impact on Prognosis in Adult RUNX1-Mutated
AML. Leukemia (2018) 32(2):295–302. doi: 10.1038/leu.2017.239

72. Kanagal-Shamanna R, Loghavi S, DiNardo CD, Medeiros LJ, Garcia-Manero
G, Jabbour E, et al. Bone Marrow Pathologic Abnormalities in Familial
Platelet Disorder With Propensity for Myeloid Malignancy and Germline
RUNX1 Mutation. Haematologica (2017) 102(10):1661–70. doi: 10.3324/
haematol.2017.167726

73. Antony J, Gimenez G, Taylor T, Khatoon U, Day R, Morison IM, et al. BET
Inhibition Prevents Aberrant RUNX1 and ERG Transcription in STAG2
Mutant Leukaemia Cells. J Mol Cell Biol (2020) 12(5):397–9. doi: 10.1093/
jmcb/mjz114

74. Mill CP, Fiskus W, DiNardo CD, Qian Y, Raina K, Rajapakshe K, et al.
RUNX1-Targeted Therapy for AML Expressing Somatic or Germline
Mutation in RUNX1. Blood (2019) 134(1):59–73. doi: 10.1182/blood.
2018893982

75. Grossmann V, Schnittger S, Schindela S, Klein HU, Eder C, Dugas M, et al.
Strategy for Robust Detection of Insertions, Deletions, and Point Mutations
in CEBPA, a GC-Rich Content Gene, Using 454 Next-Generation Deep-
Sequencing Technology. J Mol Diagn (2011) 13(2):129–36. doi: 10.1016/
j.jmoldx.2010.09.001
Frontiers in Oncology | www.frontiersin.org 12151
76. Song G, Wang L, Bi K, Jiang G. Regulation of the C/EBPalpha Signaling
Pathway in Acute Myeloid Leukemia (Review). Oncol Rep (2015) 33
(5):2099–106. doi: 10.3892/or.2015.3848

77. Walker A, Marcucci G. Molecular Prognostic Factors in Cytogenetically
Normal Acute Myeloid Leukemia. Expert Rev Hematol (2012) 5(5):547–58.
doi: 10.1586/ehm.12.45

78. Li HY, Deng DH, Huang Y, Ye FH, Huang LL, Xiao Q, et al. Favorable
Prognosis of Biallelic CEBPA Gene Mutations in Acute Myeloid Leukemia
Patients: A Meta-Analysis. Eur J Haematol (2015) 94(5):439–48.
doi: 10.1111/ejh.12450

79. Zuber J, Radtke I, Pardee TS, Zhao Z, Rappaport AR, Luo W, et al. Mouse
Models of Human AML Accurately Predict Chemotherapy Response. Genes
Dev (2009) 23(7):877–89. doi: 10.1101/gad.1771409

80. Jakobsen JS, Laursen LG, Schuster MB, Pundhir S, Schoof E, Ge Y, et al.
Mutant CEBPA Directly Drives the Expression of the Targetable Tumor-
Promoting Factor CD73 in AML. Sci Adv (2019) 5(7):eaaw4304.
doi: 10.1126/sciadv.aaw4304

81. Prochazka KT, Pregartner G, Rucker FG, Heitzer E, Pabst G, Wolfler A, et al.
Clinical Implications of Subclonal TP53 Mutations in Acute Myeloid
Leukemia. Haematologica (2019) 104(3):516–23. doi: 10.3324/haematol.
2018.205013

82. Oren M, Rotter V. Mutant P53 Gain-of-Function in Cancer. Cold Spring
Harb Perspect Biol (2010) 2(2):a001107. doi: 10.1101/cshperspect.a001107

83. Sallman DA, Komrokji R, Vaupel C, Cluzeau T, Geyer SM, McGraw KL,
et al. Impact of TP53 Mutation Variant Allele Frequency on Phenotype and
Outcomes in Myelodysplastic Syndromes. Leukemia (2016) 30(3):666–73.
doi: 10.1038/leu.2015.304

84. Pan R, Ruvolo V, Mu H, Leverson JD, Nichols G, Reed JC, et al. Synthetic
Lethality of Combined Bcl-2 Inhibition and P53 Activation in AML:
Mechanisms and Superior Antileukemic Efficacy. Cancer Cell (2017) 32
(6):748–60 e6. doi: 10.1016/j.ccell.2017.11.003

85. Khurana A, Shafer DA. MDM2 Antagonists as a Novel Treatment Option
for Acute Myeloid Leukemia: Perspectives on the Therapeutic Potential of
Idasanutlin (RG7388). Onco Targets Ther (2019) 12:2903–10. doi: 10.2147/
OTT.S172315

86. Han L, Zhang Q, Dail M, Shi C, Cavazos A, Ruvolo VR, et al. Concomitant
Targeting of BCL2 With Venetoclax and MAPK Signaling With
Cobimetinib in Acute Myeloid Leukemia Models. Haematologica (2020)
105(3):697–707. doi: 10.3324/haematol.2018.205534

87. PatentScope . Available at: https://patentscope.wipo.int/search/en/detail.jsf?
docId=WO2019134070&docAn=CN2018070051 (Accessed September
2020).

88. Lindsley RC, Mar BG, Mazzola E, Grauman PV, Shareef S, Allen SL, et al.
Acute Myeloid Leukemia Ontogeny is Defined by Distinct Somatic
Mutations. Blood (2015) 125(9):1367–76. doi: 10.1182/blood-2014-11-
610543

89. Taylor J, Lee SC. Mutations in Spliceosome Genes and Therapeutic
Opportunities in Myeloid Malignancies. Genes Chromosomes Cancer
(2019) 58(12):889–902. doi: 10.1002/gcc.22784

90. Mechaal A, Menif S, Abbes S, Safra I. EZH2, New Diagnosis and Prognosis
Marker in Acute Myeloid Leukemia Patients. Adv Med Sci (2019) 64(2):395–
401. doi: 10.1016/j.advms.2019.07.002

91. Zhang Q, Han Q, Zi J, Ma J, Song H, Tian Y, et al. Mutations in EZH2 are
Associated With Poor Prognosis for Patients With Myeloid Neoplasms.
Genes Dis (2019) 6(3):276–81. doi: 10.1016/j.gendis.2019.05.001

92. Walter MJ, Shen D, Shao J, Ding L, White BS, Kandoth C, et al. Clonal
Diversity of Recurrently Mutated Genes in Myelodysplastic Syndromes.
Leukemia (2013) 27(6):1275–82. doi: 10.1038/leu.2013.58

93. Itzykson R, Kosmider O, Renneville A, Morabito M, Preudhomme C, Berthon
C, et al. Clonal Architecture of Chronic Myelomonocytic Leukemias. Blood
(2013) 121(12):2186–98. doi: 10.1182/blood-2012-06-440347

94. University of Chicago Hematopoietic Malignancies Cancer Risk T. How I
Diagnose and Manage Individuals at Risk for Inherited Myeloid Malignancies.
Blood (2016) 128(14):1800–13. doi: 10.1182/blood-2016-05-670240

95. Kanagal-Shamanna R. The Emerging Role of Hematopathologists and
Molecular Pathologists in Detection, Monitoring, and Management of
Myeloid Neoplasms With Germline Predisposition. Curr Hematol Malig
Rep (2021) 24:1–9. doi: 10.1007/s11899-021-00636-2
September 2021 | Volume 11 | Article 748250

https://doi.org/10.1182/bloodadvances.2019000090
https://doi.org/10.1182/bloodadvances.2019000090
https://doi.org/10.1182/asheducation-2016.1.348
https://doi.org/10.1038/s41467-019-09745-2
https://doi.org/10.1038/s41467-019-09745-2
https://doi.org/10.1007/s00277-014-2206-x
https://doi.org/10.18632/oncotarget.8599
https://doi.org/10.18632/oncotarget.8599
https://doi.org/10.2217/ijh-2018-0001
https://doi.org/10.1002/cncr.30515
https://doi.org/10.1038/leu.2013.239
https://doi.org/10.1038/leu.2010.124
https://doi.org/10.1038/s41379-020-0531-2
https://doi.org/10.1093/ajcp/aqx046
https://doi.org/10.22034/APJCP.2018.19.2.325
https://doi.org/10.22034/APJCP.2018.19.2.325
https://doi.org/10.1038/leu.2017.239
https://doi.org/10.3324/haematol.2017.167726
https://doi.org/10.3324/haematol.2017.167726
https://doi.org/10.1093/jmcb/mjz114
https://doi.org/10.1093/jmcb/mjz114
https://doi.org/10.1182/blood.2018893982
https://doi.org/10.1182/blood.2018893982
https://doi.org/10.1016/j.jmoldx.2010.09.001
https://doi.org/10.1016/j.jmoldx.2010.09.001
https://doi.org/10.3892/or.2015.3848
https://doi.org/10.1586/ehm.12.45
https://doi.org/10.1111/ejh.12450
https://doi.org/10.1101/gad.1771409
https://doi.org/10.1126/sciadv.aaw4304
https://doi.org/10.3324/haematol.2018.205013
https://doi.org/10.3324/haematol.2018.205013
https://doi.org/10.1101/cshperspect.a001107
https://doi.org/10.1038/leu.2015.304
https://doi.org/10.1016/j.ccell.2017.11.003
https://doi.org/10.2147/OTT.S172315
https://doi.org/10.2147/OTT.S172315
https://doi.org/10.3324/haematol.2018.205534
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019134070&amp;docAn=CN2018070051
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019134070&amp;docAn=CN2018070051
https://doi.org/10.1182/blood-2014-11-610543
https://doi.org/10.1182/blood-2014-11-610543
https://doi.org/10.1002/gcc.22784
https://doi.org/10.1016/j.advms.2019.07.002
https://doi.org/10.1016/j.gendis.2019.05.001
https://doi.org/10.1038/leu.2013.58
https://doi.org/10.1182/blood-2012-06-440347
https://doi.org/10.1182/blood-2016-05-670240
https://doi.org/10.1007/s11899-021-00636-2
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


El Achi and Kanagal-Shamanna NGS Applications in AML
96. Wlodarski MW, Hirabayashi S, Pastor V, Stary J, Hasle H, Masetti R, et al.
Prevalence, Clinical Characteristics, and Prognosis of GATA2-Related
Myelodysplastic Syndromes in Children and Adolescents. Blood (2016)
127(11):1387–97. doi: 10.1182/blood-2015-09-669937

97. Jongmans MC, Kuiper RP, Carmichael CL, Wilkins EJ, Dors N, Carmagnac
A, et al. Novel RUNX1 Mutations in Familial Platelet Disorder With
Enhanced Risk for Acute Myeloid Leukemia: Clues for Improved
Identification of the FPD/AML Syndrome. Leukemia (2010) 24(1):242–6.
doi: 10.1038/leu.2009.210

98. Patel SS, Pinkus GS, Ritterhouse LL, Segal JP, Dal Cin P, Restrepo T, et al.
High NPM1 Mutant Allele Burden at Diagnosis Correlates With Minimal
Residual Disease at First Remission in De Novo Acute Myeloid Leukemia.
Am J Hematol (2019) 94(8):921–8. doi: 10.1002/ajh.25544

99. Sasaki K, Kanagal-Shamanna R, Montalban-Bravo G, Assi R, Jabbour E,
Ravandi F, et al. Impact of the Variant Allele Frequency of ASXL1,
DNMT3A, JAK2, TET2, TP53, and NPM1 on the Outcomes of Patients
With Newly Diagnosed Acute Myeloid Leukemia. Cancer (2020) 126
(4):765–74. doi: 10.1002/cncr.32566

100. Jongen-Lavrencic M, Grob T, Hanekamp D, Kavelaars FG, Al Hinai A,
Zeilemaker A, et al. Molecular Minimal Residual Disease in Acute Myeloid
Leukemia. N Engl J Med (2018) 378(13):1189–99. doi: 10.1056/
NEJMoa1716863

101. Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, Welch JS, et al. Clonal
Evolution in Relapsed Acute Myeloid Leukaemia Revealed by Whole-
Genome Sequencing. Nature (2012) 481(7382):506–10. doi: 10.1038/
nature10738

102. Petrackova A, Vasinek M, Sedlarikova L, Dyskova T, Schneiderova P,
Novosad T, et al. Standardization of Sequencing Coverage Depth in NGS:
Recommendation for Detection of Clonal and Subclonal Mutations in
Cancer Diagnostics. Front Oncol (2019) 9:851. doi: 10.3389/fonc.2019.00851

103. Levine RL, Valk PJM. Next-Generation Sequencing in the Diagnosis and
Minimal Residual Disease Assessment of Acute Myeloid Leukemia.
Haematologica (2019) 104(5):868–71. doi: 10.3324/haematol.2018.205955

104. Kanagal-Shamanna R. Digital PCR: Principles and Applications. Methods
Mol Biol (2016) 1392:43–50. doi: 10.1007/978-1-4939-3360-0_5

105. Onecha E, Linares M, Rapado I, Ruiz-Heredia Y, Martinez-Sanchez P,
Cedena T, et al. A Novel Deep Targeted Sequencing Method for Minimal
Residual Disease Monitoring in Acute Myeloid Leukemia. Haematologica
(2019) 104(2):288–96. doi: 10.3324/haematol.2018.194712

106. Jaiswal S, Fontanillas P, Flannick J, Manning A, Grauman PV, Mar BG, et al.
Age-Related Clonal Hematopoiesis Associated With Adverse Outcomes.
N Engl J Med (2014) 371(26):2488–98. doi: 10.1056/NEJMoa1408617

107. Young AL, Challen GA, Birmann BM, Druley TE. Clonal Haematopoiesis
Harbouring AML-Associated Mutations is Ubiquitous in Healthy Adults.
Nat Commun (2016) 7:12484. doi: 10.1038/ncomms12484

108. Jan M, Snyder TM, Corces-Zimmerman MR, Vyas P, Weissman IL, Quake
SR, et al. Clonal Evolution of Preleukemic Hematopoietic Stem Cells
Precedes Human Acute Myeloid Leukemia. Sci Transl Med (2012) 4
(149):149ra18. doi: 10.1126/scitranslmed.3004315

109. Voso MT, Ottone T, Lavorgna S, Venditti A, Maurillo L, Lo-Coco F, et al.
MRD in AML: The Role of New Techniques. Front Oncol (2019) 9:655.
doi: 10.3389/fonc.2019.00655

110. Kumar D, Mehta A, Panigrahi MK, Nath S, Saikia KK. DNMT3A (R882)
Mutation Features and Prognostic Effect in Acute Myeloid Leukemia in
Coexistent With NPM1 and FLT3 Mutations. Hematol Oncol Stem Cell Ther
(2018) 11(2):82–9. doi: 10.1016/j.hemonc.2017.09.004

111. Wang R, Gao X, Yu L. The Prognostic Impact of Tet Oncogene Family
Member 2 Mutations in Patients With Acute Myeloid Leukemia: A
Systematic-Review and Meta-Analysis. BMC Cancer (2019) 19(1):389.
doi: 10.1186/s12885-019-5602-8

112. Khan M, Cortes J, Kadia T, Naqvi K, Brandt M, Pierce S, et al. Clinical
Outcomes and Co-Occurring Mutations in Patients With RUNX1-Mutated
Acute Myeloid Leukemia. Int J Mol Sci (2017) 18(8):1618. doi: 10.3390/
ijms18081618

113. Gale RE, Lamb K, Allen C, El-Sharkawi D, Stowe C, Jenkinson S, et al.
Simpson’s Paradox and the Impact of Different DNMT3A Mutations on
Frontiers in Oncology | www.frontiersin.org 13152
Outcome in Younger Adults With Acute Myeloid Leukemia. J Clin Oncol
(2015) 33(18):2072–83. doi: 10.1200/JCO.2014.59.2022

114. Gowher H, Loutchanwoot P, Vorobjeva O, Handa V, Jurkowska RZ,
Jurkowski TP, et al. Mutational Analysis of the Catalytic Domain of the
Murine Dnmt3a DNA-(Cytosine C5)-Methyltransferase. J Mol Biol (2006)
357(3):928–41. doi: 10.1016/j.jmb.2006.01.035

115. Solary E, Bernard OA, Tefferi A, Fuks F, Vainchenker W. The Ten-Eleven
Translocation-2 (TET2) Gene in Hematopoiesis and Hematopoietic
Diseases. Leukemia (2014) 28(3):485–96. doi: 10.1038/leu.2013.337

116. Pan F, Weeks O, Yang FC, Xu M. The TET2 Interactors and Their Links to
Hematological Malignancies. IUBMB Life (2015) 67(6):438–45. doi: 10.1002/
iub.1389

117. Bhatnagar B, Eisfeld AK, Nicolet D, Mrozek K, Blachly JS, Orwick S, et al.
Persistence of DNMT3A R882 Mutations During Remission Does Not
Adversely Affect Outcomes of Patients With Acute Myeloid Leukaemia. Br
J Haematol (2016) 175(2):226–36. doi: 10.1111/bjh.14254

118. Cimmino L, Dolgalev I, Wang Y, Yoshimi A, Martin GH, Wang J, et al.
Restoration of TET2 Function Blocks Aberrant Self-Renewal and Leukemia
Progression. Cell (2017) 170(6):1079–95 e20. doi: 10.1016/j.cell.2017.07.032

119. Kiyomi Morita FW, Jahn K, Hu T, Tanaka T, Sasaki Y. Author Correction:
Clonal Evolution of Acute Myeloid Leukemia Revealed by High-Throughput
Single-Cell Genomics. Nat Commun (2021) 12(1):2823. doi: 10.1038/s41467-
021-23280-z

120. Hu Y, An Q, Sheu K, Trejo B, Fan S, Guo Y. Single Cell Multi-Omics
Technology: Methodology and Application. Front Cell Dev Biol (2018) 6:28
(28). doi: 10.3389/fcell.2018.00028

121. Petti AA, Williams SR, Miller CA, Fiddes IT, Srivatsan SN, Chen DY, et al. A
General Approach for Detecting Expressed Mutations in AML Cells Using
Single Cell RNA-Sequencing. Nat Commun (2019) 10(1):3660. doi: 10.1038/
s41467-019-11591-1

122. van Galen P, Hovestadt V, Wadsworth Ii MH, Hughes TK, Griffin GK,
Battaglia S, et al. Single-Cell RNA-Seq Reveals AML Hierarchies Relevant to
Disease Progression and Immunity. Cell (2019) 176(6):1265–81.e24.
doi: 10.1016/j.cell.2019.01.031

123. Miles LA, Bowman RL, Merlinsky TR, Csete IS, Ooi AT, Durruthy-Durruthy R,
et al. Single-Cell Mutation Analysis of Clonal Evolution inMyeloid Malignancies.
Nature (2020) 587(7834):477–82. doi: 10.1038/s41586-020-2864-x

124. Gronseth CM, McElhone SE, Storer BE, Kroeger KA, Sandhu V, Fero ML,
et al. Prognostic Significance of Acquired Copy-Neutral Loss of
Heterozygosity in Acute Myeloid Leukemia. Cancer (2015) 121(17):2900–
8. doi: 10.1002/cncr.29475

125. Walker CJ, Kohlschmidt J, Eisfeld AK, Mrozek K, Liyanarachchi S, Song C,
et al. Genetic Characterization and Prognostic Relevance of Acquired
Uniparental Disomies in Cytogenetically Normal Acute Myeloid
Leukemia. Clin Cancer Res (2019) 25(21):6524–31. doi: 10.1158/1078-
0432.CCR-19-0725

126. Ronaghy A, Yang RK, Khoury JD, Kanagal-Shamanna R. Clinical Applications of
ChromosomalMicroarray Testing inMyeloidMalignancies.Curr Hematol Malig
Rep (2020) 15(3):194–202. doi: 10.1007/s11899-020-00578-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 El Achi and Kanagal-Shamanna. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
September 2021 | Volume 11 | Article 748250

https://doi.org/10.1182/blood-2015-09-669937
https://doi.org/10.1038/leu.2009.210
https://doi.org/10.1002/ajh.25544
https://doi.org/10.1002/cncr.32566
https://doi.org/10.1056/NEJMoa1716863
https://doi.org/10.1056/NEJMoa1716863
https://doi.org/10.1038/nature10738
https://doi.org/10.1038/nature10738
https://doi.org/10.3389/fonc.2019.00851
https://doi.org/10.3324/haematol.2018.205955
https://doi.org/10.1007/978-1-4939-3360-0_5
https://doi.org/10.3324/haematol.2018.194712
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1038/ncomms12484
https://doi.org/10.1126/scitranslmed.3004315
https://doi.org/10.3389/fonc.2019.00655
https://doi.org/10.1016/j.hemonc.2017.09.004
https://doi.org/10.1186/s12885-019-5602-8
https://doi.org/10.3390/ijms18081618
https://doi.org/10.3390/ijms18081618
https://doi.org/10.1200/JCO.2014.59.2022
https://doi.org/10.1016/j.jmb.2006.01.035
https://doi.org/10.1038/leu.2013.337
https://doi.org/10.1002/iub.1389
https://doi.org/10.1002/iub.1389
https://doi.org/10.1111/bjh.14254
https://doi.org/10.1016/j.cell.2017.07.032
https://doi.org/10.1038/s41467-021-23280-z
https://doi.org/10.1038/s41467-021-23280-z
https://doi.org/10.3389/fcell.2018.00028
https://doi.org/10.1038/s41467-019-11591-1
https://doi.org/10.1038/s41467-019-11591-1
https://doi.org/10.1016/j.cell.2019.01.031
https://doi.org/10.1038/s41586-020-2864-x
https://doi.org/10.1002/cncr.29475
https://doi.org/10.1158/1078-0432.CCR-19-0725
https://doi.org/10.1158/1078-0432.CCR-19-0725
https://doi.org/10.1007/s11899-020-00578-1
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Mina Luqing Xu,

Yale University, United States

Reviewed by:
Muhammad Bilal Abid,

Medical College of Wisconsin,
United States

Somsubhra Nath,
Saroj Gupta Cancer Centre and

Research Institute, India

*Correspondence:
Jarosław Biliński
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In response to emerging discoveries, questions are mounting as to what factors are
responsible for the progression of plasma cell dyscrasias and what determines
responsiveness to treatment in individual patients. Recent findings have shown close
interaction between the gut microbiota and multiple myeloma cells. For instance, that
malignant cells shape the composition of the gut microbiota. We discuss the role of the gut
microbiota in (i) the development and progression of plasma cell dyscrasias, and (ii) the
response to treatment of multiple myeloma and highlight faecal microbiota transplantation
as a procedure that could modify the risk of progression or sensitize refractory malignancy
to immunotherapy.

Keywords: plasma cell dyscrasias, gut microbiome, multiple myeloma, microbiota, short-chain fatty acids
INTRODUCTION – PATHOGENESIS OF PLASMA
CELL DYSCRASIAS

Typical genetic alterations in plasma cell dyscrasias are IgH translocations, hyperdiploidy, and
cyclin D dysregulation. These are responsible for initiating changes in B-cell postgerminal centres,
which result in the transformation of normal cells into benign tumour cells that cause monoclonal
gammopathy of undetermined significance (MGUS) (1). This condition is the preclinical stage of
multiple myeloma (MM) and occurs in ~3.2% of the population aged over 50 years (2). MGUS is an
asymptomatic condition with elevated serum concentration of M protein. Only rarely does it
progress to symptomatic MM (1% of patients/year) (3), which can be associated with symptoms that
manifest as a result of hypercalcaemia, renal failure, anaemia, and bone lesions. Smouldering MM
(SMM) is an asymptomatic, intermediate stage between MGUS and MM, that carries a 10% risk of
progression to symptomatic MM per year during the first five years after diagnosis (4). If it is to be
possible to screen intensively, perform prophylactic investigations on, and treat in the early stages
only those patients who are most at risk of disease progression, accurate prognostic markers of
progression of MGUS or SMM to MM are needed.

During the past few years, evidence has emerged that human gut microbiota play an important
role in the progression of MM (5–7). The gut microbiota influence the course of MM and the disease
shapes the composition of the bacteria in the intestines (6). These interactions, as described below,
are based on the strong reliance of MM cells on proinflammatory cytokines [interleukin (IL)-6,
tumour necrosis factor (TNF)-a, IL-13] and the ability of bacteria to recycle nitrogen (8).
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Recent studies have yielded plenty of information on the
differences in microbiota among MM patients and about
longitudinal changes acquired during the treatment as well (9).
Some recently identified gut microbes are responsible for
inducing an inflammatory environment, both within the gut
layer and throughout the whole body. These proinflammatory
microbes might contribute to the progression of MGUS to MM
(5). If they do, the microbiome composition could be used as a
prognostic factor for assessing the risk of MGUS transformation
or MM progression.
GUT MICROBIOTA AND IMMUNE
SYSTEM IN HEALTH AND DISEASE,
SPECIFICALLY INFECTIONS

The colonization of the intestine by microbes plays a key role in the
maturation of the host’s immune system (10). Current knowledge
about crosstalk between gut microbiota and immune cells derives
mainly from experiments conducted on germ-free animals (11). For
instance, in germ-free mice the population of ab and gd intra-
epithelial lymphocytes is significantly reduced (12), there is no
production of IgA antibodies (13) and Th17 cells are absent (14).
One example of a complicated interplay between gut microbiota
and immune cells is the following. Polysaccharide A produced by
Bacteroides fragilis binds to TLR2/TLR1 (Toll-like receptor)
heterodimer connected with Dectin-1 (15). Then, the
phosphoinositide 3-kinase (PI3K) pathway is activated, glycogen
synthase kinase 3b inactivated, which eventually induces cAMP
response element-binding protein expression of anti-inflammatory
genes (15). Finally, the secretion of polysaccharide A by Bacteroides
fragilis leads to the differentiation of Treg cells and influences the
balance between Th1 and Th2 populations. On the other hand,
butyrate produced by the gut microbiota can promote macrophage
differentiation from monocytes through histone deacetylase 3
(HDAC3) inhibition that leads to enhanced antimicrobial host
defense (16). These are only a few examples of how intricate the
crosstalk on the line gut microbiota - immune cells is.

Gut microbiota can also predict responses to therapies
administered in oncology. Chaput et al. showed that the
presence of Faecalibacterium spp. increases the efficacy of anti-
CTLA-4 immunotherapy while probably the Bacteroides spp. is
associated with inferior responses in metastatic melanoma (17).
Moreover, it is recently hypothesized that gut microbiota
composition can influence the responses to the CAR-T therapy
(18), and bearing in mind recent papers about the efficacy of such
therapy in multiple myeloma the discussion about gut
microbiota as a predictive marker of response is warranted (19).

The impact of the interplay between the immune system and
gut microbiota in the context of infections cannot be forgotten as
patients with multiple myeloma are far more prone to infections
than the healthy population (20). The ability of microbes to
release signaling molecules into the bloodstream can modulate
the host’s response to infections via the regulation of immune
cell development (21). For instance, butyrate secreted by bacteria
promotes the differentiation of monocytes in the bone marrow to
Frontiers in Oncology | www.frontiersin.org 2154
a tolerogenic phenotype (22). Moreover, it was recently showed
that some bacterial species could decrease the level of
corticosterone in the blood which could improve the function
of the immune system during the infection (23).
GUT MICROBIOTA AND
TUMOURIGENESIS

The available data show that the gut microbiota are more
numerous than genes, cells, and enzymatic reactions in the
host organism, which suggest their importance for its health.
In healthy persons, microorganisms are responsible for
production of vitamins K, B2 (riboflavin), B12 (cobalamin),
folates, and biotin (24), metabolism of indigestible compounds,
and protection from colonisation by opportunistic bacteria (25),
and are necessary for the development of the humoral and
cellular mucosal immune systems (26) (Figure 1). Along with
these advantages of the gut microbiome, there are also some
disadvantages. It is well established that dysbiosis, which is an
imbalance in the proportion of microbes compared to a healthy
state, plays a role in the pathogenesis of colorectal cancer (CRC)
(27). Wang et al. showed that there is a difference in the
composition of gut microbiota between patients with CRC and
healthy individuals (28). A similar influence of microbial
dysbiosis, via proinflammatory microbe-associated molecular
patterns (MAMPs) and bacterial metabolites, has been shown
in liver (29) and pancreatic (30) cancer.

The gut microbiota are accompanied by gut-associated
lymphoid tissue (GALT), which is the largest peripheral immune
organ (31). As many as 60–70% of peripheral lymphocytes are
localised within the gut mucosa, so it is not surprising that the
number of interactions between immune cells and the gut
microbiota is high (32). There are numerous examples of how the
gut microbiota and immune system influence each other within the
gut mucosa. Brandsma et al. showed that the transplantation of
proinflammatory faecal microbiota from Casp1−/− mice to Ldlr−/−

mice resulted in systemic inflammation and promoted
atherogenesis (33). In contrast, Mason et al. reported that reduced
anti-inflammatory gut microbiota was correlated positively with
depression. This correlation could be explained by inflammation
playing a role in the pathogenesis of depression (34). The crosstalk
from microbes to immune cells can be forwarded directly through
their metabolites used as messengers, such as MAMPs or damage-
associated molecular patterns (DAMPs), or through activation of
Toll-like receptors (TLRs) that in turn cause the activation of
immune cells (35, 36). Some metabolites, such as short-chain fatty
acids (SCFAs), can directly promote the generation of T regulatory
(Treg) cells (37) or are responsible for transforming growth factor-b
production in epithelial cells within the gut. This in turn promotes
Treg-cell confluence in the gut mucosa, which inhibits the activation
of immune cells (38). Germ-free (GF) mice that are deprived
completely of gut microbiota comprise excellent examples of the
importance of gut bacteria for efficient immune function (26). In GF
mice, Treg cell function is impaired, which suggests that gut
microflora are necessary for the development of a fully functional
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Jasiński et al. Microbiome in Plasma Cell Dyscrasias
Treg cell population (39). In GF mice, the intestinal barrier is
immature, which results in increased mucosal permeability (40).
This is a key mechanism that leads to the development of
inflammatory bowel disease or enteric infections (40).
Colonisation of GF animals with normal gut microbiota leads to
increased systemic immunological capacity, different patterns of
migration of immune cells, significant changes in the production of
specific antibodies, a general increase of immunoglobulin
production, and changes in mucosal-associated lymphocyte
tissues and cell populations (41–43).

In summary, in general, the micro-organisms in the gut are
beneficial, but under certain conditions can have a damaging
effect, in severe cases promoting the growth of cancer cells.
COMPARISON OF THE GUT
MICROBIOME IN PATIENTS WITH
PLASMA CELL DYSCRASIAS AND
HEALTHY INDIVIDUALS

In recent years, scientists have confirmed the link between
certain kinds of tumours and the composition of gut
Frontiers in Oncology | www.frontiersin.org 3155
microbiota. For example, in CRC, many changes in the
composition of bacterial species that colonise the gut have
been identified and their contribution to tumourigenesis
confirmed. Specific bacterial species colonizing the gut have
even been indicated as possible markers of early diagnosis of
CRC (44).

Regarding plasma cell dyscrasias and the gut microbiome, recent
evidence shows metagenomic changes in the composition of
commensal bacteria and frequent colonisation by opportunistic
bacteria. Jian et al. performed a study on samples collected from
19 patients who had been newly diagnosed withMM and 18 healthy
controls (6). They observed significant differences in the
composition of bacteria in the gut between these two groups. One
of the main changes was the increase of nitrogen-recycling bacteria,
such as Klebsiella and Streptococcus, which are opportunistic
pathogens that are responsible for infections associated with high
mortality in this immunocompromised population. It has been
suggested that this change might be due to the high serum
concentration of urea in patients with MM, which results from
increased production of NH4

+ by tumour cells and restricted
secretion of urea due to impaired renal function (45). The
mechanism presented above is responsible attracting nitrogen-
recycling bacteria to the gut. Changes in diversity in gut
FIGURE 1 | Role of the balanced gut microbiota. Healthy gut microbiota are important in maintaining health. The figure shows the most important roles that are
played by the human gut microbiota. Created with BioRender.com.
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microbiota have been reported, which indicates that samples from
MM patients are characterised by increased diversity and poorer
interactions between genera (6), although other studies have
produced results that indicate contrary phenomena (46, 47).
Furthermore, samples from MM patients included a reduced
number of SCFA-producing bacteria, which affect tumourigenesis
in plasma cell dyscrasias (see below) (6). Other changes in the
composition of commensal bacteria, and colonisation with
opportunistic pathogens, occur because of the treatment of MM.
Unfortunately, research in this field is limited to the study of
bacterial composition only. Further research, which studies
differences in the balance and numbers, etc., of fungi, viruses, and
eukaryotic organisms are needed (Table 1).
INFLUENCE OF THE GUT
MICROBIOME ON THE DEVELOPMENT
AND PROGRESSION OF PLASMA
CELL DYSCRASIAS

As mentioned previously, MGUS is an asymptomatic state that
occurs in ~3.2% of people aged over 50 (1). Only a small
percentage of patients progress to symptomatic MM. For many
years, researchers have wanted to identify the factors responsible
for the development of plasma cell dyscrasias, and the reasons
why some patients progress to MM whereas others do not.

Researchers have shown that there are no significant genetic
differences between MGUS and MM cells. This suggests that
environmental conditions could be an important factor in
determining the risk for progression, although such factors are
not necessarily present at the time at which MGUS develops.
Therefore, tumour microenvironment seems to be a strong
predictor of MGUS progression. Given the high degree of
heterogeneity between clones in plasma cell dyscrasias, it is
probable that only clones that are developing in a favourable
niche will become an initiation point for further progression. As
mentioned previously, proinflammatory TME in the bone
marrow is needed for successful progression from MGUS to
symptomatic MM, but it is a further issue how the gut microbiota
can influence this microenvironment and contribute to
tumour progression.

Short-Chain Fatty Acids
SCFAs are bacterial products that are responsible for ion
absorption, gut motility, and modulation of immune responses
(48). SCFAs can inhibit the nuclear factor kappa-light-chain
Frontiers in Oncology | www.frontiersin.org
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enhancer of activated B cells (NF-kB) and such proinflammatory
cytokines as IL-6 and TNF-a which are playing the role in
activating osteoclasts to create niches for myeloma cells and
additionally promote differentiation of Th17 cell (49). In
contrast, SCFAs may also increase the level of IL-10 and
induce expression of FoxP3 which in turn leads to
differentiation of immunosuppressive CD4+ T cell subset
(Treg) (48). Eventually, both Treg (IL-10 and TGF-b) and
Th17 (IL-17) cells secrete cytokines that promote MM cell
proliferation via positive feedback loop (50). One SCFA,
butyrate, is reported to increase T-cell apoptosis by HDAC-
dependent Fas upregulation and consequent Fas-mediated
apoptosis of T cells. That in turn inhibit T-cell accumulation
within inflamed colonic mucosa which could prevent antigenic
stimulation known for its role in multiple myeloma development
(51). Furthermore, Jian et al. showed that SCFA-producing
bacteria such as Anaerostipes hadrus, Clostridium butyricum,
and Clostridium saccharobutylicum were reduced in patients
with MM, and that the addition of Clostridium butyricum in a
mouse model of MM resulted in mitigation of tumour
progression (6). SCFAs are also involved in the response to
treatment. Small, uncontrolled studies have indicated that SCFA-
producing bacteria play a significant role in reducing the level of
proinflammatory cytokines, thereby protecting the host from
tumour progression. Loss of SCFA-producing bacteria can result
in a higher risk of tumour progression. Bearing in mind that
specific diets can increase the population of SCFA-producing
bacteria, studies are needed to investigate whether changes in
diet in patients with MGUS can influence the risk of
tumour progression.

L-Glutamine
Jian et al. showed that stool samples from MM patients had
higher concentrations than in healthy patients of bacteria that
are involved in nitrogen utilisation and recycling, such as
Klebsiella and Streptococcus (6). The following mechanism has
been proposed to explain this phenomenon (6). MM cells are
known producers of NH4

+ (52), which results from uptake of
glutamine (53). This NH4

+ then accumulates in the bone marrow
and is released into the blood. In a healthy organism, the liver
successfully converts NH4

+ into urea in the urea cycle. However,
MM patients experience a high increase in blood NH4

+ level that
exceeds the capacity of the liver to convert it to urea and can even
result occasionally in hyperammonaemic encephalopathy (54).
In addition, monoclonal protein renal deposition and
consequent reduction in renal function mean that the process
of urea excretion is impaired severely (55). Taken together, these
factors lead to an increased concentration of urea in the blood,
such that excessive amounts of urea reach the intestinal lumen.
The presence of urea in the gut layer causes the selection of
nitrogen-recycling bacteria, such as Klebsiella and Streptococcus.
These bacteria are involved in the hydrolysis of urea and
synthesis of L-glutamine that is taken up by MM cells, which
promotes tumour progression. It is probable that MM cells
harness the gut microbiota of the host as a recycler of NH4+ to
deliver the necessary L-glutamine. In light of this, we speculate
that targeting human microbiota with natural methods, or
TABLE 1 | Summary of the alterations of the gut microbiota in MM patients.

Gut microbiota of MM patients

Frequently colonised with opportunistic bacteria (6)
Increase in the number of bacteria involved in nitrogen recycling, such as K.
pneumoniae or S, pneumoniae (6)
Increased diversity and poorer interactions between genera (6)
Reduced number of SCFA-producing bacteria (6)
Changes resulting from applied treatments especially antibiotics
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antibiotics, if necessary, could be an attractive strategy to stop
this vicious cycle.

Th17 Cells
The differentiation of Th17 in GF mice is inhibited (14). Microbial
colonization, especially with segmented filamentous bacteria (SFB)
promotes induction of Th17 cells (56). Furthermore, it is already
known that Th17 elicited by SFB are of non-inflammatory
phenotype while Th17 cells induced by other bacteria Citrobacter
are secreting plenty of proinflammatory cytokines (57).

Plasma cells express IL-17 receptors on their surface and are
stimulated in vitro and in vivo via IL-17 produced by Th17 cells
(58). Of note, IL-6-STAT3 signalling pathway activated by IL-17
is relevant both for tumour (59) and plasma cell (60) growth
which suggests the role of IL-17 during different stages of MM.
IL-17 causes the upregulation of the receptor activator of the NF-
kB ligand, which results in the activation of osteoclasts (61) and
eosinophils that are producing IL-6 and TNF-a (5). Hence, IL-17
is the cytokine that bears the principal responsibility for bone
lesions in plasma cell dyscrasias. Stromal cells respond to IL-17
as well by producing IL-6 (62). Moreover, the interplay between
IL-6 and TGF-b, that are highly expressed in the bone marrow of
patients with MM, is influencing the generation of Th17
cells (49).

Prevotella heparinolytica is responsible for the differentiation
of Th17 cells and their migration to the bone marrow in the
Vk*MYCmouse model of MM (5). In mice that lacked IL-17, the
progression of plasma cell dyscrasias was delayed. Inhibition of
IL-17, IL-17 receptor A, and IL-5 in a Vk*MYC model with
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monoclonal antibodies results in reduced accumulation of Th17
cells and eosinophils in the bone marrow, which results in
delayed tumour progression (5).

Patients with MM have elevated serum level of IL-17 but
interestingly after therapy with bis-phosphonate level of that
cytokine is reduced (63). A higher level of IL-17 is also seen in the
blood of patients with SMM and is a predictor of rapid
progression of tumour growth. Therefore the level of IL-17
could be used as a potential marker of high-risk SMM patients
(64). Similar to the Vk*MYC model, it would be useful to initiate
studies on patients to determine which bacteria are involved in
Th17 differentiation. Using this approach, bacteria that are
involved indirectly in the development of bone lytic lesions,
which is one of the main causes of morbidity in MM patients,
could be eradicated (Figure 2).
THE LINK BETWEEN THE GUT
MICROBIOME AND TREATMENT IN
PLASMA CELL DYSCRASIAS

It is known that different results of treatment and toxicity profiles
are associated with the gut microbiome (65, 66). For instance, a
specific composition of gut microbiota is required for an optimal
response to treatment with immune checkpoint inhibitors (67).
Baruch et al. conducted a phase I study on faecal microbiota
transplantation from complete responders to treatment for
metastatic melanoma to 10 non-responders, which resulted in
FIGURE 2 | Association between the gut microbiota and tumour progression in MM patients. Recent findings show a close relationship between gut commensal microbiota
and MM cells. SCFA-producing bacteria are significantly reduced, resulting in increased levels of NF-kB, IL-6, and TNF-a, which are known to contribute to tumor progression
in MM. Another example derives from the fact that MM patients have increased nitrogen-recycling bacteria. These bacteria are involved in L-glutamine production, which is an
essential amino acid for MM cells. MM cells produce high amounts of NH4+, which is transformed in the liver into urea and reaches high concentrations in the blood and can
select nitrogen-recycling bacteria such as K. pneumoniae or S. pneumoniae. The influence of the gut microbiota on Th17 cell differentiation in MM patients remains to be
characterised, although we know that in a Vk*MYC mouse model, P. heparinolytica was responsible for that. Patients with MM have significantly higher level of IL-17 in the
blood, which is produced by Th17 cells and causes bone resorption, resulting in bone lesions that are the main symptom of this malignancy. Additionally, IL-17 activates
eosinophils that are consequently producing proinflammatory cytokines (IL-6 and TNF-a) that are involved in tumor progression. Created with BioRender.com.
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partial responses in three patients and a complete response in
one (68). The gut microbiome can influence the results of
treatment, especially in respect of adverse events, and
treatment can modulate the gut microbiome.

During the last decade, new treatments for plasma cell
dyscrasias have been introduced, including immunomodulatory
drugs (thalidomide, lenalidomide, and pomalidomide),
proteasome inhibitors, and monoclonal antibodies. These have
improved the length and quality of life of patients with MM (69).
To emphasise the role of the gut microbiome in plasma cell
dyscrasias, we describe how microbes can affect the outcomes of
treatment in plasma cell malignancies. Their role is particularly
visible in respect of possible infectious complications after
treatment that are due to infection. It was recently confirmed
that treatment of MM changes the composition of the gut
microbiome in respect of diversity (70).

Pianko et al. showed that MM patients with no minimal
residual disease (MRD) after completion of upfront therapy had
greater numbers of butyrate-producing Eubacterium halii than
MRD-positive patients (71). Similarly, another butyrate
producer, Faecalibacterium prausnitzii, was associated with an
absence of MRD (71). Moreover, Peled et al. showed that
intestinal Eubacterium limosum was associated with decreased
risk of MM relapse after allogeneic haematopoietic cell
transplantation (72). These observations suggest that changes
in commensal microbiota caused by MM treatment could
influence the entire process of therapy or be a predictor of a
better response. Gopalakrishnan et al. showed how significant
the impact of the changes in the gut microflora on the response
to treatment can be. They showed that melanoma patients who
responded well to immunotherapy with anti-PD-1 agents had a
relative abundance of Ruminococcaceae family and higher alpha
diversity (diversity within one sample) in faecal microbiome
samples (73). Thus, it is possible that the composition of gut
microbiota in MM patients has a major influence on the
outcomes of immunotherapy, especially taking into account
that MM, similarly to melanoma, is closely related to
immune response.

Proteasome Inhibitors
PIs, such as bortezomib or carfilzomib are commonly used in
primary and relapsed MM. One common adverse effect is
gastrointestinal (GI) toxicity that results in diarrhoea. First, it
was thought that PIs alter gut motility or cause neurotoxicity,
resulting in autonomic neuropathy. The molecular reason for GI
toxicity is now established as an increase in TNF-a receptor 1
expression on intestinal cells and higher concentrations of IL-6,
TNF-a and IL-1b (74). However, there is a lack of evidence that
PIs influence composition of the gut microbiota. It might be that
inhibition of the NF-kB pathway is responsible for GI toxicity of
PIs (75). SCFAs can suppress the NF-kB pathway, which could
augment GI toxicity of PIs (76).

Steroids
Steroids are among the most commonly used anti-inflammatory
drugs. They are used in chemotherapy regimens for MM, as well
as in the treatment of a wide range of rheumatoid diseases.
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Huang et al. showed that mice that had been subjected to chronic
exposure to steroids differed in the composition of their gut
microbiota compared with their healthy counterparts (77).
Steroid-treated mice had an increase in Bifidobacterium and
Lactobacillus, which are both associated with anti-inflammatory
effects, whereas they noted an absence ofMucospirillum, which is
responsible for degradation of colonic mucin. This effect might
be explained by the decrease of mucin production in mice treated
chronically with steroids. Dexamethasone exerts its anti-
inflammatory effects by blocking the NF-kB pathway (78).
Furthermore, mice that were treated with dexamethasone
produced less IL-17 than healthy mice (77). This may be
another case in which steroids reshape the intestinal flora,
since IL-17 production depends on Th17 cell differentiation,
which is associated with specific gut microbiota. However, not
only chronic exposure to, but also acute treatment with, steroids
affected gut microbiota in mice (77). Ünsal et al. showed that
rodents that were injected with a single, strong dose of
dexamethasone underwent an increase in the number of ileal
anaerobic bacteria. Moreover, a single injection of a low dose of
dexamethasone resulted in an increase in the population of
coliform bacteria (79). However, the long-term effect of these
changes remains to be determined.

Antimicrobials
The link between antibiotics and the gut microbiome seems to be
the most examined and the influence of this group of drugs on
commensal bacteria is well established. However, although this
link has been studied intensively in healthy volunteers, there
remains a lack of wider studies with many groups of antibiotics
in MM patients. Ziegler et al. showed that levofloxacin, which is
the most commonly prescribed drug for bloodstream infections
and neutropenic fever prophylaxis, had a less damaging effect on
intestinal microbiota than broad-spectrum b-lactam (BSBL)
antibiotics (80). The latter group reduced alpha diversity. The
former was not associated with specific changes in the gut
microbiome that had been found to be associated with poor
clinical results (decrease in populations responsible for
protection against C. difficile; increase in non-Bacteroidetes
taxa, and reduction of alpha diversity). In light of their results,
the authors emphasised that fluoroquinolone antibiotics
protected patients from the negative effects of BSBLs (80). In
MM patients who had been newly diagnosed and who were at
particular risk of infection, the effect of prophylactic antibiotics
was small and there was no decrease in early mortality (81).
However, Valkovic et al. reported that MM diagnosis or
progression was frequently preceded by infection (82). That
could have been because bacterial infections are associated
with robust production of proinflammatory cytokines and TLR
activation on MM cells (83, 84). This is why prophylactic broad-
spectrum antibiotics can result in a delay in disease progression.
In respect of allogeneic stem-cell transplantation (alloSCT),
Weber et al. showed that early use of broad-spectrum
antibiotics that are active against commensal organisms, such
as Clostridiales was associated with increased transplant-related
mortality and decreased overall survival (85). Administration of
imipenem–cilastatin or piperacillin–tazobactam for neutropenic
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fever resulted in gut microbial perturbation and increased graft-
versus-host disease-related mortality compared with aztreonam
or cefepime, both of which decreased activity against commensal,
anaerobic bacteria (86). Such observations of antibiotic effects on
the response to treatment of MM need to be investigated in
patients who are treated with autologous stem-cell
transplantation (ASCT). There is also a recently published
systematic review of infections associated with selinexor in
patients with relapsed/refractory MM that also compares the
risk of infections with other novel agents. It is already known that
selinexor could prevent viral infections through blocking of
XPO1 - mediated nuclear transport which facilitates the export
of viral proteins. The authors state that randomized clinical trials
are needed to fully understand the risk of infections associated
with selinexor (87).

Autologous Stem-Cell Transplantation
D’Angelo showed that after ASCT, patients showed significantly
decreased diversity of the microbial gut population (88). El Jurdi
et al. showed an association between baseline microbiota of
patients undergoing ASCT with further regimen-related
toxicities and with the rate of neutrophil engraftment (89).
They found that bacterial diversity after ASCT recovered
within 1 month after the procedure, but that fungal
populations constantly decreased, which suggests that a longer
time is needed for the reconstitution of the mycobiome.
Although the prospective study included only 15 patients, the
results were encouraging for further studies. This group
recognised several links between the composition of the
microbiota and effects on ASCT-related toxicity and outcomes.
One of the links relied on identifying an increased population of
Bacteroides at day +7 in patients with less severe diarrhoea, while
more severe diarrhoea, nausea, and vomiting occurred in
patients with a higher prevalence of the stool populations of
Blautia and Ruminococcus. They also identified a negative
correlation between fungal phyla Glomerella presence in stools
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and neutrophil engraftment (89). Similar conclusions were
drawn from the results of the small pilot study with 15
patients, showing that baseline microbiota were associated with
subsequent incidence and severity of nausea, vomiting,
neutropenic fever, and rate of neutrophil engraftment (90).
Khan et al. showed recently that 534 adult recipients of high-
dose chemotherapy with ASCT had significantly decreased alpha
diversity at early pretransplant stages than healthy individuals
and that this reduction in diversity tended to be more marked in
the course of the procedure (9). The pattern of this loss of
diversity and dominance of specific taxa were similar to those
seen in patients after alloSCT. In addition, they showed that the
greater the diversity of the gut microbiota, the lower risk of
progression or death. Our group showed in a retrospective,
single-centre study that colonisation with antibiotic-resistant
bacteria had a significant influence on the outcomes of alloSCT
(91). The main finding was that the overall survival of patients
who were colonised by antibiotic-resistant bacteria was estimated
to be half that of the noncolonised group. A similar conclusion
was reached by Scheich et al. concerning the effect of colonisation
by multidrug-resistant organisms on the results of ASCT (92).

Other Treatments
There is little information on the possible influence of other
treatments, such as immunomodulatory drugs and monoclonal
antibodies, on plasma cell dyscrasias (Table 2).
CONCLUSIONS

Despite some progress in the outcomes of treatment of MM, it
remains a disease that cannot currently be cured, due to relapse or
refractoriness to any available therapy. An emerging factor that
could influence not only the refractoriness of MM but also a
progression from asymptomatic MGUS to MM is the gut
microbiota. We see that changes in the composition of
TABLE 2 | Relationship between the gut microbiota and treatment of plasma cell dyscrasias.

Treatment How it affects the gut microbiota in plasma cell dyscrasias?

PIs • There is no evidence proving the influence of PIs on gut microbiota
Steroids • Mice treated with steroids had increased Bifidobacterium and Lactobacillus population and the absence of Mucospirillum bacteria (77)

• Mice treated with dexamethasone had decreased production of IL-17 compared with an untreated group. IL-17 production is strictly related to the
presence of Th17 cells, whose differentiation in the gut was recently proved in the Vk*MYC mouse model. This indicates some relationship (77)

• Not only chronic exposure but also acute treatment resulted in alteration of the gut microbiota in rodents (79)
Antimicrobials • Levofloxacin had no significant impact on the human gut microbiota, while BSBL antibiotics caused a reduction of alpha diversity (80)

• Administration of broad-spectrum antibiotics efficient against commensal microbiota resulted in higher transplant-related mortality and decreased
overall survival (85)

• Patients treated with imipenem–cilastatin or piperacillin–tazobactam had increased risk of GVHD-related mortality compared with aztreonam or
cefepime (86)

ASCT • Patients after ASCT had decreased diversity of microbial populations in the gut and the normal composition was rebuilt within 1 month after the
procedure (89)

• There is a strong relationship between baseline microbiota of MM patients and severity of toxicity related to the procedure and with the rate of
neutrophil engraftment (89)

• Patients after high-dose chemotherapy before ASCT had significantly decreased alpha diversity of the gut microbiota compared with healthy
individuals (9)

Other
treatments

• Little is known about possible influence of gut microbiome on treatment outcomes with immunomodulatory drugs or monoclonal antibodies
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commensal bacteria can affect the process of transformingMGUS to
MM. Further, these changes are associated with colonisation with
opportunistic pathogens that can become an aetiological agent of
complications due to infection that are associated with treatment.
Probably, in the future, it will be possible to identify patients who
have an especially high risk of progression to MM, or even to
modulate intestinal microflora to reduce the risk of progression of
MGUS. It is also possible that the gut microbiota will be modulated
to reduce complications that are due to treatment and disease, or to
Frontiers in Oncology | www.frontiersin.org 8160
improve treatment outcomes. However, the field of microbiota in
MM is still in its infancy and further work is required to gain a fuller
understanding of the phenomena.
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Transcription factor Growth Factor Independence 1 (GFI1) regulates the expression of
genes important for survival, proliferation and differentiation of hematopoietic cells. A
single nucleotide polymorphism (SNP) variant of GFI1 (GFI1-36N: serine replaced by
asparagine at position 36), has a prevalence of 5-7% among healthy Caucasians and 10-
15% in patients with myelodysplastic syndrome (MDS) and acute myeloid leukaemia
(AML) predisposing GFI-36N carriers to these diseases. Since GFI1 is implicated in B cell
maturation and plasma cell (PC) development, we examined its prevalence in patients with
multiple myeloma (MM), a haematological malignancy characterized by expansion of
clonal PCs. Strikingly, as in MDS and AML, we found that the GFI1-36N had a higher
prevalence among MM patients compared to the controls. In subgroup analyses, GFI1-
36N correlates to a shorter overall survival of MM patients characterized by the presence
of t(4;14) translocation and gain of 1q21 (≤3 copies). MM patients carrying gain of 1q21
(≥3 copies) demonstrated poor progression free survival. Furthermore, gene expression
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analysis implicated a role for GFI1-36N in epigenetic regulation and metabolism, potentially
promoting the initiation and progression of MM.
Keywords: Gfi1, SNP variant, prevalance, prognosis, multiple myeloma
INTRODUCTION

GFI1 is a zinc-finger transcriptional repressor with an essential
role in controlling hematopoietic stem cell biology, myeloid and
lymphoid differentiation and lymphocyte effector functions. The
establishment of murine models with constitutive and
conditional loss of Gfi1 expression enabled visualization of
their cell-specific expression and understanding of Gfi1
function in hematopoietic lineages (1). GFI1 exerts its function
as a transcriptional repressor by recruiting histone-modifying
enzymes to its target genes (2). GFI1 binds histone deacetylases
(HDAC1-3), histone methyltransferases (G9A) or histone
demethylases (LSD1) and recruits them to their target genes.
In a stepwise process, it induces deacetylation of lysine 9 of
histone 3 (H3K9) followed by dimethylation of H3K9 or
de-methylation of histone 3, lysine 4 (H3K4), resulting in gene
silencing (1).

We previously reported that a coding single nucleotide
polymorphism (SNP) in the human GFI1 (rs34631763,
denominated as GFI1-36N) predisposes carriers to
myelodysplastic syndrome (MDS) and acute myeloid
leukaemia (AML) and influenced their prognosis (3, 4). On the
molecular level, the GFI1-36N protein differs from the more
common GFI1-36S with regards to its ability in inducing
epigenetic changes as deacetylation of H3K9 at the HOXA9
locus (3, 4). However, genome-wide H3K9-acetylation level of
GFI1 target genes was increased in hematopoietic progenitor
cells of GFI1-36N mice and primary murine and human GFI1-
36N leukemic cells (3). Higher H3K9-acetylation of the genes in
GFI1-36N-expressing cells correlated with higher expression and
activation of genes facilitating AML development (3).

Several publications previously reported the association of at
least 24 independent loci carrying germline variants associated
with increased risk of development of multiple myeloma (MM)
(2, 5–8). MM is a B cell malignancy characterized by a multistep
accumulation of genetic and epigenetic changes leading to
malignant transformation and proliferation of plasma cells
(PCs) (9, 10). MM prognosis depends on age, stage, overall
performance status and chromosomal aberrations and gene
mutations (10). Since GFI1 plays an important role in B-cell
development and subsequent PC differentiation (11, 12) we
investigated whether the presence of GFI1-36N might
predispose carriers to MM and affect their prognosis. Several
genetic aberrations are strongly associated with MM treatment
response and patient survival (13). Of these, translocation (4,
14) and gain of 1q21 are associated with poor prognosis (13,
14). In this study, we investigated the frequency of the germline
GFI1-36N and its impact on overall survival (OS) and
progression-free survival (PFS) of MM patients. We finally
investigated how the GFI1-36N SNP variant potentially
ntiersin.org 2164
altered the overall gene expression pattern of GFI1-36N
homo or heterozygous PCs.
MATERIALS AND METHODS

Patients
We determined the frequency of germline GFI1-36N homo- or
heterozygous carriers among a cohort of 1229 newly diagnosed
MM patients and 2005 unaffected control persons based on
published genome-wide association study (GWAS) data of
patients treated within the German-Speaking Myeloma
Multicenter Group (GMMG), HD3, HD4 and MM5 trials. The
characteristics of the patient and control groups have been
described earlier (2, 6, 15).
Gene Expression Analysis
Gene expression profiling using U133 2.0 plus arrays
(Affymetrix, Santa Clara, CA, USA) was performed as
published in MM patients (n=716, 637 were homozygous for
GFI1-36S, 79 hetero- or homozygous for GFI1-36N) (16). Gene
set enrichment analysis of Gene Ontology pathways between
GFI1-36S and GFI1-36N was performed as published before
(17). The analysed data-set have been published at the
fol lowing l ink: https : / /www.ebi .ac .uk/arrayexpress/
experiments/E-MTAB-2299/.
Statistics
Fisher’s exact test and Wilcoxon test were used to assess the
association of the genotypes with categorical and continuous
parameters, respectively. Logistic regression was used to estimate
the odds ratio and corresponding 95% confidence interval. No
adjustment for multiples testing was required since the GFI1-
36N locus was selected a priori. Cox regression and log-rank test
were used to assess the prognostic impact. Kaplan-Meier
estimates were used to estimate distribution of PFS and OS times.
RESULTS

Prevalence of the GFI1-36N Variant Allele
and Its Association With Key
Characteristics of MM Patients
The overall prevalence of the GFI1-36N allele was 7.9% among
healthy controls and 10.4% among MM patients indicating an
association of the GFI1-36N allele with the risk of developing
October 2021 | Volume 11 | Article 757664
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MM (OR 1.35, 95%CI 1.06-1.72, p-value 0.016; corrected for
population stratification; Table 1). There was no significant
difference between GFI1-36S homozygous and GFI1-36N
homo-or heterozygous MM patients concerning age, sex, ISS
stage or GFI1-RNA expression level (Tables 2, 3). To evaluate
the effect of the GFI1-36N allele on disease progression, overall
survival (OS) and progression-free survival (PFS) of MM
patients treated within the MM5 trial was examined
(Figure 1A). The MM5 phase III trial examined the impact of
induction therapy with doxorubicin, bortezomib and
dexamethasone versus cyclophosphamide in combination with
bortezomib and dexamethasone (15). Log-rank test and Cox
regression were used to compare PFS and OS between groups.
The presence of the GFI1-36N allele did not influence OS and
PFS (Figures 1A, 2 and 3). Of note, in a subset of MM patients
characterized by the presence of t(4,14) translocation, GFI1-36N
demonstrated a negative impact on OS (Log-rank: p= 0.02) but
not on PFS (Figures 1B, 2 and 3). Furthermore, in MM patients
characterized by the gain of 1q21 (≤3 copies), GFI1-36N
demonstrated a negative impact with a borderline statistical
significance on OS and with significance on PFS (Log-rank: p=
0.052 and 0.008, respectively (Figures 1C, 2 and 3).Of note, Gain of
1q21 (>3 copies) was associated with negative PFS (p=0.034,
Figures 1D, 2 and 3). It has been previously shown that gain of
1q21 involves genes such as BCL9, MCL1, CKS1B and ANP32E,
which contribute either to inhibition of apoptosis or enhancement
of cell cycling or epigenetic modification (18, 19).

We next determined potential pathways by which presence of
GFI1-36N might alter gene expression pattern in PC. Analysing
Frontiers in Oncology | www.frontiersin.org 3165
the gene expression profile between GFI1-36S and -36N patient
groups, we found that pathways responsible for epigenetic
regulation were upregulated and those regulating metabolism
were down-regulated in plasma cells of heterozygous GFI1-36S
and homozygous -36N MM patients (Table 4). This is again in
line with earlier reports that GFI1 is implicated in metabolic
regulation and this might contribute to the malignant
transformation (20). This corresponds to our previous
observations in GFI1-36N myeloid malignancies, whereby
GFI1-36N failed to induce epigenetic changes to the same
extent as the GFI1-36S protein (3, 21).
DISCUSSION

Our previous investigations and observations have underscored a
role for GFI1-36S and -36N SNP variants in myeloid
malignancies. We had reported that the presence of the GFI1-
36N protein was associated with an increased incidence of
mutations in genes encoding epigenetic modifiers such as
DNMT3a and could be therapeutically exploited in AML
therapy (2, 15). One of the physiological functions of GFI1 is
to recruit histone-modifying genes to its target genes and induce
repressive epigenetic changes. GFI1 also regulates lymphoid
development in general and B-cell development in particular.
Hence it would be conceivable that the presence of GFI1-36N
might not only disturb myeloid development but also B-cell
development and predispose to myeloma development.
TABLE 1 | The frequency of the GFI1-36N allele was determined within a population of newly diagnosed MM patients and a respective control population. OR 1.35,
95%CI 1.06-1.72.

Controls (n = 2005) MM cases (n = 1229) p-value

n % n %

GFI1-36N allele homozygous 5 0.2 2 0.2
GFI1-36N allele heterozygous 154 7.7 126 10.2
GFI1-36N allele homozygous + heterozygous 159 7.9 128 10.4 P=0.02
GFI1-36S allele homozygous 1846 92.1 1101 89.6
October 2021 | Volume 11 | Article
TABLE 2 | Clinical factors and their association with GFI136N. No significant association between the presence of the GFI1-36N allele and gender or ISS was observed.

GFI1-36N Homo
or heterozygous

Prognostic factor n % n % p-value OR

95%CI

Gender 0.51 0.88 (0.621-1.28
Male 72 56.2 653 59.3
Female 56 43.8 448 40.7
ISS stage 0.37
I 40 36.4 397 41.4
II 44 40 319 33.2 (II vs I) 1.37

(0.87-2.16)
III 26 23.6 244 25.4 (III vs I) 1.06

(0.62-1.77)
757664
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TABLE 3 | Correlation between presence of GFI1-36N allele and age or GFI1-RNA expression level.

Variable Group n Min Q1 Median Mean Q3 Max

Age GFI1-36N homo or heterozygous 128 37 51 57 56.4 62.5 70
P=0.33 GFI1-36S homozygous 1101 24.8 52 58 56.9 63 73.4
OR (per 10 year) 0.93 (0.75-1.16) All 1229 24.8 51.8 58 56.8 63 73.4
GFI1 expression GFI1-36N homo or heterozygous 79 3.4 7.6 8.3 8 8.8 10.2
P=0.71
OR (per FC increase)
1.02 (0.87-1.22)

GFI1-36S homozygous 637 3.4 7.4 8.2 8 8.9 11.1
All 716 3.4 7.4 8.2 8 8.9 11.1
Frontiers in Oncology | www.frontiersin.o
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No significant difference was seen between GFI1-36N homo or heterozygous MM patients on one hand and GFI1-36S homozygous patients on the other hand concerning age or
GFI1expression. FC, Fold change.
A

B

C

D

FIGURE 1 | Influence of the presence of GFI1-36N allele on PFS and OS of MM patient subgroups. (A) GFI1-36N did not influence OS and PFS in the entire cohort.
(B) GFI1-36N negatively affects OS but not PFS in MM patients with t(4;14) translocation. (C, D) GFI1-36N negatively affects OS and PFS in MM patients with gain of
1q21 (≤3 copies and >3 copies).
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Therefore, we evaluated the prevalence of the GFI1-36N variant
and if it contributed to the pathogenesis of MM. Interestingly,
our results are in line with observations for AML. They indicate
that GFI1-36N has a higher prevalence among MM patients
compared to the unaffected population. Prevalence among
control persons was slightly higher compared to our previous
studies, which reported frequencies of GFI1-36N allele between
3-7% in the different control groups (4, 21). The frequency of the
GFI1-36N allele among MM patients was similar to our previous
reports in MDS and AML patients varying between 10-15% with
an OR of 1.3-2 (4, 21). A similar frequency of the GFI1-36N allele
Frontiers in Oncology | www.frontiersin.org 5167
among AML, MDS and MM patients points to a possible
universal role of GFI1-36N predisposing or contributing to
haematological malignancies. Our results with global gene
expression pattern indicate that a similar mechanism might
also explain the pathogenesis and therefore indicate that GFI1-
36N appears to influence the pathogenesis of MM. It would
therefore be well conceivable that the presence of a GFI1-36N
protein prepares an epigenetic landscape for malignant
transformation and mutation accumulation involving t(4,14)
translocation, gain of 1q21 and thereby might contribute to an
evolution of tumour cells. It remains to be elucidated whether
FIGURE 2 | Influence of GFI1-36N on OS of MM patients. GFI1-36N (homo or heterozygous) MM patients were stratified according to presence/absence/levels of
different parameters, International Staging System (ISS), t(4;14), t(11;14), gain 1q21 (≤3 copies), or gain 1q21 (>3 copies), Del (17p13), Del (13q14), hyperdiploid and
statistically evaluated for PFS. Hazard ratio including 95% confidence interval based on Cox regression is presented. IA p indicates test on the interaction between
subgroups, N/E: Number of patients and events within the subgroup.
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FIGURE 3 | Influence of GFI1-36N on PFS of different subgroups of MM patients. GFI1-36N (homo or heterozygous) MM patients were stratified according to
presence/absence/levels of different parameters, International Staging System (ISS), t(4;14), t(11;14), gain 1q21 (≤3 copies), or gain 1q21 (>3 copies), Del (17p13),
Del (13q14), hyperdiploid and statistically evaluated for PFS. Hazard ratio including 95% confidence interval based on Cox regression is presented. IA p: test on the
interaction between subgroups, N/E: Number of patients and events within the subgroup.
TABLE 4 | Changes in gene expression of GFI1-36N homo- or heterozygous myeloma cells as compared to GFI1-36S homozygous cells.

Pathway Genes (n) Trend p Value FDR

Ras guanyl-nucleotide exchange factor activity 87 Up 9,44E-06 0,001987
DNA-binding transcription activator activity, RNA polymerase II-specific 230 Up 2,04E-05 0,003533
Histone demethylase activity 17 Up 2,74E-05 0,004463
Rho guanyl-nucleotide exchange factor activity 45 Up 3,1E-05 0,004977
RNA polymerase II regulatory region DNA binding 383 Up 3,52E-05 0,005439
RNA polymerase II regulatory region sequence-specific DNA binding 381 Up 4,49E-05 0,006491
Regulatory region nucleic acid binding 486 Up 5,98E-05 0,008347
Transcription regulatory region sequence-specific DNA binding 413 Up 6,11E-05 0,008423
Transcription regulatory region DNA binding 485 Up 6,35E-05 0,008459
Sequence-specific DNA binding 557 Up 6,82E-05 0,008957
Sequence-specific double-stranded DNA binding 438 Up 6,89E-05 0,008957
Mitochondrial respiratory chain 63 Down 2,44E-14 2,83E-10
Oxidative phosphorylation 103 Down 1,36E-13 7,88E-10
Respiratory chain complex 55 Down 2,85E-13 8,61E-10
ATP synthesis coupled electron transport 70 Down 4,51E-13 1,05E-09
Mitochondrial protein complex 203 Down 6,36E-13 1,09E-09
Mitochondrial ATP synthesis coupled electron transport 69 Down 6,6E-13 1,09E-09
Inner mitochondrial membrane protein complex 94 Down 9,55E-13 1,38E-09
Respiratory electron transport chain 84 Down 1,44E-12 1,86E-09
Mitochondrial inner membrane 367 Down 9,1E-12 1,05E-08
Mitochondrial respiratory chain 63 Down 2,44E-14 2,83E-10
Oxidative phosphorylation 103 Down 1,36E-13 7,88E-10
Frontiers in Oncology | www.frontiersin.org 6168
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our findings with an elevated frequency of GFI1-36N in
myeloma patients and its potential influence on the disease
course of t(14;16) and gain 1q21, can be replicated in other
independent cohorts. However it could be that GFI1-36N is a
general factor predisposing to development of myeloid
malignancies and myeloma.
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Recent advances in global gene sequencing technologies and the effect they have had on
disease diagnosis, therapy, and research have fueled interest in technologies capable of
more broadly profiling not only genes but proteins, metabolites, cells, and almost any
other component of biological systems. Mass cytometry is one such technology, which
enables simultaneous characterization of over 40 parameters per cell, significantly more
than can be achieved by even the most state-of-the-art flow cytometers. This mini-review
will focus on how mass cytometry has been utilized to help advance the field of neoplastic
hematology. Common themes among published studies include better defining lineage
sub-populations, improved characterization of tumor microenvironments, and profiling
intracellular signaling across multiple pathways simultaneously in various cell types.
Reviewed studies highlight potential applications for disease diagnosis, prognostication,
response to therapy, measurable residual disease analysis, and identifying new therapies.

Keywords: mass cytometry, cyTOF, hematologic, oncology, acute myeloid leukemia, myeloma, flow cytometry
INTRODUCTION AND OVERVIEW OF MASS CYTOMETRY

Mass cytometry, also known as cytometry by time‐of‐flight (CyTOF), combines many aspects of
flow cytometry with key advantages of mass spectrometry to enable simultaneous detection of over
40 parameters per cell for up to millions of cells (1, 2). Rather than using antibodies labeled with
fluorophores for detection as in flow cytometry, mass cytometry uses antibodies labeled with heavy
metals. Detecting the presence and abundance of heavy metals by mass spectrometry minimizes the
amount of signal that “spills over” from one parameter to another, significantly decreasing the
problem of spectral overlap that plagues flow cytometry (see Figure 1). The large number of
parameters that can now be reasonably detected on limited specimens enables more thorough
characterization, providing a more systemic view of networked processes while at the same time
higher resolution of cellular sub-populations and individual cells.

CyTOF was originally developed by Scott Tanner and colleagues at the University of Toronto (1).
Simplified, the CyTOF technique begins by incubating fixed cell suspensions and antibodies labeled
with heavy metals that are not present in normal biological systems. Rather than individual cells
being exposed to a laser and the emitted light detected as in flow cytometry, the cells are nebulized
into liquid droplets then vaporized, ionized, and sent through a time-of-flight mass spectrometer,
which can determine the identity of each heavy metal based on how long it takes to reach a sensor.
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This new technology first popped onto many people’s radar
after Gary Nolan’s group at Stanford (in collaboration with Scott
Tanner and others) published a seminal article showcasing the
power of this novel technology (4). They stimulated cell
populations with various stimuli and simultaneously measured
34 parameters per cell within a population of hematopoietic cells
to show differential responses of individual cells and cell sub-
populations to these stimuli. By utilizing SPADE analysis
software, they were able to visualize an overview of the
different cell types and differential expression of various
proteins (Figure 2). Since that time, there have been continual
improvements in technology and reagents, as well as software.
Commonly used analysis software include SPADE (5–7), viSNE
(8), Citrus (9, 10), and PhenoGraph (11).
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This new technology has been utilized to study several different
aspects of biology and disease, with many studies thus far
emphasizing the characterization of novel subpopulations of
various immune cell subsets, characterization of tumor
microenvironments, and profiling intracellular signaling across
multiple cell subpopulations. Various disease processes have been
studied, including COVID-19 (12), Alzheimer disease (13),
tuberculosis (14), rheumatoid arthritis (15), non-alcoholic
steatohepatitis and hepatocellular carcinoma (16), just to name a
few. Potential applications ofCyTOF in clinicalmedicine have been
reviewed (17). Thismini-reviewwill focus on studies characterizing
hematologic malignancies and some of their findings relevant to
disease diagnosis, prognostication, response to therapy,measurable
residual disease (MRD) analysis, and potential new therapies.
FIGURE 1 | Overcoming spectral overlap via mass cytometry. Significant spectral overlap complicates measurement of specific parameters when detecting emitted
light from fluorophores in flow cytometry (left). Contamination of adjacent parameters is minimized via detection of heavy metal isotopes by mass cytometry (right).
Figure adapted from (3).
A

B

D

C

FIGURE 2 | SPADE analysis of multidimensional data. Overview of simplifying multi-dimensional data into a two-dimensional plot by SPADE analysis (A). A tree plot
constructed by SPADE software utilizing 13 cell surface markers identified hematopoietic cell populations (B). Expression levels of specific markers can be visualized
for each cellular sub-population (C, D). Figure adapted from Bendall et al. (4), with permission.
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RESEARCH HIGHLIGHTS IN
HEMATOLOGIC MALIGNANCIES

Diagnosis
CyTOF has enabled profiling of cellular signaling states, tumor
microenvironments, and immune responses to several diseases
in a more global fashion than has been done with more
traditional approaches, facilitating identification of disease
biomarkers. These biomarkers have potential to aid in the
diagnosis of various diseases. For example, Han et al. (18)
identified disease-specific profiles of intracellular signaling
activation that could aid in diagnosis of acute myeloid
leukemia. Bailur et al . (19) profi led many markers
simultaneously to show that leukemic cells created via
CRISPR-induced MLL rearrangement were more similar to
acute myeloid leukemia (AML) than acute lymphoblastic
leukemia (ALL). A similar approach may aid in the distinction
between AML and ALL in the subset of cases where this is
difficult using currently utilized markers and flow cytometric
approaches. Behbehani et al. (20) evaluated cell surface markers
in patients with myelodysplastic syndrome (MDS) compared to
healthy donors and showed aberrancies in 27 of 31 markers in
patients with MDS, the presence of which may be helpful for
diagnosingMDS.VanLeeuwen-Kerkhoff et al. (21) showed specific
subsets ofmonocytes are decreased inMDSbonemarrows and that
these monocytes mediate expansion of a specific T-cell subset,
suggesting the identification andquantitationof specific cell subsets
may also aid in the diagnosis ofMDS.Yang et al. (22) studied tumor
microenvironments in follicular lymphoma (FL) and discovered at
least 12 subsets of intratumoral CD4(+) T cells, three of which were
unique to FL specimens. Subsequent study of FL identified a lack of
plasmablasts in FL specimens compared to controls (23). Roussel et
al. (24) compared tumormicroenvironments of FL, diffuse large B-
cell lymphoma (DLBCL) and classic Hodgkin lymphoma (cHL)
and identified immune profiles specific to each lymphoma type,
including the presence and abundance of monocyte subsets and T-
cell subsets. These studies lend evidence to the idea that detecting
the presence, absence, or relative abundance of non-neoplastic cell
types within a tumor microenvironment can be useful for
disease diagnosis.

Prognostication
CyTOF has also facilitated identification of biomarkers
potentially helpful for disease prognostication. Levine et al.
(11) published PhenoGraph software for analyzing CyTOF
data, which enabled better identification and characterization
of leukemic hematopoietic stem and progenitor cells (HSPCs).
They showed that cell surface molecules indicating an HSPC
immunophenotype are decoupled from intracellular signaling
signatures of HSPCs in a significant subset of AML patient
samples, and that the number of cells showing intracellular
signaling markers of HSPCs correlates more closely with
prognosis than when cell surface molecules are used to identify
HSPCs. Around the same time Behbehani et al. (25) showed that
core binding factor AMLs, which generally have a good
prognosis, have an increased fraction of leukemic HSPCs in S-
phase of the cell cycle while the relatively poor prognostic FLT3-
Frontiers in Oncology | www.frontiersin.org 3173
ITD AMLs have a decreased S-phase fraction. Chretien et al. (26)
showed that a “hypomature” NK cell profile or low expression of
NKp30 is associated with poor survival in AML patients, while
high expression of NKp30 without a hypomature profile is
associated with longer survival. Good et al. (27) evaluated 60
primary diagnostic B-lymphoblastic leukemia (BLL) samples to
identify 6 features able to predict patient relapse at diagnosis,
improving currently established risk stratification methods.
Bailur et al. (28) studied tumor microenvironments and
identified immune profiles that correlated with disease risk in
BLL. Van Leeuwen-Kerkhoff et al. (29) showed thrombomodulin
expression on monocytes of MDS patients is associated with
lower risk and better leukemia-free survival. Gullaksen et al. (30)
profiled intracellular signal transduction in chronic myeloid
leukemia (CML) and clear differences were noted between
CML cells and healthy donor cells. Changes in signaling were
detected within three hours of nilotinib therapy, and profiles
identified after seven days of therapy correlated with BCR-ABL1
burden at 3 and 6 months, suggesting early signal transduction
profiles may be useful for prognostication. Yang et al. (22)
showed that naïve T cells within the tumor microenvironment
of FL were associated with improved survival, while specific
subsets of PD-1(+) T cells and loss of the costimulatory receptor
CD27 on intratumoral T cells were associated with poor survival.
Yang et al. (31) then showed that T-cell immunoglobulin and
ITIM domain (TIGIT) is highly expressed on exhausted
intratumoral T cells of FL and is associated with inferior
survival. These studies show that the types of biomarkers
identifiable by CyTOF for disease diagnosis such as intracellular
signaling profi les and cellular profiles within tumor
microenvironments may be helpful for disease prognostication.

Response to Therapy and Vaccination
CyTOF has been used to better characterize responses to various
therapies, leading to better understanding of mechanisms of
action as well as mechanisms of resistance to therapy. Saenz
et al. (32) used CyTOF to help evaluate the response of post-
myeloproliferative neoplasm secondary AML (sAML) cells to
different therapies in a xenograft model, facilitating a broad and
detailed characterization of drug responses, suggesting BET
protein proteolysis-targeting chimera may be more effective
than bromodomain inhibitor in treating this neoplasm. This
group also showed decreased expression of Bcl-xL, CDK4/6, c-
MYC, IL-7R, p-STAT5, and PIM1, and increased expression of
BIM, HEXIM1, and p21 in BET inhibitor treated AML cells from
sAML. Synergistic activity of BET inhibitor with the JAK
inhibitor ruxolitinib is seen in sAML cells, and there is also
synergistic activity of BET inhibitor and HSP90 inhibitor against
ruxolitinib-resistant sAML cells. Zeng et al. (33) evaluated 24
primary AML samples to perform detailed characterization of
mTOR inhibition in AML cells, and results pointed to cell
signaling pathways dampening drug response. Edwards et al.
(28) characterized CSF1R signaling to show anti-leukemic
activity of CSF1R inhibitors occurs through inhibiting
paracrine signaling from support cells. In 2020 Han et al. (34)
showed that cobimetinib antagonized pERK and pS6 signaling,
and was associated with increased BCL2 expression in leukemia
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HSPCs in venetoclax-sensitive AML specimens. Borthakur et al.
(35) published findings of a phase-I study of combined sorafenib,
plerixafor, and G-CSF for AML, where CyTOF was used to
identify resistant sub-clones and characterized signaling within
these cells to show persistent Akt and/or ERK signaling. Rorby et
al. (36) investigated the mechanism of synergistic activity of
midostaurin in combination with daunorubicin and cytarabine,
which has been shown to increase survival in FLT3-mutated
AML patients. They showed that cytarabine appeared to
antagonize midostaurin’s effect on protein phosphorylation
and increased surface expression of FLT3. Deng et al. (37)
helped identify VEGFR2 signaling as the mechanism by which
Apatinib exerts its anti-leukemic effect in BLL. Bandyopadhyay
et al. (38) showed that avasimibe, an inhibitor of cholesterol
esterification, synergistically suppressed CML cell proliferation,
and led to downregulation of the MAPK signaling pathway,
which likely sensitized CML cells to imatinib. Baughn et al. (39)
identified loss of CD56 and CD66a and a signature of activation
are associated with proteasome inhibitor resistance in a myeloma
cell line suggesting these have potential as markers of resistance
to proteasome inhibitor therapy. Adams et al. (40) characterized
the myeloma tumor microenvironment and showed that
daratumumab-treated patients have increased cytotoxic T cells
and reduced immunosuppressive cell populations, consistent
with immune modulation as a novel mechanism of action for
daratumumab. Teh et al. (41) characterized regulators of cell
death, mitosis, cell signaling, and cancer-related pathways in
myeloma cells treated with dexamethasone or bortezomib to
identify increased CREB and MCL-1 in treatment-resistant
myeloma cells. Visram et al. (42) evaluated bone marrow from
13 newly diagnosed, 11 relapsed pre-daratumumab, and 13
triple-refractory myeloma patients and found that patients who
are resistant to three lines of therapy have a distinct immune
tumor microenvironment including decreased CD4(+) T cells
and naïve T cells compared to newly diagnosed and relapsed but
pre-daratumumab treated patients. This finding suggests that
immune microenvironment signatures may help predict
response to therapy. Finally, Alimam et al. (43) monitored
immune responses to influenza A vaccine in 7 polycythemia
vera (PV), 8 essential thrombocythemia (ET), and 4
myelofibrosis (MF) patients compared to 6 healthy donors,
and evidence of impaired B- and T-memory cell responses in
patients with myeloproliferative neoplasms was identified. The
ability of CyTOF to broadly characterize numerous antigens and
cells simultaneously greatly facilitates evaluation of responses to
various therapies and even vaccinations. Several of these studies
also highlight the ability of CyTOF data to elucidate the
mechanism of action of drugs, and to identify potential
predictors of response or resistance to therapy.

MRD Analysis
MRD analysis is typically performed using one or a combination
of two distinct approaches. The first approach is to identify
populations of cells that are immunophenotypically similar to
the immunophenotype at diagnosis. This is the easier of the two
approaches inmany respects, but falls short when tumorsmodulate
their immunophenotype, which some neoplasms do quite readily.
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The second approach is to identify immunophenotypes that are
different from the immunophenotype of a normal cell counterpart
to the tumor cell. For example, a “different-from-normal” approach
to MRD analysis for AML would look for populations of aberrant
HSPCs that display a different immunophenotype than normal
HSPCs. A study by Ferrell et al. (44) highlighted the power of
CyTOF for characterizing how versatile AML cells can be at
modulating their immunophenotype. They characterized 46
samples from 5 AML patients before, during, and immediately
after induction chemotherapy to show how the AML population
and subpopulations modulated their immunophenotypes over
time. Studies such as this not only characterize the degree of
versat i l i ty wi th which cancers can modulate the ir
immunophenotype, but may help identify new cancer-specific
immunophenotypes and their frequency in studied populations.
Unfortunately, the rate at which cells flow through CyTOF
machines is roughly an order of magnitude slower than flow
cytometers frequently used in clinical laboratories, limiting its
utility for clinical use. However, CyTOF can facilitate the
discovery of disease-specific immunophenotypes including
specific combinations of immunophenotypes much more readily
than other approaches due to the sheer number of antigens that can
be monitored from a given, often limited, specimen. Despite the
limited number of specimens that could be run in a day, a mass
cytometer may be warranted for MRD detection in patients where
MRD analysis has been hindered by the use of new antibody
therapeutics. For example, antibodies targeting B-cell antigens are
beingused to treatB-cell lineage leukemias and lymphomas, and the
antigens that these antibodies target (which are usually the same
antigens used to identify the presence of these cell populations by
flow cytometry) are often rendered useless as markers for MRD
detection. The ability to identify cancer cell populations using
combinations of other antigens by CyTOF could be extremely
useful. Even if CyTOF machines are not used in clinical
laboratories in the near future, software developed for CyTOF
may prove useful for MRD detection. Amir et al. (8) showed that
viSNE software can be used to visually distinguish leukemia from
healthy bone marrow samples, and the potential of viSNE for
identification of MRD was shown. Similarly, Bandyopadhyay et
al. (45) utilized CyTOF to identify a subpopulation of cells in
secondary AML that was not readily identified by manual gating
approaches of two-dimensional plots, highlighting the power of
software facilitating evaluation of multiple dimensions at once. As
technological improvements increase acquisition rates, costs
decrease, and data validating the value of high-parameter
approaches to MRD analysis are published, clinical laboratories
may in the not-too-distant future begin using CyTOF for
MRD analysis.

Potential New Therapies
New discoveries identified via CyTOF analysis can point to
potential new therapies, and potential new therapies can be
tested in model cells and organisms to characterize their effects
and side-effects across multiple signaling pathways in multiple
cell types at once. Han et al. (18) identified distinct patterns of
signaling activationwithin leukemia stemcells acrossAMLsamples
and between AML and control samples. mTOR signaling was
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identified as a possible therapeutic target as mTOR regulated
proteins 4EBP1 and S6 were found to be phosphorylated in
FLT3-ITD progenitor cells but not in controls. This study
highlights the importance of using high dimensional cytometry to
monitor multiple signaling pathways simultaneously to identify
possible therapeutic targets. Zeng et al. (33), after identifying cell
signaling pathways that dampen drug response during mTOR
inhibitor administration, showed that targeting these pathways
along with mTOR inhibition led to increased efficacy. Sarno et al.
(46) set out to study why high expression of CRLF2 is associated
with poor prognosis in patients with B-lymphoblastic leukemia/
lymphoma, and identified coordinated signaling involving JAK/
STAT, PI3K and CREB pathways downstream of CRLF2. The
authors showed in primary leukemia cells that SRC/ABL
inhibition was more effective at inhibiting the CRLF2-driven
network than JAK or PI3K inhibition. Fisher et al. (47) identified
increased activity of JAK-STAT,MAPK, PI3K and NFkB signaling
in myelofibrosis (MF) and sAML cells. They identified constitutive
and hypersensitive NFkB signaling in MF and sAML HSPCs, and
found that inhibitionofNFkB inCD34(+)HSPCs fromMFpatients
suppressed myeloid colony formation, suggesting NFkB inhibition
as a potential therapeutic approach in MF and sAML. They then
monitored cytokine production in MF patient blood cells by
CyTOF, and monocytes were found to overexpress many
cytokines induced by thrombopoietin, TLR ligands, and tumor
necrosis factor (48). All of these cytokines could be suppressed by
inhibitingNFkB and/orMAPK signaling, suggesting this as a novel
pharmacotherapy inMF. Teh et al. (41), after identifying increased
CREB and MCL-1 in treatment-resistant myeloma cells, showed
that combining an MCL-1 inhibitor to dexamethasone showed
synergistic activity in killing primary myeloma cells from patients.
These are just a few examples of how high-parameter profiling via
CyTOF can help identify new potential therapies for diseases.
DISCUSSION

Mass cytometry has significantly increased our capacity to profile
entire populations of cells at the individual cellular level. This can
Frontiers in Oncology | www.frontiersin.org 5175
be extremely useful, particularly when the total number of cells
for evaluation is limited, such as in clinical biopsy or fine needle
aspirate specimens. However, it is important to recognize that
CyTOF is not completely equivalent to flow cytometry with more
measurable parameters. Slower acquisition rate, more
complicated data analysis, and need for surrogates of forward
and side scatter are a few of the caveats to the promise of mass
cytometry for clinical use.

Review of the current literature has shown that only a few
hematopoietic malignancies such as AML and plasma cell
myeloma have been investigated via CyTOF in more than a
handful of studies. Numerous diseases not mentioned in this
mini-review could benefit from more detailed characterization
made possible by this new technology. A major strength of
CyTOF is in its ability to identify not only individual
biomarkers but combinations of markers that together provide
more systemic or global signatures of diseases or biological states
(similar to gene expression profiling). These signatures may
incorporate relative abundance of different cell subsets,
expression levels of different proteins, and/or activation states
of various cellular signaling pathways. Such expression profiles
may be useful for disease diagnosis, prognostication, and
predicting response to therapy. While the relatively slow
acquisition rate of current CyTOF machines limits their utility
for clinical MRD analysis, CyTOF provides a powerful
mechanism for identifying disease-specific markers (i.e.
leukemia-specific immunophenotypes) that can be used in
routine flow cytometric MRD analysis. CyTOF has been
par t i cu la r ly use fu l for charac ter i za t ion of tumor
microenvironments. Continued research utilizing CyTOF will
undoubtedly promote efforts to move this powerful technology
into the clinic.
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Chiricuță”, Cluj-Napoca, Romania, 5 Department of Medical Genetics, “Iuliu Hațieganu” University of Medicine and Pharmacy, Cluj-
Napoca, Romania, 6 Department of Genetics, Oncological Institute “Prof. Dr. Ion Chiricuță”, Cluj-Napoca, Romania, 7 Department
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Acute myeloid leukemias (AMLs) are hematologic malignancies with varied molecular and
immunophenotypic profiles, making them difficult to diagnose and classify. High-
dimensional analysis algorithms might increase the utility of multicolor flow cytometry for
AML diagnosis and follow-up. The objective of the present study was to assess whether a
Compass database-guided analysis can be used to achieve rapid and accurate
diagnoses. We conducted this study to determine whether this method could be
employed to pilote the genetic and molecular tests and to objectively identify different-
from-normal (DfN) patterns to improve measurable residual disease follow-up in AML.
Three Compass databases were built using Infinicyt 2.0 software, including normal
myeloid-committed hematopoietic precursors (n = 20) and AML blasts harboring the
most frequent recurrent genetic abnormalities (n = 50). The diagnostic accuracy of the
Compass database-guided analysis was evaluated in a prospective validation study (125
suspected AML patients). This method excluded AML associated with the following
genetic abnormalities: t(8;21), t(15;17), inv(16), and KMT2A translocation, with 92%
sensitivity [95% confidence interval (CI): 78.6%–98.3%] and a 98.5% negative
predictive value (95% CI: 90.6%–99.8%). Our data showed that the Compass
database-guided analysis could identify phenotypic differences between AML groups,
representing a useful tool for the identification of DfN patterns.

Keywords: acute myeloid leukemia with recurrent genetic abnormalities, multicolor flow cytometry, Compass
database-guided analysis, different-from-normal (DfN) approach, measurable (minimal) residual disease
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1 INTRODUCTION

Acute myeloid leukemia (AML) refers to a heterogeneous group
of malignant diseases characterized by the accumulation of
aberrant hematopoietic progenitor cells, known as AML blasts,
that cannot progress beyond various stages of maturation and are
unable to develop into mature blood cells.

According to the current World Health Organization (WHO)
criteria (1), an AML diagnosis depends on a combination of
clinical findings, morphological evaluations of peripheral blood
(PB) and bone marrow (BM) specimens, and cytogenetic
(karyotype and fluorescent in situ hybridization (FISH)) and
molecular analyses [polymerase chain reaction (PCR) and next-
generation sequencing (NGS)].

At present, multicolor flow cytometry (MFC) is viewed as a
complementary tool that can assist with the AML diagnostic
process. MFC is typically used to define the blast cell lineage and
can be used to identify phenotypic aberrations, known as
leukemia-associated immunophenotypes (LAIPs), such as the
presence of aberrant lymphoid markers, maturation asynchrony,
or the absence of myeloid markers, which might be useful for
assessing measurable residual disease (MRD) during AML
treatment follow-up.

The evaluation of cytogenetics andmutational profiles represent
reference methods for monitoring MRD in AML, allowing for the
assessment of clonal evolution and the stratification of AML into
prognostic subgroups to guide treatment approaches (2). Despite
the high specificity and sensitivity of PCR-based methods for
leukemic cells, their applicability is limited to the approximately
40% of AML patients that harbor one or more traceable molecular
abnormalities, according to the European LeukaemiaNet (ELN)
MRDWorking Party (3). In addition, although complete remission
rates have improved in recent years (approaching 80%) due to the
application of therapeutic algorithms guided by molecular
technologies, greater than 50% of adult patients with AML will
undergo disease relapse after initial treatment (2). Therefore,
interest exists in the development of MFC applications for disease
monitoring in AML, with the potential to perform precise residual
disease estimations below the current morphological assessment
thresholds for determining complete remission. Thismethod could
refine prognostic assessments and direct postremission decision-
making processes in AML (2).

However, despite the high applicability of MFC for MRD
assessments in AML patients (>90% of all AML cases) compared
with molecular MRD assessments (2), multicenter studies have
shown a relatively high number of false-positive cases following
MFC assessment, resulting in a low specificity of 71%, even when
using standardized protocols, which is most likely due to
differences in the subjective interpretation of MFC data (4).

To improve AML MRD detection by MFC, the ELN MRD
Working Party has recommended combining the different-from-
normal (DfN) approach with the LAIP assessment method (3).
The major advantage of the DfN approach is that it can be
applied even in cases with unknown blast phenotypes at
diagnosis and can identify other abnormal immunophenotypic
cells, in addition to residual blasts, which is not possible using the
LAIP method, which focuses only on the detection of residual
Frontiers in Oncology | www.frontiersin.org 2179
blasts carrying the immunophenotypic anomaly identified at
diagnosis. Therefore, high-dimensional analysis algorithms
may be useful for optimizing the MFC-MRD performance in
AML (3).

New tools for MFC data analysis have recently been
developed to objectively visualize immunophenotypic
differences between abnormal cells from different pathologies.
One such tool is Infinicyt Compass, which was developed by the
EuroFlow™ (EF) Consortium, and allows for the recognition of
complex immunophenotypic patterns through multivariate
analyses of flow cytometric data.

The present study aimed to assess whether the Compass
database analysis could be used to guide the genetic and
molecular testing of AML to achieve a rapid and accurate
diagnosis and to perform DfN analyses.

The results of this study showed that the comparison of new
cases against reference databases composed of well-classified
AML cases represents a user-friendly method that can facilitate
the orientation of genetic and molecular biology testing to
achieve a rapid, accurate diagnosis. In addition, the Compass
database-guided analysis of MFC data can be used as a
nonsubjective method for DfN evaluation.
2 MATERIALS AND METHODS

2.1 Study Design
The present study was conducted in three phases: construction of
Compass databases; databases-guided analysis of new AML cases
at initial diagnosis; and evaluation of database-guided DfN
analysis (Figure 1).

2.2 Construction of the Databases
The Compass databases are composed of fcs-exported data files
featuring characteristics of leukemic blasts from well-classified
AML cases, according to WHO recommendations (1), including
t(8;21) AML (n = 8), t(15;17) AML (n = 19), inv(16)/t(16;16) AML
(n = 12), and AML with MLL gene translocations (MLL-r AML,
n = 11); all samples were diagnosed by the Hematology Laboratory
from the University Hospital of Saint-Etienne between 2013 and
2019. Normal myeloid hematopoietic precursor cells (my-HPCs)
committed toward a neutrophil lineage (CD45+low/int CD117+

CD34+/− HLA-DR+int CD13+ CD14− IREM2− CD33+ CD36−), a
monocyte lineage (CD45+low/int CD117+ CD34+/− HLA-DR+hi

CD64+ CD14− CD300e[IREM-2]− CD13+ CD33+), and an
erythroid lineage (CD45−/+low CD117+ CD34+/− HLA-DR+low/int

CD36+ CD105+ CD33− CD35+low) were also included (Figure 2).
The immunophenotypic characterization of my-HPCs using the
EF AML/MDS panel was performed in the present study using
normal BM samples obtained from healthy individuals with
normal blood counts (eleven healthy BM donors (HDs) and nine
patients undergoing sternotomy for cardiac surgery (CS)) from the
University Hospitals of Saint-Etienne and Clermont-Ferrand,
France. The strategy used for the selection of normal my-HPCs
was based on recently published data (5, 6). Pregating for intact
singlets, followed by the discrimination of normal my-HPCs, was
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performed using the Infinicyt 2.0 software based primarily on the
backbone markers CD117, HLA-DR, and CD45, in addition to
several lineage-specific markers, such as CD13 for neutrophil-
committed HPCs; CD64 and CD33 for monocyte-committed
HPCs; and CD105 and CD36 for erythroid-committed HPCs
(Figure 2). Several exclusion gates were used to avoid the
inclusion of undesirable events that may fall into the CD45+low

CD117+ HLA-DR+ blast gate, such as CD11b+ hypogranular
neutrophils and basophils (tube 1), CD14+low granulocytes and
CD14+ IREM-2+ monocytes (tube 2), and CD10+ hematogones
(tube 1) (Figure 2). Three databases corresponding to the first three
tubes of the EF AML/MDS panel which are dedicated to the
immunophenotypic analysis of the principals myeloid lineages
were built from merged fcs files containing AML blasts from the
fourAMLgroups and the normalmy-HPCs: tube 1 of the EFAML/
MDS panel (neutrophil lineage), tube 2 of the EF AML/MDS panel
(monocytic lineage), and tube 3 of the EF AML/MDS panel
(erythroid cell lineage). The fcs files used to build the databases
are available at FlowRepository (ID: FR-FCM-Z3JL).
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Each group of cases was subsequently plotted in a balanced
automatic population separator (APS), a principal component
analysis (PCA) plot for comparisons with other groups included
in the databases.

2.3 Database-Guided Analysis of New AML
Cases at Initial Diagnosis
The BM samples used in this prospective study were obtained
between January 2019 and June 2021 from 125 consecutive
patients who were hospitalized with suspected AML at the Institut
de Cancérologie Lucien Neuwirth, Saint-Priest-en-Jarez, the Estaing
University Hospital of Clermont-Ferrand, France, and the
Oncological InstituteProf.Dr. IonChiricuță, Cluj-Napoca,Romania.

Written informed consent was obtained from each patient and
healthy donor (HD), as approved by the institutional procedures of
the independent ethics committee and theComité deProtectiondes
Personnes - Ile de France (NCT03233074/17.07.2017).

All participants’ characteristics are summarized in Table 1
and detailed in Table S1.
A

B

C

FIGURE 1 | Schematic overview of the study. The first three tubes of the EuroFlow (EF) AML/MDS antibody panel were used for the discrimination of acute myeloid
leukemia (AML) blasts and normal myeloid-committed hematopoietic precursors (my-HPCs) in bone marrow aspirates obtained from patients with AML and healthy
individuals. (A) Phase 1: Construction of the databases. The Compass databases were composed of fcs-exported files corresponding to leukemic blasts from well-
classified AML cases, according to the WHO diagnostic recommendations, including t(8;21) AML (n = 8), t(15;17) AML (n = 19), inv(16)/t(16;16) AML (n = 12), AML
with MLL gene translocations (MLL-r AML, n = 11), and normal my-HPCs (n = 20). (B) Phase 2: Samples from 125 patients with suspected AML were compared
against the Compass databases based on APS plots. The blast events from each individual AML case were compared against each well-classified AML group and
with the normal my-HPC populations using balanced APS plots. The similarity between blast events from the new case and any defined populations was scored
based on the position of the median from the new case relative to the 1 and 2 standard deviation (SD) curves for the defined AML groups or normal my-HPC groups
included in the database. A total of 101 cases were correctly classified, whereas 24 cases were incorrectly assigned to the wrong AML group or to the other group.
The incorrectly assigned t(15;17) AML case was an NPM1+ AML with an acute promyelocytic leukemia (APL)-like phenotype; the three false-positive t(8;21) AML
cases were RUNX1-mutant AML cases, and for the false-positive MLL-r AML case, the array-comparative genomic hybridization (CGH) analysis identified a PICALM/
MLLT10 (CALM-AF10) fusion gene. (C) Phase 3: Evaluation of the Compass database-guided DfN analysis. Immunophenotypic data acquired at different MRD
follow-up time points from four AML patients with different genetic abnormalities who were in cytological remission were used, including one MLL-r AML case, one
t(8;21) AML case, one t(15;17) AML case, and one inv(16) AML case. Compass database-guided analysis was compared against quantitative reverse transcription–
polymerase chain reaction (qRT-PCR).
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The phenotypes of leukemic blasts obtained from new
patients were compared against the phenotypes of AML blasts
from four different cytogenetic groups and the most similar my-
HPCs using the three databases.

AML blasts were selected according to CD45+low expression,
CD117, HLA-DR positivity, and side scatter (SSC) characteristics,
as previously described (7). Several exclusion gates were applied to
avoid the inclusion of undesirable events, such as CD11b+
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hypogranular neutrophils and basophils (tube 1), CD14+low

granulocytes and CD14+ IREM-2+ monocytes (tube 2), and
CD10+ hematogones (tube 1) (Figure 3).

The AML blast events identified in each individual AML case
were compared with each well-classified AML group and normal
my-HPC populations using balanced APS plots.

The similarity between any two populations was scored based
on the position of the median for the new AML blast events from
A

B

C

FIGURE 2 | The analysis strategy for the identification of normal myeloid-committed HPCs using Tubes 1–3 of the EF AML/MDS panel. The discrimination of normal
my-HPCs was performed by Infinicyt 2.0 software, based primarily on the backbone markers CD117, human leukocyte antigen-DR (HLA-DR), and CD45. Several
exclusion gates were used to avoid the inclusion of undesirable events that may fall into the blast gate, such as CD11b+ hypogranular neutrophils and basophils (Tube 1),
CD14+low granulocytes and CD14+ CD300e (IREM-2)+ monocytes (Tube 2), and CD10+ hematogones (Tube 1). Bivariate dot plot histograms illustrating the HPCs committed
toward a neutrophil lineage (CD45+low/intCD117+CD34+/−HLA-DR+intCD13+CD14− IREM2−CD33+CD36−; orange dots), a monocyte lineage (CD45+low/intCD117+CD34+/−HLA-
DR+highCD64+CD14−CD300e/IREM-2−CD13+CD33+; green dots), or an erythroid lineage (CD45+low/−CD117+CD34+/−HLA-DR+low/intCD36+CD105+CD33−CD35+low;
dark-red dots). The other bone marrow cells are displayed in gray. (A) tube 1 EF AML/MDS panel; (B) tube 2 EF AML/MDS panel, (C) tube 3 EF AML/MDS panel.
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each case relative to the 1 and 2 standard deviation (SD) curves
for the AML groups and normal my-HPCs included in the
database: falling within 1 SD was scored as 1 point
(Figure 4A); falling within 1–2 SDs was scored as 0.5 point
(Figure 4B); and falling outside of 2 SDs was scored as 0 points
(Figures 4C, D).

After comparison with the AML phenotypes in the databases,
the new AML cases were classified as follows:
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Typical, clearly belonging to an AML group was used to
described AML blast events that fell within 1 or within 1–2-
SDs of a single AML group and outside of 2 SDs for all other
groups based on the results of at least two of the three tubes from
the EF AML/MDS panel (Figure S1A).

Atypical, oriented toward an AML group was used to describe
AML blast events that fell within 1 SD or within 1–2 SDs for two
or more AML groups; the case was assigned to the group with the
A

B

C

FIGURE 3 | Gating strategy for the selection of AML blasts using tubes 1–3 of the EF AML/MDS panel. AML blasts were selected based on the expression of
backbone markers, CD117, human leukocyte antigen-DR (HLA-DR), and CD45+low. Several exclusion gates were used to avoid the inclusion of undesirable events
that may fall into the blast gate, such as CD11b+ hypogranular neutrophils and basophils (tube 1), CD14+low granulocytes and CD14+CD300e (IREM-2)+ monocytes
(tube 2), and CD10+ hematogones (tube 1). Bivariate dot plots illustrating a representative example of AML blast identification using the antibody combinations from
tubes 1–3 of the EF AML/MDS panel. AML blasts (red dots), other singlet events (gray dots). (A) tube 1 EF AML/MDS panel; (B) tube 2 EF AML/MDS panel, (C) tube
3 EF AML/MDS panel.
TABLE 1 | Characteristics of patients used for evaluation of the database-guided analysis.

Parameter Validation cohort Databasea

WHO diagnosis (n) APL with PML-RARA 15 19
AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 7 8
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-
MYH11

6 12

KMT2A(MLL)-rearranged AML 7 11
AML with mutated NPM1 16
Provisional entity: AML with mutated RUNX1 6
AML with biallelic mutations of CEBPA 1
AML-MRC 41
AML NOS 24
Blastic plasmacytoid dendritic cell neoplasm 1
Aggressive NK leukemia/lymphoma 1

Gender F 58 23
M 67 27

Age (years) Median 66 51
Range 13—94 1–83

WBC (109/L) Median 33.5 37.6
Range 0.6–537.8 0.8–308.7
November 2021 | Volume 11 | Art
AML, acute myeloid leukemia; AML-MRC, AML with myelodysplasia-related changes; APL, acute promyelocytic leukemia; AML NOS, AML, not otherwise specified. aAdditional details can
be found in Table S1.
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highest score obtained after combining the scores obtained for
each of the three tubes of the EF AML/MDS panel (Figure S1B).

Other was used to describe AML blast events that fell outside
of 2 SDs for all AML groups or within 1–2 SDs of any AML
group based on the results of only one of the three tubes from the
EF AML/MDS panel (Figure S1C).

The Compass database-guided results were compared with
the final diagnoses for all suspected AML cases, which were
established using a combination of morphological aspects,
karyotypes, FISH analysis, and molecular biology data,
according to WHO recommendations (1).

The results of comparisons between database-guided
classifications and the final clinical diagnoses were classified as
follows: true positives, when the AML group indicated by the
Compass database-guided approach coincided with the final
diagnosis; false positives, when the AML group indicated by the
Compass database-guided approach was not confirmed by other
diagnostic tests; false negative, when a final diagnosis was made
in favor of an AML group featuring a genetic abnormality that
was not identified by the Compass database-guided approach;
and true negative, when the Compass database-guided approach
did not identify an immunophenotype corresponding to any
AML groups with recurrent genetic abnormalities, and no FISH
or PCR tests detected any of the genetic abnormalities assessed in
the study.

The false-positive and false-negative AML cases were
thereafter re-evaluated using a neighborhood automatic
population separator (NAPS) PCA-based plot.

2.4 Database-Guided DfN
We sought to evaluate whether the database-guided analysis
could be used to identify DfN immunophenotypes during AML
follow-up. We evaluated immunophenotypic data acquired at
different MRD follow-up moments from four AML patients with
different genetic abnormalities, including five time points for one
with MLL-r AML, eight time points for one with t(8;21) AML,
four time points for one with t(15;17) AML, and six time points
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for one with inv(16) AML. Nondebris, singlet, CD117+ HLA-
DR+ my-HPCs were selected from each of the fcs files analysed
for each patient, as described above (Figure 2). Events were
evaluated for inclusion into one of the following groups, based on
comparison with the developed Compass databases: normal my-
HPCs, AML t(8;21), AML inv(16), AML t(15;17), and MLL-r
AML (Figures S2–S5).

Events that fell outside of 2 SDs for normal my-HPCs but
within 2 SDs of corresponding AML group were considerate DfN
and classified into the AML blast group.

MFC data were compared with the results of quantitative
reverse transcription-PCR (qRT-PCR).

2.5 Immunophenotyping
All samples were stained using the first three tubes of the EF
AML/MDS antibody panel (7). Sample preparation and
acquisition were performed according to the EF standard
operating procedure and using the recommended EF
instrument settings (8).

Appropriate instrument performance was confirmed by
performing FranceFlow and EuroFlow quality assessments
(9, 10).

At least 100,000 BM cells/tube were acquired using a three-
laser, eight-color BD FACSCanto-II™ flow cytometer (BD
Bioscience, San José, CA, USA) at each study site. Acquired
cells were then analyzed using Infinicyt V2.0 (Cytognos,
Salamanca, Spain).

2.6 Morphologic Examination
May-Grünwald-Giemsa-stained BM aspirate smears from each
AML patient were examined under a light microscope by
experienced pathologists and the diagnosis was established
conforming WHO 2016 guidelines (1).

2.7 Cytogenetics Analysis
BM samples were obtained from all AML patients for cytogenetic
(CG) analysis at the time of diagnosis. Karyotypes were analyzed
A B C D

FIGURE 4 | The scoring system used to determine whether AML blasts from a new case can be classified in the defined AML groups harboring recurrent genetic
abnormalities that were included in the Compass databases. Acute myeloid leukemia (AML) blasts from a new case (red dots and circles) were compared with the
AML groups included in the databases: t(15;17) AML (blue), t(8;21) AML (green), inv(16)/t(16;16) AML (violet), and MLL-r AML (dark red). The circles represent the
median values of individual cases. The dotted line represents the 1 standard deviation (SD) curve, and the solid line represents the 2 SD curve for the AML group.
The similarity between the two populations was scored based on the position of the median for the new case blast events relative to the 1 and 2 SD curves for the
AML groups that were included in the database: (A) falling within 1 SD was scored as 1 point; (B) falling within 1–2 SDs was scored as 0.5 points; and (C, D) falling
outside of 2 SDs was scored as 0 points.
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after 24 h of unstimulated culture using standard procedures.
The chromosomes were stained by R- and G-banding. At least 20
metaphase events were analyzed. The results were interpreted
and reported according to the International System for Human
Cytogenetic Nomenclature (ISCN, 2013 and 2016) (11).

FISH was performed for promyelocytic leukemia/retinoic
acid receptor a (PML-RARA; dual-color, dual-fusion probe,
Abbott, Des Plaines, IL, USA), Runt-related transcription
factor/RUNX1 partner transcriptional corepressor 1 (RUNX1/
RUNX1T1; dual-color, dual-fusion probe, Metasystems Probes,
Altlussheim, Germany), core-binding factor subunit beta (CBFB;
dual-color, break-apart probe, Metasystems Probes, Altlussheim,
Germany), and lysine methyltransferase 2A (KMT2A; dual-
color, break-apart probe, Metasystems Probes, Altlussheim,
Germany). Detection was performed on freshly harvested BM
cells (metaphase and interphase). Twenty metaphase events and
200 nuclei were observed for each case.

2.8 Quantitative Reverse Transcription-
Polymerase Chain Reaction
Multiparametric RT-PCR was performed to detect recurrent
fusion transcripts in all newly diagnosed AMLs. In cases
positive for any fusion products, qRT-PCR was performed to
monitor treatment response. The panel tests included PML/
RARA, RUNX1-RUNX1T1 (AML1-ETO) , CBFB-MYH11
variant A, and CBFB-MYH11 variant D. In brief, extracted
RNA was analyzed by RT-PCR for the PML/RARA, RUNX1-
RUNX1T1 (AML1-ETO), and CBFB-MYH11 fusion transcripts
on an ABI HT platform (Applied Biosystems, Villebon Sur
Yvette, France) and on an ABI 3500 DNA analyzer (Applied
Biosystems, Thermo Fisher, Waltham, MA, USA). Quantitative
values are expressed as a ratio of the fusion transcript level to the
ABL1 transcript level (%), and the sensitivity was determined to
be 0.001%.

Wilms’ tumor gene (WT1) expression levels were quantified
in PB samples using qRT-PCR and normalized against total
ABL1 gene expression levels to monitor MRD for KMT2A
(MLL)-rearranged AML cases.

2.9 Next-Generation Sequencing
Genomic DNA was tested for most AML cases at diagnosis by
NGS using a custom-designed myeloid panel. The panel assessed
51 commonly mutated genes associated with myeloid
malignancies: ATM, ASXL1, BCOR, BCORL1, CALR, CBL,
CEBPa, CSF3R, DDX41, DNMT3A, EPOR, ETNK1, ETV6,
EZH2, FLT3, GATA1, GATA2, GNAS, HRAS, JAK2, IDH1,
IDH2, KRAS, KDM6A, KIT, MPL, NF1, NFE2, NPM1, NRAS,
PHF6, PPM1D, PTPN11, RAD21, RUNX1, SF3B1, SETBP1,
SH2B3, SMC1A, SMC3, SRSF2, STAG1, STAG2, STATB5,
TET2, THPO, TP53, U2AF1, U2AF2, WT1, and ZRSR2.

Briefly, libraries were obtained by hybrid capture-based target
enrichment (SureSelectXT Low Input, Agilent, Santa Clara, CA,
USA), paired-end sequencing was performed on an Illumina
MiSeq System (Chip V2-300; Illumina, San Diego, CA, USA),
and sequence analysis was realized on an outsourced
bioinformatics solution SeqOne (Hg19 alignment).
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2.10 Statistical Analysis
A receiver operator characteristic (ROC) curve was generated to
determine the ability of the Compass database-guided analysis to
correctly classify new AML cases based on the established
scoring system for this study.

The ROC curve, area under the curve (AUC), sensitivity,
specificity, positive and negative predictive values, and likelihood
ratios were estimated using MedCalc Software Ltd. Version 19.8
(Ostend, Belgium).
3 RESULTS

3.1 Prospective Validation Study
The resultingAMLdatabases and the database-guided analysis tool
were validated on 125 consecutive AML-suspected cases. The
results were compared with the final diagnosis according to
WHO 2016 guidelines that were established by each center.
Overall, the distribution of the 125 cases across the various AML
groups was as follows: 15 (12%) t(15;17) AML; 7 (5.6%) t(8;21)
AML; 6 (4.8%) inv(16)/t(16;16) AML; 8 (6.4%) KMT2A(MLL)
AML; 88 (70.4%) other AML; and 1 (0.8%) non-AML. The
distribution across the database-guided result categories (typical,
atypical, or other), based on the scoring algorithm described in the
Materials and Methods section, is shown in Table 2.

When combining the Compass database-guided results obtained
from the first three tubes of the EF AML/MDS panel, a true positive
result was obtained in 33 (26.4%) cases, a true negative result was
obtained in 67 (53.6%) cases, a false-positive result as obtained in 24
(19.2%) cases, and a false-negative result was obtained in one (0.8%)
case. The Compass database-guided diagnosis allowed for correct
classification with an AUC of 0.83 (95% confidence interval (CI):
0.75–0.89; p < 0.001; Figure 5). Overall, this method was able to
exclude AML associated with t(8;21), t(15;17), inv(16)/t(16;16), and
KMT2A(MLL) translocation with 92% sensitivity (95% CI: 78.6%–
98.3%), a 98.5% negative predictive value (95% CI: 90.6%–99.8%),
and a likelihood ratio for a negative test of 0.04 (95% CI: 0.01–0.28).
The negative predictive value was 100% for t(15;17) and t(8;21)
AMLs; and 99.1% (95% CI: 95.2%–99.9%) for inv(16)/t(16;16) and
KMT2A(MLL) AMLs (95% CI: 94.6%–99.9%). Globally, a reduced
positive predictive value (PPV)of approximately 58% (95%CI: 49%–
66%) was observed [PPVt(15;17)AML: 94% (95% CI: 68%–99%);
PPVKMT2A(MLL)AML: 47% (95% CI: 30%–64%); PPVt(8;21)AML:
44% (95% CI: 29%–59%), and PPV(inv16)/t(16;16)AML: 40% (95%
CI: 21%–62%)].

A relatively increased number of false-positive cases were
observed for the following AML groups: t(8;21) AML (9/118
negative cases), inv(16)/t(16;16) AML (6/119 negative cases), and
KMT2A(MLL) AML (8/117 negative cases).

3.2 Detailed Evaluation of Discordant
Cases
3.2.1 Re-Evaluation of the False-Positive t(8;21)
AML Cases
Despite the perfect correspondence between the phenotypes of
six discordant t(8;21) AML cases with the typical t(8;21) AML
November 2021 | Volume 11 | Article 746951

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Aanei et al. Database-Guided AML Analysis
cases on the APS plots (the median of the blast events from these
cases fell within 1 SD for the t(8;21) AML group), the NAPS
diagrams (12) enabled the identification of several differences
(Figure 6). NAPS showed clear distinctions between t(8;21)
AML cases and these false-positive t(8;21) AML cases (except
AML case 35) for markers from tube 1 of the EF AML/MDS
panel, based on different patterns for HLA-DR (26%), and CD13
(25%) and differences in the SSC (26%) and forward scatter (FSC,
22%) parameters (Figure 6A). In addition, for markers in tube 3
of the EF AML/MDS panel, NAPS identified two distinct groups
among the false-positive t(8; 21) AML cases, based on differences
in CD33 and SSC (Figure 6C). Remarkably, when analyzing the
NGS data for these cases, the cases closer to the t(8;21) AML
group were found to harbor a somatic mutations clustering
within the Runt domain (RUNX1-mutated AML cases: 36, 53,
and 66; RUNX1 nonmutated AML cases: 11, 35, and 74; Table
S1). Of note, CD33 expression was lower in RUNX1-mutated
cases, similar to that observed for t(8;21) AML blasts.

3.2.2 Re-Evaluation of the False-Positive inv(16)/
t(16;16) AML Cases
When examining the false-positive inv(16)/t(16;16) AML cases,
the NAPS diagram (Figures 7A–C) allowed for the identification
of AML cases lacking the expression of CD13 or CD33
expression (Figure 7A, C); however, this difference in
expression was not associated with any specific mutation
patterns conforming with the NGS tests.

3.2.3 Re-Evaluation of the False-Positive MLL-r AML
Cases
The wide variety of genetic abnormalities identified in theMLL-r
group was reflected by large phenotypic variability (Figure 8),
resulting in limited specificity and PPV values and an increased
rate of false-positive results.

An interesting example from the MLL-r false-positive group is
AML case 37 (Figure S6). A young adult woman patient presenting
with multiple venous thromboses was hospitalized under
emergency circumstances at the University Hospital of Saint-
Etienne. A hemoglobin level of 6.4 g/dl was detected during a
complete blood count test, and the PB smear examination revealed
the presence of 64% blasts. Hemostasis tests revealed a D-dimer
level >20,000 ng/ml, hypofibrinogenemia, and increased fibrin
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monomers >150 µg/ml. These findings resulted in suspicion of
acute promyelocytic leukemia (APL), and complementary testing of
the BM aspirate was performed with urgency. The morphological
examination revealed the presence of undifferentiated blasts, and the
immunophenotypic evaluation ruled out the t(15;17) AML
phenotype. The Compass database-guided analysis guided the
diagnosis toward the MLL-r AML group. Genetic and molecular
tests confirmed the absence of t(15;17)(q24;q21) or PML/RARA
rearrangement; however, the karyotype and FISH analyses did not
reveal the presence of an MLL rearrangement, and an array-
comparative genomic hybridization (CGH) analysis was
performed. A PICALM/MLLT10 (CALM-AF10) fusion gene
was identified.
TABLE 2 | Results of the database-guided analysis per AML category.

Compass result AML categorya

t(15;17) AML t(8;21) AML inv(16) AML KMT2A(MLL) AML Other

Typical 8 (6.4%) 6 (4.8%) 4 (3.2%) 3 (2.4%) 62 (49.6%)
Atypical 7b (5.6%) 1b (0.8%) 0b (0%) 4b (3.2%) 5c (4%)
Other 0 (0%) 0 (0%) 2 (1.6%) 1 (0.8%) 21d (16.8%)
November 2021 | Volume 11 | Ar
AML, acute myeloid leukemia; t(15;17) AML, APL with PML-RARA; t(8;21) AML, AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1; inv(16) AML, AML with inv(16)(p13.1q22) or t(16;16)
(p13.1;q22);CBFB-MYH11; MLL AML, KMT2A(MLL)-rearranged AML.
aNumber of cases and percentages within each AML category.
bCases were the median of AML blast events fall within the 1 SD or 1–2 SDs of two or more AML groups; the assignment in a group being realized on the highest score obtained by
summarizing the individual scores obtained in each of the three tubes.
cUncertain cases were the median of AML blast events fall within the 1–2 SD of two or more AML groups and the final score for each AML group was less than 2.
dFalse-positive cases in the “Other” group.
FIGURE 5 | Receiver operator characteristic evaluation of the performance of
the Compass database-guided analysis for the correct classification of AML
cases. Receiver operating characteristic (ROC) curve (blue line) comparing the
results of the Compass database-guided analysis with those provided by FISH or
PCR tests. The red diagonal line represents a random classifier. AML, acute
myeloid leukemia; MFC, multicolor flow cytometry; AUC, area under the curve,
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3.2.4 Re-Evaluation of the False-Positive t(15;17)
AML Case
An 80-year-old female patient (AML case 50) was transferred from
a peripheral hospital to the University Hospital of Saint-Etienne
with suspicion of APL. The hemostasis screening tests revealed a
decrease in the prothrombin time and hypofibrinogenemia.
Complementary tests were performed with urgency on PB
and BM aspirate samples. Despite a preliminary orientation
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toward t(15;17) AML by the Compass database-guided analysis of
the MFC results (Figure S7), cytogenetics analysis revealed a 46,XX,
del(20)(q11q13)[20] karyotype, with no evidence of PML-RARA
mutations by FISH or RT-PCR. NGS revealed pathogenic variants
in nucleophosmin 1 (NPM1; type A) and FMS-like tyrosine kinase
3-internal tandem duplication (FLT3-ITD). An APL‐like
immunophenotype was previously described for AML with
mutated NPM1, associated with significantly longer relapse‐free
A B C

FIGURE 7 | Detailed evaluation of the false-positive inv(16)/t(16;16) AML cases. APS plots showing the overlap between the medians for the blast events from the
false-positive inv(16)/t(16;16) AML cases (green-yellow, IDH mutated and pale rose circles, non-IDH mutated) with those for the inv(16)/t(16;16) AML group (violet
circles, the dotted line represents the 1 standard deviation (SD) curve for the group), the t(8;21) AML group (green circles, the dotted line represents the 1 SD curve
for the group) using the first three tubes of the EF AML/MDS panel (A) tube 1 EF AML/MDS panel; (B) tube 2 EF AML/MDS panel, (C) tube 3 EF AML/MDS panel.
A B

D

C

FIGURE 6 | Detailed evaluation of the false-positive t(8;21) AML cases. (A–C) APS plots showing the perfect overlap between the medians for the blast events from
the false-positive t(8;21) AML cases (bright yellow and mauve circles) with those for the t(8;21) AML group (green circles, the dotted line represents the 1 standard
deviation (SD) curve for the group) and for the inv(16)/t(16;16) AML group (violet circles, the dotted line represents the 1 SD curve of the group) using the first three
tubes of the EF AML/MDS panel. In the tube 3 of EF AML/MDS panel, the neighborhood automatic population separator (NAPS) diagrams allow for the division of
false-positive t(8;21) AML cases into two groups, according to the presence (bright yellow circles) or absence (mauve circles) of RUNX1 mutation according to NGS
analysis. The tables show the contributions of each parameter to the separation of the false-positive t(8;21) AML blasts from the t(8;21) AML group in the NAPS
diagrams, reflected as percentages. (D) Bivariate dot plots illustrating the differences in the CD33 and SSC parameters between RUNX1-mutated cases (yellow dots
and circles representing the median CD33 expression for an individual case) and RUNX1 nonmutated cases (mauve dots and circles representing the median CD33
expression for an individual case) compared with t(8;21) AML cases (green circles representing the median CD33 expression for an individual case; the dotted line
represents the 1 SD curve, and the solid line represents the 2 SD curve for the AML group).
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survival compared with patients lacking this phenotype (13) and a
good response to all-trans retinoic acid (ATRA) therapy (14).

3.3 Contribution of Markers to the DfN
Identification
The discriminatory power to distinguish between the different
AML groups and normal my-HPCs included in the databases
was assessed for the performance of DfN analysis using the
Compass database-guided analysis. Tested antibody
combinations were evaluated using balanced APS plots, using
all eight markers and the FSC and SSC parameters for each tube
of the EF AML/MDS panel (Figure 8).

Antibody combinations from the three tubes only provided a
clear distinction between the blasts from different AML groups
was for the t(15;17) AML group. Interestingly, a good separation
was also observed between t(15;17) AML blasts and normal
neutrophil-committed CD13+ HPCs (tube 1 of the EF AML/
MDS panel), normal monocyte-committed CD64+ HPCs (tube 2
Frontiers in Oncology | www.frontiersin.org 10187
of the EF AML/MDS panel), and normal erythroid-committed
CD36+ CD71+ CD33−HPCs (tube 3 of the EF AML/MDS panel).
For tube 1 of the EF AML/MDS panel, the first principal
component (PC1, x-axis) showed the major contributions of
the SSC (19%) and FSC (17%) parameters, whereas the second
principal component (PC2, y-axis) showed the major
contributions of HLA-DR (44%), CD34 (19%), and CD13
(10%) for the separation of the t(15;17) AML group from
normal neutrophil-committed HPCs and all other AML groups.

For tube 2 of the EF AML/MDS panel, the most
discriminating markers identified in PC1 were CD64 (18%),
FSC (14%), and SSC (12%), whereas PC2 included HLA-DR
(43%) and CD34 (21%), resulting in the clear distinction between
t(15;17) AML blasts, normal monocyte-committed HPCs, and
blasts from other AML categories. For tube 3 of the EF AML/
MDS panel, PC1 indicated that the most useful parameters for
group separation were FSC (13%) and SSC (11%), whereas PC2
showed that the best discriminating factors for tube 3 of the EF
A

B

C

FIGURE 8 | Contribution of markers to the separation of blasts from different AML groups with recurrent genetic abnormalities and myeloid-committed normal HPCs.
Samples were stained with antibodies from tubes 1–3 of the EuroFlow (EF) acute myeloid leukemia (AML)/myelodysplastic syndrome (MDS) panel. Bivariate dot plots and
principal component analysis (APS) diagrams for 20 neutrophil-committed HPCs (orange), 20 monocyte-committed HPCs (turquoise), 20 erythroidcommitted HPCs (dark
red), 19 t(15;17) AML cases (blue), 8 t(8;21) AML cases (dark green), 13 inv(16)/t(16;16) AML cases (violet), 5 t(19;11) AML cases (yellow), 1 t(4;11) AML cases (red), 3 t
(6;11) AML cases (light green), 1 t(10;11) AML cases (dark blue), and 2 t(11;19) AML cases (light blue). showed good separation between neutrophil-committed HPCs
and AML blasts using tube 1 of the EF AML/MDS panel, based on HLA-DR, CD34, and CD13 expression; between monocyte-committed HPCs and AML blasts using
tube 2 of the EF AML/MDS panel, based on CD64, HLA-DR, and CD34 expression and between erythroid-committed HPCs and AML blasts using tube 3 of the EF
AML/MDS panel, based on HLA-DR, CD34, and CD33 expression. The circles represent the median values of the blast events for an individual case. The dotted line
represents the 1 standard deviation (SD) curve for the group, and the solid line represents the 2 SD curve. The tables show the contributions of each parameter to the
first (PC1, x-axis) or second (PC2, y-axis) principal components, reflected as percentages. (A) tube 1 EF AML/MDS panel; (B) tube 2 EF AML/MDS panel, (C) tube 3 EF
AML/MDS panel.
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AML/MDS panel were HLA-DR (32%), CD34 (21%), and CD33
(13%), allowing for good separation between t(15;17) AML
blasts, normal erythroid-committed HPCs, and blasts from
other AML categories.

3.4 Compass Database-Guided DfN-MRD
Evaluation in AML With Recurrent Genetic
Abnormalities
In our study, the aberrant expression of lymphocytic markers on
AML blasts was observed in a small number of cases: CD56
expression was observed in 13% of t(15;17) AML cases; the
coexpression of CD19 and CD56 was observed in 28% of t(8;21)
AML cases; the partial and low expression of CD19 was observed
in 42% of t(8;21) AML cases; CD4 expression was observed in 7%
of inv(16)/t(16;16) AML cases and in 18% of MLL-r AML cases;
and CD7 expression was observed in 9% of all AML cases. Thus,
performing MRD follow-up using these phenotypic aberrancies
would only be applicable to a limited number of AML cases.

Therefore, we evaluated the utility of applying the Compass
database-guided analysis based on the first three tubes of the EF
AML/MDS panel to the detection of residual blasts in four AML
cases harboring the most frequently detected genetic abnormalities.

3.4.1 Compass Database-Guided Analysis for the
Detection of APL Residual Blasts by MFC Versus
qRT-PCR Evaluation
Although the qRT-PCR evaluation of the PML-RARA fusion
transcript of 10−4 was more sensitive, and a difference of 1 log10
was noticed between the qRT-PCR and those obtained for the
MRD evaluation by MFC (Figure S2), the clinical relevance of
these results was the same according to ELN MRD Working
Party consensus, which recommended a threshold of 0.1% to
distinguish “MRD-positive” from “MRD-negative” patients by
MFC (4).

3.4.2 Compass Database-Guided Analysis for the
Detection of MLL-r Residual Blasts by MFC Versus
qRT-PCR Evaluation
For the MLL-r AML case, higher levels of residual blasts were
detected by MFC than by WT1 qRT-PCR at two time points
before cytologic relapse occurred, and in other three time points,
the values were aligned (Figure S3).

3.4.3 Compass Database-Guided Analysis for the
Detection of t(8;21) Residual Blasts by MFC Versus
qRT-PCR Evaluation
A better prediction for disease progression was achieved using
the MFC-MRD evaluation compared with the qRT-PCR
RUNX1-RUNX1T1 evaluation in the t(8;21) AML case
(Figure S4).

3.4.4 Compass Database-Guided Analysis for the
Detection of inv(16) Residual Blasts by MFC Versus
qRT-PCR Evaluation
The interpretation of DfN MFC data was most difficult for the
inv(16) AML case because the isolation of events corresponding
Frontiers in Oncology | www.frontiersin.org 11188
to residual blasts required the evaluation of multiple clusters on
t-distributed stochastic neighbor embedding (t-SNE) graphs. In
addition, in this case, we noticed discordances between the
results obtained using the different EF AML/MDS tubes at the
same time points (Figure S5). Despite these complications,
overall, a good correlation was observed between the results
obtained from the qRT-PCR and detection by MFC for
identifying CBFB-MYH11 and MRD.
4 DISCUSSION

The immunophenotypic characterization of AML blasts by MFC,
combined with the morphological examination of BM aspirates,
plays a critical role in the initial AML diagnosis and classification
into different French–American–British (FAB) subgroups, which
have been used for AML classification since 1976 (15).

However, relatively little is known regarding the associations
between genetic alterations and distinct immunophenotypic profiles.

A lack of consensus regarding the choosing of AML
immunophenotyping panels and data analysis strategies represent
major drawbacks for AML classification. A collaborative effort
within the EF consortium led to the development of the EF AML/
MDSpanel, which allows for the unequivocal identification ofAML
blasts and lineage assignments and the accurate evaluation of
myeloid lineage maturation profiles (5, 9, 10). However, the
discriminatory potential for this panel to differentiate between
AML blasts and normal my-HPCs, in addition to the utility of the
panel for AML blast classification across different cytogenetic
groups, remains poorly explored.

Novel software for MFC data analysis has been developed by
the EF group, which includes several analysis tools to facilitate
phenotypic comparisons between pathological cells derived from
different groups of diseases, with the ultimate aim of facilitating
the performance of fast, objective, and reproducible diagnostic
assessments. A database-guided analysis of MFC outcomes is
capable of objectively analyzing all single leukemic events and
classifying each event individually, providing a global image of
the composition of the leukemic bulk, which can frequently be
heterogeneous in AML (16). This method performs accurate,
simultaneous measurements of the mean fluorescence values
from eight different markers, and two scatter parameters (FSC
and SSC) represent a more objective approach than expert-based
interpretations, which considers arbitrary categorical
classifications of negative versus positive and low versus bright
patterns of marker expression for the dominant leukemic
population (17).

The Compass database-guided analysis, which is based on a
PCA algorithm, has been demonstrated to be effective in various
studies, such as for acute leukemia orientation (16), B‐cell
chronic lymphoproliferative disorder classification (18),
multiple myeloma diagnosis and monitoring (19), B-cell acute
lymphoblastic leukemia follow-up (20), and MRD assessment in
older patients with AML (21).

In this study, we sought to evaluate whether this method and
the antibody combinations provided by the first three tubes of
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the EF AML/MDS panel could be used to identify the most
frequently identified recurrent genetic abnormalities in AML to
rapidly orient cytogenetic and molecular tests and highlight the
DfN characteristics of AML blast immunophenotypes.

Using the algorithm described here, the Compass database-
guided diagnosis enabled the correct classification of AML types
with an AUC of 0.83 (95% CI: 0.75–0.89; p < 0.001). The major
advantage of this method was the ability to exclude certain
recurrent genetic abnormalities from new AML cases, with
92% sensitivity and a 98.5% negative predictive value, which
can prevent the performance of unnecessary, expensive, and
time-consuming tests.

This method also allowed for the identification of NPM1-
mutant AML cases with an APL-like immunophenotype, which
might benefit from personalized therapy.

In addition, using this method, we observed a significant
phenotypic heterogeneity among the various MLL-r AML cases,
which is consistent with the prognostic variability associated
with this AML type. This method could be useful for identifying
immunophenotypic patterns associated with different
translocations involving the MLL gene.

The application of the PCA-based algorithm to the four
typical AML groups with recurrent genetic abnormalities that
were included in the reference database highlighted the relative
contributions of each marker included in the staining panel. The
increased contributions of the SSC and FSC parameters
highlighted the importance of rigorously standardizing these
parameters over time and across instruments when performing
multicenter studies.

In addition to SSC and FSC, the CD34, HLA-DR, CD13,
CD64, and CD33 markers were identified as useful for separation
among the four AML disease categories and for the DfN
identification. Therefore, combining these markers into a single
tube could be useful for improving both the identification of
AML groups with recurrent genetic abnormalities and
DfN monitoring.

However, a recently published study showed that the
antibodies included in the first five tubes of the EF AML/MDS
panel were not sufficiently effective to discriminate between
normal my-HPCs and AML blasts. Phenotypically, normal
CD34+ HPCs isolated by fluorescence-activated cell sorting
from patients with undetectable MRD possess substantial
genetic abnormalities. Therefore, the identification of more
specific leukemic antigens, together with improvements in
MRD sensitivity using MFC and NGS data, remains necessary
for the implementation of individualized treatments to prolong
survival among older patients with AML (21).

Our preliminary data show that the Compass database-
guided analysis represents a helpful tool for the identification
of DfN, which may be useful for advancing MRD evaluations
in AML.

According to our data, a similar approach has been applied
for the detection of DfN patterns during MRD assessments in
older AML patients. This method allowed the detection of DfN
patterns and complete remission by MFC-MRD before
morphological complete remission, serving as an independent
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prognostic factor in older AML patients. Therefore, this method
can improve the sensitivity of MRD detection after semi-
intensive therapy or hypomethylating agents (21).

The identification of phenotypic imprints for AML groups
with recurrent genetic abnormalities may allow for the detection
of leukemic blasts, even in the absence of phenotypic
identification at diagnosis.

The antibody combination from the first three tubes of the EF
AML/MDS panel has differential efficiencies for assessing MRD
across different types of AML. Therefore, the use of multiple tubes
could increase the efficiency of MRD evaluation using MFC.

The detection of AML MRD using the Compass database-
guided analysis was superior to WT1 qRT-PCR evaluation for
predicting the risk of disease relapse in MLL-r AML.

In addition, previously published data show that qRT-PCR
tests failed to predict disease progression in t(8;21) AML cases
with low levels of MRD (22). In line with this study (22), we
observed that the MFC method showed a constant low level of
MRD positivity before relapse in the t(8;21) AML case, unlike the
qRT-PCR method that indicated MRD levels below 10−4 at three
different time points.

A good correlation was also observed between MRD
evaluation by qRT-PCR and MFC in t(15;17) AML and inv
(16) AML cases.

These preliminary results show that MRD evaluation in AML
using MFC combined with Compass database-guided analysis
should be considered to complement molecular biology for
MRD detection.

The limited number of antibodies that can be combined into a
single tube for routine MFC diagnostic purposes is a
disadvantage of this method, as a relatively high number of
unclassified events remains in the CD45+low gate, limiting the
specificity and sensitivity of this method.

However, the findings of this study require large-scale
validation in a multicenter study to gather sufficient quantities
of sample data to establish a robust analytical model that can
contribute to the development of supervised machine learning
techniques capable of performing automated MFC interpretation
for the objective detection of MRD in AML.

In conclusion, the first three tubes of the EF AML/MDS panel,
combined with the Compass database-guided analysis:

• allows for the exclusion of frequent recurrent genetic
abnormalities in new AML cases, with 92% sensitivity and a
98.5% negative predictive value, which can contribute to
preventing the performance of unnecessary, expensive, and
time-consuming tests;

• allows for the correct classification of t(15;17), t(8;21), inv
(16)/t(16;16), and MLL-r AML groups with an AUC of 0.83
(95% CI: 0.75–0.89; p < 0.00);

• provides valuable clues and can direct the extensive genetic or
molecular exploration of difficult cases, such as MLL-r AML;

• allows for the identification of NPM1+ AML cases that have an
APL-like phenotype and may benefit from ATRA therapy; and

• allows for the identification of DfN patterns, which may be
useful for advancing MRD evaluations in AML.
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9. Orfao A, Matarraz S, Pérez-Andrés M, Almeida J, Teodosio C,
Berkowska MA, et al. Immunophenotypic Dissection of Normal
Hematopoiesis. J Immunol Methods (2019) 475:112684. doi: 10.1016/
j.jim.2019.112684
10. Matarraz S, Almeida J, Flores-Montero J, Lécrevisse Q, Guerri V, López A,
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Mantle Cell lymphoma (MCL) is a mature B-cell lymphoma with a well-known hallmark
genetic alteration in most cases, t (11,14)(q13q32)/CCND1-IGH. However, our
understanding of the genetic and epigenetic alterations in MCL has evolved over the
years, and it is now known that translocations involving CCND2, or cryptic insertion of
enhancer elements of IGK or IGL gene, can also lead to MCL. On a molecular level, MCL
can be broadly classified into two subtypes, conventional MCL (cMCL) and non-nodal
MCL (nnMCL), each with different postulated tumor cell origin, clinical presentation and
behavior, mutational pattern as well as genomic complexity. This article reviews both the
common and rare alterations in MCL on a gene mutational, chromosomal arm, and
epigenetic level, in the context of their contribution to the lymphomagenesis and disease
evolution in MCL. This article also summarizes the important prognostic factors, molecular
diagnostic tools, and treatment options based on the most recent MCL literature.

Keywords: mantle cell lymphoma, genetic, epigenetic, molecular diagnostics, immunochemotherapy,
targeted therapy
INTRODUCTION

Mantle cell lymphoma (MCL) is a relatively uncommon subtype of mature B-cell lymphoma with a
heterogenous tumor behavior, with most behaving aggressively while others following an indolent clinical
course. There have been a lot of advancements in the understanding of the genetics of MCL since the
demonstration of t (11,14)(q13;q32)/CCND1-IGH as a hallmark feature of MCL in 1990s. The
pathogenesis of MCL encompasses complex interactions between the tumor microenvironment,
including stromal cells and T-cells, signaling via surface immunoglobulins, and tumor cell genetic
alterations. Based on the proposed model of molecular pathogenesis, two subtypes of MCL have been
recognized, which differ in their clinical and biologic behavior (1) (Table 1). The more common
conventional MCL (cMCL) arises from expansion of pre-germinal center/naïve-like B cells that are
characterized by frequent expression of the transcription factor SOX11, higher likelihood of unmutated
immunoglobulin heavy chain variable region (IGHV), high genomic complexity, and an aggressive clinical
behavior. The less common non-nodal (leukemic) variant (nnMCL), on the other hand, is derived from
post-germinal center/memory-like B cells that are generally characterized bymutated IGHV, lack of SOX11
expression, low genomic complexity, and an indolent clinical behavior that is partially related to the lack of
November 2021 | Volume 11 | Article 7394411192
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angiogenic or tumor invasive properties (2–4). The progress in
unraveling the pathogenesis and genetic alterations of MCL has
also propelled new treatment modalities including molecularly
targeted therapies and immunotherapies. This review focuses on
the recent developments in the understanding of the mutational-,
methylation-, and chromosomal-level alterations seen in MCL and
the currently available molecular diagnostic tools and
therapy options.
GENETICS AND PATHOGENESIS

CCND1 Translocation and Its
Role in Pathogenesis
The translocation t (11,14)(q13;q32) is considered the primary
oncogenic event in over 95% of MCL cases that results in the
juxtaposition of immunoglobulin heavy-chain (IGH) enhancer
region on 14q32 next to CCND1 on 11q13, resulting in its
overexpression (1, 5, 6). Irrespective of the molecular subtype,
in approximately 90% of the cases, CCND1 rearrangement (3)
occurs in the pro/pre-B cell stage during IGH V(D)J
recombination and is recombination-activating gene (RAG)-
mediated, while in 10% of cases, the translocation occurs in
mature B-cell stage during somatic hypermutation (SHM) or
class switch recombination and is mediated by B cell-specific
activation-induced cytidine deaminase (AID) machinery (3).
The mechanism of CCND1 rearrangment has no apparent
clinical or biologic impact. The most common breakpoint on
IGH locus involves the region between the IGHD and IGHJ gene
segments and occurs during the initial step of IGH V(D)J
recombination (3, 7). In some cases, the breakpoint occurs
during the second step of IGH V(D)J recombination involving
the region between the IGHV and IGHD gene segments. The
most common breakpoint on 11q32 is located upstream from the
CCND1 gene within the major translocation cluster (MTC) (30%
of cases), while in the remainder cases, the breakpoints are
located either 5’ or 3’ to the MTC locus (3). Besides having
IGH as a translocation partner, in a small number of cases, the
translocation partner for CCND1 is the immunoglobulin light
Frontiers in Oncology | www.frontiersin.org 2193
chain kappa (IGK) or lambda (IGL) gene (Figure 1A).
Furthermore, another small subset of cases does not exhibit
CCND1 translocation (so-called “Cyclin D1-Negative MCL”).
Cases with these uncommon alterations will be discussed in the
section Diagnostic Challenges below.

All types of CCND1 translocations result in overexpression of
CCND1, a proto-oncogene that regulates cell cycle transition
from G1 to S phase and is often overexpressed or amplified in
numerous cancers, including breast, lung, melanoma, and oral
squamous cell carcinomas (8). Functions of cyclin D1 include
control of cell growth, proliferation, transcription, DNA repair,
and migration (9–11). Although Cyclin D1 is not essential for
entry into cell cycle progression (12), its amplification/
overexpression in human tumors is oncogenic as it allows
cancer cells to proliferate independent of extracellular growth
signaling cues (8). During lymphomagenesis, cyclin D1 requires
cooperation of alterations in other genes, as supported by studies
on transgenic mice, which showed that mice solely carrying
CCND1 rearrangement did not develop spontaneous lymphomas
(13). The other key alterations that play a role in MCL
pathogenesis include deletion of CDKN2A locus that encodes
p16, a member of the INK4 family of cyclin-dependent kinase
inhibitor, amplification of BMI1 that inhibits CDKN2A,
deregulation of TP53 via mutation or deletion, MDM2
overexpression, and ATM deletion (1, 2, 5).

Recurrent Driver Mutations and the Main
Altered Pathways
Nearly all MCLs carry at least one known driver alteration beside
CCND1 translocation, including gene mutations, copy number
alterations (CNAs), and structural variants (SVs) (3). Although
cMCL carry a significantly higher number of driver alterations as
compared to nnMCL, the overall tumor mutational burden
(which is calculated based on the number of point mutations)
is similar in the two subtypes. Rather, the differences between the
two primarily lie in the number of CNAs and SVs, which in
general are higher in cMCL compared to nnMCL (3). Alterations
in over 40 driver genes involving eight main pathways have been
identified in MCL, namely: DNA damage response, proliferation,
TABLE 1 | Two molecular subtypes of mantle cell lymphoma (MCL).

Conventional MCL (cMCL) Non-nodal MCL (nnMCL)

Male: Female 3–4 1
Nodal presentation 82% 38%
Clinical presentation Lymphadenopathy, extranodal Leukemic, splenomegaly
Cell-of-origin Naïve-like B cell Memory-like B cell
Morphology Classic/blastoid Classic/blastoid/plasma cell differentiation
Immunophenotype CD5+ (90–100%), CD200− (90%) CD5− (25–50%), CD200+ (40–90%)
IGHV SHM status Unmutated or minimally mutated (IGHV identity >98%) Hypermutated (IGHV identity <98%)
SOX11 expression Positive Negative
ATM mutation/11q22 deletion Common Rare to Absent
TP53 mutation/17p13 deletion* Subset of cases Subset of cases
CCND1 SHM Uncommon Common
Genomic complexity/Copy Number Alteration Generally High Generally Low
Clinical behavior Aggressive Stable/indolent
Nove
*A statistically significant difference in frequency has not been seen between cMCL and nnMCL.
SHM, Somatic hypermutation.
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cell survival, chromatin remodeling, telomere maintenance, B-
cell receptor/Toll-like receptor/NF-kB signaling, NOTCH and
RNA regulation (3, 14). The most frequently mutated genes
include: ATM, TP53, CCND1 (SHM or 3’UTR activation),
KMT2D, RB1, BIRC3, CDKN2A, CDKN1B, BCOR, NOTCH1,
and TERT alterations (promoter mutation, gain/amplification
and translocations) (3, 14–17). More details are provided in
Table 2. Most of the pathogenic mutations seen in MCL patients
are somatic in nature. However, more recently, germline
mutations in ATM and CHEK2 have also been seen, which
raises the possibility that germline mutations in these genes
may lead to genetic predisposition to the development of MCL
(3, 18). Nonetheless, currently any causal relationship remains
speculatory rather than proven.

While mutational profile is not necessarily specific to a
particular type of lymphoma, mutations in CCND1, RB1,
CTNNA2, NSD2, and to a lesser degree, certain types of
mutations in ATM, are predominantly seen in MCL in
comparison to other common mature B- and T-cell
lymphomas (14, 15). The presence of these mutations may be
a helpful clue in rare diagnostically-challenging cases of MCL.

Alterations of ATM, a gene involved in the DNA damage
repair pathway, are associated with shorter telomere length in
MCL in comparison to MCL with wild-type ATM, and
consequently, chromosomal instability has been found to be
significantly more in MCL with mutated ATM (3, 18). Apart
from ATM, there are likely other genes that also play a role in
chromosomal instability, as suggested by the observation that
high chromosomal instability can be associated with the blastoid
variants of MCL irrespective of the ATM gene mutation status.
Interestingly, ATM mutations are seen mostly in cMCL but not
nnMCL, and are commonly truncating mutations or missense
mutations involving the PI3K domain (1, 18). In contrast, even
though ATM mutations are also seen in chronic lymphocytic
leukemia (CLL), they are present at a much lower frequency (10–
Frontiers in Oncology | www.frontiersin.org 3194
15% in CLL vs 40–75% in MCL) and commonly are missense
mutations distributed in different areas of the genes.

Among the other frequent mutations found in MCL, CCND1
SHM are predominantly seen in nnMCL (3, 14). Alterations in
TP53 have been reported to be either equally distributed among
the two subtypes or slightly more enriched in nnMCL, along with
TERT alterations (3, 14, 19).

Chromosomal Arm-Level Abnormalities
Overall, MCLs are characterized by frequent chromosomal arm-
level abnormalities including gains of chromosomal arm 3q25-
29, 7p22/CARD11, 8q24/MYC, 10p12/BMI1, 12q13/CDK4,
13q31/MIR17HG, and 18q21/BCL2 and losses of 1p32, 6q/
TNFAIP3, 9p21/CDKN2A and CDKN2B, 9q, 11q22/ATM, and
BIRC3, 13q14/RB1, and 17p/TP53 (20). Note that 13q14 loss is
also common in CLL and not specific to MCL. Deletions
involving 17p and 11q are often associated with TP53 and
ATM mutations, respectively (3, 14). The genomic landscape of
cMCL is more complex as they carry a significantly higher
number of CNAs and SVs than nnMCL. Due to high
chromosomal instability, complex alterations such as
chromoplexy and chromothripsis are also more frequently
observed in cMCL, while breakage–fusion–bridge (BFB) cycles
have only been seen in cMCL. The following alterations are
exclusively seen in cMCL and not nnMCL: deletions of 1p, 10p,
and 19p; and gain of 7p (3). Table 3 summarizes the
chromosomal arm-level abnormalities seen in MCL.

Molecular Subtypes of MCL
Distinguishing between the two subtypes of MCL is important
prognostically and therapeutically. Among the two molecular
subtypes, there are also several genes that are differentially
expressed on a mRNA level. HDGFRP3, FARP1, CSNK1E,
SETMAR, HMGB3, LGALS3BP, PON2, CDK2AP1, DBN1,
CNR1, CNN3, PLXNB1, DCHS1 NREP, MIML, FNBP1L, FHL1,
A BAAA B

FIGURE 1 | Schematic diagram representing the known major genetic alterations leading to MCL. (A) Alterations found in conventional MCL. Orange arrows point to
gene translocation partners, red lightning symbol represents major translocation breakpoint, light green lightning symbol represents minor translocation breakpoints,
purple dotted line represents cryptic insertion of elements. In CCND1-IGH, the IGH breakpoints are mostly between the IGHD and IGHJ segments, while others are
located between the IGHV and IGHD segments. The CCND1 breakpoints are mostly in the region 5’ to the gene, particularly in the major translocation cluster (MTC). In
very rare case, CCND1 coding region can be cryptically inserted into the IGH gene, resulting in CCND1 overexpression. Finally, CCND1 can sometimes pair with IGK or
IGL as translocation partner. In these cases, the CCND1 breakpoints are more likely to be in the region 3’ to the gene. (B) Alterations found in cyclin D1-negative MCL.
Orange arrows point to gene translocation partners, and purple dotted line represents cryptic insertion of elements. CCND2 mostly utilize IGK or IGL, rather than IGH, as
translocation partners. On the other hand, conventional translocation of CCND3 has not been reported in MCL. Alternatively, IGK or IGL enhancer elements can be
cryptically inserted into the vicinity of the CCND2 or CCND3 gene, resulting in overexpression of the corresponding gene. VH, VK, Vl, V gene segments of the IGH, IGK,
and IGL genes, respectively; DH, D gene segment of the IGH gene; JH, JK, J gene segments of the IGH and IGK genes, respectively; JCl, J and C gene segments of
the IGL gene.
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and SOX11 are upregulated in cMCL, while CD200, BTLA, and
SLAMF1 are upregulated in nnMCL (19, 21). Based on this
differential gene expression pattern, Clot et al. developed a 16-
gene assay (L-MCL16 assay) using the NanoString nCounter®

platform (NanoString Technologies, Seattle, WA) that can utilize
Frontiers in Oncology | www.frontiersin.org 4195
peripheral blood samples to distinguish between the two
subtypes of MCL; however, one of the caveats is that it
requires ≥60% tumor cell content (19), limiting the utility of
this assay on a broader scale. It is also worth noting that a small
number of patients in the validation cohort were in the
TABLE 3 | Major chromosomal-level alterations in MCL.

Chromosomal arm involved Important genes involved Frequency

Gains
3q25–q29 BCL6, TP63 39%
7p22 CARD11 20%
8q24 MYC 19%
10p12 BMI1 9%
11q13 CCND1 9%
12q13–15 CDK4, STAT6, KMT2D, MDM2 5%
13q31 MIR17HG 8%
18q21 BCL2 10%
Losses
1p32 CDKN2C 35%
6q TNFAIP3 28%
9p21 CDKN2A, CDKN2B 23%
9q22 CDC14B, FANCC, GAS1 24%
11q22 ATM, BIRC3 34%
13q14 RB1, SETDB2, DLEU1, DLEU2 40%
13q33–q34 CUL4A, ING1, IRS2 35%
17p13 TP53 33%
November 2021 | Volume 11 | Ar
TABLE 2 | Major driver alterations in MCL.

Genes Frequency

DNA damage response
ATM 41–50%
TP53 19–28%
SAMHD1 10%

Cell proliferation and survival
CCND1 SHM 26%
CCND1 3’UTR activation 21%
RB1 23%
CDKN2A 21%
MYC 15%
CDKN1B 12%
SYNE1 6%
DAZAP1 4%

Chromatin remodeling
KMT2D 14–23%
SP140 13%
NSD2 10-12%
SMARCA4 9%
SMARCB1 4%

Telomere maintenance
TERT 15%

B-cell receptor/Toll-like receptor/NF-kB signaling
BCOR 22%
CARD11 9%
BIRC3 5%
TRAF2 6-22%

NOTCH regulation
NOTCH1 5-14%
NOTCH2 5%

RNA regulation
HNRPH1 6%

Protein ligase
UBR5 6-18%
ticle 739441
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“undetermined” category. As an alternative, a short 3-gene
signature comprised of SOX11, HDGFRP3, and DBN1 can also
be used reliably to distinguish cMCL from nnMCL in leukemic
samples with at least 30% involvement, where low expression
profile is associated with the nnMCL subtype (22). The RNA
Gene Expression Profiling section under Important Molecular
Diagnostic Tools for Genetic Alterations below provides some
important caveats related to gene expression profiling and the
nCounter® platform.

Methylation Profile, Epigenetic Alterations,
and SOX11 Expression
Besides looking at the gene expression profile and gene mutation
pattern, the DNA methylation study represents another
methodology that can shed insights on the tumor biology.
Queiros et al. compared the DNA methylation profile of MCL
cases and normal non-neoplastic B cells at different stages of
maturation using principal component analysis of the first two
main components. In the first principal component (PC), all
MCL cases have been found to be more similar to germinal
center-experienced B-cells, suggesting that MCL originates from
cells with some degree of antigenic experience. However, the
second PC showed that within MCL, the cases can be divided
into two clusters that are biologically and clinically distinct. The
first cluster represents mostly the cMCL, and as expected, has a
pattern more resembling the germinal center-inexperienced cells,
showing either the absence of or low but variable level of IGHV
SHM. The second cluster represents most cases of nnMCL, and
also as expected, has pattern more resembling the germinal
center-experienced cells (3, 23).

One of the main distinguishing factors between cMCL and
nnMCL is expression of SOX11, which is usually higher in the
former and lower to absent in the latter. SOX11 expression alone
is not reliable for classification, because there is a spectrum of
SOX11 expression among cases in each subtype, and a subset of
cMCL and nnMCL cases can have overlapping level of SOX11
expression (19). The mechanism of SOX11 expression is thought
not to be due to gene mutation, but rather hypomethylation of a
distant enhancer region of SOX11, leading to alteration of the 3-
dimensional chromatin pattern with eventual activation of
transcription of SOX11. This methylation change has been
observed in cMCL, but is not seen in normal B-cells or most
nnMCL (23). The precise role of SOX11 in MCL pathogenesis is
still being explored. Mouse models overexpressing SOX11 have
shown oligoclonal expansions of CD5+/CD23− B-cells, similar
to MCL (24). SOX11 represses BCL6 expression, blocking the
entry of B-cells into germinal center and thus may be integral for
determining the cell of origin for MCL subtypes (25).
Additionally, SOX11 promotes PAX5 expression, which in
turn blocks plasmacytic differentiation, locking the cell in the
mature B-cell stage, and has been previously implicated as an
oncogenic mechanism in other B-cell lymphomas (26–28).

Tumor Microenvironment
The role of tumor microenvironment in lymphomagenesis and
drug resistance has been previously demonstrated in several B-
Frontiers in Oncology | www.frontiersin.org 5196
cell malignancies. Recent studies show that the stromal
interactions in MCL via adhesion molecules and cytokines
influence activation of multiple pathways including B-cell
receptor (BCR) and NF-kB, promoting cell proliferation and
survival as well as trafficking to tumor supportive tissue
microenvironments. When compared to peripheral blood, it
has been observed that the lymph node microenvironment in
MCL fosters BCR and NF-kB signaling (29). In the bone marrow,
another common site of MCL involvement, stromal cells
upregulate expression of focal adhesion kinase (FAK), CXCR4
and CXCR5 chemokine receptors, and VLA-4 adhesion
molecules, likely resulting in downstream activation of the NF-
kB and PI3K/AKT pathways (30, 31). SOX11 also interacts with
the microenvironment via the FAK/PI3K/AKT pathway axis to
promote cell growth, angiogenesis and cell migration (25, 26, 32).

When active, these pathways may serve as potential targets for
inhibition, offering alternate treatment strategies from
conventional chemotherapy agents. Discussion of all these
targets is beyond the scope of this review article, but one class
of therapy, small molecular inhibitor of Bruton tyrosine kinase
(BTK), an essential component for BCR signaling, has gained a
lot of attention in recent years as a treatment for various B-cell
lymphomas. One irreversible inhibitor in this class, ibrutinib, has
shown efficacy in MCL, as well as in CLL and activated B-cell
subtype of diffuse large B-cell lymphoma (33–37). Nevertheless, a
subset of patient showed either intrinsic resistance or developed
acquired resistance to ibrutinib. Other approved BTK inhibitors
include zanubrutinib and acalabrutinib. Newer generation of
BTK inhibitors are under development, and may potentially
overcome the therapy resistance observed with ibrutinib. These
were will be discussed more in the Current Treatment Options
section below.
DIAGNOSTIC CHALLENGES

Cryptic CCND1 Rearrangements
At most institutions, the diagnosis of MCL relies on
demonstrating the classic histopathologic features and tumor
cell immunophenotype (CD5+, cyclin D1+, CD23−, SOX11+/−),
but many also perform IGH/CCND1 dual-color dual-fusion
fluorescence in situ hybridization (FISH) and/or CCND1
break-apart probe studies to confirm the diagnosis. However, it
is important to keep in mind that very rare cases of MCL with
cyclin D1 overexpression detectable at the protein level, may
have cryptic CCND1 insertional event into the IGH locus that
escapes detection by conventional FISH probes or karyotype
analysis (38) (Figure 1A). These cryptic rearrangements may
be more easily detected by whole genome sequencing
(WGS) instead.

CCND1 Translocations With
Non-IGH Partners
There are rare reports of MCL with translocations involving
CCND1 and IGK (chromosome 2) or IGL (chromosome 22)
instead of IGH (chromosome 14), analogous to IGK/MYC or
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IGL/MYC translocations seen in Burkitt lymphoma (39–43)
(Figure 1A). A case of MCL with t(11, 12) (q13;p11.2) has also
been reported (44). The 11q32 breakpoints for these variant
translocations are mostly located in the 3’ region, which contrasts
with the breakpoints associated with conventional IGH/CCND1
translocation that are centromeric (5’) from the CCND1 gene
(39, 43). These cases would lack the expected fusion signal
pattern by IGH/CCND1 dual-color dual-fusion FISH, but a
helpful clue in such cases would be the presence of an extra
signal for CCND1 as a consequence of one intact and one split
CCND1 signal. Use of CCND1 break-apart probe, IGK/IGL
break-apart probes or IGK/CCND1 or IGL/CCND1 dual-color
dual-fusion probes could help prove the presence of these variant
translocations, and aid in the diagnosis of MCL (Figure 2).
While very rare, instead of conventional gene translocation
involving CCND1, cryptic insertion of IGK and IGL enhancers
in the vicinity of CCND1 can occur, which also leads to cyclin D1
overexpression and MCL phenotype, and would be missed by
CCND1 break-apart probe (45). Such cases may be detectable
only with IGK/IGL break-apart probes, IGK/CCND1 or IGL/
CCND1 dual-color dual-fusion probes, or WGS assays.

Non-CCND1 Translocation/Cyclin
D1-Negative MCL
A minor subgroup of MCL lacks CCND1 translocation as well as
cyclin D1 expression (so-called “cyclin D1-negative MCL”). This
subgroup has otherwise similar morphologic, phenotypic
(including expression of SOX11) and genomic profiles as the
cyclin D1-positive MCL (46–49). Nearly all of these cases
show overexpression of either cyclin D2 or cyclin D3.
Immunohistochemistry for cyclin D2 or cyclin D3 may serve
as a screening tool for such cases. The major alteration in these
cases involves the translocation of CCND2 (55–70% of cyclin D1-
negative MCL) with an immunoglobulin gene, preferably with
IGK and IGL rather than IGH . Most of the CCND2
translocations can be detected by break-apart probes (CCND2
or IGK/IGL). In the remaining cases, the lymphomas harbor
Frontiers in Oncology | www.frontiersin.org 6197
cryptic insertion of enhancer elements of IGK or IGL into the
vicinity of the CCND2 or CCND3 genes (Figure 1B). Due to the
small size of the inserted enhancer element, such cases will be
missed by conventional break-apart probes and require the use of
either special customized IGK enhancer-CCND2/CCND3 fusion
probes or WGS for detection (46, 47) (Figure 2). Older studies
describing cyclin D1-negative MCL, confirmed by gene
expression signature, and demonstrating cyclin D2 or D3
overexpression but lacking demonstrable rearrangement by
conventional break-apart probes, possibly represented such
cases (49).

Even more rare are cyclin D1-negative cases (<10%) lacking
protein expression of cyclin D1, cyclin D2 and cyclin D3. Such
cases show concomitant upregulation of CCNE1 and CCNE2, but
lack a demonstrable relevant structural rearrangement (46).
These cases show high genomic complexity and are associated
with blastoid morphology (46).

Immunohistochemical (IHC) stains for SOX11, cyclin D2 and
cyclin D3 may be helpful as part of the secondary panel in cyclin
D1-negative lymphoid malignancies that have other features
suggestive of MCL. Unlike cyclin D1, neither SOX11, cyclin
D2 nor cyclin D3 expression is specific for MCL. Cyclin D2 or D3
expression can also be seen in CLL, follicular lymphoma or
splenic marginal zone lymphoma. SOX11 expression has been
reported in T-cell and B-cell lymphoblastic lymphoma/leukemia,
Burkitt lymphoma, T-cell prolymphocytic leukemia, and rarely
in classic Hodgkin lymphoma. Nevertheless, as compared to
other B-cell lymphomas, with the exception for some cases of
Burkitt lymphomas, the SOX11 mRNA levels in MCL is much
higher (48).

Cyclin D1-Negative Immunostaining
Despite t (11; 14)
Finally, an uncommon but potential pitfall in the diagnosis of
MCL is the lack of cyclin D1 positivity by IHC stain despite the
presence of t (11,14) detected by genetic studies, along with high
CCND1 mRNA expression and SOX11 expression. Some
FIGURE 2 | A comparison of the major genetic alterations between conventional mantle cell lymphoma (MCL) and cyclin D1-negative MCL. The bottom of the
picture also listed some of the common methods for detection. *In rare cases, MCL can harbor the CCND1-IGH translocation, but cyclin D1 immunostain can be
negative. This can be due to poor viability of tumor cells, technical issues, as well as mutations within the CCND1 gene that alter the immunostain antibody epitope.
November 2021 | Volume 11 | Article 739441

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Sethi et al. Genetics of Mantle Cell Lymphomas
potential explanations include mutations in CCND1 that
significantly alter the 3D protein structure of the IHC
antibody-binding epitope, suboptimal staining due to technical
issues with instrumentation or IHC antibody, and pre-analytical
factors such as poor formalin fixation, or low tumor cell viability.
One of the most commonly-used commercially-available cyclin
D1 IHC antibodies (clone SP4) is a monoclonal antibody that
binds to the C-terminus portion of cyclin D1. Mutations that
alter the 3’ end of CCND1, such as CCND1 p.D292P, can alter the
C-terminus portion of the cyclin D1 protein, and can impair
binding of this antibody, resulting in a false negative IHC result
(50). In such cases, the use of alternative antibodies that bind to
the N-terminus of cyclin D1 will circumvent the problem.

Another mechanism for cyclin D1 IHC false negativity is
related to mutations that can affect selected isoforms of CCND1.
Alternative splicing of CCND1 produces two major isoforms, the
long isoform (cyclin D1a) and the short isoform (cyclin D1b).
The short isoform derives from a splicing event that skips exon 5
and includes part of intron 4. Consequentially, cyclin D1b lacks
the epitope for the C-terminal-binding cyclin D1 antibody. A
defect in the expression of cyclin D1a isoform, which has been
seen in association with the CCND1 p.L6P mutation, has been
found to be another reason for cyclin D1 immunostain false
negativity, due to the presence of predominantly cyclin D1b
isoform that lacks the appropriate antibody epitope (50).
PROGNOSTIC FACTORS

Histologic Subtypes of MCL
For practical purposes, the morphologic spectrum of MCL can be
broadly divided into the classic and aggressive histologic
variants. MCLs with blastoid and pleomorphic morphology are
considered aggressive, as they exhibit inferior survival and
response to chemotherapy (51, 52). These aggressive variants
may arise de novo or from progression of an underlying classic
variant of MCL, and are associated with high degree of
aneuploidy and mutation burden, including KMT2D and
KMT2B mutations (53). Jain et al. performed whole-exome
sequencing (WES) in 183 patients of MCL with aggressive
histology and found that mutations in NOTCH2, NOTCH3,
and UBR5 were exclusive to the blastoid and pleomorphic
variants. Additionally, they reported that aggressive histology
MCL with Ki-67 proliferation index ≥50% have exclusive
mutations in CCND1, NOTCH1, TP53, SPEN, SMARCA4,
RANBP2, KMT2C, NOTCH2, NOTCH3, and NSD2 (53). It is
also worth noting that since treatments for lymphomas can alter
the tumor cell morphology, morphologic features may not be as
reliable in predicting aggressive behavior and genomic
complexity in the setting of post-treatment relapsed/refractory
(R/R) MCL.

Molecular Subtypes and Genomic
Complexity
As mentioned previously, the two molecular subtypes of MCL,
cMCL and nnMCL differ in IGHV SHM status, gene expression
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profile and genomic complexity, and are usually associated
with aggressive and indolent behavior, respectively (3, 54, 55).
Time to treatment and overall survival (OS) from the time of
diagnosis is significantly longer for nnMCL patients than
cMCL (19, 22). The literature showed that a 5-year OS for
cMCL ranged from 32 to 40%, and for nnMCL ranged from
59 to75% (22, 54). Nevertheless, nnMCL may acquire additional
genetic alterations and undergo transformation to aggressive
variants that confer worse prognoses (see Secondary Genetic
Events below).

Although the total number of mutated driver genes does not
have an impact on prognosis, chromosomal instability in the
form of BFB and chromothripsis or high number of CNA and SV
are associated with a shorter OS in MCL[3]. The number of CNA
(>7), or presence of BFB shows independent prognostic value in
multivariate analysis (3). This is also in keeping with the
observation that the more aggressive blastoid variant of MCL
has higher number of copy number gains and losses (56) (see
Histologic Subtypes of MCL above).

Proliferative Activity and DNA
Methylation Burden
Immunohistochemical evaluation of Ki-67 proliferative index is
part of routine evaluation of MCL as per the European Mantle
Cell Lymphoma Pathology Panel, because it is a strong
prognostic factor for OS and progression-free survival (PFS)
independent of the Mantle Cell Lymphoma International
Prognostic Index (MIPI). Consequently, a combination of Ki-
67 and MIPI (biologic MIPI) provides a better risk stratification
into four groups with significantly different prognoses (51). A Ki-
67 >30% is the currently accepted cut-off for high-risk
behavior (57).

Tumor cell proliferation can also be assessed on a gene
expression level. A gene signature comprised of 20 genes that
has been identified as a strong predictor of survival. It is highly
expressed in proliferating cells (such as CDC2, ASPM, tubulin a,
etc.) and correlates with mitotic index, further validating the role
of proliferation rate in determining the clinical course in MCL
(58). A similar proliferation assay (MCL35), developed by Scott
et al., utilizes the NanoString nCounter® platform (NanoString
Technologies, Seattle, WA) to assess expression of 17 genes on
MCL formalin-fixed paraffin-embedded (FFPE) tissue
(expression of 18 other housekeeping genes was also assessed
for normalization purposes, for a total of 35 genes assessed). This
assay classifies patients treated with R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone)
into the high-risk, standard-risk, and low-risk groups, and the
stratification was thought to have independent prognostication
value from the MIPI score (59). The RNA Gene Expression
Profiling section under Important Molecular Diagnostic Tools
for Genetic Alterations below provides some important caveats
related to gene expression profiling and the nCounter® platform.

Finally, the strength of a proliferation signature, which is
predictive of inferior survival in MCL, correlates with the
strength of the BCR signaling as well (29). The highly
proliferative MCLs show high levels of cyclin D1 mRNA, with
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the short, truncated variant of cyclin D1a isoform preferentially
expressed. This short isoform has a longer half-life and
consequently prolongs the oncogenic effect of cyclin D1 (60).
The proliferative activity also determines the DNA methylation
burden, which has been found to be an independent prognostic
factor in MCL. High DNA methylation burden has stronger
prognostic value than that of IGHV mutation rate and patient’s
age, and is associated with a worse clinical outcome (3, 23).

Secondary Genetic Events
Even in the generally indolent subtype of MCL, nnMCL, the
tumors may acquire additional genetic alterations, such as TP53
mutations and 17p deletions, that may impart an aggressive
behavior (22, 54). TP53 alterations have been shown to be an
independent adverse risk factor in MCL irrespective of high Ki-
67, high MIPI score or blastoid morphology (14, 61). Other
known chromosomal- and mutational-level alterations
associated with shorter OS include: loss of CDKN2A, loss of
RB1, loss of 13q33-q34, loss of 9q22-q31, rearrangement ofMYC,
gain of 18q21-q22, and SP140 mutations (3). In a recent study,
MYC gene rearrangements, but not extra copies of MYC, were
found to have a negative impact on OS in multivariate
analysis (62).

From a therapeutic target standpoint, some of the secondary
genetic alterations involving the BCR signaling, PIK3-AKT,
canonical and non-canonical NF-kB pathways such as NSD2,
NOTCH2, UBR5, BIRC3, TRAF2, MAP2K14, KMT2D, CARD11,
SMARCA4, and BTK, have been found to be associated with
ibrutinib resistance (63). These alterations pose therapeutic
challenges, and their detection can help identify patients in
need of alternative treatment regimens.

On the other hand, the prognostic role of other secondary
genetic events are either more controversial or less established
due to limited data available. For example, some studies have
reported a negative impact of NOTCH1 mutations in univariate
analysis (14, 64) and in a multivariate Cox regression model that
also included IPI and histology (16), while in others, NOTCH1
mutations did not carry an independent prognostic value due to
co-occurrence with TP53 mutations (61). NOTCH2 mutations
occur independently of NOTCH1 mutations, and have been
found to have significantly lower 3-year OS than the non-
mutated cases (0 vs 62%, P = 0.0002 in NOTCH2-mutated and
wild-type cases, respectively). In one prospective randomized
control study of young patients, KMT2D mutations were found
to be an independent prognostic marker of OS and PFS despite
intensive immunochemotherapy and autologous stem cell
transplant (61).

Most of the existing literature thus far have focused on the
role of TP53 alterations in MCL. In current clinical practice, in
the context of genetic alterations, only TP53 abnormalities
influence treatment decisions (see Frontline Treatment for
MCL section under Current Treatment Options below). Also, a
major limitation in many of the existing studies is that it remains
unclear if subclonal/low-level alterations in the genes have the
same prognostic impact as having the alterations in the entire
disease clone. The therapeutic implications of gene alterations
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other than TP53 certainly deserve further and more
thorough evaluations.

Variant Translocations/Cryptic
Enhancer Insertions
Overall, due to rarity of cases and treatment heterogeneity of
MCL with variant translocations or cryptic enhancer insertions
reported in the literature, any conclusion regarding their
prognoses should be interpreted with caution. The few
reported cases of MCL with variant CCND1 translocations
involving IGK or IGL instead of IGH mostly presented as
nnMCL and followed a relatively indolent clinical course
(39–43). However, no statistical difference in OS has been found
among CCND1 translocated and non-CCND1 translocated cases.
Furthermore, cases with CCND2 translocations or cryptic
insertions of IGK/IGL enhancer elements near CCND2/CCND3
are associated with a similar OS as the CCND1-translocated
cases (46).

Measurable/Minimal Residual Disease
Although not part of current routine management strategies,
laboratory techniques for assessing MRD may serve as
alternatives to 18 fluorodeoxyglucose positron emission
tomography/computed tomography (18FDG PET-CT) for
lymphoma response assessment and clinical decision making.
In the context of MCL, measurement of molecular MRD is
usually performed on peripheral blood or bone marrow, using
methodology such as high sensitivity flow cytometry, allele-
specific oligonucleotide polymerase chain reaction (PCR) or
next-generation sequencing (NGS)-based IGH clonal
rearrangement assay. Each of these can serve as a highly
sensitive tool for monitoring tumor response to therapy at all
time points during induction and consolidation. These
diagnostic tools have been particularly helpful in the design of
clinical trials to assess the efficacy of existing and novel drug
regimens, and aid in tailoring the intensity and combinations of
various frontline treatments. MRD assessment by molecular
assays on peripheral blood or bone marrow samples, following
initial immunochemotherapy, has been shown to be a strong
independent prognostic factor and predictor of sustained clinical
response and progression-free survival. However, MRD in MCL
is still an emerging concept and prospective randomized clinical
trials (such as NCT03267433) are warranted to design and
evaluate MRD-guided treatment strategies (65–68). Further
details on molecular MRD assays can be found in the section
IGHV Somatic Hypermutation (SHM) Assessment and NGS-
Based MRD Assay below.
IMPORTANT MOLECULAR DIAGNOSTIC
TOOLS FOR GENETIC ALTERATIONS

Overview
Based on the most recent National Comprehensive Cancer
Network (NCCN) guidelines (v.5.2021), besides relevant cell
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marker assessment by flow cytometry/IHC and cytogenetics
karyotype/FISH studies for confirming a diagnosis of MCL, the
only molecular testing considered essential is TP53 gene
sequencing, for patients with expected aggressive clinical
course (69) (see Frontline Treatment for MCL section under
Current Treatment Options below). IGHV sequencing for
determination of SHM status is considered helpful under
certain circumstances, particularly for determination of
clinically indolent MCL. Otherwise, additional molecular
studies are considered optional. Other studies such as RNA
gene expression and DNA methylation profiling are not
performed routinely for clinical purposes, but can aid in the
understanding of tumor pathogenesis.

Mutational Profiling
Detection of mutations in tumor cells can be performed by a
variety of methodology, such as allele-specific PCR for detection
of specific known mutations, Sanger sequencing for detection of
mutation within a specific region, and NGS assays (also known
as massive parallel sequencing). Different sequencing platforms
and assay kits are available commercially, and discussion of each
will be beyond the scope of this article. However, for the purpose
of detection of TP53 mutations, which are distributed
throughout the gene rather than being confined to a few
codons, Sanger sequencing and NGS assays are usually utilized,
rather than allele-specific PCR. Sanger sequencing can be helpful
for confirmation of findings, but in general it has worse technical
detection sensitivity, is more costly, and inefficient in processing
a large number of samples, as compared to the widely-used NGS
assays (70).

For NGS assays, the sequencing strategy can be broadly
classified into: 1. Targeted sequencing—enrichment of specific
genes/exons by amplicon (PCR-based) or hybrid-capture
techniques; 2. WES—enrichment of all exonic and surrounding
region; 3. WGS—covering the entire genome, including the
noncoding and intronic regions. In general, WGS yields the
greatest breadth of information, is best suited for detecting larger
gene insertions/deletions and SVs, and less prone to certain
technical artifacts seen in targeted sequencing and WES.
However, it is currently the most costly and time-consuming
method for analyses, and due to lower overall coverage, may miss
variants in samples with relatively low tumor content, or
subclonal, low-level variants (70). Targeted sequencing has
been favored in some clinical laboratories, due to the ability to
detect variants at lower allele frequencies, lower cost, and the
shorter amount of time needed for analyses, which has translated
to faster report generation and sample turnaround time. If a
targeted sequencing assay is chosen, it should be confirmed that
important driver genes in MCL are covered by the assay
(See Table 2).

Regardless of the breadth of sequencing regions, mutational
profiling could be performed by sequencing of the tumor sample
only, or paired sequencing of a normal control with the tumor
sample. Analysis of a patient’s paired normal and tumor sample
allows most germline variants to be identified and filtered out
during analyses (71). The main advantage of this approach is that
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only somatic variants, which are more likely to be pathogenic, are
eventually included in the clinical reports. In addition, separate
analysis can be performed on the sequencing data from the
normal sample for detection of clinically significant germline/
inherited variants (72). For paired tumor-normal sequencing of
MCL, since there is a possibility of circulating tumor cells,
caution should be made if blood sample is used as normal
control, which is commonly used in the sequencing of non-
hematologic neoplasms. Rather, alternative normal control, such
as saliva or buccal swab, should be considered instead.

Finally, it is worth pointing out that the terms “mutation” and
“variant” should not be used interchangeably. “Variant” is a
broader term that describes nucleotide changes as compared to
the reference sequence, and does not imply pathogenicity of the
change. The American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular
Pathology (AMP) advocated for a 5-tier classification of
variants, which include: pathogenic, likely pathogenic,
uncertain significance, likely benign, or benign (73). The
classification of variants is particularly important for tumor-
only sequencing assays, in which germline benign variants (some
of which are also known as polymorphisms) can be detected. In
the absence of paired tumor-normal sequencing, to help
distinguish between somatic and germline benign variants, the
variant allele frequencies can be used in conjunction with
information from publicly-available databases of somatic
variants (e.g., COSMIC: https://cancer.sanger.ac.uk/cosmic),
and several population-based databases of germline variants
(e.g., dbSNP: https://www.ncbi.nlm.nih.gov/snp; gnomAD:
https://gnomad.broadinstitute.org; The International Genome
Sample Resource/The 1000 Genomes Project: https://www.
internationalgenome.org). As a general rule, due to the clinical
implication of assigning a variant as pathogenic, it is
recommended to do so only when there is a reasonably high
level of confidence in it being so (e.g., listing in multiple reliable
databases of known pathogenic variants, available literature on
functional studies on that particular variant).

IGHV Somatic Hypermutation Assessment
and NGS-Based MRD Assay
Historically, much of the knowledge of IGHV SHM assessment
arose from the data for CLL, where the IGHV SHM status has
served as a key prognostic marker for the past two decades (74).
In CLL as well as MCL, the IGHV SHM status also appears to be
stable over time, regardless of therapy, and has traditionally been
assessed by Sanger sequencing of the IGH gene VDJ segments.
As clinical laboratories increasingly incorporate NGS-based
assays into their workflow, and the corresponding sequencing
instruments in their laboratories, IGHV sequencing by NGS
method has also gained in popularity as a replacement for
Sanger sequencing.

In terms of IGHV sequencing by NGS method, several
commercial assays are available, and the same assay is often
used for IGH clonal rearrangement (B-cell clonality) detection,
as well as MRD detection of the known IGH disease clone in a
post-treatment or follow-up sample. Different assays employ
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different strategies, but the basic principles remain the same: the
use of PCR primer sets to flank and amplify the IGH gene VDJ
segments [usually the forward primer set is either upstream to or
within the framework 1, 2, or 3 (FR1, FR2 or FR3) region of the V
segment, or the D segment, while the reverse primer set is in the J
gene segment] (75). Some assays may employ multiple primer
sets to different regions of the IGH gene to overcome the problem
of poor primer annealing that can result from high-level somatic
mutations within the IGH gene. After sequencing, the disease-
associated clonal sequence is identified and compared to a
reference database, to determine the % of SHM as compared to
the germline sequence. The patient- and disease-specific clonal
sequence can also be saved, and searched for at very low level in
subsequent samples, which form the basis of MRD detection.
Besides commercial assays, in recent years, the European
Research Initiative on CLL (ERIC) and the EuroClonality-NGS
Working Group have collaborated to develop the appropriate
primer sets and analysis pipeline for clonal sequence
characterization and SHM determination from a NGS-based
IGHV sequencing assay (74).

RNA Gene Expression Profiling
Somewhat analogous to the different DNA sequencing strategies
mentioned above, global RNA gene expression can be performed
to provide a global picture of the different alterations as
compared to normal control/non-neoplastic tissue, but is
mostly done in research settings. Targeted RNA gene
expression profile is more feasible in the clinical setting,
although in the case of MCL, it is not currently widely used for
routine cases. This may be partially related to the need for RNA
extraction from FFPE or blood, which is not performed at some
smaller laboratories. For testing on archival FFPE samples, RNA
is also not as well-preserved over time, compared to DNA.

Both MCL35 (59) and L-MCL16 (19) assays mentioned
previously were designed using the NanoString nCounter®

platform and require specific instrumentation from the
manufacturer. This is in contrast to the sequencing
instrumentation for NGS-based assays, where the same
instruments can potentially be adapted for a variety of assays
and serve multiple purposes (e.g., targeted mutation profiling
assays using reagents/kits from different manufacturers, as well
as IGHV sequencing by NGS method).

Single Nucleotide Polymorphism (SNP)
Array
SNP array as a method of assessing CNAs has several advantages
over conventional karyotype. First of all, while conventional
karyotype requires fresh cell cultures, SNP array is a DNA-
based assay, and therefore can be performed on existing
extracted DNA, or on DNA extracted from FFPE tissue. With
routine, conventional G-band karyotyping, chromosomal
change >10 Mb can be detected; on the other hand, with
newer SNP array assays, the average inter-marker distance is
680 bp, allowing a much higher resolution in detecting small
areas of chromosomal-level gain/loss (76). Furthermore, SNP
array can detect copy neutral-loss of heterozygosity (CN-LOH),
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as well as provide information on the level of copy number gain/
loss, which are not possible by karyotyping. Nevertheless, unlike
karyotype, SNP array cannot detect balanced translocation with
no net loss of chromosomal material, and certainly not the
partners involved in a translocation. Compared to FISH
studies, which are usually much more targeted, and each set of
probes assess alterations in a single chromosome, gene, or
specific translocation, SNP array has the advantage of
providing a broad overview of CNAs across all the
chromosomes. On the flip side, since FISH studies assess for
alterations in individual cells, in the context of fresh tissue
studies, FISH studies can detect abnormalities at a much lower
level than SNP array. This can be a consideration for samples
with low tumor content, where the extracted DNA originated
from a mixture of tumor and non-neoplastic cells, hampering the
ability for SNP array to detect abnormalities.
CURRENT TREATMENT OPTIONS

Overview
The treatment approach and therapeutic landscape for patients
with newly diagnosed and R/R MCL has changed substantially in
recent years, largely due to pivotal new therapies and deepened
understanding into the molecular alterations in MCL to inform
their use. Besides conventional immunochemotherapy (IC),
current treatments also include molecularly targeted therapies
such as ibrutinib (BTK inhibitor) and venetoclax (BCL-2
inhibitor) and more recently, immune effector cells such as the
chimeric antigen receptor (CAR)-modified T-cell product
brexucabtagene autoleucel directed against CD19. Of note,
clinical trial participation at any stage of treatment is generally
encouraged given the rarity of MCL and the pressing need to
improve outcomes in this disease.

Frontline Treatment for MCL
A number of considerations inform the therapeutic
recommendations for patients with newly diagnosed MCL who
require treatments. Of note, variability exists across treatment
centers in this initial treatment approach. In current practice, the
greatest patient- and tumor-specific factors of interest are the
patient’s age, frailty/comorbidity, and goals for care, as well as
factors alluded to in the Prognostic Factors section above, namely
clinical and biologic features of the disease, including tumor
TP53 alteration status.

Standard frontline treatments include IC or rituximab-
lenalidomide (77). Younger, fit patients seeking maximal
response duration generally receive multiagent IC followed by
autologous stem cell rescue (HDT/ASCR). Conventional IC
regimens include R-DHAP (78) (rituximab, dexamethasone,
cytarabine, platinum), alternating R-CHOP/R-DHAP (52), and
dose-intensified R-CHOP plus cytarabine (79). Maintenance
rituximab is typically given post-HDT/ASCR based on data
from Le Gouill et al. demonstrating improvements in PFS,
event-free survival, and OS (78) with this approach. Of note,
given uncertainty regarding the effect of HDT/ASCR on OS, an
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ongoing randomized study (NCT03267433) is evaluating a
MRD-based transplant approach wherein MRD-negative
patients following IC are randomized to either rituximab
maintenance or HDT/ASCR. Details of MRD molecular testing
have been discussed in earlier sections of this review.

Transplant-ineligible patients or those seeking less intensive
treatments commonly receive rituximab plus bendamustine (80);
in select cases (for example, averse to IC or especially frail or
comorbid), patients can also receive rituximab plus the
immunomodulatory agent lenalidomide (77).

The clinical importance of TP53 status is delineated in data
from the Nordic Lymphoma Group (64) who evaluated the
impact of TP53 alterations in a cohort of patients who
underwent intensive IC followed by HDT/ASCR. They
demonstrated poor outcomes in these patients, with a median
OS of less than 2 years and a cumulative incidence of relapse of
50% at 1 year. Other groups have demonstrated similar findings
(61, 81) to reinforce the prognostic importance of TP53
alterations. Based on these findings, IC + HDT/ASCR
consolidation is not recommended; rather, treatment with
novel agents in the context of a clinical trial is favored for
upfront treatment of patients with TP53-altered MCL.

Treatment for Relapsed or
Refractory MCL
For patients with R/R MCL, the treatment recommendations are
highly individualized, and are primarily driven by the extent of
disease/symptomatology; time to relapse; response, tolerability,
and category/number of prior therapies received; and patient age/
frailty/comorbidity and goals for care. Clinically, R/R MCL is
characterized by progressive shortening of response duration with
subsequent lines of treatment (82) and represents an unmet
clinical need. Patients who have experienced favorable PFS with
upfront IC may be treated with second-line IC, given the potential
for achieving long responses again (83). More commonly, patients
are treated with targeted agents. Approved agents (frequently
combined with rituximab) include the BTK inhibitors ibrutinib,
zanubrutinib, and acalabrutinib (33), the Bcl-2 inhibitor
venetoclax (84), and the immunomodulatory agent lenalidomide
(Table 4) (85). Additionally, many of these agents are being used
in combination based on noteworthy preliminary data from
ongoing trials [ibrutinib + lenalidomide + rituximab (35) and
ibrutinib + venetoclax (37)]. The recent approval of
brexucabtagene autoleucel and promising early data for
lisocabtagene maraleucel are major landmarks in treating MCL
given promising efficacy and tolerability in early results from trials
(86, 87). For example, among 32 patients who received
lisocabtagene maraleucel (median number prior therapies = 3),
the response rate was 84%, including 59% complete response (87).
Longer follow-up data are awaited to define the durability of
responses with these agents and to inform proper sequencing with
other agents in the R/R setting. Future investigations will likely
investigate the use of CAR-T cells earlier in the care of patients
with MCL (currently only approved for patients with R/R MCL),
potentially targeting higher-risk MCL subtypes such as TP53-
altered or blastoid morphology. Finally, for eligible patients with
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multiply relapsed MCL, there are supportive data for allogeneic
stem cell transplantation, however, the role for this approach along
with other therapies will likely evolve given the promise of CAR T-
cell therapy.
CONCLUSIONS

Although MCLs are characterized in most cases by t (11,14)
(q13q32)/CCND1-IGH, other variant translocations and cryptic
insertion of enhancer elements can also lead to MCL. There are
certain common gene mutations and chromosomal-level
alterations for MCLs. Although specific alterations may be more
common in either the cMCL or nnMCL subtype, cMCL as a group
has higher genomic complexity and higher average number of
CNAs on a chromosomal level. As these alterations are
accumulated over time during tumor progression, they can affect
tumor aggressiveness and prognostication. Many alterations can
be detected using widely-available clinical molecular diagnostic
tools, including SNP array and targeted/WES assays. On the other
hand, studies such as methylation profile assays, are currently
mostly performed in the research settings. Nevertheless, detection
of relevant genetic alterations is crucial for prognostication and
therapy selection. Different frontline and refractory/relapsed
treatment options are available for MCL, including
immunochemotherapies, targeted therapies, immune effector cell
therapy, and stem cell transplantation.
AUTHOR CONTRIBUTIONS

SS performed the literature review and wrote the manuscript for
this review article. ZE-P and AK researched and wrote the
Current Treatment Options section. CH researched and wrote
the Important Molecular Diagnostic Tools for Genetic Alterations
section, as well as oversaw the writing of the manuscript in the
capacity of the senior author. All authors contributed to the
article and approved the submitted version.
FUNDING

The authors have been supported by the Comprehensive Cancer
Center Core Grant (P30 CA008748) at Memorial Sloan Kettering
Cancer Center (MSKCC) from the National Institute of Health,
USA (Grant recipient: CT).
TABLE 4 | Approved targeted therapies for MCL.

Agent OR rate CR rate Median DOR Median PFS Citation

Ibrutinib 69.7% 27.0% 21.8 months 12.5 months (36)
Acalabrutinib 81% 43% 26 months 20 months (33)
Zanubrutinib 84% 68.6% 19. months 22.1 months (76)
Venetoclax 53% 18% 8.1 months 3.2 months (84)
Lenalidomide 40% 5% 16.1 months 8.7 months (85)
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OR, Overall Response; CR, Complete Response; DOR, Duration of Response; PFS,
Progression Free Survival.
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Lymphomas and plasma cell neoplasms are a heterogenous group of malignancies
derived from lymphocytes. They are a significant cause of patient morbidity and mortality.
Advances in morphologic, immunophenotypic and molecular techniques have led to
better understanding of the pathogenesis and diagnosis of these neoplasms. Advances in
treatment, particularly immune-based therapies, increasingly allow for targeted therapies
of these diseases. Mechanistic studies using animal models and clinical trials have
revealed the importance of the tumor microenvironment on disease pathogenesis,
progression, and response to therapy in these malignancies. Simultaneous progress in
diagnostic techniques has made it feasible to generate high-resolution, high-throughput
data from the tumor microenvironment with spatial context. As the armamentarium of
targeted therapies and diagnostic techniques grows, there is potential to harness these
advances to better stratify patients for targeted therapies, including immune-based
therapies, in hematologic malignancies.

Keywords: tumor microenvironment, immune based therapies, lymphomas, plasma cell neoplasms, biomarkers
INTRODUCTION

Lymphomas and plasma cell neoplasms are a heterogenous group of malignancies arising from
lymphocytes at various stages of development. Depending on the cell of origin, morphology and
immunophenotype, they are broadly categorized into non-Hodgkin lymphomas, Hodgkin
lymphomas and plasma cell neoplasms (1). Non-Hodgkin lymphomas include the sub-categories
of non-Hodgkin B-cell lymphomas (B-NHL) that comprise majority of cases in this group and T-
cell/Natural-killer (T/NK) lymphomas. As a group, non-Hodgkin lymphomas are the seventh most
common type of cancer in the United States and are expected to account for 81,560 new cases and
20,720 deaths in 2021 (2). Hodgkin lymphomas are rarer and are expected to account for 8,830 new
cases and 960 deaths. For plasma cell neoplasms the corresponding numbers are 34,920 new cases
and 12,410 deaths, respectively in 2021 (3, 4). The clinical course and prognosis for these
heterogenous group of neoplasms is highly dependent on factors such as the specific type of
disease, age, ethnicity and geographic location (1). Advances in our understanding of the molecular
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pathology of these diseases has resulted in considerable progress
in the treatment of these diseases. Immune-based therapies using
monoclonal antibodies have become part of treatment regimens
for these diseases (discussed in greater detail below). More
recently, greater understanding of the tumor microenvironment
in these diseases has led to development of immune system
modulatory agents with therapeutic potential (3, 4). Future
treatment regimens are likely to rely on combinatorial strategies
using these agents. These developments are going to necessitate
the development of novel diagnostic and prognostic tools to
facilitate optimal treatment.
TUMOR MICROENVIRONMENT IN
LYMPHOMAS AND PLASMA
CELL NEOPLASMS

Scientific research on molecular mechanisms has expanded our
understanding of cancer pathogenesis leading to advances in
diagnostics and therapy. More recently, there has been increasing
focus in delineating the components of the tumor
microenvironment in enabling tumorigenesis and progression
(5). These have led to development of several immune based
therapies that have shown encouraging results both in epithelial
and hematologic malignancies (6).

Tumor Microenvironment in Lymphomas
The tumor heterogeneity of non-Hodgkin lymphomas is
reflected in the tumor microenvironment. The histologic
architecture of lymph node and extra-nodal lymphoid organs
is generally comprised of B-cell predominant follicles and
interfollicular T-cells (Figure 1A). Naive B cells exposed to
antigen home to follicles where they interact with follicular
dendritic cells that are antigen presenting cells. Further
maturation of B-cells occurs within germinal centers where
they switch-off expression of the anti-apoptotic BCL2 protein
rendering them vulnerable to apoptosis. Following the process of
somatic mutation and affinity maturation, B-cells either undergo
apoptosis or differentiate into memory/marginal zone B-cells
found in the marginal zone around the germinal centers or into
long-lived plasma cells (1). Macrophages present in the germinal
centers remove the apoptotic cells giving rise to the characteristic
tingible body macrophages seen in benign follicles (Figure 1A).
Morphologically, lymphomas are characterized by architectural
effacement of normal lymphoid tissue. The spatial distribution of
tumor cells in lymphomas is variable. Their distribution may
reflect the distribution of the cell of origin as in follicular
lymphomas (Figure 1B) (7). Follicular lymphomas are derived
from follicular germinal center B-cells. Typically, these tumors
arise due to an IGH-BCL2 translocation leading to BCL2
overexpression in contrast to the BCL2 switch-off seen in
normal follicles (8). Spatially the follicular lymphoma cells are
seen within enlarged follicles. In contrast, marginal zone
lymphomas that arise from post-germinal center B-cells show
an expansion of the marginal zone around the follicles. The
Frontiers in Oncology | www.frontiersin.org 2207
growth of neoplastic cells in marginal zone lymphomas is often
due to continuous antigenic stimulation e.g., persistent
Helicobacter pylori infection. While eradication of the
underlying infection often leads to cure, over time marginal
zone lymphomas can acquire translocations that lead to cell
autonomous signaling independent of the microenvironment,
leading to refractory disease. In contrast to follicular and
marginal zone lymphomas, the tissue architecture is diffusely
effaced in diffuse large B-cell lymphomas (Figure 1C). The
cellular composition of lymphomas is also variable. In
B-NHLs, the tumor is predominantly comprised of neoplastic
B-cells with fewer admixed T-cells, macrophages and stroma that
comprise the tumor microenvironment. In contrast, in Classic
Hodgkin lymphoma (cHL) the neoplastic Hodgkin Reed-
Sternberg (HRS) cells typically form only a minor subset of the
neoplastic infiltrate. The substantial cellular component of the
tumor is a characteristic polymorphous population of small
lymphocytes, plasma cells, histiocytes and admixed granulocytes that
constitutes a morphologically unique microenvironment (Figure 1D).

These morphologic pattens reflect different tumor
microenvironments that result from genetic aberrations in
these neoplasms and the external stimuli needed for survival,
proliferation, and immune response evasion. Lymphoma cells
have been shown to influence their microenvironment by their
ability to use homing and trafficking mechanisms to spatially
colonize milieus characteristic of their non-malignant
counterparts. These include expression of various adhesion
molecules as well as cytokines and cytokine receptors that
regulate lymphocyte trafficking between various tissue
compartments (9–13). After colonization, tumor cells can shift
the tissue milieu to one that promotes cell survival and growth,
and immune response evasion (14–17). Cell growth results from
signaling through cell surface receptors such as the B-cell
receptor and Toll-like receptor as well as cytokines released
from stromal cells (18–21). The evasion of immune response
occurs by various mechanisms including down-regulation of
major histocompatibility complex molecules, recruitment of T-
regulatory cells (T-regs) at the expense of T-helper cells, and
expression of programmed cell death ligands PD-L1 and PD-L2
that bind to programmed cell death protein 1 (PD-1) on CD4-
positive T cells and cytotoxic T lymphocytes to induce a state of
T-cell exhaustion (22–28).

Despite similar spatial localization of neoplastic cells in some
lymphomas when compared to their non-malignant
counterparts, there can be significant differences in their
respective microenvironments. For example, the tumor
microenvironment in the neoplastic follicles in follicular
lymphoma has been shown to be significantly different than
normal germinal centers with respect to T-cells and
macrophages. Specifically, there appears to be an increase in T-
regs and immune-suppressive monocytes at the expense of T-
helper cells in neoplastic follicles (14, 15, 17). In cHL, the
secretion of cytokines produced by and in response to HRS
cells is thought to result in the characteristic polymorphous
milieu that also promotes cell survival (13). Cytokines such as
CCL5, CCL17 and CCL22 recruit CD4+ T-cells that constitute
December 2021 | Volume 11 | Article 719140
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the major population of the tumor milieu. CSF1 and CX3CL1
recruit eosinophils and macrophages. Fibrosis, most prominently
seen in the nodular sclerosis variant of cHL, is attributed to
activation and proliferation of fibroblasts by IL-13, TNF-a and
fibroblast growth factors by HRS cells (13). Interaction between
membrane-bound or secreted ligands from the microenvironment
and cell surface receptors on HRS cells results in activation of
canonical signaling pathways such as the JAK-STAT, NF-kB and
BCR pathways. These ligand-based mechanisms are complimented
by gene mutations that cause constitutional activation of these
signaling pathways (29). In highly aggressive tumors such as Burkitt
lymphoma, the tumor cells often acquire mutations that result in
cell autonomous growth signals (30). Most cases of Burkitt
lymphoma harbor translocations of the MYC gene, typically
juxtaposing it with enhancer genes of the IGH locus, and less
frequently the IGK and IGL loci resulting in upregulation of c-myc,
Frontiers in Oncology | www.frontiersin.org 3208
its target genes and target microRNAs. These and other mutations
result in cell-autonomous growth signaling. These tumors are,
therefore, less likely to need stromal signals for survival resulting
in a characteristically sparse tumor microenvironment (31–34).

A better understating of expression, distribution, and
interaction of PD-1 and PD-L1 in the tumor microenvironment
has been critical in the development of immune checkpoint
blockade therapy (CBT) in cancer therapy. CBT involves
blockade of the PD-1/PD-L1 axis to enhance the therapeutic
effects of anti-tumor immune response (35). PD-1 is expressed
predominantly on activated T cells, natural killer cells, dendritic
cells, macrophages, and B-cell subsets. PD-L1 is expressed on a
wide variety of hematopoietic and non-hematopoietic cells
including stromal cells and can also be expressed by tumor
cells. In the context of lymphomas, PD-1 expression is seen in
tumor infiltrating lymphocytes, as well as the neoplastic cells in
A B

C D

FIGURE 1 | Examples of tumor microenvironment in lymphomas. (A) Benign lymph node with a germinal center containing tangible body macrophages (arrow).
(B) Follicular lymphoma with neoplastic follicle. (C) Diffuse large B cell lymphoma showing tissue effacement by large, neoplastic cells with very few admixed small
lymphocytes. (D) Classic Hodgkin lymphoma showing rare Reed-Sternberg cells (arrow) in a background of small lymphocytes and histiocytes with fibrosis.
December 2021 | Volume 11 | Article 719140
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some types of B- and T-cell lymphomas (36). PD-L1 expression is
seen in a wide variety of neoplastic cells in various lymphomas
including cHL, Primary mediastinal large B cell lymphoma, and
extra-nodal NK-T cell lymphomas among others (37). PD-L1
expression is also seen in some immune cells within the tumor
microenvironment including tumor infiltrating lymphocytes as
well as tumor associated macrophages (TAMs).

Tumor Microenvironment in Plasma
Cell Neoplasms
Unlike lymphomas that often present in nodal tissues, plasma
cell neoplasms are primarily diseases of the bone marrow. The
marrow stromal niche in plasma cell neoplasm is occupied by a
variety of cells including T-regs, NK cells, macrophages,
dendritic cells, bone marrow stromal cells, endothelial cells,
osteoblasts, and osteoclasts embedded in an extracellular
matrix (38–40). The stromal niche has been shown to
influence homing and adhesion of plasma cells by expression
of adhesion molecules and cytokines (41–43). It also appears to
aid immune evasion by mechanisms similar to those seen in
lymphomas. For example, increased T-regs have been reported
in the peripheral blood of neoplasms patients with plasma cell
neoplasms (44). Interaction between myeloma cells and T-regs
results T-reg expansion by a type 1IFN-dependent positive
feedback loop (45). In response to stromal signals, plasma cell
neoplasms cells express PD-L1 that interacts with PD-1 protein
in T-cells, leading to immune exhaustion (46, 47). A caveat to
these observations is that they are based on qRT-PCR and flow
cytometry studies on small sample sets that include both patient
samples and cell lines; larger studies are needed to validate
these observations.
IMMUNE-BASED THERAPY IN
LYMPHOMAS AND PLASMA
CELL NEOPLASMS

Current therapy for non-Hodgkin lymphomas is dependent on
various factors including the pathologic subtype of lymphoma,
stage at presentation, and performance status of the patients. The
treatment can range from watchful waiting to combination
modality regimens followed by stem cell transplant. Salvage
regimens are used to treat relapsed disease (48). Therapy for
Hodgkin lymphoma is also influenced by stage and risk factors
and can range from chemotherapy alone to combination modality
treatment, and salvage therapy for progressive disease (49).
Treatment for symptomatic myeloma typically involves
immunomodulatory drugs and proteasome inhibitors (50, 51).
For all three entities, immune based therapies are increasingly part
of the therapeutic armamentarium in treatment regimens (3, 40).

Immune-Based Therapy in Lymphomas
Immune based therapies have been used for treatment of
lymphomas for more than two decades (3). The earliest success
was with rituximab, a chimeric monoclonal antibody targeting
Frontiers in Oncology | www.frontiersin.org 4209
the B-cell marker CD20 (52–55). Since then, several other
antibodies targeting B- and T-cell markers including CD30,
CD19 and CCCR4 have been evaluated in lymphoma
treatment with many such drugs receiving regulatory approval
(56–59). Initial targeted monoclonal antibodies used
complement dependent cytotoxicity or antibody-dependent
cytotoxicity for anti-tumor effect. More recently, attempts have
been made to increase their efficacy by conjugating them to
cytotoxic drugs (60, 61). Bispecific T cell engager antibodies
(BiTEs) that are designed to target both tumor antigens and T-
cells to bring the tumor cells in close physical proximity to the T
cells for enhanced anti-tumoral effects are also being evaluated
(62, 63). There is mechanistic evidence that the tumor
microenvironment can impact response to therapy. In cell-
culture based studies CXCR-4 dependent interaction of
lymphoma cells with stromal cells has been shown to protect
lymphoma cells from anti-CD20 monoclonal antibody induced
apoptosis (64). Studies have also shown induction of microRNAs
impacting levels of proapoptotic proteins and upregulation of
cell survival signals (65). As in solid organ epithelial tumors,
there is intense interest in harnessing the power of CBT in
lymphoid malignancies. Downstream signaling from the PD-1
receptor in T cells due to PDL-1 overexpression in tumor cells
leads to immune exhaustion and helps tumors evade immune
response. Blockade of this signaling pathway with monoclonal
antibodies targeting either the PD-1 receptor or its ligand is
predicted to enhance antitumor immune response (35). The
results of immune checkpoint blockade in lymphomas have been
mixed. The strongest response has been seen in lymphomas
associated with high PDL-1 expression including Hodgkin
lymphoma, primary mediastinal large B cell lymphoma and
EBV-associated lymphoproliferative disorders (66–71). In
contrast, the efficacy of CBT in other lymphomas such as
DLBCL and chronic lymphocytic leukemia (CLL) have been
less impressive (72, 73). Other strategies targeting the host
immune response to lymphoma are being evaluated e.g.,
antibodies to the CD47 molecule that suppresses macrophage-
induced phagocytosis by binding to signal regulatory protein-
alpha (74).

The data with engineered adoptive cell therapies is promising
in lymphoma therapy. Details of chimeric antigen receptor
T cells (CAR-T) based therapy have been reviewed elsewhere
(75). Briefly, CAR-Ts are created by transducing genetic material
into patient’s own T-cells using lentiviral or retroviral vectors.
The chimeric receptor contains an antigen binding extracellular
domain that targets a tumor antigen coupled to an intracellular
signaling domain, including chimeric domains derived from
costimulatory proteins. This design allows the CAR-T cells to
respond to tumor antigen without MHC presentation. The CAR-
T cells are infused after lymphodepletion chemotherapy.
Upon antigen recognition, the receptors cluster together to
trigger a T-cell activating signaling cascade. CAR-T therapy
targeting CD19 has been approved for the treatment of
relapsed refractory aggressive B-NHLs and acute lymphoblastic
leukemia following impressive and sustained response in clinical
trials (76–78). Prospective clinical trials to evaluate expanded use
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of CAR-T as an alternative to stem cell transplant and in other
B-NHLs are ongoing including combinatorial strategies with CBT
and immunomodulatory therapy (3). Lack of long-term response
due to emergence of target antigen negative cells (also known as
antigen escape) has led to combinatorial antigen targeting
including CD19 and CD20 or CD19 and CD22 (79–81). In
contrast to CBT, CAR-T responses in Hodgkin lymphoma and
T-cell lymphomas have not been impressive (82, 83).

Other immune based therapeutics in lymphoma include
immunomodulators and small molecule inhibitors such as
lenalidomide and ibrutinib. Lenalidomide and other
thalidomide analogs exhibit immune modulatory effects by
altering cytokine production, regulating T cell co-stimulation
and augmenting NK cell cytotoxicity (84, 85). Ibrutinib and
acalabrutinib are small molecule inhibitors that inhibit Bruton
tyrosine kinase (BTK) that is part of the B cell receptor signaling
pathway (86–89). In addition, ibrutinib can modulate immune
response by increasing Th1 T cell response at the expense of Th2
T cell response by blocking IL-2 inducible kinase (90). Finally,
observations in non-Hodgkin lymphomas have shown that
treatment with these kinase inhibitors leads to the mobilization
of lymphoma cells from their stromal niches into the
bloodstream which may be an added component of their
efficacy (91).

Immune-Based Therapy in Plasma
Cell Neoplasms
Several immunotherapy approaches are being used in treatment
of plasma cell neoplasms, both as part of standard-of-care
treatments and in clinical trials (92). Lenalidomide is used in
first line treatment of both standard-risk and high-risk plasma
cell neoplasms (51). Targeted antibodies are now FDA-approved
for treatment of plasma cell neoplasms. Anti-CD38 antibodies
(daratumumab) in combination with immunomodulators has
shown improved outcomes in relapsed refractory plasma cell
neoplasms. The mechanism of action includes complement- and
antibody-mediated cytotoxicity, and suppression of T-regs and
regulatory myeloid populations (93). In contrast to B-NHLs
results of CBT therapy in plasma cell neoplasms have been less
impressive (94, 95). Combination immunotherapy approaches
after autologous stem cell transplant are being evaluated based
on encouraging data from preclinical trials (96). Immune
modulatory drugs are now routinely used in treatment of
symptomatic myeloma in combination regimens where they
induce plasma cell apoptosis in addition to immune stimulatory
effects. Other immunomodulatory regimens are being evaluated
in early clinical trials. CAR-T therapy targeting B cell maturation
antigen (BCMA) has shown promise (97, 98). BCMA is expressed
primarily in plasmablasts and plasma cells in the bone marrow
with no detectable expression in naïve B cells and hematopoietic
cells (99, 100). The BCMA expression levels are much higher in
neoplastic plasma cells compared to normal plasma cells. In
response to signaling from its ligands APRIL and BAFF, BCMA
signaling leads to activation of pro-survival pathways (38).
Despite impressive early response in trials, persistent and durable
response has not been seen, likely due to antigen escape and
Frontiers in Oncology | www.frontiersin.org 5210
immunosuppressive effect of the bone marrow tumor
microenvironment (101). Other immunomodulatory techniques
targeting BCMA including targeted antibodies, BiTE antibodies,
and CAR-T therapies to other antigens such as CD138 are under
clinical development (102, 103).
IMPACT ON DIAGNOSTICS,
PROGNOSTICS, AND BIOMARKERS

The diagnostic work-up of lymphomas and plasma cell neoplasms
incorporates morphologic evaluation, immunophenotyping by
tissue immunohistochemistry and multiparametric flow
cytometry, and ancillary studies. The ancillary studies include
cytogenetics, fluorescence in situ hybridization (FISH), molecular
studies such as PCR for immunoglobulin heavy chain
rearrangement, and targeted mutation detection for specific
disease entities (104). While substantial information about disease
behavior and prognosis can be obtained by these studies, they may
provide only limited information regarding the tumor
microenvironment and the potential for response to immune
based therapies. There is a need to broaden the diagnostic and
prognostic modalities to better predict disease response to immune-
based therapies in lymphomas and plasma cell neoplasms. Some
specific diagnostic modalities and their potential applications are
briefly discussed below. While some techniques can be applied
routinely in clinical diagnostic labs at the current time, other
techniques exist currently more in the realm of clinical research
that with time will probably supplant the current techniques.

Immunophenotyping
Immunohistochemistry (IHC) which involves interrogation of
formalin-fixed paraffin embedded (FFPE) tissue with specific
antibodies for specific antigens, and multiparametric flow
cytometry are indispensable tools in clinical hematopathology
diagnostic labs (104). These methods have potential utilities in
assessing tissue for response to immune-based therapy. In solid
organ tumors involving the lung and genitourinary tract for
example, an FDA-approved immunohistochemistry based
diagnostic assay for PD-L1 is used to predict response to CBT
(105, 106). There are currently no FDA-approved IHC
diagnostic assays to identify patients that will respond to CBT
in hematologic malignancies. Analysis of PD-1 and PD-L1
expression patterns in hematologic malignancies show
promising albeit sometimes contradictory results. For example,
high proportion of PD-L1 positive macrophages or PD-1-
positive T-cells is associated with favorable outcomes in
primary testicular lymphoma (107). Similarly in a cohort of
de novo DLBCL, increased myeloid derived PD-L1 cells
correlated with STAT3 and macrophage gene expression, and
improved outcomes in a subset of patients (108). A study utilizing
3-marker fluorescent multiplex immunohistochemistry coupled
with automated immunofluorescent analysis concluded that the
PD-1/PD-L1 expression and interaction is associated with adverse
prognosis in DLBCLs with significant T cell infiltration (109). The
variability of results in some of these studies may be attributable to
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the different antibody clones and experimental methods used in
these studies illustrating the need for standardization of these
assays across clinical labs prior to widespread diagnostic use. The
fact that many of the antigens targeted by immune-based therapies
such as CD20, CD19 and CD30 are evaluated during routine
lymphoma diagnostic workup is fortuitous. However, the utility of
IHC assays to predict disease response to CBT and targeted
immunotherapy in hematologic neoplasms is limited in the
absence of prospective studies. While it is logical to assume that
immunopositivity and the level of antigen expression as assessed by
immunophenotyping will correlate with disease response, one
should be cautious with such assumptions. Individual studies
looking at the correlation of antigen expression by IHC and
response to targeted therapy have sometimes shown variable
correlation as in the case of CD30 (110, 111). Additionally, lab-
to-lab variability in the individual clones of antibody used and in
staining protocols can lead to subjective interpretation and poor
reproducibility of IHC and flow cytometry studies (112–114). On
the other hand, immunomodulatory techniques themselves have
potential to impact diagnostic assessment by these techniques. For
example, CD20 staining can yield negative IHC results after
treatment with rituximab due to antigen masking and down-
regulation of CD20 expression (115). Bright CD38 expression is
often used in assessing plasma cells by flow cytometry; treatment by
daratumumab can lead to interference and artifactual results with
laboratory assays for monitoring disease (116, 117). As the arsenal
of targeted antibodies grows, diagnosticians need to be keenly aware
of such iatrogenic artifacts during diagnostic and prognostic work
up. Documentation of increased macrophages, cytotoxic T cells and
NK cells by IHC has been shown to correlate with outcomes in cHL
(118–121). Current immunohistochemical workup in clinical labs
typically uses one antibody on one slice of tissue at a time on glass
slides. The development of high-throughput, multiplex
immunohistochemical methods opens the possibility of
simultaneous evaluation of multiple markers on a single slice of
tissue. The individual markers can be evaluated for their expression
status and spatial distribution facilitating assessment of the tumor
microenvironment by immunophenotypic methods (122–124).
Immunophenotypic evaluation may also have utility in predicting
response in CAR-T therapy. For example, a population of
CD27+PD-1-CD8+ cells expressing high levels of the IL-6 receptor
has been shown to correlate with therapeutic response (125).

Digital and Computational Pathology
IHC assays performed on FFPE tissue are easy to adopt in
anatomic pathologic labs. However, interlaboratory variability
in protocols and subjective variation in manual interpretation
can lead to poor reproducibility of assays with impact on
treatment and clinical course. The evolution of digital
pathology where whole slide imaging scanners are used to
digitize glass slides and render images in digital formats has
aided the development of automated, reproducible, computer
aided diagnostic tools that promise to be the next frontier in
tissue-based diagnostics (126). WSI technology builds images of
whole slides by stitching together multiple images of tissue
sections on slides (127). WSI scanners have now been
approved by the FDA for purposes of rendering anatomic
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pathology diagnoses (128). The College of American Pathology
has published guidelines for validation and adoption of digital
pathology techniques in clinical settings (129). Digital analyses
tools including machine learning algorithms can be applied on
digitized histology images for reproducible and quantitative
assessment of tumors and their microenvironment. Multiplex
approaches can yield high-complexity data with regard to spatial
expression of multiple markers in the tumor microenvironment
(130). In cHL for example, multiplex IF has shown the
association of tumor microenvironment with CTLA-4-positive
T cells that are PD-1 negative (131). Data shows that multiplex
methods may be better at predicting response to CBT than
standard IHC or gene expression profiling methods (132).
These analyses can be extended to assess response to
immunotherapy by assessing for distribution of components of
the immune system such as regulatory T cells and macrophages.
A limiting factor in the development and application of machine
learning algorithms in computer aided diagnosis is the need for
large, high quality data sets to train these algorithms (133). The
performance metrics and portability of these algorithms across
datasets can also be impacted by pre-analytic variables such as
slide scan quality, need for additional image processing and input
from human pathologists for accurate interpretation (134, 135).
While multiplex IF provides high-resolution data about the
tumor microenvironment, complexity of analyses, cost and
time considerations currently limit the applicability of this
technique in clinical settings. For practical purposes, gene
expression analysis is currently utilized to assess characteristic
signatures in diagnostic settings.

Molecular Techniques
Ancillary molecular techniques are a significant part of current
diagnostic workflow in lymphoid and plasma cell malignancies
(104). The presence of specific cytogenetic abnormalities, specific
gene mutations, and other molecular findings such as IGH
hypermutation status impact disease prognosis in various
lymphomas and plasma cell neoplasms, and factor into the
calculation of risk stratification scores of individual entities (1).
These studies reveal little about the effect of tumor
microenvironment on disease course since the spatial context
is often lost with these techniques. However, studies have shown
the potential utility of gene expression profiles that appear to
reflect the tumor microenvironment in predicting response to
immune based therapies. For example, in DLBCL gene
expression profiles derived from non-malignant cells have
shown association with response to R-CHOP therapy. A
signature enriched for genes associated with components of the
extracellular matrix deposition and histiocytic infiltration was
associated with good behavior whereas a signature associated
with angiogenesis was associated with poor prognosis (136).
Similarly in follicular lymphoma, gene expression profiles
associated with macrophages are correlated with different
prognoses. Expression of a set of genes enriched for T-cell
markers and genes highly expressed in macrophages was
associated with better prognosis while a signature enriched for
genes highly expressed in dendritic cells, macrophages or both
was associated with worse prognosis (137). The refinement of
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techniques that allow for spatial single cell sequencing from
FFPE tissue with the potential to deliver high-resolution
molecular data of the tumor microenvironment with spatial
context are particularly exciting developments in this realm
(138). Techniques such as CODEX (for CO-Detection by
indEXing) that utilizes DNA barcodes, fluorescent dNTP
analogs and an in-situ polymerization based indexing
procedure to iteratively detect antibody binding events have
recently been described (139). This methodology allows for
single cell antigen quantification in tissue sections, and
unlimited levels of multiplexing to map cell types in tissues. The
continued development of multiplexed and high-dimensional
imaging methods, and their application in translational research
are likely to lead to a better understanding of the tumor
microenvironment in malignancies and their impact on response
to therapy (140).

The power of using a combinatorial approach to dissect
tumor microenvironment in lymphoid malignancies is
demonstrated by a recent study that used FISH, chromogenic
IHC, and multiplex immunofluorescence microscopy with cell
phenotyping followed by spatial analyses of the cell phenotypic
data to characterize the PD1/PD-L1 pathway in the tumor
microenvironment of a multi-institutional cohort of T-cell/
histiocyte-rich large B-cell lymphomas (THRLBCL) (141). The
authors found frequent PD-L1/PD-L2 copy gain or amplification
in the large malignant B-cells of THRLBCL. Using sophisticated
spatial image analyses to characterize the distribution of immune
cells and their PD1/PDL1 expression status, the authors were
Frontiers in Oncology | www.frontiersin.org 7212
able to develop spatially resolved immune signatures that
distinguish TCRLBCL from cHL and DLBCL.
CONCLUSION

Recent advances in our understanding of the tumor
microenvironment have led to better understanding of
pathogenesis of lymphomas and plasma cell neoplasms.
Concurrent advances in immune based therapies have
highlighted the importance on the tumor microenvironment
on disease course and response to therapy. Advances in
diagnostic modalities are likely to lead to better biomarker
identification, patient risk stratification and theranostic
prediction in hematologic malignancies.
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