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Genomic and Pathological
Characterization of Multiple
Renal Cell Carcinoma Regions
in Patient With Tuberous Sclerosis
Complex: A Case Report
Tetsuya Yamamoto1, Taigo Kato1*, Koji Hatano1, Atsunari Kawashima1, Takeshi Ujike1,
Shinichiro Fukuhara1, Hiroshi Kiuchi1, Ryoichi Imamura1, Naokazu Ibuki2,
Kazuma Kiyotani3, Masako Kurashige4, Eichi Morii 4, Kazutoshi Fujita1, Norio Nonomura1

and Motohide Uemura1

1 Department of Urology, Osaka University Graduate School of Medicine, Osaka, Japan, 2 Department of Urology, Osaka
Medical College, Osaka, Japan, 3 Cancer Precision Medicine Center, Japanese Foundation for Cancer Research,
Tokyo, Japan, 4 Department of Pathology, Osaka University Graduate School of Medicine, Osaka, Japan

Tuberous sclerosis complex is a genetic disorder characterized by facial angiofibromas,
intellectual disability, epilepsy, and tumor formation in multiple organs, including the kidney.
Renal cell carcinoma occurs in 2%–4% of patients with tuberous sclerosis complex, often
developing multiply and bilaterally. Renal cell carcinoma associated with this genetic
disorder may include complex tumor heterogeneity caused by the spatially different
mutational landscape. Herein, we report the case of a female patient with tuberous
sclerosis complex who developed multiple renal tumors. A 44-year-old female patient
with tuberous sclerosis complex developed three different histological types of tumor—
angiomyolipoma, clear cell renal cell carcinoma, and papillary renal cell carcinoma—in the
left kidney at first renal cell carcinoma recurrence. The papillary renal cell carcinoma was
morphologically atypical, indicating that its occurrence was associated with the genetic
disorder. Furthermore, whole-exome sequencing revealed distinct patterns of somatic
mutation in the three tumor types, and the atypical papillary renal cell carcinoma possessed
a different mutational landscape than that of typical papillary renal cell carcinomas. Our
findings indicate that tumors associated with tuberous sclerosis complex may be
diagnosed with careful pathological examination. Furthermore, somatic mutation profiles
of these tumors revealed their unique features, providing important information for further
May 2021 | Volume 11 | Article 69199616
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Abbreviations: AMACR, a-methylacyl-Co
CT, Computed tomography; FFPE, Form
Renal cell carcinoma; SDHB, Succinat
Tuberous sclerosis complex.
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understanding the mechanism of multiple tumor development in patients with tuberous
sclerosis complex.
Keywords: tuberous sclerosis complex, renal cell carcinoma, papillary renal cell carcinoma, whole-exome
sequencing, cancer gene
INTRODUCTION

Tuberous sclerosis complex (TSC) is a rare autosomal dominant
genetic disorder with manifestations such as facial angiofibromas,
intellectual disability, and epilepsy occurring in 1 of every 6,000
births (1–3). This disorder is associated with mutations in TSC1 or
TSC2; these genes encode proteins (hamartin and tuberin) that act
as a complex involved in tumor suppression and regulation of the
rapamycin (mTOR) signaling pathway mammalian target.

Disorders affecting the mTOR pathway comprise clinical
features indicating a predisposition to tumor development in
multiple organs, including the kidney. Specifically, renal tumors
are found in 70%–80% of patients with TSC (4). The three
major types of renal manifestations occurring in these patients
are angiomyolipoma (AML), renal cyst, and renal cell
carcinoma (RCC). TSC-associated RCC occurs in 2%–4% of
patients with TSC (5), an estimated incidence rate higher than
that in the general population. Moreover, TSC-associated RCC
often occurs in the younger individuals, requiring close
monitoring for recurrent RCC throughout their lifetime (5,
6). TSC-associated RCC is also characterized by multiple
occurrences in the same patient (7, 8). This renal tumor
occurs bilaterally in approximately 30% of cases and often
comprises several types of morphology, including clear cell,
papillary, and chromophobe RCC, as well as benign AML (5,
7, 9).

Herein, we describe a case of a patient with TSC who
presented with three types of tumors—clear cell RCC, papillary
RCC, and AML—in the same kidney. In the present study, we
demonstrated that immunohistochemical analysis is an
important tool to identify the occurrence of RCC associated
with TSC, especially when the patient was not previously
diagnosed with this genetic disorder. Moreover, we examined
the somatic mutation profiles of the tumors, highlighting their
unique features and mutational landscapes, which may
contribute to understanding the mechanism involved in
multiple tumor formation in patients with TSC.
CASE PRESENTATION

A 44-year-old Japanese woman was referred to our hospital for
treatment of a recurrent tumor in the left kidney. Five years prior
to this referral, the patient underwent right-kidney nephrectomy
A racemase; AML, angiomyolipoma;
alin-fixed paraffin-embedded; RCC,
e dehydrogenase subunit B; TSC,

27
for RCC and received a histopathological diagnosis of clear
cell RCC (pT1aN0M0) at another institution. Two years after
this, computed tomography (CT) imaging identified three
tumors in her left kidney; the patient underwent left-kidney
partial nephrectomy for these tumors (Figures 1A–C).
Histopathological examination determined that the tumors were
AML, clear cell RCC (pT1a), and papillary RCC (pT1a) (Figures
1D–F). A periodic CT examination 3.5 years later revealed the
tumor recurrence in her left kidney.

Upon initial visit to the Osaka University Hospital,
abdominal CT scan showed a renal mass (diameter: 22 mm)
with early enhancement in the left kidney (Figure 2A).
Additional screening tests revealed the presence of lung cysts
and calcifications in the left ventricular wall of the brain
(Figures 2B, C), leading to the suspicion of TSC. Moreover,
physical examination revealed five major (ungual fibromas,
shagreen patches, lymphangioleiomyomatosis, subependymal
nodule, and angiomyolipoma) and one minor (dental enamel
pits) TSC manifestations according to clinical and genetic
diagnostic criteria (10). Combining these findings, we
diagnosed the patient with recurrence of left-kidney RCC
and TSC.

Considering the high recurrence rate of TSC-associated RCC,
the patient received CT-guided percutaneous cryoablation for
the left-kidney recurrent tumor to maintain maximal renal
function. Tumor biopsy performed after cryoablation identified
the tumor as clear cell RCC by immunohistochemical staining.
To evaluate kidney function, we calculated the estimated
glomerular filtration rate (eGFR) before and 3 mo after
cryoablation. The rate of kidney functional deterioration was
3.5%. The patient remained recurrence-free for 3 years without
renal function deterioration.
Histopathological Features of Renal
Cell Carcinoma
Upon the diagnosis of a second RCC recurrence, we
retrospectively examined the three tumors that were identified
at first recurrence considering that TSC-associated RCC has
several unique features. We observed prominent papillary
architecture lined by clear cells with delicate eosinophilic
cytoplasmic thread-like strands that occasionally appeared
more prominent and aggregated to form eosinophilic
globules in the papillary RCC sample (Figures 3A, B).
Immunohistochemical analysis revealed that CK7 and CD10
were positive, whereas succinate dehydrogenase subunit B
(SDHB) and a-methylacyl-CoA racemase (AMACR) were
negative (Figures 3C–F). These findings demonstrated that the
characteristics of the papillary RCC in our patient were
consistent with those of TSC-associated papillary RCC, which
May 2021 | Volume 11 | Article 691996
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was recently reported as a new type of papillary tumor occurring
in patients with TSC (11).
Somatic Mutations and Alterations in
Cancer-Related Genes
To characterize the intra-tumoral genetic heterogeneity of this
case, we performed whole-exome sequencing using genomic
DNA extracted from the tumors surgically resected at first
Frontiers in Oncology | www.frontiersin.org 38
recurrence. We obtained an average sequencing depth of 82.3×
per base and identified 221 non-silent mutations and insertions/
deletions (indels) (124–154 non-silent mutations per tumor,
Additional Table 1). We found that 36.7% of these somatic
mutations—including cancer driver genes such as PABPC1 and
DICER1, which are common in parental clones of many cancer
types—were shared among the three tumors (common
mutations, Figure 4). Some mutations were uniquely observed
in one or two tumors (unique mutations), which may have been
FIGURE 1 | Three different tumors located in the patient’s left kidney at first recurrence. Two years after radical right-kidney nephrectomy, the patient was
diagnosed with three different tumors (A-C) in her left kidney on computed tomography examination. Yellow arrows show the three tumors. The patient underwent
left-kidney partial nephrectomy for all tumors, and immunohistochemical analysis showed that their histopathological types were (D) angiomyolipoma, (E) clear cell
renal cell carcinoma, and (F) papillary renal cell carcinoma. Magnification: 200× for hematoxylin and eosin staining.
May 2021 | Volume 11 | Article 691996
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acquired during individual tumor formation, contributing to the
high intra-tumoral genetic heterogeneity.

Interestingly, in our patient’s papillary RCC sample, 37.1% of
common mutations and 25.5% of unique mutations were not
previously reported as non-silent mutations in the Cancer
Genome Atlas database (Additional Figure 1). Regarding
TSC1 and TSC2 mutations, TSC-associated papillary RCC
harbored frameshift TSC1 mutation (c.2142del, p.Asn715fs), a
pathogenic variant for patients with TSC reported in the ClinVar
database. Conversely, TSC1 and TSC2 germline mutations were
not found in our patient, implying that she may possess the
phenotype with mosaic forms of TSC.
Frontiers in Oncology | www.frontiersin.org 49
DISCUSSION

The occurrence of RCC in patients with TSC has been recognized
for several decades. Unlike typical RCC, TSC-associated RCC has
several unique features, including early onset (around 40 years
old), predominance in female patients, and multiple and bilateral
tumors with distinct pathological characteristics (1, 2, 5, 8).
Therefore, because chronic kidney disease is a common cause
of death in patients with TSC, physicians need to carefully
determine therapeutic strategies for TSC-associated RCC to
avoid renal function impairment (4). Herein, we described a
case of TSC-associated RCC and identified distinct patterns of
FIGURE 2 | Radiographic evaluation at second recurrence. (A) Computed tomography examination shows typical findings of clear cell renal cell carcinoma in the left
kidney. (B) Lung lymphangioleiomyomatosis. (C) Subependymal nodule at the left lateral ventricular wall of the brain.
May 2021 | Volume 11 | Article 691996
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pathological findings and mutational landscapes among clear cell
RCC, papillary RCC, and AML occurring in the same kidney,
leading to several important implications.

First, upon immunohistochemical analysis, we identified several
TSC-associated papillary RCC characteristics that differed from
typical papillary RCC, including prominent papillary architecture,
abundant clear cell cytoplasm, uniformly deficient SDHB
expression, and negative staining for AMACR (11). These
findings strongly indicate the presence of TSC, especially in
patients displaying fewer clinical features associated with this
Frontiers in Oncology | www.frontiersin.org 510
disorder. Considering that TSC-associated RCC may show
multiple and bilateral recurrence, the timely recognition of this
atypical form of RCC using immunohistochemical analysis may
allow treatment with local therapy instead of radical nephrectomy,
possibly avoiding the development of chronic kidney disease in
these patients.

Second, we identified that each of the tumors occurring in the
same kidney had unique somatic mutations, contributing to their
different morphologies. So far, genomic characterization of
multifocal renal tumors in TSC patients have not well been
FIGURE 3 | Immunohistochemical analysis identifies papillary renal cell carcinoma associated with tuberous sclerosis complex. (A) Main tumor nodule surrounded
by thick fibrous stroma on low power; (B) Prominent papillary architecture lined by large clear cells with delicate eosinophilic cytoplasmic thread-like strands, which
occasionally appeared more outstanding and aggregated to form eosinophilic globules on high power. Immunohistochemical analysis revealed positive staining for
(C) CK7 and (D) CD10, whereas (E) SDHB and (F) AMACR were negative.
May 2021 | Volume 11 | Article 691996
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described. Tyburczy et al. reported that two patients with germline
TSC mutation possessed distinct pathological features of multiple
TSC-associated papillary RCCs and different second-hit mutations
in TSC1 or TSC2 in the same patient, whichmay developmultifocal
renal tumors. Interestingly, 35.2% of the somatic mutations
identified in our papillary RCC sample were absent in typical
papillary RCC, which might have led to the occurrence of TSC-
associated papillary RCC in our patient. Moreover, driver
mutations such as PABPC1 and DICER1 other than TSC1 or
TSC2 may affect the TSC-associated tumor formation (Figure 4).
Considering that 10%–15% of patients with TSC have no mutation
in TSC1 or TSC2 as in our case, the acquisition of somatic
mutations may also lead to the occurrence of multiple renal
tumors with distinct phenotypes in these patients. These findings
may contribute to further understanding the various aspects of
TSC-associated RCC, although more cases are needed to fully
elucidate this phenomenon.

In conclusion, our case report indicates that immunohistochemistry
analysis is an important tool to diagnose TSC-associated
papillary RCC. Moreover, our findings demonstrate that the
accumulation of somatic mutation profiles is important to
further understand the occurrence of TSC-associated RCC.
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PSA Density Help to Identify
Patients With Elevated PSA Due
to Prostate Cancer Rather Than
Intraprostatic Inflammation: A
Prospective Single Center Study
Salvatore M. Bruno1, Ugo G. Falagario1, Nicola d’Altilia1, Marco Recchia1, Vito Mancini1,
Oscar Selvaggio1, Francesca Sanguedolce2, Francesco Del Giudice3, Martina Maggi3,
Matteo Ferro4, Angelo Porreca5, Alessandro Sciarra3, Ettore De Berardinis3,
Carlo Bettocchi1, Gian Maria Busetto1*, Luigi Cormio1 and Giuseppe Carrieri 1

1 Department of Urology and Renal Transplantation, University of Foggia, Foggia, Italy, 2 Department of Pathology, University of
Foggia, Foggia, Italy, 3 Department of Urology, Sapienza Rome University, Rome, Italy, 4 Department of Urology, European
Institute of Oncology (IEO) IRCCS, Milan, Italy, 5 Department of Urology, Veneto Institute of Oncology (IOV) IRCCS, Padua, Italy

The association between PSA density, prostate cancer (PCa) and BPH is well established.
The aim of the present study was to establish whether PSA density can be used as a
reliable parameter to predict csPCa and to determine its optimal cutoff to exclude
increased PSA levels due to intraprostatic inflammation. This is a large prospective
single-center, observational study evaluating the role of PSA density in the
discrimination between intraprostatic inflammation and clinically significant PCa (csPCa).
Patients with PSA ≥ 4 ng/ml and/or positive digito-rectal examination (DRE) and
scheduled for prostate biopsy were enrolled. Prostatic inflammation (PI) was assessed
and graded using the Irani Scores. Multivariable binary logistic regression analysis was
used to assess if PSA density was associated with clinically significant PCa (csPCa) rather
than prostatic inflammation. A total of 1988 patients met the inclusion criteria. Any PCa
and csPCa rates were 47% and 24% respectively. In the group without csPCa, patients
with prostatic inflammation had a higher PSA (6.0 vs 5.0 ng/ml; p=0.0003), higher
prostate volume (58 vs 52 cc; p<0.0001), were more likely to have a previous negative
biopsy (29% vs 21%; p=0.0005) and a negative DRE (70% vs 65%; p=0.023) but no
difference in PSA density (0.1 vs 0.11; p=0.2). Conversely in the group with csPCa,
patients with prostatic inflammation had a higher prostate volume (43 vs 40 cc; p=0.007)
but no difference in the other clinical parameters. At multivariable analysis adjusting for
age, biopsy history, DRE and prostate volume, PSA density emerged as a strong
predictor of csPCA but was not associated with prostatic inflammation. The optimal
cutoffs of PSA density to diagnose csPCa and rule out the presence of prostatic
inflammation in patients with an elevated PSA (>4 ng/ml) were 0.10 ng/ml2 in biopsy
naïve patients and 0.15 ng/ml2 in patients with a previous negative biopsy. PSA density
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rather than PSA, should be used to evaluate patients at risk of prostate cancer who may need
additional testing or prostate biopsy. This readily available parameter can potentially identify
men who do not have PCa but have an elevated PSA secondary to benign conditions.
Keywords: PSA density, PSA, prostate cancer, Irani score, prostate inflammation
INTRODUCTION

“There is moderate certainty that the benefits of prostate-specific
antigen (PSA)-based screening for prostate cancer (PCa) do not
outweigh the harms”. In 2012, based on the results of two large-scale
randomized clinical trials (RCT’s), the United States Preventive
Services Task Force (USPSTF) issued a grade D recommendation
discouraging PSA-based screening (1). Since this strategy could lead
to a substantial number of men with aggressive disease being
missed, the USPSTF issued an updated statement in 2017. While
the grade of recommendation remained unchanged for men over 70
years old, it has been changed from D to C in men aged 55-69 years
old. PSA testing should be offered to selected man depending on
individual circumstances and counseling patients about the
potential benefits and harms of PSA-based screening, as this
might be associated with a small survival benefit (2). Similarly,
European association of urology (EAU) Guidelines suggest offering
an individualized risk-adapted strategy for early detection to a well-
informed man and a life-expectancy of at least 10 to 15 years (3).

The major limitations of screening using PSA have been
underlined in a Cochrane review of five available RCT’s.
Screening is associated with an increased diagnosis of PCa,
with detection of more localized disease and less advanced PCa
with no benefit on PCa-specific and overall survival (4).

Still, screening for PCa is one of the most controversial topics
in the urological literature. PSA is not specific for PCa. Several
other benign conditions can cause a man’s PSA level to rise such
as inflammation and benign prostatic hyperplasia (BPH). To
date there is no evidence that inflammation or BPH leads to
prostate cancer, but it is possible for a man to have one or both
conditions and to develop PCa as well.

In this scenario PSA density, expressed as the PSA value
(in ng/ml) divided by prostate volume (in CC), can potentially
identify men who do not have PCa but have an elevated PSA
secondary to benign conditions.

The association between PSA density, PCa and BPH is well
established (5, 6). The aim of the present study was to establish
whether PSA density can be used as a reliable parameter to
predict csPCa and to determine its optimal cutoff to exclude
increased PSA levels due to intraprostatic inflammation.
MATERIALS AND METHODS

Study Population
This is a prospective single center, observational study evaluating
the role of intraprostatic inflammation in prostate cancer
screening and treatment. From March 2014 to December 2019,
all patients referred to our institution to perform prostate biopsy
in.org 214
(PBx) for a PSA ≥ 4 ng/ml and/or positive digital rectal
examination (DRE) were enrolled, and data were prospectively
entered into our database. Sample size was not computed a priori
and according to the protocol we enrolled all eligible patients
during the study period. Patients on active surveillance with a
previous positive biopsy (n=87), men receiving 5 alfa-reductase
inhibitors (5-ARIs) (n=65), or who had previously undergone
invasive treatment for BPH (n=36), or with dwelling urethral
catheters (n=22) and man with PSA > 20 ng/ml (n=96) were
excluded. The study protocol was approved by the University of
Foggia Ethics Committee and written informed consent to take
part was given by all participants (Decision n. 152/CE/2014 of
September 03, 2014; Ethical Committee at the University
Hospital “Ospedali Riuniti”, Foggia, Italy).

All patients underwent PSA measurement before DRE and
transrectal ultrasound (TRUS). Uroflowmetry (UFM) was
carried out with “Flowline II” before PBx, waiting for the
patient to report a strong sensation to void. Peak flow rate
(Qmax) and ultrasound post void residual volume (PVR) were
annotated. Additionally, all patients filled the International
Prostate Symptom Score (IPSS) survey (7). Following local
non-infiltrative anesthesia (8), prostate biopsy was performed
according to our 18 cores standard biopsy template (9) under
TRUS guidance (BK Medical Flex Focus 500) and using an 18
gauge/25 cm biopsy needle (Bard Max-Core). As per our
protocol, patients had a single shot of cefazolin right before the
procedure or a course of quinolones or cotrimoxazole starting
the night before the procedure.
Pathological Examination
A senior uropathologist (FS) prospectively evaluated all PBx
specimens according to the International Society of Urological
Pathology (ISUP) recommendations (10). Additionally, prostatic
inflammation (PI) was assessed and graded using the Irani Scores
(5) subsequently validated by Sciarra et al. (11). Specifically, the
inflammatory infiltration was graded as “G0” = no inflammatory
cells, “G1” = scattered inflammatory cell infiltrate within the stroma
without lymphoid nodules, “G2” = nonconfluent lymphoid nodules
and “G3” = large inflammatory areas with confluence of infiltrate.
Inflammatory aggressiveness was graded as “A0” = no contact
between inflammatory cells and glandular epithelium (epithelium
cells lining acini and ducts), “A1” = contact between inflammatory
cell infiltrate and glandular epithelium, “A2” = interstitial
inflammatory infiltrate associated with a clear but limited (less
than 25% of the examined material) glandular epithelium
disruption and “A3” = glandular epithelium disruption on more
than 25% of the examined material. Irani total score was computed
as the sum of the Irani G and Irani A scores. Grading did not
May 2021 | Volume 11 | Article 693684
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include the types of inflammatory cells (polymorphonuclear
leukocytes, lymphocytes, monocytes or plasma cells).

Statistical Analysis
Outcomes of this study were clinically significant PCa (csPCa)
defined as Gleason Grade Group (GGG) ≥ 2(≥3+4) and presence
of prostatic inflammation defined as Irani total score ≥2.
Variables of interest were available in all patients included in
the study.

Descriptive statistics was performed for the overall
population and according to biopsy results. Continuous
variables were reported as median and interquartile range and
compared by the Mann-Whitney U-test, whereas categorical
variables were reported as rates and tested by the Fisher’s exact
test or the chi-square test, as appropriate.

Since inflammation and csPCa often coexists, we stratified
patients in four groups (both present, both absent, prostatic
inflammation without csPCa and csPCa without inflammation)
and we compared clinical characteristics in patients with and
without inflammation but no csPCa, and patients with and
without inflammation but diagnosed with csPCa. Multivariable
binary logistic regression analysis was then used to assess if PSA
density was associated with csPCa rather than prostatic
inflammation. Age, biopsy history, DRE and PSA density were
included in the multivariable model. In order to provide clinicians
with a readily available tool to evaluate risk of elevated PSA due to
csPCa, rather than inflammation, we graphically presented the
histological findings of patients with a PSA >4 ng/ml according to
PSA density groups and biopsy history. Finally, the actual
probability of biopsy-detected prostate cancer and prostatic
Frontiers in Oncology | www.frontiersin.org 315
inflammation for a given PSA density value were calculated using
locally weighted scatterplot (“lowess”) smoothing.

Statistical analyses were performed using Stata-SE 15
(StataCorp LP, College Station, TX, USA) using the following
syntax: kwallis, chi2, logistic, graph bar. All tests were 2-sided
with a significance level set at p<0.05.
RESULTS

Descriptive Characteristics of the
Overall Population
A total of 1988 patients met the inclusion criteria. Clinical
characteristics and histopathological results of the overall
population and according to biopsy results are shown in Table 1.
The majority of patients (78% n=1547) were biopsy naïve. Any PCa
and csPCa rates were 47% and 24% respectively. High grade
inflammation (Irani G 2-3) was present in 639 (32.1%) patients
and 984 (49.5%) patients had highly aggressive inflammation (Irani
A 1-2-3). Patients diagnosed with any PCa (GGG1) and csPCa
(GGG≥2) were older, had greater PSA and PSA density suspicious
DRE and Qmax, but lower prostate volume, PVR and IPSS than
those without cancer. Interestingly, high- grade inflammation (Irani
G 2-3) was significantly more common in patients with benign
prostate than in those with any PCa and csPCa, and the same
applied to highly aggressive inflammation (Irani A 1-2-3).

The distribution of mild (Irani total score 2-3) and high (Irani
total score >3) prostatic inflammation according to GGG is
graphed in Figure 1 showing that these two conditions
often coexist.
TABLE 1 | Clinical characteristics and histopathological results of the overall population and according to biopsy results.

Variable Overall population N=1988 Negative Biopsy N=1045 (52.6%) GGG 1 N=458 (23.0%) GGG ≥2 N=485 (24.4%) P Value

Age 67 (61, 72) 65 (60, 70) 67 (62, 72) 70 (65, 75) <0.0001
PSA 6.0 (4.6, 8.7) 5.9 (4.6, 8.1) 5.6 (4.4, 8.5) 6.7 (5.0, 10.5) <0.0001
Biopsy History, n (%)
Biopsy Naive 1547 (77.8%) 745 (71.3%) 371 (81.0%) 431 (88.9%) <0.0001
Prev. Negative 441 (22.2%) 300 (28.7%) 87 (19.0%) 54 (11.1%)

DRE, n (%)
Negative 1232 (62.0%) 724 (69.3%) 298 (65.1%) 210 (43.3%) <0.0001
Suspicious 756 (38.0%) 321 (30.7%) 160 (34.9%) 275 (56.7%)

Prostate volume 52 (38, 70) 60 (45, 80) 48 (35, 61) 41 (32, 57) <0.0001
PSA density 0.12 (0.08, 0.18) 0.10 (0.07, 0.14) 0.13 (0.09, 0.18) 0.17 (0.11, 0.26) <0.0001
Qmax, ml/s 14 (10, 20) 13 (10, 19) 14 (10, 20) 15 (10, 23) 0.001
PVR, ml 30 (1, 50) 30 (1, 50) 20 (1, 40) 20 (1, 40) <0.0001
IPSS 9 (5, 16) 10 (6, 17) 8 (4, 13) 8 (4, 15) <0.0001
Alpha blocker, n (%)
No 1288 (64.8%) 636 (60.9%) 306 (66.8%) 346 (71.3%) 0.0002
Yes 700 (35.2%) 409 (39.1%) 152 (33.2%) 139 (28.7%)

Irani G, n (%)
0-1 1349 (67.9%) 644 (61.6%) 350 (76.4%) 355 (73.2%) <0.0001
2-3 639 (32.1%) 401 (38.4%) 108 (23.6%) 130 (26.8%)

Irani A, n (%)
0 1004 (50.5%) 449 (43.0%) 277 (60.5%) 278 (57.3%) <0.0001
1-2-3 984 (49.5%) 596 (57.0%) 181 (39.5%) 207 (42.7%)

Irani Sum
0-1 951 (47.8%) 421 (40.3%) 268 (58.5%) 262 (54.0%) <0.0001
2-3 797 (40.1%) 465 (44.5%) 139 (30.3%) 193 (39.8%)
>3 240 (12.1%) 159 (15.2%) 51 (11.1%) 30 (6.2%)
Ma
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Predictors of Prostatic Inflammation
and csPCa
To evaluate specific predictors of prostatic inflammation (Irani
score>1) we first divided the population in two groups based on
the presence or absence of csPCa (Table 2). In the group without
csPCa, patients with prostatic inflammation had a higher PSA
(6.0 vs 5.0 ng/ml; p=0.0003), higher prostate volume (58 vs 52 cc;
p<0.0001), were more likely to have a previous negative biopsy
(29% vs 21%; p=0.0005) and a negative DRE (70% vs 65%;
p=0.023) but no difference in PSA density (0.1 vs 0.11; p=0.2).
Qmax, PVR and IPSS were slightly worse in patients with
prostatic inflammation. Conversely in the group with csPCa,
patients with prostatic inflammation had a higher prostate
volume (43 vs 40 cc; p=0.007) but no difference in the other
clinical parameters. At multivariable analysis adjusting for age,
biopsy history and DRE, PSA density emerged as a strong
predictor of csPCa (OR per 0.1 increase: 2.09; CI: 1.85, 2.35;
p<0.001) but was not associated with prostatic inflammation
(OR per 0.1 increase: 0.92; CI: 0.84, 1.01; p=0.073) (Table 3).

Histological Findings According
to PSA Density
Figure 2 graphically present histological findings of man who
underwent prostate biopsy for a PSA >4 ng/ml (n=1694)
according to biopsy history. Biopsy naïve patients with a PSA
density below 0.1, were more likely to be diagnosed with prostatic
inflammation (Irani total score >1) rather than csPCa (51% vs 11%,
p <0.001). Conversely the rate of patients with csPCa was much
higher with a PSA density between 0.10 and 0.15 (22%) and above
Frontiers in Oncology | www.frontiersin.org 416
0.15 (47%). Similar results were found in patients with a previous
negative biopsy, however rates of patients with csPCa were lower at
each PSA density cut-off and resulted 6%, 9% and 21% in patients
with a PSA density below 0.10, between 0.10 and 0.15 and above
0.15 respectively (all p <0.01). According to these findings, the
optimal cutoffs of PSA density to diagnose csPCa and rule out the
presence of prostatic inflammation in patients with an elevated PSA
(>4 ng/ml) were 0.10 ng/ml2 in biopsy naïve patients and 0.15 ng/
ml2 in patients with a previous negative biopsy.

Using the locally weighted scatterplot smoothing method we
further evaluated the association between PSA density, csPCa
and prostatic inflammation. With increasing PSA density, the
actual probability of csPCa increases while the likelihood of
prostatic inflammation decreases (Figure 3).
DISCUSSION

A close correlation has been shown between prostate inflammation,
BPH and csPCa.

The inflammatory process of the prostate through the release
of cytokines and growth factors, promotes tissue injury, chronic
immune response, and abnormal remodeling processes which
can result in prostate enlargement and BPH as well as in
malignant transformation of high proliferative cells (12).

In this scenario, several interesting findings emerged from our
study. First of all, we found that prostatic inflammation and PCa
are two conditions that often coexist. Although prostate tissue
has been described in the past as an immunological desert, we
FIGURE 1 | Intraprostatic inflammation according to Prostate Cancer Gleason Grade Groups. Intraprostatic inflammation was graded using Irani total score and
categorized in three groups: no inflammation (Irani Sum 0-1); mild inflammation (Irani Sum 2-3); high inflammation (Irani Sum >3).
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found that patients with csPCa have moderate and severe
inflammation in 30-50% and 5-10%, respectively.

The inflammatory process of the prostate through the release of
cytokines and growth factors, promotes tissue injury, chronic
immune response, and abnormal remodeling processes (12).

Preclinical studies provide a biological rationale for the
association between inflammation and the risk of PCa, however
clinical investigations report conflicting results. A recent meta-
analysis of 25 studies involving a total of 20585 patients of whom
6641 with PCa demonstrated an inverse relationship between
prostate inflammation on biopsy needle and malignant disease (6).

Similarly, in our previous publications we demonstrated that
prostatic inflammation is a common finding in prostate biopsy
samples, it is associated with benign prostatic obstruction rather
than PCa (13) and can be used as a risk stratification tool in
patients with a diagnosis of low to intermediate risk of PCa.
Indeed, high grade inflammation was associated with a lower risk
of upgrading and upstaging in patients undergoing radical
prostatectomy (14). Since high grade prostatic inflammation is
Frontiers in Oncology | www.frontiersin.org 517
also associated with higher PSA levels and higher prostate
volume, one of the possible explanations to these findings
might be the role of prostatic inflammation as a confounding
factor in the diagnosis of PCa. On the other side, prostatic
inflammation may result in worse LUTS due to prostate
enlargement and bladder outlet obstruction resulting in
patient’s referral for urological evaluation. What we face here
is the question of which comes first, the chicken or the egg. Either
way prostatic inflammation and BHP parameters demonstrated
an inverse correlation with PCa diagnosis (15–17) and with the
present study we sought to determine the potential role of PSA
density to rule out the presence of PI and benign disease in
patients at risk of PCa. We found that PSA density is not affected
by the presence of prostatic inflammation while, the actual
probability of csPCa increases with increasing PSA density.
Although this is, to the best of our knowledge, the first study
focusing on PSA density and histologically confirmed prostatic
inflammation, several studies corroborate our findings pointing
out that PSA density outperform PSA alone in the prediction of
TABLE 2 | Predictors of prostatic inflammation (Irani Score>1) in patients with and without csPCa.

Negative Biopsy + GGG 1 PCa P Value csPCa (GGG≥2) P Value

IRANI Score 0-1 IRANI Score >1 IRANI Score 0-1 IRANI Score >1
689 (34.7%) 814 (40.9%) 262 (13.2%) 223 (11.2%)

Age 66 (60, 70) 66 (60, 70) 0.5 70 (64, 75) 70 (65, 75) 0.3
PSA 5.5 (4.4, 7.8) 6.0 (4.6, 8.6) 0.0003 6.6 (4.7, 10.4) 7.0 (5.1, 10.8) 0.3
Biopsy History, n (%)
Biopsy Naive 541 (78.5%) 575 (70.6%) 0.0005 237 (90.5%) 194 (87.0%) 0.2
Previous Neg. 148 (21.5%) 239 (29.4%) 25 (9.5%) 29 (13.0%)

DRE, n (%)
Negative 448 (65.0%) 574 (70.5%) 0.023 120 (45.8%) 90 (40.4%) 0.2
Suspicious 241 (35.0%) 240 (29.5%) 142 (54.2%) 133 (59.6%)

Volume, cc 52 (40, 69) 58 (43, 80) <0.0001 40 (30, 55) 43 (34, 60) 0.007
PSA density 0.11 (0.08, 0.16) 0.10 (0.07, 0.16) 0.2 0.18 (0.11, 0.26) 0.16 (0.11, 0.26) 0.3
Qmax, ml/s 14 (11, 21) 13 (10, 19) 0.004 16 (10, 25) 15 (10, 22) 0.3
PVR, ml 22 (1, 50) 30 (1, 50) 0.005 20 (1, 40) 20 (1, 40) 0.5
IPSS 9 (5, 16) 10 (5, 17) 0.029 8 (4, 15) 9 (5, 15) 0.2
a blocker, n (%) 242 (35.1%) 319 (39.2%) 0.10 70 (26.7%) 69 (30.9%) 0.3
Bx GGG, n (%)
Negative 421 (61.1%) 624 (76.7%) <0.0001 N/A N/A
GGG 1 268 (38.9%) 190 (23.3%) N/A N/A
May 2021 | Volume 11 | Article
Bold means statistically significant.
TABLE 3 | Univariable and Multivariable analysis to evaluate predictors of intraprostatic inflammation and clinically significant prostate cancer in the overall population
(N=1988).

Covariate Multivariable analysis predicting Intraprostatic inflammation Multivariable analysis predicting csPCa

OR 95% CI P>|z| OR 95% CI P>|z|

Age, per y 1.01 0.99,1.02 0.328 1.08 1.06,1.10 <0.001
Biopsy History
Biopsy Naive Ref. Ref.
Previous Neg. 1.55 1.25,1.92 <0.001 0.32 0.23,0.44 <0.001

DRE
Negative Ref. Ref.
Suspicious 0.85 0.71,1.03 0.097 2.21 1.76,2.78 <0.001

PSA density, per 0.1 0.92 0.84,1.01 0.073 2.09 1.85,2.35 <0.001
Intraprostatic inflammation was defined as Irani total score >1.
Bold means statistically significant.
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csPCa. In a study including 1290 patients, Jue et al. showed that
PSA density outperformed total PSA in the diagnosis of csPCa
both in patients with a PSA in the “gray zone” (between 4 and
10 ng/ml) and in patients with PSA > 10 mg/ml. The difference in
the predictive accuracy of PSA and PSA density was even higher
in patients with a previous negative PBx (18).

What is the optimal cut-off of PSA density to suggest a prostate
biopsy is still unclear. A PSA density cut-off of 0.15 ng/ml2 was
suggested in previous studies (3). However, Nordström et al.
showed that a PSA density cutoff of 0.10 and 0.15 ng/ml2 resulted
Frontiers in Oncology | www.frontiersin.org 618
in detection of only 77% and 49% of csPCa. Conversely, omitting
prostate biopsy for men with PSA density ≤0.07 ng/ml2 would save
19.7% of biopsy procedures, while missing 6.9% of csPCa (19). In
the present study, stratifying the population according to biopsy
history, we showed that the optimal cutoffs of PSA density to rule
out the presence of prostatic inflammation in patients with an
elevated PSA (>4 ng/ml) were 0.10 ng/ml2 in biopsy naïve patients
and 0.15 ng/ml2 in patients with a previous negative biopsy.

Still, PSA density it has not been incorporated into the early
detection guidelines as a baseline measure because of the lack of
FIGURE 2 | Bar graph showing frequency and rates of csPCa and Inflammation according to PSA density (PSAd) and biopsy history in patients with a PSA>4ng/ml
(n=1694). Patients were stratified in four groups according to presence or absence of inflammation and csPCa: both present, both absent, intraprostatic
inflammation without csPCa and csPCa without inflammation.
FIGURE 3 | Actual probability of csPCa and prostatic inflammation (Irani score>1) in prostate biopsy samples according to PSA density in patients with PSA>4ng/ml
(n=1694).
May 2021 | Volume 11 | Article 693684
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precision of both PSA and prostate volume measurements using
transrectal ultrasound.

MRI helped to overcome this limitation and recent studies pointed
out that the combination of MRI parameters and PSA density could
help to predict not only prostate biopsy results (20, 21), but also active
surveillance outcomes (22), adverse pathologic features at RP (23) and
biochemical recurrence after surgical treatment (24).

While several blood and urine biomarkers and imaging
techniques have been developed to predict PCa (25, 26), as far as
we know no biomarker is available for the diagnosis of prostate
inflammation. At a time when immunotherapy is taking hold, the
identification of cases with prostatic inflammation is of considerable
interest for targeted immunological therapies (27).

The present study has few limitations. First, this is a single center
study and histological evaluation was carried out by a single
dedicated genitourinary pathologist. Even if the IRANI score is a
validated score, a certain degree of interobserver variability may
exist and limit the generalizability of our findings. Additionally,
most patients underwent prostate biopsy without a prebiopsy MRI.
The potential utility of MRI to rule out the presence of prostatic
inflammation, as well as MRI diagnostic accuracy in patients with
and without prostate inflammation should be further evaluated.
Finally, we enrolled in the present study only patients in whom the
clinical suspicion of PCa was deemed enough to perform PBx.
While this may represent a potential source of inclusion bias,
performing PBx in patients with low risk of PCa would be unethical.

Prostatic inflammation is a common cause of increased PSA.
PSA density rather than PSA, should be used to evaluate patients
at risk of prostate cancer who may need additional testing or
prostate biopsy. This readily available parameter can potentially
identify men who do not have PCa but have an elevated PSA
secondary to benign conditions.
Frontiers in Oncology | www.frontiersin.org 719
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Transforming growth factor-b1 (TGF-b1) plays a dual role in cancer, acting as a tumor
suppressor in the early stage of cancer development and as a tumor promoter in the later
stage of cancer progression in various cancers. In this study, we investigated the
association between genetic polymorphisms in TGFB1 and clinicopathological
characteristics or oncological outcome in prostate cancer cases treated with androgen-
deprivation therapy (ADT) according to metastasis status. Japanese male patients with
hormone-sensitive prostate cancer treated with ADT from 1993 to 2005 were included in
this study. Genomic DNA was obtained from whole blood samples, and genotyping of
TGFB1 (rs2241716 and rs4803455) was performed by PCR-based technique. No
significant association between genetic polymorphisms in TGFB1 (rs2241716 and
rs4803455) and clinicopathological parameters or prognosis was observed in patients
with non-metastatic disease. In patients with metastatic disease, Gleason score in CT/TT
carriers (rs2241716) and CA/AA carriers (rs4803455) was unfavorable compared with CC
carriers. In addition, the CT/TT alleles in rs2241716 (hazard ratio, 1.82; 95% confidence
interval, 1.12–2.94; P = 0.015) and the CA/AA alleles in rs4803455 (hazard ratio, 1.75;
95% confidence interval, 1.03–2.98; P = 0.040) were associated with a higher risk of
progression during ADT compared with the CC allele in patients with metastatic disease.
TGFB1 genetic variations were associated with adverse characteristics and progression
risk in ADT among patients with metastatic disease, but not those with non-metastatic
disease, supporting a distinct role of TGF-b signaling between non-metastatic and
metastatic prostate cancer.
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INTRODUCTION

Althoughmost prostate cancer cases primarily respond to androgen-
deprivation therapy (ADT), most of them eventually progress to
castration-resistant prostate cancer (CRPC) (1). The aberrant
activation of androgen receptor (AR) signaling, despite low levels
of serum androgen, has been revealed to be critical in the progression
to CRPC (2). Recently, intensive up-front therapies using docetaxel
or novel AR-pathway inhibitors for metastatic hormone-sensitive
prostate cancer have been proven to prolong survival and become
standard therapy (3–5). However, although several risk models have
been developed to estimate patient prognosis, it has been difficult to
precisely predict the survival (3, 4, 6, 7).

Metastasis is the critical step for cancer progression, and the
major cause of cancer-related mortality (8). Epithelial-mesenchymal
transition (EMT) of cancer cells, which involves morphological and
functional changes, is required for cells to metastasize to distant
regions (9). Transforming growth factor-b1 (TGF-b1) is a
pleiotropic polypeptide that forms multimeric complexes with two
type I and two type II receptors and regulates various cellular
functions such as differentiation, cellular proliferation, survival,
apoptosis, migration, adhesion, angiogenesis, and immune
surveillance (10). TGF-b1 has been shown to play a dual role in
cancer, acting as a tumor suppressor in the early stage of cancer
development and as a tumor promoter in the later stage of various
cancers including prostate cancer (11). TGF-b signaling also
interacts with EMT as well as AR signaling in prostate cancer,
which may affect the therapeutic effect of ADT (12–15). Several
studies have reported an association of genetic polymorphisms in
TGFB1, which encodes TGF-b1, with cancer phenotypes in prostate
cancer (16–19). Together, these findings suggest that genetic
polymorphisms in TGFB1 may be associated with cancer
phenotypes in the early and later stages.

In this study, we investigated the association between genetic
polymorphisms in TGFB1 and clinicopathological characteristics
or oncological outcomes in patients with prostate cancer during
ADT by cancer stage.
PATIENTS AND METHODS

Patients
This study included Japanese patients with non-metastatic prostate
cancer treated with primary ADT or salvage ADT for prostate-
specific antigen (PSA) recurrence after definitive therapy with
radical prostatectomy or radiotherapy to prostate (non-metastatic
disease) as well as patients with de novometastatic prostate cancer to
distant sites treated with primary ADT (metastatic disease) at the
University of Occupational and Environmental Health (Kitakyushu,
Japan) and Kyushu University Hospital (Fukuoka, Japan) from
1993 to 2005, as described previously (20–22).

Clinical TNM staging was determined in accordance with the
unified TNM criteria based on the results of digital rectal
examination, transrectal ultrasound, magnetic resonance imaging,
computed tomography, and bone scan (23). ADT was performed
with surgical castration or continuous medical castration using a
Frontiers in Oncology | www.frontiersin.org 222
gonadotropin-releasing hormone agonist (goserelin acetate or
leuprorelin acetate) and/or an antiandrogen agent (bicalutamide,
flutamide, or chlormadinone acetate). Progressive disease was
defined as an increase in serum PSA levels >2 ng/mL and a 25%
increase over the nadir, the appearance of a new lesion, or the
progression of one or more known lesions classified according to
the Response Evaluation Criteria in Solid Tumors (24).

Written informed consent was obtained from all patients.
Patients who chose not to participate in this study were excluded.
This study was performed in accordance with the principles
described in the Declaration of Helsinki and the Ethical
Guidelines for Epidemiological Research enacted by the Japanese
Government and was approved by each institutional review board.

Genotyping
Genomic DNA was extracted from whole blood samples from
patients as previously described (20–22). Rs2241716 and rs4803455
were selected as representative single nucleotide polymorphisms of
the TGFB1 gene as described previously (20). Minimum minor
allele frequency was set as 0.05 according to the HapMap database
(http://hapmap.ncbi.nlm.nih.gov/index.html). Linkage
disequilibrium analysis was performed with HaploView and the
minimum r2 threshold was set as 0.8. Genotyping of TGFB1
(rs2241716 and rs4803455) was performed on a CFX Connect
Real-Time System (Bio-Rad, Hercules, CA, USA) with pre-designed
TaqMan SNP Genotyping Assays (C_15873887_10 and
C_30031638_10, respectively; Life Technologies, Carlsbad, CA,
USA) and TaqMan Gene Expression Master Mix (Life
Technologies), according to the manufacturers’ protocols.

Statistical Analyses
All statistical analyses were performed using JMP14 software (SAS
Institute, Cary, NC, USA). Categorical and continuous data were
analyzed by Pearson’s chi-square and Wilcoxon rank sum tests,
respectively. Survival analyses were conducted using the Kaplan–
Meier method and the log-rank test. Univariate and multivariate
analyses were performed using the Cox hazard proportional model
to estimate hazard ratios (HRs). The differential prognostic value of
TGFB1 genotype was investigated through interaction tests. All P-
values were two-sided. P-values < 0.05 were considered significant.
RESULTS

The clinical and pathological characteristics of the 101 prostate
cancer patients with non-metastatic disease and 93 prostate
cancer patients with metastatic disease included in this study
are listed in Tables 1 and 2. In patients with non-metastatic
disease, during the median follow-up for patients alive at the date
of censor of 78 months (interquartile range [IQR], 44–114
months), 27 patients (26.7%) and 18 patients (17.8%)
experienced progression and any-cause mortality, respectively.
In patients with metastatic disease, during the median follow-up
for patients alive at the date of censor of 70 months (IQR, 33–112
months), 78 patients (93.9%) and 55 patients (59.1%)
experienced progression and any-cause mortality, respectively.
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We analyzed the association of genetic polymorphisms in
TGFB1 with clinicopathological characteristics and prognosis in
patients with non-metastatic disease. Patient backgrounds were
comparable in the two subgroups of TGFB1 genotypes (rs2241716
and rs4803455) in patients with non-metastatic prostate cancer
(Table 1). No significant association between genetic
polymorphisms in TGFB1 (rs2241716 and rs4803455) and
prognosis including progression-free survival (PFS) and overall
survival (OS) in patients with non-metastatic disease was
observed (Table 3, Supplementary Table 1 and Figures 1A, B).
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We next analyzed the significance of TGFB1 genotype among
patients with metastatic prostate cancer in the same manner.
Analysis of patient backgrounds revealed that PSA value at
diagnosis in CT/TT carriers (rs2241716) was higher than that of
CC carriers in patients with metastatic disease (Table 2). In
addition, Gleason score in CT/TT carriers (rs2241716) and
CA/AA carriers (rs4803455) was unfavorable compared with that
in CC carriers in patients with metastatic disease (Table 2).
Moreover, clinical T-stage in CT/TT carriers (rs2241716) was
more advanced than that of CC carriers in patients with
TABLE 1 | Clinicopathological characteristics of patients with non-metastatic prostate cancer according to TGFB1 polymorphisms.

Variables TGFB1 (rs2241716) TGFB1 (rs4803455)

CC (n = 44) CT/TT (n = 57) P-value CC (n = 13) CA/AA (n = 88) P-value

Median age, years (IQR) 73 (69–77) 71 (65–77) 0.19 70 (61–75) 72 (67–77) 0.31
Median PSA at diagnosis, ng/ml (IQR) 17.3 (8.3–56.1) 9.3 (6.1–31.6) 0.078 12.8 (6.4–91.5) 14.0 (6.6–37.7) 0.96
Biopsy Gleason score, n (%)
<8 28 (68.3%) 31 (67.4%) 6 (60.0%) 53 (68.8%)
≥8 13 (31.7%) 15 (32.6%) 0.93 4 (40.0%) 24 (31.2%) 0.58
NA 3 11 3 11

Clinical T-stage, n (%)
cT1/2 24 (55.8%) 34 (66.7%) 5 (41.7%) 53 (64.6%)
cT3/4 19 (44.2%) 17 (33.3%) 0.28 7 (58.3%) 29 (35.4%) 0.13
NA 1 6 1 6

Clinical N-stage, n (%)
cN0 39 (88.6%) 50 (89.3%) 10 (76.9%) 79 (90.8%)
cN1 5 (11.4%) 6 (10.7%) 0.92 3 (23.1%) 8 (9.2%) 0.14
NA 0 1 0 1

Therapeutic setting, n (%)
Primary 24 (54.5%) 35 (61.4%) 8 (61.5%) 51 (58.0%)
Salvage 20 (45.5%) 22 (38.6%) 0.49 5 (38.5%) 37 (42.0%) 0.81

Hormonal therapy
Combined androgen blockade 16 (36.4%) 21 (36.8%) 5 (38.5%) 32 (36.4%)
Castration 17 (38.6%) 25 (43.9%) 7 (53.8%) 35 (39.8%)
Antiandrogen agent 11 (25.0%) 11 (19.3%) 0.77 1 (7.7%) 21 (23.9%) 0.38
May 20
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IQR, interquartile range; PSA, prostate-specific antigen; NA, not available.
TABLE 2 | Clinicopathological characteristics of patients with metastatic prostate cancer according to TGFB1 polymorphisms.

Variable TGFB1 (rs2241716) TGFB1 (rs4803455)

CC (n = 38) CT/TT (n = 55) P-value CC (n = 27) CA/AA (n = 66) P-value

Median age, years (IQR) 72 (66–78) 72 (67–76) 0.92 73 (66–77) 72 (67–77) 0.90
Median PSA level at diagnosis, ng/ml (IQR) 144 (62.5–458) 320 (93.4–1400) 0.032* 141 (63.0–566) 294 (87.8–972) 0.21
Biopsy Gleason score, n (%)
<8 17 (47.2%) 11 (21.6%) 13 (52.0%) 15 (24.2%)
≥8 19 (52.8%) 40 (78.4%) 0.012* 12 (48.0%) 47 (75.8%) 0.012*
NA 2 4 2 4

Clinical T-stage, n (%)
cT1/2 7 (21.9%) 2 (4.3%) 5 (20.8%) 4 (7.3%)
cT3/4 25 (78.1%) 45 (95.7%) 0.016* 19 (79.2%) 51 (92.7%) 0.081
NA 6 8 3 11

Clinical N-stage, n (%)
N0 20 (62.5%) 20 (41.7%) 14 (58.3%) 26 (46.4%)
N1 12 (37.5%) 28 (58.3%) 0.068 10 (41.7%) 30 (53.6%) 0.33
NA 6 7 3 10

Hormonal therapy
Combined androgen blockade 32 (84.2%) 52 (94.5%) 25 (92.6%) 59 (89.4%)
Castration 6 (15.8%) 3 (5.5%) 0.098 2 (7.4%) 7 (10.6%) 0.64
*Statistically significant. IQR, interquartile range; PSA, prostate-specific antigen; NA, not available.
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FIGURE 1 | Kaplan–Meier survival analysis of progression-free survival in prostate cancer patients stratified by gene polymorphisms in TGFB1 (rs2241716 and
rs4803455). (A, B) Progression-free survival in patients with non-metastatic disease by gene polymorphisms in TGFB1 [rs2241716 (A) and rs4803455 (B)].
(C, D) Progression-free survival in patients with metastatic disease by gene polymorphisms in TGFB1 [rs2241716 (C) and rs4803455 (D)]. *Statistically significant.
TABLE 3 | Progression-free survival according to TGFB1 polymorphisms.

Variable Non-metastatic disease Metastatic disease

n HR 95% CI P-value n HR 95% CI P-value

TGFB1 (rs2241716)
CC 44 ref 38 ref
CT 48 0.78 0.35–1.76 0.56 45 1.85 1.13–3.05 0.015*
TT 9 0.98 0.28–3.51 0.98 10 1.64 0.76–3.56 0.21

Dominant model
CC 44 ref 38 ref
CT/TT 57 0.82 0.38–1.76 0.61 55 1.82 1.12–2.94 0.015*

Recessive model
CC/CT 92 ref 83 ref
TT 9 1.12 0.33–3.73 0.86 10 1.16 0.57–2.34 0.68

TGFB1 (rs4803455)
CC 13 ref 27 ref
CA 58 0.47 0.18–122 0.12 48 1.71 0.98–2.98 0.059
AA 30 0.54 0.18–1.63 0.28 18 1.87 0.95–3.68 0.069

Dominant model
CC 13 ref 27 ref
CA/AA 88 0.49 0.20–1.22 0.13 66 1.75 1.03–2.98 0.040*

Recessive model
CC/CA 71 ref 75 ref
AA 30 0.97 0.41–2.31 0.95 18 1.32 0.76–2.28 0.32
Frontiers in Oncology | www.fr
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*Statistically significant. CI, confidence interval; HR, hazard ratio.
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metastatic disease (Table 2). Consistent with these findings, the CT/
TT alleles in rs2241716 (HR, 1.82; 95% confidence interval [CI],
1.12–2.94; P = 0.015) and the CA/AA alleles in rs4803455 (HR, 1.75;
95% CI, 1.03–2.98; P = 0.040) were associated with a higher risk of
progression during ADT compared with that of the CC allele in
patients with metastatic disease (Table 3). Similarly, Kaplan–Meier
curve showed worse PFS among patients carrying the CT/TT alleles
in rs2241716 and the CA/AA alleles in rs4803455 compared with
patients carrying the CC allele (Figures 1C, D). However, when
multivariate analyses incorporating PSA value, Gleason score,
clinical T-stage for rs2241716, and Gleason score for rs4803455
were performed, the significance of the CT/TT alleles in rs2241716
(HR, 1.79; 95% CI, 0.98–3.27; P = 0.057) and the CA/AA alleles in
rs2241716(HR,1.34; 95%CI,0.76–2.35;P=0.31)onPFSdiminished.
With regard to OS, there was no significant association between
the genetic polymorphisms in TGFB1 and mortality risk in patients
with metastatic disease (Supplementary Table 1).

Finally, we analyzed the impact of TGFB1 genotype on
survival between patients with non-metastatic and metastatic
diseases. Intriguingly, the dominant model of rs4803455 (CC vs.
CA/AA; interaction test, P = 0.016) but not the dominant model
of rs2241716 (CC vs. CT/TT; Interaction test, P = 0.091) was
differentially associated with PFS between patients with non-
metastatic and metastatic diseases. However, the significance of
TGFB1 genotypes (rs2241716 and rs4803455) on patient
backgrounds and OS did not differ between patients with non-
metastatic and metastatic diseases (data not shown).
DISCUSSION

This study showed that genetic polymorphisms in TGFB1 were
associated with unfavorable clinicopathological parameters
including PSA value, Gleason score, and clinical T-stage patients
with metastatic prostate cancer. Consistent with these associations
between TGFB1 variations and clinicopathological characteristics,
the progression risk during ADT was associated with TGFB1
genotypes, suggesting that TGFB1 genotypes were associated
with PFS through unfavorable tumor characteristics. In addition,
TGFB1 variations were not associated with clinicopathological
characteristics and prognosis in patients with non-metastatic
disease, and a differential impact of TGFB1 variation (rs4803455)
on PFS between non-metastatic and metastatic disease was
observed. Since TGF-b1 has been suggested to play a dual role in
the early and later stages of cancer development (11), the
differential impact of TGFB1 genotype on non-metastatic and
metastatic diseases may be explained by the distinct biological
role of TGF-b signaling according to tumor stage.

A previous study showed that genetic variation in TGFB1
(509C>T, rs1800469) was associated with Gleason score and
tumor stage in prostate cancer (17, 18). Similarly, another genetic
polymorphism (TGFB1+869T>C, rs1982073) combined with a
genetic polymorphism in epidermal growth factor was reported to
be associated with time to CRPC (19). Similarly, it has been reported
that genetic polymorphism in the promoter region of TGFBR2
gene coding TGF-bRII was associated with Gleason score and risk
of early relapse after ADT among patients with both non-metastatic
Frontiers in Oncology | www.frontiersin.org 525
and metastatic prostate cancer (25). In addition, this study showed
that other polymorphisms in TGFB1 (rs2241716 and rs4803455)
were associated with adverse characteristics and progression risk
during ADT. These results support the robustness of the association
between TGFB1 genotype and tumor aggressiveness in metastatic
prostate cancer, which indicates altered progression risk according
to TGFB1 genotype.

The interactions of TGF-b signaling with EMT and AR signaling
may be a possible molecular basis underlying the findings in this
study. We previously showed that TGF-b induces AR expression
including AR variants through the Twist1 transcription factor, which
results in increased EMT phenotype and augmented castration
resistance, which is reversed by TGF-b1 inhibitor (13, 14).
Therefore, TGFB1 genotyping may be helpful to identify promising
candidates for therapeutics using TGF-b inhibitors, which are under
clinical trials (26, 27). As well, TGFB1 genotype could predict durable
responders to primary ADT as shown by Kaplan-Meier curve on PFS
(Figures 1C, D). Although the reason why durable responders
carried CC genotype in TGFB1 (rs2241716 and rs4803455), it was
suggested that EMT regulated by TGF signaling may play an
important role in long-lasting response to ADT.

This study had several limitations. First, this study had a
retrospective design. In addition, the study population was limited
to Japanese patients, and intensive up-front therapies using
docetaxel and novel AR pathway inhibitors were not used at the
time of the study. Thus, the significance of TGFB1 variation in up-
front therapies for metastatic hormone-sensitive prostate cancer
should be investigated in the future. In addition, the functional
effects of the genetic polymorphisms investigated in this study
remain unclear. Finally, the correlation between TGFB1 variation
and genetic polymorphism in TGFBR or the expression of
TGF-b receptor in prostate cancer has not been investigated.
Comprehensive investigation on the relationship between TGF-b
signaling and ADT would be required in the future.

In conclusion, this study showed that TGFB1 genetic variations
were associated with adverse characteristics and risk of progression
during ADT among patients with metastatic disease, but not those
with non-metastatic disease. This finding supports a distinct
functional role of TGF-b signaling in non-metastatic and
metastatic prostate cancer. In addition, TGFB1 genotyping may be
useful to identify candidates for TGF-b signaling–targeting therapies.
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Background: To compare severe infectious complication rates after transrectal prostate
biopsies between cephalosporins and fluoroquinolones for antibiotic monoprophylaxis.

Material and Methods: In the multi-institutional cohort, between November 2014 and
July 2020 patients received either cefotaxime (single dose intravenously), cefpodoxime
(multiple doses orally) or fluoroquinolones (multiple-doses orally or single dose
intravenously) for transrectal prostate biopsy prophylaxis. Data were prospectively
acquired and retrospectively analyzed. Severe infectious complications were evaluated
within 30 days after biopsy. Logistic regression models predicted biopsy-related
infectious complications according to antibiotic prophylaxis, application type and
patient- and procedure-related risk factors.

Results: Of 793 patients, 132 (16.6%) received a single dose of intravenous cefotaxime and
were compared to 119 (15%) who received multiple doses of oral cefpodoxime and 542
(68.3%) who received fluoroquinolones as monoprophylaxis. The overall incidence of severe
infectious complications was 1.0% (n=8). No significant differences were observed between
the three compared groups (0.8% vs. 0.8% vs. 1.1%, p=0.9). The overall rate of urosepsis
was 0.3% and did not significantly differ between the three compared groups as well.

Conclusion: Monoprophylaxis with third generation cephalosporins was efficient in
preventing severe infectious complications after prostate biopsy. Single intravenous dose of
cefotaxime and multiday regimen of oral cefpodoxime showed a low incidence of infectious
complications <1%. No differences were observed in comparison to fluoroquinolones.
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INTRODUCTION

Prostate cancer, the most common cancer in men worldwide, is
diagnosed with prostate biopsies (1). Currently, two different
applicable biopsy approaches are available, a transrectal and
transperineal approach (2). Several studies reported that cancer
detection rates by systematic biopsies are comparable between
both approaches (3, 4). However, regarding infectious rates,
some studies suggest that the transperineal approach is
associated with lower rates of infectious complications, while
other report comparable infectious rates (4–6). Nonetheless,
sufficient prospective data is lacking. In consequence, the
transrectal approach is still used worldwide and guidelines do
not recommend one approach over the other, since the
advantage of the transrectal approach is the quick and easy
performance in an outpatient setting under local anesthesia,
while a transperineal biopsy is widely performed under general
anesthesia (2, 4).

The U.S. Food and Drug Administration in 2018 and the
European Medicine Association (EMA) in 2019 suspended the
indication for fluoroquinolones as antibiotic prophylaxis due to
its toxicity profile (7). In addition, as a consequence of increasing
resistance rates, there were more severe infections during the
past years after administration of fluoroquinolones (8). Since
fluoroquinolones have been the antibiotic prophylaxis of choice
for transrectal prostate biopsies for decades, no current guideline
recommendation exists for other antimicrobial agents in
prophylaxis (2, 9, 10). Cephalosporins represent an alternative
as a monotherapeutic antibiotic prophylaxis. The application
type, either as a single intravenous dose or multiple oral doses,
has different advantages. However, although several studies
investigated appropriate complication rates of other antibiotic
regimes after transrectal prostate biopsy, these studies mostly
focused on augmented regimes (11, 12). In consequence, studies
comparing a monotherapeutic prophylaxis with cephalosporins
vs. fluoroquinolones in a homogenous cohort are still
pending (13).

We addressed this void and relied on a multi-institutional
prostate biopsy database of two tertiary care university hospitals.
We hypothesized that differences according to severe
complication rates after transrectal prostate biopsy may not
exist in the comparison of cephalosporins vs. fluoroquinolones.
Moreover, we hypothesized that application form and duration
of the antibiotic prophylaxis does not affect complication rates.
MATERIALS AND METHODS

Study Population
The study was conducted in accordance with the Declaration of
Helsinki. After ethic committee’s approval, patients who
underwent a transrectal systematic prostate biopsy or
combined magnetic resonance imaging (MRI)-targeted and
transrectal systematic biopsy at either the Department of
Urology, University Hospital Frankfurt (UKF), Germany or the
Department of Urology and Urosurgery, University Medical
Frontiers in Oncology | www.frontiersin.org 229
Center Mannheim (UMM), Germany, between November
2014 and July 2020 were prospectively acquired and
retrospectively analyzed. Exclusion criteria for the subsequent
analyses were other antibiotic prophylaxis for transrectal
prostate biopsies than cephalosporins or fluoroquinolones or
augmented (combination of at least two antibiotic agents)
antibiotic regimes (n=62). Indications for prostate biopsies
were a primary cancer suspicion or patients under active
surveillance in accordance with current guidelines (2).

Transrectal Prostate Biopsy
According to the former institutional standards, at UMM, a
urine culture was taken from every patient prior to prostate
biopsies. During the study period, rectal swabs were not obtained
by default. At UKF, urine cultures or rectal swabs were not
performed on regular basis. Prior to transrectal prostate biopsy, a
periprostatic local anesthesia was injected under ultrasound-
guidance, as recommended (2). For systematic prostate biopsy,
12 cores (six cores from each prostate lobe) were taken according
to current guidelines. For fusion biopsies, at least two cores were
taken from each target, with high-end ultrasound machines
(University Hospital Frankfurt: HiVison, Hitachi Medical
Systems; University Medical Center Mannheim: Artemis™). In
addition to targeted biopsy, systematic biopsy was performed in
all patients.

Antibiotic Prophylaxis and Follow-Up
All prostate biopsies were taken under antibiotic prophylaxis
with a monotherapy with either cephalosporins or
fluoroquinolones. The choice of an antibiotic regimen was
based on the institutional standard at the time of biopsy. Since
bioavailability may differ between the application types of both
third generation cephalosporins, tabulation was made for
cefotaxime (single dose intravenous application of 2g 20-60
minutes prior to biopsy) vs. cefpodoxime (multiple doses
of 200mg oral application twice daily, beginning at least
24 hours prior to biopsy for five days according to current
recommendations (14)). Due to the comparable bioavailability
between oral and intravenous application, this stratification was
not made for fluoroquinolones (intravenous or oral five-day
application according to the historical fluoroquinolone
standard). Patients at risk for an infectious endocarditis
received an agent active against enterococci and were not
included in this analysis. Patient and tumor characteristics, as
well as severe infectious complication rates, defined as an
emergency hospital consultation due to an UTI (according to
current guidelines (14)) with or without fever, were collected
from the patients’ hospital files within 30 days after prostate
biopsy. Urosepsis was defined as previously described (15).
During the pre-interventional briefing, patients were routinely
instructed to inform a urologist in case of relevant complications.

Statistical Analysis
Descriptive statistics included frequencies and proportions for
categorical variables. Medians and interquartile ranges (IQR)
were reported for continuously coded variables. The Chi-square
test was used for statistical significance in proportions’
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differences. The t-test and Kruskal-Wallis test examined the
statistical significance of means’ and distributions’ differences.

All tests were two sided with a level of significance set at
p<0.05 and R software environment for statistical computing and
graphics (version 3.4.3) was used for all analyses.
RESULTS

Patient and Procedure Characteristics
Overall, 793 patients were eligible for analyses. The median age
was 66 years (IQR 61-72 years). Among all patients, 66.7% were
biopsy naïve. A median number of 14 cores (IQR 13-15) per
biopsy were obtained. In total, 36 patients (4.5%) had diabetes
mellitus, 33 patients (4.2%) had at least three chronical diseases
Frontiers in Oncology | www.frontiersin.org 330
(defined as multimorbidity), 16 patients (2%) were
immunosuppressed, nine patients (1.1%) had an indwelling
catheter and six patients (0.8%) reported recurrent UTIs. In the
group of patients who received multiple oral doses of cefpodoxime,
significantly more patients had comorbidities (p<0.001). An UTI
during the past twelve months was reported by nine patients
(1.1%) and 50 patients received an antibiotic treatment for any
cause within the last six months prior to biopsy (6.3%).

Significant differences between the subgroups of antibiotic
regimens existed in the median number of cores per biopsy, a
history of UTIs within the last 12 months and application of
antibiotics within the last six months, as well as cancer detection
rates (all p<0.05).

All patient characteristics and biopsy results are displayed
in Table 1.
TABLE 1 | Patient characteristics stratified by antibiotic prophylaxis for transrectal prostate biopsy.

Variable Overall N=793 Cefotaxime single dose
(intravenous) N=132 (16.6%)

Cefpodoxime multiple
doses(oral) N=119

(15.0%)

Fluoroquinolones
N=542 (68.3%)

P
value

Age, years Median (IQR) 66 (61-72) 66 (60-73) 66 (60-72) 67 (61-72) 0.7
PSA, ng/ml Median (IQR) 7.3 (5.3-11.9) 7.0 (5.2-9.6) 7.4 (5.0-12.2) 7.4 (5.3-12.2) 0.1
Prostate volume,
ml

Median (IQR) 50 (38-70) 58 (43-73) 50 (36-72) 50 (38-70) 0.8

Biopsy positive,
n (%)

Yes 516 (65.1) 95 (72.0) 84 (70.6) 337 (62.2) 0.04

Cores per biopsy Median (IQR) 14 (13-15) 16 (14-16) 13 (12-14) 14 (12-15) <0.001
Positive cores per
biopsy

Median (IQR) 2 (0-6) 3 (0-6) 3 (0-5) 2 (0-6) 0.2

Core ratio in % Median (IQR) 40 (20-50) 30 (20-40) 40 (20-50) 30 (20-60) 0.05
Hospital, n (%) UKF 441 (55.6) 0 (0) 99 (83.2) 342 (63.1)

UMM 352 (44.4) 132 (100) 20 (16.8) 200 (36.9)
DRE, n (%) suspicious 214 (27) 33 (25) 32 (26.9) 149 (27.5) 0.9
Previous biopsies,
n (%)

0 529 (66.7) 83 (62.9) 84 (70.6) 362 (66.8) 0.6

1 182 (23) 30 (22.7) 27 (22.7) 125 (23.1)
2 56 (7.1) 13 (9.8) 5 (4.2) 38 (7.0)
≥3 26 (3.3) 6 (4.5) 3 (2.5) 17 (3.1)

Comorbidities,
n (%)

Diabetes 36 (4.5) 6 (4.5) 14 (11.8) 16 (3.0) <0.001

Immunosuppression 16 (2.0) 0 (0) 10 (8.4) 6 (1.1)
Catheter 9 (1.1) 0 (0) 2 (1.7) 7 (1.3)
Multimorbidity 33 (4.2) 11 (8.3) 2 (1.7) 20 (3.7)
Recurrent UTI 6 (0.8) 0 (0) 3 (2.5) 3 (0.6)

Rectal swab prior
to biopsy, n (%)

Yes 32 (4.0) 10 (7.6) 8 (6.7) 14 (2.6) <0.001

Urine culture prior
to biopsy, n (%)

Yes 368 (46.4) 132 (100) 31 (26.1) 205 (37.8) <0.001

Urine culture
positive prior to
biopsy, n (%)

Yes 45 (5.7) 15 (11.4) 3 (2.5) 27 (5.0) 0.9

Histologically
confirmed
prostatitis, n (%)

Yes 266 (33.5) 74 (56.1) 42 (35.3) 150 (27.7) 0.6

UTI within last 12
months, n (%)

Yes 9 (1.1) 1 (0.8) 5 (4.2) 3 (0.6) <0.001

Antibiotics within
last 6 months,
n (%)

Yes 50 (6.3) 16 (12.1) 10 (8.4) 24 (4.4) <0.001
June 2021
 | Volume 11 | Article
Descriptive characteristics of 793 patients who underwent transrectal prostate biopsy stratified according to prescribed antibiotic prophylaxis and single dose (intravenous) or multiple doses
(oral) application. PSA, initial Prostate Specific Antigen; DRE, Digital rectal examination; UTI, Urinary tract infection; UKF, University Hospital Frankfurt; UMM, University Hospital Mannheim.
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Incidence of Infectious Complications
A single dose of cefotaxime was administered intravenously to 132
patients (16.6%), whereas 119 patients (15%) received multiple
oral doses of cefpodoxime. Both groups were compared to 542
patients (68.3%) who received fluoroquinolones either as an
intravenous single dose (28.4%) or multiple oral doses (71.6%)
prophylaxis. Amultiple dose approach was applied for a median of
five days (IQR 5-5) for oral cephalosporins and fluoroquinolones.

The total number of patients with severe infectious
complications after biopsy was eight (1.0%). One patient per
cephalosporine group (0.8% each) and six patients (1.1%) in the
fluoroquinolone group reported a complication (p=0.9). The rate
of urosepsis was 0.3% (n=2) including one patient in the
cefotaxime group and one patient in the fluoroquinolone
group. Two patients with an UTI (0.4%) and three patients
with a prostatitis (0.6%) received a prophylaxis with
fluoroquinolones, one patient with an epididymitis (0.8%)
received cefpodoxime. However, there were no significant
differences regarding the single infectious complications (p=0.3).

Moreover, according to fever after biopsy, no significant
differences were detected between all groups (p=0.6). Table 2
summarizes infectious complications and treatments.
DISCUSSION

Due to the increasing bacterial resistance rates offluoroquinolones,
reported to be up to 50% in Escherichia coli, and the suspended
indication for prophylaxis due to rare, but potentially severe side
effects (e.g., confusion, arterial aneurysms, tendinopathy), a
paradigm shift in antibiotic prophylaxis for prostate biopsies is
Frontiers in Oncology | www.frontiersin.org 431
required (9, 16).We aimed to address this void and revealed several
important observations:

First, the results of this large multicenter retrospective
analysis of patients undergoing a transrectal prostate biopsy
demonstrated a low rate of clinically relevant overall infectious
complications (1.0%). Moreover, no significant differences
between the usage of cephalosporins vs. fluoroquinolones as a
monotherapeutic antibiotic prophylaxis were observed (0.8% vs.
1.1%, p=0.9). These observations are noteworthy, since in a
recent meta-analysis among 1141 evaluating antibiotic
prophylaxis vs. placebo, the rate of infectious complications
was 5.6% (10). The lower rate in our cohort might be
explained by the definition of infectious complications. We
focused exclusively on complications leading to an emergency
department visit. Since most studies did not distinguish between
the severity of infectious complications, inclusion of e.g., a mild
cystitis led to higher rates of overall complications. Importantly,
the incidence of complications also depends on geographic
regions which results in variation of complication rates from
0-6%, as reported in the systematic review of Roberts et al. (17).

Second, the pathophysiology of post-biopsy infectious
complications is explained by two mechanisms: Firstly, flora of
the large bowel is directly translocated into the prostate including
Escherichia coli as the most frequent causative microorganism
(70-90%) and secondly, a bacterial colonization of the prostate or
urogenital mucosa before the procedure is considered to cause an
UTI afterwards (18, 19). By now, there is an ongoing debate on
the optimal alternative non-fluoroquinolone antibiotic regimens
to avoid post-biopsy complications. The current European
Urology Position Paper on the Prevention of Infectious
Complications recommends performing a transperineal biopsy
TABLE 2 | Infectious complication related to the antibiotic prophylaxis regimen.

Variable Overall
N=793

Cefotaxime single dose
(intravenous) N=132 (16.6%)

Cefpodoxime multiple doses
(oral) N=119 (15%)

Fluoroquinolones
N=542 (68.3%)

P
value

Duration of antibiotic
prophylaxis, days

Median
(IQR)

5 (1-5) 1 (1-1) 5 (5-5) 5 (1-5)

Application of prophylaxis, n (%) intravenous 176
(22.2)

132 (100) 0 (0) 44 (8.1)

oral 577
(72.8)

0 (0) 119 (100) 458 (84.5)

Unknown 40 (5.0) 0 (0) 0 (0) 40 (7.4)
Infectious complication after
biopsy, n (%)

Yes 8 (1.0) 1 (0.8) 1 (0.8) 6 (1.1) 0.9

Infectious complication, n (%) Epididymitis 1 (0.1) 0 (0) 1 (0.8) 0 (0) 0.3
UTI 2 (0.3) 0 (0) 0 (0) 2 (0.4)
Prostatitis 3 (0.4) 0 (0) 0 (0) 3 (0.6)
Urosepsis 2 (0.3) 1 (0.8) 0 (0) 1 (0.2)

Fever after biopsy, n (%) Yes 5 (0.6) 1 (0.8) 0 (0) 4 (0.7) 0.6
Treatment of infectious
complication, n (%)

Outpatient
treatment

3 (0.4) 0 (0) 1 (0.8) 2 (0.4) 0.3

Hospital 5 (0.6) 1 (0.8) 0 (0) 4 (0.7)
Antibiotic treatment of infectious
complication, n (%)

nonoral 4 (0.5) 1 (0.8) 0 (0) 3 (0.6) 0.4

oral 4 (0.5) 0 (0) 1 (0.8) 3 (0.6)
Duration of infect treatment,
days

Median
(IQR)

10 (6-13) 11 (11-11) 5 (5-5) 11 (7-16) 0.7
June 2021
 | Volume 11 | Article 6
Antibiotic prophylaxis, infectious complication rates and infect treatment of 793 patients who underwent transrectal prostate biopsy stratified according to the prescribed antibiotic
prophylaxis application form. UTI: Urinary tract infection.
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whenever possible (20). If not feasible, three ways of antibiotic
prophylaxis for transrectal biopsy are available: i) targeted
prophylaxis based on a rectal swab or stool culture, ii)
augmented prophylaxis with a combination of at least two
different classes of antibiotics or iii) empirical monotherapeutic
alternatives to fluoroquinolones (20). Since no superiority of an
augmented prophylaxis has yet been demonstrated by ten
previous published randomized controlled trials , a
monoprophylaxis presents a safe strategy at present. Moreover,
since rectal swabs are not available everywhere, an optimal
empirical treatment has to be defined. In consequence, our data
suggest that third generation cephalosporins, intravenously or
orally administered, represent a safe empirical treatment strategy
in accordance with the current European Urology Position Paper.

Third, cephalosporins of the third generation, a class of ß-
lactam antibiotics, have a broad-spectrum antimicrobial activity
against gram-positive, but more relevant gram-negative organisms
and are therefore suitable candidates for prostate biopsy
prophylaxis. Concerns against their usage have been made since
resistancies against ß-lactams in gram-negative pathogens may
lead to failure of prophylaxis (21). Nonetheless, the low incidence
of severe infectious complications in our cohort strengthens the
evidence for the appropriate use of cephalosporins, either orally or
intravenously administered, in transrectal prostate biopsy. This
observation is in an agreement with four RCTs, which investigated
complication rates of cephalosporins (cefuroxime, cefixime or
ceftriaxone) vs. fluoroquinolones or piperacillin/tazobactam (22–
25). Moreover, in a pooled analysis of three of these studies,
including 244 men receiving non-cephalosporins vs. 254 men
receiving cephalosporins, no statistically significant differences
were detected regarding infectious complication and
hospitalization rates (RR 0.57, 95% CI 0.12-2.63). Additionally,
the same meta-analysis compared 14 studies of non-
fluoroquinolones vs fluoroquinolones, where significantly less
infectious events were observed with non-fluoroquinolones
prophylaxis (8). However, it is of note that consideration of the
local resistance patterns increases the safety of cephalosporins
since resistance varies widely depending on the geographical
region. A rectal swab or stool culture prior to biopsy to detect
resistances beforehand and perform a targeted therapy showed
significantly lower infection rates compared to an empirical
fluoroquinolone prophylaxis (RR 2.1, 95% CI 1.53-2.88)
although data on non-fluoroquinolones-targeted prophylaxes is
lacking (10). Due to the former institutional standards, only 32
patients had received a rectal swab. None of these patients had an
infectious complication, independent of the antibiotic prophylaxis.
Those study results and our observations may be indicative for a
general performance of rectal swabs.

With respect to other monotherapeutic antibiotic prophylaxis
options, the European Commission recommended 2020 a
fosfomycin trometamol usage for prophylaxis in men
undergoing prostate biopsy (26). Promising results were
demonstrated in different meta-analyses, although one large
case-control study revealed inferiority compared to
ciprofloxacin (27, 28). Consequently, the definite effect of
fosfomycin trometamol remains under debate and no recent
trial compared cephalosporins vs. fosfomycin trometamol yet.
Frontiers in Oncology | www.frontiersin.org 532
Further trials or network meta-analyses are needed to directly
compare the promising results of cephalosporins vs. fosfomycin
for transrectal prostate biopsy.

Fourth, we also assessed whether the application type and
duration of the cephalosporins affected the occurrence of severe
infectious complications. Although urosepsis occurred in one
patient in the single dose group and epididymitis in one patient
in the multiple doses group, we observed no significant differences
between the application types according to overall infections. This
result is contradictory to the recent meta-analysis by Pilatz et al.
The available studies on fluoroquinolones indicate that a 1-day
prophylaxis beginning at least 24 hours prior to biopsy is
comparable to a 3-day course, whereas a single-shot prophylaxis
less than 24 hours prior to biopsy is inferior compared to a longer
course (10). However, this recommendation was not corroborated
in a Cochrane review and data mainly relied on fluoroquinolones
(29). In consequence, with regard to duration and application
type, a comparison to our results cannot be made.

The different antibiotic strategies of both tertiary care
hospitals demonstrated comparable efficacy in prevention of
severe infectious complications in this study. Whereas from an
antibiotic stewardship point of view a single dose prophylaxis is
especially beneficial to avoid antibiotic resistances, the advantage
of the multiple oral doses’ application might be extended drug
levels. Despite pharmacokinetic differences, patients might prefer
the oral application over an intravenous access or vice versa.

Limitations of this work are firstly the non-randomized
retrospective cohort design, which nevertheless increases the
knowledge on usage of cephalosporins as a monoprophylaxis
due to its large multicenter population size. Second, infectious
complications were not assessable from outpatient visits,
meaning that mild complications might be underestimated.
Moreover, small numbers of infectious complications
precluded more complex analyses, such as logistic regression
models. Third, definitions of UTI complications were not based
on urine cultures but on self-reported symptoms and in-hospital
examinations and reports. Finally, despite the large cohort size, it
is likely that the low incidence of complication events limited the
statistical power of some variables of interest and the majority of
patients received fluoroquinolones. Thus, especially the
evaluation of other risk factors or comorbidities associated
with infectious complications was unfortunately not possible.
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Timurkaynak F, et al. Risk Factors for Extended-Spectrum Beta-Lactamase
Positivity in Uropathogenic Escherichia Coli Isolated From Community-
Acquired Urinary Tract Infections. Clin Microbiol Infect Off Publ Eur Soc Clin
Microbiol Infect Dis (2010) 16(2):147–51. doi: 10.1111/j.1469-0691.2009.
02941.x

22. Cam K, Kayikci A, Akman Y, Erol A. Prospective Assessment of the Efficacy of
Single Dose Versus Traditional 3-Day Antimicrobial Prophylaxis in 12-Core
Transrectal Prostate Biopsy. Int J Urol Off J Jpn Urol Assoc (2008) 15(11):997–
1001. doi: 10.1111/j.1442-2042.2008.02147.x

23. Brewster SF, MacGowan AP, Gingell JC. Antimicrobial Prophylaxis for
Transrectal Prostatic Biopsy: A Prospective Randomized Trial of Cefuroxime
Versus Piperacillin/Tazobactam. Br J Urol (1995) 76(3):351–4. doi: 10.1111/
j.1464-410x.1995.tb07713.x

24. Samarinas M, Skriapas K AK. Efficacy of Prophylactic Administration of
Prurifloxacin vs. Cefixime in Patients Undergoing Ultrasound Guided
Prostate Biopsy: A Prospective Randomized Study. Eur Urol Suppl (2019)
18:e118. doi: 10.1016/S1569-9056(19)30088-0

25. Pipitpanpipit T, Sntanirand P, Kongchareonsombat K. A Comparative Study
of Oral Medication to Prevent Transient Bacteriemia and Adverse Events
From Transrectal Prostatic Biopsy: Ciprofloxacin Versus Cefixime. J Med
Assoc Thailand (2017) 100:528.

26. Recommendations to Restrict Use of Fosfomycin Antibiotics. Available at:
https://www.ema.europa.eu/en/documents/referral/fosfomycin-article-31-
referral-recommendations-restrict-use-fosfomycin-antibiotics_en.pdf.

27. Carignan A, Sabbagh R, Masse V, Gagnon N, Montpetit LP, Smith MA, et al.
Effectiveness of Fosfomycin Tromethamine Prophylaxis in Preventing
Infection Following Transrectal Ultrasound-Guided Prostate Needle Biopsy:
Results From a Large Canadian Cohort. J Glob Antimicrob Resist (2019)
17:112–6. doi: 10.1016/j.jgar.2018.11.020

28. Noreikaite J, Jones P, Fitzpatrick J, Amitharaj R, Pietropaolo A, Vasdev N,
et al. Fosfomycin vs. Quinolone-Based Antibiotic Prophylaxis for Transrectal
Ultrasound-Guided Biopsy of the Prostate: A Systematic Review and Meta-
Analysis. Prostate Cancer Prostatic Dis (2018) 21(2):153–60. doi: 10.1038/
s41391-018-0032-2
June 2021 | Volume 11 | Article 684144

https://doi.org/10.3322/caac.21551
https://doi.org/10.18632/oncotarget.15056
https://doi.org/10.1186/s12957-019-1573-0
https://doi.org/10.1186/s12957-019-1573-0
https://doi.org/10.1111/bju.14957
https://doi.org/10.1016/j.urology.2020.07.072
https://doi.org/10.1016/j.eururo.2019.06.011
https://doi.org/10.1016/j.eururo.2019.06.011
https://doi.org/10.1016/j.juro.2017.01.103
https://www.ema.europa.eu/en/documents/referral/quinolone-fluoroquinolone-article-31-referral-disabling-potentially-permanent-side-effects-lead_en.pdf
https://www.ema.europa.eu/en/documents/referral/quinolone-fluoroquinolone-article-31-referral-disabling-potentially-permanent-side-effects-lead_en.pdf
https://www.ema.europa.eu/en/documents/referral/quinolone-fluoroquinolone-article-31-referral-disabling-potentially-permanent-side-effects-lead_en.pdf
https://doi.org/10.1097/JU.0000000000000814
https://doi.org/10.1097/JU.0000000000000814
https://doi.org/10.1016/j.urology.2014.10.047
https://doi.org/10.5173/ceju.2017.739
https://doi.org/10.1016/j.euf.2020.11.006
https://www.awmf.org/uploads/tx_szleitlinien/043044l_S3_Harnwegsinfektionen_2017-05.pdf
https://www.awmf.org/uploads/tx_szleitlinien/043044l_S3_Harnwegsinfektionen_2017-05.pdf
https://doi.org/10.1016/j.ijantimicag.2011.09.007
https://doi.org/10.1016/j.ijantimicag.2011.09.007
https://ecdc.europa.eu/sites/portal/files/documents/AMR-surveillance-EARS-Net-2017.pdf
https://ecdc.europa.eu/sites/portal/files/documents/AMR-surveillance-EARS-Net-2017.pdf
https://doi.org/10.1016/j.urology.2016.12.011
https://doi.org/10.1093/cid/cit193
https://doi.org/10.1093/cid/cit193
https://doi.org/10.1038/nrurol.2015.199
https://doi.org/10.1016/j.eururo.2020.10.019
https://doi.org/10.1111/j.1469-0691.2009.02941.x
https://doi.org/10.1111/j.1469-0691.2009.02941.x
https://doi.org/10.1111/j.1442-2042.2008.02147.x
https://doi.org/10.1111/j.1464-410x.1995.tb07713.x
https://doi.org/10.1111/j.1464-410x.1995.tb07713.x
https://doi.org/10.1016/S1569-9056(19)30088-0
https://www.ema.europa.eu/en/documents/referral/fosfomycin-article-31-referral-recommendations-restrict-use-fosfomycin-antibiotics_en.pdf
https://www.ema.europa.eu/en/documents/referral/fosfomycin-article-31-referral-recommendations-restrict-use-fosfomycin-antibiotics_en.pdf
https://doi.org/10.1016/j.jgar.2018.11.020
https://doi.org/10.1038/s41391-018-0032-2
https://doi.org/10.1038/s41391-018-0032-2
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wenzel et al. Cephalosporin Monoprophylaxis for Prostate Biopsy
29. Zani EL, Clark OAC, Rodrigues Netto N. Antibiotic Prophylaxis for
Transrectal Prostate Biopsy. Cochrane Database Syst Rev (2011) (5):
CD006576. doi: 10.1002/14651858.CD006576.pub2

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.
Frontiers in Oncology | www.frontiersin.org 734
Copyright © 2021 Wenzel, von Hardenberg, Welte, Doryumu, Hoeh, Wittler, Höfner,
Kriegmair, Michel, Chun, Herrmann, Mandel and Westhoff. 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.
June 2021 | Volume 11 | Article 684144

https://doi.org/10.1002/14651858.CD006576.pub2
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:
Marijo Bilusic,

National Cancer Institute, National
Institutes of Health (NIH), United States

Reviewed by:
Paul Denis Leger,

MedStar Georgetown University
Hospital, United States

Jure Murgic,
Sisters of Charity Hospital, Croatia

Peter Joseph DeMaria,
National Cancer Institute,

United States

*Correspondence:
Mehmet Asim Bilen

mehmet.a.bilen@emory.edu

†These authors share first authorship

‡These authors share senior
authorship

Specialty section:
This article was submitted to

Genitourinary Oncology,
a section of the journal
Frontiers in Oncology

Received: 27 April 2021
Accepted: 28 May 2021
Published: 16 June 2021

Citation:
Olsen TA, Martini DJ, Goyal S, Liu Y,

Evans ST, Magod B, Brown JT,
Yantorni L, Russler GA, Caulfield S,
Goldman JM, Harris WB, Kucuk O,

Carthon BC, Master VA, Nazha B and
Bilen MA (2021) Racial Differences in

Clinical Outcomes for Metastatic Renal
Cell Carcinoma Patients Treated With

Immune-Checkpoint Blockade.
Front. Oncol. 11:701345.

doi: 10.3389/fonc.2021.701345

ORIGINAL RESEARCH
published: 16 June 2021

doi: 10.3389/fonc.2021.701345
Racial Differences in Clinical
Outcomes for Metastatic Renal Cell
Carcinoma Patients Treated With
Immune-Checkpoint Blockade
T. Anders Olsen1,2†, Dylan J. Martini 1,2†, Subir Goyal3, Yuan Liu3, Sean T. Evans1,2,
Benjamin Magod1,2, Jacqueline T. Brown1,2, Lauren Yantorni2, Greta Anne Russler2,
Sarah Caulfield1,4, Jamie M. Goldman1,2, Wayne B. Harris1,2, Omer Kucuk1,2,
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Background: Immune-checkpoint-inhibitors (ICIs) have become the cornerstone of
metastatic renal-cell-carcinoma (mRCC) therapy. However, data are limited regarding
clinical outcomes by race. In this study, we compared the real-world outcomes between
African American (AA) and Caucasian mRCC patients treated with ICIs.

Methods: We performed a retrospective study of 198 patients with mRCC who received
ICI at the Emory Winship Cancer Institute from 2015-2020. Clinical outcomes were
measured by overall survival (OS), progression-free survival (PFS), and overall response
rate (ORR) defined as a complete or partial response maintained for at least 6 months per
response evaluation criteria in solid tumors version 1.1. Univariate and multivariable
analyses were carried out for OS and PFS by Cox proportional-hazard model and ORR
by logistical-regression model. Descriptive statistics compared rates of immune-related
adverse events (irAEs) and non-clear-cell-RCC (nccRCC) histology were assessed using
Chi-square test.

Results: Our cohort was comprised of 38 AA and 160 Caucasian patients. Most were
diagnosed with clear-cell-RCC (ccRCC) (78%) and more than half received (57%) PD-1/
PD-L1 monotherapy. Most patients were intermediate or poor-risk groups (83%).
Comparing to Caucasians, our AA cohort contained more females and nccRCC cases.
Kaplan-Meier method showed AAs had no statistically different median OS (17 vs 25
months, p=0.368) and PFS (3.1 vs 4.4 months, p=0.068) relative to Caucasian patients.
On multivariable analysis, AA patients had significantly shorter PFS (HR=1.52, 95% CI:
1.01-2.3, p=0.045), similar ORR (OR=1.04, 95% CI: 0.42-2.57, p=0.936) and
comparable OS (HR=1.09, 95% CI: 0.61-1.95, p=0.778) relative to Caucasians.

Conclusions: Our real-world analysis of ICI-treated mRCC patients showed that AAs
experienced shorter PFS but similar OS relative to Caucasians. This similarity in survival
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outcomes is reassuring for the use of ICI amongst real-world patient populations,
however, the difference in treatment response is poorly represented in early outcomes
data from clinical trials. Thus, the literature requires larger prospective studies to validate
these findings.
Keywords: renal cell carcinoma, immunotherapy, immune-checkpoint-inhibitors, racial disparities, real-world
outcomes, anti-PD-1/PD-L1, disparities (health racial)
INTRODUCTION

Immune checkpoint inhibitors (ICIs) are now a major treatment
option for metastatic renal cell carcinoma (mRCC). There have
been numerous agents developed including Programmed Death
Receptor-1 (PD-1: Nivolumab, Pembrolizumab), Programmed
Death Receptor Ligand-1 (PDL-1: Atezolizumab) and Cytotoxic
T-lymphocyte Protein-4 blockers (CTLA-4: Ipilimumab) (1, 2).
In clinical trials, ICI monotherapy and combination therapies
have displayed improved efficacy and favorable toxicity profiles
for mRCC patients relative to the older regimens (3–5).
However, patients of racial and ethnic minorities were
underrepresented in the ICI clinical trials that led to the
regulatory approval of these agents in several tumor types,
including mRCC (6). For instance, only 5 AA patients were
enrolled in the 821 patient CHECKMATE-025 trial comparing
nivolumab to everolimus in mRCC patients receiving prior
standard of care treatment (7). A study that compared the
demographics of RCC clinical trials to the overall RCC patient
population found that AAs made up less than 7% of the clinical
trial samples despite comprising nearly 10% of the population
with disease (PWD) (8). Researchers have identified numerous
reasons for the poor participation of certain minority groups in
clinical trials citing both structural and patient-specific factors
such as age, socioeconomic status, financial barriers, culturally
based mistrust of medical institutions and medical
comorbidities (9).

The major classification schema for RCC exists between the
predominating clear cell and non-clear cell histology. NccRCC
makes up the minority of patients comprising 20-25% of all RCC
diagnosis (10). The nccRCC pathophysiology does not show a
clear correlation to the well-studied Von Hippel Lindau (VHL)
pathway that develops ccRCC and, thus, nccRCC behaves
through poorly understood cellular mechanisms (10). In
general, nccRCC, especially in the papillary and chromophobe
subtypes, have been correlated with a poorer prognosis (11). AAs
are four times as likely to have papillary nccRCC and twice as
likely to have chromophobe nccRCC relative to their Caucasian
counterparts (11). Indeed, AA patients face a myriad of risk
factors related to RCC disease epidemiology and social
determinants of health that could contribute to their
measurably worse outcomes.

Despite the wide adoption of ICIs in real-world settings, there
is a paucity of data on differences or similarities experienced by
AA and Caucasian mRCC patients with respect to treatment
efficacy and safety (2). Durable responses to ICI are seen in only a
subset of treated patients, creating a critical need to elucidate the
236
balance of risks and benefits in different racial groups. In this
manuscript, we studied ICI outcomes in a real-world patient
cohort and analyzed the differences between AA and Caucasian
patients with the hope of better informing the use of ICI in AA
mRCC patient populations.
METHODS

Patients and Data Collection
We retrospectively reviewed the clinical outcomes of 198 patients
with biopsy-proven diagnoses of mRCC who received at least
one dose of ICIs for any line of therapy at the Emory University
Winship Cancer Institute from Jan 2015- Jul 2020. A drug
administration pharmacy database was used to identify
patients. Our cutoff for collecting data was July 12th, 2020.
Exclusion criteria included incomplete medical records,
initiation of ICI at another institution and non-AA or
Caucasian racial status, which included 3 patients of Asian
descent. Demographic information such as age, gender, disease
histology, self-reported race and treatment initiation/
termination dates were collected. Additional metrics regarding
direct and surrogate measures of clinical efficacy, immune-
related adverse events (irAEs) and laboratory data were also
collected through the electronic medical records. Responses to
therapy were recorded by radiologic evaluation collected at
treatment baseline and follow-up appointments. Using
computed-tomography scans and magnetic resonance imaging,
radiologists at Winship would measure the size of the primary
and secondary lesions to gauge the treatment responses after
baseline. These findings were later confirmed by study staff using
the response evaluation criteria in solid tumors (RECIST)
version 1.1.

Statistical Analysis
Clinical outcomes were measured by overall survival (OS),
progression-free survival (PFS), and overall response rate
(ORR). OS and PFS were calculated from ICI-initiation to date
of death and radiographic or clinical progression, respectively.
ORR was defined as the summation of patients who experienced
the best radiographic evidence of complete response (CR) or
partial response (PR) maintained for at least 6 months per
RECIST version 1.1 (12). Statistical analysis was conducted
using SAS Version 9.4, and SAS macros developed by
Biostatistics Shared Resource at the Winship Cancer Institute
(13). The association with OS and PFS was modeled by Cox
proportional hazards model and the multivariable models were
June 2021 | Volume 11 | Article 701345
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built by a backward variable selection procedure with an Alpha >
0.2 removal criteria. Univariate associations between each
variable and self-identified race was assessed using Chi-square
or Fisher’s exact tests for categorical covariates and the ANOVA
test for numerical covariates. Univariable and multivariable
logistic regression models with the same variable selection
strategy were used to estimate odds ratios for ORR.
RESULTS

Patients and Tumor Characteristics
Demographic information and baseline disease characteristics
for all patients in this cohort are presented in Table 1. Our
cohort was comprised of 38 AA (19%) and 160 Caucasian (81%)
patients (Table 1). The median age was 64 years old and the
majority of our patients (71%) identified as male. Most of the
patients were diagnosed with ccRCC (78%) and more than half
received PD-1 monotherapy (57%) with nivolumab. While most
patients received ICI monotherapy using a single agent acting
through the PD-1/PD-L1 pathway, many of the patients (85)
received combination regimens. These consisted of either dual-
Frontiers in Oncology | www.frontiersin.org 337
ICI therapy (n=70) or, amongst a minority of patients in our
cohort (n=15), ICI plus a vascular endothelial growth factor
(VEGF) inhibitor (Table 1). The median number of therapy lines
prior to ICI initiation was 1 with 39% of patients having no prior
line of therapy. Most patients were international mRCC database
consortium (IMDC) intermediate (57%) or poor-risk (25%)
groups. The Eastern Cooperative Oncology Groups
performance status (ECOG-PS) breakdown for our cohort
showed most patients had a score of 1 (46%) or 0 (37%) at ICI
initiation. AA patients were significantly more likely to have
nccRCC compared to Caucasian patients (41.7% vs 17.5%
nccRCC, p-0.002). Of note, females constituted 23.8% of the
Caucasian group and 50% of the AA group (p=0.002) (Table 1).

Univariate Analysis of Clinical Efficacy of
ICI by Race
The results of Kaplan-Meier analysis demonstrated no
statistically significant difference for AA patients in median OS
(17 vs 25 months, p=0.368) compared to Caucasians (Figure 1).
Similarly, there was no statistically significant difference in
median PFS for AA patients compared to Caucasians (3.1 vs
4.4 months, p=0.068) (Figure 2). Total events and number of
TABLE 1 | Baseline Demographic and Clinical Characteristics of Patients with metastatic RCC by Race.

Covariate Statistics Level Total N=198 Race P-value*

Black N=38 White N=160

Age Mean 64 61.6 63.2 0.395
Median 11 62.5 64
Std Dev 13.3 10.4

Gender N (%) Female 57 (28.8) 19 (50) 38 (23.8) 0.001
N (%) Male 141 (71.2) 19 (50) 122 (76.3)

Non-Clear N (%) No 148 (77.9) 21 (58.3) 127 (82.5) 0.002
Cell RCC N (%) Yes 42 (22.1) 15 (41.7) 27 (17.5)

Prior Lines (#) N (%) 0 34 (17.4) 13 (34.2) 64 (40) 0.527
N (%) 1 83 (41.9) 19 (50) 64 (40)
N (%) 2+ 38 (19.2) 6 (15.8) 32 (20)

PD-1 Monotherapy N (%) Yes 113 (57) 25 (65.8) 88 (55) 0.472
N (%) No (Dual-ICI) 70 (35.4) 11 (28.9) 59 (36.9)
N (%) No (ICI-VEGF) 15 (7.6) 2 (5.3) 13 (8.1) –

irAEs N (%) No 131 (66.2) 29 (76.3) 102 (64.2) 0.153
N (%) Yes 66 (33.3) 9 (23.7) 57 (35.8)

IMDC Risk Group N (%) 0=Poor 34 (17.4) 4 (10.5) 30 (19.1) 0.354
N (%) 1=Intermediate 112 (57.4) 22 (57.9) 90 (57.3)
N (%) 2=Favorable 49 (25.1) 12 (31.6) 37 (23.6)

ECOG-PS N (%) 0 72 (37.3) 7 (19) 64 (41) –

N (%) 1 89 (46.1) 19 (51) 70 (45)
N (%) 2,3 32 (16.6) 11 (30) 21 (14)

Best Response N (%) CR 9 (4.9) 3 (8.8) 6 (4) 0.06
N (%) PR 34 (18.4) 5 (14.7) 29 (19.2)
N (%) SD 57 (30.8) 5 (14.7) 52 (34.4)
N (%) PD 85 (45.9) 21 (61.8) 64 (42.4)
June 2021 | Volume 11 | Artic
*The p-value is calculated by ANOVA for numerical covariates; and chi-square test or Fisher’s exact for categorical covariates, where appropriate.
IO, Immunotherapy; PD-L1, Programmed death-ligand 1; RCC, renal cell carcinoma; CC, clear cell; NCC, non-clear cell; IMDC, International Metastatic RCC Database Consortium; ECOG
PS, Eastern Cooperative Oncology Groups Performance Status.
Bold denotes statistical significance.
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patients at risk of events for PFS and OS during the study period
are also included in Figures 1 and 2. For OS and PFS events, AAs
experienced 19/38 and 32/38 respectively. Compared to 76/160
and 126/160 events amongst our Caucasian cohort for OS and
PFS respectively.

Both PFS and OS were numerically shorter in AA patients at
the 12-month and 24-month marks. In fact, AA patients had a
Frontiers in Oncology | www.frontiersin.org 438
12-month PFS rate of 20.1% (95% CI: 8.9-34.3%) [vs. 28.9% (95%
CI: 21.8-36.2%) for Caucasians] and 24-month PFS rate of 12.0%
(95% CI: 3.5-26.2%) [vs. 18.6% (95% CI: 12.5-25.7%) for
Caucasians]. Similarly, AA patients had a 12-month OS rate of
59.8% (95% CI: 42.3-73.5%) [vs. 68.5 (95% CI: 60.5-75.3%) for
Caucasians] and 24-month OS rate of 45.7% (95% CI: 28.3-
61.5%) [vs. 52.9 (95% CI: 44.0-61.1%) for Caucasians. Response
FIGURE 1 | Overall Survival (OS) of patients with metastatic RCC by race: African-American (black) and Caucasian (white).
FIGURE 2 | Progression Free Survival (PFS) of patients with metastatic RCC by race: African-American (black) and Caucasian (white).
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rates based on radiographic disease surveillance were recorded
for the cohort and compared based on self-identified race in
UVA (p=0.006). The responses were divided into CR, PR, stable
disease (SD) and progressive disease (PD) per RECIST version
1.1. AAs displayed a greater proportion of patients with CR and
PD, yet lower rates of PR and SD compared to Caucasian
patients. Further details on the rates of treatment responses by
race can be found in Table 1. AAs also had a numerically lower
incidence of irAEs compared to Caucasian patients (23.7% vs
64.2%, p=0.153), yet, these findings were not statistically
significant. The rates of irAEs predominately consisted of
gastro-intestinal (10.7%), endocrine (13.2%) and dermatologic
(10.2%) side effects. These rates differed most with irAEs of the
endocrine system (2 of 38 AA vs. 24 of 160 Caucasian p=0.108)
on univariate analysis. More details on irAEs in our cohort can
be found in Supplemental Table 2.

Multivariable Analysis of Clinical Efficacy
of ICI by Race
AA race was associated with a shorter PFS (HR=1.52, 95% CI:
1.01-2.3, p=0.045) on multivariable analysis (Table 2). Higher
IMDC risk score and a greater number of prior therapies also
predicted worse PFS on multivariable analysis. Interestingly, race
was not associated with differences in OS under univariate and
multivariate analysis of clinical characteristics. As with the PFS
analysis, higher IMDC risk group and prior lines of therapy were
associated with worse OS (Table 3). AA race was associated with
a similar ORR (OR=1.04, 95% CI: 0.42-2.57, p=0.936) after
controlling for age, race, gender, IMDC risk group, number of
Frontiers in Oncology | www.frontiersin.org 539
prior lines of therapy, PD-1 monotherapy and ccRCC in MVA
(Supplemental Table 1).
DISCUSSION

In our study of clinical outcomes for patients with mRCC, we
found similar efficacy (median OS and PFS) and safety
(incidence of irAEs) profiles for ICI therapy when comparing
self-identified racial groups. AA race was associated with shorter
PFS with no difference in OS compared to Caucasian patients
after controlling for confounders such as age, RCC histology and
gender. These observations are most plausibly due to a
multifactorial cause, and, in this discussion, we will highlight
some potential contributors to these differences. Nonetheless,
our study displays reassuring outcomes data for the use of ICI
therapy in real-world patient populations.

AAs comprised 10% of total RCC diagnosis from 2001-2010
(14). Our study cohort, composed of nearly 20% AAs, offers an
analysis of clinical outcomes that can better represent the efficacy
and safety of ICIs with AA patients. To our best knowledge, the
outcomes analysis in this study contains the largest percentage of
AA mRCC patients treated with ICI therapy to date. Our results
better represent the patient outcomes for AAs in the real-world
setting when compared to other available studies of mRCC and
ICI. Most notably, we included all patients at our center with
RCC who received at least one dose of ICI. This provided a more
generalizable sample relative to the real-world patient population
we hoped to emulate. This representative cohort included
TABLE 2 | Univariate and Multivariate Association between PFS and Clinical Characteristics in Patients with Metastatic RCC.

Covariate Level N Progression Free Survival

Univariate Analysis Multivariate Analysis

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

Race Black 38 1.43 (0.97-2.12) 0.07 0.068 1.50 (1.01-2.32) 0.048 0.048
White 160 – - – –

Gender Female 57 0.87 (0.61-1.22) 0.412 0.41 0.75 (0.52-1.08) 0.123 0.123
Male 141 – - – –

Non-Clear Cell RCC Yes 42 1.12 (0.76-1.64) 0.581 0.58 – – –

No 148 – - – –

PD-1 Monotherapy Yes 113 1.38 (1.00-1.91) 0.051 0.049 – – –

No 85 – - – –

IMDC Risk Group 0=Poor 34 – - 0.002 – - 0.008
1=Intermediate 112 2.05 (1.28-3.31) 0.003 1.87 (1.16-3.02) 0.01
2=Favorable 49 2.47 (1.45-4.19) <.001 2.33 (1.35-4.01) 0.002

Prior Lines (#) 0 77 – - <.001 – - 0.001
1 83 1.17 (0.81-1.67) 0.397 1.20 (0.83-1.74) 0.325
2+ 38 2.32 (1.52-3.54) <.001 2.22 (1.43-3.43) <.001

Age 198 0.99 (0.98-1.01) 0.299 0.299 – – –
June 2021 | Vo
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*The p-value is calculated by ANOVA for numerical covariates; and chi-square test or Fisher’s exact for categorical covariates, where appropriate.
IO, Immunotherapy; PD-L1, Programmed death-ligand 1; RCC, renal cell carcinoma; CC, clear cell; NCC, non-clear cell; IMDC, International Metastatic RCC Database Consortium; ECOG
PS, Eastern Cooperative Oncology Groups Performance Status.
Bold denotes statistical significance.
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patients who were often less healthy and more diverse than the
samples used in clinical trials (15). Of note, patients with an
ECOG-PS of 2 or more made up only 8% of the study cohorts in
phase III clinical trials (16). Meanwhile, our cohort included
nearly twice as many as a percentage of total with more than 16%
of our patients having an ECOG greater than 2.

The epidemiology of renal malignancies have a long history of
racial disparities and researchers have begun to better quantify
these disparate outcomes in the past decades (17). One factor
often cited in RCC disparity research is the epidemiology of
histologic phenotypes that are crucial for cancer diagnostics and
prognostication. NccRCC specifically has shown limited efficacy
with newer treatment modalities such as ICIs, and this diagnosis
has a much greater prevalence in AA patient populations
compared to Caucasian patients. Additionally, clinical trials
studying RCC patients predominately study outcomes in
ccRCC patients (10). Taken together, nccRCC’s ill-defined
histology, aggressive phenotype and limited therapy options
makes it carry a poor prognosis compared to ccRCC. This is
especially relevant in the age of targeted and pathway specific
therapy, as these cellular diagnostics are becoming integral to the
management of disease. In our cohort, AA patients displayed
significantly higher rates of nccRCC. This is notable to mention
because including a disproportionately large number of AA
patients with nccRCC could skew the AA cohort towards
worse outcomes on univariable analysis. However, even after
controlling for cancer histology, we still found that AA race was
associated with significantly shorter PFS compared to
Caucasians. Additionally, while shorter PFS for AA patients
was the only statistically significant difference on MVA, our
Frontiers in Oncology | www.frontiersin.org 640
AA cohort also displayed measurably shorter median OS,
median PFS and ORR. We will attempt to highlight potential
contributors for these disparities in the remainder of our
discussion. However, put simply, we believe the difference
noted in our analysis and from the RCC racial disparities
literature can be largely attributed to a multifactorial etiology
of socio-economic forces that impact the outcomes and access to
care experienced by AA patients with oncologic disease.
Nevertheless, these numeric differences did not translate into a
significant difference for OS, which is noteworthy as an
encouraging finding for ICI usage in the real-world setting.

Within the field of immuno-oncology, non-trivial differences
are found amongst different racial groups in the way the immune
system manages cancer (18). Researchers postulate that
alterations in the stress response from the hypothalamic-
pituitary-adrenal (HPA) axis, leading to systemic hormonal
changes, can impair immune-related functions and cause
decreased tumor clearance amongst certain groups of patients
(19). Neighborhood physical disorder is a condition often cited in
bio-psychosocial models that links societal and systemic stressors
to chronic inflammation which can drive immune dysregulation
and poor health outcomes amongst disadvantaged communities
(20). Additionally, researchers have also considered the
disproportionate rates of vitamin D deficiency amongst African
Americans as another potential contributor to healthcare
disparities and sub-optimal immune function in this
population (21). Put simply, we feel it is important to identify
the potential differences in cancer biology amongst racial groups
because it could be useful in the application of IO therapy in
minority populations with oncologic disease. That being said,
TABLE 3 | Univariate and Multivariate Association between OS and Clinical Characteristics in Patients with Metastatic RCC.

Covariate Level N Overall Survival

Univariate Analysis Multivariate Analysis

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

Race Black 38 1.26 (0.76-2.08) 0.369 0.368 1.02 (0.57-1.84) 0.947
White 160 – - – – 0.947

Gender Female 57 0.77 (0.49-1.21) 0.255 0.253 0.60 (0.35-1.02) 0.061
Male 141 – - – – 0.061

Non-Clear Cell RCC Yes 42 1.68 (1.05-2.69) 0.031 0.029 1.56 (0.95-2.55) 0.078
No 148 – - – – 0.078

PD-1 Monotherapy Yes 113 1.43 (0.93-2.21) 0.107 0.105 – – -
No 85 – - – –

IMDC Risk Group 0=Poor 34 – - <.001 – – 0.001
1=Intermediate 112 2.14 (1.05-4.36) 0.037 1.80 (0.88-3.69) 0.11
2=Favorable 49 4.93 (2.36-10.33) <.001 4.38 (2.03-9.44) <.001

Prior Lines (#) 0 77 – - 0.001 – – 0.011
1 83 1.18 (0.72-1.94) 0.51 1.21 (0.71-2.05) 0.486
2+ 38 2.43 (1.43-4.13) 0.001 2.10 (1.19-3.71) 0.011

Age 198 198 1.00 (0.98-1.02) 0.743 – – –
June 2021 | Vo
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*The p-value is calculated by ANOVA for numerical covariates; and chi-square test or Fisher’s exact for categorical covariates, where appropriate.
IO, Immunotherapy; PD-L1, Programmed death-ligand 1; RCC, renal cell carcinoma; CC, clear cell; NCC, non-clear cell; IMDC, International Metastatic RCC Database Consortium; ECOG
PS, Eastern Cooperative Oncology Groups Performance Status.
Bold denotes statistical significance.
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while these biologic differences were historically cited in the
oncology literature to explain racially-based disparities, we agree
with a growing body of evidence that highlights the considerable
impact that social, economic and healthcare-access issues play in
the racial disparities of cancer patients (22, 23). It is imperative
that oncologists appreciate how historical and sociopolitical
forces intertwine with race because of the insidious impacts
they can have on patients managing complicated disease such as
mRCC (24). The findings from our cohort are supported by the
current stance within the racial disparities research of RCC and
add specificity, primarily in PFS, to how clinical outcomes could
differ with the use of immune acting therapies in AAs and
Caucasian patients. These differences are likely due to a
multifactorial etiology that stem from a combination of
biological and societal factors.

The literature’s stance on race and immune-related adverse
events (irAE) is still developing; however, some studies have found
minority groups, specifically AAs, experience lower rates of irAEs
relative to Caucasian patients (25). Taking these immune toxicity
rates into account, there is a possibility that these racial differences
in the immune system could impact the function of
immunotherapy in minority patients. Within our cohort, we
found no statistically significant difference in the safety profile of
ICI, yet a much lower incidence of irAE in AA patients (23.7%)
compared to Caucasians (64.2%). This difference could become
more (or less) pronounced upon studying a larger cohort.

Given the explosive rise of ICI therapy in the treatment of
mRCC, it is important to appreciate the interplay of biologic and
systemic contributors in the efficacy and safety of ICI utilization
with AA patients. Overall, our study provides evidence that
clinical outcomes are mostly comparable between AA and
Caucasian patients managed on ICI. We found no differences
on the Kaplan-Meir level, but did note an association of AA race
with worse PFS on multivariable analysis. We hypothesize that
the latter could be due to factors such as unmeasured
comorbidities and complex social determinants of health.
Despite this difference in PFS, our findings support an
imperative notion within disparities research that equal
treatment provided to equal patients, regardless of race, should
result in similar outcomes. However, the presence of racial
disparities within the literature displays the need for further
research in this field to delineate the medical and socioeconomic
factors that cause these population-level outcome inequities.

The limitations of this study include the smaller overall size of
our cohort and the binary racial categories used. This is relevant
since the racial disparities research within RCC has also
attributed poorer outcomes to Hispanic and Native/Alaskan
American populations (26). Another limitation is our lack of
sociodemographic data on our cohort such as the income level of
patients. While all patients included in this study had health
insurance, they were not differentiated on the basis of private or
public provision. We also used a retrospective study from a single
cancer institute, which is subject to selection bias. However, we
attempted to mitigate this concern by including all patients who
received one dose of ICI regardless of histology or other disease-
specific characteristics. While our inclusion criteria allowed us to
collect a larger number of patients, there was some degree of
Frontiers in Oncology | www.frontiersin.org 741
heterogeneity for the different ICI therapy options patients could
receive. This included IO-monotherapy, IO-dual therapy and
IO-TKI combination therapy. The rates of dual vs mono-IO
therapy can be seen in Table 1. Our findings in Table 1 also show
that AAs were more likely to receive monotherapy instead of
combination therapy (65% vs 55%), and to be of a higher ECOG-
PS 2-3 (30% vs 14%). Additionally, many patients did not receive
these IO regimens as first-line therapy and our data displayed
worsening prognosis as patients had more lines of prior therapy.
This degree of variance between treatment approaches is
commonplace in this type of real-world analysis and allows the
results of our study to better emulate the expected effect of
immunotherapy in practice. Since not every patient in our cohort
was able to receive cancer genetic testing or mutation profiles, we
chose not to include biomarkers of ICI response such as PD-L1
expression. Further, our secondary clinical outcome, overall
response rate or ORR, is not standard in clinical trials. Larger
datasets are needed to investigate the statistically significant
findings in the current study, namely the association of shorter
PFS and AA race on MVA.

Despite its limitations, we believe our current study has
numerous strengths. Our patient sample was drawn from a
single cancer institute and, therefore, represents a homogenous
population in terms of geographic residence and access to cancer
care in the United States. In our multivariable analysis, many
demographic and clinical factors specific to our patients were
controlled for.

The treatment landscape of RCC continues to evolve as more
therapy options become available to patients, specifically ICI-
VEGF TKI combinations. During our study period from 2015-
2020, less than half of our patients (n=85) (Table 1) in the cohort
received combination ICI-TKI or dual-ICI therapy. This is a
lower proportion of patients than would have received
combination therapy today in light of the FDA approvals for
combination regimens in mRCC: nivolumab + ipilmumab (April
2018), pembrolizumab + axitinib (April 2019), avelumab +
axitinib (May 2019) nivolumab + cabozantinib (January 2021)
and lenvatinib + pembrolizumab (April 2021) (27, 28). We note
that two contemporary analyses of mRCC patients treated with
TKI showed that race (AA vs Caucasian) was not independently
associated with differing survival outcomes (29, 30). Similar to
our study, the comparable OS between AA and Caucasians are
encouraging findings for the use of mono and combination
immunotherapy in AA mRCC patient populations.
CONCLUSION

In our cohort, we analyzed clinical outcomes amongst mRCC
patients treated on ICI therapy. Overall, our study suggested a
favorable benefit-to-risk ratio of ICI for the treatment of mRCC in
AA patients. We found comparable outcomes for AA and
Caucasian patients for OS, median PFS, ORR and immune-
related adverse events. Our multivariable analysis of outcomes
showed an association of AA race with shorter PFS that warrants
additional investigation. Larger prospective studies from multiple
institutions are needed to validate these findings, especially
June 2021 | Volume 11 | Article 701345
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amongst other non-AA US minority populations. We hope our
real-world data may help oncologic physicians appreciate a degree
of nuance when treating increasingly diverse mRCC patients and
emphasize the need for improved inclusion criteria for racial
minority groups in future IO clinical trials.
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Urinary bladder cancer (BCa) is a highly prevalent disease among aged males. Precise
diagnosis of tumor phenotypes and recurrence risk is of vital importance in the clinical
management of BCa. Although imaging modalities such as CT and multiparametric MRI
have played an essential role in the noninvasive diagnosis and prognosis of BCa,
radiomics has also shown great potential in the precise diagnosis of BCa and
preoperative prediction of the recurrence risk. Radiomics-empowered image
interpretation can amplify the differences in tumor heterogeneity between different
phenotypes, i.e., high-grade vs. low-grade, early-stage vs. advanced-stage, and
nonmuscle-invasive vs. muscle-invasive. With a multimodal radiomics strategy, the
recurrence risk of BCa can be preoperatively predicted, providing critical information for
the clinical decision making. We thus reviewed the rapid progress in the field of medical
imaging empowered by the radiomics for decoding the phenotype and recurrence risk of
BCa during the past 20 years, summarizing the entire pipeline of the radiomics strategy for
the definition of BCa phenotype and recurrence risk including region of interest definition,
radiomics feature extraction, tumor phenotype prediction and recurrence risk
stratification. We particularly focus on current pitfalls, challenges and opportunities to
promote massive clinical applications of radiomics pipeline in the near future.

Keywords: urinary bladder cancer, multimodal imaging, radiomics, histopathological phenotype, recurrence
INTRODUCTION

Urinary bladder cancer (BCa) is the sixth most common malignancy and the ninth most common
cause of cancer death among males worldwide (1–3). An estimated 573,278 new cases and 212,536
new deaths were reported to occur in 2020 globally (3, 4). BCa is more common in men than in
women, and the incidence increases with age (1, 4, 5). Meanwhile, it has a high recurrence rate (5–7).
Early diagnosis with personalized treatment and follow-up of patients is critical to a
favorable outcome.

BCa usually originates from the epithelium (5, 7). As carcinomas invade the detrusor muscle,
they are categorized as muscle-invasive BCa (MIBC, stage ≥ T2) and more likely to metastasize to
July 2021 | Volume 11 | Article 704039144
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lymph nodes or other organs (5, 6). Approximately 75% of the
patients at initial diagnosis have nonmuscle-invasive BCa
(NMIBC, stage ≤ T1), and the rest have MIBC (6, 8–10).
Nearly 50% of newly diagnosed NMIBCs are low grade, while
most MIBCs are high grade (7, 11). According to the European
Association of Urology (EAU) guidelines (10, 12), pathological
phenotypes such as grade, stage and muscle-invasive status
(MIS) are important predictors of BCa recurrence, and have
immense implications for treatment decisions and prognosis.
Preoperatively determining the histopathological phenotype and
recurrence risk of BCa is, therefore, of critical importance for
BCa patients.

The clinical first-line reference for the preoperative diagnosis
of the histopathological phenotype of BCa is cystoscopic
resection of a suspicious lesion during a biopsy (6, 8–10, 13,
14). Considering that bladder tumors are heterogeneous, local
biopsy results may not be typical representatives of the entire
tumor mass, and diagnostic errors are inevitable (5, 7, 15–19).
Many studies have shown that 9 to 49% of BCa patients have
their tumor stage misdiagnosed (14, 20–23), which leads to
inappropriate treatment decision and unfavorable prognosis.
Repeated cystoscopic resections are considered a practical way
to reduce the misdiagnostic rate, but are unwanted due to the
invasive, uncomfortable, time-consuming and costly process (21,
24–27). Besides, they may easily cause infection or urethral
bleeding (6, 8–10, 28–30). Developing a noninvasive approach
for the precise prediction of the histopathological phenotype of
BCa and further stratifying its recurrence risk preoperatively is,
Frontiers in Oncology | www.frontiersin.org 245
therefore, crucial for patient treatment and management (16,
31–35).

In current clinical practice, easily accessible and noninvasive
imaging tools such as pelvic CT and multiparametric MRI
(mpMRI) provide immense assistance to clinicians for the
preoperative diagnosis of BCa phenotypes (24, 30, 36–43). CT
is mainly performed for evaluating the upper urinary tract and
predicting lymph node metastasis of BCa (40, 42, 43). When
clinicians identify the MIS, CT has drawbacks due to its limited
soft-tissue contrast (40, 42, 43). In addition, radiation exposure is
another concern (40, 42–44). The mpMRI, including
conventional sequences like T2-weighted imaging (T2WI) and
functional sequences such as diffusion-weighted imaging (DWI)
with corresponding apparent diffusion coefficient (ADC) maps
and dynamic contrast-enhanced imaging (DCE), may well
overcome these drawbacks and enhance the diagnostic
performance (Figure 1) (30, 39, 40, 44).

T2WI has the capability to illustrate the detailed structural
information of the lesion and bladder wall, thus can potentially
reflect the invasion depth of BCa into bladder wall. However, it
may result in overstaging since tumor-associated inflammation
has the same appearance of low signal intensity as that of the
muscularis propria (20, 37, 40, 44). DWI and ADC have the
favorable capability to reflect the signal intensity differences
among muscle, peritumoral inflammation and fibrosis (36, 38,
44–47). The finding of a thickened hypointense submucosa
beneath the NMIBC (inchworm sign or stalk) on DWI is a
milestone for MIS identification and prognosis (13, 30, 41, 48).
A B

FIGURE 1 | Application of CT and mpMRI for the preoperative prediction of the muscle invasion status of BCa. A lesion of a patient confirmed with NMIBC is
discernible on Contrast-enhanced CT (CECT) image (A), but the boundaries and basal part of this lesion is rarely distinguishable. The mpMRI (B) including the T2WI,
DCE, DWI and its corresponding ADC map can provide more important signs and information like the stalk at the tumor base and submucosal linear enhancement
(SLE) for accurate diagnosis of muscle-invasive status (MIS) of BCa (38).
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Noninvasive Prediction of Bladder Cancer
Submucosal linear enhancement (SLE) at the basal part of the
tumor on DCE images has currently been recognized as another
sign for precisely determining MIS (13, 30, 38, 39, 47), but its
diagnostic performance is controversial (47, 49, 50).

Summarizing all these important clinical findings, Panebianco
et al. proposed a Vesical Imaging-Reporting and Data System
(VI-RADS), which uses tumor morphological signs, stalks
and SLE on mpMRI to obtain a five-point rating score for
the estimation of MIS (30, 39, 40, 51–53). However, it is a
semiquantitative score which also relies most on experienced
radiologists’ visual perception, making it an expert-dependent
tool for BCa diagnosis. In addition, the VI-RADSmodel, together
with the existing noninvasive imaging tools, is still incapable of
predicting BCa recurrence.

During the past 20 years, the field of computer-assisted
medical image analysis has grown dramatically, resulting in
many successful applications in the noninvasively accurate
diagnosis and prognostication of cancers such as breast cancer,
colorectal cancer and lung cancer (54–57). These advances have
prompted the attempt of extracting high-throughput
quantitative image features, namely, radiomics, to characterize
different tissue properties and to accumulate certain strategies for
BCa phenotypes diagnosis and recurrence risk prediction (24, 26,
58–61). However, most of these radiomics strategies only focus
on the tumor region, regardless of the normal wall region and the
basal part of tumor region that may also provide abundant
information for this task (57, 59, 60, 62). Automated and
accurate delineation of regions of interest (ROI) including the
tumor, its basal part and the normal wall region is an essential
step toward radiomics-based bladder cancer diagnosis and
prognosis. With the increasing development of radiomics,
systematic analyses of these multiple regions on noninvasive
bladder images would allow for a better understanding of the
disease and support more personalized treatment approaches.
Therefore, this review aims to extensively discuss CT- and MRI-
based imaging tools and radiomics in decoding BCa phenotypes
and recurrence risk, inspiring methodological progression and
broadening their clinical applications in the near future.
SEARCH CRITERIA

In this study, we systematically retrieved peer-reviewed papers
published from 2000 to 2021 (last query 04-20-2020). If a study
appears in multiple publications, only the latest version was
analyzed. The querying terms we used with the PubMed database
were as:

(((((((((((((((bladder cancer[Title/Abstract]) OR (bladder
tumor[Title/Abstract])) AND (CT[Title/Abstract])) OR (MRI
[Title/Abstract])) OR (multiparametric MRI[Title/Abstract])) OR
(radiomics[Title/Abstract])) OR (biomarker[Title/Abstract])) OR
(exosome[Title/Abstract])) OR (VI-RADS[Title/Abstract]))
OR (radiomics[Title/Abstract])) AND (grade[Title/Abstract]))
OR (grading[Title/Abstract])) OR (stage[Title/Abstract])) OR
(staging[Title/Abstract])) OR (muscle invasive bladder cancer
[Title/Abstract])) OR (recurrence[Title/Abstract]).
Frontiers in Oncology | www.frontiersin.org 346
We excluded the papers according to the following criteria:
i) studies focused on nonhuman subjects; ii) studies intended to
repeatedly validate the previous developed tools or important
findings; iii) studies published in conference proceedings or
paper responses. For each paper enrolled, the publication year,
study aims, patient cohorts, methodologies, findings and
limitations were specifically analyzed to extract the valuable
information we need to outline the main topic of study
progress on noninvasive imaging and radiomics for decoding
the phenotype and recurrence risk of BCa.
OVERALL WORKFLOW

According to previous studies, the overall workflow of
noninvasively decoding the BCa phenotypes and recurrence
risk is illustrated in Figure 2. Currently, the widely used
imaging tools for BCa diagnosis mainly include CT, contrast-
enhanced CT (CECT) and mpMRI (42, 51, 52), from which
important imaging signs, such as tumor intensity distribution
inhomogeneity, stalk, and SLE, can be observed by radiologists
for image interpretation. After that, two radiomics pipelines,
namely Path1 and Path 2 in Figure 2, are widely used to extract
the high-throughput features that well reflect tumor properties
for BCa phenotype prediction and recurrence risk assessment
(59, 60, 62).

Apparent differences between these two pipelines are the
strategies for multiregion ROIs segmentation, including the
tumor region, its basal part and the normal wall region.
Manual segmentation of multiregion ROIs of BCa is the first
choice to many researchers. However, it is a tedious process with
a huge workload. Exploring the automatic segmentation
methods based on specific mathematical theorems (model-
driven methods), such as level sets and Markov random fields
(MRFs), becomes a more practical way. Nevertheless, owing to
the intrinsic mathematical limitations, most of these methods
just focus on the accurate segmentation of inner border (IB) and
outer border (OB) of the bladder, incapable of segmenting the
bladder multiregion on images. Consequently, some people turn
to adopt the data-driven strategies like the modified UNet frame
with convolutional neural network (CNN) module in Path 2 to
deal with this issue.

After image segmentation, feature extraction is the next
important step. Currently, three kinds of radiomics features are
commonly used, including morphological features, intensity-
based features and texture features (59, 63–72). In addition,
other features, such as the invasion depth of the BCa, which
quantitatively measures the relative invasive depth of the tumor
into the bladder wall (73), have also been gradually developed.
Given that redundancy among features might severely affect the
predictive performance, feature selection is indispensable toward
developing an optimal predictive mode. Statistical analyses in
combination with other high-level selection strategies, such as
support vector machine (SVM)-based recursive feature
elimination (SVM-RFE), least absolute shrinkage and selection
operator (LASSO), max-relevance and min-redundancy
July 2021 | Volume 11 | Article 704039
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(mRMR), are widely used (26, 61, 74, 75). With the features
selected, many machine learning classifiers, such as SVM,
random forest (RF), and logistic regression, can be used for
prediction model development (24, 58, 74–76). These steps in
Paths 1 and 2 constitute the traditional radiomics pipelines for
noninvasive prediction of BCa phenotype and recurrence risk.

Considering the rapid development of deep learning (DL)
methods in disease definition and identification, we also illustrate
new radiomics pipeline in Path 3 for this task. It includes two
main steps, including i) a segmentation step that automatically
segments multiregion ROIs of BCa from the original images by
using a specific CNN module and ii) a diagnostic step that
calculates deep features from these multiregion ROIs to develop
a classifier for diagnosis by using another CNN module. Owing
to the “black box” nature and complex procedures used in model
building, this pipeline has yet to be comprehensively
investigated. With the advent of explainable artificial
intelligence (AI), we believe that Path 3 will receive much
more attention and investigation in the future.
MULTIREGION ROIS EXTRACTION

According to previous studies (77–82), the bladder wall and
tumor regions contain plenty of information for BCa diagnosis
and prognosis. A recent study (74) indicated that the basal part of
bladder tumors on MRI has potential in determining MIS
(Figure 3). Therefore, accurate delineation of the multiregion
ROIs on bladder images other than using manual annotation is
an essential step toward radiomics-based BCa diagnosis (83, 84).

Precise segmentation of bladder images is full of challenges,
including partial volume effects, which usually occur where
Frontiers in Oncology | www.frontiersin.org 447
multiple tissues contribute to a single pixel in the image and
cause blurry tissue boundaries, bladder shape variation, motion
artifacts in the urine region and bladder wall, and complicated
outer wall intensity distributions (83, 84). When further
considering the precise segmentation of tumors in the bladder
lumen, the problem becomes even more complicated (83). To
address these challenges, many algorithms have been proposed
since 2004 (83, 85, 86), as shown in Table 1. Li et al. (85, 86) first
adopted the Markov random field to extract the IB of the bladder
and to reduce the partial volume effects. Garnier et al. (87)
adopted an active region growing strategy in a deformable model
to realize the segmentation of both the IB and the OB. However,
its performance for OB segmentation is far from satisfactory due
to the complex tissue distribution surrounding the bladder (83).

Almost at the same time, level-set-based methods were
introduced to extract both the IB and OB (77, 79, 80, 88, 89,
93). Duan et al. (80, 93) first proposed a coupled level-set
framework with the modified Chan–Vese model to locate IB
and OB from T1-weighted imaging (T1WI) in a 2-dimensional
(2D) slice fashion. Based on the merits of this method for IB
segmentation, Duan et al. (78, 79) further proposed an adaptive
window-setting scheme with volume-based features to extract
tumors on IB. Shortly afterward, Ma et al. (88) introduced the
geodesic active contour (GAC) scheme into the Chan-Vese
model to realize the shape-guided deformation of both IB and
OB on the T2WI. A limitation of this approach is the intensity
bias induced by the tumors inside the bladder lumen that easily
leads to the leakage of IB segmentation. To overcome this
limitation, Qin et al. (77) proposed an adaptive shape prior
constrained level-set algorithm that evolves both IB and OB
simultaneously from T2WI, greatly improving the accuracy for
IB and OB segmentation. However, level-set-based methods are
FIGURE 2 | Overall workflow of the radiomics strategy for decoding BCa phenotype and recurrence risk.
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TABLE 1 | Related studies and methodology of CT-/MRI-based bladder image segmentation during the past 20 years.

Study Imaging Approach or strategy Region
focused

Performance and Merits

Li et al.,
2004 (86)

Multispectral
MRI

Partial volume (PV) scheme IB More information extracted from the multispectral images, and feasible for the
IB.

Li et al.,
2008 (85)

Multispectral
MRI

Markov random field (MRF) IB Realizing the inhomogeneity correction and overcoming the influence of partial
volume and bias field.

Duan et al.,
2010 (80)

T1WI Coupled level-sets *IB/OB Realizing the simultaneous extraction of both IB and OB of the bladder.

Garnier et al.,
2011 (87)

T2WI 3D deformable model based on active
region growing strategy

IB/OB Achieving good performance for the IB segmentation when tumors were not
existed in the bladder lumen.

Duan et al.,
2011 (78)

T1WI Coupled level-sets + volume-based features Tumor Realizing the automatic detection of BCa.

Duan et al.,
2012 (79)

T1WI Coupled level-sets + volume-based features
+ Adaptive window-setting scheme

Tumor Realizing the automatic detection and extraction of BCa.

Ma et al.,
2011 (88)

T2WI Geodesic active contour (GAC) + shape-
guided Chan-Vese

IB/OB Achieving good segmentation performance for both bladder borders without
tumor regions using two datasets with 2D images.

Han et al.,
2013 (89)

T1WI Adaptive MRF with coupled level-set
constraints

IB/OB Fast convergence, robustness to initial estimates, and robustness against noise
contaminations, as well as local shape variations of the bladder wall.

Qin et al.,
2014 (77)

T2WI Coupled directional level-sets with adaptive
shape prior constraints

IB/OB With the average DSC of 0.96 and 0.946, respectively, for the IB and OB
segmentation using 11 datasets.

Cha et al.,
2014 (90)

#CECT Conjoint level set analysis and segmentation
system (CLASS)

IB/OB With the average DSC of 0.842 for the IB segmentation using 182 datasets.

Dolz et al.,
2018 (83)

T2WI Progressive dilated convolution-based
U-NET model

IB/OB/
Tumor

With the average DSC of 0.9836, 0.8391 and 0.6856, respectively, for the IB,
OB and tumor region segmentation using 60 datasets.

Gordon
et al., 2018
(91)

CECT Deep-learning convolutional neural network
(DL-CNN)

IB/OB With the average DSC of 0.9869 and 0.875, respectively, for the IB and OB
segmentation using 172 datasets.

Ma et al.,
2019 (92)

CECT U-Net–based deep learning approach
(U-DL)

IB With the average DSC of 0.934 for the IB segmentation using 173 datasets.
Frontiers in On
cology | www.
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*IB and OB represent the inner and outer borders of bladder, respectively.
#CECT indicates contrast-enhanced CT.
FIGURE 3 | Structure diagram of the multiregion of bladder on the noninvasive image.
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modality-dependent and cannot be freely applied among
different sequences or modalities. In addition, none of these
methods can realize the simultaneous location and evolution of
IB, OB and tumor regions.

Recently, CNN-based DL strategies have emerged as powerful
tools for the semantic segmentation of bladder lumen CT images
(90–92). During 2018, our group (83) proposed a modified UNet
framework with a progressive dilated CNN module, realizing the
simultaneous segmentation of IB, OB and BCa on T2WI for the
first time. The average Dice’s coefficient (DSC) of IB and OB
were 0.9836 and 0.8391, respectively, but that of the tumor
region was only 0.6856 (83).

Considering that different imaging sequences could provide
complementary information for BCa diagnosis, how to realize
the simultaneous segmentation of the multiple target regions on
mpMRI bladder images becomes the ultimate goal in the
workflow (Figure 1). To this end, we design an automatic
bladder multiregion segmentation framework in Figure 4,
which is based on the Mask-R-CNN (94) and mpMRI fusion
strategy (95) with multiple labels to realize multiregion
segmentation of mpMRI bladder images.
RADIOMICS-EMPOWERED DIAGNOSIS
OF BCa PHENOTYPE

BCa Grading
The histological grade of BCa is a critical factor for the treatment
decisions and prognosis (96). Cystoscopic resection and biopsy
remains standard reference for BCa grading (76), but may easily
cause diagnostic error due to the heterogeniety of tumor
tissues (76).

With the development of noninvasive imaging, the
imaging signs that reflect the BCa grade have been successively
Frontiers in Oncology | www.frontiersin.org 649
unearthed (96–102). For example, the peak time enhancement in
the first minute (Emax/1) after contrast administration and the
steepest slope of the DCE were first reported to be closely related
to tumor angiogenesis (97). ADC values, including the mean
ADC value and the normalized ADC value derived from DWI,
have been demonstrated to be useful for BCa grading (98–103).
In particular, Rosenkrantz et al. (37) adopted the quantitative
metrics extracted from the tumor region on T2WI and DWI,
including the tumor diameter, normalized T2 signal intensity
and mean ADC value, for the assessment of tumor grade, as
shown in Table 2. Although statistical analysis indicated that
only the mean ADC value was a significant predictor, an area
under the curve (AUC) of 0.804 was achieved for BCa grading
(37), which could be recognized as the embryonic form of the
mpMRI radiomics concept for BCa diagnosis.

In 2017, our group proposed a radiomics framework and
investigated its feasibility for BCa grading (25). We adopted 102
radiomics features involving the histogram features and gray-
level co-occurrence matrix-based (GLCM) features from the
DWI and ADC maps to quantitatively describe the tumor
properties. Then, the Mann–Whitney U-test and SVM-RFE
were adopted for feature selection and diagnostic model
development. The results based on 61 patients showed that the
diagnostic model achieved a favorable performance for BCa
grading, with an AUC of 0.861, which was significantly better
than that of using the mean ADC values alone. Afterward, Wang
et al. (76) investigated the performance of using the radiomics
strategy with T2WI, DWI and ADC maps for BCa grading,
achieving a more favorable diagnostic performance with an AUC
of 0.9276 (76).

In addition, several studies have attempted to extract texture
features from the tumor region on CT images for BCa grading.
First-order texture features, such as the mean, standard deviation
(SD), entropy, mean of positive pixels (MPP), skewness and
kurtosis, and second-order features, such as GLCM features and
FIGURE 4 | Future framework of simultaneous segmentation of the multi-target regions from the bladder mpMRI. The Gt_class_id, Gt_boxes, and Gt_masks
represent the ground truth of the multiregion anatation, position of the regions to be detected and focused, and segmentation mask (94).
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TABLE 2 | Related studies and strategies of CT-/MRI-based BCa grading during the past 20 years.

Study Patient Imaging Target Approach or strategy Results and findings

Tuncbilek
et al., 2009
(97)

24
patients
from
single
center

DCE Tumor Extracting peak time
enhancement in the first (Emax/1), second (Emax/2), third
(Emax/3), fourth (Emax/4) and fifth (Emax/5) minute after
contrast administration, and the steepest slope for
statistical analysis with tumor grade.

Emax/1and steepest slope had statistically significant
correlation with tumor grade.

Avcu et al.,
2011 (98)

63
patients
from
single
center

DWI Tumor Mean ADC values were measured from the tumor
mass.

The mean ADC value were significantly different between the
high- and low-grade BCa.

Rosenkrantz
et al., 2013
(37)

37
patients
from
double
centers

T2WI,
DWI

Tumor Tumor diameter, normalized T2 signal intensity and
mean ADC value were extracted.

Mean ADC value was statistically significant between the
high- and low-grade BCa, with an AUC of 0.804 for the
classification of this two groups.

Kobayashi
et al., 2014
(104)

132
patients
from
single
center

DWI Tumor Mean ADC value was calculated. Mean ADC value was significantly lower in tumors with
higher Ki-67 Lis and higher grade.

Sevcenco
et al., 2014
(105)

43
patients
from
single
center

DWI Tumor Mean ADC value was obtained. Mean ADC value achieved favorable performance in
predicting tumor grade, with an AUC of 0.906.

Sevcenco
et al., 2014
(106)

41
patients
from
single
center

DWI Tumor Mean ADC value, p53 and p21 were obtained. Mean ADC value and p21 were the independent predictors
for BCa grade, with an AUC of 0.981.

Wang et al.,
2014 (102)

30
patients
from
single
center

DWI Tumor and
referenced
regions like
urine

Mean ADC value and normalized ADC (nADC) values
were calculated.

The performance of using the nADC with urine as reference
was the best, with the AUC of 0.995.

Zhang et al.,
2017 (107)

128
patients
from
single
center

*CECT Tumor Six texture features, including mean, SD, entropy,
mean of positive pixels (MPP), skewness and kurtosis,
were extracted.

Mean, entropy and MPP were significantly different between
the high-grade BCa and low-grade on both unenhanced
and enhanced images. MPP obtained from unenhanced
images achieved the best performacne, with the AUC of
0.779.

Mammen
et al., 2017
(108)

48
patients
from
single
center

CT Tumor Texture features including Kurtosis, skewness and
entropy, were extracted.

Only entropy showed significant inter-group differences, and
it achieved an AUC of 0.83 in differentiation of low- and
high-grade BCa.

Zhang et al.,
2017 (25)

61
patients
form
single
center

DWI
ADC
maps

Tumor 102 radiomics features, including the histogram and
GLCM features

The model developed could achieve favorable performance
for BCa grading, with the AUC of 0.861, significantly better
than that of using the ADC value alone.

Wang et al.,
2019 (76)

100
patients
from
single
center

T2WI,
DWI and
ADC
maps

Tumor 924 features were extracted, including morphological
features and six categories of texture features like
histogram features, GLCM features, *GLRLM features,
*GLSZM features, *NGTDM features, and *GLDM
features.

The multi-modal MRI-based radiomics approach has the
potential in preoperative grading of BCa, with the AUC of
0.9276.

Wang et al.,
2020 (15)

58
patients
from
single
center

T2*-
weighted
imaging
and DWI

Tumor Apparent transverse relaxation rate R2* and mean ADC
value were calculated.

R2* and mean ADC value were significantly different
between low- and high-grade BCa, with the AUC of 0.714
and 0.779 in the classification process, respectively.

Zhang et al.,
2020 (109)

145
patients

CT Tumor 1316 radiomics features, involving
the morphological features, histogram features, GLCM

The proposed radiomics model achieved a good
performance, with AUC of 0.85 using the testing cohort.
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gray-level run-length matrix (GLRLM) features, are commonly
used and achieved the highest AUC of 0.83 (107–109).

MIS Prediction and Staging
Accurately predicting the stage and MIS of BCa is also crucial in
making treatment decisions (37, 47, 105, 106). Pathological
examination of transurethral resection of bladder tumor
(TURBT) specimens is the first-line reference for preoperative
BCa staging (38, 44, 47, 49, 51, 110). However, it may cause
diagnostic errors such as understaging, misleading clinicians in
making decisions (38, 44, 47, 51, 110, 111). A previous study
reported that the error rate for preoperative BCa staging varies
from 20 to 80% (20).

In current clinical practice, noninvasive imaging tools such as
CT and MRI are also widely used for BCa staging and MIS
prediction (15, 49, 51, 52, 112). However, the precision and
robustness of using these imaging tools are unsatisfactory due to
the challenges of discriminating between submucosal invasion and
muscle invasion and between muscle invasion and perivesical fat
proliferation by visual perception (15, 47, 50, 51, 112).

During 2000, Hayashi et al. (49) observed that the image sign
of SLE often appears on NMIBC patients’ DCE images (50). This
finding is undoubtedly a milestone in imaging-based diagnosis of
BCa stage and MIS. Afterward, Takeuchi et al. (44, 50) reported
another important sign named the submucosal stalk or
“inchworm” sign found among most NMIBCs on DWI,
fortifying the precision and robustness of imaging-based
diagnosis of BCa stage and MIS (49). Then, many studies
found that the ADC values derived from high-stage (≥ T2)
bladder tumors on DWI were significantly lower than those
from low-stage (≤ T1) bladder tumors and thus could be used for
the quantitative diagnosis of BCa stage and MIS with AUCs
roughly between 0.65 and 0.96 (37, 38, 47, 49, 52, 104, 105, 110),
as shown in Table 3.

By integrating all of these imaging signs, Panebianco et al.
(114) proposed VI-RADS to quantify these signs on mpMRI and
further standardize the image-based diagnostic procedures for
MIS prediction (44, 45, 114). The performance was then
evaluated by three groups, with the AUC varying between
0.873 and 0.94 (39, 40, 51, 111). Although VI-RADS has
integrated all of the existing imaging signs, such as tumor
intensity inhomogeneity, stalk and SLE, into the scoring
system for MIS prediction, it is still a semiqualitative and
expert-dependent process. Radiomics models based on high-
throughput quantitative image features to implement automatic
prediction of tumor phenotypes are considered a more
practical method.
Frontiers in Oncology | www.frontiersin.org 851
In fact, before VI-RADS was proposed, we reported the
first radiomics strategy for the MIS prediction of BCa (24).
This strategy utilized 63 radiomics features, including the
histogram-based features and GLCM features extracted from
the original T2WI and its high-order derivative maps for tumor
characterization, achieving an AUC of 0.861 in MIS prediction
(24). Shortly afterward, we extracted the GLCM and GLRLM
features from the T2WI, DWI and ADC images and achieved a
great performance improvement in MIS prediction, with an
AUC of 0.9756 (26). Then, Zhang et al. (30) creatively
included both the tumor region and the basal part with a
radiomics nomogram that was proposed by Wu (29, 113),
indicating that the basal part of bladder tumors is also critical
for BCa MIS prediction.

All of these radiomics-based studies were based on single-
center data. In 2020, we collected a double-centered mpMRI
database involving 106 eligible patients, and adopted five
categories of texture features and clinical factors to develop a
new nomogram model for MIS prediction, achieving AUCs of
0.924 and 0.877 in both the training and validation cohorts,
respectively (115).
RADIOMICS-EMPOWERED
STRATIFICATION OF BCa
RECURRENCE RISK

A high recurrence rate is a distinguishing epidemiological
property of BCa. The recurrence rate of NMIBC patients who
underwent TURBT at one year was as high as 70% (8, 10, 112).
However, as many as 50% of MIBC patients who undergo radical
cystectomy (RC) with bilateral lymph node dissection and ileal
conduits develop local or metastatic recurrence during the next
24 months (61, 116, 117). Preoperatively predicting the
recurrence risk of BCa patients is pivotal for facilitating
appropriate adjuvant treatment strategies and the management
of patients.

At present, the EAU has provided guidelines to stratify BCa
patients into different groups to recommend more specific
adjuvant therapy (8, 10, 15, 29, 112), as shown in Figure 5.
The guidelines categorize NMIBC patients into low-,
intermediate- and high-risk groups of recurrence using the
European Organization for the Research and Treatment of
Cancer (EORTC) risk table and recommend TURBT +
intravesical chemotherapy (IVC), TURBT + one-year Bacillus
Calmette-Guérin (BCG), and RC. Nevertheless, this risk table
merely considers six predominant clinical and histopathological
TABLE 2 | Continued

Study Patient Imaging Target Approach or strategy Results and findings

from
single
center

features, GLRLM features, GLSZM features, GLDM
features, were calculated.
*CECT indicates the contrast enhanced CT.
*GLRLM indicates the gray-level run length matrix; GLSZM indicates the gray-level size zone matrix; NGTDM indicates the neighborhood gray tone difference matrix; GLDM indicates the
gray-level dependence matrix.
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TABLE 3 | Related studies and strategies of CT-/MRI-based BCa staging and MIS prediction during the past 20 years.

Study Patient Imaging Target Approach or strategy Results and findings

Hayashi
et al., 2000
(49)

71
patients
from
single
center

DCE Tumor Submucosal linear enhancement (SLE) SLE achieved an accuracy of 83% for BCa
staging, and 87% for MIS prediction,
respectively.

Takeuchi
et al., 2009
(41)

40
patients
with 52
bladder
tumors
from
single
center

T2WI,
DWI,
DCE

Tumor Submucosal stalk The overall accuracy of T stage diagnosis was
67% for T2WI alone, 88% for T2WI+ DWI, 79%
for T2WI+DCE, and 92% for all three image types
together.

Rosenkrantz
et al., 2013
(37)

37
patients
from
double
centers

T2WI,
DWI

Tumor Tumor diameter, normalized T2 signal intensity and mean ADC
value were extracted.

High-stage (≥ T2) tumors showed greater tumor
diameter and lower mean ADC value than the
low-stage (≤ T1) tumors. The AUC for MIS
prediction was 0.804 by jointly using the tumor
diameter and mean ADC value.

Kobayashi
et al., 2014
(104)

132
patients
from
single
center

DWI Tumor Mean ADC value was calculated. Mean ADC value was significantly lower with
higher T stage bladder tumors.

Sevcenco
et al., 2014
(105)

43
patients
from
single
center

DWI Tumor Mean ADC value was obtained. Mean ADC value achieved good performance in
predicting MIS, with an AUC of 0.884.

Wang et al.,
2016 (38)

59
patients
from
single
center

T2WI,
DWI,
DCE

Tumor SLE, submucosal stalk The staging accuracy of DWI was 91.3%. When
combining with DCE, the accuracy was improved
to 94.6%.

Xu et al.,
2017 (24)

68
patients
from a
single
center

T2WI Tumor *A total of 63 three-dimensional radiomics features, including
the histogram-based features and GLCM features, were
extracted from the original images and their high-order
derivative maps in association with the Student’s t-test and
SVM-RFE for feature selection and SVM classifier for the
diagnostic model development.

13 features were finally selected, with an optimal
AUC of 0.8610 for MIS diagnosis, which for the
first time introduced the radiomics strategy into
the preoperative MIS identification and
demonstrated its feasibility.

Wu et al.,
2017 (113)

118
patients
from
single
center

CT Tumor # A radiomics signature was determined by the optimal
features selected from the original 150 radiomics features uing
the LASSO approach. In combination with the clinical factors, a
radiomics nomogram was then developed.

The radiomics nomogram showed good
discrimination in training and validation cohorts
for the prediction of lymph node metastasis, with
the AUC of 0.9262 and 0.8986, respectively.

Panebianco
et al., 2018
(114)

/ T2WI,
DWI,
ADC,
DCE

Tumor and
submucosal
layer

Quantitatively scoring the imaging signs like tumor shape, stalk
and SLE on the multiparametric MRI.

The Vesical Imaging-Reporting and Data System
(VI-RADS) could be a standard and useful tool to
half quantify these imaging signs on the
multiparametric MRI for BCa staging and MIS
diagnosis.

Wu et al.,
2018 (29)

103
patients
from
single
center

T2WI Tumor A radiomics signature was determined by nine optimal features
selected from the original 718 radiomics features uing the
LASSO approach. In combination with the clinical factors, a
radiomics nomogram was then developed.

The radiomics signature achieved the AUC of
0.8447 for the prediction of lymph node
metastasis. And the nomogram consisted of the
radiomics signature with the clinical factors
achieved more favorable performance, with the
AUC improved to 0.8902 in the validation cohort.

Xu
et al.,2019
(26)

54
patients
from
single
center

T2WI,
DWI,
ADC

Tumor Radiomics features like histogram-based, GLCM and GLRLM
features were extracted from the multimodal MRI data with the
multi-grayscale normalization strategy.

The optimal 19 features derived from the three
modalities finally achieved the best performance,
with the AUC of 0.9756 for MIS diagnosis,
indicating the great capacity of the multimodal
MRI-based radiomics strategy for the
preoperative MIS identification.

Zheng et al.,
2019 (30)

199
patients

T2WI Tumor and
basal part

2602 radiomics features were extracted from both the
tumorous region and basal part of the images. A radiomics

The radiomics signature showed good
performance in MIS prediction. Integrating with
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factors, including the number of tumors, tumor size, prior
recurrence rate, T stage, grade, and presence of concurrent
tumors in situ (Tis), to achieve a quantitative prediction of the
recurrence risk (10, 29).
Frontiers in Oncology | www.frontiersin.org 1053
Then, the Club Urológico Español de Tratamiento
Oncológico (CUETO) developed a new risk table to predict the
short- and long-term recurrence risks for NMIBC patients with
postoperative BCG treatment (15). Many studies subsequently
TABLE 3 | Continued

Study Patient Imaging Target Approach or strategy Results and findings

from
single
center

signature was determined uing the LASSO approach. In
combination with the clinical factors, a radiomics nomogram
was then developed.

the clinical factor, nomogram achieved much
better diagnostic power, with the AUC improved
to 0.876 in the validation cohort.

Barchetti
et al., 2019
(51)

78
patients
from
single
center

T2WI,
DWI,
ADC,
DCE

Tumor and
submucosal
layer

VI-RADS The VI-RADS achieved favorable performance for
MIS diagnosis, with the AUC of 0.926 and 0.873
when conducted by reader 1 and 2, respectively.

Ueno et al.,
2019 (39)

74
patients
from
single
center

T2WI,
DWI,
ADC,
DCE

Tumor and
submucosal
layer

VI-RADS The VI-RADS achieved favorable performance for
MIS diagnosis, with pooled AUC of 0.90 when
conducted by five readers.

Wang et al.,
2019 (40)

340
patients
from
single
center

T2WI,
DWI,
ADC,
DCE

Tumor and
submucosal
layer

VI-RADS The VI-RADS achieved excellent performance for
MIS diagnosis, with the AUC of 0.94 when
conducted by two readers in consensus.

Wang et al.,
2020 (115)

106
patients
from
double
centers

T2WI,
DWI,
ADC

Tumor 1404 radiomics features were extracted. A radiomics signature
was generated using the SVM-RFE and logistic regression. A
nomogram was then developed using the signature and MRI-
determined tumor stalk.

The signature alone achieved a good
performance in MIS prediction. The nomogram
integrating with the signature and tumor stalk
achieved much better diagnostic performance,
with the AUC improved to 0.877 in the validation
cohort.
*SVM-RFE indicates the support vector-machine-based recursive feature elimination algorithm.
#LASSO indicates the least absolute shrinkage and selection operator algorithm for feature selection.
FIGURE 5 | Treatment recommendations for BCa patients based on the MIS, grade and recurrence risk stratification.
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reported that the precision of the EORTC and CUETO risk tables
was far less than satisfactory in the recurrence risk stratification
of NMIBC, with Harrell’s C-index ranging between 0.51 and 0.77
(8, 10, 35, 48, 118–122), as shown in Table 4. Other studies also
reported that tumor sites in the bladder neck and/or trigone,
grade and stage are independent risk factors for the prediction of
BCa recurrence (48, 117, 123). In 2019, Yajima et al. (48) found
that the tumor stalk (inchworm sign) on DWI is a significant sign
for BCa prognosis.

Considering that the high-throughput radiomics features of
the underlying tumor region have the potential to reflect tumor
heterogeneity and the microenvironment, which are closely
related to tumor recurrence, making full use of these features
may achieve a more accurate prediction of the risk of
BCa recurrence.

With this assumption, our group retrospectively collected the
preoperative T2WI, DWI, ADC and DCE images of 71 patients
who were confirmed with NMIBC or MIBC, treated with
TURBT or RC accordingly, and followed for 2 years (61).
Then, 1872 radiomics features were extracted from the tumor
regions of their preoperative mpMRI, including histogram
features, GLCM features, GLRLM features, neighborhood gray-
tone difference matrix (NGTDM) features and gray-level size
zone matrix (GLSZM) features. After that, these features in
combination with important clinical risk factors, such as age,
sex, grade, MIS, stalk, SLE, tumor size, number of lesions and
surgery choice (TURBT or RC), were used for radiomics-clinical
nomogram development. The performance of the nomogram
model obtained AUCs of 0.915 and 0.838 for the training and
validation cohorts, respectively. These results suggest that the
radiomics strategy has excellent potential in the preoperative
prediction of BCa recurrence.
DISCUSSION AND FUTURE
PERSPECTIVES

Urinary bladder cancer is a highly prevalent disease among aged
males (1–3). Accurate diagnosis of tumor phenotypes and
recurrence risk serves as the “bedrock” of appropriate clinical
therapeutic strategy and is of vital importance in the follow-up
management of BCa patients. The standard reference for
preoperatively diagnosing BCa phenotypes is cystoscopic
biopsy, which is an invasive procedure that carries certain risks
of bladder perforation (30). More importantly, a significant risk
of misdiagnosis such as understaging or overstaging, may occur
that induces incorrect estimation of the recurrence risk based on
EORTC, and delays the proper radical treatment (8, 10, 13, 30).

In recent years, reading preoperative radiographic images
produced by CT, CECT, PET, mpMRI, or US plays an
essential role in the noninvasive diagnosis and recurrence
prediction of BCa, in which radiomics strategies have also
demonstrated their great power of identifying complex
patterns precisely, effectively and stably (124). Integrating
radiomics strategies with noninvasive imaging in the clinical
setting is expected to provide more valuable supplementary
Frontiers in Oncology | www.frontiersin.org 1154
information to the urologist for BCa diagnosis and
prognosis, preoperatively.

However, the clinical application of noninvasive imaging-
based radiomics strategies for preoperatively decoding BCa
phenotypes and recurrence risk is still in its infancy. In this
study, we reviewed the rapid progress in the field during the past
20 years, summarizing the entire pipeline of the radiomics
strategy including region of interest definition, radiomics
feature extraction, tumor phenotype prediction and recurrence
risk stratification, sincerely hoping to further promote massive
clinical applications of noninvasive radiomics tools for the
preoperative BCa diagnosis and prognosis in the near future.

In this section, we particularly focused on the current pitfalls,
challenges and opportunities of this field.
Public Imaging Datasets for BCa
Data collection is the first step to adopt radiomics strategies for
the BCa phenotype and recurrence risk prediction. At present,
there are several public databases for BCa research, including the
National Cancer Database (NCDB), the National Cancer
Institute’s Surveillance, Epidemiology, and End Results cancer
database (SEER) (125), and The Cancer Imaging Archive
database (TCIA). Although the first two databases contain
nearly 100 thousand BCa patients, most of them only contain
the clinical diagnoses, treatments and end results, without the
imaging datasets attached. TCIA aims to deidentify and host a
large archive of medical images of cancer accessible for public
research. However, it contains only 139 BCa patients’ medical
images. Therefore, the current public datasets are very limited for
developing a radiomics model with sufficient training and testing
for the prediction task.
Simultaneous Segmentation of Multiple
Regions From Multimodal Bladder Images
Precise segmentation of multiple regions of the bladder on
images, including tumor regions, basal parts, and bladder wall
regions, is a critical step toward further extracting features for
tumor phenotype prediction. Several previous studies adopted a
two-step strategy to first segment the mixed region between IB
and OB from the original image and then separate the tumor
lesion from its adherent wall region (78, 79, 81). This strategy not
only reduces the segmentation precision but also increases the
complexity and time consumption.

So far, only one study implemented the simultaneous
segmentation of the IB, OB and tumor regions from the
bladder images (83), but its performance for tumor
segmentation was unsatisfactory. As indicated in Figure 4, it is
expected that the end-to-end framework based on the DL
networks could facilitate better segmentation performance
(126–129). In particular, with more domain priors, such as the
bladder wall thickness distribution, shape variation and attention
mechanism of the integrated target region (13, 30, 39, 53), more
precise and robust DL-based models could be established to
improve the accuracy and efficiency of multiregional bladder
segmentation from multimodal images, such as mpMRI.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Noninvasive Prediction of Bladder Cancer
TABLE 4 | Related studies and strategies of BCa recurrence risk prediction during the past 20 years.

Study Patient Treatment Follow-
up/years

Predictionmodel Findings Conclusion

Sylvester
et al.,
2006 (118)

2596
NMIBC
patients
from 7
EORTC
trials

TURBT + Intravesical
treatment (78.4% of
the patients)

Median
follow-up
of 3.9
years and
maximum
follow-up
of 14.8
years

Univariate and
multivariate analyses

The EORTC risk table was derived
based on the number and size of
tumors, prior recurrence rate, T
category, carcinoma in situ, and
grade.

EORTC risk table is a useful tool for
the urologist to discuss the different
options with the patient to determine
the most appropriate treatment and
frequency of follow-up.

Fernandez
et al.,
2009 (8)

1062
NMIBC
patients
from 4
CUETO
trials

TURBT + BCG with 12
instillations

5 years Univariate and
multivariate analyses

The CUETO risk table was
developed using gender, age, grade,
tumor status, multiplicity and
associated Tis.

The recurrence risks calculated by
the CUETO table were lower than
those obtained with EROTC table.

Seo et al.,
2010 (122)

251
patients
from
single
center

TURBT + full-doze
maintenance BCG

5 years
and 9
months

EORTC C-index: 0.62 The recurrence rate and progression
rate were almost similar to the
EORTC risk tables. However, the
recurrence rate was low in the
intermediate-risk group.

Xylinas
et al.,
2013 (120)

4784
patients
from 8
centers

TURBT +51% cohort
of immediate single
postoperative
chemotherapy + 11%
cohort of BCG

4 years
and 9
months

EORTC, CUETO C-index: 0.60, 0.52 Both models exhibited poor
discrimination. Specific biomarkers
should be exploited for improving the
performance.

Xu et al.,
2013 (48)

363
NMIBC
patients
from
single
center

TURBT +79% cohort
of immediate single
postoperative
chemotherapy + 100%
cohort of the entire
course of intravesical
chemotherapy

3 years EORTC, CUETO C-Index: 0.71, 0.66 The EORTC model showed more
value in predicting recurrence and
progression in patients with NMIBC.

Kohjimoto
et al.,
2014 (121)

366
NMIBC
patients
from
single
center

TURBT + BCG 5 years EORTC, CUETO C-index: 0.51, 0.58 Although both exhibited poorly for
recurrence prediction, CUETO was a
little better.

Vedder
et al.,
2014 (35)

1892
NMIBC
patients
from 18
centers

TURBT +13~22%
cohort of the entire
course of intravesical
chemotherapy
+17~30% cohort of
BCG + 0.55~0.61%
cohort of Re-TURBT

10 years EORTC, CUETO C-index: 0.56-0.59,
0.64-0.72

The discriminatory ability for BCa
recurrence was unsatisfactory.

Cambier
et al.,
2016 (10)

1812
NMIBC
patients
from 2
EORTC
trials

TURBT + 1~3 years of
maintenance BCG

7 years 5
months

Updated EORTC C-index: 0.59. NMIBC patients treated with1~3
years of maintenance BCG had a
heterogeneous prognosis among the
high-risk patients, and early
cystoscopy should be considered.

Dalkilic
et al.,
2018 (119)

400
NMIBC
patients
from
single
center

TURBT + BCG (45.3%
of the patients)

5 years EORTC, CUETO C-index: 0.777, 0.703 EORTC risk table was better than
the CUETO table for the recurrence
prediction.

Kim et al.,
2019 (35)

970
NMIBC
patients
from
single
center

TURBT + BCG 5 years New model, EORTC AUC: 0.65, 0.56 The new model developed by using
gross hamartia, previous or
concomitant upper urinary tract
urothelial carcinoma, stage, grade,
number of tumors, intravesical
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Quantitative Invasion Depth Definition
for BCa Staging
Almost all of the previous studies were focused on the tumor
region for feature extraction (24, 107, 109, 130, 131). Currently,
only one study considered both the tumor region and the basal
part for radiomics feature calculation and it reported the
superiority of this new strategy for staging and MIS prediction
(74). Considering that the bladder wall region also contains
useful information such as bladder wall thickness (BWT) for
BCa detection and diagnosis (81, 132), more features are
expected to be designed for BCa staging and MIS prediction.
For instance, using the tumor location and BWT distributed on
the wall region, the invasive depth of BCa (Din) might be defined
by the entropy of minimum BWT (BWTmin) of the cancerous
region and the average BWT (BWTaver) other than the cancerous
region, as shown in Figure 6.

Fully Using VI-RADS for BCa
Phenotype Prediction and
Recurrence Risk Stratification
During the past 20 years, mpMRI is increasingly introduced into
pre-TURBT diagnosis, achieving favorable accuracy in BCa
staging and differentiation of NMIBC and MIBC (30, 39, 40).
Despite the undeniable advances in mpMRI for bladder imaging,
a lack of standardization of imaging protocols and reporting
basis becomes the main cause of performance variation. To this
end, VI-RADS scoring system defines a standardized approach
to imaging and reporting mpMRI for BCa (39). Nevertheless,
most of the previous studies only focused the performance of
using VI-RADS for the pre-TURBT discrimination between
NMIBC and MIBC (13, 30, 51, 53), regardless of other
valuable diagnostic information VI-RADS may contain for
therapeutic strategy (133, 134).
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Del Giudice et al. (135, 136), recently reported that i) VI-RADS
could provide valuable information for the selectionof patientswho
are candidate for repeated-TURBT among the high-risk NMIBC
cases; ii) VI-RADS could be valid and reliable in discriminating
between BCa patients with extravesical disease and those with
muscle-confined BCa before TURBT, and VI-RADS score 5
could be used to predict significant delay in time-to-cystectomy
independently from other clinico-pathological factors. Given that
themuscle invasive status is significantly related to BCa recurrence,
VI-RADS that well reflect the imaging difference between NMIBC
and MIBC, may have potential in recurrence risk stratification of
BCa patients.

In addition, concerning that many surgical subspecialties,
including urology, have suspended elective services and delayed
many time-sensitive surgeries during the midst of COVID-19
pandemic, BCa staging is considered a priority because of the
potential aggressive behavior of this disease (137). VI-RADS at the
present time period may help urologist to dramatically minimize
elective procedures and realize an accurate evaluation of tumor
staging from a single examination, providing a prognostic criterion
for adjusting oncologic class priority among overwhelmed waiting
lists (137).

Integrating the “Shallow” Features
With the “Deep” Features for BCa
Phenotype Diagnosis
Currently, the radiomics features adopted mainly involve the
morphological features describing the geometric properties of
the target region and texture features depicting the global, local
and regional intensity distribution patterns of the target region
(74, 115), which are designed based on certain physical or
mathematical theories of the pixel intensity distribution
characterized on the original images and thus can be regarded
TABLE 4 | Continued

Study Patient Treatment Follow-
up/years

Predictionmodel Findings Conclusion

treatment performed better than the
EORTC risk table.

Yajima
et al.,
2019 (48)

91 NMIBC
patients
from
single
center

TURBT 5 years Inchworm sign (tumor
stalk) on the DWI and
ADC images

The progression rate of inchworm-
sign-negative cases was significantly
higher than that of inchworm-sign-
positive cases, whereas there was
no significant difference in the
recurrence rate between two
groups.

The absence of an inchworm sign
and histological grade 3 were
independent risk factors for
progression.

Xu et al.,
2019 (61)

71
patients
including
36 NMIBC
patients
and 35
MIBC
patients
from
single
center

TURBT for the NMIBC
patients and RC for the
MIBC patients

2 years Radiomics nomogram
developed based on the
radiomics features
extracted from T2WI,
DWI, ADC, and DCE
MRI data, and the
clinical risk factors

The proposed radiomics nomogram
exhibited good performance both in
the training cohort (AUC: 0.915) and
the validation cohort (AUC: 0.838)
for the prediction of the BCa
recurrence during 2 years after
operation.

The proposed radiomics-clinical
nomogram has potential in the
preoperative prediction
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as manual or “shallow” features. In recent years, the radiomics
features extracted by using CNN-based deep learning networks
have been increasingly used to characterize the deep properties of
tumors for cancer diagnosis (126, 138, 139). Owing to the black-
box nature of CNN networks, the “deep” feature selected and the
model developed seem hard to explain, limiting their
applications in clinics. With the improvements in the
interpretability of deep features, it is expected that the
integration of shallow and deep features would provide a more
precise preoperative diagnosis of the BCa phenotype.

Macro-meso-micro Multiomics
Information Fusion for More Precise,
Explainable BCa Recurrence Prediction
Although both the EORTC and CUETO risk tables are
extensively used as the clinical reference for NMIBC recurrence
risk stratification (10), their predictive performance is far less
than satisfactory (29, 120, 121, 140–142). Given that most of
features in these two risk tables are macroscopic clinical factors,
they may not well describe the hidden properties of BCa that are
closely related to recurrence. Until now, only one study (61) has
reproted the feasibility and performance of the radiomics
strategy for BCa recurrence risk prediction, in which manually
extracted or shallow features from a mesoscopic view were
adopted in the framework.

It is now appreciated that bladder tumors are heterogeneous
at the metabolomics and genomics levels (5). For example,
the specific proteins and RNAs of exosomes in urine can
be used as noninvasive biomarkers for BCa screening and
phenotype prediction (143–149). Low-grade carcinomas can be
characterized at the molecular level by loss of heterozygosity
(LOH) of chromosome 9 and activating mutations of genes
encoding fibroblast growth factor receptor 3 (FGFR3) and
telomerase reverse transcriptase (TERT), while MIBC is thought
to arise via flat dysplasia and Tis (5). The human epidermal growth
factor receptor-2 (HER2) has been reported with overexpression
Frontiers in Oncology | www.frontiersin.org 1457
among aggressive BCa for the past decade, suggesting that this
biomarker might aid in patient risk stratification and treatent
selection (150, 151). Ferro et al. reported that absolute basophil
count is closely related to time to recurrence among patients with
high-grade T1 BCa receiving BCG after TURBT (152). Whether
these biomarkers can be used for BCa recurrence prediction,
remains unknown. Therefore, in the future, it is believed that
with macro-meso-micro information fusion of the multiomics
features and multidisciplinary knowledge, the predictive
performance of the recurrence risk will be greatly improved.
CONCLUSION

Noninvasive imaging technologies, such as CT, contrast-
enhanced CT and multiparametric MRI, and radiomic
strategies can promote the overall performance of the
phenotype diagnosis and recurrence risk prediction for patients
with bladder cancer.
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Abiraterone acetate and Enzalutamide are novel anti-androgens that are key treatments to
improve both progression-free survival and overall survival in patients with metastatic
castration-resistant prostate cancer. In this study, we aimed to determine whether
combinations of AR inhibitors with radiation are additive or synergistic, and investigated
the underlying mechanisms governing this. This study also aimed to compare and
investigate a biological rationale for the selection of Abiraterone versus Enzalutamide in
combination with radiotherapy as currently selection is based on consideration of side
effect profiles and clinical experience. We report that AR suppression with Enzalutamide
produces a synergistic effect only in AR-sensitive prostate models. In contrast,
Abiraterone displays synergistic effects in combination with radiation regardless of AR
status, alluding to potential alternative mechanisms of action. The underlying mechanisms
governing this AR-based synergy are based on the reduction of key AR linked DNA repair
pathways such as NHEJ and HR, with changes in HR potentially the result of changes in
cell cycle distribution, with these reductions ultimately resulting in increased cell death.
These changes were also shown to be conserved in combination with radiation, with AR
suppression 24 hours before radiation leading to the most significant differences.
Comparison between Abiraterone and Enzalutamide highlighted Abiraterone from a
mechanistic standpoint as being superior to Abiraterone for all endpoints measured.
Therefore, this provides a potential rationale for the selection of Abiraterone
over Enzalutamide.

Keywords: prostate cancer, radiotherapy, androgen receptor, DNA damage, abiraterone, enzalutamide
INTRODUCTION

Despite recent advances, prostate cancer continues to represent the most common form of cancer
and the second most common cause of cancer-related death among men globally (1). Normal
maintenance and development of the prostate is dependent on androgens and androgen receptor
(AR) signaling, which also plays a key driving role in the development and progression of prostate
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cancer (2). However, although chemical castration is initially
effective, progression to a castration-resistant setting occurs in a
significant number of cases (3).

Metastatic castration-resistant prostate cancer (MCRPC)
represents the lethal form of the disease with a number of
interventions leading to improved overall survival. Two such
interventions are Abiraterone acetate (Abi) and Enzalutamide
(Enz), second-generation ADT agents that have been shown to
lead to increased overall and progression-free survival (4, 5).
Abiraterone acts as an indirect AR inhibitor through inhibition
of Cytochrome p450- a-hydroxylase/17,20-lyase (CYP17A1), a
key enzyme in the androgen biosynthetic pathway (6), while
Enzalutamide acts as a direct AR inhibitor with multiple
mechanisms, such as acting as an AR antagonist, preventing
translocation of the AR and inhibiting the binding of the AR to
DNA (7).

As with ADT, radiation continues to represent a key
treatment of locally advanced and metastatic prostate cancer.
However, radioresistance continues to represent a major hurdle
in a clinical setting (8), making combinations of radiotherapy
with additional therapeutics such as ADT an attractive option to
help enhance outcomes. While combinations of ADT and
radiotherapy have been shown to enhance clinical outcome (9–
11), it is not known whether these effects are additive or
synergistic. Recent studies have suggested the AR regulates a
network of key DNA repair genes, providing a potential
mechanism by which androgen deprivation may synergise with
radiotherapy for prostate cancer (12, 13). Due to COVID-19,
clinicians may opt to use abiraterone or enzalutamide in the up-
front de novo metastatic setting as an alternative to the more
immunosuppressive docetaxel chemotherapy. As such,
increasing numbers of patients will be treated with
radiotherapy and concomitant novel hormonal agents.

Treatment with ionizing radiation leads to the induction of
DNA double-strand breaks (DSBs), which are repaired via two
main mechanisms, Non-homologous end joining (NHEJ) and
Homologous recombination (HR). NHEJ can occur at any stage
of the cell cycle but is more error-prone. It involves the
recruitment of the Ku70/80 heterodimer which acts as a
scaffolding for the recruitment of other NHEJ repair factors
such as DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) (14). HR requires a homologous template and so is
restricted to the S and G2 phases of the cell cycle. It utilizes a
core set of proteins, most notably Rad51 to catalyse key reactions
with several other key factors (15). The AR has been shown to
upregulate these key factors of DNA repair, although whether
this is direct is still yet to be fully understood (12, 13). Suggesting
that AR inhibition could play an important role in enhancing
response to radiation.

Despite the clinical success of both Abiraterone acetate and
Enzalutamide and both drugs achieving similar cancer control,
there currently exists no biological rationale for the selection of
one over the other, leaving the choice of therapy, a consideration
of side effect profiles and clinical experience. Here we provide a
direct comparison of the radiosensitizing potential of
Abiraterone and Enzalutamide resultant of direct and indirect
Frontiers in Oncology | www.frontiersin.org 264
impacts on key DNA repair pathways such as NHEJ and HR and
the significant benefit of Abiraterone over Enzalutamide across
all metrics in an in vitro setting.
MATERIALS AND METHODS

Cell Lines
Two human prostate cell lines were used: the hormone insensitive
PC3 and the hormone-sensitive LNCaP. One osteoblastic cell
model was used SJSA-1. All cell lines were obtained from ATCC
(Manassas, Virginia, USA). PC3s, LNCaPs and SJSA-1s were
grown in RPMI 1640 media [Thermo Fisher (Waltham,
Massachusetts, USA)], supplemented with 10% Fetal bovine
serum (FBS) (Thermo Fisher) and 50 μg/ml penicillin/
streptomycin (Thermo Fisher).

Antibodies
Antibodies were used according to manufacturer instructions.
PARP [#9542, Santa Cruz (Dallas, Texas, USA)], PSA/KLK3
[D6B1, Cell Signalling (Danvers, Massachusetts, USA)], Rad51
(sc-398587, Santa Cruz), DNA-PK [ab70250, Abcam (Cambridge,
UK)] and b-Actin (C4: sc-47778) primary antibodies were used in
conjunction with HRP conjugated mouse and rabbit secondary
antibodies (Life Technologies, USA).

Irradiation
Cells were irradiated across various doses at 225kVp,13.3mA in an
X-Rad 225 Radiation cabinet (Precision X-RAY Inc, North
Branford, CT, USA). A constant dose rate of 0.55Gy/minwas used.

MTT Assay
Cells were treated in 96 well plates with a dose range of 10 nM to
100 mM Abiraterone, Enzalutamide or DMSO control for 72
hours, after which 20 ml of 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) dye was added and left
for a period of up to two hours. The solution was then removed
and 100 ml DMSO added to allow the formazan product to
dissolve. The absorbance was measured at 570 nm immediately
in a FLUOstar Omega plate reader. LD25 values were
determined from MTT curves and indicate the drug
concentration at which cell viability was reduced by 25% of
that of the DMSO control cells.

Colony Formation Assay
Colony formation assays were carried out according to published
methods (16). Cells were pre-treated with 10mM of Abiraterone,
Enzalutamide or DMSO two hours before radiation and drug
incubation continued until stained. Cells were irradiated over a
dose range of 0-8 Gy. Plating efficiency (PE) and survival fraction
(SF) were calculated with the following equations:

PE = (number of colonies formed=number of cells seeded) � 100%

SF = number of colonies formed after irradiation=

number of cells seeded � PE=100ð Þ
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Sensitising enhancement ratio (SER) was calculated as the
radiation dose needed for radiation alone divided by the dose
needed for DMSO, Abiraterone or Enzalutamide at a survival
fraction of 10%. Radiosensitization was determined through
normalizing to drug-treated controls.

Western Blotting
Cells were pre-treated with 10mM of Abiraterone, Enzalutamide
or DMSO one or 24 hours before radiation. Following radiation,
cells were harvested and extracted according to published
methods at predetermined time-points (17). 40 μg samples
were loaded onto Invitrogen NuPAGE 8% Bis-Tris Midi gels
and after electrophoresis transferred onto Invitrogen IBlot2
regular stacks and transferred using an IBlot. The membranes
were then blocked with 5% non-fat dairy milk in PBS-Tween
(PBS-T; 10 mM sodium phosphate, 0.15M NaCl, 0.05% Tween-
20, pH 7.5) and incubated overnight at 4°C with the
corresponding primary antibodies. After washing with PBS-T
membranes were incubated in their secondary antibodies at
room temperature for two hours. The membranes were then
washed, developed by ECL reagent (7.5ml Tris HCl, 16.5μl
coumaric acid, 37.5μl luminol, 2.5μl H2O2) and visualized,
before being probed again if required.
Immunofluorescence
Cells were pre-treated with 10mM of Abiraterone, Enzalutamide
or DMSO 24 hours before irradiation. Following irradiation, cells
were permeabilized (0.5% of Triton X-100 in PBS) and fixed at
pre-determined time points before being blocked in blocking
buffer (5% FBS in PBS) and stained with 53BP1 primary antibody
(1:5000) [NB100-304, Novus Biologicals (Colorado, USA)] for
one hour before being washed four times and stained with Alexa
Fluor 568 goat anti-rabbit IgG secondary antibody (1:2000)
[A21429, Invitrogen (Massachusetts, USA)] in the dark for one
hour. Following staining, cells were washed four times and
mounted onto microscope slides using Prolong Gold antifade
reagent with DAPI [P36930, Invitrogen (Massachusetts, USA)].

Cell Cycle Analysis
Cells were pre-treated with 10mM of Abiraterone, Enzalutamide
or DMSO one or 24 hours before radiation. Following radiation,
cells were harvested at predetermined time-points before being
suspended in 100% ice-cold ethanol. Samples were then
centrifuged, resuspended in 1% FBS in PBS and excess ethanol
removed before resuspending pellets in 360ml of PI/RNaseA.
Samples were incubated at 37°C for 30 minutes before being
analyzed by flow cytometry on a BD Acuri C6 Plus Flow
Cytometer (San Jose, CA, USA).
Statistical Analysis
All experiments were performed in triplicate. Unpaired students
t-test was used for comparisons between two groups. All statistics
and graph plotting used GraphPad 8.0 (GraphPad, La Jolla,
CA, USA).
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RESULTS

Impact of Abiraterone and Enzalutamide
on Cell Growth
The cytostatic/cytotoxic effect of Abiraterone and Enzalutamide
was studied using androgen-sensitive (LNCaP), androgen-
insensitive (PC3) prostate cancer models and an osteoblastic
bone model (SJSA-1). Both Abiraterone and Enzalutamide were
shown to reduce the viability of all cell lines compared to DMSO
controls (Figure 1 and Table 1). Direct comparison of all models
to determine the effect of AR status (Figure 2) showed both PC3s
and SJSA-1s displayed similar responses to both Abiraterone
(LD25 = 12.6 μM and 16.2 μM) and Enzalutamide (LD25 = 23.4
μM and 34.7 μM) treatment across the dose range, while LNCaPs
displayed increased sensitivity to Abiraterone and Enzalutamide
compared to both PC3s and SJSA-1s and also showed increased
sensitivity to Abiraterone (LD25 = 5.8 μM) over Enzalutamide
(LD25 = 12 μM). Investigations into fold sensitivity increase over
DMSO (Supplementary Table 1) showed PC3s and SJSA-1s
displayed similar fold sensitivity increases over DMSO for both
Abiraterone (both 6.6) and Enzalutamide (3.5 and 3.1), while the
androgen sensitive LNCaPs were more sensitive to Abiraterone
(15.8) and Enzalutamide (7.6) as expected.

Is the Addition of Radiotherapy to
Abiraterone or Enzalutamide Synergistic
or Additive?
With both Enzalutamide and Abiraterone being shown to
improve survival in an MCRPC setting, there, therefore, exists
a biological rationale that their combination with radiotherapy
could exceed that of their use as a monotherapy, which was
investigated through use of clonogenic survival assays. For
clonogenic survival (Figure 3), while DMSO showed little to
no additive impact on survival fraction, both Enzalutamide (PC3:
***P ≤ 0.001, ≤ 0.0001, SJSA-1: **P ≤ 0.01 and LNCaP: **P ≤ 0.01)
and Abiraterone (PC3: ****P ≤ 0.0001, SJSA-1: **P ≤ 0.01 and
LNCaP: **P ≤ 0.01) as single agents were shown to significantly
affect the survival fraction of all models, irrespective of AR status.
Comparison 2 Gy radiation to 2 Gy radiation in combination with
Enzalutamide (PC3: *P ≤ 0.05, SJSA-1: **P ≤ 0.01 and LNCaP: *P ≤
0.05) or Abiraterone (PC3: *P ≤ 0.05, SJSA-1: ***P ≤ 0.001 and
LNCaP: **P ≤ 0.01) showed significant additive effects across all
models regardless of AR status.

To determine synergistic effects (i.e. whether the combination
of Abiraterone or Enzalutamide with radiation is greater than
combined individual toxicity), clonogenic survival assays were
normalized to account for the additive drug-mediated
cytotoxicity that had been observed previously, therefore
allowing examination of only radiation-induced effects on
proliferation (Figure 4 and Table 2). LNCaPs showed increased
radiosensitivity when pre-treated 24 hours before radiation with
bothAbiraterone (SER=1.23) and Enzalutamide (SER=1.23), while
no radiosensitizing effectswere observedwithEnzalutamide inboth
PC3s (SER=0.96) and SJSA-1s (SER=1.01). Abiraterone displayed
synergy with radiation in AR resistant PC3s (SER=1.19) and SJSA-
1s (SER=1.17).
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FIGURE 1 | Effect of Abiraterone and Enzalutamide treatment on cell viability of androgen-sensitive (LNCaP), androgen-insensitive (PC3) prostate cancer models and
osteoblastic bone model (SJSA-1). LNCaP, PC3, and SJSA-1 cells were treated with a dose range of 10 nM to 100 mM of Abiraterone, Enzalutamide or DMSO. Cell
viability was evaluated 72 hours post-treatment by MTT assay. Each value is the mean of three independent experiments performed in triplicate and error bars
represent SEM.
FIGURE 2 | Comparison of Abiraterone and Enzalutamide treatment on cell viability of androgen-sensitive (LNCaP), androgen-resistant (PC3) prostate cancer
models and osteoblastic bone model (SJSA-1). LNCaP, PC3, SJSA-1 cells were treated with a dose range of 10 nM to 100 mM of Abiraterone and Enzalutamide or
DMSO. Cell viability was evaluated 72 hours post-treatment by MTT assay. Each value is the mean of three independent experiments performed in triplicate (errors
represent SEM).
TABLE 1 | LD25 values of MTT values across cell lines ± SEM. LD25 values were determined from MTT curves and indicate the drug concentration at which cell
viability was reduced by 25%.

LD25 (µM) Treatment LNCaP SJSA-1 PC3

DMSO 91.2 ± 0.0052 107.15 ± 0.059 83.18 ± 0.072
Enz 12.02 ± 0.051 34.67 ± 0.062 23.44 ± 0.061
Abi 5.75 ± 0.053 16.22 ± 0.049 12.59 ± 0.043
Frontiers in Oncology | www.frontie
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Impact of Abiraterone and Enzalutamide
With or Without Radiotherapy on DNA
Damage and Repair
The impact of Enzalutamide and Abiraterone on DNA damage
was also assessed through quantifying changes in DSB levels by
53BP1 foci via immunofluorescence with and without 2Gy
radiation (Figure 5). Treatment with either Abiraterone or
Enzalutamide led to significant increases in DNA damage
regardless of AR status 24 hours ((PC3 (*p ≤ 0.05 and *p ≤
0.05), SJSA-1 (*p ≤ 0.05 and **p ≤ 0.01) and LNCaP (**p ≤ 0.01
and ***p ≤ 0.001)) and 48 hours post treatment ((PC3 (*p ≤ 0.05
and *p ≤ 0.05), SJSA-1 (*p ≤ 0.05 and **p ≤ 0.01) and LNCaP
(***p ≤ 0.001 and ***p ≤ 0.001)).

The impact of Enzalutamide and Abiraterone mediated DNA
damage with radiation damage was also assessed, with cells
irradiated with 2 Gy X-rays 24-hour post treatment with
Abiraterone or Enzalutamide (Figure 6). As expected,
irradiation alone led to large increases in 53BP1 foci, one hour
post radiation when DNA damage levels were at their highest,
which decreased in a time dependent manner. The addition of
Abiraterone and Enzalutamide was shown to significantly
enhance DNA damage one hour ((PC3 (**p ≤ 0.01 and
**p ≤ 0.01), SJSA-1 (**p ≤ 0.01 and **p ≤ 0.01) and LNCaP
(***p ≤ 0.001 and ****p ≤ 0.0001)), 24 hours ((PC3 (*p ≤ 0.05
and *p ≤ 0.05), SJSA-1 (*p ≤ 0.05 and *p ≤ 0.05) and LNCaP (**p
Frontiers in Oncology | www.frontiersin.org 567
≤ 0.01 and ***p ≤ 0.001)) and 48 hours ((PC3 (*p ≤ 0.05 and *p ≤
0.05), SJSA-1 (*p ≤ 0.05 and *p ≤ 0.05) and LNCaP (***p ≤ 0.001
and ****p ≤ 0.0001)) post irradiation.

Impact of Abiraterone and Enzalutamide
With or Without Radiotherapy on
HR Repair
Aspreviously described, the androgen receptor has been linked to the
upregulation of key DNA repair genes. Therefore, the impact of AR
suppression onHRwas investigated through observations of RAD51
expression, a key component in mediating HR repair of DSBs. AR
suppression with Abiraterone and Enzalutamide as single agents, as
verified by showing a reduction in downstream PSA expression,
directly correlated with a total visible reduction of RAD51 protein
expression in LNCaPs (Figure 7). Supporting this is anAR-mediated
effect, both PC3s and SJSA-1s showed no noticeable changes in
RAD51 expression regardless of timepoint. PSAexpression couldnot
bemeasured inPC3, or SJSA-1 cells as theydono signal through their
AR, resulting in no transcription of prostate-related proteins such as
PSA (18). Comparisons between Abiraterone and Enzalutamide
showed that while Abiraterone achieved a total reduction of
RAD51 at an earlier timepoint than Enzalutamide, both achieved
total reduction by 48 hours post-treatment.

Co-treatment of AR inhibitors with radiation was also
investigated, to determine if these effects were conserved with
FIGURE 3 | Comparison of the combined effect of Abiraterone and Enzalutamide and DMSO as single agents or combined with 2 Gy radiation on survival fraction in
androgen-sensitive LNCaPs and androgen insensitive PC3s prostate cancer models and osteoblastic bone model SJSA-1. PC3s and SJSA-1s were treated with
10 mM Abiraterone, Enzalutamide or DMSO 24 hours before radiation, while LNCaPs were treated with 200 nM due to their sensitivity. Cells were then left an
appropriate amount of time to form sufficient colonies and any colonies of 50 cells or more counted. Each value is the mean of three independent experiments
performed in triplicate (+/- SEM) and normalized to control. Unpaired students t-test was used for comparisons between two groups. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001, ns= non significant.
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radiation (Figure 8), with both 1- and 24-hour pre-treatment
with Abiraterone or Enzalutamide before irradiation investigated
to evaluate whether any effects were time-dependent. As
observed when used as a monotherapy, pre-treatment with
Abiraterone or Enzalutamide in an AR-sensitive setting before
irradiation with 2 Gy led to non-detectable RAD51 protein levels.
Pre-treatment with Enzalutamide or Abiraterone 24 hours before
radiation treatment was shown to cause large reductions in
RAD51 levels even one-hour post-radiation, where DNA
damage is at its maximum and levels of RAD51 at their
highest. Abiraterone showed increased depletion of RAD51
levels one hour post-radiation with 24 hour pre-treatment
compared to Enzalutamide.

Impact of Abiraterone and Enzalutamide
With or Without RT on NHEJ Repair
DNA-PK expression was also investigated to determine if the
observed impacts of Abiraterone and Enzalutamide on HR
Frontiers in Oncology | www.frontiersin.org 668
extended to other forms of DSB repair such as NHEJ
(Figure 9). DNA-PK levels were shown to reduce in a time-
dependent manner correlating with PSA levels following
treatment with both Enzalutamide and Abiraterone in
LNCaPs, however, only 48 hour treatment with Abiraterone
was shown to be significant upon statistical testing (*p ≤ 0.05).
No significant changes in DNA-PK levels were observed in PC3s
or SJSA-1s. Comparison of Abiraterone against Enzalutamide
showed only Abiraterone caused significant reductions in DNA-
PK levels (*p ≤ 0.05). Combinations of Abiraterone or
Enzalutamide with 2 Gy X-ray radiation (Figure 10) showed
enhanced reductions of DNA-PK levels than with inhibitors
alone. Pre-treatment with Abiraterone for 1 to 24 hours before
radiation treatment was shown to induce significant reductions
in DNA-PK levels both 24 and 48 hours post-radiation (*p ≤
0.05). Pre-treatment 24 hours prior to radiation showed larger
observable reductions in DNA-PK levels then one hour
pre-treatment.
FIGURE 4 | Radiosensitization effects of Abiraterone, Enzalutamide and DMSO on radiation in androgen-insensitive PC3 prostate cancer model, androgen-sensitive
LNCaP model and osteoblastic bone model SJSA-1 by colony formation assay. LNCaPs were treated with 200 nM, while PC3s and SJSA-1s were treated with 10 mM
Abiraterone, Enzalutamide or DMSO 24 hours before X-Ray across a dose range of 0-8 Gy. Cells were then left to form appropriately sized colonies and survival fraction
calculated using SF = (colonies counted) / (cells seeded x (PE/100) colonies counted). Error bars are standard error of the mean (+/- SEM) and for some points, the error
bars are shorter than the height of the symbol (n=3).
TABLE 2 | SER values of inhibitors vs control at 10% with +/- SEM.

Cell line DMSO Enz Abi

PC3 0.98 ± 0.042 0.96 ± 0.049 1.19 ± 0.045
LNCaP 1 ± 0.092 1.23 ± 0.069 1.23 ± 0.075
SJSA-1 0.94 ± 0.019 1.00 ± 0.022 1.16 ± 0.022
July 2021 | Volume 11 | A
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fraction of 10%.
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Impact of Abiraterone and Enzalutamide
With or Without RT on Cell Cycle
Distribution and Cell Death
The previous results have shown that AR suppression through
Abiraterone and Enzalutamide has a significant impact on
multiple DNA repair pathways involved in DSB repair.
However, the choice of repair pathway is also dependent on
which phase of the cell cycle the cell arrests in. Cell cycle
distribution was therefore investigated to determine whether
observed changes were due to the direct impact of these
inhibitors on DNA repair genes, or indirectly through means
of cell cycle distribution changes (Figure 11). Treatment with
Enzalutamide and Abiraterone led to observed increases in sub-
G1 levels in LNCaP cells, indicative of increased levels of
apoptosis. With this effect shown to be more prominent with
Abiraterone over Enzalutamide. Also evident were decreases in S
and G2. These effects were not observed with PC3s and SJSA-1s.

Potential increases in apoptosis as indicated by the increases
in the sub-G1 population of cells were investigated through
looking at the expression of PARP cleavage (Figure 12), with
PARP cleavage by activated caspases being a defined hallmark of
apoptosis. There was a correlation between increases in sub-G1
levels and PARP cleavage in LNCaPs, with both Abiraterone and
Enzalutamide showing increased levels of PARP cleavage in a
time-dependent manner. Treatment with Abiraterone led to
Frontiers in Oncology | www.frontiersin.org 769
higher levels of PARP cleavage compared to treatment with
Enzalutamide. Treatment with Abiraterone or Enzalutamide in
PC3s and SJSA-1s showed little to no observable impact on
PARP-cleavage levels.

Combinations of Enzalutamide or Abiraterone with 2 Gy
radiation (Figure 13) showed both effects to be conserved, with
increased sub-G1 levels and decreased S and G2 levels shown in
LNCaPs and no observable changes in PC3s and SJSA-1s. Pre-
treatment 24h before radiation resulted in reductions in the
proportions of cells in S and G2 phases one-hour post-radiation.
This highlights the importance of ensuring AR-deprivation is
achieved before radiation treatment over treating concurrently
with radiation.

As well as changes in the proportion of cells in S and G2,
increased levels of PARP cleavage were also observed, with
increased PARP cleavage following pre-treatment with
Abiraterone or Enzalutamide one or 24 hours before 2 Gy
radiation (Figure 14). Comparison of Abiraterone and
Enzalutamide again showed increased levels of PARP cleavage
following abiraterone treatment compared to Enzalutamide. Pre-
treatment 24 hours before radiation was shown to bemore effective
at inducing apoptosis compared to one-hour pre-treatment, with
increased PARP cleavage levels observed. Combination treatment
of our AR-insensitive prostatemodel PC3was again shown to have
no impact on PARP-cleavage levels over radiation alone.
FIGURE 5 | Immunofluorescence of 53BP1 foci treated with Abiraterone and Enzalutamide on AR-insensitive PC3s and AR-sensitive LNCaP prostate models and
osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO and harvested 1-, 24 and 48-hours post-treatment
before being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used for comparisons between two groups *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and
error bars represent SEM.
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FIGURE 6 | Immunofluorescence of 53BP1 foci treated with Abiraterone and Enzalutamide in combination with 2 Gy X-ray in AR-insensitive PC3s and AR-sensitive
LNCaP prostate models and osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO 24 hours before being
administered 2 Gy radiation. Samples were then harvested 1, 24- and 48-hours post-radiation before being fixed and stained with 53BP1 (n=3). Unpaired students
t-test was used for comparisons between two groups *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 ****p ≤ 0.0001, and error bars represent SEM.
FIGURE 7 | Impact of Abiraterone and Enzalutamide on RAD51 and PSA protein expression in AR-sensitive LNCaP prostate model, AR-insensitive PC3 prostate
model and osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO. Samples were then harvested 1, 24- and 48-
hours post-treatment and expression levels measured via Western blot. b-Actin was used as a loading control. (n=3).
Frontiers in Oncology | www.frontiersin.org July 2021 | Volume 11 | Article 700543870

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


Wright et al. AR Targeting and Radiation
DISCUSSION

Abiraterone acetate and Enzalutamide have seen significant
clinical success in an MCRPC setting (4, 5). However, a lack of
comparative studies in a prospective, randomized, controlled
trial has led to the selection of Abiraterone or Enzalutamide
being primarily based on patient factors and side effect profiles.

Reports into the ‘additive’ or ‘synergistic’ nature of
Abiraterone and Enzalutamide in combination with radiation
in a castration-resistant setting have so far been inconclusive.
Several reports have suggested an additive effect (defined as the
Frontiers in Oncology | www.frontiersin.org 971
interaction of Abiraterone or Enzalutamide with radiation being
equal to the sum of the two added separately) (19, 20), while
others suggest a synergistic effect (defined as the interaction of
Abiraterone or Enzalutamide with radiation exceeding the sum
of their separate effects) (13, 21–23). We have shown that
irrespective of AR status, treatment with Abiraterone or
Enzalutamide exerts a significant cytotoxic and additive effect.
Which was further supported by observed increases in DNA
damage. The reasons behind this effect in AR-insensitive models
remains unclear, but may be a consequence of the potential effect
of these inhibitors on other signaling mechanisms that can
FIGURE 8 | Impact of Abiraterone and Enzalutamide in combination with 2 Gy X-ray on RAD51 and PSA expression in AR-insensitive PC3s and AR-sensitive
LNCaP prostate models and osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO 1 or 24 hours before
radiation. Samples were then harvested 1, 24 and 48 hours post-radiation and expression levels measured via Western blot. b-Actin was used as a loading
control. (n=3).
A B

FIGURE 9 | Impact of Abiraterone and Enzalutamide on DNA-PK and PSA protein expression in AR-sensitive LNCaP and AR-insensitive PC3 prostate models and
osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO. Samples were then harvested 1, 24 and 48 hours post-
treatment and expression levels measured via Western blot (A) and densitometric analysis (B). b -Actin was used as a loading control. (n=3). Unpaired students
t-test was used for comparisons between two groups *p < 0.05 and error bars represent SEM.
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bypass AR signaling such as the glucocorticoid receptor (23).
Only in our AR-sensitive LNCaP model was there a synergistic
radiosensitive effect with Enzalutamide.

However, Abiraterone was shown to confer a synergistic
radiosensitivity effect in all our androgen-insensitive, androgen-
sensitive and osteoblastic bone models regardless of AR status,
suggesting, as has been previously eluded to (24) the presence of
an alternative mechanism of action not dependent on AR
inhibition. This potential alternative mechanism of Abiraterone
has wider implications, being not only a promising drug for AR-
insensitive prostate cancer but Abiraterone may also prove to be
beneficial in other malignancies apart from PC.

The interplay between the AR and DNA repair remains a
topic of much debate, with previous reports discovering the
presence of an AR-mediated transcriptome, leading to the
upregulation of various DNA repair genes (12, 13). This in
theory suggests that AR-suppression should lead to down-
regulation of these genes and thus the enhancement of
Frontiers in Oncology | www.frontiersin.org 1072
radiation co-treatment. Our results support this theory, as we
have shown in an AR-sensitive setting, that treatment with
commonly clinically used AR inhibitors of different modalities
i.e., directly (Enzalutamide) or indirectly (Abiraterone) leads to
the suppression of key DSB DNA repair pathways such as NHEJ
and HR and can be seen to correlate with levels of AR
suppression as observed by decreased PSA expression levels.
Reductions in HR repair can also be explained in part by shifts in
the cell cycle, with Abiraterone and Enzalutamide treatment
leading to decreased S and G2 phase, which has also previously
been suggested by Zhang et al. (22). This suggests that AR
suppression can potentially impact HR repair in both a direct
and an indirect manner. Furthermore, suppression of these key
repair pathways leads to increased levels of cell death via
apoptosis as shown by increased levels of PARP-cleavage,
supporting the use of these agents clinically as a monotherapy.

Importantly, we have also shown, that downregulation of
these key DNA repair genes was conserved when AR suppression
A

B

FIGURE 10 | Impact of Abiraterone and Enzalutamide in combination with 2 Gy X-ray on DNA-PK and PSA expression in AR-insensitive PC3s, AR-sensitive LNCaP
prostate models and osteoblastic bone model SJSA-1. All models were treated with 10 mM Abiraterone, Enzalutamide or DMSO for 1 or 24 hours before being
administered 2 Gy radiation. Samples were then harvested 1, 24 and 48 hours post-radiation and expression levels measured via Western blot (A) and densitometric
analysis (B). b -Actin was used as a loading control. (n=3). Unpaired students t-test was used for comparisons between two groups *p < 0.05 and error bars
represent SEM.
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FIGURE 11 | Cell-cycle analysis of AR-sensitive LNCaP prostate model, AR- insensitive PC3 prostate model and osteoblastic bone model SJSA-1. Cells were
treated with 10 mM Abiraterone, Enzalutamide or DMSO, fixed in ice cold ethanol 1h, 24h and 48h post-treatment and stained with PI/RNaseA for 30 minutes before
the cell-cycle profile was determined by flow cytometry. Error bars are standard error of the mean (SEM) (n=3).
FIGURE 12 | Impact of Abiraterone and Enzalutamide on PARP cleavage in AR-insensitive PC3s, AR-sensitive LNCaP prostate models and osteoblastic bone
model SJSA-1. Models were treated with 10 mM Abiraterone, Enzalutamide or DMSO. Samples were then harvested 1, 24 and 48 hours post-treatment and
expression levels measured via Western blot. b-Actin was used as a loading control. (n=3).
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through Abiraterone or Enzalutamide is combined with 2Gy
radiation (a standard clinical fractionated dose). Thus,
support ing the suggest ion (25) that i t i s this key
downregulation of key DSB DNA repair pathways that is
responsible for our observed radiosensitizing effects with
radiation. Our comparisons between one-hour pre-treatment
and 24-hour pre-treatment have also shown that for maximal
impact, complete AR suppression should be achieved before
radiation over concurrent treatment, as even one-hour post-
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radiation, where DNA damage should be at its maximum, we
observed decreased levels of both key NHEJ and HR proteins.

This observed impact on key DSB repair genes raises interest
in the potential enhancement of these effects through synthetic
lethality approaches, with mounting evidence supporting the
combination of inhibiting both the AR and the PARP pathway
(26–29). The potential combination of AR suppression and DNA
damage response (DDR) inhibitors to increase clinical efficacy is
not only limited to PARP inhibition. Several papers have also
FIGURE 13 | Cell-cycle analysis of AR-sensitive LNCaP prostate model, AR- insensitive PC3 prostate model and osteoblastic bone model SJSA-1. Cells were
treated with 10 mM Abiraterone, Enzalutamide or DMSO 1 or 24 hours before radiation with 2 Gy. Post radiation cells were fixed in ice cold ethanol 1h, 24h and
stained with PI/RNaseA for 30 minutes before the cell-cycle profile was determined by flow cytometry. Error bars are standard error of the mean (SEM) (n=3).
FIGURE 14 | Impact of Abiraterone and Enzalutamide and 2Gy radiation on PARP cleavage in AR-insensitive PC3s and AR-sensitive LNCaP prostate models and
osteoblastic bone model SJSA-1. Models were treated with 10 mM Abiraterone, Enzalutamide or DMSO 1 or 24 hours before radiation with 2Gy. Samples were then
harvested 1,24 and 48 hours post-radiation and expression levels measured via Western blot. b -Actin was used as a loading control. (n=3).
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linked increased cellular toxicity to combinations with ATR
inhibitors (30) and Chk1/2 inhibition (31). However, whether
this can translate into a clinical setting requires further testing,
as, although studies have demonstrated a manageable safety
profile (32) there are conflicting reports regarding the clinical
efficacy of PARP and AR inhibitor combinations (33, 34).

Regarding the question of selection of Abiraterone or
Enzalutamide, our results to date have suggested from a purely
biological perspective the increased cytotoxic benefit of
Abiraterone over Enzalutamide. This was also shown to be the
case mechanistically, with Abiraterone being significantly more
impactful on the downregulation of key DNA repair pathway
proteins examined (RAD51 and DNA-PK) over Enzalutamide,
with this downregulation also occurring at earlier timepoints. Our
results have also shown Abiraterone is more effective at inducing
cell death than Enzalutamide as observed through increased
PARP-cleavage. However, although our results support the
preference of the selection of Abiraterone over Enzalutamide, it
is important to consider that this is in a strictly in vitro setting and
does not accurately represent the tumor microenvironment
underpinning patients response, which could potentially affect
the outcomes. Recent studies have also suggested a sequencing
approach of Abiraterone followed by Enzalutamide may result in
an increased clinical benefit (35), although many centres adopt an
either/or approach with regards to the selection of these two
agents. There has been an increase in the use of both agents in the
frontline setting which in turn will lead to increased number of
patients receiving high dose radiotherapy to the prostate in
combination with these agents. This has been amplified to
negate any immunosuppressive impact of the previous standard
of care, docetaxel.

In conclusion, we have demonstrated that while Abiraterone
and Enzalutamide have an additive cytotoxic effect regardless of
AR status, radiosensitization in an AR-sensitive setting is due to
downregulation of multiple key DNA repair pathways such as
NHEJ and HR, which may also be mediated by cell cycle
distribution changes. Furthermore, comparisons of Abiraterone
versus Enzalutamide have shown Abiraterone to be significantly
Frontiers in Oncology | www.frontiersin.org 1375
more effective in terms of inhibiting key DNA repair proteins
and cell death than Enzalutamide, providing a rationale of its
selection over Enzalutamide in a clinical setting should side effect
profiles not be a consideration.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS

Conceptualization, AC and KP. Methodology, TW, VD, KR, AC,
and KP. Investigation, TW, AA, and VD. Data curation, TW and
VD. Writing—original draft preparation, TW, AC, and KP.
Writing—review and editing, TW, VD, AC, and KP.
Supervision, VD, AC, and KP. Funding acquisition, AC and
KP. All authors contributed to the article and approved the
submitted version.
FUNDING

This research was funded by the Belfast-Manchester Movember
Centre of Excellence (CE013_2-004), funded in partnership with
Prostate Cancer UK. TW was supported by a studentship from
the Northern Ireland Department of the Economy. VD is
supported by the LFT Charitable Trust.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
700543/full#supplementary-material
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA Cancer J Clin
(2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Heinlein CA, Chang C. Androgen Receptor in Prostate Cancer. Endocrine Rev
Endocr Rev; (2004) 25:276–308. doi: 10.1210/er.2002-0032

3. Anderson J. The Role of Antiandrogen Monotherapy in the Treatment of
Prostate Cancer. BJU Int (2003) 91p:455–61. John Wiley & Sons, Ltd. doi:
10.1046/j.1464-410X.2003.04026.x

4. Ryan CJ, Smith MR, Fizazi K, Saad F, Mulders PFA, Sternberg CN, et al.
Abiraterone Acetate Plus Prednisone Versus Placebo Plus Prednisone in
Chemotherapy-Naive Men With Metastatic Castration-Resistant Prostate
Cancer (COU-AA-302): Final Overall Survival Analysis of a Randomised,
Double-Blind, Placebo-Controlled Phase 3 Study. Lancet Oncol (2015) 16
(2):152–60. doi: 10.1016/S1470-2045(14)71205-7

5. Semenas J, Dizeyi N, Persson JL. Enzalutamide as a Second Generation
Antiandrogen for Treatment of Advanced Prostate Cancer. Drug Design Dev
Ther (2013) 7:875–81. doi: 10.2147/DDDT.S45703

6. Bedoya DJ, Mitsiades N. Abiraterone Acetate, a First-in-Class CYP17
Inhibitor, Establishes a New Treatment Paradigm in Castration-Resistant
Prostate Cancer. Expert Rev Anticancer Ther Expert Rev Anticancer Ther;
(2012) 12:1–3. doi: 10.1586/era.11.196

7. Tran C, Ouk S, Clegg NJ, Chen Y, Watson PA, Arora V, et al. Development of
a Second-Generation Antiandrogen for Treatment of Advanced Prostate
Cancer. Sci (80- ). (2009) 324(5928):787–90. doi: 10.1126/science.1168175

8. Chang L, Graham PH, Hao J, Bucci J, Cozzi PJ, Kearsley JH, et al. Emerging
Roles of Radioresistance in Prostate Cancer Metastasis and Radiation
Therapy. Cancer Metastasis Rev (2014) 33p:469–96. Kluwer Academic
Publishers. doi: 10.1007/s10555-014-9493-5

9. D’Amico AV, Manola J, Loffredo M, Renshaw AA, DellaCroce A, Kantoff PW. 6-
MonthAndrogenSuppressionPlusRadiationTherapy vsRadiationTherapyAlone
for Patients With Clinically Localized Prostate Cancer: A Randomized Controlled
Trial. J AmMed Assoc (2004) 292(7):821–7. doi: 10.1001/jama.292.7.821

10. Jones CU, Hunt D, McGowan DG, Amin MB, Chetner MP, Bruner DW, et al.
Radiotherapy and Short-Term Androgen Deprivation for Localized Prostate
Cancer. N Engl J Med (2011) 365(2):107–18. doi: 10.1056/NEJMoa1012348

11. Schmidt-Hansen M, Hoskin P, Kirkbride P, Hasler E, Bromham N. Hormone
and Radiotherapy Versus Hormone or Radiotherapy Alone for Non-
Metastatic Prostate Cancer: A Systematic Review With Meta-Analyses. Clin
Oncol (2014) 26(10):e21–46. doi: 10.1016/j.clon.2014.06.016
July 2021 | Volume 11 | Article 700543

https://www.frontiersin.org/articles/10.3389/fonc.2021.700543/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.700543/full#supplementary-material
https://doi.org/10.3322/caac.21590
https://doi.org/10.1210/er.2002-0032
https://doi.org/10.1046/j.1464-410X.2003.04026.x
https://doi.org/10.1016/S1470-2045(14)71205-7
https://doi.org/10.2147/DDDT.S45703
https://doi.org/10.1586/era.11.196
https://doi.org/10.1126/science.1168175
https://doi.org/10.1007/s10555-014-9493-5
https://doi.org/10.1001/jama.292.7.821
https://doi.org/10.1056/NEJMoa1012348
https://doi.org/10.1016/j.clon.2014.06.016
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wright et al. AR Targeting and Radiation
12. Polkinghorn WR, Parker JS, Lee MX, Kass EM, Spratt DE, Iaquinta PJ, et al.
Androgen Receptor Signaling Regulates DNA Repair in Prostate Cancers.
Cancer Discovery (2013) 3(11):1245–53. doi: 10.1158/2159-8290.CD-13-0172

13. Goodwin JF, Schiewer MJ, Dean JL, Schrecengost RS, de Leeuw R, Han S, et al.
A Hormone-DNA Repair Circuit Governs the Response to Genotoxic Insult.
Cancer Discovery (2013) 3(11):1254–71. doi: 10.1158/2159-8290.CD-13-0108

14. Uematsu N, Weterings E, Yano KI, Morotomi-Yano K, Jakob B, Taucher-
Scholz G, et al. Autophosphorylation of DNA-PKCS Regulates its Dynamics
at DNA Double-Strand Breaks. J Cell Biol (2007) 177(2):219–29. doi: 10.1083/
jcb.200608077

15. Li X, Heyer WD. Homologous Recombination in DNA Repair and DNA
Damage Tolerance. Cell Res (2008) 18:99–113. NIH Public Access. doi:
10.1038/cr.2008.1

16. FrankenNAP,RodermondHM,Stap J,Haveman J, vanBreeC.ClonogenicAssay
of Cells In Vitro. Nat Protoc (2006) 1(5):2315–9. doi: 10.1038/nprot.2006.339

17. SchumannS,EberleinU,MuhtadiR,LassmannM,ScherthanH.DNADamage in
Leukocytes After Internal Ex-Vivo Irradiation of Blood With the a-Emitter Ra-
223. Sci Rep (2018) 8(1):2286. doi: 10.1038/s41598-018-20364-7

18. Tai S, Sun Y, Squires JM, Zhang H, OhWK, Liang CZ, et al. PC3 Is a Cell Line
Characteristic of Prostatic Small Cell Carcinoma. Prostate (2011) 71
(15):1668–79. doi: 10.1002/pros.21383

19. Chou FJ, Chen Y, Chen D, Niu Y, Li G, Keng P, et al. Preclinical Study Using
Androgen Receptor (AR) Degradation Enhancer to Increase Radiotherapy
Efficacy via Targeting Radiation-Increased AR to Better Suppress Prostate
Cancer Progression. EBioMedicine (2019) 40:504–16. doi: 10.1016/
j.ebiom.2018.12.050

20. Ghashghaei M, Paliouras M, Heravi M, Bekerat H, Trifiro M, Niazi TM, et al.
Enhanced Radiosensitization of Enzalutamide via Schedule Dependent
Administration to Androgen-Sensitive Prostate Cancer Cells. Prostate
(2018) 78(1):64–75. doi: 10.1002/pros.23445

21. Sekhar KR, Wang J, Freeman ML, Kirschner AN. Radiosensitization by
Enzalutamide for Human Prostate Cancer Is Mediated Through the DNA
Damage Repair Pathway. Budunova I, Editor. PloS One (2019) 14(4):
e0214670. doi: 10.1371/journal.pone.0214670

22. Zhang W, Liao CY, Chtatou H, Incrocci L, Van Gent DC, Van Weerden WM,
et al. Apalutamide Sensitizes Prostate Cancer to Ionizing Radiation via
Inhibition of non-Homologous End-Joining DNA Repair. Cancers (Basel)
(2019) 11(10):1593. doi: 10.3390/cancers11101593

23. Smith R, Liu M, Liby T, Bayani N, Bucher E, Chiotti K, et al. Enzalutamide
Response in a Panel of Prostate Cancer Cell Lines Reveals a Role for
Glucocorticoid Receptor in Enzalutamide Resistant Disease. Sci Rep (2020)
10(1):1–13. doi: 10.1038/s41598-020-78798-x

24. Grossebrummel H, Peter T, Mandelkow R, Weiss M, Muzzio D,
Zimmermann U, et al. Cytochrome P450 17A1 Inhibitor Abiraterone
Attenuates Cellular Growth of Prostate Cancer Cells Independently From
Androgen Receptor Signaling by Modulation of Oncogenic and Apoptotic
Pathways. Int J Oncol (2016) 48(2):793–800. doi: 10.3892/ijo.2015.3274

25. Elsesy ME, Oh-Hohenhorst SJ, Löser A, Oing C, Mutiara S, Köcher S, et al.
Second-Generation Antiandrogen Therapy Radiosensitizes Prostate Cancer
Regardless of Castration State Through Inhibition of DNA Double Strand
Break Repair. Cancers (Basel) (2020) 12(9):1–21. doi: 10.3390/cancers12092467

26. Li L, Karanika S, Yang G, Wang J, Park S, Broom BM, et al. Androgen
Receptor Inhibitor-Induced “BRCAness” and PARP Inhibition Are
Frontiers in Oncology | www.frontiersin.org 1476
Synthetically Lethal for Castration-Resistant Prostate Cancer. Sci Signal
(2017) 10(480):eaam7479. doi: 10.1126/scisignal.aam7479

27. Zhang M, Lai Y, Vasquez JL, James DI, Smith KM, Waddell ID, et al.
Androgen Receptor and Poly(ADP-Ribose) Glycohydrolase Inhibition
Increases Efficiency of Androgen Ablation in Prostate Cancer Cells. Sci Rep
(2020) 10(1):1–12. doi: 10.1038/s41598-020-60849-y

28. Asim M, Tarish F, Zecchini HI, Sanjiv K, Gelali E, Massie CE, et al. Synthetic
Lethality Between Androgen Receptor Signalling and the PARP Pathway in
Prostate Cancer. Nat Commun (2017) 8(1):1–10. doi: 10.1038/s41467-017-
00393-y

29. Min A, Jang H, Kim S, Lee KH, Kim DK, Suh KJ, et al. Androgen Receptor
Inhibitor Enhances the Antitumor Effect of PARP Inhibitor in Breast Cancer
Cells by Modulating DNA Damage Response. Mol Cancer Ther (2018) 17
(12):2507–18. doi: 10.1158/1535-7163.MCT-18-0234

30. Gui B, Gui F, Takai T, Feng C, Bai X, Fazli L, et al. Selective Targeting of
PARP-2 Inhibits Androgen Receptor Signaling and Prostate Cancer Growth
Through Disruption of FOXA1 Function. Proc Natl Acad Sci USA (2019) 116
(29):14573–82. doi: 10.1073/pnas.1908547116

31. Wengner AM, Siemeister G, Lucking U, Lefranc J, Wortmann L, Lienau P,
et al. The Novel ATR Inhibitor BAY 1895344 is Efficacious as Monotherapy
and Combined With DNA Damage–Inducing or Repair–Compromising
Therapies in Preclinical Cancer Models. Mol Cancer Ther (2020) 19(1):26–
38. doi: 10.1158/1535-7163.MCT-19-0019

32. Karanika S, Karantanos T, Li L, Wang J, Park S, Yang G, et al. Targeting DNA
Damage Response in Prostate Cancer by Inhibiting Androgen Receptor-
CDC6-ATR-Chk1 Signaling. Cell Rep (2017) 18(8):1970–81. doi: 10.1016/
j.celrep.2017.01.072

33. Agarwal N, Shore ND, Dunshee C, Karsh LI, Sullivan B, Di Santo N, et al.
Clinical and Safety Outcomes of TALAPRO-2: A Two-Part Phase III Study of
Talazoparib (TALA) in Combination With Enzalutamide (ENZA) in
Metastatic Castration-Resistant Prostate Cancer (mCRPC). J Clin Oncol
(2019) 37(15_suppl):5076–6. doi: 10.1200/JCO.2019.37.15_suppl.5076

34. Hussain M, Daignault-Newton S, Twardowski PW, Albany C, Stein MN,
Kunju LP, et al. Targeting Androgen Receptor and DNA Repair in Metastatic
Castration-Resistant Prostate Ancer: Results From NCI 9012. J Clin Oncol
(2018) 36(10):991–9. doi: 10.1200/JCO.2017.75.7310

35. Khalaf DJ, Annala M, Taavitsainen S, Finch DL, Oja C, Vergidis J, et al.
Optimal Sequencing of Enzalutamide and Abiraterone Acetate Plus
Prednisone in Metastatic Castration-Resistant Prostate Cancer: A
Multicentre, Randomised, Open-Label, Phase 2, Crossover Trial. Lancet
Oncol (2019) 20(12):1730–9. doi: 10.1016/S1470-2045(19)30688-6

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.

Copyright © 2021 Wright, Dunne, Alshehri, Redmond, Cole and Prise. 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.
July 2021 | Volume 11 | Article 700543

https://doi.org/10.1158/2159-8290.CD-13-0172
https://doi.org/10.1158/2159-8290.CD-13-0108
https://doi.org/10.1083/jcb.200608077
https://doi.org/10.1083/jcb.200608077
https://doi.org/10.1038/cr.2008.1
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/s41598-018-20364-7
https://doi.org/10.1002/pros.21383
https://doi.org/10.1016/j.ebiom.2018.12.050
https://doi.org/10.1016/j.ebiom.2018.12.050
https://doi.org/10.1002/pros.23445
https://doi.org/10.1371/journal.pone.0214670
https://doi.org/10.3390/cancers11101593
https://doi.org/10.1038/s41598-020-78798-x
https://doi.org/10.3892/ijo.2015.3274
https://doi.org/10.3390/cancers12092467
https://doi.org/10.1126/scisignal.aam7479
https://doi.org/10.1038/s41598-020-60849-y
https://doi.org/10.1038/s41467-017-00393-y
https://doi.org/10.1038/s41467-017-00393-y
https://doi.org/10.1158/1535-7163.MCT-18-0234
https://doi.org/10.1073/pnas.1908547116
https://doi.org/10.1158/1535-7163.MCT-19-0019
https://doi.org/10.1016/j.celrep.2017.01.072
https://doi.org/10.1016/j.celrep.2017.01.072
https://doi.org/10.1200/JCO.2019.37.15_suppl.5076
https://doi.org/10.1200/JCO.2017.75.7310
https://doi.org/10.1016/S1470-2045(19)30688-6
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:
Alcides Chaux,

Universidad del Norte, Paraguay

Reviewed by:
Ali Amin,

The Warren Alpert Medical School of
Brown University, United States

Hiroshi Miyamoto,
University of Rochester Medical

Center, United States

*Correspondence:
Yoichiro Okubo

yoichiro0207@hotmail.com;
yoichiro0207@kcch.jp

Specialty section:
This article was submitted to

Genitourinary Oncology,
a section of the journal
Frontiers in Oncology

Received: 14 April 2021
Accepted: 13 July 2021
Published: 28 July 2021

Citation:
Okubo Y, Sato S, Osaka K,

Yamamoto Y, Suzuki T, Ida A,
Yoshioka E, Suzuki M, Washimi K,
Yokose T, Kishida T and Miyagi Y

(2021) Clinicopathological
Analysis of the ISUP Grade Group
And Other Parameters in Prostate

Cancer: Elucidation of Mutual
Impact of the Various Parameters.

Front. Oncol. 11:695251.
doi: 10.3389/fonc.2021.695251

ORIGINAL RESEARCH
published: 28 July 2021

doi: 10.3389/fonc.2021.695251
Clinicopathological Analysis of
the ISUP Grade Group And Other
Parameters in Prostate Cancer:
Elucidation of Mutual Impact of
the Various Parameters
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Takahisa Suzuki 3, Arika Ida1, Emi Yoshioka1, Masaki Suzuki1,5, Kota Washimi1,
Tomoyuki Yokose1, Takeshi Kishida3 and Yohei Miyagi2

1 Department of Pathology, Kanagawa Cancer Center, Kanagawa, Japan, 2 Molecular Pathology and Genetics Division,
Kanagawa Cancer Center Research Institute, Kanagawa, Japan, 3 Department of Urology, Kanagawa Cancer Center,
Kanagawa, Japan, 4 Department of Radiology, Kanagawa Cancer Center, Kanagawa, Japan, 5 Department of Pathology,
University of Tokyo Hospital, Tokyo, Japan

Background: Prostate cancer has become increasingly common worldwide. Although
Grade group (GG) is widely accepted as an indicator of prostate cancer grade, there are
malignancies that cannot be defined by GG alone. Moreover, the relationship between GG
and other parameters remains unclear. Herein, we aimed to explore the biological
characteristics of prostate cancer.

Methods: This study included 299 radical prostatectomy cases. The Chi-square test and
analysis of variance were used to analyze the association of GG with binary and
continuous variables. We then conducted morphological analyses. Multivariate analyses
were performed to extract the data on risk factors for biochemical recurrence (BCR) and
lymph node metastasis.

Results: The lymphatic, venous, perineural, and seminal vesicle invasion rates were 37/
299 (12.4%), 25/299 (8.4%), 280/299 (93.6%), and 23/299 (7.7%), respectively. The
extraprostatic extension (EPE), positive surgical margin, tertiary Gleason pattern 5,
intraductal carcinoma of the prostate gland, and lymph node metastasis rates were 89/
299 (29.8%), 106/299 (35.5%), 33/260 (12.7%), 56/299 (18.7%), and 23/299 (7.7%),
respectively. As GG increased, various parameters became easier to visualize; however,
there were differences between the parameters. Postoperative BCR was observed in 31/
242 (12.8%) cases without preoperative hormone therapy; GG2, GG3, GG4, and GG5
accounted for 4, 7, 7, and 13 cases, respectively. Multivariate analyses revealed that GG
and tumor diameter were significant risk factors for early BCR, whereas lymphatic
invasion, EPE, and seminal vesicle invasion were significant risk factors for lymph node
metastasis. For BCR, the odds ratios (ORs) for GG and tumor diameter were 2.253 (95%
confidence interval (CI]): 1.297–3.912; P=0.004) and 1.074 (95% CI: 1.011–1.142;
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P=0.022), respectively. For lymph node metastasis, ORs for the presence of lymphatic
invasion, EPE, and seminal vesicle invasion were 7.425 (95% CI: 1.688–22.583;
P=0.004), 4.391 (95% CI: 1.037–18.589; P=0.044), and 5.755 (95% CI: 1.308–25.316;
P=0.021), respectively.

Conclusions: We summarized various parameters correlating with each GG. Through
multivariate analyses, we established the independent risk factors for early BCR and
lymph node metastasis. In addition to GG, other important indices of malignancy were
determined and weighted to provide a basis for future investigations.
Keywords: prostate, grade group, Gleason Score, metastasis, adenocarcinoma, lymphatic invasion,
biochemical recurrence
INTRODUCTION

Prostate cancer has become increasingly prevalent worldwide (1–4).
Although the incidence rate of this tumor is lower in Japan than that
in Western countries (the incidence rates in Japan, the United
States, and the United Kingdom are 27.0, 98.2, and 73.2 per 100,000
population, respectively) (5), its incidence is rapidly increasing with
the westernization of lifestyles (6). Most malignant prostatic
neoplasms (~90%) are adenocarcinomas (7–9). In patients who
are required to undergo radical prostatectomy, various parameters
can be evaluated through preoperative clinical investigations and
histopathological analyses of surgical specimens. These parameters
include age, preoperative serum prostate-specific antigen (PSA)
concentration, body mass index (BMI), tumor diameter, Grade
group (GG) and Gleason score (GS), lymphatic, venous, perineural,
and seminal vesicle invasion, extraprostatic extension (EPE) of the
tumor, positive surgical margins, and lymph node metastasis (10).
In addition, postoperative follow-up surveys allow examination of
the relationship between biochemical recurrence (BCR) and various
parameters after radical prostatectomy.

Among these parameters, GG (2), lymphovascular invasion (11),
EPE, seminal vesicle invasion, and lymph node metastasis (12) have
been established as independent poor prognostic factors. More
recently, tertiary Gleason pattern 5 and intraductal carcinoma of
the prostate gland (IDC-P) have also been reported as poor
prognostic factors (3, 13). However, few studies have investigated
lymphatic invasion and venous invasion separately (14, 15), and the
relationship between GG and various clinicopathological evaluation
parameters has not yet been fully elucidated. Furthermore, the
extent to which each evaluation parameter affects lymph node
metastasis, which is an important prognostic factor in patients
with prostate cancer, remains unclear (15).

Recently, the use of robot-assisted radical prostatectomy
(RARP) has gained popularity. Studies have found that RARP
allows for both safe operation and efficient lymph node
evaluation (16, 17). Nevertheless, one study (18) suggested that
lymph node dissection using RARP does not directly contribute
to the prognosis and may increase complications; however, this
en; BMI, body mass index; GG, Grade
ostatic extension; BCR, biochemical
of the prostate gland; RARP, robot-
xylin and eosin.
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finding remains controversial. Therefore, in this study, instead of
performing a literature search, we aimed to analyze the risk
factors for lymph node metastasis using detailed morphological,
immunohistochemical, and statistical analyses of surgical
specimens of patients who had undergone RARP. Specifically,
we initially investigated the relationship between GG and the
evaluation parameters. Thereafter, we conducted a multivariate
logistic regression analysis to determine the risk factors for
lymph node metastasis, which has been strongly established as
a poor prognostic factor postoperatively (12). We also confirmed
the status of BCR after RARP, extracted risk factors using
multivariate logistic regression analysis, and attempted to
integrate the results with morphological analysis.
MATERIALS AND METHODS

Identification of the Cases Used in the
Analysis (Kanagawa Cancer Center,
Japan)
RARP, using the da Vinci surgical system (Intuitive Surgical,
Inc.; Sunnyvale, CA, United States), was introduced at our
institution in August 2018. Considering the combined
experience of the operators and co-medicals, prostate cancer
cases treated using RARP between January 2019 and December
2020 were included in this study. In addition, for enabling the
safe and most appropriate treatment using RARP, an author of
this manuscript, KO, was assigned to our institution in April
2018. KO had more than four years of prior experience in
operating da Vinci surgical system and had experienced
approximately 400 cases before this assignment, of which he
was the primary surgeon in approximately 100 cases.

Specifically, we recorded various parameters using hematoxylin
and eosin (HE) staining and immunohistochemical analysis under
a light microscope as our routine diagnostic procedures. In
addition, a pathological diagnosis support software (“EXpath”
Laboratory Information Systems for Pathology, INTEC Inc.,
Tokyo, Japan) was used to confirm the pathological diagnoses
and clinical information. This study was performed in alignment
with the tenets of the Declaration of Helsinki and approved by the
Ethics Review Committee of the Kanagawa Cancer Center
(Approval Number: 2019-36). Furthermore, written informed
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consent was obtained from the patients for the future use of their
materials for research.

Clinicopathological Parameters of the
Prostate Adenocarcinoma Cases
We extracted the below mentioned clinicopathological
parameters for analysis. Most of these parameters were
recorded during the routine pathological diagnosis process in
our institute. We also checked the medical records in May 2021
to confirm the presence of BCR. The specific tabulation method
for each parameter was as follows:

GG
In this analysis, we adopted the 2014 International Society of
Urological Pathology (ISUP) grading system for GG evaluation
(19, 20). According to the invasive pattern of prostate cancer, the
GG system was divided into the following five groups: GG1, 2, 3,
4, and 5 (GS: 3 + 3 = 6, 3 + 4 = 7, 4 + 3 = 7, 4 + 4 = 8, and 4 + 5 or
more, respectively). We have adopted the highest GG for cases
with multiple lesions. At least two pathologists evaluated the
post-RARP specimens as per the 2014 ISUP system. After one of
the two pathologists (YO or SS) described the primary pathology
findings, the specimens were reviewed by the third pathologist
(YM) using a multi-viewing biological microscope. In case of
disagreement on various diagnostic findings, the three
pathologists discussed; however, if they still could not agree,
the opinion of the third pathologist with the longer experience as
a prostate cancer diagnostician was prioritized.

Age
We recorded the patients’ ages when the surgery was performed.

BMI
BMI was determined using the patient’s body weight and height
at the time of the surgery and was calculated as follows: body
weight (kilograms)/height squared (meters2).
Frontiers in Oncology | www.frontiersin.org 379
PSA Value
Each patient’s highest PSA value from the collection of the
preoperative serum PSA values was recorded.

Tumor Diameter
After formalin fixation, we recorded the length of the prostate in
three directions (vertical, transverse, and sagittal). After
photography, both the prostate apex and base were examined
using the cone method with sagittal sectioning (21). The
remaining prostate was entirely cut at approximately 5-mm
intervals from the apex to the base, perpendicular to the long
axis. All sections were embedded into paraffin and examined.
The pathologist examined the specimen and measured the tumor
diameter. Appropriate mapping was conducted, and even the
lesions in the different sections were included in the tumor
diameter if they were determined to be a series of lesions based
on their location. In the case of multiple lesions, the tumor
diameter with the highest GG was included in this study.

Lymphatic and Venous Invasion
To confirm the presence of lymphatic or venous invasion
separately, HE-stained specimens were first evaluated. Then,
we prepared sections from the paraffin-blocks corresponding to
the respective HE-stained specimen, and D2-40 and CD31
immunostaining together with HE staining was conducted for
each case (Figures 1 and 2). If there was obvious lymphatic or
venous invasion in the HE-stained specimen, then that was
recorded accordingly. If there were cancer cells in the lumen
lined with endothelial cells positive for the expression of D2-40
or CD31, the decision was based on the concordance of the
results of immunohistochemistry with the results of the re-sliced
HE-stained specimen. Since D2-40 can stain non-specifically,
especially cells other than those of the lymphatic endothelium,
including the basal cells (22), we emphasized the comparison
with the re-s l iced HE-stained specimen. As CD31
immunostaining also faintly stains lymphatic endothelial cells,
FIGURE 1 | Lymphatic invasion in prostate cancer. (A) Small clusters of carcinoma cells are present in the lumen (hematoxylin and eosin staining, ×200). (B) The
luminal surface of the duct is lined with D2-40 positive lymphatic endothelium (D2-40 immunohistochemistry, ×200).
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for cases in which both the expressions of D2-40 and CD31 were
positive, we considered the staining intensity of obvious venous
endothelial cells on the same section in our decision (Figure 3).

Perineural Invasion
The presence of perineural invasion was confirmed using the
HE-stained specimen, which was routinely prepared for
pathological diagnosis. Perineural invasion was defined as
complete circumferential or direct invasion of peripheral nerve
structures by the adenocarcinoma (23).

EPE
EPE is defined as an extension of a tumor into the periprostatic
soft tissue (24). This definition has been adopted by the tumor,
Frontiers in Oncology | www.frontiersin.org 480
lymph node, and metastasis staging system for prostate cancer
and the ISUP (25). Although EPE in the posterolateral area can
be diagnosed when the presence of carcinoma cells is confirmed
in the loose connective tissue or perineural spaces of the
neurovascular bundles (25), there were no such cases in this
study, and cases with firm invasion into the adipose tissue were
included as EPE.

Surgical Margins
As mentioned above, both the prostate apex and base were
examined using the cone method with sagittal sectioning (21).
The remaining prostate was entirely cut at approximately 5-mm
intervals from the apex to the base, perpendicular to the long
axis. All sections were embedded into paraffin and examined.
FIGURE 3 | Criteria for determining lymphovascular invasion using D2-40 and CD31 immunostaining. (A) The lymphatic vessel is clearly stained using D2-40
immunostaining (D2-40 immunohistochemistry, ×200). (B) The same location as (A); however, the CD31 immunostaining also faintly stains the lymphatic vessels
(CD31 immunohistochemistry, ×200).
FIGURE 2 | Venous invasion in prostate cancer. (A) Small clusters of carcinoma cells are present in the lumen (hematoxylin and eosin staining, ×200). (B) The
luminal surface of the duct is lined with CD31 positive venous endothelium (CD31 immunohistochemistry, ×200).
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Positive or negative surgical margins were confirmed using the
HE-stained specimen, which is prepared routinely for diagnosis.
At our institution, blue ink is applied to the prostate’s surface
when it is cut. If the cancer cells extend to the ink line at the edge
of the prostate tissue, the margin is considered positive.

Seminal Vesicle Invasion
Seminal vesicle invasion was detected using histopathological
evaluation and defined as a firm invasion of cancer cells into the
muscle wall of the seminal vesicle (26). Although EPE and
seminal vesicle invasion are similar in that they involve the
outside of the prostate, they are considered independent
parameters (27) and were evaluated individually in this analysis.

IDC-P
According to the latest ISUP consensus (2), we defined IDC-P as
an extension of adenocarcinoma cells into the preexisting
prostatic ducts and acini, distending them, with some
preservation of the basal cells. Since IDC-P typically arises
adjacent to invasive cancer cells and rarely occurs without
invasion, we also confirmed the presence of invasive cancer in
the surrounding area. Previous studies have reported the
following morphological features of IDC-P: expanded growth of
carcinoma cells forming large dense cribriform and/or solid
structures (28), which were also confirmed in this study.
Furthermore, the basal cells are not always confirmed through
HE-stained specimens alone (2); therefore, PIN4 immunostaining
(combined AMACR (P504S)/34bE12/p63 immunostaining) was
performed on one representative section of the specimen to
confirm the presence of IDC-P (Figure 4). In addition,
although controversial, it is commonly considered that IDC-P
is not incorporated into GG (29); hence, we exclude it from the
GG assessment for IDC-P areas.
Frontiers in Oncology | www.frontiersin.org 581
Tertiary Gleason Pattern 5
Tertiary Gleason pattern 5 was defined as the percentage of cases
with Gleason pattern 5 <5% (30). Cases with tertiary Gleason
pattern 5 in GG4 or less were included (Figure 5).

Biochemical Recurrence After RARP
In line with the American Urological Association (31) and
European Association of Urology Guidelines (32) (as well as
the Japanese guidelines), BCR was defined by two consecutive
rising PSA values >0.2 ng/mL after radical prostatectomy (in this
case, the date of the first rise was defined as the date of the BCR).
If the serum PSA level did not fall below 0.2 ng/mL after RARP
and was 0.2 ng/mL or higher in two successive tests, the date of
surgery was assigned as the day of BCR.

Lymph Node Metastasis
The presence or absence of lymph node metastasis was
confirmed in cases in which lymph node dissection was
performed. At our institution, patients who were at a high risk
according to the D’Amico classification or those with 7% or
higher predicted lymph node metastasis rates according to the
Briganti 2012 nomogram (33) underwent lymph node resection.

Additional Morphological Analysis
Morphological analysis was conducted in cases where the
carcinoma cells had metastasized (cases with EPE, seminal
vesicle invasion, or lymph node metastasis were included in
the analysis). Specifically, in each case, we identified the Gleason
patterns 4 and 5 components of the lesions, which were
recognized as high grade. We recorded the presence of the five
subtypes each of Gleason patterns 4 and 5 (in this study,
papillary/ductal adenocarcinomas were also included as
subtypes). These 10 subtypes were based on the ISUP 2014
FIGURE 4 | Intraductal carcinoma of the prostate. (A) In the lumen of the prostate gland, carcinoma cells identical to those of the surrounding prostate
adenocarcinoma components have developed (hematoxylin and eosin staining, ×100). (B) Tumor components are stained red owing to P504S immunoreactivity,
while the periprostatic gland lumen is stained brown owing to p63 immunoreactivity (PIN4 immunohistochemistry, ×100).
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grading system (20). We recorded subtypes that accounted for at
least 10% of the intraprostatic, invasive, and metastatic lesions,
respectively. We also recorded the most predominant subtypes.
The primary subtype decision was made by YO or AI, who
described the specimens. Then, together with the third
pathologist (YM), the specimens were reviewed using a multi-
viewing biological microscope. In case of disagreement on the
subtype, the three pathologists discussed the findings, but if they
still failed to agree, the opinion of YM, who had a longer
experience of prostate cancer diagnosis, was prioritized.

Statistical Analyses
For binary variables that could take two values (lymphatic,
venous, perineural, seminal vesicle invasion, EPE, positive
surgical margins, tertiary Gleason pattern 5, and IDC-P), the
Chi-square test was used for statistical analysis of GG and the
various parameters. Statistical significance was set at P<0.05. We
also measured the adjusted residuals to test for an association
between GG and each of the parameters. A value of ±1.96 or
higher was considered significant.

Analysis of variance was used to analyze GG and continuous
variables (age, preoperative PSA, BMI, and tumor diameter).
P<0.05 was considered significant for each group.

Multivariate logistic regression analysis was performed to
extract risk factors for BCR and lymph node metastasis in
prostate cancer. The dependent variable was the presence or
absence of BCR or lymph node metastasis, and the explanatory
variables included GG; lymphatic, venous, perineural, and
seminal vesicle invasion; EPE; positive surgical margins;
tertiary Gleason pattern 5, IDC-P, age, preoperative PSA, BMI,
and tumor diameter. These parameters were recorded during the
routine pathological diagnosis process. Differences were
considered significant at P<0.05. In the present study, all
currently available cases were subjected to statistical analyses,
but cases involving preoperative hormonal therapy were
excluded owing to the impossibility of GG evaluation.
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In addition, GG1 was also excluded owing to the presence of
only two cases.
RESULTS

The rates of the parameters were as follows: lymphatic invasion,
37/299 (12.4%); venous invasion, 25/299 (8.4%); perineural
invasion, 280/299 (93.6%); EPE, 89/299 (29.8%); positive
surgical margins, 106/299 (35.5%); seminal vesicle invasion,
23/299 (7.7%); tertiary Gleason pattern 5, 33/260 (12.7%);
ICD-P, 56/299 (18.7%); and lymph node metastasis, 23/299
(7.7%). These results are summarized in Table 1 and Figure 6.
In addition, there were no cases of GS 3 + 5 = 8 or GS 5 + 3 = 8 or
cases with microscopic invasion of the bladder neck in this study.

For all parameters, detailed values, percentages, and adjusted
residuals (Chi-square test) for each GG were as follows
TABLE 1 | The mean, standard deviation, or detection rates for the various
study parameters.

Total cases 299

Lymphatic invasion rate 37/299 (12.4%)
Venous invasion rate 25/299 (8.4%)
Perineural invasion rate 280/299 (93.6%)
EPE rate 89/299 (29.8%)
Positive surgical margins rate 106/299 (35.5%)
Seminal vesicle invasion rate 23/299 (7.7%)
Tertiary Gleason pattern 5 rate 33/260 (12.7%)
Intraductal carcinoma of the prostate rate 56/299 (18.7%)
Lymph node metastasis rate 23/299 (7.7%)
Age (years, mean ± SD) 67.6 ± 6.4
BMI (mean ± SD) 24 ± 3.1
Preoperative PSA value (ng/ml, mean ± SD) 10.9 ± 13.2
Tumor diameter from surgical specimen (mm, mean ± SD) 24.3 ± 10.2
July 2021 | Volume 11
SD, standard deviation; BMI, body mass index; EPE, extraprostatic extension.
Results of the analysis of the various parameters for all 299 cases.
FIGURE 5 | Tertiary Gleason pattern 5 in prostatic adenocarcinoma. (A) Most cancer cells correspond to Gleason pattern 4 or 3. (hematoxylin and eosin (HE)
staining, ×40). (B) The overall picture shows that <5% of the carcinoma cells are solitary or grow in a linear fashion. (HE staining, ×200).
| Article 695251

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


Okubo et al. Clinicopathological Analyses of Prostate Cancer
(Tables 2 and 3): Up to GG1 and GG2, there was rarely any
lymphatic invasion; however, it was observed in >10% of GG3
cases. In particular, it was confirmed in approximately one-third
of the cases for GG4 and GG5. The adjusted residuals for GG4
and GG5 were notably >1.96. GG4 and GG5 had a significant
impact on the increased risk of lymphatic invasion. Venous
invasion was rarely seen below GG3; contrarily, it was confirmed
in approximately one-fifth and one-fourth of the GG4 and GG5
cases, respectively. However, only GG5 had an adjusted residual
>1.96, and the overall positivity rate was low compared to that of
lymphatic invasion.

Most of the cases were positive for perineural invasion. EPE
occurred at a constant frequency of approximately one-fifth to
one-fourth of the cases in GG2 to GG4, though its occurrence
was significantly lower in GG2. By contrast, GG5 exhibited a
significantly higher rate of positivity than the other groups
(slightly more than two-thirds were confirmed in GG5).

Positive surgical margins were found at a constant rate but were
significantly higher in GG5. The rates in 2019 and 2020 were
different, at 49/120 (40.8%) and 39/124 (31.5%), respectively, but the
difference was not significant (Chi-square test, P-value=0.152).
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Seminal vesicle invasion was the most strongly affected
parameter in GG5 and was significantly higher in GG5. The
invasion was found in approximately one-third of the GG5 cases
but less than 5% in GG4 or below cases.

The incidence of tertiary Gleason pattern 5 was significantly
higher in GG3 than in GG2. In GG4, the rate was relatively lower
than that in GG3.

The incidence of IDC-P represented approximately one-fifth
of cases with GG3. The adjusted residuals for GG4 and GG5 were
notably >1.96. GG4 and GG5 had a significant impact on the
increased risk of IDC-P. In addition, there were no cases of
comedonecrosis with IDC-P in this study.

Regarding the lymph node metastasis rate in patients who
underwent lymph node dissection up to GG4, it was <10% (some
difference was present; however, it was not significant).
Contrastingly, GG5 exhibited lymph node metastasis in
approximately one-third of cases, which was significantly
higher than the findings from other GG groups.

The continuous variables PSA levels and tumor diameter were
significantly higher in GG5 than in other groups. In contrast, there
were no significant differences in any variables between GG2 and GG4.
A B

C D

FIGURE 6 | Relationship between Grade group and positive rates of various parameters. (A–D) As the Grade group (GG) increases, various evaluation parameters
become easier to visualize; however, there are differences between the parameters. For example, the lymphatic invasion rate increases from GG3 and reaches a
plateau at GG4, while the venous invasion rate begins to increase at GG4 and is even higher at GG5. Extraprostatic extension (EPE) is detected at a constant
frequency starting at GG2 (but becomes extremely high at GG5), and seminal vesicle invasion has a sharp increase in positivity at GG5. The bars with the asterisk
symbol (*) in each graph mean that the adjusted residuals are greater than 1.96 in the Chi-square test, indicating that the corresponding values are significantly
higher between the groups (e.g., 37.9% for GG5 in seminal vesicle invasion rate is statistically significant).
July 2021 | Volume 11 | Article 695251
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In this study, postoperative BCR was observed in 31/242
(12.8%) cases; cases with preoperative hormone therapy were
excluded from this analysis. At our hospital, serum PSA levels are
measured at least twice for each radical prostatectomy to decide
the treatment and follow-up strategy. Therefore, patients who
received additional treatment before being diagnosed as BCR
were not included in this study. GG2, GG3, GG4, and GG5
accounted for four, seven, seven, and 13 cases, respectively. The
average time to diagnosis of BCR was 111.8 days (range: 0 to 543
days); 19/31 (61.3%) cases never had PSA<0.2 ng/mL,
postoperatively, and BCR for them was assigned to the day of
surgery. We also examined the incidence of BCR in cases with
EPE, seminal vesicle invasion, or lymph node metastasis, which
Frontiers in Oncology | www.frontiersin.org 884
were 17/67 (25.4%), 8/16 (50%), and 9/16 (56.3%), respectively.
Our morphological analysis showed that in each of the analyses,
the most prominent subtypes of intraprostatic lesions were small
and large fused glands, but there were differences in their
distribution (Tables 4–6). We conducted multivariate logistic
regression analysis to extract independent risk factors for BCR in
this study and found that GG and tumor diameter were
significant risk factors for BCR. Lymph node metastasis was
not a significant risk factor, though it tended toward significance.
The odds ratios for BCR with respect to GG and tumor diameter
were 2.253 (95% confidence interval: 1.297–3.912; P=0.004) and
1.074 (95% confidence interval: 1.011–1.142; P=0.022),
respectively (Table 7).
TABLE 3 | Results from the adjusted residuals, in which various parameters based on the Chi-square test were detected, for each Grade group.

GG2 GG3 GG4 GG5

Lymphatic invasion -4.3 0 3.3 3.1
Venous invasion rate -2.1 -1.4 1.8 3.4
Perineural invasion rate -3.0 1.8 1 0.9
EPE -2.8 -1.1 0.5 5.3
Positive surgical margin -1.9 -0.2 -0.7 3.9
Seminal vesicle invasion -3.5 -0.8 -0.9 7.2
Tertiary Gleason pattern 5 -2.8 -3.2 -0.5 None
IDC-P -5.1 -0.3 2.3 5.8
Lymph node metastasis rate (Only cases in which lymph node dissection was conducted) -1.1 -1.1 -1.4 3.8
July 2021 | Vo
lume 11 | Article 69
GG, Grade group; EPE, extraprostatic extension; IDC-P, Intraductal carcinoma of the prostate.
Based on the Chi-square test, the adjusted residuals for the various parameters between the groups were evaluated; ± 1.96 was used as a criterion for the presence of a significant
difference, and the detection rate was considered significantly high if it was >1.96 and significantly low if it was ≤1.96. GG1 was excluded from the analysis owing to the excessively limited
number of cases.
TABLE 2 | Summary of the evaluation items for each Grade group.

GG1 GG2 GG3 GG4 GG5

Cases 2 99 82 32 29
Age (years, mean ± SD) 68.5 ± 7.8 67.4 ± 6.2 68.5 ± 5.8 66.2 ± 7.2 68.2 ± 6.2
BMI (mean ± SD) 23.1 ± 0.2 23.8 ± 2.9 23.8 ± 2.9 24.2 ± 3.7 24.7 ± 4.1
Preoperative PSA value (ng/ml, mean ± SD) 12.8 ± 10.6 7.6 ± 4.7 8.4 ± 4.4 9.1 ± 4.8 16.1 ± 24.2
Tumor diameter from surgical specimen (mm, mean ± SD) 10 ± 7.1 23.8 ± 8.2 25.7 ± 9.3 23.2 ± 9.4 31.2 ± 12.8
Lymphatic invasion 0/2 (0%) 3/99 (3.0%) 12/82

(14.6%)
11/32
(34.4%)

10/29
(34.5%)

Venous invasion rate 0/2 (0%) 5/99 (5.1%) 5/82 (6.1%) 6/32
(18.8%)

8/29
(27.6%)

Perineural invasion rate 0/2 (0%) 93/99
(93.9%)

82/82
(100%)

32/32
(100%)

29/29
(100%)

EPE rate 0/2 (0%) 18/99
(18.2%)

19/82
(23.2%)

10/32
(31.3%)

20/29
(69%)

Positive surgical margins rate 0/2 (0%) 29/99
(29.3%)

29/82
(35.4%)

10/32
(31.3%)

20/29
(69%)

Seminal vesicle invasion rate 0/2 (0%) 0/99 (0%) 4/82 (4.9%) 1/32 (3.1%) 11/29
(37.9%)

Tertiary Gleason pattern 5 rate 0/2 (0%) 8/99 (8.1%) 21/82
(25.6%)

4/32
(12.5%)

none

IDC-P rate 0/2 (0%) 4/99 (4.0%) 15/82
(18.3%)

11/32
(34.4%)

17/29
(58.6%)

Lymph node metastasis rate (All patients except for those who underwent preoperative
hormonal therapy)

0/2 (0%) 2/99 (2.0%) 4/82 (4.9%) 1/32 (3.1%) 9/29
(31.0%)

Lymph node metastasis rate (Only cases in which lymph node dissection was
conducted)

None 2/31 (6.5%) 4/50 (8.0%) 1/26 (3.8%) 9/27
(33.3%)
GG, Grade group; SD, standard deviation; BMI, body mass index; EPE, extraprostatic extension; IDC-P, Intraductal carcinoma of the prostate.
Summary of the mean, standard deviation, or detection rate of the various parameters for each Grade group.
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TABLE 6 | Association between morphological characteristics of intraprostatic and metastatic lesions in cases with lymph node metastasis.

Predominant morphological variant
(intraprostatic lesion)

Cases with
BCR

(intraprostatic
lesion)

Cases with
BCR

(metastatic
lesion)

Cases without BCR
(intraprostatic lesion)

Cases without
BCR

(metastatic
lesion)

Ill formed 2/16 (12.5%) 5/9 (55.6%) 2/9 (22.2%) 5/7 (71.4%) 4/7 (57.1%)
Small and large fused 5/16 (31.3%) 6/9 (66.7%) 1/9 (11.1%) 5/7 (71.4%) 0/7 (0%)
Glomeruloid 0/16 (0%) 1/9 (11.1%) 7/9 (77.8%) 1/7 (14.3%) 4/7 (42.9%)
Cribriform 3/16 (18.8%) 4/9 (44.4%) 2/9 (22.2%) 6/7 (85.7%) 0/7 (0%)
Papillary 3/16 (18.8%) 2/9 (22.2%) 0/9 (0%) 3/7 (42.9%) 0/7 (0%)
Single cell 0/16 (0%) 5/9 (55.6%) 0/9 (0%) 3/7 (42.9%) 0/7 (0%)
Single file 1/16 (6.3%) 5/9 (55.6%) 1/9 (11.1%) 2/7 (28.6%) 3/7 (42.9%)
Cribriform with
comedonecrosis

0/16 (0%) 2/9 (22.2%) 1/9 (11.1%) 1/7 (14.3%) 3/7 (28.6%)

Pseudorosetting 0/16 (0%) 0/9 (0%) 3/9 (33.3%) 0/7 (0%) 2/7 (28.6%)
Solid 2/16 (12.5%) 3/9 (33.3%) 1/9 (11.1%) 2/7 (28.6%) 1/7 (14.3%)
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BCR, biochemical recurrence.
In cases with lymph node metastasis, the subtypes of Gleason pattern 4 and 5 were examined in both intraprostatic and metastatic lesions, respectively. Though the “small and large fused
glands” subtype was slightly predominant, various subtypes tended to be identified in the intraprostatic lesions. In addition, lymph node metastatic lesions tended to congregate to some
extent rather than being solitary, while the “Pseudorosetting” formation was observed at a certain frequency.
TABLE 4 | Association between morphological characteristics of intraprostatic and invasive lesions in cases with EPE.

Predominant morphological variant
(intraprostatic lesion)

Cases with BCR
(intraprostatic lesion)

Cases with BCR
(invasion lesion)

Cases without BCR
(intraprostatic lesion)

Cases without BCR
(invasive lesion)

Ill formed 5/67 (7.5%) 9/17 (52.9%) 8/17 (47.1%) 28/50 (56%) 13/50 (26%)
Small and large
fused

32/67 (47.8%) 11/17 (64.7%) 8/17 (47.1%) 40/50 (80%) 40/50 (80%)

Glomeruloid 4/67 (6%) 4/17 (23.5%) 0/17 (0%) 17/50 (34%) 8/50 (16%)
Cribriform 15/67 (22.4%) 10/17 (58.8%) 5/17 (29.4%) 26/50 52%) 9/50 (18%)
Papillary 8/67 (11.9%) 3/17 (17.6%) 1/17 (5.9%) 16/50 (32%) 0/50 (0%)
Single cell 0/67 (0%) 9/17 (52.9%) 3/17 (17.6%) 13/50 (26%) 2/50 (4%)
Single file 0/67 (0%) 8/17 (47.1%) 3/17 (17.6%) 12/50 (24%) 1/50 (2%)
Cribriform with
comedonecrosis

0/67 (0%) 3/17 (17.6%) 0/17 (0%) 9/50 (18%) 1/50 (2%)

Pseudorosetting 0/67 (0%) 0/17 (0%) 0/17 (0%) 0/50 (0%) 0/50 (0%)
Solid 3/67 (4.5%) 6/17 (35.3%) 1/17 (5.9%) 2/50 (4%) 1/50 (2%)
EPE, extraprostatic extension; BCR, biochemical recurrence.
The subtypes of Gleason patterns 4 and 5 in cases with EPE were examined both in intraprostatic and invasive lesions, respectively. Overall, the “small and large fused glands” subtype was
the predominant subtype in the intraprostatic lesions. In addition, the Gleason pattern 5 component was more likely to be observed in cases with BCR than in cases without BCR in both
intraprostatic and invasive lesions.
TABLE 5 | Association between morphological characteristics of intraprostatic and invasive lesions in cases with SVI.

Predominant morphological variant
(intraprostatic lesion)

Cases with BCR
(intraprostatic lesion)

Cases with BCR
(invasion lesion)

Cases without BCR
(intraprostatic lesion)

Cases without BCR
(invasive lesion)

Ill formed 1/16 (6.3%) 4/8 (50%) 5/8 (62.5%) 7/8 (87.5%) 5/8 (62.5%)
Small and large
fused

7/16 (43.8%) 6/8 (75%) 0/8 (0%) 5/8 (62.5%) 5/8 (62.5%)

Glomeruloid 1/16 (6.3%) 0/8 (0%) 1/8 (12.5%) 4/8 (50%) 2/8 (25%)
Cribriform 4/16 (25%) 4/8 (50%) 0/8 (0%) 6/8 (75.0%) 1/8 (12.5%)
Papillary 0/16 (0%) 0/8 (0%) 5/8 (62.5%) 1/8 (12.5%) 0/8 (0%)
Single cell 0/16 (0%) 6/8 (75%) 4/8 (50%) 6/8 (75%) 2/8 (25.0%)
Single file 1/16 (6.3%) 6/8 (75%) 0/8 (0%) 6/8 (75%) 3/8 (37.5%)
Cribriform with
comedonecrosis

0/16 (0%) 1/8 (12.5%) 0/8 (0%) 1/8 (12.5%) 0/8 (0%)

Pseudorosetting 0/16 (0%) 0/8 (0%) 2/8 (12.5%) 0/8 (0%) 0/8 (0%)
Solid 2/16 (12.5%) 3/8 (37.5%) 1/8 (12.5%) 2/8 (25%) 1/8 (12.5%)
SVI, seminal vesicle invasion; BCR, biochemical recurrence.
I In cases with seminal vesicle invasion, the subtypes of Gleason pattern 4 and 5 were examined in both intraprostatic and invasive lesions, respectively. Overall, the “small and large fused
glands” subtype was the predominant subtype in the intraprostatic lesions. In addition, the Gleason pattern 5 component was more likely to be observed in both intraprostatic and invasive
lesions, regardless of the presence of BCR.
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To explore the risk factors for lymph node metastasis, we
performed a multivariate logistic regression analysis. The results
established that the presence of lymphatic invasion, EPE, and
seminal vesicle invasion were independent risk factors for lymph
node metastasis. The odds ratios for the presence of lymphatic
invasion, EPE, and seminal vesicle invasion were 7.425 (95%
confidence interval: 1.688–22.583; P=0.004), 4.391 (95% confidence
interval: 1.037–18.589; P=0.044), and 5.755 (95% confidence interval:
1.308–25.316; P=0.021), respectively (Table 8).

As the analysis found three independent risk factors for
lymph node metastasis (lymphatic invasion, EPE, and seminal
vesicle invasion), we investigated the relationship between the
presence of EPE, seminal vesicle invasion, and lymphatic
invasion rate using the Chi-square test. The results verified
that there was no significant difference between the lymphatic
invasion rate and EPE in patients with EPE when compared with
those without EPE. In contrast, more than half of the patients
with seminal vesicle invasion had lymphatic invasion, while the
lymphatic invasion rate was significantly lower in patients who
did not have seminal vesicle invasion (Chi-square test, P<
0.001, Table 9).
DISCUSSION

In this study, we analyzed the risk factors for BCR and lymph
node metastasis in patients who underwent RARP using detailed
morphological, immunohistochemical, and statistical analyses of
surgical specimens. Furthermore, we clarified the relationship
between GG and the assessment of parameters. Though GG is
the best known indicator for identifying malignant potential
(30), few studies have investigated the relationship between GG
and the various clinicopathological parameters that were
Frontiers in Oncology | www.frontiersin.org 1086
precisely evaluated through immunohistochemistry for
lymphatic invasion, venous invasion, and IDC-P identification.
In addition, all risk factors for lymph node metastasis in patients
who have undergone RARP have not yet been elucidated (17).
Thus, herein, we discuss BCR and lymph node metastasis as
prognostic factors in prostate cancer.

Approximately 10% of the cases in the present study were
diagnosed as BCR, but for more than half of them, the event was
assigned to the day of surgery. This can be partly explained by the
short observation period of this study. According to the
multivariate analysis, GG and tumor diameter were
independent significant factors for BCR, while lymph node
metastasis was not a significant factor in this study, even
though its P-value tended toward significance. Many previous
studies demonstrated lymph node metastasis as a risk factor for
BCR instead of GG and tumor diameter (34–37). Detectable
serum PSA values after prostatectomy should be closely
associated with the presence of residual tumor (38) and
intraprostatic incision into benign glands (39). In this study,
the BCR was assessed for a short period of time, and hence,
further follow-up studies are required to clarify the factors that
influence each other.

Considering the overall short follow-up period of this study, we
would like to raise a possibility that GG and tumor diameter may
have implications as risk factors for very early BCR. In addition,
extraprostatic involvement includingEPE, seminal vesicle invasion,
and lymph node metastasis was not a significant factor for BCR in
the multivariate analysis in this study.

We also added the morphological analysis referring to the
ISUP 2014 grading system (19, 20). Specifically, in each case, we
identified the Gleason patterns 4 and 5 components of the
lesions, which are recognized as high grade (3, 40). Our
morphological analysis showed that among the cases with EPE,
those with BCR tended to have a component of GG5 in both
intraprostatic and invasive lesions. Furthermore, GG5 was more
likely to be identified in cases with seminal vesicle invasion
regardless of BCR occurrence (in both intraprostatic and invasive
lesions). In comparison, various subtypes of histology were
found in the main lesions of the prostate in cases with lymph
node metastasis. It was also found that isolated carcinoma cells
were not evident in the metastatic foci in the lymph nodes; thus,
TABLE 8 | Multivariate logistic regression analysis of lymph node metastasis.

Variable OR (95% CI) P-value

Lymphatic invasion 7.425 (1.688–22.583) 0.004
EPE 4.391 (1.037–18.589) 0.044
Seminal vesicle invasion 5.755 (1.308–25.316) 0.021
CI, confidence interval; OR, odds ratio; EPE, extraprostatic extension.
In this multivariate analysis, lymphatic invasion, EPE, and seminal vesicle invasion were
significant independent risk factors for lymph node metastasis. This statistical analysis only
included cases in which lymph node dissection was conducted.
TABLE 9 | Relationship between lymphatic invasion, extraprostatic extension,
and seminal vesicle invasion.

Variable Lymphatic invasion
rate

P-value (Chi-square
test)

Cases with extraprostatic
extension

19.4% (13/67) 0.208

Cases without extraprostatic
extension

13% (23/177)

Cases with seminal vesicle
invasion

56.3% (9/16) <0.001

Cases without seminal vesicle
invasion

11.8% (27/228)
July 2021 | Volu
The presence of extraprostatic extension did not differ significantly from the lymphatic
invasion rate. In contrast, patients with seminal vesicle invasion had a significantly higher
lymphatic invasion rate.
TABLE 7 | Multivariate logistic regression analysis of biochemical recurrence.

Variable OR (95% CI) P-value

GG 2.253 (1.297–3.912) 0.004
Tumor diameter 1.074 (1.011–1.142) 0.022
Lymph node metastasis 4.074 (0.857–19.358) 0.077
CI, confidence interval; OR, odds ratio; GG, Grade group.
In this multivariate analysis, the GG and tumor diameter were significant independent risk
factors for biochemical recurrence. Though it tended to be significant, lymph node
metastasis was not a significant factor. This statistical analysis only included cases in
which lymph node dissection was conducted.
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showing some degree of aggregation. Expression of paxillin,
reported in prostate cancer (41) and involved in cancer cell
aggregation (42), could be implicated to this observation; further
studies are needed to clarify this relationship. The glomeruloid
pattern was relatively rare in the present study. We also
examined the most predominant GG4 and GG5 histological
subtypes in prostatic lesions using cases with EPE, seminal
vesicle invasion, or lymph node metastasis. In all analyses, the
cribriform pattern, which has been reported (43–45) to be a poor
prognostic factor, was the second common subtype after the
small and large fused glands subtype. Thus, a re-evaluation of
BCR with a longer observation period is required.

Meanwhile, in this study, 23 (12.8%) of the 179 patients who
underwent lymph node dissection had lymph node metastasis.
The Chi-square test demonstrated no significant difference
between GG2 and GG4; however, lymph node metastasis was
found in about one-third of the GG5 cases and this finding was
significantly higher than that for the other groups. This result
shows that compared with other groups, GG5 exhibited a
significantly higher risk of lymph node involvement.
Interestingly, GG was not an independent risk factor for
lymph node metastasis in the multivariate analysis in this
study. Though GG is considered a risk factor for lymph node
metastasis (11), the results from our multivariate analysis were
inconsistent with those of previous reports (8, 30, 46). One
reason for this could be that there were few lymph nodes. In
particular, only one GG4 case had lymph node metastasis, which
may have affected the results. To mitigate this problem,
additional case detail collection is required. In this article, we
would like to further discuss the results of the multivariate
analysis using cases in which lymph node dissection was
conducted. In the statistical analysis, lymphatic invasion, EPE,
and seminal vesicle invasion were independent risk factors for
lymph node metastasis. At our institution, to avoid prolonged
operative times, damage to blood vessels and nerves, and
postoperative lymphatic circulation disturbance, lymph node
dissection is conducted if the patient is at high risk according
to the D’Amico classification or if the predicted Briganti 2012
lymph node metastasis rate is >7%. Because the criteria for
lymph node dissection included factors other than GG (PSA,
preoperative staging by radiologists, and core-positive rates on
preoperative biopsy), the influence of other factors may have
been stronger in patients with relatively low GG. Consequently,
we propose that GG may not have been an independent risk
factor for patients who underwent lymph node dissection at our
institution. From another perspective, the three independent risk
factors for lymph node metastasis identified in the present
multivariate analysis were assumed to have a strong influence
on lymph node metastasis in addition to GG. Therefore, we
would like to discuss these risk factors further.

Lymphatic vessels are the pathways to lymph nodes, and
lymphatic invasion is a risk factor for lymph node metastasis (11,
47). It should be noted that venous invasion was not a risk factor
for lymph node metastasis in our study. Considering that only
lymphatic invasion is an independent risk factor for lymph node
metastasis (15), lymphatic and venous invasion should be
Frontiers in Oncology | www.frontiersin.org 1187
assessed separately rather than combined into the category of
lymphovascular invasion. However, venous invasion is generally
considered a risk factor for distant metastasis, and previous
studies that evaluated lymphatic and venous invasion
separately (but not in the prostate) reported that venous
invasion is a risk factor for distant metastasis (48, 49).
Unfortunately, studies analyzing only venous invasion in
prostate cancer are scarce, and further long-term studies are
required to elucidate its significance.

It is worth mentioning that seminal vesicle invasion was also
an independent risk factor for lymph node metastasis. This could
be owing to the anatomy of the seminal vesicle or its proximity to
the prostate. The area surrounding the seminal vesicle is rich
with lymphatic vessels (4.1 mm2) (50). In contrast, the lymphatic
vessel density in a normal prostate is approximately 1.58 mm2

(51). In fact, the lymphatic invasion rate is significantly higher in
patients with seminal vesicle invasion than in those without
seminal vesicle invasion. In this study, it was approximately five
times greater (Table 5). It is possible that cancer cells that invade
the seminal vesicles may be more directly related to the
lymphatic pathway owing to the high density of lymphatic
vessels in the area.

EPE was also an independent risk factor for lymph node
metastasis. However, we did not observe a significant
relationship between EPE and lymphatic invasion in this study.
Though we precisely evaluated lymphatic invasion with HE
staining, supported by D2-40 immunohistochemistry, there
could have been lymphatic invasion that was not detectable
microscopically (52). In addition, cases with EPE had
approximately two times the total incidence of BCR even in
the short period of time in this study. However, multivariate
analysis of this study showed that EPE was not an independent
significant factor for BCR. To better understand these
observations, further analysis, preferably molecular analysis,
is required.

Further discussion is warranted regarding the relationship
between GG and other parameters. Our analysis established
that, in general, as the GG increased, the positive rates of
various pathological evaluation parameters increased. However,
a detailed examination of the mean values and detection rates of
the various evaluation parameters for each GG confirmed the
differences between the parameters. Thus, we would like to
discuss the various parameters in terms of the statistical
analysis results. At first, in addition to the routine examination
of HE-stained specimens, we conducted an additional re-
evaluation of HE staining and immunohistochemistry with D2-
40 or CD31 for representative sections and precisely evaluated the
vessel invasions. D2-40 is reported to also stain cells other than
those of the lymphatic endothelium (22) and CD31 also faintly
stains lymphatic vessels; therefore, it is essential to ensure that
both D2-40 and CD31 immunohistochemistry are conducted
with HE staining. Our precise differential evaluation of
lymphatic and venous invasions confirmed that lymphatic
invasion was positively associated with lymph node metastasis
and extraprostatic extension. Perineural invasion was positive in
most cases, but its value for evaluation is questionable. Semi-
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quantitative methods of evaluation, such as infiltration severity
could improve the value, but further verification is required. From
GG2 to GG4, positive surgical margins were observed in about
one-third of cases, and in GG5, positive surgical margins were
observed in more than two-thirds of cases. Thus, the positive
surgical margins in GG5 were significantly higher than in cases up
to GG4. As a matter of concern, the rate of positive surgical
margins was lower in 2020 than in 2019, although not
significantly different. Therefore, we must follow the progress
carefully, including the rate of positive surgical margins in the
future. Seminal vesicle invasion was rarely observed in GG4 and
below, but similar to the findings for EPE, the frequency was
significantly elevated in GG5 cases. Cases of GG5 seemed to be an
apparently malignant disease compared with cases of GG4. The
incidence of tertiary Gleason pattern 5 was significantly higher in
GG3 than in GG2, while the incidence in GG4 was relatively
lower than that in GG3. When the amount of pattern 5 exceeds
5%, the pattern 5 was not considered as the tertiary component
but included in the grade. The higher grade tumors tend to have
larger amounts of pattern 5 >5%, which might be the reason for
the relatively low incidence of tertiary Gleason pattern 5 in GG4
cases in this study. IDC-P is a poor prognostic factor in prostate
cancer (8), and it was observed at a frequency of about one-fifth
even in GG3 cases. Therefore, in cases of GG3 and above,
immunohistochemical analysis using PIN4 or other methods
should actively be performed when there is a suspicious site in
the routine diagnosis using HE staining. The continuous
variables, PSA and tumor diameter, were significantly higher in
GG5 than in other groups. In contrast, there were no significant
differences in any variables up to GG4. This might be because the
present statistical analysis was limited to patients who were
judged as operable. Nevertheless, we once more wish to state
the limitations of this study. The study includes cases of radical
prostatectomy, which were performed after January 2019.
Therefore, the maximum follow-up period is approximately 2.5
years. The short follow-up duration is a limitation of this study.
Further follow-up is required for analysis of biochemical and
clinical recurrence, metastasis, and prognosis. Furthermore,
accumulation of morphological analysis is also necessary.

In conclusion, this study elucidated the risk factors for BCR and
lymph node metastasis in　patients who underwent RARP using
detailed morphological and immunohistochemical analyses, and
found that the independent risk factors for BCR were GG and
tumor diameter, while the independent risk factors for lymph node
metastasis were lymphatic and seminal vesicle invasion and the
presence of EPE. Additionally, the study successfully characterized
the status of various parameters for each GG in prostate cancer. As
GG increased, various parameters could be easily visualized.
Compared with other groups, the GG5 group exhibited higher
frequencies of various parameters for disease progression.
Furthermore, these results have identified the assessment
parameters for each GG as well as the differences in the biological
malignancy of GG5. Further investigation of the differences between
GG5 and other groups regarding various aspects (including
morphological analyses) may provide the basis for delineating
some of the malignant features of prostate cancer.
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Background: Although the RNA modification N6-methyladenosine ZC3H13 has been
found to play vital regulatory roles in many types of cancers, its role in predicting the tumor
immune microenvironment (TME) and response to immune checkpoint blockade (ICB) in
kidney renal clear cell carcinoma (KIRC) remains unclear.

Methods: We comprehensively analyzed the expression, prognostic significance and
immunological role of ZC3H13 in pan-cancers and systematically correlated ZC3H13 with
TME cell-infiltration, ICB response and targeted therapy in KIRC. The data were collected
from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), Genotype-
Tissue Expression (GTEx), Broad Institute Cancer Cell Line Encyclopedia (CCLE) and
DrugBank database. Also, we performed RNA sequencing (RNA-seq) of 46 renal cell
carcinoma tissues and 11 adjacent normal tissues to validate our result. All analyses were
implemented using R software, version 3.6.3.

Results: ZC3H13 was significantly differentially expressed in most tumors. However, its
expression profiles and prognostic significance were consistent only in KIRC, regardless
of overall survival, progression-free survival and cancer-specific survival. Additionally,
ZC3H13 expression was correlated with clinicopathological factors in KIRC. Furthermore,
we found that ZC3H13 might shape a noninflamed phenotype and could predict a lower
response to ICB in KIRC. These results could be validated in our own RNA-seq data.
Tumor mutation burden (TMB) was significantly higher in the low ZC3H13 group. Finally,
we found that ZC3H13 could predict the sensitivity of targeted therapy for KIRC.

Conclusions: ZC3H13 might shape a noninflamed phenotype in KIRC. Moreover,
ZC3H13 could predict the prognosis and clinical response of ICB and the sensitivity to
targeted therapies in KIRC.

Keywords: ZC3H13, RNA modification N6-methyladenosine, kidney renal clear cell carcinoma, tumor immune
microenvironment, immunotherapy
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BACKGROUND

Kidney renal clear cell carcinoma (KIRC) is one of the most
common cancers of the urinary system (1). The prognosis of
early-stage KIRC is favorable, while advanced KIRC is associated
with an extremely poor prognosis. Targeted therapy is the most
important treatment option for advanced KIRC, but
improvements in its efficacy has encountered bottlenecks in
recent years (1). With the development of anticancer immune
checkpoint blockade (ICB), an increasing number of clinical
trials have suggested that KIRC is sensitive to ICB (2–4). ICB can
significantly improve the overall survival of patients who are
resistant to targeted therapy. Therefore, ICB has also become an
important treatment option for advanced KIRC. However,
similar to other treatment options, only a portion of patients
are sensitive to ICB treatment (5). It is vital to find reliable
predictors of ICB efficacy considering the economic burden and
fatal side effects.

RNA modification of N6-methyladenosine (m6A) is the most
prominent and abundant RNA modification pattern in
eukaryotic cells (6). An increasing number of studies have
shown that m6A has an important regulatory role in tumor
immune regulation and ICB resistance (7). ZC3H13 (zinc finger
CCCH domain-containing protein 13) is an m6A writer gene.
ZC3H13 is a potential regulator of nuclear RNA m6A
methylation and mouse embryonic stem cell self-renewal (8).
The role of ZC3H13 in carcinomas is still not clear. It has been
reported that ZC3H13 could serve as a tumor suppressor gene
that inhibits the proliferation of colon cancer cells by inhibiting
the RAS-ERK pathway (9). However, some studies have shown
that ZC3H13 could act as an oncogene to activate the NF-kB
signaling pathway to promote tumor proliferation and invasion
(10, 11). Currently, there are no studies elaborating the role of
ZC3H13 in KIRC, especially its relationship with tumor
immune characteristics.

In this study, we first explored the expression pattern and
prognostic value of ZC3H13 in pan-cancers and its relationship
with immune characteristics through pan-cancer analysis. Next,
we performed synthetic analysis and then focused on KIRC.
Finally, we further explored the predictive value of ZC3H13 for
immune phenotypes and therapeutic sensitivities in KIRC.
Abbreviations: TME, tumor immune microenvironment; ICB, immune
checkpoint blockade; KIRC, kidney renal clear cell carcinoma; TMB, tumor
mutation burden; m6A, RNA modification of N6-methyladenosine; ZC3H13,
zinc finger CCCH domain-containing protein 13; TPM, transcripts per kilobase
million; MSI, microsatellite instability; DEG, differentially expressed genes; GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TIIC, tumor-
infiltrating immune cell; EMT, epithelial-mesenchymal transition; BLCA, bladder
urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma;
ESCA, esophageal carcinoma; SKCM, skin cutaneous melanoma; KIRP, kidney
renal papillary cell carcinoma; PRAD, prostate adenocarcinoma; THYM,
thymoma; OS, overall survival; PFS, progression-free survival; CSS, cancer-
specific survival; ICI, immune checkpoint inhibitor; MDSC, myeloid-derived
suppressor cell; NK, natural killer cell; Th, helper T cell; Treg, regulatory T cell;
EMT, epithelial–mesenchymal transition; Pan-F-TBRS, panfibroblast TGF-b
response signature; MANTIS, microsatellite analysis for normal-tumor instability.
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METHODS

Data Retrieval and Preprocessing
The R package “TCGAbiolinks” was used to download the RNA
sequencing data (FPKM values) and clinical data of TCGA-KIRC
from the Genomic Data Commons (GDC, https://portal.gdc.
cancer.gov/) (12). Then, we transformed the FPKM values into
transcripts per kilobase million (TPM) values. The pan-cancer
RNA sequencing data (FPKM values), somatic mutation data,
and survival information were downloaded from the UCSC Xena
data portal (https://xenabrowser.net) (13). The TMB data was
calculated by using VarScan2. The microsatellite instability
(MSI) data were collected from the supplementary files of
Bonneville’s study (14). In addition, we also downloaded the
RNA sequencing data of normal tissues in the GTEx (https://
www.gtexportal.org/home/) database and the RNA sequencing
data of cancer cells in the CCLE (https://portals.broadinstitute.
org/ccle) database. To compare the drug sensitivities between
different ZC3H13-expression groups, we collected common
anticancer drugs and their target genes from the DrugBank
database (www.drugbank.ca). The expression matrix of
GSE53757 (15) was downloaded using the “GEOquery”
package and then transformed gene symbols using GPL570.
Single-cell RNA-seq (scRNA-seq) data of six adjacent normal
tissues was downloaded from the supplementary file of
GSE159115 (16). Main clinical information of the included
cohorts was summarized in Supplementary Table 1. Also, we
summarized the clinicopathological characteristics of TCGA-
KIRC patients according to the expression of ZC3H13 in
Supplementary Table 2.

Analysis Procedures of scRNA-seq
Following the guide reported by Luecken et al. (17), we used the
“Seurat” v4.0.1 package to analyze and visualize scRNA-seq data.
For quality control, we filtered out the data with unique molecular
identifiers (UMIs) fewer than 500, or fewer than 250 genes, or
mitochondrial ratio more than 0.20. Then, we normalized and
checked the cell cycle phase based on the filtered data. We chose
the top 2000 variable genes to create anchors using the
“FindIntegrationAnchors” function and integrated the six data
into a new matrix using the “IntegrateData” function. After
integration, we run principal component analysis (PCA) and
chose the top 40 PCs to run UMAP. Finally, we visualized the
clusters with the resolution set as 0.8 and annotated the clusters using
HumanPrimaryCellAtlasData() based on the “SingleR” package.

Functional Analysis of the High and
Low ZC3H13 Groups
First, the empirical Bayesian algorithm in the R package “limma”
was used to identify the differentially expressed genes (DEGs)
between the high and low ZC3H13 groups. Adjusted P value <
0.05 and |logFC| > 1 were set as the significance criteria for
significant DEGs. Then, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses were
performed by using the “ClusterProfiler” R package based on the
DEGs. In addition, we collected 50 hallmark pathways that could
represent most of the biological functional pathways from the
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MSigDB database (18). Finally, we calculated the enrichment
scores of these pathways in each sample by using the
ssGSEA algorithm.

Depicting the Tumor Immune
Microenvironment of KIRC
The tumor microenvironment includes tumor cells, tumor-
infiltrating immune cells (TIICs), stromal cells and a series of
tumor-related regulatory factors. Here, we conducted a
comprehensive analysis of immune-related factors in the
tumor microenvironment. First, we described the seven main
steps of the antitumor immune response in the KIRC tumor
microenvironment, including the release and presentation of
cancer cell antigens (Steps 1 and 2), priming and activation of the
immune system (Step 3), trafficking and infiltration of immune
cells into tumors (Steps 4 and 5), and recognition and killing of
cancer cells by T cells (Steps 6 and 7) (19). These seven steps were
called cancer-immunity cycle. The vitality of these steps, which
determines the direction of the antitumor immune response
process in the tumor microenvironment and affects the level of
infiltration of TIICs, was downloaded from the TIP (Tracking
Tumor Immunophenotype) (http://biocc.hrbmu.edu.cn/TIP/)
(20). The TIP is a meta-server using the ssGSEA and
CIBERSORT algorithm based on specific marker gene sets
(Supplementary Table 3), which can analyze the level of anti-
cancer immunity (20). Furthermore, we calculated the
infiltration level of these 22 immune cells using the ssGSEA
algor i thm based on the specific marker gene sets
(Supplementary Table 4) (21).

Calculating the Enrichment Scores of
Immunotherapy Response Signatures
and Stroma Signatures
Mariathsan et al. identified 19 ICB response-related gene
signatures, including 18 positive signatures (such as DNA
replication, Fanconi_anemia_pathway, Homologous_
recombination, MicroRNAs_in_cancer, Mismatch_repair,
Nucleotide_excision_repair, Oocyte_meiosis, p53_signaling_
pathway, Progesterone_mediated_oocyte_maturation) and 1
negative signature (Cytokine_cytokine_receptor_interaction)
(Supplementary Table 5) (22). In addition, we identified four
stromal pathways with immunosuppressive effects from previous
literature, including epithelial-mesenchymal transition (EMT)
markers and the pan-fibroblast TGF-b response signature (Pan-
FTBRS) (22). The ssGSEA algorithm was used to calculate the
enrichment score of these signatures in individuals.

RNA Sequencing of Renal Cell
Carcinoma Samples
Forty-seven renal cell carcinoma tissues and thirteen adjacent
normal tissues stored in liquid nitrogen were collected from our
hospital. We called it Xiangya cohort. All the clinicopathological
data of the patients were included and summarized in
Supplementary Table 6. Total RNA was extracted from the
samples using Trizol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Then, the quality of RNA was
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evaluated using NanoDrop and Agilent 2100 bioanalyzer (Thermo
Fisher Scientific, MA, USA). We next constructed the mRNA library.
The RNA was purified using Oligo(dT)-attached magnetic beads and
then fragmented into small pieces. Random hexamer-primed reverse
transcription was used to generate the first and second-strand cDNA.
After adding A-Tailing Mix and RNA Index Adapters by incubating
to end repair, the obtained cDNAwas amplified by PCR and purified
by Ampure XP Beads. The double-stranded PCR products were
heated, denatured and circularized by the splint oligo sequence to get
the final library. There were 46 qualified renal cell carcinoma tissues
among the 47 samples and 11 qualified adjacent normal tissues
among the 13 samples. Finally, the qualified samples were sequenced
on a BGISEQ-500 platform (BGI-Shenzhen, China). The gene
expression levels were calculated using RSEM (v1.2.12).

Statistical Analysis
For the continuous variables, Pearson or Spearman coefficients
were used to explore pairwise correlations. The median ZC3H13
expression (30.25) was applied as a cutoff value. Then, the cohort
was classified into high and low ZC3H13 groups. The t-test was
applied to analyze the difference between groups for variables
with a normal distribution. Otherwise, the Mann-Whitney U test
was applied. The Kaplan-Meier method was used to plot the
survival curves for prognostic analyses, and the log-rank test was
applied to estimate the statistical significance. P < 0.05 indicated
a significant difference. All statistical tests were two-sided.
Finally, all statistical data analyses were implemented using R
software, version 3.6.3 (http://www.r-project.org).
RESULTS

Expression Profiles of ZC3H13
in Pan-Cancers
We found that ZC3H13 was significantly differentially expressed
in most tumors by comprehensively analyzing the expression
data from the TCGA and GTEx databases (Supplementary
Figures 1A, B). This indicated that ZC3H13 may be closely
related to the occurrence and development of tumors. However,
it is worth noting that ZC3H13 had significantly different
expression in different tumors, and its expression might
depend on the different types of tumors and the heterogeneity
of the tumors. For example, the expression of ZC3H13 was
significantly lower in tumor tissues than in adjacent normal
tissues in KIRC, bladder urothelial carcinoma (BLCA), breast
invasive carcinoma (BRCA), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC) etc. In contrast, the
expression of ZC3H13 was significantly higher in the tumor
tissues in cholangiocarcinoma (CHOL), esophageal carcinoma
(ESCA), skin cutaneous melanoma (SKCM) etc. For KIRC,
TCGA combined with GTEx also indicated that ZC3H13 was
significantly lower in tumor tissues (Supplementary Figure 1B).
In addition, Supplementary Figure 1C shows the expression
level of ZC3H13 in various normal tissues in the GTEx database.
We found that ZC3H13 had the lowest expression level in blood,
which indicated that as a target for drug therapy, ZC3H13 might
August 2021 | Volume 11 | Article 718644
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have low blood system toxicity and side effects. Finally, we also
explored the expression of ZC3H13 in each tumor cell line in the
CCLE database as shown in Supplementary Figure 1D.

Prognostic Significance and
Immunological Role of ZC3H13
in Pan-Cancers
The differential expression patterns of ZC3H13 in pan-cancers
prompted us to explore its prognostic value. Therefore, we
performed survival analyses in pan-cancers in terms of overall
survival (OS), progression-free survival (PFS) and cancer-specific
survival (CSS) by using the Cox regression model, Kaplan-Meier
analysis and log-rank test. For OS, high expression of ZC3H13 was
associated with favorable prognosis in KIRC and poor prognosis in
CESC (Supplementary Figure 2). For PFS, high expression of
ZC3H13 was also associated with favorable prognosis in KIRC,
kidney renal papillary cell carcinoma (KIRP) and prostate
adenocarcinoma (PRAD) and poor prognosis in CESC
(Supplementary Figure 3). Similarly, for CSS, high expression of
ZC3H13 was still associated with favorable prognosis in KIRC,
KIRP, and thymoma (THYM) and poor prognosis in CESC
(Supplementary Figure 4). There is clear heterogeneity in the
prognostic value of ZC3H13 in different tumors. In CESC, high
expression of ZC3H13 was associated with poor prognosis
regardless of OS, PFS or CSS, which suggested that ZC3H13
might be a carcinogenic factor in CESC. It is worth noting that
the expression analysis from TCGA-CESC data indicated that
ZC3H13 was significantly expressed at lower levels in CESC
tumor tissues (Supplementary Figure 1A). This result suggested
that ZC3H13 was more likely to be a tumor suppressor in CESC.
More importantly, there was no significant difference in the
expression of ZC3H13 between cancer and adjacent tissues when
combining the TCGA-CESC and GTEx databases (Supplementary
Figure 1B). However, high expression of ZC3H13 was associated
with favorable prognosis regardless of OS, PFS or CSS. In line with
this result, ZC3H13 was also significantly expressed at low levels in
KIRC tumor tissues. Therefore, we choose KIRC for
further research.

To explore whether ZC3H13 could be a predictor for
immunotherapy, we analyzed the relationship between
ZC3H13 and multiple immune checkpoint inhibitors (ICIs)
and TIICs. As shown in Supplementary Figure 5A, ZC3H13
was significantly related to the expression level of immune
checkpoint molecules in most tumors. Additionally, ZC3H13
was s ignificant ly re lated to TIICs in most tumor
microenvironments (Supplementary Figure 5B). TMB and
MSI are the most accurate markers for predicting the efficacy
of ICB so far. The higher the TMB and MSI scores are, the more
sensitive the tumor is to the efficacy of ICB. Here, we found that
ZC3H13 was significantly related to the TMB and MSI of many
types of tumors. For example, ZC3H13 was negatively correlated
with the MSI scores of BRCA, THCA, PRAD, HNSC, and DLBC,
but it was positively correlated with the MSI scores of READ, OV
and LUSC (Supplementary Figure 5C). ZC3H13 was
significantly negatively correlated with TMB in KIRC, BRCA,
THCA, STAD, PRAD, LUSC, and LIHC. However, ZC3H13 was
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significantly positively correlated with TMB in SKCM
(Supplementary Figure 5D). All of these results suggested that
ZC3H13 might have the potential to be a predictor of
ICB efficacy.

The Relationship Between ZC3H13 and
Clinicopathological and Prognostic
Characteristics in KIRC
Based on the previous results, we further analyzed the correlation
between ZC3H13 and some important clinicopathological
characteristics here. In line with the previous results, we found
that the expression of ZC3H13 in tumor tissues, higher grade and
higher stage was significantly lower (Figures 1A–C). In our own
RNA-seq cohort, though without significant difference, there was
a trend that the expression was higher in the normal tissues
(Figure 1D). And this no significant difference may be caused by
the small sample size. To eliminate the influence of sample size,
we chose a large GEO database (GSE53757), which contains 72
KIRC tumor tissues and matched adjacent normal tissues, and
successfully validated this result (Figure 1E). As we found that
ZC3H13 was significantly higher expressed in the normal tissues,
we further explored which cell types ZC3H13 expressed in
adjacent normal tissues using scRNA-seq. To our surprise,
ZC3H13 was almost not expressed in T and NK cells and
expressed abundantly in endothelial cells, macrophage,
neurons and tissue stem cells (Figures 1F, G). The expression
of ZC3H13 of these cells might inhibit T and NK cells from
infiltrating into the tumor microenvironment as ZC3H13 was
negatively correlated with the infiltration of TIICs in KIRC
(Supplementary Figure 5B). Finally, we conducted a single
factor Cox analysis on sex, age, ZC3H13 expression, grade and
stage. The results suggested that older age, higher grade and
stage, and lower expression of ZC3H13 were all unfavorable
prognostic factors (Figure 1H).

Identifying DEGs Between the High and
Low ZC3H13 Groups and Functional
Analyses of DEGs
A heatmap and volcano plot (Figures 2A, B) were used to display
the screened DEGs. Eventually, we identified 271 significant DEGs
(Supplementary Table 7). The results of GO analysis suggested that
these DEGs were enriched in several biological processes, including
organic anion transport, apical part of cell, receptor ligand activity,
apical plasma membrane, collagen-containing extracellular matrix,
and anion transmembrane transporter activity (Supplementary
Figures 6A–C and Supplementary Table 8). The results of
KEGG analysis indicated that these DEGs were enriched in
pathways such as neuroactive ligand-receptor interaction and
cholesterol metabolism (Supplementary Figure 6D and
Supplementary Table 9). Additionally, the enrichment scores of
several hallmark signatures were significantly different between the
high and low ZC3H13 groups. Mitotic spindle, UV response down,
protein secretion, TGF-b signaling, Hedgehog signaling, androgen
response, Wnt-b-Catenin signaling, G2M checkpoint, heme
metabolism, PI3K-AKT-MTOR signaling and Notch signaling
were enriched in the high ZC3H13 group. In contrast,
August 2021 | Volume 11 | Article 718644
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spermatogenesis, p53 pathway, myogenesis, DNA repair, UV
response up, xenobiotic metabolism, coagulation, estrogen
response late, glycolysis, allograft rejection, Kras signaling down,
and reactive oxygen species pathway were enriched in the low
ZC3H13 group (Figure 2C and Supplementary Table 10).
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ZC3H13 Shaped a Noninflamed Phenotype
and Predicted a Lower Response to
ICB in KIRC
The previous results indicated that ZC3H13 is closely related to
the immune characteristics of a variety of tumors. We further
A B

D E

F G

H

C

FIGURE 1 | The relationship between ZC3H13 and clinicopathological and prognostic characteristics in KIRC. (A) The histogram of log2(TPM) of ZC3H13 between
normal and cancer tissues based on TCGA database. Normal tissue, blue; Cancer tissue, red. (T test, ****P < 0.0001). (B) The histogram of log2(TPM) of ZC3H13
between low and high grade based on TCGA database. Low grade, blue; High grade, red. (T test, ****P < 0.0001).. (C) The histogram of log2(TPM) of ZC3H13 between
low and high stages based on TCGA database. Low stage, blue; High stage, red. (T test, ****P < 0.0001). (D) The histogram of log2(TPM) of ZC3H13 between normal
and cancer tissues in Xiangya cohort. Normal tissue, blue; Cancer tissue, red. (T test, ns, not statistically significant). (E) The histogram of log2(ZC3H13) between normal
and cancer tissues based on GSE53757. Normal tissue, blue; Cancer tissue, red. (T test, ****P < 0.0001). (F) Single-cell atlas of KIRC adjacent normal tissues. UMAP
plot of 6046 cells obtained from GSE159115, which was visualized and annotated using “Seurat” and “Single” R package respectively. CMP, common myeloid progenitor;
DC, dendritic cell. (G) Violin plot of ZC3H13 expression pattern between different cell types in KIRC adjacent normal tissues. (H) Forest figure of single factor Cox analysis on
sex, age, ZC3H13 expression, grade and stage. Calculated using Cox proportional hazard model and visualized using “forestplot” R package.
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compared the different activities of the immune response
between the ZC3H13 high and low groups. As shown in
Figure 3A, the activities of the majority of immune cycles were
downregulated in the high ZC3H13 group, including the
activities of priming, activation and trafficking of immune cells
to tumors (macrophage recruitment, NK cell recruitment, DC
recruitment, and TH17 recruitment). In addition, the activities of
infiltration of immune cells into tumors and recognition of
cancer cells by T cells were also significantly lower in the high
ZC3H13 group. The recruiting ability of CD8 T cells was also
lower in the high ZC3H13 group, although there was no
significant difference. To further verify these results, we applied
the ssGSEA algorithm to calculate the infiltration levels of
various immune cells in the TME. In line with previous results,
the infiltration level of anticancer immune cells, including
activated CD4 T cells, activated CD8 T cells, activated
dendritic cells, CD56 bright natural killer cells, central memory
CD4 T cells, macrophages, type 1 T helper cells, and type 17 T
helper cells, was significantly lower in the high ZC3H13 group.
Additionally, the infiltration level of protumor immune cells,
such as regulatory T cells, plasmacytoid dendritic cells,
neutrophils, and type 2 T helper cells, was significantly higher
Frontiers in Oncology | www.frontiersin.org 696
in the high ZC3H13 group. These results suggested that high
ZC3H13 promoted the formation of a noninflamed phenotype
(Figure 3B). It is well known that significant activation of the
stromal pathway can inhibit tumor immunity and promote the
formation of a noninflamed phenotype. We further found that
the enrichment score of stromal pathways, including EMT1 and
EMT3, was significantly higher in the high ZC3H13 group.
Although there was no significant difference, the enrichment
score of Pan-F-TBRS was also higher in the high ZC3H13
group (Figure 3C).

An inflamed tumor microenvironment (TME) in conjunction
with pre-existing anticancer immunity is necessary for ICB (23–
26). Therefore, we further analyzed the difference in enrichment
scores of ICB efficacy prediction pathways between the high and
low ZC3H13 groups. As expected, the enrichment scores of
pathways that were positively related to the response to ICB
were significantly lower in the high ZC3H13 group, such as
nucleotide excision repair, oocyte meiosis, DNA replication,
mismatch repair, systemic lupus erythematosus, alcohol,
microRNAs in cancer, and the cell cycle (Figure 3D and
Supplementary Figure 6F). Additionally, the enrichment
scores of the cytokine-cytokine receptor pathway, which was
A

B

C

FIGURE 2 | DEGs between the high and low ZC3H13 groups and functional analyses of DEGs. (A) Heatmap drawn based on the 271 DEGs between the high and
low ZC3H13 groups. Lowly expressed DEGs, blue; Highly expressed DEGs, red. (“limma” R package, adjusted P value < 0.05 and |logFC| > 1 were set as the
significance criteria for significant DEGs). (B) Volcano plot drawn based on the DEGs between the high and low ZC3H13 groups. Log2(FC) < -1, blue; Log2(FC) > 1,
red; (“limma” R package, adjusted P value < 0.05 and |logFC| > 1 were set as the significance criteria for significant DEGs). (C) Heatmap drawn based on the GSVA
analysis of biological pathways between the high and low ZC3H13 groups. Inhibition pathways, blue; Activation pathways, red.
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negatively related to the response to ICB, were significantly
higher in the high ZC3H13 group (Figure 3D and
Supplementary Figure 6F). Furthermore, we analyzed the
linear relationship between the expression of ZC3H13 and the
enrichment scores of these immune cycles and ICB efficacy
Frontiers in Oncology | www.frontiersin.org 797
prediction pathways. ZC3H13 was still significantly negatively
correlated with the enrichment scores of the antitumor immune
signatures (Figure 4A left, Supplementary Figure 7 and
Supplementary Table 11) and ICB efficacy prediction
pathways (Figure 4A right, Supplementary Figure 8 and
A

B

DC

FIGURE 3 | Different immunological characteristics between the high and low ZC3H13 groups (A) Activation of cancer immunity cycles between the high and low
ZC3H13 groups; Low ZC3H13 group, blue; High ZC3H13 group, red. MDSC, myeloid-derived suppressor cell; NK, natural killer cell; Th, helper T cell; Treg,
regulatory T cell. (T test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not statistically significant). (B) The scores of immune cell infiltration in the TME
between the high and low ZC3H13 groups; Low ZC3H13 group, blue; High ZC3H13 group, red; MDSC, myeloid-derived suppressor cell. (T test, *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not statistically significant). (C) Activation of stroma-activated pathways between the high and low ZC3H13 groups; Low
ZC3H13 group, blue; High ZC3H13 group, red; EMT, epithelial–mesenchymal transition; Pan-F-TBRS, panfibroblast TGF-b response signature. (GSVA analysis and
T test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not statistically significant). (D) Heatmap based on different immunotherapy predicted pathways
between the high and low ZC3H13 groups. The bar plots on the left represent log10 p-values; positive values, activation; negative values, inhibition; the bar plots on
the right represent different pathways.
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Supplementary Table 12). The expression of several critical
immune checkpoints, including CTLA-4, PD-1, LAG-3, LAALS3
and TIGIT, was significantly higher in the low ZC3H13 group
(Figure 4B). Then, we validated these results in our RNA-seq
cohort. ZC3H13 was significantly negatively correlated with the
ICB efficacy prediction pathways (Figure 4C right,
Supplementary Figure 9 and Supplementary Table 13) and
most of the enrichment scores of the antitumor immune
signatures (Figure 4C left, Supplementary Figure 10 and
Supplementary Table 14). Finally, we also validated that
LAALS3 was significantly higher in the low ZC3H13
group (Figure 4D).

In summary, ZC3H13 may be a novel biomarker to predict
the immune phenotypes and clinical response of ICB in KIRC.

The Relationship Between ZC3H13 and
Tumor Mutation Spectrum, TMB,
and MSI in KIRC
Here, we compared the distribution differences of the top 20
somatic mutations between ZC3H13 groups. Notably, VHL,
PBRM1 and TNN were the most frequent mutations in KIRC
(Figure 5A). The overall mutational profiles between the
ZC3H13 groups were comparable (94.5% vs 95.7%). Despite
this, TMB in the low ZC3H13 group was significantly higher
than that in the high ZC3H13 group (Figure 5B). However, there
was no significant difference in the MSI scores between the two
groups (Figure 5C).

Role of ZC3H13 in Predicting the
Sensitivity of Targeted Therapy for KIRC
Targeted therapy is the most important treatment option for
KIRC. We selected 183 drugs for the treatment of solid tumors
and the corresponding target genes from the DrugBank database.
Then, we compared the sensitivity of these antitumor drugs
between the high and low ZC3H13 groups. As shown in
Figure 6A and Supplementary Table 15, the sensitivity of
most drugs was significantly different between the two groups.
Furthermore, we focused on several targeted therapies and genes
that were most commonly used in advanced KIRC patients:
sorafenib with its targeted genes, including BRAF, FLT1, FLT3,
FLT4, KDR, KIT, and RAF1; sunitinib with its targeted genes,
including CSF1R, FLT1, FLT3, FLT4, KDR, and RET; pazopanib
with its targeted gene SH2B3; and bevacizumab with its targeted
gene VEGFA. We found that the sensitivity of these drugs was
significantly higher in the high ZC3H13 group (Figure 6B). This
finding indicated that targeted therapy could be a treatment
option for the high ZC3H13 group, though this group was less
sensitive to ICB therapy.
DISCUSSION

This study comprehensively analyzed the different expression
profiles, prognostic values and immunoregulatory effects of
ZC3H13 in pan-cancers. We found that ZC3H13 was closely
Frontiers in Oncology | www.frontiersin.org 898
related to the occurrence of a variety of tumors, especially KIRC.
Then, we focused the analyses of ZC3H13 on KIRC. ZC3H13
might be a tumor suppressor gene in KIRC. Interestingly, the
high expression of KIRC represented a noninflamed phenotype
and this result could be roughly validated in our own RNA-seq
cohort. Patients with high ZC3H13 expression were less sensitive
to ICB but were more sensitive to targeted therapy. These results
suggested that ZC3H13 was a potential predictive marker for ICB
and targeted therapy in KIRC.

Given the substantial economic burden and toxic side effects,
it is vital to find more reliable and simpler ICB efficacy prediction
markers. To date, some ICB efficacy prediction markers have
been identified, including PD-L1, TMB, MSI and some other
efficacy prediction models, such as the TIDE model (27).
However, it is worth noting that all these predictive markers
have encountered many obstacles in clinical practice. The most
serious obstacle is that the prediction accuracy is not sufficient.
For example, as a marker for predicting the efficacy of ICB, the
accuracy of PD-L1 can be affected by many other factors, such as
immunohistochemical test methods, detection antibodies, and
the choice of positive threshold (28, 29). TMB and MSI have
relatively higher accuracy in predicting the efficacy of ICB than
PD-L1. However, the clinical detection of these two markers
relies on expensive and complex molecular methods. The tumor
microenvironment (TME) plays an important role in tumor
immunotherapy. An inflamed TME in conjunction with pre-
existing anticancer immunity is necessary for ICB (23–26).
Therefore, finding a biomarker that can fully predict the
immune phenotype opens a new road for predicting the
efficacy of ICB. In this study, we found that ZC3H13 could
predict the immune phenotype from multiple angles.

First, we indicated that ZC3H13 was significantly correlated
with the activity of the antitumor immune response steps in the
TME of KIRC (19). The activities of the major cycles were
downregulated in the high ZC3H13 group, including the
activities of priming and activation, trafficking of immune cells
to tumors (macrophage recruitment, NK cell recruitment, DC
recruitment, and TH17 recruitment), infiltration of immune cells
into tumors, and recognition of cancer cells by T cells. This
indicated that ZC3H13 could inhibit the body’s immune
monitoring of tumor cells from the origin and further promote
the immune evasion of tumor cells. The types of immune cells in
the tumor microenvironment are complex, and their infiltration
varies greatly. In KIRC, high expression of ZC3H13 could
significantly inhibit the infiltration of most tumor suppressor
TIICs, including activated CD4 T cells, activated CD8 T cells,
activated dendritic cells, CD56 bright natural killer cells, central
memory CD4 T cells, type 1 T helper cells, and type 17 T helper
cells. Additionally, the infiltration of cancer-promoting TIICs,
including regulatory T cell, plasmacytoid dendritic cells,
neutrophils, and type 2 T helper cells, was significantly
increased in the high ZC3H13 group. In addition, the
activation of stromal pathways could also affect antitumor
immunity in the TME. We found that the stromal pathways
(including EMT1 and EMT3) in the high ZC3H13 group were
significantly activated. In summary, we have proven from
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FIGURE 4 | The linear relationship between the expression of ZC3H13 and the enrichment scores of immune cycles and ICB efficacy prediction pathways.
(A) Spearman correlation of ZC3H13 expression with cancer immunity and immune related pathways, presented on the left and right respectively. The different types
of lines represent positive or negative correlations; the thickness of the lines and the color of the bar plots represent the strength of correlation; and the different
colors of the lines represent p-values. MDSC, myeloid-derived suppressor cell; NK, natural killer cell; Th, helper T cell; Treg, regulatory T cell. (B) The histogram of
log2(TPM) values of immune checkpoint genes between different ZC3H13 groups. Low ZC3H13 group, blue; High ZC3H13 group, red. (T test, ***P < 0.001;
****P < 0.0001; ns, not statistically significant). (C) Spearman correlation of ZC3H13 expression with cancer immunity and immune related pathways in our own
RNA-seq cohort, presented on the left and right respectively. The different types of lines represent positive or negative correlations; the thickness of the lines and the
color of the bar plots represent the strength of correlation; and the different colors of the lines represent p-values. MDSC, myeloid-derived suppressor cell; NK,
natural killer cell; Th, helper T cell; Treg, regulatory T cell. (D) The histogram of log2(TPM) values of immune checkpoint genes between different ZC3H13 groups in
our own RNA-seq cohort. Low ZC3H13 group, blue; High ZC3H13 group, red. (T test, *P < 0.05; ns, not statistically significant).
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multiple angles that high expression of ZC3H13 represents a
noninflamed phenotype.

Since high expression of ZC3H13 can predict a noninflamed
phenotype, patients with high ZC3H13 expression may not be
sensitive to ICB treatment. Unfortunately, we lacked a database
containing patients treated with ICB to directly analyze the
relationship between ZC3H13 and ICB efficacy. Therefore, we
analyzed the relationship between ZC3H13 and the predictive
pathways that were closely related to the efficacy of ICB (22). As
expected, the enrichment scores of pathways that were positively
related to the response to ICB, such as nucleotide excision repair,
oocyte meiosis, DNA replication, mismatch repair, systemic
lupus erythematosus, alcohol, microRNAs in cancer, and the
cell cycle, were significantly lower in the high ZC3H13 group. In
contrast, the enrichment score of the cytokine-cytokine receptor
interaction, which was negatively related to the response to ICB,
was significantly higher in the high ZC3H13 group. At the same
time, we found that ZC3H13 and several critical immune
checkpoints, such as CTLA-4, PD-1, LAG-3, LAALS3, and
TIGIT, were also significantly negatively correlated. Most
importantly, we found that ZC3H13 was also significantly
Frontiers in Oncology | www.frontiersin.org 10100
negatively correlated with TMB in KIRC. The above results
indicated that high expression of ZC3H13 could not only
predict a noninflamed phenotype but also indicate a lower
sensitivity to ICB. Nevertheless, patients with high expression
of ZC3H13 were more sensitive to targeted therapy.

There are some limitations in the study. First, this study was
based on an analysis of public databases and our small sample
size RNA-seq cohort. Therefore, the conclusions need further
verification in larger cohort, especially the cohort receiving ICB
treatment. Second, this study chose the median expression of
ZC3H13 as the cutoff value. This cutoff value may not be suitable
for use in further external datasets. Third, further mechanistic
experiments are still needed to clarify the immunoregulatory
effects of ZC3H13 on the tumor microenvironment of KIRC.

CONCLUSION

This study demonstrated that ZC3H13 might shape a
noninflamed phenotype in KIRC. Moreover, ZC3H13 could
predict the prognosis and clinical response of ICB and the
sensitivity to targeted therapies in KIRC.
A

B C

FIGURE 5 | The relationship between ZC3H13 and the tumor mutation spectrum, TMB and MSI in KIRC. (A) Mutation spectrum of the high (left) and low (right)
ZC3H13 groups in KIRC. Different colors represented different mutation types annotated at the bottom; The barplot on the top represented mutation burden. The
numbers on the right represented mutation frequency. TMB, tumor mutation burden. MANTIS, microsatellite analysis for normal-tumor instability. (B) The histogram
of log2(value) of TMB between the different ZC3H13 groups. Low ZC3H13 group, blue; High ZC3H13 group, red. (T test). (C) The histogram of log2(value) of
MANTIS score between the different ZC3H13 groups. Low ZC3H13 group, blue; High ZC3H13 group, red. (T test).
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A

B

FIGURE 6 | The relationship between ZC3H13 and the sensitivity to targeted therapy of KIRC. (A) Heatmap drawn based on the different sensitivities to the 183
drugs selected from the DrugBank database. (B) The histogram of sensitivities to the selected targeted therapy between the different ZC3H13 groups. Low ZC3H13
group, blue; High ZC3H13 group, red. (T test, **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not statistically significant).
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Supplementary Figure 1 | Expression pattern of ZC3H13 in pan-cancers. (A, B)
The expression pattern of ZC3H13 of pan-cancers in TCGA and TCGA combined
with GTEx. The asterisks indicate a significant statistical p value calculated with the
Frontiers in Oncology | www.frontiersin.org 12102
T test (*P < 0.05; **P < 0.01; ***P < 0.001). (C) The expression of ZC3H13 in normal
tissues from the GTEx database. (D) The expression of ZC3H13 in cancer cell lines
in CCLE.

Supplementary Figure 2 | Prognostic analysis of ZC3H13 for overall survival in
pan-cancers. (A) The prognostic analyses of ZC3H13 in pan-cancers using a
univariate Cox regression model. A hazard ratio >1 indicated a risk factor, and a
hazard ratio <1 represented a protective factor. (B, C) The prognostic analyses of
ZC3H13 in pan-cancers using the Kaplan-Meier method and log-rank test. Only
cancers in which ZC3H13 was a significant prognostic biomarker are shown.

Supplementary Figure 3 | Prognostic analysis of ZC3H13 for progression-free
survival in pan-cancers. (A) The prognostic analyses of ZC3H13 in pan-cancers
using a univariate Cox regression model. A hazard ratio >1 indicats a risk factor, and
a hazard ratio <1 represents a protective factor. (B–E) The prognostic analyses of
ZC3H13 across cancers using the Kaplan-Meier method and log-rank test. Only
cancers in which ZC3H13 was a significant prognostic biomarker are shown.

Supplementary Figure 4 | Prognostic analysis of ZC3H13 for disease-specific
survival in pan-cancers. (A) The prognostic analyses of ZC3H13 in pan-cancers
using a univariate Cox regression model. A hazard ratio >1 indicates a risk factor,
and a hazard ratio <1 represents a protective factor. (B–E) The prognostic analyses
of ZC3H13 in pan-cancers using the Kaplan-Meier method and log-rank test. Only
cancers in which ZC3H13 was a significant prognostic biomarker are shown.

Supplementary Figure 5 | Correlations between ZC3H13 and immune
checkpoints, tumor infiltrating immune cells, TMB, and MSI in pan-cancers.
(A) Correlation between ZC3H13 and immune checkpoints in pan-cancers.
(B) Correlation between ZC3H13 and MSI in pan-cancers. (C) Correlation between
ZC3H13 and tumor infiltrating immune cells in pan-cancers. (D) Correlation
between ZC3H13 and MSI in pan-cancers. The asterisks indicate a significant
statistical p value calculated with Spearman correlation analysis (*P < 0.05; **P <
0.01; ***P < 0.001).

Supplementary Figure 6 | Functional annotation for different expression genes
between the high and low ZC3H13 groups. (A) Biological Processes (BP)
(B) Cellular Components (CC); (C) Molecular Functions (MF); (D) Kyoto
Encyclopedia of Genes and Genomes (KEGG). (F) The histogram of
immunotherapy predicted pathways between the high and low ZC3H13 groups.
Low ZC3H13 group, blue; High ZC3H13 group, red. (T test, *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001; ns, not statistically significant).

Supplementary Figure 7 | Spearman correlation of ZC3H13 expression with
cancer immunity in TCGA cohort.

Supplementary Figure 8 | Spearman correlation of ZC3H13 expression with
immune related pathways in TCGA cohort.

Supplementary Figure 9 | Spearman correlation of ZC3H13 expression with
immune related pathways in our own cohort.

Supplementary Figure 10 | Spearman correlation of ZC3H13 expression with
cancer immunity in our own cohort.
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Background: Malignant urachal tumor is a rare subtype of genitourinary cancer. Our
aim was to explore the optimal chemotherapy regimens for relapsed or metastatic
urachal carcinoma.

Materials and Methods: We retrospectively enrolled 24 adult patients with relapsed or
metastatic urachal carcinoma from January 2014 to September 2020 at Sun Yat-sen
University Cancer Center. We summarized the chemotherapy regimens and classified
them as fluorouracil based, platinum based, and paclitaxel based. Nine patients received
XELOX (capecitabine and oxaliplatin) regimens, seven patients received TX (paclitaxel and
capecitabine) regimens, and eight of them received chemotherapy including GP
(gemcitabine and cisplatin), TP (paclitaxel and cisplatin), TN (paclitaxel and nedaplatin),
and tislelizumab.

Results: The disease control rate was 75%. Among all patients, one patient treated with
XELOX achieved partial remission (PR), while 17 patients showed stable disease. The
median progression-free survival (PFS) and overall survival (OS) in all treated patients was
7.43 and 29.7 months, respectively. The patients receiving first-line platinum-based
chemotherapy presented better PFS than those without platinum (median PFS 8.23 vs.
3.80 months, p = 0.032), but not significant for OS between two groups. There is no
significant difference in PFS and OS for fluorouracil-based and paclitaxel-based groups as
first-line regimen. Next-generation gene sequencing revealed TP53 mutation and low
tumor mutational burden in five out of seven cases.

Conclusion: The platinum-based chemotherapy regimen is effective for relapsed or
metastatic urachal carcinoma.
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INTRODUCTION

Malignant urachal tumor (MUT) is a rare genitourinary tumor
derived from the urachus at the dome of the bladder, accounting
for 0.1%–0.7% of all malignant bladder cancers (1). Patients with
MUTs are usually diagnosed at an advanced stage with
extravesical extension and lymph node metastasis, and the
prognosis is generally poor (2). Literatures about MUT are
mainly based on some of case reports and few retrospective
studies (3–6). MUT mostly affects male patients at 50 to 60 years
(3, 7). The common clinical manifestation is hematuria (8, 9).
Abdominal pain and dysuria are less commonly seen. The
diagnosis for MUT is difficult due to the rarity of tumor and
similarity to adenocarcinoma of other origins (4, 10, 11). Several
retrospective studies reported the clinicopathological features of
MUT, resulting in the 5-year overall survival (OS) rate of 12%–
50% (3, 12). Although surgery is a standard of care for localized
MUT, the most appropriate care for metastatic or relapsed cases
has not been established. MUT resembles enteric adenocarcinoma
histologically and may respond to chemotherapy used to treat
colorectal cancer (13). Most of MUT cases expressed CDX2 and
CK20 (9, 13, 14), which was also positive in adenocarcinoma of
colorectal cancer. Several genomic analyses showed that MUT
presented a similar molecular profile with colorectal carcinoma,
with a RAS mutation rate of 32%–57% and BRAF mutation rate of
18% (13, 15, 16). But the standard treatment modalities for MUT
are lacking. Although the backbone therapy for localized disease
remains surgical resection, the systemic therapy for recurrence and
metastasis cases is not well known (17). The chemotherapy
regimens are also similar to those for colorectal cancer, but the
efficacy varies in different reports (4, 18–20). Here, we present the
results of a retrospective study of treatment outcome in different
chemotherapy regimens in patients with advanced or relapsedMUT
in Sun Yat-sen Cancer Center (SYSUCC).
MATERIALS AND METHODS

Patient Selection and Treatment
From January 2014 to September 2020, we enrolled 24 patients
with relapsed or advanced MUT at SYSUCC. The study protocol
was approved by the ethical committee of Sun Yat-sen University
Cancer Center. Eligible patients had histologically confirmed
MUT and had adequate organ function apart from organ
function affected by disease. Evaluation included. The data
reviewed included the patients ’ demographics, tumor
characteristics, standard laboratory tests, CT scans of the whole
body, and the treatment regimens applied. The staging
information was based on the 7th UICC TNM Classification
(21). Besides, MUT was also staged according to the Sheldon
Abbreviations: PFS, progression-free survival; OS, overall survival; MUT,
malignant urachal tumor; SYSUCC, Sun Yat-sen Cancer Center; PD,
progressive disease; AE, adverse event; DCR, disease control rate; ORR,
objective response rate; PR, partial remission; CR, complete remission; SD,
stable disease; NGS, next-genome sequencing; TMB, tumor mutational burden;
PD-L1, programmed death ligand-1.
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staging system (22), which defines four stages, including I, no
invasion beyond urachal mucosa; II, invasion confined to the
urachus; III, local extension into bladder (IIIA), abdominal wall
(IIIB), peritoneum (IIIC), or viscera other than the bladder
(IIID); and IV, metastasis to regional lymph nodes (IVA) or
distant sites (IVB).The chemotherapy regimens applied for each
patient were decided by experienced oncologists in SYSUCC.
The common chemotherapy regimens included gemcitabine
(1 g/m2, i.v., d1, d8, q21d), oxaliplatin (130 mg/m2, i.v., d1,
q21d), capecitabine (1 g/m2, po, d1–14, q21d), nanoparticle
paclitaxel (260 mg/m2, i.v., d1, q21d), and cisplatin (25 mg/m2,
i.v., d1–3, q21d). All cycles were repeated at 21-day intervals.
Treatment was administered until death, progressive disease
(PD), unacceptable toxicity, lost to follow-up, or patient or
investigator decision.

Toxicity Evaluation
Adverse events (AEs) were graded according to the Common
Terminology Criteria for Adverse Events version 4.0. The relative
frequency of each AE considered possibly, probably, or likely
related to chemotherapy was estimated as the proportion of all
toxicity-evaluable cycles in which toxicity was observed.

Response Assessment
The objective response was sustained for a minimum of two
consecutive imaging evaluations at least 4 weeks apart. Disease
was also evaluated using RECIST version 1.1 for response
assessment. CT was used to assess treatment response at
baseline and after every two cycles of chemotherapy. Follow-up
CT scans were performed every 6 months for 2 years or until PD.

Statistical Analysis
The study population for all analyses included patients enrolled
in the study who had an adequate baseline tumor assessment.
Descriptive statistics were used to summarize patient
characteristics, treatment administration, antitumor activity,
and safety. Survival was measured from initiation of therapy
until death. The disease control rate (DCR), objective response
rate (ORR), progression-free survival (PFS), OS, and AEs were
also analyzed. A cutoff date of April 20, 2021, was established for
analyzing data for this report. OS and PFS rates were assessed
using Kaplan–Meier analyses with SPSS 25.0 software (SPSS Inc.,
Chicago, IL, USA) and R version 4.0.2.
RESULTS

Twenty-four eligible patients were enrolled and treated
(Table 1). Patients were aged from 28 to 69 years, with three
patients (12.5%) were aged more than 60 years. Most patients
were male (83.3%). All patients received primary surgery.
Nineteen patients received urachal excision or transurethral
bladder tumor resection, and five patients received partial
cystectomy (Table 1). Six patients also received pelvic lymph
node dissection. Three patients received second surgery after
local relapse. No patients received neo-adjuvant chemotherapy.
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Seven patients received adjuvant chemotherapy after surgery.
Fourteen (58.3%) patients were diagnosed at staged III
after surgery.

The most common metastasis was peritoneal or omental
implantation (62.5%) and local relapse of the bladder (62.5%),
lung (45.8%), and lymph nodes (45.8%). For first-line systematic
chemotherapy, nine patients received XELOX (capecitabine and
oxaliplatin), seven patients received TX (paclitaxel and
Frontiers in Oncology | www.frontiersin.org 3106
capecitabine), and eight of them received other chemotherapy
including GP (gemcitabine and cisplatin), TP (paclitaxel and
cisplatin), TN (paclitaxel and nedaplatin), and tislelizumab
(Supplementary Table 1). Since the regimens were heterogeneous
and decided case by case, we compared the survival outcome in the
following methods: 1) platinum-based (patients administered
cisplatin, oxaliplatin, carboplatin, or nedaplatin) vs. non-platinum
based; 2) taxol-based (patients received nanoparticle paclitaxel,
paclitaxel liposome, or docetaxel) vs. non-taxol based; and
3) fluorouracil based (5-fluorouracil or capecitabine) vs. non-
fluorouracil based. Sixteen patients received platinum-based
regimens, 11 patients received taxol-based regimens, and 15
received fluorouracil-based regimens. The remaining one received
tislelizumab monotherapy.

Overall, only one patient treated with XELOX achieved
partial remission (PR), and no patient achieved complete
remission (CR); the ORR among all treated patients was 4.2%
(1/24). Seventeen patients presented stable disease (SD) after
treatment. The DCR for all patients was 75% (18/24). The
median PFS and OS were 7.43 and 29.7 months, respectively.
The 6-month and 1-year PFS rates were 56.5% and 13.6%,
respectively. The 2-year and 3-year OS rates were 57.3% and
19.1%, respectively (Figures 1A, B).

The DCR for patients treated with XELOX and TX as first-line
chemotherapy was 100% (9/9) and 83.3% (5/6), respectively. The
ORR for patients treated with XELOXwas 11.1% (1/9). The median
PFS in patients treated with and without platinum-based
chemotherapy was 8.23 and 3.80 months (p = 0.032), respectively
(Figure 2A). The 6-month PFS rates in patients with and without
platinum-based chemotherapy were 56.5% and 19.0%, respectively.
The median OS in in patients treated with and without platinum-
based chemotherapy was 29.7 and 16.2 months (p = 0.63),
respectively (Figure 2B). No significant difference was shown for
both PFS and OS in patients treated with and without fluorouracil-
based chemotherapy (Figures 2C, D). The patients treated with
non-fluorouracil-based chemotherapy seemed to achieve longer OS
A B

FIGURE 1 | Kaplan–Meier survival analysis for PFS (A) and OS (B) in all patients with advanced or metastatic MUT. PFS, progression-free survival; OS, overall
survival; MUT, malignant urachal tumor.
TABLE 1 | Characteristics of patients.

Characteristics n (%)

Male sex 20 (83.3%)
Age (years)
Median (range) 45 (28~69)

TNM stage at diagnosis
I 1 (4.2%)
II 4 (16.7%)
III 13 (54.2%)
IV 4 (16.7%)

Not applicable 2 (8.3%)
Sheldon tumor stage
I 1 (4.2%)
II 4 (16.7%)
III 14 (58.3%)
IV 5 (20.8%)

Initial treatment
Surgery with/without radiotherapy or chemotherapy 24 (100%)

Urachal excision or transurethral bladder tumor resection 19 (79.2%)
Partial cystectomy 5 (20.8%)
Radical cystectomy 0

Radiotherapy with/without chemotherapy 0
Chemotherapy 0

Metastasis site
Local relapse 15 (62.5%)
Peritoneal or omental implantation 15 (62.5%)
Lymph node metastasis 11 (45.8%)
Lung 11 (45.8%)
Bone 4 (16.7%)
Liver 3 (12.5%)
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(median OS: 34.6 vs. 16.2 months, p = 0.094). The patients treated
with and without taxol-based chemotherapy presented similar
median PFS (7.07 vs. 7.43 months) and median OS (29.7 vs. 20.2
months) (Figures 2E, F). The PFS andOS for patients with XELOX,
TX, and other regimens revealed no significant difference
(Figures 3A, B).

Among patients who achieved SD or PR, four patients
received capecitabine maintenance therapy after combination
chemotherapy of XELOX or TX. Two patients remained stable
and still received capecitabine till now. Two patients progressed
during maintenance at 8.2 and 18.4 months. Twelve patients
received second-line chemotherapy after disease progression.
The second-line chemotherapy was decided case by case. Two
patients received XELOX, two patients received GP, two patients
tried a combination of chemotherapy and immunotherapy, two
patients received everolimus, and two patients were treated with
bevacizumab combined with gemcitabine and nanoparticle
paclitaxel. The remaining two patients were treated with
irinotecan and capecitabine, and irinotecan and 5-FU
(FOLFIRI). A total of five patients received immunotherapy,
among which two received tislelizumab, one kind of immune
checkpoint inhibitors, as a first-line treatment. A total of three
patients received everolimus as second-line or third-line therapy.
The median PFS for second-line regimens was 2.85 months
(Figure 4). One patient achieved PFS for 13.7 months, taking on
Frontiers in Oncology | www.frontiersin.org 4107
everolimus monotherapy. The patients were followed up in the
outpatient clinic via telephone. The median follow-up for all
patients was 13.0 months.

The incidences of any AEs and grade III to IV AEs in all
patients are summarized in Table 2. The AEs for platinum and
non-platinum-based regimens are also listed in Table 2. The
principal AEs were hematological and gastrointestinal events,
including leukopenia (70.8%), anemia (70.8%), elevated
transaminase levels (33.3%), nausea (25.0%), hand and foot
syndrome (16.7%), elevated serum creatinine levels (12.5%), and
intestinal obstruction (12.5%). The major grade 3–4 AEs included
thrombocytopenia (8.3%) and elevated transaminase levels (4.2%).
One patient received changes in treatment of TX instead of TP due
to severe intolerant creatinine elevation without progression. No
treatment-related death occurred in all groups.

Seven patients received next-genome sequencing (NGS) test
for potential targets (Figure 5). TP53 mutation was detected in
five patients. One patient reported high tumor mutational
burden (TMB), while the others presented low TMB. Patient 1
in Figure 5 with high TMB presented the best response of SD
and PFS of 5.2 months for second-line therapy of TX combined
with tislelizumab after progression from tislelizumab
monotherapy. Fibroblast growth factor receptor (FGFR)
amplification, Myc amplification, ERBB4 amplification, and
programmed death ligand-1 (PD-L1) expression of less than
A B

D E F

C

FIGURE 2 | Kaplan–Meier survival analysis for PFS (A) and OS (B) in patients with or without platinum-based therapy. Kaplan–Meier survival analysis for PFS (C)
and OS (D) in patients with or without platinum-based therapy. Kaplan–Meier survival analysis for PFS (E) and OS (F) in patients with or without taxol-based therapy.
PFS, progression-free survival; OS, overall survival.
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1% was detected in patient 4, with a PFS of 6.53 months for third-
line therapy of XELOX and toripalimab after progression from
TX and FOLFIRI regimens. Epidermal growth factor receptor
(EGFR) amplification was detected in patient 5, with PR after
XELOX treatment and undergoing capecitabine maintenance
treatment until now.
DISCUSSION

The carcinoma of the urachus is a rare and aggressive malignant
tumor with consequent few data about treatment outcome. We
reported the experience in chemotherapy treatment for 24
Frontiers in Oncology | www.frontiersin.org 5108
patients of advanced or metastatic MUT. In our study, patients
treated with platinum-based chemotherapy indicated prolonged
PFS as compared with non-platinum-based regimens, providing
promising options for systemic treatment. Second-line therapy
varied in 12 patients, among which everolimus seemed to be
effective for the longest PFS. NGS in seven cases revealed a
prevalence of TP53 mutation.

Some population-based cohort reported the clinical outcome
and prognostic factors in MUT (3, 7, 12). Hager et al. reported
154 and 152 cases of MUT in Germany and SEER database from
2011 to 2015, respectively; the relative 5 year-survival rates were
54.8% in Germany and 64.4% in the United States (7). Another
population-based study, which summarized 152 cases of MUT in
Netherlands, reported that only 13 out of 45 patients in stage IV
received chemotherapy, with poor survival (3). Nagumo et al.
reported the clinicopathological features of 456 patients with
MUT in Japan (12). In this large retrospective study, it was
showed that the most common modality for MUT was surgery
alone. However, the chemotherapy regimens for metastatic cases
in the article were not available (12). Thus, the proper treatment
for metastatic MUT was still unknown. Histologically similar to
colorectal adenocarcinoma, a few case reports showed the
efficacy for 5-fluorouracil- and cisplatin-based chemotherapy,
such as GP and FOLFOX (18, 19, 23). Yanagihara et al. reported
modified FOLFOX chemotherapy in five patients with metastatic
MUT, resulting in an ORR of 40% and a median OS of 42
months (19). Our study analyzed the first-line chemotherapy of
24 patients, demonstrating that platinum-based regimens were
beneficial for patients. The DCR for patients who received
platinum-based regimens was 75% (12/16). Most of the
patients received oxaliplatin. Both platinum-based and non-
platinum-based chemotherapy regimens were well tolerant,
with anemia and leukopenia as the most common AEs. In
Figure 3, it seemed that XELOX presented better PFS but was
not statistically significant. Prospective studies are warranted to
explore optimal chemotherapy regimens.

Some reports demonstrated that MUT had remarkable
molecular similarities to colorectal cancer (24). Colorectal
A B

FIGURE 3 | Kaplan–Meier survival analysis for PFS (A) and OS (B) in patients with different chemotherapy regimens. PFS, progression-free survival; OS, overall survival.
FIGURE 4 | Kaplan–Meier survival analysis for PFS in 12 patients treated
with second-line chemotherapy. PFS, progression-free survival.
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cancers are typified by alterations in several pathways, including
adenomatous polyposis coli (APC) loss, the activation of the
RAS/MAPK signaling pathway, and TGFb (by SMAD4
inactivation) pathways (25). Nagy et al. analyzed 40 MUT
cases and revealed the prevalence of APC and PTEN gene
alternation (26). Henning Reis et al. presented 66% of TP53
mutation, 21% of KRAS mutation, 5% of EGFR amplification,
and 16% of PD-L1 expression in 70 MUT patients (13). In our
study, TP53 mutation was detected in five patients out of seven.
We also detected FGFR amplification, EGFR amplification, APC
mutation, and KRAS mutation among them. But none of them
received anti-EGFR antibody. However, the efficacy of targeted
therapy and immune therapy was still not clear. Collazo-Lorduy
et al. found that one patient with EGFR amplification and wild-
type KRAS achieved 8 months’ response when treated with
cetuximab (27). Microsatellite instability (MSI), detected in
approximately 15% of all colorectal cancers, is a hypermutable
phenotype leading to the loss of DNA MMR activity. MSI-high
leads to the accumulation of mutation loads in cancer-related
genes and the generation of neoantigens, which stimulate the
antitumor immune response of the host, represents a better
prognosis and significant association with long-term
immunotherapy-related responses (28). In a study of Kardos
et al., 25% of urachal tumors harbor inactivating mutations of
Frontiers in Oncology | www.frontiersin.org 6109
MMR, MSH6, and MSH2, which might be predictive markers for
immune checkpoint blockade (24). One patient with MSH6
mutation resulted in SD after treatment with atezolizumab (24).
In our study, most patients were microsatellite stable (MSS). One
patient with TMB-high presented more than 5-month PFS when
treated with second-line TX and tislelizumab. One patient became
SD for 13.7 months when treated with everolimus. Five patients
tried different types of PD-1 antibodies, including tislelizumab
and toripalimab. However, patients treated with immune
checkpoint inhibitors did not present longer PFS and OS than
those without immune checkpoint inhibitors. The application of
immune checkpoint inhibitors and the biomarkers for prognosis
in MUT needs more exploration. It is indicated that a
combination of platinum-based chemotherapy with everolimus
or anti-EGFR antibody might be promising in the future.

The limitation of this study lies in its retrospective nature and
its heterogeneity in baseline risk and treatment factors, which
may have led to potential bias. Nonetheless, only seven out of 24
patients underwent NGS, and more genome information is
needed in the future. The main strength of the present study
was that it analyzed chemotherapy in advanced MUT and
showed optimal regimens among the Chinese population.
Therefore, prospective clinical trials for this rare disease are
warranted for confirmation.
TABLE 2 | Summary of adverse events.

Patients (n = 24) Platinum based (n = 16) Non-platinum based (n = 8)

Events, n (%) Any grade Grade 3~4 Any grade Grade 3~4 Any grade Grade 3~4
Any AE 24 (100%) 3 (12.5%) 16 (100%) 2 (12.5%) 8 (100%) 1 (12.5%)
Hematological toxic effects
Anemia 17 (70.8%) 0 11 (68.7%) 0 6 (75.0%) 0
Leukopenia 17 (70.8%) 0 7 (62.5%) 0 7 (87.5%) 0
Thrombocytopenia 2 (8.3%) 2 (8.3%) 2 (12.5%) 2 (12.5%) 0 0
Fatigue 2 (8.3%) 0 2 (12.5%) 0 0 0
Diarrhea 1 (4.2%) 0 1 (6.2%) 0 0 0
Dyspepsia 2 (8.3%) 0 2 (12.5%) 0 0 0
Nausea 6 (25.0%) 0 5 (31.2%) 0 1 (12.5%) 0
Elevated transaminases 8 (33.3%) 1 (4.2%) 5 (31.2%) 0 2 (25.0%) 1 (12.5%)
Hand and foot syndrome 4 (16.7%) 0 1 (6.2%) 0 3 (37.5%) 0
Intestinal obstruction 3 (12.5%) 0 1 (6.2%) 0 2 (25.0%) 0
Serum creatinine increased 3 (12.5%) 0 2 (12.5%) 0 1 (12.5%) 0
September 20
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AE, adverse event.
A B

FIGURE 5 | (A) The swimmer’s plot for patients with NGS detection and (B) summary for the NGS results. NGS, next-genome sequencing.
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Background and Aims: The current guidelines for the treatment of penile cancer patients
with clinically non-invasive normal inguinal lymph nodes are still broad, so the purpose of this
study is to determine which patients are suitable for lymph node dissection (LND).

Methods: Histologically confirmed penile cancer patients (primary site labeled as C60.9-
Penis) from 2004 to 2016 in the Surveillance, Epidemiology, and Results database were
included in this analysis. Univariate and multivariate Cox regression analyses were applied
to determine an overall estimate of LND on overall survival and cancer-specific survival. A
1:1 propensity matching analysis (PSM) was applied to enroll balanced baseline cohort,
and further Kaplan–Meier (KM) survival analysis was used to get more reliable results.

Results: Out of 4,458 histologically confirmed penile cancer patients with complete
follow-up information, 1,052 patients were finally enrolled in this analysis. Age,
pathological grade, T stage, and LND were identified as significant predictors for overall
survival (OS) in the univariate Cox analysis. In the multivariate Cox regression, age,
pathological grade, T stage, and LND were found significant. The same results were also
found in the univariate and multivariate Cox regression analyses for cancer-specific
survival (CSS). After the successful PSM, further KM analysis revealed that LND could
bring significant OS and CSS benefits for T3T4 patients without lymph node metastasis.

Conclusion: Lymph node dissection may bring survival benefits for penile cancer patients
without preoperatively detectable lymph node metastasis, especially for T3T4 stage
patients. Further randomized control trial is needed.
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INTRODUCTION

Penile cancer is a malignant disease with a high mortality rate.
According to reported data, about one-third of patients with radical
treatment still fail to achieve 5-year survival (1). Regional lymph
node (LN)metastasis is a crucial prognostic factor for penile cancer
(2). For pN0 penile cancer patients, 5-year cancer-specific survival
(CSS) is about 85%–100%, but for lymph node metastasis patients,
5-yearCSS is about 79%–89% for pN1, 17%–60% for pN2, and 0%–
17% for pN3 (3, 4). Some previously published studies indicated
that for patientswith low-graded penile cancer (≤T1a), lymphnode
metastasis could be0%–30%.For patientswithhigher gradedpenile
cancer (≥T1b), lymph node metastasis could approach nearly 50%
(5). Due to the high incidence of lymph node metastasis in penile
cancer, a study has suggested that prophylactic lymph node
dissection may provide survival benefits for patients with penile
cancer regardless of their stageorgrade (6). In theEAUguidelinesof
penile cancer, for patients with clinically normal inguinal lymph
nodes (cN0), surveillance, invasive nodal staging, and prophylactic
lymph node dissection (LND) are three main strategies; however,
surveillance is only recommended in patients with pTis/pTa tumor.
Invasive nodal staging is recommended because there is still no
effective imaging technique that can be applied to detect
micrometastasis (3).

However, previous studies have tended to include a small
number of cases. Given the low incidence of penile cancer,
therefore, a larger case-size study is needed to discuss the effect
of preoperative prophylactic lymph node dissection for penile
cancer on survival (6–10). The purpose of this study it is to figure
out the effect of preoperative prophylactic LND on patient
survival with the large number of penile cancer patients in the
Surveillance, Epidemiology, and Results (SEER) database.
MATERIAL AND METHODS

Study Population
Histologically confirmed penile cancer patients (primary site
labeled as C60.9-Penis) from 2004 to 2016 with complete
follow-up information in the SEER database were included in
this analysis. The exclusion criteria were as follows: 1) patients
with any other cancer before penile cancer diagnosis, 2) patients
with unclear age information or unclear tumor grade
information, 3) patients with any identified positive N stage or
M stage before surgery, 4) patients with any unclear TNM stage
information, 5) patients with unclear lymph node dissection
information, 6) patients with unclear follow-up information, and
7) patients who did not receive surgery.

Overall survival (OS) and penile CSS were the two main
outcome events in this study, and the SEER follow-up project
offered related information. In this study, LND was defined as
four or more lymph nodes that were removed.
Statistical Analysis
Based on the LND definition mentioned above, patients were
classified as LND and non-LND groups. Baseline characteristic
Frontiers in Oncology | www.frontiersin.org 2113
comparisons were performed as follows: t-test and the Mann–
Whitney test were used to test for continuous variables that were
normally distributed and non-normally distributed, respectively.
Categorical variables were presented with the number
(percentage) and tested by the chi-square test or the Fisher’s
exact test. Univariate and multivariate Cox regression analyses
were carried out to find significant risk factors for OS and CSS in
penile cancer patients. To more objectively evaluate the effect of
LND on the survival of penile cancer patients without lymphatic
or distant organ metastasis, a 1:1 propensity score matching
(PSM) was applied to generate a baseline balanced cohort.
Standardized mean difference (SMD, |d|) was calculated to
evaluate baseline balance (11). After PSM, Kaplan–Meier (KM)
analysis was conducted between LND and non-LND groups for
OS and CSS. Since there can be randomness in the PSM cohort,
further 100 times PSM and consequent KM analysis were
performed to obtain a complete result. Log-rank tests were
used for KM analysis.

Since we do not know if patients have positive nodes before
we take it out, so it is reasonable to recheck our results obtained
from lymphatic metastasis-free cohort in the primary SEER
penile cancer cohort in which patients with positive N stage or
M stage were retained.

All statistical analyses above were achieved through R v.4.0.3
(www.r-project.org), and rms, survival, caret, broom, survminer,
Matching, and tableone were the main R packages used in this
study. All the reported P-values were two-sided, and significance
was indicated as P <0.05.
RESULTS

Characteristics of the Patients
Out of 4,458 patients identified in the SEER database between
2004 and 2019, 1,052 patients were finally enrolled in this
analysis based on inclusion and exclusion criteria.

Table 1 demonstrates the characteristics of included patients.
One hundred forty-six (13.9%) patients received LND, and LND
patients were significantly younger than non-LND patients (P <
0.001). Compared with non-LND patients, more high-grade
patients (P < 0.001) and T3T4 patients (P < 0.001) received
LND treatment. Since all the positive N and M stage patients
were excluded, only a few patients receive chemotherapy (30,
2.9%) and radiation therapy (28, 2.7%). In all patients with LND,
no positive lymph nodes were reported.
Univariate and Multivariate
Cox Regression
Table 2 demonstrates the univariate and multivariate for OS in
penile cancer patients. In the univariate analysis stage, age
(<0.001), pathological grade (grade I as the reference, grade II
P < 0.001, grade III P < 0.001), and LND were significant (P <
0.001), but T stage (T1T2 as the reference, T3T4 P = 0.54) was
not significant. However, T stage was identified as a significant
factor (HR: 1.47, P = 0.007) for OS in the multivariate analysis.
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Similar results could be found in the Cox regression for CSS
(Table 3). LND was a significant predictive factor for penile
cancer CSS (HR = 0.42, P = 0.005) in the univariate analysis, and
it also could be identified as a predictive factor for CSS (HR: 0.32,
P < 0.001) after the adjustment (Table 3).
Propensity Score Matching and Further
KM Analysis
After the PSM, out of 86 LND patients, 139 patients were
matched to 139 non-LND patients, and a total of 278 patients
were enrolled into consequent KM analysis. Before the PSM,
there were potential baseline differences found in age (|d| =
0.436), race (|d| = 0.148), grade (|d| = 0.463), and T stage (|d| =
Frontiers in Oncology | www.frontiersin.org 3114
0.414) between LND and non-LND patients according to |d|
values. After the PSM, most potential baseline differences were
well balanced (Table 4). In the KM analysis conducted within the
PSM cohort (n = 162), LND could offer better OS (P = 0.00025)
and CSS (P = 0.0043) (Figure 1). The main PSM cohort was
generated with random seed 202104. To avoid selection bias
caused by the randomness of the PSM, further 100 times PSM
without random seed and consequent KM analysis were
performed, and the results indicated that the main PSM results
were robust for OS (P = 0.0025, 95% CI: 0.0014–0.0036, Figure
S3A) and CSS (P = 0.024, 95% CI: 0.018–0.030, Figure S3B).

To clarify which T stage and tumor pathological grade
patients could benefit from LND treatment, subgroup KM
analysis was conducted. In the T stage subgroup analysis, it
TABLE 1 | Baseline characteristics of included patients.

Variables Non-LND (n = 906) LND (n = 146) P

Age (years, mean ± SD) 63.4 ± 12.57 57.81 ± 13.16 <0.001
Race (n) 0.421
White 749 (82.7) 123 (84.2)
Black 104 (11.5) 13 (8.9)
Asian or Pacific Islander 40 (4.4) 7 (4.8)
American Indian/Alaska Native 10 (1.1) 1 (0.7)
Unknown 3 (0.3) 2 (1.3)

Grade (n) <0.001
Well differentiated, grade I 352 (38.9) 28 (19.2)
Moderately differentiated, grade II 423 (46.7) 94 (64.4)
Poorly differentiated, grade III 127 (14.0) 24 (16.4)
Undifferentiated, grade IV 4 (0.4) 9 (6.2)

T stage <0.001
TaTx 4 (0.4) 0 (0.0)
T1T2 794 (87.6) 109 (74.7)
T3T4 108 (11.9) 37 (25.3)

Pathological type 0.691
Squamous cell carcinoma 902 (99.6) 145 (99.3)

Other type 4 (0.4) 1 (0.7)
Chemotherapy (n) 27 (3.0) 3 (2.1) 0.533
Radiation therapy (n) 23 (2.5) 5 (3.4) 0.537
Regional nodes positive / 0 (0) /
September 2021 | Volume 11 | Article
TABLE 2 | Univariate and multivariate Cox regression for overall survival.

Univariate analysis Multivariate analysis

HR 95% CI P Adjusted HR 95% CI P

Age (per year old) 1.05 (1.04, 1.06) <0.001 1.05 (1.04, 1.06) <0.001
Grade
Well differentiated, grade I Ref. Ref.
Moderately differentiated, grade II 1.59 (1.25, 2.01) <0.001 1.64 (1.29, 2.09) <0.001
Poorly differentiated, grade III 1.90 (1.39, 2.59) <0.001 1.77 (1.29, 2.43 <0.001
Undifferentiated, grade IVa / / / / / /

T stage
T1T2 Ref. Ref.
T3T4 1.31 (0.99, 1.73) 0.54 1.47 (1.11, 1.94) 0.007

Pathological type 0.36 0.39
Squamous cell carcinoma 2.50 (0.35, 17.83) 2.38 (0.33, 17.07)

Other type Ref. Ref.
Lymph node dissection (yes) 0.41 (0.27, 0.61) <0.001 0.42 (0.28, 0.63) <0.001
Chemotherapy (yes) 0.60 (0.35, 1.02) 0.58 0.64 (0.34, 1.14) 0.131
Radiation therapy (yes) 1.23 (0.71, 2.15) 0.457 1.14 (0.63, 2.08) 0.664
aInsufficient endpoint event for univariate or multivariate analysis.
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was found that no OS benefit could be obtained from LND for
T1T2 patients, but CSS benefit could not be achieved
(Figures 2A–D). T3T4 patients could benefit from LND for
both OS and CSS (Figures 2E–H). In the pathological tumor
grade subgroup analysis, it was found that grade 1/2 patients
might obtain OS and CSS benefit from LND treatment according
to the PSM results (Figures 3A–D), and grade 3/4 patients could
not obtain OS or CSS benefit from LND (Figures 3E–H).
However, there were only 40 T3T4 penile cancer patients
analyzed in this study, the sample size was small, and related
results should be treated with caution.
Frontiers in Oncology | www.frontiersin.org 4115
Subgroup Analysis Based on the
Combination of T Stage and G Stage
We further divided patients with penile cancer into Ta, T1a (G1,
G2) vs. T1b (G3) and T2 vs. T3 (any G) vs. T4 groups to evaluate
the benefit of LND in each subgroup. Considering the small
number of patients in each subgroup, we did not conduct
multivariate analysis and further PSM analysis. In the KM
analysis, we found that in the Ta, T1a (G1, G2) group, LND
could not offer OS (Figure 4A) or CSS (Figure 4B) benefits for
penile cancer. This may be due to the small number of LND
patients in this group, and the results were not robust. In the T1b
TABLE 3 | Univariate and multivariate Cox regression for cancer-specific survival.

Univariate analysis Multivariate analysis

HR 95% CI P Adjusted HR 95% CI P

Age (per year old) 1.02 (1.00, 1.03) 0.01 1.01 (1.00, 1.03) 0.049
Grade
Well differentiated, grade I Ref. Ref.
Moderately differentiated, grade II 3.34 (2.16, 5.18) <0.001 3.51 (2.26, 5.44) <0.001
Poorly differentiated, grade III 3.38 (1.97, 5.79) <0.001 3.24 (1.88, 5.59) <0.001
Undifferentiated, grade IV 4.11 (0.56, 30.31) 0.166 4.56 (0.62, 33.75) 0.137

T stage
T1T2 Ref. Ref.
T3T4 1.81 (1.23, 2.66) 0.002 1.84 (1.25, 2.73) 0.002

Pathological type
Squamous cell carcinomaa / / / / / /
Other type Ref. Ref.
Lymph node dissection (yes) 0.42 (0.23, 0.77) 0.005 0.32 (0.17, 0.60) <0.001
Chemotherapy (yes) 2.05 (1.01, 4.19) 0.048 1.63 (0.76, 3.51) 0.211
Radiation therapy (yes) 1.66 (0.78, 3.55) 0.188 1.38 (0.61, 3.11) 0.434
September 202
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aInsufficient endpoint event for univariate or multivariate analysis.
TABLE 4 | Comparison of clinical patient characteristics between LND and non-LND groups before and after propensity score matching.

Parameters Before propensity matching (n = 1,051) After propensity matching (n = 1,278)

Non-LND
(n = 906)

LND patients
(n = 146)

P |d| LND patients
(n = 139)

Non-LND patients
(n = 139)

P |d|

Age (mean ± SD) 63.4 ± 12.57 57.81 ± 13.16 <0.001 0.436 58.48 ± 12.86 59.02 ± 12.27 0.721 0.043
Race (n, %) 0.421 0.148 0.800 0.154
White 749 (82.7) 123 (84.2) 122 (87.8) 117 (84.2)
Black 104 (11.5) 13 (8.9) 10 (7.2) 13 (9.4)
Asian or Pacific Islander 40 (4.4) 7 (4.8) 4 (2.9) 7 (5.0)
American Indian/Alaska Native 10 (1.1) 1 (0.7) 2 (1.4) 1 (0.7)
Unknown 3 (0.3) 2 (1.3) 1 (0.7) 1 (0.7)

Grade (n, %) <0.001 0.463 0.947 0.040
Well differentiated, grade I 352 (38.9) 28 (19.2) 28 (20.1) 28 (20.1)
Moderately differentiated, grade II 423 (46.7) 94 (64.4) 89 (64.0) 87 (62.6)
Poorly differentiated, grade III 127 (14.0) 24 (16.4) 22 (15.8) 24 (17.3)
Undifferentiated, grade IV 4 (0.4) 9 (6.2) 0 (0.0) 0 (0.0)

T stage (n, %) <0.001 0.414 0.778 0.034
TaTx 4 (0.4) 0 (0.0) 0 (0.0) 0 (0.0)
T1T2 794 (87.6) 109 (74.7) 107 (77.0) 105 (75.5)
T3T4 108 (11.9) 37 (25.3) 32 (23.0) 34 (24.5)

Pathological type 0.691 0.032 1.000 0.120
Squamous cell carcinoma 902 (99.6) 145 (99.3) 139 (100.0) 138 (99.3)

Other type 4 (0.4) 1 (0.7) 0 (0.0) 0 (0.7)
Chemotherapy (n, %) 27 (3.0) 3 (2.1) 0.533 0.059 1 (0.7) 3 (2.2) 0.615 0.121
Radiation therapy (n, %) 23 (2.5) 5 (3.4) 0.537 0.052 2 (1.4) 5 (3.6) 0.444 0.138
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(G3) and T2 group, LND could offer both significant OS
(Figure 4C) and CSS (Figure 4D) benefits, and the same
results could be also detected in the T3 (any G) group
(Figures 4E, F). This phenomenon may indicate that the lower
the degree of differentiation, the higher the possibility of
metastasis for penile cancer cells. However, since there were
only 12 patients in the T4 subgroup, KM analysis was omitted.
Frontiers in Oncology | www.frontiersin.org 5116
Validation in the Primary SEER Penile
Cancer Cohort
The above analysis was based on a cohort of patients with non-
lymph node metastatic penile cancer confirmed by preoperative
physical examination, imaging examination, and postoperative
pathology (although micrometastases are still possible).
However, in clinical practice, it is difficult to confirm the status
A B

FIGURE 1 | Kaplan–Meier survival analysis for lymph node dissection (LND) in the propensity score matching (PSM) cohort. (A) Overall survival. (B) Cancer-specific survival.
A B C D

E F G H

FIGURE 2 | Subgroup Kaplan–Meier survival analysis for LND. (A) Overall survival in the T1T2 subgroup based on the full cohort. (B) Cancer-specific survival in the
T1T2 subgroup based on the full cohort. (C) Overall survival in the T1T2 subgroup based on the PSM cohort. (D) Cancer-specific survival in the T1T2 subgroup
based on the PSM cohort. (E) Overall survival in the T3T4 subgroup based on the full cohort. (F) Cancer-specific survival in the T3T4 subgroup based on the full
cohort. (G) Overall survival in the T3T4 subgroup based on the PSM cohort. (H) Cancer-specific survival in the T3T4 subgroup based on the PSM cohort.
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A B C D

E F G H

FIGURE 3 | Subgroup Kaplan–Meier survival analysis for LND. (A) Overall survival in the grade 1/2 subgroup based on the full cohort. (B) Cancer-specific survival in
the grade 1/2 subgroup based on the full cohort. (C) Overall survival in the grade 1/2 subgroup based on the PSM cohort. (D) Cancer-specific survival in the grade
1/2 subgroup based on the PSM cohort. (E) Overall survival in the grade 3/4 subgroup based on the full cohort. (F) Cancer-specific survival in the grade 3/4
subgroup based on the full cohort. (G) Overall survival in the grade 3/4 subgroup based on the PSM cohort. (H) Cancer-specific survival in the grade 3/4 subgroup
based on the PSM cohort.
A B C

D E F

FIGURE 4 | Subgroup Kaplan–Meier survival analysis for LND. (A) Overall survival in the Ta, T1a (G1, G2) subgroup. (B) Cancer-specific survival in the Ta, T1a
(G1, G2) subgroup. (C) Overall survival in the T1b (G3) and T2 subgroup. (D) Cancer-specific survival in the T1b (G3) and T2 subgroup. (E) Overall survival in the T3
(any G) subgroup. (F) Cancer-specific survival in the T3 (any G) subgroup.
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of lymphatic metastases prior to lymph node biopsy or LND.
Therefore, it is necessary to validate the above results in the
original SEER database cohort without excluding the positive N
stage patients.
Frontiers in Oncology | www.frontiersin.org 7118
Baseline comparisons for the primary SEER penile cancer
cohort are shown in Table S1. In the KM analysis for the full
cohort, T1T2 subgroup, and T3T4 group, LND could only bring
OS and CSS benefits in the T3T4 subgroup, which was consistent
with previous conclusions (Figure 5). In the further multivariate
Cox regression analysis, LND was still a significant predictive
factor for T3T4 penile cancer patients (Table 5), which was
also robust.
DISCUSSION

In this study,we found that, parallel tomanyprevious studies, T stage
and pathological grading of penile cancer are important prognostic
A B

C D

E F

FIGURE 5 | Subgroup Kaplan–Meier survival analysis for LND in the primary SEER penile cancer cohort (patients with positive N stage or M stage were retained).
(A) Overall survival for the whole cohort. (B) Cancer-specific survival for the whole cohort. (C) Overall survival in the T1T2 subgroup. (D) Cancer-specific survival in
the T1T2 subgroup. (E) Overall survival in the T3T4 subgroup. (F) Cancer-specific survival in the T3T4 subgroup.
TABLE 5 | Multivariate Cox regression analysis for LND in the T3T4 subgroup
penile cancer patients.

Clinical variable Multivariate Cox regression

Adjusted HR* 95% CI P

LND 0.51 (for OS) (0.37, 0.72) <0.001
0.48 (for CSS) (0.32, 0.72) <0.001
*HR was adjusted by age, tumor grades, T stages, pathological type, chemotherapy
history and radiation therapy history.
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factors (12, 13). In the univariate and multivariate analyses for OS,
LND was a significant risk factor (HR: 1.81, P < 0.001). In the
univariate and multivariate analyses for CSS, LND was a significant
predictive factor (HR: 0.42, P = 0.034). To avoid potential selection
bias and baseline imbalance bias, analysis after postrandomization
procedures found thatLNDcouldoffer bothOS(P=0.0073) andCSS
(P = 0.0063) benefits in the PSM cohort. Further subgroup analysis
indicated that LND could offer OS or CSS benefits for T3T4 patients
but not for T1T2 patients. In the pathological grade subgroup
analysis, grade 1/2 patients could obtain OS and CSS benefits from
LND, but grade 3/4 patients could not.

Nowadays, penile cancer is a rare urinary cancer but with
significant mortality (7). The primary pathological type of penile
cancer is squamous cell carcinoma, and other pathological types
only account for a tiny proportion of the total (14). In this study,
more than 90% are squamous cell penile carcinoma (and its
subtype). In developed countries, the incidence of penile cancer is
very low, and this phenomenonmay be related to penile cancer risk
factors (15). Although no comprehensive meta-analysis of penile
cancer risk factors has been published, some studies have indicated
that HPV infection, circumcision, and hygiene may play a
significant role (16, 17). The current surgical treatment for penile
cancer includes organ-sparing therapy and radical treatment (3,
18). For non-invasive penile cancer involving only the glans, partial
glansectomy and total glansectomy are the main surgical options
(3). The most critical procedure of organ-sparing surgery is to
ensure a negative margin (19). For invasive penile cancer, the
surgical plan should be determined according to the different sites
and extent of tumor invasion (20–22).

Lymph node metastases of penile carcinoma are usually carried
out in anatomic order, starting with superficial or deep inguinal
lymph nodes followed by pelvic lymph nodes (23, 24). Radical
inguinal lymph node dissection or pelvic lymph node dissection
should be recommended for patients with detectable preoperative
lymph node metastasis (3, 25). For patients whose lymph node
metastases cannot be detected preoperatively, the current main
guidelines recommend that monitoring, lymph node biopsy, and
radical lymphatic dissection are all acceptable (3, 26). However,
considering the high probability of lymph nodemicrometastases in
penile cancer patients, some studies suggest that active lymph node
dissection can still benefit patients with negative lymph nodes
examined preoperatively (27, 28). With the existing imaging
methods, it is challenging to detect metastases in a small number
of tumor cells before they form detectable tissue masses effectively.
When the biopsy is used todetect lymphnodes, it is also challenging
to avoid insufficient sampling. However, radical LND for penile
cancer is highly associated with postoperative complications. Based
onpreviously published studies, overall postoperative complication
after the radical LND for penile cancer was about 80% including
hematoma, lymphocele, skinnecrosis, infection, andchronic scrotal
pain, and the major complication was about 20% (29, 30).
Therefore, if it is not clear that LND can indeed bring significant
survival benefits, urologists always have many worries when taking
LND for penile cancer.

According to the results of this study, a more aggressive
lymph node dissection strategy for penile cancer patients with
Frontiers in Oncology | www.frontiersin.org 8119
the higher stage (T3T4) may provide survival benefits. However,
since the SEER database does not provide data about the
intraoperative and postoperative complications of the patients,
it is difficult to assess the impact of an aggressive lymph node
dissection strategy on patients. Therefore, we suggest that when
considering lymph node dissection strategies for patients with
higher stages, the primary conditions of patients should also be
considered to avoid complications as far as possible. At present,
many valuable studies have been published on whether LND
should be performed (31–33). We should make full use of
existing tools to evaluate whether LND is needed.

There are still some limitations in this study. SEER is a
population registry including a high percentage of patients
diagnosed with penile cancer but not all of them. Second, no
information on the template used for LND nor the technique are
available (availability of frozen section, unilateral vs. bilateral,
superficial vs. extended LND). Third, it does not include
information on the performance status of the patients. This is
clearly associated with the decision to perform LND or not.
CONCLUSION

Lymph node dissection may bring survival benefits for penile
cancer patients without preoperatively detectable lymph node
metastasis, especially for T3T4 stage patients. Further
randomized control trial is needed.
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Background: This study aims to test the effect of the 10 most common nonurological
primary cancers (skin, rectal, colon, lymphoma, leukemia, pancreas, stomach,
esophagus, liver, lung) on overall mortality (OM) after secondary prostate cancer (PCa).

Material and Methods: Within the Surveillance, Epidemiology, and End Results (SEER)
database, patients with 10 most common primary cancers and concomitant secondary
PCa (diagnosed 2004–2016) were identified and were matched in 1:4 fashion (age, year at
diagnosis, race/ethnicity, treatment type, TNM stage) with primary PCa controls. OM was
compared between secondary and primary PCa patients and was stratified according to
primary cancer type, as well as according to time interval between primary cancer vs.
secondary PCa diagnoses.

Results: We identified 24,848 secondary PCa patients (skin, n = 3,871; rectal, n = 798;
colon, n = 3,665; lymphoma, n = 2,583; leukemia, n = 1,102; pancreatic, n = 118;
stomach, n = 361; esophagus, n = 219; liver, n = 160; lung, n = 1,328) vs. 531,732
primary PCa patients. Secondary PCa characteristics were less favorable than those of
primary PCa patients (PSA and grade), and smaller proportions of secondary PCa patients
received active treatment. After 1:4 matching, all secondary PCa exhibited worse OM than
primary PCa patients. Finally, subgroup analyses showed that the survival disadvantage of
secondary PCa patients decreased with longer time interval since primary cancer
diagnosis and subsequent secondary PCa.
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Conclusion: Patients with secondary PCa are diagnosed with less favorable PSA and
grade. Even after matching for PCa characteristics, secondary PCa patients still exhibit
worse survival. However, the survival disadvantage is attenuated, when secondary PCa
diagnosis is made after longer time interval, since primary cancer diagnosis.
Keywords: mortality, primary prostate cancer, lung cancer, colon cancer, secondary cancer
INTRODUCTION

The most recent US cancer statistics (2018) indicate over 17
million new cancer diagnoses annually. Of these, almost 9
million were made in men (1–3). In men, prostate cancer
(PCa) ranks as first or second most frequently diagnosed
cancer. Virtually, all contemporary epidemiological studies
addressing PCa survival exclusively focused on primary PCa
and excluded patients with prior cancers (4–9). It is particularly
of note that an increased risk exists for secondary cancers and
especially secondary PCa after prior primary cancers (10–16).
However, only three epidemiological SEER-based studies
(n = 18,225; n = 5,987; n = 1,457) and one European
institutional study (n = 1,552) addressed mortality in patients
with secondary PCa, after initial diagnosis of another malignancy
(17–20). All three studies showed worse survival in secondary
PCa patients, relative to primary PCa patients. However, none
stratified their analyses according to the most common cancer
types. However, primary skin cancer may have a different effect
than lung cancer. Moreover, it may also be postulated that the
time interval between primary cancer and secondary PCa
diagnosis may also affect survival in secondary PCa patients
but has not been examined to date.

We addressed these two important unaddressed points within
the Surveillance, Epidemiology, and End Results (SEER) registry
database and hypothesized that they may impact important
survival differences.
MATERIAL AND METHODS

Study Population
Within the SEER database, we identified all patients ≥18 years
old with secondary PCa diagnosed between 2004 and 2016, after
prior diagnosis of one of 10 commonest nonurological
malignancies (skin, rectal, colon, lymphoma, leukemia,
pancreas, stomach, esophagus, liver, and lung). Moreover, we
also identified all ≥18-year-old patients with biopsy-proven
primary adenocarcinoma of the prostate diagnosed between
2004 and 2016 (International Classification of Disease for
Oncology (ICD-O-3) code 8140, site code C61.9). Cases that
were identified at autopsy or death certificate or with unknown
histology were excluded. Patients with unavailable PSA values
were excluded in both cohorts. We excluded concomitantly
diagnosed primary cancer and secondary PCa (≤6 months
apart), according to previously reported methodology (21, 22).
Descriptive statistics addressed all included 24,848 secondary
PCa patients and all 531,732 primary PCa patients
2123
(Figure 1; Table 1). Subsequently, survival analyses focused on
overall mortality (OM). Here, we relied on a propensity score
matched (age at diagnosis, year of diagnosis, race/ethnicity, PCa
treatment, cT-stage, cN-stage, and M-stage) cohort of all 24,848
secondary PCa patients that were matched with four primary
PCa controls (n = 99,392).

Statistical Analysis
Descriptive statistics included frequencies and proportions for
categorical variables. Medians and interquartile ranges (IQR)
were reported for continuously coded variables. The Chi-square
tested the statistical significance in proportion differences. The t-
test and Kruskal-Wallis test examined the statistical significance
of mean and distribution differences.

The first part of the analyses compared patient and PCa
characteristics between all identified secondary (n = 24,848) and
primary PCa patients (n = 531,732). In the second part of the
analyses, we focused on overall mortality (OM), after 1:4
propensity score matching. Kaplan-Meier illustrated OM in the
overall comparisons, as well as in all subsequent subgroup
analyses. Additionally, multivariable Cox regression quantified
hazard ratios (HR) that compared secondary vs. primary PCa
patients, after further adjusting for covariates of the 1:4 matched
cohort: PSA, socioeconomic status, Gleason grade group, and
D’Amico risk group (all not previously matched). All tests were
two sided with a level of significance set at p < 0.05 and R
software environment for statistical computing and graphics
(version 3.4.3) was used for all analyses (23).
RESULTS

Descriptive Characteristics of the Study
Population Prior to Matching
Prior to matching, 24,848 secondary PCa and 531,732 primary
PCa were available for analyses (Table 1). Patients with
secondary PCa more frequently harbored Gleason grade group
IV (10.3% vs. 8.8%) and V (9.3% vs. 7.7%, p < 0.001). Median
PSA at diagnosis showed marginal differences between
secondary and primary PCa patients (6.9 [IQR 4.9–11.5] vs.
6.6 ng/ml [IQR 4.8–10.6], p <0.001). In secondary PCa patients,
median PSA values at diagnosis of secondary PCa ranged from
6.5 (skin cancer) to 7.8 ng/ml (pancreatic and liver cancer).
However, median age at secondary PCa diagnosis was more
advanced than in primary PCa (69 vs. 65 years, p < 0.001). In
secondary PCa patients (Table 2), median age at secondary PCa
diagnoses ranged from respectively 66 (liver cancer) to 72 years
(colon cancer). The average time interval between primary
October 2021 | Volume 11 | Article 754996
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cancer diagnosis and secondary PCa diagnosis ranged from 5
(pancreatic, esophagus, liver cancer) to 8 years (skin and rectum
cancer). No clinically meaningful differences were recorded in
cT-stage, cN-stage, and M-stages between secondary and
primary PCa patients. Important differences existed according
to use of local therapy [external beam radiation therapy (EBRT)
and radical prostatectomy (RP)]. Specifically, in secondary PCa
patients, the rate of EBRT was higher (25.7% vs. 22.7%) and the
rate of RP was lower (23.8% vs. 33.5%), relative to primary PCa
patients (all p < 0.001). In secondary PCa patients, rates of RP
ranged from 11.3% (liver cancer) to 29.7% (skin cancer) and
rates of EBRT ranged from 19.5% (rectal cancer) to 34.4%
(liver cancer).

Survival Analyses After 1:4 Propensity
Score Matching
After matching, OM at 10 years was 46.0% in secondary PCa vs.
35.7% in primary PCa (Figure 2A). The median survival of all
24,848 secondary PCa patients was 131 months and not reached
for 99,392 primary PCa patients. This survival disadvantage
translated into a 1.49-fold higher risk of OM in secondary PCa
patients, relative to their primary PCa counterparts. After further
multivariable adjustment, a 1.51-fold higher OM was
observed (Table 3).
Frontiers in Oncology | www.frontiersin.org 3124
Survival Analyses After 1:4 Propensity
Score Matching According to Local
Treatment Type: RP vs. EBRT vs. No
Local Treatment
Subsequently, we repeated Kaplan-Meier and Cox regression
analyses, after stratification according to local PCa treatment
type in patients treated with RP or EBRT or no local treatment
(NLT) across all primary cancer types. Here, presence of
secondary PCa resulted in worse OM, relative to primary PCa
patients. Specifically, 10-year OM rates were respectively 22.1%
vs. 11.7%, 47.4% vs. 36.5%, and 75.3% vs. 51.7% after RP, EBRT,
or NLT in secondary vs. primary PCa patients (Figures 2B–D).
In multivariable Cox regression models, the respective HRs were
2.3 after RP, 1.6 after EBRT, and 1.5 after NLT in secondary PCa
patients, relative to primary PCa patients (Table 3, all <0.01).

Survival Analyses After 1:4 Propensity
Score Matching According to Primary
Cancer Type
Kaplan-Meier plots showed in secondary PCa patients with skin,
rectal, pancreas, colon, lymphoma, leukemia, stomach, liver,
esophagus, and lung cancer vs. for primary PCa patients
respectively 10-year OM rates of 33.6% vs. 32.1%, 43.7% vs.
39.3%, 45.7% vs. 32.2%, 46.4% vs. 41.7%, 49.3% vs. 34.8%, 52.9%
FIGURE 1 | Flow chart depicting included patients with primary and secondary prostate cancer in analyses.
October 2021 | Volume 11 | Article 754996
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vs. 35.2%, 55.6% vs. 40.1%, 57.1% vs. 29.5%, 63.7% vs. 42.5%, and
67.0% vs. 37.9% (Figures 3 and 4). All secondary PCa patients
harbored a significant OM disadvantage relative to primary PCa
patients. The specific multivariable HRs were 1.2, 1.3, 1.8, 1.2,
1,8, 1.8, 1.9, 3.0, 1.8, and 2.5 for respectively secondary PCa
patients with primary skin, rectal, pancreas, colon, lymphoma,
Frontiers in Oncology | www.frontiersin.org 4125
leukemia, stomach, liver, esophagus, and lung cancer (all
p < 0.01; Table 3).

The proportions of patients that died of secondary PCa (Table 2)
ranged from 9.8% (in primary lung cancer patients) to 25.7% (in
primary rectal cancer patients). Similarly, the proportions of
patients that died of primary cancers ranged from 16.4% (skin
TABLE 1 | Descriptive characteristics prior to matching and after matching for age at prostate cancer diagnosis, year of prostate cancer diagnoses, race/ethnicity,
treatment type, and TNM stage for primary and secondary prostate cancer patients.

Variable Prior to matching After matching

Primary PCa Secondary PCa Overall Primary PCa Secondary PCa
N = 531,732 N = 24,848 N = 124,240 N = 99,392 (80%) N = 24,848 (20%)

Age at PCa diagnosis Median (IQR) 65 (59–72) 69 (64–76) 69 (64–76) 69 (64–76) 69 (64–76)
Year of PCa diagnosis Median (IQR) 2010 (2007–2013) 2013 (2007–2013) 2013 (2007–2013) 2013 (2007–2013) 2013 (2007–2013)
Age of primary cancer diagnosis Median (IQR) – 63 (56–69) – – 63 (56–69)
Year of primary cancer diagnosis Median (IQR) – 2004 (2000–2008) – – 2004 (2000–2008)
PSA (ng/ml) Median (IQR) 6.6 (4.8–10.6) 6.9 (4.9–11.5) 6.9 (4.9–11.4) 6.9 (4.9–11.3) 6.9 (4.9–11.5)
Follow-up (months) Median (IQR) 68 (32–104) 53 (23–88) 58 (25–93) 59 (26–94) 53 (23–88)
cT cT1 324,967 (61.1) 14,719 (59.2) 74,330 (59.8) 59,611 (60.0) 14,719 (59.2)

cT2 164,054 (30.9) 7,919 (31.9) 40,322 (32.5) 32,403 (32.6) 7,919 (31.9)
cT3 14,084 (2.6) 635 (2.6) 2,853 (2.3) 2,218 (2.2) 635 (2.6)
cT4 4,701 (0.9) 248 (1.0) 926 (0.7) 678 (0.7) 248 (1.0)
cTx 23,926 (4.5) 1,327 (5.3) 5,809 (4.7) 4,482 (4.5) 1,327 (5.3)

cN stage cN0 493,330 (92.8) 23,026 (92.7) 116,645 (93.9) 93,619 (94.2) 23,026 (92.7)
cN1 15,055 (2.8) 573 (2.3) 2,295 (1.8) 1,722 (1.7) 573 (2.3)
cNx 23,347 (4.4) 1,249 (5.0) 5,300 (4.3) 4,051 (4.1) 1,249 (5)

M stage M0 495,768 (93.2) 23,021 (92.6) 116,431 (93.7) 93,410 (94.0) 23,021 (92.6)
M1 22,396 (4.2) 1,131 (4.6) 4,834 (3.9) 3,703 (3.7) 1,131 (4.6)
Mx 13,568 (2.6) 696 (2.8) 2,975 (2.4) 2,279 (2.3) 696 (2.8)

Gleason grade group at diagnosis I 209,565 (39.4) 8,951 (36.0) 46,422 (37.4) 37,471 (37.7) 8,951 (36.0)
II 137,937 (25.9) 6,117 (24.6) 30,986 (24.9) 24,869 (25.0) 6,117 (24.6)
III 60,193 (11.3) 2,968 (11.9) 14,813 (11.9) 11,845 (11.9) 2,968 (11.9)
IV 46,788 (8.8) 2,548 (10.3) 12,368 (10.0) 9,820 (9.9) 2,548 (10.3)
V 40,687 (7.7) 2,299 (9.3) 10,795 (8.7) 8,496 (8.5) 2,299 (9.3)
Unknown 36,562 (6.9) 1,965 (7.9) 8,856 (7.1) 6,891 (6.9) 1,965 (7.9)

D’Amico risk group low 135,502 (25.5) 5,538 (22.3) 29,178 (23.5) 23,640 (23.8) 5,538 (22.3)
intermediate 210,982 (39.7) 9,892 (39.8) 49,444 (39.8) 39,552 (39.8) 9,892 (39.8)
high 144,985 (27.3) 7,319 (29.5) 36,118 (29.1) 28,799 (29.0) 7,319 (29.5)
Unknown 40,263 (7.6) 2,099 (8.4) 9,500 (7.6) 7,401 (7.4) 2,099 (8.4)

Treatment RP 178,084 (33.5) 5,909 (23.8) 29,099 (23.4) 23,190 (23.3) 5,909 (23.8)
EBRT 120,891 (22.7) 6,377 (25.7) 32,032 (25.8) 25,655 (25.8) 6,377 (25.7)
BT 39,655 (7.5) 1,718 (6.9) 9,023 (7.3) 7,305 (7.3) 1,718 (6.9)
BT+EBRT 21,696 (4.1) 952 (3.8) 4,755 (3.8) 3,803 (3.8) 952 (3.8)
RP+EBRT 15,121 (2.8) 554 (2.2) 2,684 (2.2) 2,130 (2.1) 554 (2.2)
RT+RP 156 (0) 8 (0) 33 (0) 25 (0) 8 (0)
NLT 140,081 (26.3) 8,430 (33.9) 42,278 (34.0) 33,848 (34.1) 8,430 (33.9)
Unknown 16,048 (3.0) 900 (3.6) 4,336 (3.5) 3,436 (3.5) 900 (3.6)

Chemotherapy No/Unknown 527,509 (99.2) 24,663 (99.3) 123,432 (99.3) 98,769 (99.4) 24,663 (99.3)
Yes 4,223 (0.8) 185 (0.7) 808 (0.7) 623 (0.6) 185 (0.7)

Race/ethnicity Caucasian 363,223 (68.3) 19,536 (78.6) 97,760 (78.7) 78,224 (78.7) 19,536 (78.6)
African American 81,905 (15.4) 2,758 (11.1) 13,890 (11.2) 11,132 (11.2) 2,758 (11.1)
Hispanic 48,835 (9.2) 1,494 (6.0) 7,468 (6.0) 5,974 (6.0) 1,494 (6.0)
Native 1,861 (0.3) 80 (0.3) 340 (0.3) 260 (0.3) 80 (0.3)
Asian 26,007 (4.9) 948 (3.8) 4,613 (3.7) 3,665 (3.7) 948 (3.8)
Unknown 9,901 (1.9) 32 (0.1) 169 (0.1) 137 (0.1) 32 (0.1)

Marital status Married 354,363 (66.6) 17,024 (68.5) 82,781 (66.6) 65,757 (66.2) 17,024 (68.5)
Unmarried 116,788 (22.0) 5,049 (20.3) 26,519 (21.3) 21,470 (21.6) 5,049 (20.3)
Unknown 60,581 (11.4) 2,775 (11.2) 14,940 (12) 12,165 (12.2) 2,775 (11.2)

Socioeconomic status 1st quartile 133,678 (25.1) 6,170 (24.8) 32,867 (26.5) 26,697 (26.9) 6,170 (24.8)
2nd–4th quartile 397,946 (74.8) 18,678 (75.2) 91,373 (73.5) 72,695 (73.1) 18,678 (75.2)

Region West 270,363 (50.8) 12,440 (50.1) 62,122 (50) 49,682 (50) 12,440 (50.1)
Midwest 51,705 (9.7) 3,417 (13.8) 13,753 (11.1) 10,336 (10.4) 3,417 (13.8)
North-East 89,653 (16.9) 4,363 (17.6) 21,531 (17.3) 17,168 (17.3) 4,363 (17.6)
South 120,011 (22.6) 4,628 (18.6) 26,834 (21.6) 22,206 (22.3) 4,628 (18.6)
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cancer) to 50.0% (liver cancer). Unfortunately, these cancer-specific
rates could not be translated into Kaplan-Meier-derived actuarial
estimates due to unavailable time to death.

Survival Analyses After 1:4 Propensity
Score Matching According to Time
Interval Length Since Initial Cancer
Diagnosis and Secondary PCa Diagnoses
Time interval length since initial cancer and secondary PCa
diagnoses was stratified into four groups between 7 and 36
(n = 6,659) vs. 37 and 60 (n = 4,759) vs. 61 and 120
(n = 7,289) vs. ≥121 months (n = 6,141). In Kaplan-Meier
plots (Figure 5) that addressed the comparison between
secondary PCa diagnosed between 7 and 36 months after
primary cancer diagnosis, relative to primary PCa, the
respective 10-year OM rates were 47.4% vs. 30.4%. These OM
rates translated into a multivariable HR of 1.95. The subsequent
stratifications (37–60 vs. 61–120 vs. ≥121 months) resulted in 10-
year OM rates in secondary PCa patients of 47.4% vs. 31.8%,
45.1% vs. 32.3%, and 44.0%% vs. 35.2% months in primary PCa
patients. The respective multivariable HR for 7–36 vs. 37–60 vs.
61–120 vs. ≥121 months were 1.7, 1.6, and 1.3.
DISCUSSION

We hypothesized that secondary PCa patients will harbor less
favorable disease characteristics in addition to exhibiting less
Frontiers in Oncology | www.frontiersin.org 5126
favorable prognosis, relative to primary PCa patients. To test
this hypothesis, we identified 24,848 secondary PCa patients
and 531,732 primary PCa patients, for the purpose of
comparisons. Here, secondary PCa patients were older than
their primary PCa counterparts. On average, secondary PCa
diagnosis (69 years) was made 6 years after primary cancer
diagnosis (63 years). Moreover, age at diagnosis variability was
also recorded according to primary cancer type in secondary
PCa patients. The latter ranged from 66 (liver cancer) to
72 years (colon cancer). These observations are different
from the more historical reports about secondary PCa. For
example, in the study by Dinh et al., median age in patients
with secondary PCa diagnosis was 73, which is significantly
older than in the current study (17). It may be postulated that a
selection bias is operational regarding the age at secondary PCa
diagnosis. The latter may be directly related to aggressiveness
and mortality probability of the primary cancer diagnosis.
Although such simplified explanation is attractive, several
confounding variables may be operational. For example,
patients with most aggressive cancers may be expected to be
never be diagnosed with secondary PCa. Conversely, long-term
survivors of highly aggressive primary cancer variants may
still be diagnosed with secondary PCa. The latter may
render generalizations about the effect of aggressive primary
cancer on rates and ages at secondary PCa diagnosis
virtually uninterpretable.

Less pronounced differences were recorded in PSA
distributions of secondary and primary PCa patients,
TABLE 2 | Baseline and prostate cancer characteristics of the 10 most common nonurological cancers prior to secondary prostate cancer.

Median age at primary
cancer diagnosis (IQR)

Median age at secondary
prostate cancer diagnosis

(IQR)

Median PSA at
diagnosis in ng/ml

(IQR)

RP vs. EBRT
treatment

(%)

Overall
deaths

Died from secondary
prostate cancer (%)

Died from
primary

cancer (%)

Skin cancer
(n = 3,871)

61 (54–69) 69 (63–75) 6.5 (4.8–10.2) 29.7 vs. 22.6 749 164 (21.9) 123 (16.4)

Rectal
cancer
(n = 798)

62 (55–68) 70 (64–76) 7.6 (5.2–12.7) 20.4 vs. 19.5 214 55 (25.7) 40 (18.7)

Colon cancer
(n = 3,665)

65 (58–71) 72 (66–78) 7.7 (5.2–14.0) 17.3 vs. 29.1 1,146 215 (18.8) 213 (18.6)

Lymphoma
(n = 2,583)

62 (55–69) 69 (63–75) 6.9 (4.9–11.4) 22.5 vs. 27.5 766 123 (16.1) 274 (35.8)

Leukemia
(n = 1,102)

63 (56–70) 69 (64–75) 6.8 (4.9–11.1) 22.2 vs. 23.6 340 45 (13.2) 135 (31.4)

Pancreatic
cancer
(n = 118)

65 (60–70) 70 (65–74) 7.8 (5.1–13.5) 14.4 vs. 26.3 34 6 (17.6) 11 (32.4)

Stomach
cancer
(n = 361)

64 (58–71) 71 (65–77) 7.1 (5.0–12.9) 20.2 vs. 28.0 118 29 (24.6) 26 (22.0)

Esophagus
cancer
(n = 219)

65 (59–69) 70 (65–75) 7.4 (5.1–11.2) 18.7 vs. 29.7 74 11 (14.9) 26 (35.1)

Liver cancer
(n = 160)

61 (56–67) 66 (61–71) 7.8 (5.8–12.8) 11.3 vs. 34,4 52 11 (21.2) 26 (50.0)

Lung cancer
(N = 1,328)

65 (59–71) 71 (66–76) 7.6 (5.0–12.8) 14.0 vs. 31.4 599 59 (9.8) 255 (42.6)

Overall
(n=24,848)

63 (56–69) 69 (64–76) 6.9 (4.9–11.5) 23.8 vs. 25.7 4,069 715 (17.6) 1,122 (27.6)
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evidenced by respectively 6.9 (IQR 4.9–11.5) vs. 6.6 ng/ml
(IQR 4.8–10.6) PSA values at diagnoses. Additionally, small
differences in PSA at diagnoses were recorded in secondary
PCa patients, according to primary cancer type and ranged
from 6.5 (skin cancer) to 7.8 ng/ml (pancreatic and liver
cancers). Similarly, we also observed small differences in
Gleason grade groups IV and V. Here, secondary PCa
patients exhibited less favorable grade. This observation is
in an agreement with previous publications, where secondary
PCa patients also harbored higher rates of Gleason grade
group IV/V (18, 19). Finally, no clinically meaningful
differences were identified according to stage. Taken
together, these data indicate that despite more advanced age
and small disadvantage in PSA at diagnosis and PCa grade,
secondary PCa patients do not exhibit crucial PCa
characteristic differences at initial diagnosis. However, this
interpretation may be biased and warrants methodologically
more stringent analyses. This suspicion prompted the use
of propensity score matching, according to age as well as
patient and PCa characteristics. Moreover, we also applied
additional multivariable adjustment in all subsequent survival
analyses. The intent was to most thoroughly test for
Frontiers in Oncology | www.frontiersin.org 6127
prognostic differences with strictest reduction of bias and/
or confounding.

In part 1 of the OM analyses, the propensity-matched
comparisons addressed the entire cohort of secondary PCa
patients, relative to all primary PCa controls. In part 2 of OM
analyses, we examined the effect of primary and secondary PCa
in respectively RP-, EBRT-, and NLT-treated patients. In the
third part of the analyses, we sequentially compared secondary
PCa patients, relative to their primary PCa counterparts,
according to the type of primary malignancy diagnosed prior
to secondary PCa. In the fourth part of analyses, we stratified the
comparisons according to the length of the time interval between
primary cancer and secondary PCa diagnoses.

In 1:4 matched survival analyses that addressed the entire
secondary PCa population, relative to their primary PCa
controls, we identified pronounced survival disadvantage in
secondary PCa patients (10-year OM 46% vs. 35.7%). A similar
absolute and relative magnitude of the survival disadvantage in
secondary PCa patients was also recorded in subgroup analyses
of RP-, EBRT-, and NLT-treated patients. In the third part of the
analyses, we invariably recorded a survival disadvantage in all
secondary PCa patients diagnosed with the 10 most common
A B

DC

FIGURE 2 | Kaplan-Meier plots depicting overall mortality (OM) for primary and secondary prostate cancer for (A) the overall cohort, (B) patients treated with radical
prostatectomy (RP), (C) patients treated with external beam radiation therapy (EBRT), and (D) no local treatment (NLT). HR, hazard ratio; CI, confidence interval.
October 2021 | Volume 11 | Article 754996
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TABLE 3 | Univariable und multivariable Cox regression models after adjustment for PSA, socioeconomic status, Gleason grade group, and D’Amico risk stratification.

Univariable Multivariable

HR (CI) p-value HR (CI) p-value

Cancers
Primary prostate cancer Ref – – –

All secondary prostate cancer 1.49 (1.45–1.54) <0.01 1.51 (1.47–1.55) <0.01
Skin cancer 1.10 (1.02–1.20) 0.02 1.16 (1.07–1.26) <0.001
Colon cancer 1.22 (1.15–1.31) <0.001 1.15 (1.08–1.23) <0.001
Rectal cancer 1.27 (1.09–1.47) <0.01 1.30 (1.11–1.51) <0.001
Lymphoma 1.70 (1.57–1.85) <0.001 1.75 (1.61–1.91) <0.001
Pancreatic cancer 1.72 (1.56–2.55) <0.01 1.80 (1.20–2.70) <0.01
Stomach cancer 1.73 (1.40–2.14) <0.001 1.92 (1.54–2.38) <0.001
Leukemia 1.81 (1.59–2.05) <0.001 1.84 (1.62–2.09) <0.001
Esophagus cancer 1.82 (1.39–2.38) <0.001 1.81 (1.38–2.38) <0.001
Lung cancer 2.43 (2.21–2.68) <0.001 2.51 (2.28–2.77) <0.001
Liver cancer 2.78 (1.98–3.91) <0.001 2.95 (2.08–4.17) <0.001
Treatments
Primary prostate cancer and RP Ref – – –

Secondary RP 2.20 (2.02–2.40) <0.001 2.25 (2.06–2.45) <0.001
Primary prostate cancer and EBRT Ref – – –

Secondary EBRT 1.56 (1.48–1.65) <0.001 1.59 (1.51–1.68) <0.001
Primary prostate cancer and no local treatment Ref – – –

Secondary no local treatment 1.53 (1.47–1.59) <0.001 1.53 (1.47–1.59) <0.001
Time intervals
Primary prostate cancer Ref – – –

Secondary cancer 7–36 months prior to prostate cancer 1.92 (1.83–2.02) <0.001 1.95 (1.85–2.05) <0.001
Secondary cancer 37–60 months prior to prostate cancer 1.77 (1.67–1.88) <0.001 1.74 (1.64–1.85) <0.001
Secondary cancer 61–120 months prior to prostate cancer 1.58 (1.50–1.67) <0.001 1.61 (1.53–1.70) <0.001
Secondary cancer >120 months prior to prostate cancer 1.34 (1.27–1.42) <0.001 1.32 (1.24–1.40) <0.001
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FIGURE 3 | Kaplan-Meier plots depicting overall mortality (OM) for primary and secondary prostate cancer after (A) primary skin cancer, (B) primary rectum cancer,
(C) primary colon cancer, (D) primary lung cancer, (E) primary lymphoma, and (F) primary pancreatic cancer. HR, hazard ratio; CI, confidence interval.
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nonurological initial cancers (HRs: 1.1–2.8). These observations
are consistent with previous findings. For example, Klippstein
et al. also investigated a survival disadvantage (overall and
cancer-specific survival) of 1,552 secondary PCa patients,
relative to primary PCa patients (19). However, due to sample
size limitations, no primary cancer-specific analyses could be
conducted in these analyses and should be ideally performed in
further multi-institutional analyses.

Taken together, the above findings indicate that despite
apparently small to no differences in patient and/or PCa
characteristics at baseline between secondary and primary
PCa patients, very important survival disadvantages were
applied to secondary PCa patients. This observation was
made despite most stringent and methodologically strict
statistical matching and multivariable adjustment. In
consequence, the persistence of this disadvantage across
therapy types suggest that secondary PCa patient harbor a
prognostic disadvantage, relative to primary PCa patients,
despite exhibiting almost the same baseline characteristics.
The observed disadvantage applies across all primary cancer
types and persists regardless of primary treatment type
(RP and EBRT) and also after further multivariable
adjustment for Gleason grade group and PSA. In
consequence, the detrimental effect of secondary PCa
appears robust and generalizable. The observation of Zhu
Frontiers in Oncology | www.frontiersin.org 8129
et al. validates our hypothesis about the aggressiveness of
primary cancer that may impact, as well as determine the
natural history of treated secondary malignancies (24). The
above findings, especially that with longer time interval
between primary cancer and secondary PCa life expectancy
approximates the life expectancy to primary PCa, should be
considered treatment decision making, when secondary PCa
patients are counseled.

Finally, in analyses according to length of time interval
between primary cancer and secondary PCa diagnoses, we
observed that the survival disadvantage decreases with
increasing length of time. This observation may indicate that
in individuals in whom the time between initial and secondary
cancer diagnoses is lengthy, the secondary PCa phenotype may
be more comparable with primary PCa. Conversely, when the
length of interval between primary cancer and secondary PCa is
short, the phenotype might be more aggressive, as evidenced by
greater survival disadvantage. We are the first to report this
observation, which should be validated in other large-
scale databases.

Our observations imply that patients with secondary PCa should
be given more careful consideration to eliminate the survival
disadvantages that we recorded. Unfortunately, the nature of our
data does not allow to identify whether the increase in OM in
secondary PCa patients, relative to their primary PCa counterparts,
A B

DC

FIGURE 4 | Kaplan-Meier plots depicting overall mortality (OM) for primary and secondary prostate cancer after (A) primary leukemia, (B) primary liver cancer,
(C) primary stomach cancer, and (D) primary esophagus cancer. HR, hazard ratio; CI, confidence interval.
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was related to the primary cancer or secondary PCa. In
consequence, measures aimed at reducing this survival
disadvantage of secondary PCa patients should not only focus on
PCa treatments and follow-up but also on treatments and follow-up
of their primary cancer. Finally, more detailed databases would
allow to distinguish between mortality from primary or secondary
cancer could help fine tuning further research and
clinical management.

Our work has limitations and should be interpreted in the
context of its retrospective and population-based design.
Second, the nature of our data does not allow to define
specific mortality time points to estimate Kaplan-Meier
actuarial mortality rates. This limitation is shared with all
previous publications focusing on secondary cancers, after
specific primary cancers in large-scale databases (24–26).
Limited stage and grade information was available for each
of the 10 examined primary cancers and matching could not be
performed for PSA and Gleason grade group without losing
secondary PCa patients. Finally, important variables such as
performance status and comorbidities are not available in the
SEER database (27). These also contribute to OM rates but
could neither be addressed in the current study or in previous
analyses (24–26).
Frontiers in Oncology | www.frontiersin.org 9130
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FIGURE 5 | Kaplan Meier plots depicting overall mortality (OM) for primary and secondary prostate cancer according to the time interval between primary cancer
and secondary prostate cancer at (A) 7–46 months, (B) 37–60 months, (C) 61–120 months, and (D) >120 months. HR, hazard ratio; CI, confidence interval.
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Melbourne, Melbourne, VIC, Australia, 11 Department of Microbiology and Immunology, The University of Melbourne, Melbourne,
VIC, Australia, 12 Faculty of Medicine, The University of Queensland Diamantina Institute, Brisbane, QLD, Australia

Background: De novo tumors are a major cause of morbidity and mortality after long-
term solid organ transplantation. Chronic immunosuppression strongly affects solid organ
transplanted (SOT) patients’ immune system by promoting immune evasion strategies
and reactivations of viruses with oncogenic potential, ultimately leading to cancer onset. In
this scenario, an oncological Surveillance Protocol integrated with biobanking of
peripheral blood samples and evaluation of immunovirological and molecular
parameters was activated for SOT patients at CRO-IRCCS Aviano, with the aim of
identifying suitable biomarkers of cancer development.

Methods: An exploratory longitudinal study was designed based on two serial peripheral
blood samples collected at least three months apart. Forty nine SOT patients were
selected and stratified by tumor onset during follow-up. Spontaneous T-cell responses to
EBV, CMV and tumor associated antigens, EBV-DNA and CMV-DNA loads, and
circulating TERT mRNA levels were investigated.

Results: Significantly higher levels of circulating TERT mRNA were observed 3.5-23.5
months before and close to the diagnosis of cancer as compared to tumor-free patients.
Plasmatic TERT mRNA levels >97.73 copies/mL at baseline were significantly associated
with the risk of developing de novo tumors (HR=4.0, 95%C.I. = 1.4-11.5, p=0.01).
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In particular, the risk significantly increased by 4% with every ten-unit increment in TERT
mRNA (HR=1.04, 95%C.I. = 1.01-1.07, p=0.01).

Conclusions: Although obtained in an exploratory study, our data support the
importance of identifying early biomarkers of tumor onset in SOT patients useful to
modulate the pace of surveillance visits.
Keywords: transplant, immunosuppression, oncological surveillance, cancer, circulating TERT mRNA, T cells
INTRODUCTION

Solid organ transplantation is currently recognized as the
treatment of choice for patients with end-stage disease and the
availability of potent anti-rejection drugs significantly reduced
the occurrence of acute and chronic allograft rejections, even
though long-term survival is still poor (1). Indeed, tumor
development, viral infections/reactivations and cardiovascular
complications are among the major causes of morbidity and
mortality in solid organ transplanted (SOT) patients (2–4).

Combined with lifestyle habits, aging and concomitant
comorbidities, chronic exposure to immunosuppressants plays
a central role in the pathogenesis of these complications. The
most common immunosuppressive drugs used after
transplantation, calcineurin inhibitors (CNIs) and mTOR
inhibitors (mTORi), while limiting the risk of allograft
rejection, may have detrimental effects on antiviral and anti-
tumor immunosurveillance. Indeed, CNIs, such as Cyclosporine
A and Tacrolimus, exert their immunosuppressive action
through the inhibition of the Calcineurin-NFAT signaling
pathway, resulting in IL-2, TNFa, INF-g downregulation and
inhibition of T-cell activation and proliferation in response to
foreign antigens (5–8). Everolimus and Sirolimus inhibit mTOR,
a serine-threonine kinase involved in cell growth, proliferation,
protein synthesis and apoptosis (9–11); they exert both
immunosuppressant and anticancer activities. In particular,
mTORi prevent dendritic cells maturation into antigen
presenting cells, resulting in T-cell anergy and in the
expansion of regulatory T-cells (12, 13).

In SOT patients under chronic immunosuppressive
treatments, viral latent Epstein Barr virus (EBV) and/or
Cytomegalovirus (CMV) reactivations can occur at any time
after transplantation. In particular, CMV disease is the major
cause of morbidity in this setting (14, 15). Chronic CMV
infection is associated with functional alterations of the innate
and adaptive arms of the immune system (16) with the
expansion of terminally differentiated lymphocytes with
reduced alloreactivity more evident with increasing age (17,
18). Hence, CMV reactivation and age potentially enhance pre-
existing immunosuppression promoting immune escape in SOT
patients. Moreover, the finding of CMV DNA and antigens in
tumor cells from different types of cancer, such as colorectal
cancer, malignant glioblastoma, EBV-negative Hodgkin
lymphoma, prostatic carcinoma, and breast cancer, suggested
an oncomodulatory role for this virus (19–22). EBV is involved
in the pathogenesis of lymphoproliferative disorders and some
2133
epithelial tumors characterized by distinctive epidemiologic
features and risk factors (23). Host immunity plays a crucial
role in controlling EBV infection although the virus has evolved
an elegant strategy to exploit B-cell differentiation and finally
establish an asymptomatic latency in resting memory B
lymphocytes (24). The iatrogenic impairment of host
immunity against EBV may increase the risk to develop EBV-
associated lymphoproliferative disorders, a heterogeneous group
of diseases that may be a life-threatening complication after
organ transplantation (25, 26).

The increased risk of developing tumors in SOT patients
requires the activation of careful clinical and integrated
laboratory follow-up protocols to detect cancer onset as early
as possible. These strategies would greatly benefit from the
availability of biomarkers that can reliably identify patients at
high risk of developing tumors to be included in closer follow-up
protocols. Monitoring EBV-DNA load coupled with the analysis
of EBV-specific T-cell responses may be useful to identify
patients at increased risk of EBV-driven lymphoproliferative
disorders, while offering an indication for preemptive
intervention (25). Under immunosuppressive conditions, latent
CMV infection can reactivate and promote inflammatory
responses that may contribute to cancer development (16–19).
Nevertheless, the possible association between CMV reactivation
and tumor onset in SOT recipients has been poorly investigated
so far. Other candidate biomarkers have been identified that may
be potentially useful to detect malignances early in SOT
recipients. A polygenic risk score was recently associated with
higher risk of non-melanoma skin cancers in patients receiving
different solid organ transplants (27). The analysis of genome-
wide DNAmethylation of circulating T cells in kidney transplant
recipients disclosed that a higher DNA methylation of SerpinB9,
an intracellular inhibitor of granzyme B, was associated with the
development of squamous cell carcinoma (28). Moreover, a
significant reduction in Interleukin-27 expression and secretion
by circulating immune cells was correlated with the risk of
developing a malignancy in SOT recipients (29). Despite
several efforts, however, the identification of reliable and
clinically applicable biomarkers predictive of cancer risk in
SOT recipients remains challenging due to the heterogeneity of
cancers arising in this population and need of prospective series.

T-cell responses to tumor-associated antigens, particularly
those specific for the so-called universal tumor associated
antigens (TAAs) survivin and telomerase, may be detected in
the blood of patients with various types of cancer, even in early
phases of the disease (30–33). However, no information is
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currently available on the frequency and extent of T-cell
responses to universal TAAs in SOT patients, either at the
time of tumor diagnosis or at earlier time points.

Besides providing epitopes for the detection of specific T-cell
responses, telomerase may also be regarded as an attractive
molecular biomarker. In fact, more than 90% of all cancers
acquire the capability to replicate indefinitely through the re-
activation of telomerase, a ribonucleoprotein complex
containing an internal RNA template and the catalytic protein
telomerase reverse transcriptase (TERT), with telomere specific
reverse transcriptase activity (34). TERT is the major rate-
limiting catalytic subunit, which has a low/absent expression in
normal cells but considerably high expression in the vast
majority of tumor cells, suggesting that TERT expression level
could be a specific biomarker for tumor development (25).

Here we report the results of a prospective exploratory study
on advanced immunovirological and molecular monitoring
carried out in a pilot cohort of SOT patients enrolled in a long
term institutional cancer prevention program. With the main
goal of identifying immunologic and/or virologic biomarkers
potentially predictive of tumor development, serial blood
samples were collected and investigated for EBV and CMV
viremia, and the presence of T cell-responses specific for EBV
and CMV viral epitopes and for universal TAAs. In addition,
stimulated by the recently reported predictive and prognostic
relevance of blood TERTmRNA levels in various clinical settings
(35), we also investigated the circulating TERT mRNA levels as
early marker of tumor development in SOT recipients.
MATERIALS AND METHODS

Surveillance Protocol
Surveillance Protocol for SOT patients activated at the Centro di
Riferimento Oncologico (CRO) in Aviano (PN), Italy, exploits a
monitoring program focused on the most frequent and diagnosable
de novo tumors with standardized screening (skin, lung, kidney,
colorectum, cervix and pharynx carcinomas), and an integrated
clinical follow-up. Moreover, the Surveillance Protocol includes a
sub-protocol for translational research consisting in the biobanking
of peripheral blood samples and in the evaluation of
immunovirological and molecular parameters to identify
candidate biomarkers predictive of de novo tumor development
in SOT patients. The Surveillance Protocol was approved by the
CRO Ethical Committee (ID number: CRO-2016-35). All study
participants provided informed written consent at the enrolment.
European and National ethical guidelines for research involving
human subjects were respected. Criteria of inclusion in the
Surveillance Protocol were: to have received a solid organ
transplantation at least one year before the enrollment, age ≥18
years old, ECOG 0-2 performance status, life expectancy ≥6
months, and regular follow-up compliance. Subjects with pre-
transplant tumors different from non-melanoma skin cancer, Tis
cervix, and hepatocellular carcinoma (HCC) in liver transplant
recipients were excluded, as well as subjects with complete
remission <3 years or post-transplant and pre-enrolment active
tumors. Moreover, patients have been considered not eligible for
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the study if showing the following severe co-morbidities at
enrolment or in the previous year: heart failure, myocardial
infarction, stroke, severe hepatic and/or renal failure, tuberculosis,
psychiatric pathology. The appearance of these clinical conditions
during surveillance was also considered as reason for withdrawal
from the program along with organ rejection or return to dialysis,
the development of advanced tumors requiring chemo and/or
radiotherapy or treatment with major root surgery, and the
occurrence of life-threatening chronic infections.

The pace of surveillance was established grounding on the
classification of the patients by tumor risk. Patients were assigned
to the high-risk group if they showed at least one of the following
characteristics: duration of immunosuppression ≥10 years, age at
transplant ≥50 years, metachronous transplants (i.e., multiple
non-synchronous transplants), abuse of smoking/tobacco/
alcohol within 15 years from enrolment in the surveillance
program, presence of HIV infection. High-risk patients
followed an intensive clinical surveillance focused on the
diagnosis, by standardized screening protocols, of the more
frequent de novo tumors, such as carcinoma of the skin, lung,
kidney, liver, colorectal, cervix, and head-neck/esophagus. Low-
risk patients followed the general population guidelines. Breast
and prostate cancer screening complied the general population
guidelines in both high and low-risk groups. Unless the patient
did not access the visit for personal or health reasons, the clinical
assessment was performed every six months for high-risk and
annually for low-risk patients. Peripheral blood samples for the
immunovirological and molecular surveillance were collected at
each visit and close to the date of histological examination that
defined the cancer diagnosis.

Sample Collection
Peripheral blood samples were processed within four hours from
blood withdrawal. Two aliquots of fresh EDTA peripheral whole
blood were immediately stored at -80°C. Thereafter, blood was
centrifuged at 800 rpm for 10 minutes and the plasma fraction was
further centrifuged at 2100 rpm for 15 minutes, aliquoted in two
vials and frozen at -80°C. Peripheral blood mononuclear cells
(PBMCs) to be used in functional assays were isolated by Ficoll-
Hypaque gradient centrifugation, washed once in PBS, counted by
ADAM Cell Counter (DigitalBio), resuspended in 1 mL of FCS
containing 10% DMSO and, finally, stored at -120°C.

Biological Study Design
Among 109 SOT patients under surveillance from 2015 to 2018,
49 were selected for an exploratory longitudinal research design
based on the availability of two serial peripheral blood samples
collected for laboratory analyses at least three months apart and
no evidence of tumor onset between enrolment in the
Surveillance Protocol and the first sampling. The first and the
second blood withdrawal will henceforth be referred to as
baseline and follow-up, respectively. Patients’ characteristics of
this sub-cohort at the time of enrolment in the Surveillance
Protocol were described in Supplementary Table 1. The
biological parameters studied were: antigen-specific T-cell
responses against two “universal” TAAs-derived peptide mixes
(Survivin and TERT) and viral peptide pools (EBV, CMV), and
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whole blood CMV and EBV viremia. Quantification of plasma
TERT mRNA was also evaluated.

ELISpot Assay
Virus and tumor antigen-specific T cell responses were investigated
by using an interferon (IFN)-g enzyme-linked immunosorbent
spot (ELISpot) commercial assay (“Human IFN-g Single Color
ELISPOT”, ImmunoSpot®, Cellular Technology Limited (CTL),
OH, USA), according to the manufacturer’s instructions. Briefly,
ninety-six-well plates were pre-coated by an overnight incubation
at 4°C with 2mg/mL anti-human IFN-g capture antibody. The next
day, PBMCs were thawed and washed once in serum free RPMI
1640, counted and resuspended in CTL-test Medium at a
concentration of 10.5x10^6/mL cells. CMV, EBV, Survivin,
TERT peptide mixes (ProImmune, Oxford UK; 0.2ng/mL of
each peptide mix) or unspecific stimuli (0.5mg/mL aCD3/
aCD28) were resuspended in CTL-test Medium, plated in
triplicate and incubated for 10-20 minutes. Triplicate wells
without stimulus were used as negative control. Next, patient’s
PBMCs were placed in co-culture at a concentration of 500,000
PBMCs/well and incubated overnight. The next day, spots were
detected with anti-human IFN-g (biotin) streptavidin alkaline
phosphatase, and Blue Developer Solution. Spots were counted
and analyzed by using the Immunospot® plate scanning and
analysis service (CTL-Europe GmbH, Bonn, Germany).

EBV and CMV Viral Load
For EBV viral load evaluation, cryo-preserved aliquots of 200 ml
whole blood were processed for DNA extraction with the
QIAamp Blood Mini kit (Qiagen, Gmbh, Hilden, Germany)
within 15 days from collection, following the instructions from
the manufacturer. A final elution volume of 50 mL was used and
EBV-DNA was quantified by real time TaqMan PCR by using
the ABI PRISM 7900 HT Sequence Detection System (Applied
Biosystems), as previously described (36, 37). EBV viral load was
expressed as copies of EBV-DNA genomes per milliliter of whole
blood. For statistical analyses, a viral load of zero copies/mL was
assigned to samples with undetectable EBV-DNA.

CMV viral load was assessed by the Abbott RealTime CMV
assay and the automated m2000 RealTime system (Abbott
Molecular Inc., IL, USA) according to manufacturer’s
instructions. For statistical analyses, a CMV viral load of 39
copies/mL was assigned to samples with detectable CMV-DNA,
but below the threshold (40 copies/mL); a viral load of zero
copies/mL was assigned to samples with undetectable
CMV-DNA.

Quantification of Circulating TERT mRNA
RNA was extracted from plasma samples as previously described
(38, 39), using 1 mL instead of 500 mL of plasma and reagents’
quantities adjusted accordingly. RNA was reverse transcribed
into cDNA using the SuperScript TM III RNase reverse
transcriptase assay (Thermo Fisher Scientific) in a final volume
of 80 mL, according to the manufacturer’s instructions.

The expression of TERT transcripts in the plasma samples
was quantified by real-time PCR, as previously described (38).
Briefly, the primers AT1 (5′-CGGAAGAGTGTCTGGAGCAA-3′)
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and AT2b (5′-CGCAGCTGCACCCTCTTCA-3′), which bind
to nucleotide sequences located upstream of the RT motif 1
on the TERT gene, thus allowing amplification of all TERT
transcripts, and the fluorogenic probe AT (FAM 5′-
TTGCAAAGCATTGGAATCAGACAGCAC-3′ TAMRA)
recognizing the sequence located inside the product amplified by
AT1/AT2b were employed (38). The PCR was performed using
an ABI prism 7900 Sequence Detection System (PE Applied
Biosystems, Foster City, CA, USA) in 50 mL of mixture
containing 25 mL 2x TaqMan universal master mix (PE Applied
Biosystems), 100 nM of fluorogenic probe, 600 nM of primer
AT1, 900 nM of primer AT2b and 10 ml of cDNA sample. After
2min at 50°C, to allow the uracil N-glycosylase to act, and a
denaturation step lasting 10min at 95°C, 50 cycles were run, each
consisting of 30 s at 95°C, 30 s at 60°C and 30 s at 72°C. Each
sample was run in triplicate and the mean Ct values were
plotted against the standard TERT reference curve, which was
generated with serial fivefold dilutions of the TERT amplicon, as
previously described (40). TERT values were estimated per mL
according to the X8 conversion factor and then expressed as
TERT copies per mL.

Statistical Analysis
Comparisons of unmatched, and baseline-follow-up matched
continuous variables were made using the non-parametric Mann-
Whitney U test and the Wilcoxon signed rank test, respectively.
Fisher’s exact test was computed for discrete variables when
appropriate. Successively, the impact of biological factors on
tumor onset probability was assessed. Due to the exploratory
nature of this study, Receiver Operating Characteristic (ROC)
curves were calculated for continuous clinical and biological
covariates at baseline to determine the best cut-off value that
differentiated the risk of tumor onset with the highest specificity
and sensitivity (41) (Supplementary Table 2). Time-to-tumor-
onset was calculated from the date of baseline to the date of tumor
diagnosis. Subjects who did not develop any tumor were censored
at the date of follow-up. Time of immunosuppression was
computed from the time of the first transplant to the date of
baseline. Tumor onset probability was examined by means of the
Kaplan-Meier method (42), and risk was quantified by means of
univariate and multivariate Cox proportional hazard models.
Hazard Ratio (HR) and corresponding 95%C.I.s were calculated
by dichotomizing continuous clinical and biological variables by
the cut-off assessed through the ROC curve. Age was categorized by
the median value of the overall cohort and included for HR
adjustment. Moreover, HR was computed for ten-unit increases
in the level of TERTmRNA. Analyses were performed by means of
SAS, version 9.4 (SAS Institute Inc., Cary, NC, 2002–2008). All
statistical tests were considered statistically significant at a two-
sided p-value <0.05.
RESULTS

Patients Characteristics
Table 1 shows the main patients’ demographic and clinical
characteristics of the 49 SOT patients at baseline: median age
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was 60 (31–80) years, 32 (65.3%) were males and 17 (34.7%) were
females; forty subjects (81.6%) were kidney transplanted and
nine (18.4%) heart, liver or heart plus kidney transplanted.
Thirty-eight (77.6%) were treated with CNI, four (8.2%) with
mTORi and seven with CNI plus mTORi (14.3%). The median
immunosuppression duration from first transplantation was 10.5
(1.2-28.4) years, while six patients received adjunctive pre-
transplant immunosuppressive therapy.

During surveillance and after a median time of 10.4 (3.5-23.6)
months from baseline, 16 patients were included in the tumor
cohort (T) as the following de novo tumors were diagnosed: 13
BCC or SCC, one melanoma in situ, one indolent non-Hodgkin
lymphoma and one renal carcinoma (Supplementary Table 1).
The median time between baseline and follow-up sampling was
11.7 (6.0-24.2) months for patients who developed a tumor and
12.2 (5.8-28.8) months for those tumor-free (non-tumor cohort,
NT) (p=0.13). Cancer was diagnosed before or after a maximum
of 3.7 months from the second sample, which was therefore
indicative of an underlying neoplastic condition. Patients of the
T cohort were significantly older than subjects of the NT cohort
(p=0.05). No statistically significant difference was observed
in the distribution of the SOT patients for the other
parameters analysed.

Immunovirological and Molecular Analyses
Table 2 summarizes the baseline and follow-up median values
of the immunovirological and molecular parameters assessed
in the SOT patients after stratification by tumor occurrence.
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No statistically significant difference was found in EBV- and
CMV-specific T-cell responses between baseline and follow-up
samples within both the NT and the T cohort. Patients in the T
cohort showed significantly decreased levels of EBV-specific
circulating T cells in the samples collected close to cancer
diagnosis when compared with the follow-up samples from the
NT cohort [median (range) T vs.NT: 45 (0–499) vs. 144 (1-1229)
sfu/10^5 PBMCs, p=0.02] (Figure 1A and Table 2).

The percentage of SOT patients with detectable EBV-DNA
did not change at baseline compared to follow-up within both
the T and NT cohorts, with no statistically significant difference
in viral load values throughout the time. No statistically
significant difference was found between T and NT cohorts
neither for EBV-DNA positivity rate nor for EBV-DNA levels
neither at baseline [T vs. NT: 62.5% vs. 45.4%, p=0.36; median
(range) 86 (0-3135) copies/mL vs. 0 (0-8845) copies/mL, p=0.38]
nor at follow-up [T vs. NT: 62.5% vs. 45.4%, p=0.36; median
(range) 38 (0-3485) copies/mL vs. 0 (0-4334) copies/mL, p=0.80].

The percentage of SOT patients with detectable CMV viremia
and the CMV-DNA levels did not change from baseline to
follow-up in the T and NT cohorts. There was no statistically
significant difference in CMV-DNA positivity rate and CMV-
DNA load between the T and NT cohorts at baseline [25.0% vs.
12.9%, p=0.42; median (range) 0 (0-81) vs. 0 (0-655), p=0.54]
and at follow-up time [18.7% vs. 15.1%, p=0.71; median (range) 0
(0-79) vs. 0 (0-670), p=0.89].

The levels of Survivin and TERT-specific T-cells were similar
in the NT and T cohorts at baseline [median (range) TAA
reactivity in T vs. NT: 14 (1-538) vs. 9 (0-1329), p=0.73 for
Survivin; 11 (1-1196) vs. 9 (0-1216), p=0.53 for TERT] or follow-
up [median (range) TAA reactivity in T vs. NT: 10 (0-987) vs. 14
(0-1209), p= 0.53 for Survivin; 12 (0-378) vs. 10 (0-971), p=0.91
for TERT]. No significant changes in TAA-specific circulating T
cell levels were observed over time (from baseline to follow-up)
within each group.

Both T and NT cohorts of SOT patients showed no
statistically significant differences in circulating cell-free TERT
mRNA levels when comparing baseline to follow-up time.
However, significantly higher levels of circulating TERT
mRNA were detected at baseline in patients belonging to the T
cohort [112 (0-576) copies/mL] as compared to those from the
NT cohort [0 (0-120) copies/mL, p=0.03] (Table 2 and
Figure 1B). These findings suggest that a significant increase
in the levels of plasmatic TERT mRNA can be detected in
transplanted patients several months (range 3.5-23.5 months)
before the diagnosis of cancer. Moreover, patients in the T cohort
showed significantly higher levels of circulating TERT mRNA
also in the samples obtained close to the date of cancer diagnosis
[T vs.NT cohort: 115 (0-421) copies/mL vs. 0 (0-206) copies/mL,
p<0.001] (Table 2 and Figure 1B).

Potential Clinical and Biological Predictors
of Tumor Occurrence
We evaluated the potential demographic, clinical and biological
predictors of tumor occurrence for SOT patients at baseline. We
found that patients ≥60 years had a higher likelihood to develop
TABLE 1 | Baseline demographic and clinical characteristics of the 49 SOT patients.

Total
N = 49

NT
N = 33

T
N = 16

Age
60

(31-80)
58

(31-79)
Median years
(range)

64
(46-80)

p-value° 0.05
Gender
M, n (%) 32 (65.3) 20 (60.6) 12 (76.5)
F, n (%) 17 (34.7) 13 (39.4) 4 (23.5)
p-value* 0.36

Transplanted Organ
Kidney, n (%) 40 (81.6) 26 (78.8) 14 (87.5)
Liver, heart or heart+kidney, n (%) 9 (18.4) 7 (21.2) 2 (12.5)
p-value* 0.70

Type of Immunosuppressive therapy
CNI, n (%) 38 (77.6) 26 (78.8) 12 (75.0)
mTOR/mTOR + CNI, n (%) 11 (22.4) 7 (21.2) 4 (25.0)
p-value* 1.00

Time of Immunosuppression
10.5

(1.2-28.4)
10.2

(1.2-24.6)
11.8

(3.1-28.4)
0.36

Median years
(range)
p-value°

Pre-transplant immunosuppressive
therapy
No (%) 43 (87.8) 29 (87.9) 14 (87.5)
Yes (%) 6 (12.2) 4 (12.1) 2 (12.5)
p-value* 1.00
NT, no tumor cohort; T, tumor cohort; M, males; F, females; °, Mann-Whitney U-test; *,
Fisher exact test.
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TABLE 2 | Biological parameters in the 49 SOT patients after stratification by tumor occurrence.

NT
N = 33

T
N = 16

Baseline Follow-up Baseline Follow-up

T cell responses against EBV
Median sfu/10^5 PBMCs (range) 139 (2-1019) 144 (1-1229) 72 (17-1084) 45 (0-499)
p-value (Mann-Whitney test)° 0.53 0.016
p-value (Wilcoxon test)‡ 0.30 0.35

T cell responses against CMV
Median sfu/10^5 PBMCs (range) 539 (1-5000) 614 (1-5000) 521 (13-1097) 501 (0-1726)
p-value (Mann-Whitney test)° 0.53 0.32
p-value (Wilcoxon test)‡ 0.73 0.87

EBV-DNA
Undetected, n (%) 18 (54.6) 18 (54.6) 6 (37.5) 6 (37.5)
Detected, n (%) 15 (45.4) 15 (45.4) 10 (62.5) 10 (62.5)
p-value (Fisher exact test)* 0.36 0.36
Median copies/mL (range) 0 (0-8845) 0 (0-4334) 86 (0-3135) 38 (0-3485)
p-value (Mann-Whitney test)° 0.38 0.80
p-value (Wilcoxon test)‡ 0.44 0.38

CMV-DNA$

Undetected, n (%) 27 (87.1) 28 (84.9) 12 (75.0) 13 (81.3)
Detected, n (%) 4 (12.9) 5 (15.1) 4 (25.0) 3 (18.7)
p-value (Fisher exact test)* 0.42 0.71
Median copies/mL (range) 0 (0-655) 0 (0-670) 0 (0-81) 0 (0-79)
p-value (Mann-Whitney test)° 0.54 0.89
p-value (Wilcoxon test)‡ N.E. N.E.

T cell responses against SURVIVIN$

Median sfu/10^5 PBMCs (range) 9 (0-1329) 14 (0-1209) 14 (1-538) 10 (0-987)
p-value (Mann-Whitney test)° 0.73 0.53
p-value (Wilcoxon test)‡ 0.08 0.83

T cell responses against TERT$

Median sfu/10^5 PBMCs (range) 9 (0-1216) 10 (0-971) 11 (1-1196) 12 (0-378)
p-value (Mann-Whitney test)° 0.53 0.91
p-value (Wilcoxon test)‡ 0.13 0.94

TERT mRNA
Median copies/mL (range) 0 (0-120) 0 (0-206) 112 (0-576) 115 (0-421)
p-value (Mann-Whitney test)° 0.03 <0.001
p-value (Wilcoxon test)‡ 0.90 0.60
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NT, no tumor cohort; T, tumor cohort; °, Mann-Whitney U test (no tumor vs. tumor cohort); ‡, Wilcoxon paired signed-rank test (baseline vs. follow-up values); *, Fisher exact test (no tumor
vs. tumor cohort); N.E., not evaluable; $, the sum does not add up to the total because of missing values; sfu/10^5 PBMCs, spot forming units/10^5 Peripheral Blood Cells.
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FIGURE 1 | Baseline and follow-up EBV ELISpot T cell responses (A) and plasma TERT mRNA levels (B) in SOT patients developing (T) and not developing
tumors (NT).
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tumors as compared to patients <60 years (Log-Rank test=9.58;
p<0.01) (Figure 2A). More specifically, patients ≥60 years
presented a higher risk of tumor onset than younger (HR=6.7
for patients ≥60 vs. <60 years, 95%C.I. = 1.7-22.6,
p<0.01) (Table 3).

Kaplan-Meier’s evaluation showed that patients with baseline
circulating TERT mRNA levels above 97.73 copies/mL had a
significant higher risk to develop tumors than patients with
baseline TERT mRNA levels below this value (Log-Rank
test=7.37; p<0.01) (Figure 2B). Accordingly, the risk of
developing tumors was significantly higher in individuals with
high baseline circulating TERT mRNA levels than patients with
lower values (HR=4.0 for patients with >97.73 vs. ≤97.73 copies/
mL, 95%C.I. = 1.4-11.5, p=0.01). The area under the ROC curve,
sensibility, and specificity for this parameter were 0.70 (95%
C.I. = 0.60-0.82), 0.53 (95%C.I. = 0.27-0.79), and 0.94 (95%C.I. =
0.80-0.99), respectively. Notably, every ten-unit increment of
TERT mRNA was associated with a 4% increase in the risk of
developing cancer (HR=1.04, 95%C.I. = 1.01-1.07, p=0.01)
(Table 3). After adjustment for age, the association of TERT
mRNA levels above the cut-off with the risk of tumor
development was still high, but not significant (HR=2.5, 95%
C.I. = 0.8-7.8, p=0.13). The risk of tumor development for
patients over 60 years of age raised with increasing TERT
mRNA levels [HR and 95%C.I. for patients over 60 years of
age and TERT mRNA ≤97.73 or >97.73 copies/mL vs. patients
under 60 and TERT mRNA ≤97.73 copies/mL=6.7 (1.1-40.4) or
12.3 (2.3-64.7)] (Table 4).

EBV-DNA higher than 29 copies/mL at baseline was
associated to a higher, although not significant, risk to develop
tumors (Log-rank test=3.51 for subjects with >29 vs. ≤29 copies/
mL, p=0.06 (not shown); HR=2.6, 95%C.I. = 0.9-7.4,
p=0.07, Table 3).
DISCUSSION

The identification of suitable biomarkers able to predict the risk
of impending tumor development in SOT patients constitutes an
Frontiers in Oncology | www.frontiersin.org 7138
important but still unmet clinical need. To address this relevant
issue, we took advantage of the clinical and laboratory
surveillance program for SOT patients recently activated at
CRO-IRCCS Aviano. The routine clinical workup of these
patients was implemented with the investigation of CD8 T-cell
responses against EBV and CMV antigens and “universal” TAAs,
the assessment of viral reactivations and quantification of
circulating TERT mRNA in plasma as potential source of risk-
predictive biomarkers for a broad spectrum of cancers, such as
those occurring in SOT recipients. Here we report the results of
the first prospective cohort of patients.

CMV and EBV infections are highly prevalent in the general
population, and the immunosuppressive treatment of SOT
recipients can occasionally trigger viral reactivations that directly
or indirectly may enhance the risk of cancer development. In our
series, CMV viremia was detected in a low fraction of cases
(approximately 17%), consistent with a relatively infrequent
CMV reactivation, which occurred at comparable frequency in
patients of the T and NT cohorts. Similarly, the two groups of SOT
recipients showed no significant difference in the extent of CMV-
specific T cell responses, ruling out any possible pathogenic
association between CMV reactivation and the occurrence of
tumors. It should be considered, however, that the majority of
tumors observed in our cohort were non-melanoma skin cancers,
suggesting that these results warrant a confirmation in larger
prospective series including higher numbers of non-skin tumors.
By contrast, about half of the SOT recipients investigated had
detectable EBV viremia, indicating a relatively more frequent
reactivation of EBV. Comparative analysis of the T and NT
cohorts did not disclose significant differences in the extent of
EBV-specific T-cell responses, except for the significantly lower
levels of circulating EBV-specific T-cells detected at the time of
cancer diagnosis in the T cohort compared to the NT cohort
samples at follow-up. This intriguing observation could be the
result of additional immunosuppression imposed by cancer onset
and/or the diversion of residual immune responses towards cancer-
associated antigens different from Survivin or TERT and warrants
further investigation in larger series. The fact that we did not
observe significantly increased levels of T-cell responses to EBV is
A B

FIGURE 2 | Kaplan-Meier estimates for tumor onset probability according to age (A) and plasma TERT mRNA levels at baseline (B).
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consistent with the observation that, in our series, no patient
developed EBV-related lymphoproliferations, thus preventing the
possibility to assess the predictive value of this analysis. Indeed, our
results are in line with the observation that EBV-DNA load is
Frontiers in Oncology | www.frontiersin.org 8139
generally high in the first year after transplantation in SOT patients
with positive EBV-specific T cell responses, when the risk of EBV-
driven lymphoproliferative disorders is high (43).

Despite T cell responses to “universal” TAAs can be detected
also in patients with early stages of cancer (30, 31), no significantly
higher levels of T-cells specific for TERT and Survivin were detected
at baseline or at the time of diagnosis of cancer in the blood of T and
NT patients. Globally, IFN-g T cell responses against TERT and
Survivin were not significantly different in T and NT cohorts also
when values over time (i.e., baseline vs. follow-up) were considered.
This could be due to the degree of variability of antigen-specific T
cell responses among patients, as frequently observed in the cancer
setting (44). The negative impact on tumor antigen priming
potentially exerted by immunosuppressive drugs could also at
least in part explain these findings, in particular considering that
CNIs, the most frequently used drugs administered to our cohort of
TABLE 3 | Cox regression analysis evaluating the associations between baseline demographic, clinical or biological parameters and tumor onset.

NT
N = 33
n. (%)

T
N = 16
n. (%)

HR (95%C.I.) p-value HR* (95%C.I.) p-value

Age, years
<60 14 (42.4) 11 (68.8) 1ƚ –

≥60 19 (57.6) 5 (31.3) 6.7 (1.7-22.6) <0.01 – –

Gender
M 20 (60.6) 12 (76.5) 1ƚ 1ƚ

F 13 (39.4) 4 (23.5) 0.7 (0.2-2.2) 0.52 0.6 (0.2-1.8) 0.31
Transplanted organ
Kidney 26 (78.8) 14 (87.5) 1ƚ 1ƚ

Liver/heart/heart + kidney 7 (21.2) 2 (12.5) 0.9 (0.2-4.2) 0.93 0.4 (0.1-2.1) 0.31
Type of immunosuppressive therapy
CNI 26 (78.8) 12 (75.0) 1ƚ 1ƚ

mTOR/mTOR + CNI 7 (21.2) 4 (25.0) 1.3 (0.4-4.2) 0.62 1.2 (0.4-3.7) 0.82
Time of Immunosuppression, years
≤18.83 31 (93.9) 11 (68.8) 1ƚ 1ƚ

>18.83 2 (6.1) 5 (31.3) 2.4 (0.8-7.1) 0.10 2.1 (0.7-6.2) 0.18
Pre-transplant immunosuppressive therapy
No 29 (87.9) 14 (87.5) 1ƚ 1ƚ

Yes 4 (12.1) 2 (12.5) 2.0 (0.4-9.4) 0.37 2.0 (0.4-9.4) 0.38
EBV-DNA, copies/mL
≤29 19 (57.6) 6 (37.5) 1ƚ 1ƚ

>29 14 (42.4) 10 (62.5) 2.6 (0.9-7.4) 0.07 2.0 (0.7-5.9) 0.19
CMV-DNA$, copies/mL
Undetected 27 (87.1) 12 (75.0) 1ƚ 1ƚ

Detected 4 (12.9) 4 (25.0) 1.6 (0.5-4.9) 0.45 1.7 (0.5-5.5) 0.36
T cell responses against EBV$, sfu/10^5 PBMCs
>106 13 (39.4) 9 (64.3) 1ƚ 1ƚ

≤106 20 (60.6) 5 (35.7) 2.3 (0.8-6.9) 0.14 2.0 (0.7-6.1) 0.23
T cell responses against CMV$, sfu/10^5 PBMCs
>1097 7 (21.2) 1 (7.1) 1ƚ 1ƚ

≤1097 26 (78.8) 13 (92.9) 0.6 (0.7-46.1) 0.10 3.9 (0.4-34.8) 0.22
TERT mRNA$, copies/mL
≤97.73 30 (90.9) 7 (46.7) 1ƚ 1ƚ

>97.73 3 (9.1) 8 (53.3) 4.0 (1.4-11.5) 0.01 2.5 (0.8-7.8) 0.13
10-unit increases 1.04 (1.01-1.07) 0.01 1.02 (0.99-1.06) 0.22

T cell responses against TERT$, sfu/10^5 PBMCs
≤8 16 (48.5) 4 (28.6) 1ƚ 1ƚ

>8 17 (51.5) 10 (71.4) 1.4 (0.4-4.7) 0.58 1.7 (0.5-5.8) 0.37
T cell responses against SURVIVIN$, sfu/10^5 PBMCs
≤13 20 (60.6) 7 (50.0) 1ƚ 1ƚ

>13 13 (60.6) 7 (50.0) 1.2 (0.4-3.4) 0.78 1.4 (0.5-4.1) 0.59
October 202
1 | Volume 11 | Article
NT, no tumor cohort; T, tumor cohort; HR, Hazard Ratio; C.I., Confidence Interval; *, Adjusted for age; ƚ, reference category; $, the sum does not add up to the total because of missing
values; sfu/10^5 PBMCs, spot forming units/10^5 Peripheral Blood Cells.
TABLE 4 | HR and 95%C.I. according to the combined effect of age and
circulating TERT mRNA levels among 49 SOT patients.

Age,
years

TERT mRNA copies/mL

≤97.73 >97.73

N HR 95% C.I. N HR 95% C.I.

<60 21 1ƚ – 3 4.9 0.7-35.7
≥60 16 6.7 1.1-40.4 8 12.3 2.3-64.7
HR, Hazard Ratio; C.I., Confidence Interval; ƚ, reference category.
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SOT patients, were shown to markedly inhibit antigen presentation
through both MHC class I and II (45).

Expression of TERT, which is usually repressed in normal
somatic cells, is essential to sustain the unlimited replicative
potential of cancer cells (34) showing a critical role in tumor
formation and progression. Consistently with this critical
pathogenic role, circulating cell-free TERT mRNA can be
detected in plasma from cancer patients at levels that
significantly correlate with those in tumor specimens (46),
conversely, cell-free TERT mRNA is not detectable in plasma
samples of healthy volunteers (46, 47). Importantly, several
studies have been demonstrated that circulating TERT mRNA
is an independent prognostic marker in different types of tumors
(35), including gastric (48), prostatic (49), lung (50), and
colorectal cancers (38, 46, 51). In addition, TERT mRNA levels
in plasma samples of patients with rectal cancer were identified
as a predictive marker of response to therapy (38, 39, 51). In the
present study, we found that patients of the T cohort showed
significantly higher levels of circulating TERT mRNA than those
of the NT cohort both at baseline and follow-up. These findings
are consistent with the evidence that TERT expression is a
hallmark of cancer (34). Our observation that the levels of
circulating TERT mRNA were significantly higher even before
the diagnosis of cancer in the T cohort is intriguing and strongly
suggests the potential clinical relevance of the inclusion of
circulating TERT mRNA among the biomarkers to be
investigated for monitoring of SOT recipients. Indeed, the
univariate analysis shows that the risk of developing tumors
was significantly higher in SOT recipients with high baseline
circulating TERT mRNA levels than those with low values. The
risk of tumor development in these patients remained high after
adjusting for age even not at significant level as a probable
consequence of the relatively limited sample size.

Considering that the majority of tumors occurred in our series
of SOT recipients included non-melanoma skin cancers, our results
suggest that monitoring the circulating TERT mRNA levels could
identify SOT patients requiring a more frequent clinical and
dermatologic follow-up. The need of non-invasive biomarkers for
the management of BCC and SCC in SOT recipients is remarkably
important given the high incidence of these malignancies in the
post-transplant setting (52–55). It is noteworthy that non-
melanoma skin cancers in SOT recipients tend to be more
aggressive, with higher morbidity and mortality compared to the
general population (56–59). Moreover, careful monitoring of
circulating TERT mRNA could be helpful in pre-transplantation
to define the minimum non-melanoma skin cancer remission times
before the graft, due to the high rate of post-transplant relapse in the
patients with pre-transplant skin malignancies (60, 61).

Because of the exploratory nature of this report, all types of
cancer developed during surveillance were described instead of
focusing on non-melanoma skin cancers only. Further studies in
independent prospective cohorts will be however necessary to
clinically validate the possible role of circulating TERT mRNA
levels as predictor of non-melanoma skin cancers. Moreover,
analysis of larger cohorts of SOT recipients developing tumors
different from non-melanoma skin cancers is warranted to
establish whether circulating TERT mRNA levels can serve as a
Frontiers in Oncology | www.frontiersin.org 9140
global early marker of tumor development in this setting. Finally,
it should be kept in mind that, despite the fact that in most of the
tumors replicative immortality is sustained by the inappropriate
re-activation of TERT, a small percentage of neoplasms
(approximately 10-15%), mainly those of mesenchymal and
neuroepithelial origin, grow independently from TERT/
telomerase. In these tumors, telomere shortening that
accompanies cell proliferation is compensated by the alternative
lengthening of telomeres (ALT) mechanism, a homologous
recombination-based process (62, 63). For the ALT-dependent
neoplasms occurring in SOT patients, circulating TERT mRNA
detection would not be informative, therefore other blood-based
biomarkers of tumor development need to be investigated.

Our results, even if preliminary and on a relatively small
cohort, emphasize the relevance of the implementation of a
specific program of oncological monitoring for SOT patients,
which considers the different variables present in such complex
patients. Monitoring programs should be integrated with various
investigative strategies that can identify and prospectively
validate markers predictive of de novo tumors, to be combined
with already established approaches that help identify high-risk
patients. To the best of our knowledge, this is the first
comprehensive immunovirological and molecular monitoring
study in a prospective cohort of SOT patients aimed at
identifying such biomarkers. The results obtained in this pilot
series, although not conclusive, are consistent with the
hypothesis that the detection of early tumor markers, such as
increased levels of circulating TERT mRNA, may be of help to
assess the risk of cancer in SOT patients.
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Objective: This study aimed to explore the role of ACSL4 in CD8+ T cell tumor infiltration
and outcomes of bladder cancer (BLCA) patients after immunotherapy.

Methods: The correlation between ACSL4 expression and tumor infiltration of immune
cells was analyzed using the Tumor Immune Estimation Resource database. The
prognostic significance of ACSL4 in BLCA was analyzed using Kaplan–Meier curves.
Immunohistochemistry was used to detect CD8+ T cell infiltration in tumors with high and
low ACSL4 expression obtained from patients at the Fudan University Shanghai Cancer
Center. The relationships between immune checkpoint genes and immune response were
analyzed using The Cancer Genome Atlas and IMvigor 210 cohorts. The molecular
functions, cellular components, and biological processes involving ACSL4 were explored
using Kyoto Encyclopedia of Genes and Genomes and Gene Ontology enrichment
pathway analyses.

Results: The expression level of ACSL4 was significantly correlated with the infiltration of
CD8+ T cells in BLCA tumors (r = 0.192, P = 2.22e-04). Elevated ACSL4 was associated
with suppressed tumor progression and better outcomes for BLCA patients. The higher
expression level of ACSL4 predicted better immunotherapeutic responses and was
associated with higher expression levels of core immune checkpoint genes, including
CD274, CTLA4, PDCD1, and LAG3, compared with the low ACSL4 expression group.

Conclusion: This study demonstrated for the first time that elevated ACSL4 correlated
significantly with CD8+ T cell infiltration and contributed to better immunotherapeutic
responses in BLCA patients. Furthermore, ACSL4 serves as a novel biomarker for
predicting patient outcomes after immunotherapeutic treatments, which may improve
the development of individualized immunotherapy for BLCA.
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INTRODUCTION

Bladder cancer (BLCA) is the ninth most common malignant
tumor worldwide, with approximately 81,400 new cases and
17,980 deaths reported in the United States in the year 2020 (1).
Routine treatments for BLCA, such as platinum-based
chemotherapy and intravesical bacillus Calmette-Guerin,
frequently fail because of the biological behavior of malignant
progression and high recurrence rate after treatment (2).
According to the latest reports, the median overall survival of
patients with relapsed or refractory BLCA after cisplatin
treatment was only 14–15 months (3). In recent years, immune
checkpoint inhibitor (ICI) therapies, especially anti-programmed
cell death protein 1 (PD-1), anti-PD-ligand 1 (PD-L1), and anti-
cytotoxic T lymphocyte-associated antigen 4 (CTLA4)
antibodies, have achieved significant success in BLCA
treatment. The United States Food and Drug Administration
has approved five PD-1/PD-L1 inhibitors as first- or second-line
treatments for patients with advanced BLCA (4). However,
among patients with advanced BLCA, the overall response
rates for ICI treatments are 13–24% (5, 6). Because the
majority of advanced BLCA patients do not benefit from these
immunotherapeutic agents, it is important to identify new
biomarkers for predicting treatment response.

Acyl-CoA synthetase long-chain family member 4 (ACSL4)
has been recognized as an important molecule in metabolism-
associated diseases (7). Furthermore, ACSL4 was reported to
promote the esterification of arachidonoyl and adrenoyl into
phosphatidylethanolamine, which is a process closely related to
ferroptosis (8, 9). Intriguingly, recent evidence showed that
ferroptosis-inducing therapy was potentiated by anti-PD-L1
antibodies. Specifically, anti-PD-L1 antibodies stimulated CD8+
T cells to secrete interferon g, which suppressed the glutamate–
cystine antiporter system in target cancer cells and sensitized
them to ferroptosis (10). Therefore, immunotherapy in
combination with ferroptosis induction represents a promising
treatment because the two therapeutic modalities may mutually
potentiate each other and lead to a synergistic anticancer effect.

As the main effector immune cells, CD8+ T cells play a critical
role in preventing tumor occurrence and development (11). It
has been reported that the populations of intratumoral CD8+ T
cells are highly heterogeneous (12). Preclinical models have
indicated that infiltration of CD8+ T-cells in tumors is
strongly associated with anti-PD-1/PD-L1 treatment (12, 13).
In the current study, we demonstrated that the expression level of
ACSL4 was positively correlated with the infiltration of CD8+ T-
cells in BLCA. Furthermore, ACSL4 was associated with the
expression of immune checkpoint genes and may represent a
predictive biomarker for anti-PD-1/PD-L1 treatment. This study
Abbreviations: BLCA, bladder cancer; ICI, immune checkpoint inhibitor; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death protein-ligand 1;
CTLA4, cytotoxic T lymphocyte-associated antigen 4; ACSL4, Acyl-CoA
synthetase long-chain family member 4; TCGA, The Cancer Genome Atlas; HR,
hazard ratios; TIMER, Tumor Immune Estimation Resource; KEGG, Kyoto
Encyclopedia of Genes and Genomes; IHC, Immunohistochemistry; HPF, high-
power field; TIS, tumor in situ bladder cancer; NMIBC, non-muscle-invasive
bladder cancer; MIBC, muscle-invasive bladder cancer.
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is the first exploration of the comprehensive clinical value and
immunological implication of ACSL4 in BLCA.
MATERIALS AND METHODS

Data Collection
We downloaded the BLCA gene expression profile of the Cancer
Genome Atlas (TCGA) database from UCSC Xena (https://tcga.
xenahubs.net, version of data: 2019-12-06). For validation, we
enrolled a total of 30 BLCA patients at the Fudan University
Shanghai Cancer Center (FUSCC, Shanghai, China) from
August 2019 to May 2021. Our study was approved by the
Ethics Committee of FUSCC. Informed consent was obtained
from all patients who participated in this study. To discover the
role of ACSL4 in BLCA immunotherapy, we obtained the genetic
profiles of 195 BLCA patients from the IMvigor 210 cohort
(http://research-pub.gene.com/IMvigor210CoreBiologies/,
accession number: EGAS00001002556), who underwent
treatment with the PD-L1 inhibitor atezolizumab with
documented ICI responsiveness (14).

Kaplan–Meier Survival Curve Analysis
Based on the analysis of hazard ratios (HR) and log-rank P-values,
Kaplan–Meier plots (http://kmplot.com/analysis/) were used to
analyze the relationship between ACSL4 gene expression and
survival rates in the TCGA BLCA cohort in combination with
restricted analysis of cellular content (enriched or depleted CD8+ T
cells) (15).

TIMER Analysis
To analyze the tumor-infiltrating immune cells in pan-cancers,
we used the Tumor Immune Estimation Resource (TIMER)
database (https://cistrome.shinyapps.io/timer/, version: 2.0) and
>10,000 samples from the TCGA database (16). TIMER analysis
was performed to obtain the abundance of tumor-infiltrating
immune cells based on the statistical analysis of gene expression
profiles (17). The correlations between the expression level of
ACSL4 and infiltrating immune cells, including CD4+, CD8+,
regulatory T cells, B cells, neutrophils, dendritic cells, and M1
and M2 macrophages, were analyzed based on the expression of
specific immune cell-related marker genes in BLCA. The marker
genes of tumor-infiltrating immune cells were based on data
from previous studies (18, 19). The associations between mRNA
expression levels of CD274 (PD-L1), CTLA4, LAG3, and PDCD1
(PD-1) and the expression levels of ACSL4 and CD8 cell markers,
including CD8A and CD8B from the TCGA BLCA cohort, were
determined using the TIMER database. The expression levels of
ACSL4, CD8A, and CD8B genes were represented on the x-axes,
and related marker genes were placed on the y-axes.

Immunohistochemistry Staining
and Evaluation
IHC was performed on formalin-fixed, paraffin-embedded
tissues obtained from patients with BLCA. The primary
antibodies used for the detection of the targeted proteins were
November 2021 | Volume 11 | Article 754845
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anti-ACSL4 (Clone OTI6B7, NOVUS, Dilution: 1:500) and anti-
CD8 (Clone 66868, Proteintech, Dilution: 1:2,000). The positive
cells were enumerated from the representative views in high-
power field [high-power field (HPF), 40×, objective], and the
mean value was adopted. For quantification of protein, positive
and negative images of the IHC specimens were acquired and
analyzed using the IHC Profiler in Image J software (NIH,
Bethesda, MD, USA). All samples were evaluated by two
independent, experienced pathologists.

Functional Analysis of ACSL4
Protein–protein interactions for ACSL4 were predicted using the
STRING database (https://string-db.org, version:11.5) (20).
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology enrichment pathway analyses were performed to
evaluate molecular functions, cellular components, and
biological processes involving ACSL4. To illustrate biological
functions of prognostic genes in high-risk and low-risk patient
groups, Gene Set Enrichment Analysis was explored to identify
pathways and was based on TCGA data (21).

Statistics
The figures were partially drawn by GraphPad Prism 8.0 software
(GraphPad Software Inc.). Two-tailed Student’s t-test or
Frontiers in Oncology | www.frontiersin.org 3146
One-way ANOVA was used to measure differences between
groups. P < 0.05 was considered statistically significant.
RESULTS

The Level of ACSL4 Expression Is
Positively Correlated With the Infiltration
Level of CD8+ T Cell in BLCA
As shown in Figure 1A, the level of ACSL4 expression positively
correlated with immune purity (R = 0.194, P = 1.76e-04) and the
infiltration levels of specific subsets of immune cells, including B
cells (R = 0.071, P = 1.78e-01), CD8+ T cells (R = 0.192, P =
2.22e-04), CD4+ T cells (R = 0.086, P = 1.00e-01), macrophages
(R = 0.13, P = 1.27e-02), neutrophils (R = 0.3, P = 5.30e-09), and
dendritic cells (R = 0.2140, P = 3.87e-05) in BLCA. The
correlation between ACSL4 expression level and immune cells
in pan-cancers is presented in Supplementary Figure 1. The
expression level of ACSL4 was positively correlated with the
expression of CD8A (R = 0.174, P = 4.1e-04) and CD8B (R =
0.267, P = 4.84e-08) marker genes, further confirming a role for
ACSL4 in CD8+ T cell infiltration (Figure 1B). And the
correlation analysis between ACSL4 and other immune cell–
A

C

B

FIGURE 1 | Elevated ACSL4 is associated with CD8+ T Cell infiltration. (A) The correlations between six kinds of immune cell, immune purity, and expression level of
ACSL4 were identified from TIMER analysis. (B) The expression level of ACSL4 was proportional to the expression level of ACSL4. (C) IHC of ACSL4 and CD8A staining
detected the CD8+ T Cell infiltration in low-ACSL4 group and high-ACSL4 group. The red box stands for a representative image of ACSL4 or CD8A staining. The green
box stands for the observed CD8+ T Cells. Results are presented as mean ± SD. ****P < 0.0001. Data were obtained from three independent experiments.
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related markers is presented in Table 1. The 30 patients from our
Cancer Center were divided into high- and low-ACSL4-
expression groups (15 samples each) for IHC analysis. As
shown in Figure 1C, the average number of CD8+ T cells
(HFP, 40×, objective) in the high-ACSL4-expression group was
s ignificant ly greater than that in the low-ACSL4-
expression group.

Dysregulated Expression of ACSL4 in
Patients With Tumor In Situ and Non-
Muscle-Invasive or Muscle-Invasive BLCA
Immune cell infiltration is tightly associated with the invasive ability
of tumors. Therefore, we applied IHC analysis to detect ACSL4
expression in tumors from patients diagnosed with different types of
BLCA (Figure 2A). The results showed that ACSL4 expression was
significantly higher in tumor in situ (TIS) and non-muscle-invasive
BLCA (NMIBC) compared with muscle-invasive BLCA (MIBC),
which suggested that ACSL4 may play a role in preventing BLCA
invasion by facilitating immune cell infiltration (Figure 2B).

The Prognostic Significance of ACSL4
Expression in BLCA Patients With
Enriched or Depleted CD8+ T Cells
Next, we explored the prognostic value of ACSL4 for BLCA
patients because there is a strong association between immune
infiltration, tumor invasion, and patient survival. Kaplan–Meier
analysis showed that patients with high ACSL4 expression had a
significantly better overall survival compared with patients with
low ACSL4 expression (P = 6.6e-04) (Figure 3A). Furthermore, we
combined survival analysis with CD8+ T cell enrichment. In the
Frontiers in Oncology | www.frontiersin.org 4147
CD8+ T cell-enriched cohort, the overall survival of patients with
high ACSL4 expression was greater compared with patients with
low ACSL4 expression (P = 0.012), while no significant differences
were detected in the CD8− T cell-enriched cohort (P = 0.1)
(Figures 3B, C). These results suggested that high expression of
ACSL4 may cooperate synergistically with infiltration of CD8+ T
cells. The clinicopathological characteristics of enrolled cohorts are
presented in Supplementary Table 2.

The Role of ACSL4 and CD8+ T Cell
Infiltration in the Expression of Immune
Checkpoint-Related Genes and
Immunotherapy Response
To further investigate the clinical significance of ACSL4 and CD8+
T cell infiltration, we explored the associations between ACSL4 and
CD8A expression and expression of immune checkpoint genes,
which are important markers for BLCA immunotherapy responses.
As shown in Figures 4A, B, the expression of the immune
checkpoint-related genes CD274, CTLA4, LAG3, and PDCD1
positively correlated with ACSL4 expression. Subsequently, to
validate the role of ACSL4 in response to immunotherapy, we
applied the correlation analysis to the IMvigor 210 cohort. The
results confirmed that the level of CD8A mRNA was significantly
greater in the high-ACSL4-expression group compared with the
low-ACSL4-expression group (Figure 4C). Both ACSL4 and CD8A
mRNA levels were significantly higher in the immunotherapy
responsive group compared with the non-responsive group
(Figures 4D, E). Together, these findings indicated that the
upregulation of ACSL4 was associated with increased infiltration
of CD8+ T cells and, subsequently, facilitated the expression of
TABLE 1 | Correlation analysis between ACSL4 and immune cell–related markers in TCGA BLCA cohort.

Description Markers None Tumor purity Age

Correlation P-value Correlation P-value Correlation P-value

CD8+ T cell CD8A 0.267 4.84E-08 0.188 2.94E-04 0.268 4.19E-08
CD8B 0.174 4.10E-04 0.108 3.83E-02 0.174 4.17E-04

T cell (general) CD3E 0.264 9.50E-09 0.165 1.53E-03 0.265 6.15E-08
CD3D 0.201 4.41E-05 0.092 7.68E-02 0.202 4.09E-05
CD2 0.257 1.64E-07 0.159 2.26E-03 0.258 1.40E-07

B cell CD19 0.086 8.12E-02 −0.054 3.01E-01 0.085 8.89E-02
CD79A 0.149 2.57E-03 0.017 7.44E-01 0.148 2.85E-03

M1 Macrophage iNOS −0.193 9.01E-05 −0.161 1.96E-02 −0.193 8.73E-05
IRF5 −0.032 5.13E-01 −0.055 2.88E-01 −0.033 5.13E-01
COX2 0.249 3.76E-07 0.237 4.44E-06 0.251 3.16E-07

M2 Macrophage CD163 0.326 1.92E-11 0.256 6.64E-07 0.326 1.55E-11
VSIG4 0.323 2.94E-11 0.254 8.11E-07 0.323 2.56E-11

Neutrophils CD66b 0.054 2.78E-01 0.05 3.36E-01 0.054 2.78E-01
CD11b 0.295 1.57E-09 0.179 5.41E-04 0.294 1.52E-09
CCR7 0.073 1.43E-01 0.014 7.85E-01 0.071 1.52E-01
MS4A4A 0.318 6.29E-11 0.231 7.52E-06 0.318 5.57E-11

Dendritic cell HLA-DPB1 0.287 4.21E-09 0.202 9.56E-05 0.286 4.20E-09
HLA-DQB1 0.277 1.26E-08 0.276 3.94E-04 0.184 1.48E-08
HLA-DRA 0.333 7.02E-12 0.272 1.17E-07 0.333 5.95E-12
HLA-DPA1 0.313 9.67E-11 0.249 1.38E-06 0.313 1.08E-10

Treg FOXP3 0.344 1.29E-12 0.283 3.36E-08 0.346 7.80E-13
CCR8 0.415 2.14E-18 0.372 1.60E-13 0.416 1.85E-18
TGFb 0.166 7.63E-04 0.14 7.13E-03 0.167 7.35E-04
November 20
21 | Volume 11 | Artic
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immune checkpoint-related genes, which improved response to
immunotherapy in BLCA.

Mechanistic Analysis of ACSL4 in BLCA
We applied Gene Set Enrichment Analysis to predict functional
changes between the high- and low-ACSL4-expression groups
(Figure 5A). This biological analysis for ACSL4 indicated that the
top four enrichedpathwayswere interferon gproduction (P<0.0001,
normalized enrichment score [NES] = 2.0953), adaptive immune
response (P<0.0001,NES=2.0925), leukocyte cell-cell adhesion (P<
0.0001, NES = 2.0729), and T cell activation (P < 0.0001, NES =
2.0193), whichwere consistent with results from the TIMER analysis
(Figure 5B). Furthermore,weperformedprotein-protein interaction
analysis to acquire targeted proteins of ACSL4, which included
ACSL1, ACACA, FASN, PPARG, and PPARA (Figure 6A).
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As shown in Figure 6B, KEGG analysis indicated that ACSL4-
correlated genes were mainly located in metabolic pathways,
including the PPAR signaling pathway (false discovery rate [FDR]
= 7.02e-33), fatty acid metabolism (FDR = 1.70e-24), fatty acid
degradation (FDR = 1.56e-12), and cholesterol metabolism (FDR =
2.33e-12). Gene Ontology analysis of ACSL4 including Cellular
Component, Molecular Function, and Biological Process is shown
in Supplementary Table 1, which confirmed the tight association
between ACSL4 expression and immune cell infiltration.
DISCUSSION

The traditional treatments for bladder cancer have not significantly
improved the survival rates of patients. Recent studies have shown
A

B

FIGURE 2 | Different expression of ACSL4 in TIS, NMIBC, and MIBC. (A) IHC of ACSL4 staining evaluated the expression level of ACSL4 in TIS, NMIBC, and MIBC.
(B) Analysis of Image J IHC Profiler indicated expression level of ACSL4 in MIBC was significantly lower compared with that in TIS or NMIBC. (P < 0.001). The red
box stands for a representative image of ACSL4 staining. Results are presented as mean ± SD. ***P < 0.001. Data were obtained from three independent
experiments.
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A B C

FIGURE 3 | ACSL4 is significantly associated with prognosis of BLCA patients. (A–C) Kaplan-Meier plots evaluated the overall survival of patients in total TCGA
BLCA cohort and cohorts with CD8+ T Cell enriched or decreased.
A

B

C D E

FIGURE 4 | Elevated expression level of ACSL4 is associated with better immunotherapeutic response. (A) TIMER analysis showed the positive expression
correlations between ACSL4 and immune checkpoint genes including CD274 (PD-L1), CTLA-4, LAG-3, and PDCD1 (PD-1). (B) TIMER analysis showed the positive
expression correlations between CD8A and immune checkpoint genes including CD274 (PD-L1), CTLA-4, LAG-3, and PDCD1 (PD-1). (C) Dysregulated expression
of CD8A in low-ACSL4 group and high-ACSL4 group from IMvigor 210 cohort. (D, E) The immune cell response-positive (IC+) group showed significantly higher
expression level of CD8A (P < 0.0001) and ACSL4 (P<0.05). Results are presented as mean ± SD. *P < 0.05; ***P < 0.001, ****P < 0.0001. Data were obtained from
three independent experiments.
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that immunotherapies based on immune checkpoint blockage, such
as anti-PD-1/PD-L1 and anti-CTLA-4 antibodies, have prominent
efficacy against bladder cancer (22, 23). However, immunotherapy
lacks sufficient biomarkers because the majority of BLCA patients
develop a negative antitumor immune response. Recent studies have
discovered more and more immune-related genes in regulating
important phenotypes through controlling different pathways in
multiple cancers (24, 25). For example, BRCA1-associated protein
Frontiers in Oncology | www.frontiersin.org 7150
was shown to regulate liver hepatocellular patients’ prognosis via
immune cell infiltration (26). In the current study, we found that the
expression level of ACSL4 in BLCA was positively correlated with
tumor infiltration of CD8+ T cells, which may affect the efficacy of
immunotherapy in BLCA patients.

Recently, there has been renewed interest in the regulation of
ACSL4 in oncology researchbecause this protein plays a vital role as a
hub gene in metabolism and ferroptosis of tumor cells (8, 27). For
A B

FIGURE 5 | Immune checkpoints genes are expressed differently in BCa groups. (A) GSEA analysis showed the related biological processes of ACSL4 in TCGA
cohort. (B) The top four of related processes were interferon-gamma production (P <0.0001, NES=2.0953), adaptive immune response (P <0.0001, NES=2.0925),
leukocyte cell-cell adhesion (P <0.0001, NES=2.0729), and T cell activation (P <0.0001, NES=2.0193).
A B

FIGURE 6 | Targeted genes and molecular pathways of ACSL4. (A) PPI network presented the targeted genes of ACSL4. (B) KEGG analysis showed the top 25
molecular pathways correlated with ACSL4.
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example, ACSL4 was shown to facilitate hepatocellular carcinoma
(HCC)development andmodulate aberrant lipidmetabolism via the
c-MYC/SREBP1 pathway (28). Our study found a tight association
between ACSL4 and tumor-related lymphocytes, including CD8+ T
cells. Our results reflect those of Liu et al. (29), who confirmed the
correlation between metabolism and the immune response.
Furthermore, these authors found that the metabolic regulator fat
mass- andobesity-associatedproteinwasutilizedby tumors to escape
immune surveillance,which suppressed the checkpoint blockade and
immunotherapeutic responsiveness (29).

We discovered that ACSL4, which meditated CD8+ T cell
infiltration, was associated with tumor invasiveness. This
observation is consistent with that of Li et al., who found that
tumor metastasis was facilitated by elevated miR-301a levels, the
latter of which correlated with subsequent antitumor-immunity and
suppression of CD8+ T cell recruitment (30). Several studies have
reported that tumor invasion and immune environment play
significant roles in survival outcome and immunotherapy
response in cancer patients (31–33). We propose that determining
the expression levels of ACSL4 and status of CD8+ T cell infiltration
may be useful for clinicians to better predict the prognosis of
patients who undergo BLCA immunotherapy.

Multiple studies have confirmed that the infiltration and
effector function of CD8+ T cells in the tumor micro-
environment can be enhanced by effective cancer immuno-
therapy (34–36). Philip and Schietinger recognized that
predicting which patients will respond to immunotherapy is an
important challenge and understanding CD8 T cell differentiation
and dysfunction will be key to mediating a clinical response (37).
From the analysis of the IMvigor 210 cohort in our study, we
validated that the tight correlation between CD8+ T cell infiltration
and expression level of ACSL4 contributed to the immune response
in BLCA patients who underwent immunotherapy.

Weexplored themechanisms related to the immunological role of
ACSL4 in BLCA. TheGene Set Enrichment Analysis of tumors from
BLCA patients confirmed that the immune cell recruitment and
response mediated by ACSL4 was consistent with the TIMER
database analysis. Protein-protein interaction, KEGG, and Gene
Ontology analyses indicated that metabolic regulation of tumors by
ACLS4 contributed to immunological responsiveness and the
immunotherapeutic outcome of BLCA patients. This finding
broadly supports the work of Vantaku et al., who linked tumor
metabolismwithprogressionofBLCA(38), and the reviewbyAfonso
et al. that focused on the role of metabolism in immunotherapeutic
efficacy of ICIs used for treating BLCA patients. Afonso et al. found
that molecular hallmarks of cancer cell metabolism suppressed
malignant cells, facilitated immunotherapeutic responses, and
represented potential therapeutic targets (39). Recently, the role of
ACSL4 in other types of tumors has been reported, especially inHCC
(40–42). ACSL4 modulated aberrant lipid metabolism (28) and
survival outcome of HCC patients and was validated as a predictive
biomarker of sorafenib-induced ferroptosis in HCC (43).

In conclusion, for the first time, we revealed a potential
immunotherapeutic function for ACSL4 in BLCA that may play a
role in ICI interventions. This study demonstrated that ACSL4
correlated significantly with the recruitment of immune cells,
Frontiers in Oncology | www.frontiersin.org 8151
including critical CD8+ T cells, in the BLCA microenvironment,
which may have prevented tumor invasion and improved survival
outcomes forBLCApatients.However,more evidence andvalidation
frommultiple cohorts remains to be further investigated.The current
study indicated that ACSL4 as a biomarker may be useful for
predicting outcomes of patients after immunotherapeutic
treatments and may have important translational impacts in the
development of precise therapy for BLCA.
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Mirpower: A Web-Tool to Validate Survival-Associated miRNAs Utilizing
Expression Data From 2178 Breast Cancer Patients. Breast Cancer Res Treat
(2016) 160:439–46. doi: 10.1007/s10549-016-4013-7

16. Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: A Web Server
for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res
(2017) 77:e108–10. doi: 10.1158/0008-5472.CAN-17-0307

17. Li B, Severson E, Pignon JC, Zhao H, Li T, Novak J, et al. Comprehensive
Analyses of Tumor Immunity: Implications for Cancer Immunotherapy.
Genome Biol (2016) 17:174. doi: 10.1186/s13059-016-1028-7

18. Danaher P, Warren S, Dennis L, D'Amico L, White A, Disis ML, et al. Gene
Expression Markers of Tumor Infiltrating Leukocytes. J Immunother Cancer
(2017) 5:18. doi: 10.1186/s40425-017-0215-8

19. Sousa S, Määttä J. The Role of Tumour-Associated Macrophages in Bone
Metastasis. J Bone Oncol (2016) 5:135–8. doi: 10.1016/j.jbo.2016.03.004

20. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J,
et al. STRING V10: Protein-Protein Interaction Networks, Integrated Over
the Tree of Life. Nucleic Acids Res (2015) 43:D447–452. doi: 10.1093/nar/
gku1003
Frontiers in Oncology | www.frontiersin.org 9152
21. Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: Analyzing Multi-
Omics Data Within and Across 32 Cancer Types. Nucleic Acids Res (2018) 46:
D956–d963. doi: 10.1093/nar/gkx1090

22. Carosella E, Ploussard G, LeMaoult J, Desgrandchamps F. A Systematic
Review of Immunotherapy in Urologic Cancer: Evolving Roles for
Targeting of CTLA-4, PD-1/PD-L1, and HLA-G. J E U (2015) 68:267–79.
doi: 10.1016/j.eururo.2015.02.032

23. Sharma A, Subudhi S, Blando J, Scutti J, Vence L, Wargo J, et al. Anti-CTLA-4
Immunotherapy Does Not Deplete FOXP3 Regulatory T Cells (Tregs) in Human
Cancers.ClinicalCancerResearch :AnOfficial Journal of the 352AmericanAssociation
for Cancer Research (2019) 25:1233–8. doi: 10.1158/1078-0432.Ccr-18-0762

24. Ju Q, Li X, Zhang H, Yan S, Li Y, Zhao Y, et al. NFE2L2 Is a Potential
Prognostic Biomarker and Is Correlated With Immune Infiltration in Brain
Lower Grade Glioma: A Pan-Cancer Analysis. Oxid Med Cell Longev (2020)
2020:3580719. doi: 10.1155/2020/3580719

25. LuoW, Tian X, XuW, Qu Y, ZhuW,Wu J, et al. Construction of an Immune-
Related LncRNA Signature With Prognostic Significance for Bladder Cancer.
J Cell Mol Med (2021) 25:4326–39. doi: 10.1111/jcmm.16494

26. Ju Q, Li X-M, Zhang H, Zhao Y-J. BRCA1-Associated Protein Is a Potential
Prognostic Biomarker and Is Correlated With Immune Infiltration in Liver
Hepatocellular Carcinoma: A Pan-Cancer Analysis. Front Molecular Biosci
(2020) 7:573619. doi: 10.3389/fmolb.2020.573619

27. Li Y, Feng D, Wang Z, Zhao Y, Sun R, Tian D, et al. Ischemia-Induced ACSL4
Activation Contributes to Ferroptosis-Mediated Tissue Injury in Intestinal
Ischemia/Reperfusion. Cell Death Differ (2019) 26:2284–99. doi: 10.1038/
s41418-019-0299-4

28. Chen J, Ding C, Chen Y, Hu W, Yu C, Peng C, et al. ACSL4 Reprograms Fatty
Acid Metabolism in Hepatocellular Carcinoma via C-Myc/SREBP1 Pathway.
Cancer Lett (2021) 502:154–65. doi: 10.1016/j.canlet.2020.12.019

29. Liu Y, Liang G, Xu H, Dong W, Dong Z, Qiu Z, et al. Tumors Exploit FTO-
Mediated Regulation of Glycolytic Metabolism to Evade Immune Surveillance.
Cell Metabolism (2021) 33:1221–33.e1211. doi: 10.1016/j.cmet.2021.04.001

30. Li X, Zhong M,Wang J, Wang L, Lin Z, Cao Z, et al. miR-301a Promotes Lung
Tumorigenesis by Suppressing Runx3.Mol Cancer (2019) 18:99. doi: 10.1186/
s12943-019-1024-0

31. Schulz-Heddergott R, Stark N, Edmunds S, Li J, Conradi L, Bohnenberger H,
et al. Therapeutic Ablation of Gain-Of-Function Mutant P53 in Colorectal
Cancer Inhibits Stat3-Mediated Tumor Growth and Invasion. 375 Cancer Cell
(2018) 34:298–314.e297. doi: 10.1016/j.ccell.2018.07.004

32. Cheng Y, Gunasegaran B, SinghH, Dutertre C, LohC, Lim J, et al. Non-Terminally
Exhausted Tumor-Resident Memory HBV-Specific T Cell Responses Correlate
With Relapse-Free Survival in Hepatocellular Carcinoma. Immunity (2021) 54
(8):1825–40.e7. doi: 10.1016/j.immuni.2021.06.013

33. Eschweiler S, Clarke J, Ramıŕez-Suástegui C, Panwar B, Madrigal A, Chee S, et al.
Intratumoral Follicular Regulatory T Cells Curtail Anti-PD-1 Treatment Efficacy.
Nat Immunol (2021) 22(8):1052–63. doi: 10.1038/s41590-021-00958-6

34. ZouW,Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 Pathway Blockade for
Cancer Therapy: Mechanisms, Response Biomarkers, and Combinations. Sci
Trans Med (2016) 8:328rv324. doi: 10.1126/scitranslmed.aad7118

35. Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The Future of Cancer
Treatment: Immunomodulation, CARs and Combination Immunotherapy.
Nat Rev Clin Oncol (2016) 13:394. doi: 10.1038/nrclinonc.2016.65

36. Barry M, Bleackley RC. Cytotoxic T Lymphocytes: All Roads Lead to Death.
Nat Rev Immunol (2002) 2:401–9. doi: 10.1038/nri819

37. Philip M, Schietinger ,A. CD8 T Cell Differentiation and Dysfunction in
Cancer. Nat Rev Immunol (2021). doi: 10.1038/s41577-021-00574-3

38. Vantaku V, Dong J, Ambati C, Perera D, Donepudi S, Amara C, et al. Multi-
Omics Integration Analysis Robustly Predicts High-Grade Patient Survival
and Identifies CPT1B Effect on Fatty Acid Metabolism in Bladder Cancer.
Clinical Cancer Research : An Official Journal of the American Association for
Cancer Research (2019) 25:3689–701. doi: 10.1158/1078-0432.CCR-18-1515

39. Afonso J, Santos L, Longatto-Filho A, Baltazar F. Competitive Glucose
Metabolism as a Target to Boost Bladder Cancer Immunotherapy. Nat Rev
Urol (2020) 17:77–106. doi: 10.1038/s41585-019-0263-6

40. Belkaid A, Ouellette R, Surette MJC. 17b-Estradiol-Induced ACSL4 Protein
Expression Promotes an Invasive Phenotype in Estrogen Receptor Positive
Mammary Carcinoma Cells. Carcinogenesis (2017) 38:402–10. doi: 10.1093/
carcin/bgx020
November 2021 | Volume 11 | Article 754845

https://doi.org/10.3322/caac.21590
https://doi.org/10.1016/S0140-6736(16)30512-8
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1038/s41389-017-0013-7
https://doi.org/10.1016/S1470-2045(16)30496-X
https://doi.org/10.1016/S0140-6736(16)32455-2
https://doi.org/10.1016/j.molmet.2018.01.012
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1007/s00262-018-2246-5
https://doi.org/10.1038/nature25501
https://doi.org/10.1007/s10549-016-4013-7
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1186/s13059-016-1028-7
https://doi.org/10.1186/s40425-017-0215-8
https://doi.org/10.1016/j.jbo.2016.03.004
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.1016/j.eururo.2015.02.032
https://doi.org/10.1158/1078-0432.Ccr-18-0762
https://doi.org/10.1155/2020/3580719
https://doi.org/10.1111/jcmm.16494
https://doi.org/10.3389/fmolb.2020.573619
https://doi.org/10.1038/s41418-019-0299-4
https://doi.org/10.1038/s41418-019-0299-4
https://doi.org/10.1016/j.canlet.2020.12.019
https://doi.org/10.1016/j.cmet.2021.04.001
https://doi.org/10.1186/s12943-019-1024-0
https://doi.org/10.1186/s12943-019-1024-0
https://doi.org/10.1016/j.ccell.2018.07.004
https://doi.org/10.1016/j.immuni.2021.06.013
https://doi.org/10.1038/s41590-021-00958-6
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1038/nrclinonc.2016.65
https://doi.org/10.1038/nri819
https://doi.org/10.1038/s41577-021-00574-3
https://doi.org/10.1158/1078-0432.CCR-18-1515
https://doi.org/10.1038/s41585-019-0263-6
https://doi.org/10.1093/carcin/bgx020
https://doi.org/10.1093/carcin/bgx020
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Luo et al. ACSL4 Predicts BLCA Immune Response
41. Cheng J, Fan Y, Liu B, Zhou H, Wang J, Chen QJOR. ACSL4 Suppresses
Glioma Cells Proliferation via Activating Ferroptosis. Oncol Rep (2020)
43:147–58. doi: 10.3892/or.2019.7419

42. Chen J, Ding C, Chen Y, Hu W, Lu Y, Wu W, et al. ACSL4 Promotes
Hepatocellular Carcinoma Progression via C-Myc Stability Mediated by ERK/
FBW7/c-Myc Axis. Oncogenesis (2020) 9:42. doi: 10.1038/s41389-020-405

43. Feng J, Lu P, Zhu G, Hooi S, Wu Y, Huang X, et al. ACSL4 is a Predictive
Biomarker of Sorafenib Sensitivity in Hepatocellular Carcinoma. Acta
Pharmacologica Sinica (2021) 42:160–70. doi: 10.1038/s41401-020-408

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.
Frontiers in Oncology | www.frontiersin.org 10153
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 Luo, Wang, Dai, Zhang, Qu, Xiao, Ye and Zhu. 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.
November 2021 | Volume 11 | Article 754845

https://doi.org/10.3892/or.2019.7419
https://doi.org/10.1038/s41389-020-405
https://doi.org/10.1038/s41401-020-408
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:
Izak Faiena,

Columbia University, United States

Reviewed by:
Carlo Messina,

Santa Chiara Hospital, Italy
Lorenzo Bianchi,

University of Bologna, Italy

*Correspondence:
Benedikt Hoeh

benedikt.hoeh@kgu.de

Specialty section:
This article was submitted to

Genitourinary Oncology,
a section of the journal
Frontiers in Oncology

Received: 17 September 2021
Accepted: 08 November 2021
Published: 23 November 2021

Citation:
Hoeh B, Würnschimmel C,

Flammia RS, Horlemann B, Sorce G,
Chierigo F, Tian Z, Saad F, Graefen M,

Gallucci M, Briganti A, Terrone C,
Shariat SF, Tilki D, Kluth LA, Mandel P,
Chun FKH and Karakiewicz PI (2021)

Effect of Chemotherapy on Overall
Survival in Contemporary Metastatic

Prostate Cancer Patients.
Front. Oncol. 11:778858.

doi: 10.3389/fonc.2021.778858

ORIGINAL RESEARCH
published: 23 November 2021

doi: 10.3389/fonc.2021.778858
Effect of Chemotherapy on Overall
Survival in Contemporary Metastatic
Prostate Cancer Patients
Benedikt Hoeh1,2*, Christoph Würnschimmel2,3, Rocco S. Flammia2,4,
Benedikt Horlemann2, Gabriele Sorce2,5, Francesco Chierigo2,6, Zhe Tian2,
Fred Saad2, Markus Graefen3, Michele Gallucci4, Alberto Briganti 5, Carlo Terrone6,
Shahrokh F. Shariat7,8,9,10,11,12, Derya Tilki 3,13, Luis A. Kluth1, Philipp Mandel1,
Felix K. H. Chun1 and Pierre I. Karakiewicz2

1 Department of Urology, University Hospital Frankfurt, Goethe University Frankfurt am Main, Frankfurt am Main, Germany,
2 Cancer Prognostics and Health Outcomes Unit, Division of Urology, University of Montréal Health Center, Montréal, QC,
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Urology, University Hospital Hamburg-Eppendorf, Hamburg, Germany

Introduction: Randomized clinical trials demonstrated improved overall survival in
chemotherapy exposed metastatic prostate cancer patients. However, real-world data
validating this effect with large scale epidemiological data sets are scarce and might not
agree with trials. We tested this hypothesis.

Materials and Methods: We identified de novo metastatic prostate cancer patients
within the Surveillance, Epidemiology, and End Results (SEER) database (2014-2015).
Kaplan-Meier plots and Cox regression models tested for overall survival differences
between chemotherapy-exposed patients vs chemotherapy-naïve patients. All analyses
were repeated in propensity-score matched cohorts. Additionally, landmark analyses
were applied to account for potential immortal time bias.

Results: Overall, 4295 de novo metastatic prostate cancer patients were identified. Of
those, 905 (21.1%) patients received chemotherapy vs 3390 (78.9%) did not. Median
overall survival was not reached at 30 months follow-up. Chemotherapy-exposed patients
exhibited significantly better overall survival (61.6 vs 54.3%, multivariable HR:0.82, CI:
0.72-0.96, p=0.01) at 30 months compared to their chemotherapy-naïve counterparts.
These findings were confirmed in propensity score matched analyses (multivariable HR:
0.77, CI:0.66-0.90, p<0.001). Results remained unchanged after landmark analyses were
applied in propensity score matched population.
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Conclusions: In this contemporary real-world population-based cohort, chemotherapy
for metastatic prostate cancer patients was associated with better overall survival.
However, the magnitude of overall survival benefit was not comparable to phase 3 trials.
Keywords: chemotherapy, overall survival, metastatic prostate cancer, SEER, contemporary
INTRODUCTION

Systemic treatments for metastatic prostate cancer have grown
exponentially over the last two decades and exhibited significant
survival benefits in randomized phase 3 trials (1–8). However, trial
findings may be difficult to replicate in real-world conditions.
Indeed, only one report demonstrated a modest benefit in overall
survival after chemotherapy in contemporary, de novo metastatic
prostate cancer patients (Weiner et al., National Cancer Database
2014-2015) (9). We addressed the same endpoint within the same
study period. Within a different, large-scale database (SEER), we
focused on the most contemporary patients (2014-2015)
diagnosed with de novo metastatic prostate cancer. We
hypothesized that chemotherapy use may result in a survival
benefit for de novo metastatic prostate cancer patients (9).
Unlike Weiner et al., we relied on propensity score matching to
maximally reduce potential differences between chemotherapy-
exposed and chemotherapy-naïve patients.
MATERIAL AND METHODS

Study Population
The current SEER database samples 34.6% of the United States
population and approximates it in demographic composition and
cancer incidence (10). Within the SEER database (2014-2015), we
identified patients ≥18 years old with de novo metastatic,
histologically confirmed adenocarcinoma of the prostate,
diagnosed at biopsy (International Classification of Disease for
Oncology [ICD‐O‐3] code 8140 site code C61.9) between 2014 and
2015. PatientswithunknownM-stage, cases identified at autopsy or
throughdeath certificates, with unknownhistology ornon-primary
prostate cancerswere excluded. These selection criteria resulted in a
cohort of 4295 de novo metastatic prostate cancer patients. This
subgroup represented the study population.

Statistical Analyses
The statistical analyses consisted of four steps. First, we addressed
overall survival prior to propensity score matching. We relied on
Kaplan-Meier plots and Cox regression models to test for overall
mortality differences according to chemotherapy exposure.
Covariates consisted of age at diagnosis, PSA groups (<20, 20-90,
>90 in ng/ml), Gleason Group Grade (GGG) at biopsy (≤III, IV/V,
unknown), clinical T-stage (≤cT2, cT3/4, cTx), clinical N-stage
(cN0, cN1, cNx), clinical M-stage (cM1a/b, cM1c, cM1x) and type
of local treatment (no local treatment, local treatment, unknown).

Second, we relied on propensity score matching to address
potential differences between chemotherapy-exposed vs
chemotherapy-naïve patients using the ‘nearest neighbor’ and a
2155
caliper of 0.05. Matching variables consisted of age (per year
interval), PSA (<20, 20-90, >90 in ng/ml), GGG (I, II, III, IV, V,
unknown), T-stage (cT1, cT2, cT3, cT4, cTx), N-stage (cN0, cN1,
cNx), M-stage (cM1a, cM1b, cM1c, cM1unspecific)
socioeconomic status (1st, 2nd/3rd/4th quartile) and type of local
treatment (RP, RT, RP+RT, none). Each chemotherapy exposed
patient was matched to two chemotherapy naïve patient. Third,
we relied on the propensity score matched cohorts of
chemotherapy-exposed and chemotherapy-naïve patients and
refitted Kaplan-Meier plots, as well as multivariable Cox
regression models. The same covariates were used as above.
Finally, survival analyses were repeated in propensity score
matched cohorts after landmark analyses (3 months) was
applied to account for confounding effects due to potential
immortal time bias.

All tests were two sided with a level of significance set at
p<0.05 and R software environment for statistical computing and
graphics (version 3.4.3) was used for all analyses (11).
RESULTS

Descriptive Characteristics of
Study Population
Between 2014 and 2015 we identified 4295 de novo metastatic
prostate cancer patients. Of those, 905 patients (21.1%) received
chemotherapy. Chemotherapy-exposed patients differed from
their chemotherapy naïve counterparts with respect to age (64
vs 70 years, p<0.001), higher proportions of PSA >90 ng/ml (57.3
vs 51.8%, p=0.01), higher proportions of GGG V (52.3 vs 43.6%,
p=0.01), higher proportions of cN1-stages (44.5 vs 31.6%,
p<0.001) and higher proportions of cM1c-stages (19.8 vs
14.6%, p<0.001). No significant differences were recorded for
type of local treatment.

Survival Analyses Without Propensity
Score Matching
Based on the overall cohort, that included 905 chemotherapy-
exposed vs 3390 chemotherapy-naïve patients, overall survival
rates at 18 and 30 months were 76.3 vs 69.3% and 61.6 vs
54.3%, favoring chemotherapy-exposed patients (Figure 1A). In
multivariable Cox regression models, chemotherapy exposed
patients exhibited lower overall mortality (HR:0.82, CI: 0.72-
0.96, p=0.01) compared to chemotherapy naïve patients (Table 2).

Propensity Score Matching
Propensity score matching focused on the overall study cohort, of
who 905 chemotherapy-exposed vs 3390 chemotherapy-naïve
patients. Of 905 chemotherapy-exposed patients, 879 could be
November 2021 | Volume 11 | Article 778858
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matched with up two chemotherapy-naïve patients, which resulted
in two subgroups, respectively with 879 chemotherapy-exposed vs
1611 chemotherapy-naïve patients. No statistically significant
differences in age at diagnosis, PSA groups, GGG, cT-stage, cN-
stage, cM-stage, SES and approach of local treatment remained
between these two cohorts (all p≥0.1; Table 1).

Survival Analyses After Propensity
Score Matching
Based on the propensity matched cohorts of 879 chemotherapy-
exposed vs 1611 chemotherapy-naïve patients, overall survival
rates at 18 and 30 months were 76.3 vs 70.5% and 61.6 vs 56.0%,
favoring chemotherapy-exposed patients (Figure 1B).

Inmultivariable Cox regressionmodels, chemotherapy exposed
patients exhibited lower overall mortality (HR:0.77, CI: 0.66-0.90,
p<0.001) compared to chemotherapy naïve patients (Table 2). The
effect of better survival in chemotherapy-exposed remained
unchanged after landmark analyses was applied in the propensity
Frontiers in Oncology | www.frontiersin.org 3156
score matched cohort (multivariable HR: 0.85; CI: 0.72-
0.99; p=0.04).
DISCUSSION

We hypothesized that, in line with trial-derived findings and
smaller population-based studies, chemotherapy exposed de
novo metastatic prostate cancer patients exhibit better survival
rates compared to their chemotherapy naïve counterparts. We
tested this hypothesis within a large population-based cohort de
novometastatic prostate cancer patients diagnosed between 2014
and 2015.

First, we observed significantly worse cancer characteristics in
chemotherapy-exposed patients compared to their chemotherapy
naïve counterparts. Specifically, they exhibited higher proportions
of high PSA, higher proportions of GGG V, higher proportions of
cN1-stage and higher proportions of cM1c-stage. It is of note that
A

B

FIGURE 1 | Kaplan-Meier plots illustrating overall survival in metastatic prostate cancer (mPCa) patients (n=2495) prior to propensity score matching (A) and in 2490
mPCa patients after propensity score matching (B), stratified by chemotherapy status.
November 2021 | Volume 11 | Article 778858
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despite an obvious prostate cancer phenotype disadvantage in
chemotherapy-exposed prostate cancer patients, their overall
survival was better, as will be outlined below. These observations
are similar toNCDB patient characteristics. In consequence, itmay
be postulated that both databases (NCDB and SEER) indicate that
chemotherapy is offered to patients with more aggressive prostate
cancer phenotype than average (9). The same observations
regarding prostate cancer characteristics were made in smaller
scale, retrospective studies (9, 12).
Frontiers in Oncology | www.frontiersin.org 4157
Second, within the current study cohort the rate of
chemotherapy was 21.1% (n=905) de novo metastatic prostate
cancer patients. This proportion is disappointingly low,
however it is very comparable to NCDB, where chemotherapy
was also given to a minority of patients (27.6%). Similarly low
rates were recorded in other, smaller scale population-based
studies (12, 13). These observations indicate a relatively low
confidence level in systemic therapy. Additionally, risk of
chemotherapy-related adverse events, which vary in regard to
TABLE 1 | Descriptive characteristics of de novo metastatic prostate cancer patients between 2014 and 2015, stratified by chemotherapy exposure.

Unmatched data Propensity score matched data

Overall,
(n = 4295)

Chemotherapy
naïve, (n = 3390)

Chemotherapy
exposed, (n = 905)

p-
Value

Overall
(n = 2490)

Chemotherapy
naïve, (n = 1611)

Chemotherapy
exposed, (n = 879)

p-
Value

Age in yrs
median (IQR)

69
(61-77)

70
(63-79)

64
(58-70)

<0.001 64
(59-71)

64
(59-71)

64
(58-71)

0.1

PSA-groups in
ng/ml
n (%)

0.01 0.5

low (<20) 899 (20.9) 732 (21.6) 167 (18.5) 479 (19.3) 315 (19.6) 164 (18.7)
intermediate
(21-90)

1120 (26.1) 901 (26.6) 219 (24.2) 628 (25.3) 415 (25.8) 213 (24.3)

high (>90) 2276 (53) 1757 (51.8) 519 (57.3) 1378 (55.5) 878 (54.6) 500 (57)
GGG Biopsy
n (%)

<0.001 1.0

I 59 (1.4) 51 (1.5) 8 (0.9) 26 (1) 18 (1.1) 8 (0.9)
II 162 (3.8) 146 (4.3) 16 (1.8) 43 (1.7) 27 (1.7) 16 (1.8)
III 312 (7.3) 261 (7.7) 51 (5.6) 151 (6.1) 100 (6.2) 51 (5.8)
IV 799 (18.6) 646 (19.1) 153 (16.9) 436 (17.5) 284 (17.7) 152 (17.3)
V 1951 (45.4) 1478 (43.6) 473 (52.3) 1284 (51.7) 831 (51.7) 453 (51.7)
Unknown 1012 (23.6) 808 (23.8) 204 (22.5) 545 (21.9) 348 (21.6) 197 (22.5)
cT-stage
n (%)

0.3 0.9

cT1 1212 (28.2) 960 (28.3) 252 (27.8) 697 (28) 455 (28.3) 242 (27.6)
cT2 1212 (28.2) 952 (28.1) 260 (28.7) 720 (29) 466 (29) 254 (29)
cT3 466 (10.8) 366 (10.8) 100 (11) 289 (11.6) 190 (11.8) 99 (11.3)
cT4 561 (13.1) 428 (12.6) 133 (14.7) 337 (13.6) 210 (13.1) 127 (14.5)
cTx 844 (19.7) 684 (20.2) 160 (17.7) 442 (17.8) 287 (17.8) 155 (17.7)
cN-stage
n (%)

<0.001 0.6

cN0 2208 (51.4) 1805 (53.2) 403 (44.5) 1142 (46) 743 (46.2) 399 (45.5)
cN1 1473 (34.3) 1070 (31.6) 403 (44.5) 1047 (42.1) 667 (41.5) 380 (43.3)
cNX 614 (14.3) 515 (15.2) 99 (10.9) 296 (11.9) 198 (12.3) 98 (11.2)
M-stage
n (%)

<0.001 0.9

M1a 324 (7.5) 273 (8.1) 51 (5.6) 154 (6.2) 148 (6) 97 (6)
M1b 3200 (74.5) 2539 (74.9) 661 (73) 1847 (74.2) 1849 (74.4) 1201 (74.7)
M1c 674 (15.7) 495 (14.6) 179 (19.8) 451 (18.1) 445 (17.9) 281 (17.5)
M1x 97 (2.3) 83 (2.4) 14 (1.5) 51 (1.7) 148 (6) 97 (6)
Socioeconomic
status
n (%)

0.04 0.6

1st quartile 1082 (25.2) 830 (24.5) 252 (27.8) 668 (26.9) 426 (26.5) 242 (27.6)
2nd-4th quartile 3213 (74.8) 2560 (75.5) 653 (72.2) 1817 (73.1) 1182 (73.5) 635 (72.4)
Local treatment
n (%)

0.2 1.0

None 3079 (71.7) 2419 (71.4) 660 (72.9) 1797 (72.3) 1157 (72) 640 (73)
RP 99 (2.3) 88 (2.6) 11 (1.2) 36 (1.4) 25 (1.6) 11 (1.3)
RT 843 (19.6) 664 (19.6) 179 (19.8) 489 (19.7) 318 (19.8) 171 (19.5)
RP+RT 182 (4.2) 144 (4.2) 38 (4.2) 111 (4.5) 73 (4.5) 38 (4.3)
Unknown 92 (2.1) 75 (2.2) 17 (1.9) 52 (2.1) 35 (2.2) 17 (1.9)
November 202
1 | Volume 11 | Article 7
All values are median (IQR) or frequencies (%).
RP, Radical prostatectomy; RT, Radiotherapy.
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the dose and type of chemotherapeutical agent administered,
may result in tendencies towards more restr ict ive
chemotherapy administration policies. Even though that
recent studies have recorded an increase of chemotherapy
rates in more contemporary years (14, 15), efforts are further
required to encourage referrals from within the urological
community for systemic therapy, when metastatic prostate
cancer is diagnosed (1).

Third, we recorded more favorable survival in chemotherapy-
exposed vs chemotherapy-naïve patients (76.3 vs 69.3% and 61.6
vs 54.3% at 18 and 30 months). These rates resulted in a highly
protective multivariable hazard ratio of 0.82 (CI:0.72-0.96,
p=0.01). Finally, even after detailed propensity score matching
for differences in patient and prostate cancer characteristics, a
protective hazard ratio of 0.77 (CI:0.66-0.90, p<0.001) was
recorded. Additionally, to propensity score matching, we
furthermore repeated the survival analyses after landmark
analyses was applied to maximally reduce potential biases that
might have occurred due to immortal time biases. Irrespectively
of these two strict methodological approaches to maximally
reduce any biases which may arise from differences between
chemotherapy exposed vs naïve de novo mPCa patients, survival
trends remained in its quantity and quality unchanged.

These observations are highly consistent with NCDB-derived
findings on the same topic (Weiner et al.) (9). Conversely, to the
best of our knowledge, no other reports identified a survival benefit
in contemporary, metastatic prostate cancer patients exposed to
chemotherapy compared to their chemotherapy naïve counterparts.
In consequence, it may be postulated that the survival benefit only
became apparent in the most contemporary population-based
metastatic prostate cancer patients, in both the SEER and the
NCDB. To the best of our knowledge, prior to Weiner et al. and
to the current study, a formal comparison between chemotherapy-
exposed vs chemotherapy-naïve patients was not reported. Instead,
previous population-based analyses examined survival trends
regardless of chemotherapy exposure status. These trends
exhibited only marginal improvement over time (14). For
example, Cattrini et al. reported only a modest improvement of
median overall survival (30 vs 26 months) in contemporary (2011-
2014) metastatic prostate cancer patients in comparison to
historical (2000-2003) metastatic prostate cancer patients
exposed to chemotherapy. Since Cattrini et al. did not
furthermore account for any treatment approach and primarily
focused on the cohort of metastatic prostate cancer patients from
an epidemiological aspect, results cannot directly be compared to
the current study (16). In consequence, the current study, as well
as the study by Weiner et al., cannot be directly compared to
Frontiers in Oncology | www.frontiersin.org 5158
previous population-based studies with different designs and
endpoints. Similarly, our findings cannot be directly compared
to phase 3 trials, that focused on specific molecules and treatment
regimens in randomized designs. In the current and Weiner et al.
studies chemotherapy-exposed patients may have received one or
multiple chemotherapy lines. Unfortunately, their specific time
and duration of exposure is unknown in the current study, as well
as in the Weiner et al. study. Consequently, some chemotherapy-
exposed patients may have received a single line of chemotherapy
with no overall survival benefit. Conversely, others may have
received multiple lines with an important overall survival benefit.
It is of note that combination therapies, including
chemotherapeutic agents, are likely to play an important role in
the near future. Recently, results derived from the PEACE-1 trial
demonstrated for example that addition of abiraterone to
androgen deprivation therapy (ADT) and docetaxel significantly
improved radiographic progression-free survival in de novo
metastatic castration sensitive prostate cancer patients (17). Last,
but not least, the current study differed from Weiner et al. in its
design. We relied on propensity score matching to maximally
attenuate differences between chemotherapy-exposed and
chemotherapy-naïve metastatic prostate cancer patients. Despite
propensity score matching use in the current study, the previously
recorded overall survival benefit observed in chemotherapy-
exposed patients remained in the current analyses. Similarly, its
magnitude remained virtually unchanged. It is noteworthy, that
the magnitude of the benefit in the current study, as well as in the
study of Weiner et al., cannot be directly compared to the
magnitude of survival benefit recorded in phase 3 trials for
specific systemic approaches for metastatic prostate cancer (18,
19). It is of note, that the magnitude of the survival benefit in most
of phase 3 studies addressing overall survival in metastatic prostate
cancer was greater than the magnitude recorded in our study, as
well as that recorded in the study of Weiner et al. and other small
scale institutional studies (20–22).

Regardless of the very important beneficial survival rates in
chemotherapy exposed metastatic prostate cancer patients in
respect to chemotherapy naïve patients, several limitations need
to be acknowledged. First, the rate of chemotherapy exposure is
low in the current study. It is nonetheless very similar to the rate
observed in the study of Weiner et al. Moreover, the nature of
administered chemotherapy is unknown with respect to the
number of lines, their duration, as well as their individual
efficacy. Furthermore, treatment approaches such as palliative
care or observational approaches, are not available in the SEER
database. Therefore, potential biases which may have occurred
due to different supportive care measurements cannot be ruled
TABLE 2 | Multivariable Cox regression models predicting overall mortality in de novo metastatic prostate cancer patients according to chemotherapy status prior to
and after propensity score matching.

Variable of interest Univariable Multivariable

Hazard Ratio 95%-CI p-value Hazard Ratio 95%-CI p-value

Unmatched data chemotherapy-exposed vs. naïve 0.73 0.63-0.83 <0.001 0.82 0.72-0.96 0.01
After propensity score matching chemotherapy-exposed vs. naïve 0.77 0.66-0.90 0.001 0.77 0.66-0.90 <0.001
Nov
ember 2021 | Volu
me 11 | Article
Cox regression models were adjusted for age, PSA, Gleason Group Grade, cT-stage, cN-stage, cM-stage and local treatment.
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out and should be taken into account when data is interpreted.
Similar to Weiner et al., we could not adjust or circumvent
these limitations.

Second, the retrospective nature of the study introduces a
number of selection biases, that distinguish chemotherapy
exposed patients from others. As reported, chemotherapy-
exposed patients tended to harbor more aggressive prostate
cancer phenotypes. The same limitation applied to the study
cohort focusing on NCDB. In the Weiner et al. study, these
differences were addressed in multivariable analyses. Conversely,
in the current study, multivariable analyses were complemented
by propensity score matching to more completely and strictly
address these differences.

Third, certain additional unmeasured variables could not be
addressed. These variables, including performance status and
comorbidities, were unavailable in the current study. Some of
these variables, including comorbidities, were available in the
Weiner et al. study (9). Despite their availability, overall survival
rates virtually perfectly agreed with rates recorded in the current
study. In consequence, lack of comorbidities does not appear to
represent a rate limiting factor. Fourth, strict stratification
according to low- and high-volume tumor burden, as
performed in previously reported phase-3 trials is limited by
the nature of SEER data collection (18). Finally, a number of
established predictors of survival (Lactate dehydrogenase,
hemoglobin) for metastatic prostate cancer patients were
unavailable in both the current and NCDB analyses (23).
CONCLUSIONS

In the largest contemporary, North-American population-based
study, chemotherapy exposure for metastatic prostate cancer
patients was associated with a prolonged overall survival,
however the magnitude of previous trial-based survival benefits
could not be reassured in real-life population-based data.
Frontiers in Oncology | www.frontiersin.org 6159
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3. Aparicio J, Maroto P, Garcıá Del Muro X, Sánchez-Muñoz A, Gumà J,
Margelı ́M, et al. Prognostic Factors for Relapse in Stage I Seminoma: A New
Nomogram Derived From Three Consecutive, Risk-Adapted Studies From
the Spanish Germ Cell Cancer Group (SGCCG). Ann Oncol (2014) 25
(11):2173–8. doi: 10.1093/annonc/mdu437

4. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A, Chi KN, et al.
Docetaxel Plus Prednisone or Mitoxantrone Plus Prednisone for Advanced
Prostate Cancer. N Engl J Med (2004) 351(15):1502–12. doi: 10.1056/
NEJMoa040720

5. Petrylak DP, Tangen CM, Hussain MHA, Lara PN, Jones JA, Taplin ME, et al.
Docetaxel and Estramustine Compared With Mitoxantrone and Prednisone
for Advanced Refractory Prostate Cancer. N Engl J Med (2004) 351(15):1513–
20. doi: 10.1056/NEJMoa041318

6. Scher HI, Fizazi K, Saad F, Taplin M-E, Sternberg CN, Miller K, et al. Increased
Survival With Enzalutamide in Prostate Cancer After Chemotherapy. N Engl J
Med (2012) 367(13):1187–97. doi: 10.1056/NEJMoa1207506

7. Fizazi K, Pagliaro L, Laplanche A, Fléchon A, Mardiak J, Geoffrois L, et al.
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Background: Taiwan is one of the endemic regions where upper tract urothelial
carcinoma (UTUC) accounts for approximately a third of all urothelial tumors. Owing to
its high prevalence, extensive experience has been accumulated in minimally invasive
radical nephroureterectomy (RNU). Although a variety of predictive factors have been
explored in numerous studies, most of them were on a single-center or limited institutional
basis and data from a domestic cohort are lacking.
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Objective: This study aims to identify significant predicting factors of oncological
outcomes, including overall survival (OS), cancer-specific survival (CSS), disease-free
survival (DFS), and intravesical recurrence-free survival (IVRFS), following RNU for UTUC in
Taiwan.

Methods: A multicenter registry database, Taiwan UTUC Collaboration Group, was
utilized to analyze oncological outcomes of 3,333 patients undergoing RNU from 1988 to
2021 among various hospitals in Taiwan. Clinicopathological parameters were recorded
according to the principles established by consensus meetings. The Kaplan-Meier
estimator was utilized to estimate the survival rates, and the curves were compared
using the stratified log-rank test. Univariate and multivariate analyses were performed with
the Cox proportional hazard model to explore potential predicting factors.

Results: With a median follow-up of 41.8 months in 1,808 patients with complete
information, the 5-year IVRFS, DFS, CSS, and OS probabilities were 66%, 72%, 81%, and
70%, respectively. In total, 482 patients experienced intravesical recurrence, 307 died of
UTUC, and 583 died of any cause. Gender predominance was female (57%). A total of
1,531 patients (84.7%) had high-grade tumors; preoperative hydronephrosis presented in
1,094 patients (60.5%). Synchronous bladder UC was identified in 292 patients (16.2%).
Minimally invasive procedures accounted for 78.8% of all surgeries, including 768 hand-
assisted laparoscopic (42.5%) and 494 laparoscopic (27.3%) approaches. Synchronous
bladder UC was the dominant adverse predicting factor for all survival outcomes. Other
independent predicting factors for OS, CSS, and DFS included age ≧70, presence of
preoperative hydronephrosis, positive surgical margin, LVI, pathological T and N staging,
and laparoscopic RNU.

Conclusion: Synchronous UC of the urinary bladder is an independent adverse
prognostic factor for survival in UTUC. The presence of preoperative hydronephrosis
was also corroborated as a disadvantageous prognostic factor. Our multivariate analysis
suggested that laparoscopic RNU might provide better oncological control.
Keywords: kidney pelvis, nephroureterectomy, risk factors, survival, ureter, urinary bladder, urinary tract,
urothelial carcinoma
INTRODUCTION

Upper tract urothelial carcinoma (UTUC) comprises
approximately 5% to 10% of all urothelial cancer (1). Taiwan is
one of the endemic regions where UTUC accounts for 30% of all
urothelial tumors (2). With the estimated annual incidence of up
to 2 new cases per 100,000 person-years in the Western
countries, the Taiwan Cancer Registry Annual Report depicted
the age-standardized incidence rate of UTUC was 3.71 in men
and 3.99 in women per 100,000 population in 2018. Radical
nephroureterectomy (RNU) is the standard primary treatment
for localized or even locally advanced UTUC. Owing to its high
prevalence in Taiwan, apart from conventional open RNU,
extensive experience was obtained in minimally invasive
surgical approaches for managing UTUC.

On account of its relatively low incidence across the world,
focused collaborative efforts are required to better understand
the behavior of UTUC. Globally, a number of multi-institutional
2162
database have contributed to the prediction of prognosis and
therapeutic responses following RNU (3), but the sample size was
limited and interethnic variations and regional differences might
exist in these cohorts. In order to obtain comprehensive
information about the prognosis locally, a multicenter registry
database, the Taiwan UTUC Collaboration Group, was
established to record clinical data and treatment outcomes of
patients who underwent RNU from 1988 to 2021 among various
hospitals in Taiwan. In contrast with the National Health
Insurance Research Database (NHIRD) of Taiwan, our dataset
could provide detailed clinical information and mitigate the
effects of unmeasured confounders. Additionally, diagnosis
validity would be confirmed after serial consensus meetings.
Robust results might be expected through collaborative work
among medical centers and regional hospitals.

A variety of predictive factors have been explored in numerous
studies, including patient, tumor, and pathological factors, to
forecast outcomes of patients with UTUC (4). Gender (5),
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preoperative blood-based biomarkers (6, 7), tumor stage (8), and
location (9) had been identified as pivotal predictive factors for
UTUC following RNU in a Taiwanese population. Nevertheless,
most results were derived from single-center or limited institutional
studies, and data from a domestic cohort are lacking. The aim of
our study is to identify predicting factors of long-term oncological
outcomes following radical nephroureterectomy in the largest
multicenter Taiwanese database.
MATERIALS AND METHODS

Database Introduction
Ethics approvals were granted by the Internal Review Board of 15
participating hospitals, and data sharing agreements were
required before commencing the multicenter cancer registry.
In order to achieve consistent and accurate data registration,
consensus meetings were undertaken to avoid any discrepancies.
All patients in the database, Taiwan UTUC Collaboration Group,
were waived from informed consent, and de-identified for
privacy protection.
Frontiers in Oncology | www.frontiersin.org 3163
Data Extraction
A total of 3,333 patients with UTUC from August 1988 to April
2021 inclusive were enrolled. Those undergoing RNU and
bladder cuff excision were included in the current study. A
variety of surgical approaches, including open and minimally
invasive techniques, either transperitoneal or retroperitoneal,
were presented. The exclusion criteria entailed 448 patients
receiving kidney-sparing treatment and 1,077 patients who
lack complete information, including basic characteristics,
perioperative parameters, pathological results, and follow-up
outcomes. On account of the retrospective nature of our large
multicenter database, missing data could be expected, which was
also inevitable in prospective multicenter studies. In order to
maintain the robustness and completeness of our results,
stringent exclusion criteria were applied. Incomplete data were
prevented, and no imputation was undertaken for statistical
analysis (Figure 1). No missing data was managed in all the
data extracted. Patient demographics were recorded and
postoperative complications were reported and graded using
the Clavien-Dindo classification.

Tumor location and size were defined by evaluation of the
specimen following RNU. Synchronous presence of two or more
FIGURE 1 | Study flowchart.
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pathologically confirmed lesions at different sites (renal
pelvicalyceal system or ureter) was designated as multifocality.
Tumor size was calculated by summing the longest diameters of
all tumors. Preoperative hydronephrosis was assessed utilizing
the computed tomography (CT) or magnetic resonance imaging
(MRI). Various cell types, carcinoma in situ, lymphovascular
invasion (LVI), tumor necrosis, and surgical margins were
reviewed by the urological pathologists. Histological grading
was determined according to the 2004 World Health
Organization grading system. Pathological staging was
referenced according to the 2017 TNM staging system of the
American Joint Committee on Cancer (AJCC). In addition, the
presence and chronology of bladder UC were recorded.

Survival Assessment
The primary endpoint of the study was to identify significant
predicting factors of oncological outcomes, including overall
survival (OS), cancer-specific survival (CSS), disease-free
survival (DFS), and intravesical recurrence-free survival
(IVRFS). The patients who died within 30 days after RNU or
within the same hospital stay were censored at the time of
mortality in the analysis of CSS. DFS was defined as time from
RNU to either first local recurrence in the tumor bed, first lymph
node or distant metastasis, or death from any cause. Recurrence
and metastasis were assessed either radiologically or
pathologically. Intravesical recurrence was coded with the
presence of any subsequent histologically proven bladder UC
during cystoscopy. All survival outcomes were evaluated with
multivariate Cox proportional hazard models.

Statistical Analysis
Continuous variables were tested for normality using
Kolmogorov-Smirnov test. Continuous data were stratified into
categories, and categorical data were reported as number and
percentage of all patients. The Kaplan-Meier estimator was
utilized to estimate the rates of prognostic outcomes, and the
survival curves were compared using the stratified log-rank test.
The Cox proportional hazard model was selected to assess the
effect of clinicopathological parameters on the prognostic
outcomes, alone and after adjusting for potential confounders.
All statistical assessments were two-tailed and considered
statistically significant as p < 0.05. Statistical analyses were
carried out with IBM SPSS statistical software version 26.
RESULTS

Patient, Tumors, and Surgical Approaches
The median follow-up for 1,808 patients undertaking RNU was
41.8 months; 482 (26.7%) patients experienced intravesical
recurrence, 448 (24.8%) encountered disease recurrence outside
of the bladder, 307 (17%) died of UTUC, and 583 (32.2%) died of
any cause. The 5-year IVRFS, DFS, CSS, and OS probabilities
were 66%, 72%, 81%, and 70%; the 10-year survival rates were
58%, 66%, 77%, and 51%, respectively. Patient demographics and
pathological characteristics are shown in Table 1. The median
Frontiers in Oncology | www.frontiersin.org 4164
age of diagnosis was 69 years, and 898 were equal to or more than
70 years old (49.7%). Gender predominance was female (57%);
the most common sites of UTUC were renal pelvis (68%) and
proximal ureter (22.7%). High-grade UTUC was diagnosed in
1,531 patients (84.7%); preoperative hydronephrosis presented
in 1,094 patients (60.5%). Synchronous bladder UC was
identified in 292 patients (16.2%). With regard to stage
distribution, stage III predominated (29.4%) followed by stage
I (24.9%) and stage II (18.6%). Interestingly, minimally invasive
procedures accounted for 78.8% of all RNU surgeries, including
768 hand-assisted laparoscopic (42.5%), 494 laparoscopic
(27.3%), 158 robot-assisted (8.7%), and 6 laparoendoscopic
single site (LESS) (0.3%) approaches. The surgical margin was
free in 1,732 patients (95.8%) but involved in 76 (4.2%) patients.

Identification of Predicting Factors for OS
In the univariate analysis of OS, the predictors demonstrating a
p-value of <0.05 were taken into account in the subsequent
multivariate analysis in which age, tumor size, preoperative
hydronephrosis, distal ureteral or bladder cuff UC, multifocal
UCs, previous or synchronous bladder UC, LVI, tumor necrosis,
surgical margin, tumor grade, cell type, pathological T and N
staging, and surgical approaches of RNU were included.
Independent adverse predicting factors for OS were shown as
follows: age ≧70, synchronous bladder UC, preoperative
hydronephrosis, LVI, positive surgical margin, and pathological
stages T2, T3, T4, N1, and N2. Adjusted Kaplan-Meier estimates
of OS are demonstrated in Figure 2. Favorable predicting factors
for OS were minimally invasive approaches, including
laparoscopic (HR = 0.671), hand-assisted laparoscopic (HR
0.805), and robotic RNU (HR = 0.484).

Identification of Predicting Factors
for CSS
By univariate analysis, worse CSS was associated with middle
ureteral UC (HR = 1.372, p = 0.032); other statistically significant
predictors for CSS included in the ensuing multivariate analysis
were identical to those for OS. Independent adverse predicting
factors for CSS were identified as follows: age ≧70, synchronous
bladder UC, preoperative hydronephrosis, LVI, positive surgical
margin, high-grade UC, and pathological stages T2, T3, T4, N1,
and N2. Adjusted Kaplan-Meier estimates of CSS are shown in
Figure 3. Merely one favorable predicting factor for CSS was
laparoscopic RNU (HR = 0.551).

Identification of Predicting Factors for DFS
By univariate analysis, except for robotic RNU, all statistically
significant predictors for DFS included in the successive
multivariate analysis were equivalent to those for OS.
Independent adverse predicting factors for DFS were identified
as follows: age ≧70, multifocal UC, synchronous bladder UC,
preoperative hydronephrosis, LVI, positive surgical margin,
high-grade UC, and pathological stages T2, T3, T4, N1, and
N2. Adjusted Kaplan-Meier estimates of DFS are displayed in
Figure 4. Only one favorable predicting factor for DFS was
laparoscopic RNU (HR = 0.726).
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Identification of Predicting Factors
for IVRFS
In the univariate analysis of IVRFS, statistically significant
predictors included gender, preoperative hydronephrosis,
middle ureteral, distal ureteral or bladder cuff UC, multifocal
UCs, previous or synchronous bladder UC, tumor grade, cell
type, and pathological T staging. The following multivariate
analysis highlighted that independent adverse predicting
factors of BRFS were as below: distal ureteral UC, multifocal
UCs, and previous and synchronous bladder UC. Adjusted
Kaplan-Meier estimates of IVRFS are illustrated in Figure 5.
Favorable predicting factors for BRFS were female gender (HR =
0.599) and pathological stage T4 (HR = 0.337).

All results of univariate and multivariate Cox regression
analyses are depicted in Tables 2, 3. Synchronous bladder UC
was the dominant adverse predicting factor for all aspects of
survival. Other independent predicting factors for OS, CSS, and
TABLE 1 | Baseline demographics and clinicopathological characteristics.

Parameters N (%)

Gender
Men 777 (43.0)
Women 1,031 (57.0)

Age
<70 910 (50.3)
≥70 898 (49.7)

Tumor location
Renal pelvis 1,229 (68.0)
Proximal ureter 410 (22.7)
Middle ureter 252 (13.9)
Distal ureter 360 (19.9)
Bladder cuff 49 (2.7)

Tumor size
Nonvisible 34 (1.9)
<1 cm 128 (7.1)
≥1 and <2 cm 356 (19.7)
≥2 and <3 cm 396 (21.9)
≥3 cm 894 (49.4)

Multifocality
No 1182 (65.4)
Yes 626 (34.6)

Cell type
Urothelial carcinoma (UC) 1,633 (90.3)
UC with variants 128 (7.1)
Squamous 1 (0.1)
Small cell 2 (0.1)
Others 44 (2.4)

Carcinoma in situ (CIS)
No 1,497 (82.8)
Yes 311 (17.2)

Bladder UC
No 1,392 (77.0)
Previous 124 (6.9)
Synchronous 292 (16.2)

Tumor grading
Low grade 277 (15.3)
High grade 1,531 (84.7)

Lymphovascular invasion
No 1,391 (76.9)
Yes 417 (23.1)

Surgical margin
Free 1,732 (95.8)
Positive 76 (4.2)

Preoperative hydronephrosis
No 714 (39.5)
Yes 1,094 (60.5)

Tumor necrosis
No 1,522 (84.2)
Yes 286 (15.8)

Pathological stage
0a/0is 334 (18.5)
I 450 (24.9)
II 337 (18.6)
III 531 (29.4)
IV 156 (8.6)

Pathological T stage
pTis 26 (1.4)
pTa 308 (17.0)
pT1 453 (25.1)
pT2 346 (19.1)
pT3 590 (32.6)
pT4 85 (4.7)

(Continued)
TABLE 1 | Continued

Parameters N (%)

Pathological N stage
pN0 408 (22.6)
pN1 33 (1.8)
pN2 56 (3.1)
pNx 1,311 (72.5)

RNU techniques
Open 382 (21.1)
Laparoscopic hand-assisted 768 (42.5)
Robot-assisted 158 (8.7)
Laparoscopic 494 (27.3)
LESS 6 (0.3)

RNU approaches
Transperitoneal 951 (52.6)
Retroperitoneal 857 (47.4)

Clavien-Dindo classification
No 1,093 (60.5)
Grade I 236 (13.1)
Grade II 365 (20.2)
Grade III 50 (2.8)
Grade IV 45 (2.5)
Grade V 19 (1.1)

Postoperative complication
No 1528 (84.5)
Yes 280 (15.5)
ESRD 218 (12.1)
Ileus 45 (2.5)
Ventral hernia 33 (1.8)

Bladder UC following RNU
No 1,326 (73.3)
Yes 482 (26.7)

Disease free
No 1,360 (75.2)
Yes 448 (24.8)

UTUC-specific mortality
No 1,501 (83.0)
Yes 307 (17.0)

Overall mortality
No 1,225 (67.8)
Yes 583 (32.2)
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DFS included age ≧70, presence of preoperative hydronephrosis,
positive surgical margin, LVI, pathological T and N staging, and
laparoscopic RNU.
DISCUSSION

Despite the high prevalence of UTUC in Taiwan, patient
demographics and perioperative data on a domestic basis are
lacking. In order to better understand the behavior of UTUC in
one of the endemic regions, a multicenter Taiwan UTUC
Collaboration Group was established by 15 participating
hospitals to collect detailed clinical information. In our large
multicenter cohort of 1,808 patients receiving RNU, female
predominance was observed, which was corresponding to
previous hospital-based results (8, 10) as well as the crude
incidence rate from the Taiwan Cancer Registry Annual
Report. Different gender distributions were ascertained as
compared with the reports from Western (11, 12) and other
Asian countries (13, 14). Similar to previous studies (15, 16), no
gender difference could be demonstrated in OS or CSS.
Nevertheless, Huang et al. (10) highlighted that females had
better OS and CSS in nonmuscle invasive UTUC; similarly,
better IVRFS was exhibited in our female patients.

Approximately 8% to 13% of patients with UTUC present
with synchronous bladder UC (17). In the French national
UTUC database, 9.4% of the enrolled 662 patients showed
Frontiers in Oncology | www.frontiersin.org 6166
synchronous bladder UC; 16.2% was reported in our study. It
is noteworthy that synchronous bladder UC was an
independently adverse predicting factor for OS, CSS, DFS, and
IVRFS. Likewise, Mullerad et al. (18) maintained that a history of
superficial or muscle-invasive bladder cancer was independently
associated with CSS and IVRFS. Given that their survival analysis
might be skewed by muscle-invasive bladder UC, Pignot et al.
(17) focused on the influence of previous or synchronous
superficial bladder UC unambiguously. As expected, the
history of superficial bladder UC is a well-known predictor of
intravesical recurrence (IVR), but they failed to reveal a
prognostic effect on survival. Interestingly, as chronology was
taken into consideration, the survival differences between
previous and synchronous bladder UC were significantly
manifested in the current study. Moreover, a previous bladder
UC was again proven as a predicting factor for IVR.

In spite of a similar histologic appearance, distinct
epidemiologic and clinicopathologic differences have been
identified between UTUC and bladder UC (19, 20).
Nevertheless, Doeveran et al. (21) conducted a systematic
review to underline that UTUC and paired bladder UC
(synchronous or metachronous) were likely clonally related.
Later, they performed targeted genomic sequencing to support
the hypothesis that metachronous bladder UCs following RNU
were predominantly clonally derived recurrences (22).
Furthermore, Petros et al. (23) indicated that, regardless of
chronologic development or anatomic origin, most
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FIGURE 2 | Kaplan-Meier curves of overall survival (OS) following adjustment for age, tumor size, preoperative hydronephrosis, distal ureteral or bladder cuff urothelial
carcinoma (UC), multifocal UCs, previous or synchronous bladder UC, lymphovascular invasion (LVI), tumor necrosis, surgical margin, tumor grading, cell type, pathological
T and N staging, and surgical approaches of radical nephroureterectomy (RNU). Significant predicting factors for OS included: (A) age, (B) chronological history of bladder
UC, (C) cell type, (D) T stage, (E) surgical margin, (F) preoperative hydronephrosis, (H) LVI, and (I) RNU techniques. (G) N staging did not demonstrate significant influence
on OS because the proportion of lymphadenectomy was limited in the present study.
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FIGURE 3 | Kaplan-Meier curves of cancer-specific survival (CSS) following adjustment for age, tumor size, preoperative hydronephrosis, middle ureteral, distal
ureteral or bladder cuff urothelial carcinoma (UC), multifocal UCs, previous or synchronous bladder UC, lymphovascular invasion (LVI), tumor necrosis, surgical
margin, tumor grading, cell type, pathological T and N staging, and surgical approaches of radical nephroureterectomy (RNU). Significant predicting factors for CSS
included: (A) age, (B) chronological history of bladder UC, (C) tumor grading, (D) T stage, (E) surgical margin, (F) preoperative hydronephrosis, (H) LVI, and (I) RNU
techniques. (G) N staging did not demonstrate significant influence on CSS because the proportion of lymphadenectomy was limited in the present study.
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FIGURE 4 | Kaplan-Meier curves of disease-free survival (DFS) following adjustment for age, tumor size, preoperative hydronephrosis, distal ureteral or bladder
cuff urothelial carcinoma (UC), multifocal UCs, previous or synchronous bladder UC, lymphovascular invasion (LVI), tumor necrosis, surgical margin, tumor
grading, cell type, pathological T and N staging, and surgical approaches of radical nephroureterectomy (RNU). Significant predicting factors for DFS included:
(A) age, (B) chronological history of bladder UC, (C) tumor grading, (D) T stage, (E) surgical margin, (F) preoperative hydronephrosis, (G) multifocality, (H) LVI,
and (I) RNU techniques.
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metachronous tumors maintained molecular subtype
membership of the initial tumor. Most relevantly, the whole
transcriptome RNA sequencing demonstrated luminal-like gene
expression in same-patient samples of UTUC and synchronous
bladder UC. When examining gene expression profiles of basal/
luminal immunohistochemical markers, Sikic et al. (24) reported
the luminal-like (CD20+/CK5−) subtype to be associated with
worse cancer-specific survival. Given that most tumor cells of
UTUC and paired bladder UC shared identical clonality, either
UTUC metastasis to the bladder or bladder cancer metastasis to
the upper tract, it is plausible to speculate that intraluminal
cancer seeding may be a pivotal mechanism for drop or
retrograde metastasis. Certainly, synchronous upper tract and
bladder UCs express in a similar fashion and an aggressive
clinical behavior of such disease entity may be expected.

Since preoperative hydronephrosis was regarded as a
controversial risk factor, Tian et al. (25) conducted a thorough
systematic review and meta-analysis to clarify its role in the
prognosis of UTUC. They suggested that preoperative
hydronephrosis was significantly associated with poor survival.
Similarly, the latest two-center Japan study (26) depicted that
preoperative hydronephrosis was an independent predictor of
shorter recurrent-free survival. To the best of our knowledge, the
present study is the largest one investigating the relationship
between preoperative hydronephrosis and oncological outcomes.
With adjustment of potential confounding factors, it was
independently associated with OS, CSS, and DFS. One possible
mechanism to shed light on our finding is that the presence of
preoperative hydronephrosis may mostly be attributed to
luminal obstruction caused by ureteral tumors. In the present
study, more than 90% of patients presenting with preoperative
hydronephrosis had ureteral tumors. Although the prognostic
role of primary tumor location remains contentious, Yu et al. (9)
pointed out that ureteral UC was a significantly adverse
Frontiers in Oncology | www.frontiersin.org 8168
predicting factor for OS, CSS, DFS, and IVRFS, in comparison
with renal pelvic UC. Moreover, a thin-walled structure of the
ureter with an extensive anastomosing network of arterial supply
and venous and lymphatic drainage may be one of the
mechanisms which promote cancer spreading and poorer
prognosis. Another explanation is that some renal pelvic
tumors may block the ureteropelvic junction and increase
intrarenal pressure that impede flow of lymphatics and
vasculature, which might induce increased cancer seeding (27).

A systematic review of European Association of Urology (28)
suggested that the oncological outcomes of open RNU may be
better than those of laparoscopic RNU as bladder cuff was
excised laparoscopically and in locally advanced high-risk
UTUC. Despite better perioperative outcomes utilizing the
laparoscopic approach, its oncological safety continues to be
debatable. Even though some propensity-score matching
analyses were presented, no consistent conclusion can be
drawn (29, 30). In the most recent meta-analysis comparing
laparoscopic versus open RNU, Piszczek et al. (3) found
comparable oncological outcomes in UTUC patients, even in
locally advanced disease. Intriguingly, our multivariate analysis
showed better OS, CSS, and DFS for the laparoscopic surgical
approach. It partly can be explained by the high incidence of
UTUC in Taiwan, which contribute to high surgical volume in
Taiwanese regional hospita ls and medical centers .
Notwithstanding there was no census regarding the number of
RNU per year recognized as high surgical volume, regional
variations were clearly described in the reviewed literature. In
the States, from the National Cancer Database, Sui et al. (31)
defined high-volume hospitals as more than 6 RNU performed
each year. The results of their multivariate analyses accorded
with our assumption, which indicated that performance of RNU
at high-volume hospitals was associated with better long-term
survival. In Japan, Sugihara et al. (32) depicted less than 20
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FIGURE 5 | Kaplan-Meier curves of intravesical recurrence-free survival (IVRFS) following adjustment for gender, preoperative hydronephrosis, middle ureteral, distal
ureteral or bladder cuff urothelial carcinoma (UC), multifocal UCs, previous or synchronous bladder UC, tumor grading, cell type, and pathological T staging.
Significant predicting factors for IVRFS included: (A) gender, (B) chronological history of bladder UC, (C) multifocality, and (D) tumor position at the distal ureter.
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procedures per year as low-volume institutes. They found that
minimally invasive RNU was more likely to be offered at high-
volume hospitals. In our series, with a cutoff level of 20
minimally invasive RNU each year, higher hospital volume
(≧20) was significantly associated with better OS. All these
results corroborate our explanation that surgical volume may
be a pivotal predicting factor in survival following RNU.

Of note, a high proportion (72.7%) of minimally invasive
approaches was evident in our contemporary cohort. Whereas
one theory attributed recurrence to carbon dioxide insufflation
and pneumoperitoneum, neither port site metastasis nor
Frontiers in Oncology | www.frontiersin.org 9169
peritoneal dissemination was registered in the present study.
Another possible mechanism explaining better survival following
laparoscopic RNU is delicate manipulation of the upper tract
with meticulous prevention of urine spillage. Early ureteral
clipping to reduce drop metastasis and prompt urine drainage
to avoid cancer seeding are of paramount importance in our
surgical training and routine practice of RNU. Additionally,
when observing the trend of different RNU approaches within
decades, the numbers of minimally invasive RNU have been
increasing since 2000. Between 2006 and 2015, the most common
approach was hand-assisted laparoscopic RNU in Taiwan.
TABLE 2 | Comparative univariate and multivariate Cox regression analyses of overall survival (OS) and cancer-specific survival (CSS) in patients with UTUC.

OS CSS

Univariate Multivariate Univariate Multivariate

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Gender
Female 0.90 (0.77–1.06) 0.226 0.93 (0.74–1.16) 0.500

Age ≥70 2.13 (1.80–2.51) <0.001** 2.16 (1.81–2.56) <0.001** 1.63 (1.30–2.05) <0.001** 1.59 (1.25–2.01) <0.001**
Carcinoma in situ 1.11 (0.90–1.38) 0.323 0.987 (0.73–1.33) 0.930
Tumor size
Reference: <1 cm
≥1 and <2 cm 0.94 (0.65–1.35) 0.726 0.84 (0.57–1.22) 0.358 0.91 (0.50–1.65) 0.750 0.63 (0.34–1.18) 0.148
≥2 and <3 cm 1.12 (0.79–1.59) 0.542 0.90 (0.62–1.31) 0.586 1.41 (0.81–2.46) 0.230 0.87 (0.48–1.56) 0.632
≥3 cm 1.69 (1.23–2.33) 0.001** 1.05 (0.74–1.50) 0.776 2.67 (1.601–4.45) <0.001** 1.11 (0.64–1.94) 0.707

Tumor location
Renal pelvis 0.98 (0.82–1.16) 0.808 1.02 (0.80–1.30) 0.865
Proximal ureter 1.18 (0.98–1.43) 0.077 1.24 (0.96–1.60) 0.099
Middle ureter 1.16 (0.93–1.45) 0.198 1.37 (1.03–1.83) 0.032* 1.08 (0.79–1.49) 0.626
Distal ureter 1.27 (1.04–1.54) 0.019* 1.14 (0.93–1.40) 0.219 1.45 (1.12–1.88) 0.005** 1.22 (0.92–1.63) 0.168
Bladder cuff 2.15 (1.47–3.14) <0.001** 0.87 (0.57–1.32) 0.513 2.65 (1.65–4.27) <0.001** 0.91 (0.53–1.54) 0.718

Multifocality 1.44 (1.22–1.70) <0.001** 1.12 (0.94–1.33) 0.223 1.71 (1.37–2.14) <0.001** 1.15 (0.90–1.48) 0.265
Preoperative hydronephrosis 1.56 (1.31–1.87) <0.001** 1.43 (1.19–1.72) <0.001** 1.70 (1.32–2.17) <0.001** 1.52 (1.16–1.98) 0.002**
Lymphovascular invasion 2.50 (2.10–2.97) <0.001** 1.38 (1.14–1.68) 0.001** 3.49 (2.79, 4.38) <0.001** 1.36 (1.06–1.75) 0.016*
Positive surgical margin 4.35 (3.26–5.79) <0.001** 1.93 (1.38–2.70) <0.001** 6.03 (4.33, 8.41) <0.001** 2.12 (1.42–3.16) <0.001**
Tumor necrosis 1.62 (1.33–1.98) <0.001** 1.10 (0.89–1.36) 0.392 1.92 (1.48, 2.49) <0.001** 1.08 (0.82–1.43) 0.592
Tumor grading
Low grade 1 1 1 1
High grade 1.64 (1.29–2.10) <0.001** 1.07 (0.82–1.40) 0.599 3.68 (2.26–6.01) <0.001** 1.68 (1.00–2.81) 0.049*

Cell type
Reference: urothelial carcinoma (UC)
UC with variants 1.97 (1.55–2.51) <0.001** 1.32 (1.01–1.71) 0.041* 2.60 (1.94–3.49) <0.001** 1.37 (1.00–1.90) 0.054

Bladder UC
Previous 1.18 (0.85–1.63) 0.314 1.37 (0.98–1.91) 0.065 1.05 (0.66–1.68) 0.842 1.34 (0.83–2.17) 0.238
Synchronous 1.55 (1.26–1.91) <0.001** 1.50 (1.20–1.87) <0.001** 1.69 (1.28–2.21) <0.001** 1.52 (1.12–2.04) 0.007**

Pathological T stage
Reference: Ta/Tis
T1 1.16 (0.86–1.58) 0.328 1.16 (0.84–1.61) 0.359 1.35 (0.74–2.49) 0.330 1.20 (0.64–2.28) 0.570
T2 1.66 (1.23–2.24) 0.001** 1.40 (1.00–1.95) 0.048* 3.07 (1.75–5.40) <0.001** 2.07 (1.12–3.79) 0.019*
T3 2.89 (2.21, 3.78) <0.001** 2.20 (1.59–3.05) <0.001** 7.94 (4.75–13.27) <0.001** 4.70 (2.62–8.41) <0.001**
T4 8.59 (6.04–12.22) <0.001** 4.84 (3.15–7.45) <0.001** 23.64 (13.29–42.04) <0.001** 8.77 (4.47–17.20) <0.001**

Pathological N stage
Reference: N0
N1 3.67 (2.27–5.93) <0.001** 2.54 (1.55–4.17) <0.001** 5.50 (3.27–9.25) <0.001** 3.54 (2.05–6.13) <0.001**
N2 3.05 (2.03–4.61) <0.001** 1.87 (1.22–2.87) 0.004** 3.99 (2.42–6.57) <0.001** 1.91 (1.13–3.23) 0.016*
Nx 1.03 (0.83–1.27) 0.804 1.10 (0.88–1.37) 0.391 0.99 (0.74–1.33) 0.942 1.16 (0.86–1.56) 0.344

RNU techniques
Reference: open
Hand-assisted laparoscopic 0.79 (0.65–0.96) 0.017* 0.81 (0.66–0.99) 0.036* 0.71 (0.54–0.92) 0.009** 0.82 (0.62–1.09) 0.168
Robot-assisted 0.44 (0.28–0.70) 0.001** 0.48 (0.30–0.77) 0.002** 0.50 (0.29–0.85) 0.010* 0.60 (0.35–1.04) 0.067
Laparoscopic 0.62 (0.48–0.79) <0.001** 0.67 (0.52–0.87) 0.002** 0.46 (0.33–0.65) <0.001** 0.55 (0.39–0.79) 0.001**
LESS 0.24 (0.03–1.74) 0.160 0.15 (0.02–1.12) 0.064 0.48 (0.07–3.43) 0.462 0.21 (0.03–1.58) 0.128
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It can be alluded that the hand-assisted laparoscopic procedure
might accelerate the transition of open to laparoscopic RNU. Not
only could it preserve the conventional open method of bladder
cuff excision, but also it assisted in the development of
laparoscopic ureteric, perihilar, and perirenal dissection. After
such transitional period, the proportion of laparoscopic RNU
became the largest between 2016 and 2021. Simultaneously, the
number of robotic RNU has been increasing since 2011.
Undoubtfully, selection bias favoring the laparoscopic
approach was commonly observed in a myriad of studies (28).
In our series, with reference to T4 tumors, 36 (9.4%) patients
Frontiers in Oncology | www.frontiersin.org 10170
were in the open RNU group and 15 (3.0%) in the laparoscopic
group. Regarding T3 tumors, the numbers of patients were
similar in both open (126, 33%) and laparoscopic (165, 33.4%)
approaches. Undeniably, as UTUC invaded adjacent organs,
surgeons still preferred open surgery for T4 tumors.
Nevertheless, our registry data revealed that minimally invasive
operations were yet undertaken in patients with locally advanced
or even nodal diseases. With accumulated surgical experience of
RNU, regardless of open or minimally invasive access, Taiwanese
urologists became accustomed to various pathological
circumstances and delivered better quality of surgical oncology
TABLE 3 | Comparative univariate and multivariate analyses of disease-free survival (DFS) and intravesical recurrence-free survival (IVRFS) in patients with UTUC.

DFS IVRFS

Univariate Multivariate Univariate Multivariate

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Gender
Female 0.91 (0.76–1.10) 0.314 0.55 (0.46–0.66) <0.001** 0.60 (0.50–0.72) <0.001**

Age ≥70 1.36 (1.13–1.64) 0.001** 1.27 (1.05–1.54) 0.014* 1.04 (0.87–1.24) 0.689
CIS 1.06 (0.83–1.36) 0.645 1.22 (0.97–1.53) 0.092
Tumor size
Reference: <1 cm
≥1 and <2 cm 0.94 (0.58–1.53) 0.816 0.74 (0.45–1.21) 0.225 0.95 (0.67–1.34) 0.751
≥2 and <3 cm 1.40 (0.89–2.19) 0.145 0.99 (0.62–1.58) 0.956 0.88 (0.62–1.24) 0.452
≥3 cm 2.63 (1.75–3.97) <0.001** 1.35 (0.87–2.10) 0.184 0.99 (0.73–1.36) 0.972

Tumor location
Renal pelvis 1.12 (0.92–1.37) 0.274 0.90 (0.75–1.09) 0.269
Proximal ureter 1.23 (1.00–1.52) 0.053 1.17 (0.95–1.44) 0.133
Middle ureter 1.26 (0.98–1.62) 0.071 1.28 (1.00–1.63) 0.046* 1.11 (0.86–1.43) 0.416
Distal ureter 1.33 (1.07–1.65) 0.011* 1.23 (0.97–1.57) 0.084 1.70 (1.39–2.09) <0.001** 1.49 (1.20– 1.85) <0.001**
Bladder cuff 2.41 (1.58–3.67) <0.001** 0.78 (0.49–1.25) 0.295 1.63 (1.02–2.61) 0.042* 1.07 (0.65– 1.76) 0.781

Multifocality 1.75 (1.45–2.11) <0.001** 1.27 (1.03–1.55) 0.024* 1.57 (1.31–1.88) <0.001** 1.30 (1.07–1.58) 0.010*
Preoperative hydronephrosis 1.37 (1.13–1.67) 0.002** 1.29 (1.04–1.59) 0.019* 1.29 (1.07–1.55) 0.008** 1.20 (0.99–1.46) 0.062
Lymphovascular invasion 3.26 (2.70–3.94) <0.001** 1.37 (1.10–1.69) 0.004** 1.07 (0.86–1.34) 0.545
Positive surgical margin 4.28 (3.14–5.83) <0.001** 1.84 (1.29–2.64) 0.001** 0.88 (0.50–1.57) 0.668
Tumor necrosis 1.85 (1.48–2.30) <0.001** 1.04 (0.82–1.32) 0.754 0.96 (0.75–1.24) 0.767
Tumor grading
Low grade
High grade 3.84 (2.56–5.74) <0.001** 1.93 (1.26–2.94) 0.002** 0.80 (0.64–0.997) 0.047* 0.81 (0.63–1.03) 0.084

Cell type
Reference: urothelial carcinoma (UC)
UC with variants 2.14 (1.65–2.76) <0.001** 1.24 (0.94–1.64) 0.128 0.65 (0.44–0.95) 0.027* 0.69 (0.47–1.02) 0.065

Bladder UC
Previous 1.08 (0.74–1.58) 0.684 1.30 (0.88–1.93) 0.183 2.02 (1.50–2.71) <0.001** 1.65 (1.22–2.23) 0.001**
Synchronous 1.76 (1.41–2.20) <0.001** 1.62 (1.27–2.07) <0.001** 1.68 (1.34–2.10) <0.001** 1.33 (1.04–1.70) 0.022*

Pathological T stage
Reference: Ta/Tis
T1 1.37 (0.87–2.16) 0.176 1.16 (0.72–1.86) 0.551 1.06 (0.82–1.39) 0.647 1.17 (0.89–1.53) 0.269
T2 3.06 (2.01–4.67) <0.001** 1.99 (1.27–3.14) 0.003** 1.13 (0.86–1.50) 0.378 1.18 (0.87–1.59) 0.291
T3 6.32 (4.29–9.30) <0.001** 3.52 (2.27–5.46) <0.001** 1.12 (0.87–1.45) 0.378 1.27 (0.96–1.69) 0.096
T4 16.77 (10.63– 26.45) <0.001** 6.22 (3.65–10.60) <0.001** 0.28 (0.10–0.77) 0.013* 0.34 (0.12–0.93) 0.035*

Pathological N stage
Reference: N0
N1 4.85 (3.03–7.76) <0.001** 3.57 (2.19–5.83) <0.001** 1.12 (0.55–2.30) 0.759
N2 5.17 (3.50–7.65) <0.001** 2.71 (1.79–4.09) <0.001** 0.74 (0.36–1.52) 0.416
Nx 1.04 (0.82–1.32) 0.759 1.23 (0.96–1.58) 0.110 0.97 (0.78–1.21) 0.802

RNU techniques
Reference: open
Hand-assisted laparoscopic 0.76 (0.61–0.96) 0.020* 0.98 (0.77–1.25) 0.875 1.15 (0.90–1.48) 0.258
Robot-assisted 0.80 (0.55–1.17) 0.249 1.01 (0.68–1.50) 0.953 1.11 (0.75–1.64) 0.611
Laparoscopic 0.59 (0.45–0.78) <0.001** 0.73 (0.55–0.96) 0.027* 1.17 (0.89–1.54) 0.250
LESS 0.34 (0.05–2.46) 0.286 0.20 (0.03–1.46) 0.111 0.83 (0.21–3.39) 0.800
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practice, thereby explaining better survival outcomes for the
laparoscopic approach.

Several limitations of the present study merit discussion.
Firstly, the data were retrospectively recruited and analyzed.
On account of multi-institutional collaborations, these
operations were performed by various surgeons at each
institution and the surgical approach, especially pertaining to
the management of the distal ureteral cuff, was decided at
individual’s discretion. Nevertheless, potential confounding
factors were adjusted by multivariate Cox regression analyses
to identify independently significant predictors. Furthermore,
the multi-institutional study included a wider range of
population groups, increasing the generalizability of the results.
Secondly, lymph node yields and precise nodal status were
lacking. Given there was no substantial evidence of therapeutic
effect and standardized template of regional lymphadenectomy,
it was merely provided in UTUC patients with suspiciously nodal
disease. Thirdly, centralized pathological and radiological
reviews were not conducted. To mitigate the influence of intra-
and interobserver variability, we utilized a standardized format
that was based on the principles of pathology management for
urothelial cancer in the NCCN guidelines and the AJCC TNM
staging system, to ensure accordance of interpretation.
Additionally, neoadjuvant or adjuvant systemic therapy was
not depicted in the present study. The patients receiving
systemic therapy accounted for a fairly small portion of our
database. Even though these patients were excluded from the
present cohort, our outcomes remained unchanged.

Another limitation needs to be addressed: the pathological
staging of synchronous bladder UC was not registered in our
database. With regard to the bladder disease, complexity would
be expected and more sophisticated variables were required, such
as tumor location (trigone, ureteral orifices or other parts of the
urinary bladder), intravesical chemotherapy or Bacillus
Calmette-Guérin induction or maintenance, subsequent
treatment modalities (systemic chemotherapy, chemoradiation
or radical cystectomy), and recurrent disease status. Owing to
limited human resources, after discussion within our consensus
conferences, details of synchronous bladder UC were reduced to
the presence or not of the disease. Nevertheless, in our
experiences, most of them were nonmuscle invasive UC of the
urinary bladder, because merely 33 patients in our cohort
received systemic chemotherapy for bladder cancer. Only 2 of
them underwent neoadjuvant chemotherapy and hence it might
be speculated that the number of simultaneous radical
cystectomy was extremely low in our database. It is plausible
that most patients with synchronous bladder UC were treated by
transurethral endoscopic resection.

Undoubtedly, the retrospective nature of the multi-
institutional study introduced hospital variations and selection
bias. However, a single-institution experience could hardly
represent the clinical behavior of UTUC in Taiwan.
Notwithstanding the rarity of this disease around the world,
the long-term observations from our multicenter effort may
contribute to improved prognostic prediction and surgical
treatment advances. Following statistical control of
Frontiers in Oncology | www.frontiersin.org 11171
confounding factors, several significantly beneficial and adverse
predictors were identified. Further prospective well-designed
researches are warranted to validate our findings and elucidate
the underlying mechanism. In light of the real-world context, we
believe this multi-institutional collaboration may be a
considerable help in medical progress of treating UTUC.
CONCLUSION

This multi-institutional collaborative study in Taiwan recognized
synchronous UC in the urinary bladder as a harbinger of poor
prognosis for patients with UTUC. In addition, the presence of
preoperative hydronephrosis was corroborated as an adverse
prognostic factor for UTUC. Interestingly, our multivariate
analysis suggested laparoscopic RNU might provide better
oncological control. Further randomized controlled trials are
warranted to validate our finding.
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The circadian system is an innate clock mechanism that governs biological processes on
a near 24-hour cycle. Circadian rhythm disruption (i.e., misalignment of circadian
rhythms), which results from the lack of synchrony between the master circadian clock
located in the suprachiasmatic nuclei (SCN) and the environment (i.e., exposure to day
light) or the master clock and the peripheral clocks, has been associated with increased
risk of and unfavorable cancer outcomes. Growing evidence supports the link between
circadian disruption and increased prevalence and mortality of genitourinary cancers (GU)
including prostate, bladder, and renal cancer. The circadian system also plays an essential
role on the timely implementation of chronopharmacological treatments, such as
melatonin and chronotherapy, to reduce tumor progression, improve therapeutic
response and reduce negative therapy side effects. The potential benefits of the
manipulating circadian rhythms in the clinical setting of GU cancer detection and
treatment remain to be exploited. In this review, we discuss the current evidence on the
influence of circadian rhythms on (disease) cancer development and hope to elucidate the
unmet clinical need of defining the extensive involvement of the circadian system in
predicting risk for GU cancer development and alleviating the burden of implementing
anti-cancer therapies.

Keywords: prostate cancer, kidney cancer, bladder cancer, genitourinary cancers, melatonin, chronotherapy,
circadian rhythm, CLOCK proteins
INTRODUCTION

In 2017, three investigators were jointly awarded the Nobel Prize in Physiology or Medicine for their
work on molecular mechanisms controlling the circadian system. The circadian system is an innate
clock mechanism that governs biological processes on a near 24-hour cycle (1, 2). The evolutionary-
conserved process regulates the sleep-wake cycle as well as molecular and cellular operations. The
master clock is located in the suprachiasmatic nuclei (SCN) of the hypothalamus (3). The clock
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responds to environmental cues, such as light-dark patterns, to
allow an individual to maintain synchrony with the external
environment (4). In other words, through light-dark signals from
the environment, the SCN is synchronized to the local position
on Earth (3). In addition, clock genes in the SCN use neural
signals to synchronize peripheral clocks located in the body to
the external solar day (3). The circadian clock intrinsically drives
transcriptional and translational feedback loops (TTFL) that
regulate bodily activities (2, 5). The near 24-h cycles of gene
expression are promoted by two activator clock proteins, Brain
and Muscle ARNT-Like 1 (BMAL1) and Circadian Locomotor
Output Cycles Kaput (CLOCK), and two repressor proteins,
Period (PER) and Cryptochrome (CRY) (5). Disruption and
mutation of the four integral clock proteins can misalign
circadian rhythms (CRs, endogenous rhythms that are
generated and regulated by then master circadian clock and
repeat themselves roughly every 24 hour) such as core body
temperature, hormone secretion, and sleep-wake activity (6).

Circadian rhythms disruption (CRDs; which result in
misalignment of circadian rhythms, such as hormone production
and the sleep-wake cycle have been shown to correlate with
increased prevalence and mortality of GU cancers (7). Non-
pharmacological interventions including chronotherapy and
melatonin have been implicated in the treatment of CRDs. The
four integral clock proteins, PER, CRY, BMAL1, and CLOCK, all
have complex molecular roles that can improve our understanding
of cancer risk and biologically/clinically relevant outcomes (1, 6). Yet,
non-pharmacological treatments of chronotherapy and melatonin
(e.g., light therapy, behavioral interventions) have diminished the
toxicity of chemotherapeutic and immunotherapeutic drugs, while
increasing their overall efficacy against aggressive disease (7). In this
review we discuss the current evidence recognizing the
significant role CRs play in GU cancer risk, development, and
treatment outcomes.
EFFECT OF ENVIRONMENTAL
CUES ON CRs

The daily light-dark pattern reaching the retina is the primary
input to synchronize the biological clock to the 24-h solar day
Abbreviations: ADT, androgen deprivation therapy; Akt, protein kinase B;
MAPKs –mitogen-activated protein kinase; AR, androgen receptor; BMAL1,
Brain and Muscle ARNT-Like; CCGs, clock-controlled genes; CRDs, circadian
rhythms disruption; CR, circadian rhythms; CLOCK, Circadian Locomotor
Output Cycles Kaput; CRPC, castration-resistant prostate cancer; CRY,
cryptochrome; EGF, epidermal growth factor; EMT, epithelial-to-mesenchymal
transition; ET-1, endothelial-1; GSK-3b, glycogen synthase kinase-3b; GU,
genitourinary; HIF-1a, hypoxia-inducible factor 1 alpha; IL-2, interleukin-2;
MAPK, mitogen-activated protein kinase; MET, mesenchymal-to-epithelial
transition; MIBC, muscle-invasive bladder cancer; MLT, melatonin; MMP,
matrix metalloprotease; NMIBC, non-muscle-invasive bladder cancer; PBT,
proton beam therapy; PCa, prostate cancer; PER, period; RCC, renal cell
carcinoma; REV-ERBa (NR1D1), nuclear receptor subfamily 1 group D
member 1; RORa, retinoid-related orphan receptor alpha; RORE, retinoid-
related orphan receptors response elements; SCN, suprachiasmatic nuclei;
TTFL, transcriptional and translational feedback loop; UBC, urinary bladder
cancer; VEGF, vascular endothelial growth factor.
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(6). If humans are not exposed to a sufficient amount of light
from the right spectrum for an adequate amount of time, and
with the right timing, the biological clock becomes
desynchronized with the solar day, resulting in CRDs (8).
CRDs are primarily caused by alterations in the circadian clock
(i.e., the timekeeping system) or by a misalignment between the
endogenous CR (e.g., sleep-wake cycle and hormone production)
and the external factors that affect the timing, quality, or
duration of sleep (e.g., sleep hygiene, environment, behavior,
and social factors) (6, 8). CRDs can profoundly impact physical
and daily functioning and have been linked to increased risk of
insomnia, heart attacks, immune system imbalance,
inflammation, diabetes, and obesity in healthy and chronic
disease populations (9–11).

Recent studies confirmed associations between CRDs,
increased cancer risk, and worse cancer outcomes (3, 12).
Additionally, several environmental and behavioral conditions
that may increase CRDs could also be independently associated
with increased cancer risks (e.g., jet lag, shift work, and exposure
to light at night) (12). Interestingly, a few studies showed that
blind individuals with no light perception are less at risk of
developing cancer (13, 14). Understanding the molecular
mechanisms of the master clock in relation to its role in cell
proliferation, DNA damage response, and apoptosis may provide
insight into combating cancer incidence and prevalence (15).
CRDs AND INCREASED RISK OF
GENITOURINARY CANCER

Evidence suggests that CRDs have a role in an increased risk of
cancer progression, leading to unresponsive disease, especially
in endocrine-based cancers (16). In the majority of patients
treated for genitourinary cancer (GU), including prostate,
kidney, and bladder cancer, there is an emergence of
tumor recurrence due to therapeutic resistance (17). Prostate
cancer (PCa) patients are especially at risk of developing
castration-resistant prostate cancer (CRPC) after initially
promising therapy with androgen deprivation (ADT) (18).
The androgen receptor (AR) remains a prominent driver of
therapeutic resistance in PCa (19). AR variants, amplification,
and mutations all serve as mechanisms of CRPC progression
(19). Despite the implementation of ADT, cells can develop
sensitivity to low levels of androgens and lead to treatment-
resistance and recurrent fatal disease (19).

In patients with renal cell carcinoma (RCC), there is a
progression to chemotherapy-resistant disease that fails to
respond to tyrosine kinase inhibitors, although there is
burgeoning hope with new small molecule inhibitors (20). The
mechanisms of resistance to therapy in RCC are still not fully
defined. However, it is hypothesized that angiogenic escape is a
possible mechanism that can occur from chronic vascular
endothelial growth factor (VEGF) suppression (21).
Angiogenic escape involves restoring blood follow in the
tumor-associated vasculature, increasing the chances of
therapeutic resistance (21).
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Metastatic urothelial cancer of the bladder has also been
shown to be resistant to immunotherapy and chemotherapy
(22). Cisplatin is a key component of chemotherapies treating
bladder cancer and is the target of therapeutic resistance (23).
There are many ways resistance can arise in bladder cancer,
including reduced intracellular accumulation of cisplatin and
increased sequestration (23). These factors all enable the cancer
cells to elude the therapeutic potential of cisplatin.
CHRONO-PHARMACOLOGICAL
TREATMENTS OF CRDs

Chronotherapy and melatonin are the two most promising
non-pharmacological options to improve current anti-cancer
drugs. Chronotherapy refers to the optimal dosing time of
drugs where high efficacy and low toxicity are achieved (24).
Time-dependent dosing relies on the oscillations of genes
involved in drug absorption, distribution, metabolism, and
excretion (24). Melatonin is a pineal gland hormone and is
concurrently released during the hours of sleep (25, 26).
However, it also possesses anti-tumorigenic abilities through
an unknown mechanism of action (25, 26). Nocturnal
melatonin secretion can persists in constant darkness, but
exposure to light during the nighttime can suppress the release
of the hormone into the bloodstream (25). The endogenous
activity of the central clock results in melatonin production, so
suppression of melatonin can lead to stimulation of cancer
development (27). The possibility of chronotherapy and
melatonin supplementation can be applied as a new platform
to enhance the efficacy of chemotherapy drugs through precise
time-dependent administration (28). A review by Bermu´ dez-
Guzma´ and colleagues showed that melatonin, used as adjunct
treatment concurrent with chemotherapy or radiotherapy,
significantly improved tumor remission and 1-year survival
(28). Co-administering melatonin and cancer treatments could
also result in the patient having fewer adverse effects and
improved outcomes (29).
CRITICAL EFFECTORS OF THE
CIRCADIAN CLOCK

The regulation of the CRs occurs at the transcriptional level.
There are four key circadian clock proteins: BMAL1, PER (1–3),
CLOCK, and CRY (1-2) (Figure 1) (30). Brain and Muscle Arnt-
like protein, also known as BMAL1, is an integral transcription
factor (31). It is a known activator of the master clock and is
present in the transcriptional feedback loop (32). REV-ERBa
(NR1D1) and RORa are two major nuclear receptors involved in
the regulatory loop for BMAL1 (Figure 1) (33, 34). The
heterodimer of BMAL1 and CLOCK binds to the E-box motif
and activates the transcription of REV-ERBa, RORa, two
repressor proteins, PER and CRY, as well as other clock-
controlled genes (CCGs) (Figure 1) (32). CRY is known to be
the primary driver of the circadian oscillator through repressing
Frontiers in Oncology | www.frontiersin.org 3176
the CLOCK : BMAL1 heterodimer (Figure 1) (35). PER2 is the
sole protein that interacts with CLOCK, whereas both PER and
CRY proteins interact with BMAL1 (36). Future research on the
binding and repression of the CLOCK : BMAL1 transcriptional
activity will clarify the other regulatory roles of the proteins in
the CRs (36).

Disruption of gene expression may lead to diseases since the
clock proteins are involved in several transcriptional pathways.
For instance, it was found that if the PER2 gene is downregulated,
there is an increased risk for breast cancer (37). In contrast, if the
PER2 gene is overexpressed, it may confer tumor-suppressive
properties (38). In colorectal cancer, increased levels of BMAL1
have been related to decreased survival, and similarly, reduced
levels of PER2 and PER3 have led to more inadequate tumor
differentiation (39). Other studies have found that the clock gene
expressions were reduced to 60% in melanoma and naevus
tumors, highlighting their role in transcription regulation and
tumorigenesis (40). With increasing evidence, research suggests
that the clock proteins are also involved in genotoxic stress and
aging, which are two factors that can also lead to carcinogenesis
(41). Thus, disturbances of the circadian clock gene expression
FIGURE 1 | Genetic Outcomes of the Circadian Clock Proteins and Clinical
Management Techniques. Circadian clock transcription-translation feedback
loop (TTFL) is controlled by two activator proteins Brain and Muscle ARNT-
Like 1 (BMAL1) and Circadian Locomotor Output Cycles Kaput (CLOCK), and
two repressor proteins, Period (PER) and Cryptochrome (CRY). BMAL1 and
CLOCK heterodimerize and bind to the E-box motif to activate the
transcription of CRY (1-2), PER (1-3), clock-controlled genes (CCGs), RORa,
REV-ERBa. CRY and PER establish the primary negative feedback loop by
inhibiting the BMAL1 and CLOCK heterodimer. In the secondary feedback
loop, RORa activates, and REV-ERBa inhibits the transcription of BMAL1.
Circadian clock proteins mediate several cancer pathways such as cell cycle
regulation, DNA damage repair, apoptosis, and hormonal changes. Melatonin
binds to the MT1 and MT2 receptors and targets inflammation and survival
pathways by preventing the translocation of NF-kB to the nucleus. Melatonin
interferes with EMT and metastasis by downregulating b-catenin through
activation of GSK-3b and inhibiting the expression of matrix
metalloproteinases-9 and -13. The inhibition of endothelin-1 (ET-1) by
melatonin leads to reduced activity of angiogenic factors HIF-1a and VEGFA.
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leading to interesting downstream effects can play a role in the
carcinogenesis of various cancers.

Other factors, such as exposure to light at the wrong circadian
time (e.g., exposure to ambient electric light during night shifts)
or not enough light exposure at the right circadian time (e.g., not
enough exposure to daylight), can alter the timing of the
biological clock in humans (42). In particular, melatonin, a
pineal gland hormone, can be affected by the amount and
distribution of light signals picked up by the retina (43). With
increased exposure to light at night, blood melatonin levels may
be suppressed, leading to CRDs (43). Melatonin influences CRY1
expression, and melatonin suppression resulting from increased
exposure to light at night, can compromise CRY1’s function in
regulating CRs (44). Thus, electric light at night in the
environment can disrupt pineal function and thus be linked to
a higher incidence of hormone-related cancers such as PCa and
breast cancer (43). The indirect light-induced stimulation of
tumor development may be associated with the inhibitory clock
proteins PER1 and PER2 (44). Specifically, disrupting PER2,
CRY2, or BMAL1 in various tissues can increase the likelihood of
cancer development (44). A light-induced signaling pathway is
also involved in regulating the cell division cycle (44, 45). AP-1 is
a transcription factor involved in maintaining biological
processes, such as cell proliferation and apoptosis (45), and
was found to have light-dependent activation in the SCN,
adding to evidence that light plays a vital role in cancer
development and circadian rhythm regulation (45).
CRDs AND GU CANCERS

Prostate Cancer
Prostate cancer (PCa) is the second most frequent cancer
diagnosis made in men with 1,276,106 new cases of reported
worldwide in 2018 (46). In the United States, an estimated
248,530 new cases and 34,130 deaths are estimated in 2021
(47). Although differences in PCa incidence rates worldwide
reflect differences in the use of diagnostic testing and PCa
screening guidelines, both incidence and mortality rates are
strongly related to age with the highest incidence being seen in
elderly men (> 65 years of age) (46). In the United States, PCa
screening is highly recommended at age 40 for men with familial
history and men of African ancestry (48).
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For early stage PCa patients survival is 99% for the first five
years after localized treatment (49). However, eventually, many
PCa patients develop therapeutic resistance to ADT, otherwise
known as castration-resistant prostate cancer (CRPC) (50). This
leads to an incurable disease in which 19.5% of patients died
frommetastatic-CRPC in 2020 (51). There has been a recent shift
to using taxane-based chemotherapy to treat CRPC patients (52).
Taxanes are an excellent option for resistant PCa as they
stimulate apoptosis by disrupting the G2/M-phase of the cell
cycle (53). Despite the benefits of taxanes, 1st and 2nd line taxane
chemotherapy (Docetaxel and Cabazitaxel, respectively) in
patients with advanced metastatic disease, ultimately,
emergence of therapeutically resistant tumors leads to lethality.

Significantly enough, disruption of CRDs have been
implicated in PCa risk and progression (54). Compelling
evidence suggests a significant correlation between light
exposure at night and increased PCa incidence (54). Additional
studies from independent investigators have exploited melatonin
suppression and shift work and their positive correlations with
PCa risk (55, 56). Increased risk of PCa among night male shift
workers is attributed to changes in amplitude of melatonin and
associated changes in sex hormone secretion that contribute to
Epithelial-to-mesenchymal transition (EMT) typically involved
in PCa development (55, 56). Two pathways may result in
reduced amplitude of melatonin among male night shift
workers; a) the acute melatonin suppression through exposure
to electric light after dusk (57); and b) the decreased melatonin
levels through CRDs (58), that consequentially results in
desynchronization of the peripheral clocks, promoting cell
growth and tumor development (58). Melatonin may suppress
PCa growth by down regulating transcription, secretion, or
activity of growth factors; it may stimulate the immune system
through increased production of interleukin-2 and interleukin-4
by T-helper cells; lastly, it may protect DNA against oxidative
damage by scavenging free radicals (58). It is thus apparent that
disruption of the CRs can lead to increased PCa risk (Table 1).
Moreover, growing evidence supports an intricate relationship
between PCa, and the effector proteins functionally associated
with the circadian clock. These proteins regulate cancer
mechanisms such as apoptosis or proliferative cancers (58, 59).
A study found that PER2 and CLOCK protein levels were
downregulated, and in contrast, BMAL1 was upregulated in
PCa tissue (60). Another circadian repressor protein, CRY1, is
a known regulator of cell proliferation and DNA repair (61).
TABLE 1 | Genetic Involvement of the circadian system in GU cancers and clinical management options.

GU Cancers
(Tumor Type)

Mechanisms of Disruption of Circadian Rhythms Effects of Melatonin Therapeutic Targets with
Chronotherapy

Prostate Cancer Downregulated PER2 and CLOCK (60)↓
Upregulated BMAL1 and CRY1 (60, 61),↑

Downregulates MMP-13 (109) PBT (123)
Docetaxel (115)

Kidney Cancer Downregulated CLOCK, CRY1, CRY2, and BMAL1 (80)↓ Suppresses the Akt/MAPKs pathway (113)
Downregulates MMP-9 (113)

Interferon-alpha (122)
IL-2 (122)

Bladder Cancer Downregulated BMAL1↓
Upregulated CLOCK and CRY1 (89)↑

Prevents the nuclear translocation of NF-kB (110)
Induces apoptosis (110, 112)

Doxorubicin-cisplatin (122)
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CRY1 was upregulated in PCa and thus indicated a poor
outcome for metastatic-CRPC (61). Like many clock proteins,
CRY1 has transcriptional control aside from its role in regulating
the circadian clock (61). Clock proteins are crucial for the proper
functioning of the cell, especially in the case of cell growth/death,
homeostasis, metabolism, and hormone release (60). When
protein expression is disturbed, the CRs are also disrupted,
which can amount to several disease states such as PCa (61).
The mechanistic underpinnings of these proteins are still being
studied and could provide profound insight into designing
molecular therapies to treat cancers (62, 63).

The tumor microenvironment is a critical biological dynamic
entity that merits exploitation in functional exchange with the
external environment (light, temperature, specifically impacted
by the circadian clock). EMT in solid tumors (including PCa) has
been defined to play a significant role in cancer and a major
contributor to metastasis (64). EMT is characterized by the loss
of cell-cell adhesion, increased cell motility, and reduced E-
cadherin expression, a structural adhesion molecule (65). E-
cadherin, a calcium-dependent protein involved in cell-cell
adhesion, is crucial for preventing PCa cells from migrating to
bones to facilitate metastatic disease (66). Some several
molecular mechanisms and pathways influence EMT, such as
epidermal growth factor (EGF) and mitogen-activated protein
kinase (MAPK) (67). Changes in signaling pathways ultimately
alter the expression of transcription factors such as Snail and
Zeb-1 (67). As a result of activation of these transcriptional
repressors, E-cadherin expression levels are repressed, ultimately
leading to enhanced mesenchymal and migratory markers in
mesenchymal cells (68). Thus, EMT is functionally linked to
promoting PCa metastatic progression, leading to stemness,
therapeutic resistance, and ultimately lethal disease (68). Work
from our group demonstrated that interconversion of EMT to
mesenchymal-to-epithelial transition (MET) is observed in
advanced PCa pre-clinical models in response to treatment
with the second line taxane chemotherapy, cabazitaxel (52).
This dynamically transient EMT-MET cycling allows
cabazitaxel to prime the cells to retain a non-migratory
phenotype, reducing the chances of metastasis (52). There is
an ongoing effort to identify a temporal therapeutic window that
can enable cells to overcome resistance by anti-androgen
action (52).

Similar to phenotypic EMT navigating PCa, chronic CRs has
been demonstrated to lead to the metastatic spread of breast
cancer (65). CRs have a role in hormone expression and promote
an immunosuppressive phenotype in endocrine-related cancers
(69). Circadian-regulated transcription factors, such as PER2 and
BMAL1, can regulate EMT through influencing EMT signaling
effectors responsible for stemness and cell migration (69).
Downregulated PER2 was associated with a higher likelihood
of EMT in breast tissue, while downregulated BMAL1 decreased
the invasion of mesenchymal cells in colorectal cancer (69).
Melatonin was also found to regulate EMT and molecular
pathways underlying the phenotypic conversion and cell
invasiveness (65). MLT can activate GSK3b, an enzyme
involved in cell proliferation, which reduces b-catenin levels,
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and subsequently leads to restoration of E-cadherin in human
breast cancer cells (Figure 1) (65).

Kidney Cancer
Kidney cancer accounted for nearly 431,300 cases worldwide in
2020 and has been increasing in recent years (70, 71). The median
age of diagnosis is 65 years (72) (Table 1). Many tumors comprise
kidney cancer, with 90% being RCC cases (73). Within the various
molecular subtypes of RCC, clear cell RCC leads to the most deaths
(73). The mortality rate of 30-40% for RCC is significantly greater
than prostate and bladder cancers (74). Kidney cancer tends to be
resistant to chemotherapy and radiation therapy, making
immunotherapy the best option (75). With increased attention
on potential mechanisms of progression such as angiogenesis and
altered hypoxia signals, CRs research could explore ways to reduce
the disease burden (76). Circadian pathways help maintain
physiological fluctuations, such as water transport and essential
renal function (77). Almost 43% of all protein-coding genes
throughout the body showed CRs in transcription, many of them
being in the kidney (77, 78). These gene expressions peak right
before dawn and dusk (78). In a study linking the dysregulation of
the circadian clock and RCC, clock genes were transcriptionally
different in diseased versus healthy tissue (79). For example,
CLOCK, CRY1, and CRY2 levels were downregulated in kidney
cancer tissue (80). Patients that retained high levels of CLOCK had
a better prognosis than those without (80). Like PCa, the clock
proteins significantly predict the risk and progression of kidney
cancer through intricate molecular mechanisms.

The clock proteins are crucial for regulating CRs and immune
system function (81). The immune checkpoint pathway is
suppressed when the clock protein BMAL1 is downregulated,
causing sepsis (81). Sepsis and cancer share many immunological
properties, so immunomodulatory agents could successfully treat
both diseases (81). Increased expression of PD-1 and its ligand,
PD-L1, help stimulate tumor-directed cytotoxic T cell function
in both sepsis and cancer (81). The loss of the clock gene,
BMAL1, showed increased PD-L1 expression in macrophages,
which is associated with poorer sepsis survival (81).

Bladder Cancer
Bladder cancer is ranked in the top ten most common cancers
worldwide (82). Around 2.1% of cancer deaths are caused by
urinary bladder cancer (UBC) each year, resulting in a high
mortality rate (47). In Europe, the five-year survival rate for UBC
was 68% (83). Unlike PCa, UBC has poorer outcomes within five
years of being diagnosed. However, it has a higher survival rate
than kidney cancer in Europe, which is 60% (83). UBC follows a
similar prevalence trend of other GU cancer. It is less common in
sub-Saharan Africa, India, and Mongolia and more common in
Western Europe and Australia (84). The geographic distribution
may be partly explained by exposure to tobacco, environmental
pollutants, and occupational carcinogens, which are invariably
linked to UBC incidence (85).

UBC can develop into either muscle-invasive bladder cancer
(MIBC) or non-muscle-invasive bladder cancer (NMIBC) (86).
For NMIBC, the course-of-treatment usually involves
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maintenance immunotherapy, whereas MIBC often requires
chemotherapy (86). Combination chemotherapy provides good
outcomes initially in impairing tumor growth, but it ultimately
fails as cancer cells develop therapeutic resistance (87). Cisplatin
is a first-line chemotherapy treatment that directly interacts with
the circadian clock proteins and enhances the body’s natural
response to cancerous cells (88). It upregulates CLOCK and
BMAL1, resulting in increased proliferation and increased
apoptosis, respectively (88). In bladder cancer tissue from
human specimens, BMAL1 was downregulated, and CLOCK
was upregulated, so cisplatin acts differently on both proteins
through unclear mechanisms (89). Cisplatin has multiple
opposing effects on tumor growth, resulting in stimulating pro-
cancer effects (88). Thus our current understanding begs the
question of interrogating the impact of disruption of circadian
clock proteins on the molecular mechanisms underlying cell
proliferation and apoptosis. In the context of contributing to
therapeutic resistance, another clock protein, CRY1, was found
to inhibit paclitaxel-induced senescence in bladder cancer cells
(90). Typically, in urothelial tumors, CRY1 has been detected to
be downregulated (89). While senescence causes cells to halt
dividing, it also provides a way for cancer cells to become
resistant to treatment (91). When the second-line therapy of
paclitaxel is used, it prevents cell arrest and promotes the
degradation of p53 (90). Healthy adults continually degrade
p53, which is a tumor suppressor to stimulate p53 turnover
(92). CRY1 is crucial in preventing the senescence induced by
paclitaxel and delaying drug resistance (90).
THE CIRCADIAN CLOCK AS THE
NEW FRONTIER TO OVERCOME
THERAPEUTIC RESISTANCE

Melatonin Treatment
Melatonin (MLT) is a pineal gland hormone that can phase shift
the SCN and provide timing information to the body (93). The
pineal gland is crucial in regulating tumor growth and could
become a target for therapeutics development (94). Melatonin
levels naturally increase during dusk and taper off at dawn (95).
Interestingly, subjects in perpetual darkness, such as visually
impaired individuals, still display a 24.2-h cycle of melatonin and
can have typical endogenous CRs (96).

The molecular mechanisms via which melatonin influences
tumor cell proliferation and cancer metabolism are not clearly
defined. Growing evidence suggests that melatonin may decrease
the activity of endothelin-1 (ET-1), leading to downstream effects
of downregulating hypoxia-inducible factor 1 alpha (HIF-1a)
and VEGF, which both contribute to promoting angiogenesis
(Figure 1) (97, 98). Preventing angiogenesis remains a critical
goal to impair metastasis of kidney cancer (21). Significantly, it
can also regulate breast cancer growth through two membrane
melatonin receptors, MT1 and MT2, which are expressed in
breast tissue, and impact survival signaling pathways (97). An
overall decrease in melatonin levels has been associated with a
higher risk of cancer, neurological disorders, and sleeping
Frontiers in Oncology | www.frontiersin.org 6179
disorders (99). Thus, melatonin proves to be an effective and
attractive therapy to improve the efficacy to toxicity ratio of anti-
cancer drugs (100).

One of the most well-known hypotheses is that MLT is an
epigenetic regulator that can prevent tumor growth by inhibiting
telomerase activity and regulating linoleic acid uptake and
metabolism, both crucial to proliferation (101). Circadian-
dependent administration of MLT may confer tumor-
suppressive properties (102). Melatonin has also been a potent,
safe, and low-cost therapeutic in cancer research (103). A
randomized controlled trial of solid tumors found that MLT
reduces death by nearly a year (103). MLT also stimulates a
robust chemotherapy response in palliative cancer care
compared to receiving only supportive care (104). The
patient’s quality of life is improved by reducing the side effects
such as asthenia and thrombocytopenia (104). Thus, melatonin
may enhance the therapeutic efficacy of patients with resistant
GU cancers.

Despite the uncertainty that surrounds melatonin’s impact on
cancer as a clinical disease, its protective benefits in human PCa
are becoming increasingly evident. Men with high levels of
urinary melatonin were less likely to develop advanced PCa
(105). Advanced PCa is characterized by metastasis which
involves tumor migration and invasion and ultimately lethal
disease (106). Approximately 80% of patients with advanced PCa
develop bone metastasis, a process that is linked with the
expression of matrix metalloproteases (MMP) (107). Matrix
metalloproteases are proteolytic enzymes responsible for
breaking down connective tissue and allowing tumors to
invade other tissues (108). MLT downregulates MMP-13
expression, which may suppress the metastasis of PCa
(Figure 1) (109). MMP-13 is another excellent target for future
therapeutic studies of PCa. It is of major significance to
understand the molecular mechanisms driving the anti-tumor
and anti-invasion properties of this agent.

MLT inhibits bladder and kidney cancer growth and
metastasis (109). MLT prevents the nuclear translocation of
NF-kB and decreases the expression of pro-inflammatory
intermediates (Figure 1) (110). Recent studies have shown that
MLT treatment resulted in increased apoptosis through NF-kB
regulation in human gastric (111) and bladder cancer cells (110,
112). Moreover, MLT suppresses the Akt/MAPKs pathway and
downregulates MMP-9, crucial for RCC progression (113).
Through binding to the active site of MMP-9, MLT can arrest
associated inflammatory signals that contribute to tumor growth
(Figure 1) (114). Given the rapidly growing evidence at the
mechanistic level, one could propose that MLT confers
considerable transcriptional and post-translational control that
are still not well understood.

Chronotherapy
Chronotherapy involves orchestrating the timing of treatment
administration to match the body’s endogenous CRs (115).
This method has shown unequivocal success in tumor
outcome and improved management of the disease (116). In
addition, circadian dosing is crucial in limiting the toxicity of
anti-cancer drugs and maximizing their efficacy (115). A
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characteristic example of an optimized (time-dependent
response) is the first-line taxane chemotherapy, docetaxel,
which is shown to have the best clinical outcome if
administered in PCa patients between 6 and 9 am (115).

One must also consider that many cancer patients in late
stages report having increased CRD with irregular sleep
schedules (117). In breast cancer specifically almost 72% of
advanced cancer patients display moderate-to-severe sleep
disturbances (118). Chronotherapy could reduce the side
effects of chemotherapy while also promoting a strong
therapeutic response. In a retrospective study, patients
undergoing high-dose radiotherapy for PCa in the evening had
more GI complications than those in the morning (119). The
toxicity of the drug is also decreased when administering the
treatment in alignment with circadian oscillations. Lower
toxicity levels could significantly relieve patients who have
PCa, especially since GU cancer patients are older on average
(119). There should also be a shift to similarly evaluating
circadian-based dosing in therapy-resistant cancer patients. A
circadian-modified infusion schedule can also allow clinicians to
administer higher drug doses to induce a powerful response
without the lethal toxicity. For example, patients with RCC could
receive higher doses of floxuridine on a circadian-modified
infusion schedule than on a continuous infusion schedule
(120). This provides unique opportunities for a rigorous and
impactful treatment of GU cancers while in their non-resistant
phases for a better outcome. Chronotherapeutic schedules can
also increase long-term survival and overall quality of life while
on chemotherapies, such as oxaliplatin for metastatic colorectal
cancer (121). In patients with metastatic UBC, treatment with
doxorubicin-cisplatin resulted in a 57% objective response rate
when coupled with chronotherapy (122). Other therapeutic
options such as interferon-alpha and IL-2 (Interleukin-2) are
promising agents to slow metastatic RCC, but they come at the
risk of significant toxicity (122). By optimizing drug
administration when toxicity would be minimized, clinicians
can better use readily available compounds to treat GU cancers
(122). Chronotherapy is not limited to only chemotherapy and
immunotherapy in enhancing their treatment response
outcomes. It can also be applied to radiation techniques, such
as proton beam therapy (PBT), which directs smaller radiation
doses at localized PCa (123). PBT was observed to have less
severe lower urinary tract symptoms when given in the morning
than in the afternoon (123).

Personalized medicine approaches can pave treatment
strategies towards increasing patient survival and improving
the quality of life for cancer patients. One may also consider
that specializing current treatment methods according to a
person’s chronotype, defined as a person’s preference for
timing of sleep and activity, may lead to improved clinical
outcomes. While chronotherapy has provided encouraging
results in rendering cancer therapies more tolerable, more
clinical studies are warranted. A significant issue is that much
of the current research on chronotherapy in anti-cancer drugs do
not have a strict time interval. Without a specific period, it is
difficult for clinicians to administer treatment at the optimal time
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for maximum efficacy. Thus, there is an unmet need to
functionally define the role of the CRs in cancer research.

Environmental and Behavioral Interactions
Prior work in chronic disease patient populations suggests
significant effects of environmental and behavioral
interventions on reducing CRDs, including light therapies,
physical activities, and diet modification which could, in turn,
improve cancer patient outcomes (124, 125). Light is the
strongest synchronizer of CRs, and exposure to ambient light
at the right time could reduce CRDs and, thus, improve cancer
patient physical and functional outcomes (126–130). Endocrine
disruption due to exposure light during the circadian night has
been implicated as carcinogenic, both in animal studies and in
epidemiological studies in humans (131).

Evidence also suggests that physical activity could affect CRs
(132–134). It has been shown that 1–3 hours of intense exercise
can induce significant circadian phase shifts depending on the
duration, intensity, and frequency of physical activities (132–
134). Studies showed that early morning physical activities are
associated with phase delays in the circadian clock (134, 135).
However, early morning exercise offered protective effects for
breast and PCa patients with an evening chronotype (136).
Other studies showed that physical activities later at night
induced phase delays in melatonin secretion (137).
Individuals placed on prolonged periods of bed rest without
exercise also show a circadian phase delay (125). Circadian
misalignment is also observed when individuals participate in
restrictive movement of one limb but not the other (125). This
selective exercise leads to changes in the regulation of the clock
genes, which are implicated in cancer pathways (Figure 1)
(125). Additional assessment of the optimal time to exercise
that can mitigate increased cancer risk and CRDs (124). One
must note here that, while some studies show that exercise can
alter circadian phase, its impact on the circadian clock is
significantly less than the impact of light-dark patterns
reaching the retina.

Lifestyle patterns in feeding/meal consumption (e.g., late-
night meals) and diet programs (e.g., high fat diet) have been
found to also influence circadian patterns in humans, although
behavioral and sociocultural factors often control this (124).
These circadian eating patterns are mirrored by both the
gastrointestinal system, leading to rhythms in digestive
secretions, gut motility, absorption of digested food, and blood
nutrient concentrations (124). Feedback loops exist between the
hormones controlling the circadian clock and those directing
appetite and satiety, such as leptin, orexin, and ghrelin (124).
Considering the roles of clock-related hormones, a food-
entrainable circadian clock in humans may be present
(124, 138, 139). Food-based entrainment enhances the
synchronization of the peripheral and master clock, which can
positively impact cancer regulation (124). Thus, in addition to
understanding the impact of light exposure patterns, a further
investigation into the interactive impact of exercise, diet, and
nutrition on the risk, development, and clinical outcomes of GU
cancers is likely to be impactful.
March 2022 | Volume 12 | Article 759153

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


Mohamed et al. Circadian Rhythms Impact on GU-Cancers
CONCLUSION

A systematic review and meta-analysis of the previous studies in
breast cancer female patients revealed a positive relationship
between indicators of CRDs (e.g., nightshift work) and breast
cancer risk (58). Changes in hormone secretion, caused by CRDs,
was proposed as a contributing factor to the observed increase in
breast cancer risk (58). Although breast cancer occurs
predominantly in women, the biology and epidemiology of
breast cancer share some similar features of GU cancer
specially PCa (57, 58). For example, tumor progression in both
breast cancer and PCa is strongly affected by sex hormones,
which are, to a larger extent, influenced by CRDs and reduced
amplitude of nighttime hormone melatonin.

The role of the CRs extends past currently known molecular
regulations in transcription and translation. Given the extensive
part of the four clock proteins (CRY, PER, BMAL1, and
CLOCK), the circadian clock may regulate many cancer
mechanisms such as apoptosis and therapeutic resistance (140,
141). Advanced GU cancers have poor outcomes and high
mortality rates, making the development of therapeutic targets
a time-sensitive task (142). A pioneering research study of
circulating tumor cells, which are biomarkers of metastasis, has
shown to follow specific circadian rhythmicity in animal models
of PCa (143). By targeting PCa treatment to coincide when
circulating tumor cells are at their highest concentration in the
bloodstream, clinicians may be able to produce robust patient
responses to treatment (143). Chronotherapy and MLT
supplementation have also both proven to increase the efficacy
of various chemotherapies and immunotherapies (121, 144).
These are underused and beneficial tools that can diminish
disease burden and progression.

Moving forward, the focus is the pursuit of CRs as defense
mechanisms the body can engage to optimize therapeutic
responses in patients diagnosed and treated for GU cancers.
Circadian-based treatments can modulate the pharmacological
ability of anti-cancer drugs towards improving therapeutic
outcomes and be potentially incorporated into clinical trials for
treatment optimization and improved patient survival. One may
argue that the simple method of syncing drug administration
with the body’s endogenous circadian clock can maximize the
efficacy of clinically approved treatment strategies in managing
advanced GU cancers. Moreover, the circadian clock provides an
informative new platform about the optimal timing and dosing
Frontiers in Oncology | www.frontiersin.org 8181
of the drug, compared to traditional pharmacokinetics and
pharmacodynamics. Given the impact of the circadian clock on
cancer progression and treatment response, the promise of
enabling a viable defense against the GU tumors emerges.
Driven by advanced technology, ongoing efforts from different
centers focus on defining the roles of the clock proteins and their
downstream effects in progression and clinical management of
GU cancers to advanced disease. Thus whole-genome
approaches, genomics, and proteomics would enable the
detection of protein expression patterns and temporal
networks of the clock proteins. Moreover, clinical studies
implementing chronotherapy and melatonin supplementation
are currently lacking in large patient cohorts ranked by their
circadian profiles. The circadian-rhythms-navigated therapies
pave the way for more effective implementation of current
treatment modalities, their optimization towards overcoming
therapeutic resistance and improving the quality of life in
patients with GU malignancies.
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Roliński J, et al. Immunotherapy in Bladder Cancer: Current Methods
and Future Perspectives. Cancers (2020) 12(5):1181. doi: 10.3390/
cancers12051181

23. Galluzzi L, Senovilla L, Vitale I, Michels J, Martins I, Kepp O, et al. Molecular
Mechanisms of Cisplatin Resistance. Oncogene (2012) 31(15):1869–83. doi:
10.1038/onc.2011.384

24. Dong D, Yang D, Lin L, Wang S, Wu B. Circadian Rhythm in
Pharmacokinetics and its Relevance to Chronotherapy. Biochem
Pharmacol (2020) 178:114045. doi: 10.1016/j.bcp.2020.114045

25. Zhdanova IV, Lynch HJ, Wurtman RJ. Melatonin: A Sleep-Promoting
Hormone. Sleep (1997) 20(10):899–907. doi: 10.1093/sleep/20.10.899
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Prostate cancer is a major health issue in western countries and is the second leading
cause of cancer death in American men. Prostate cancer depends on the androgen
receptor (AR), a transcriptional factor critical for prostate cancer growth and progression.
Castration by surgery or medical treatment reduces androgen levels, resulting in prostatic
atrophy and prostate cancer regression. Thus, metastatic prostate cancers are initially
managed with androgen deprivation therapy. Unfortunately, prostate cancers rapidly
relapse after castration therapy and progress to a disease stage called castration-resistant
prostate cancer (CRPC). Currently, clinical treatment for CRPCs is focused on
suppressing AR activity with antagonists like Enzalutamide or by reducing androgen
production with Abiraterone. In clinical practice, these treatments fail to yield a curative
benefit in CRPC patients in part due to AR gene mutations or splicing variations, resulting
in AR reactivation. It is conceivable that eliminating the AR protein in prostate cancer cells
is a promising solution to provide a potential curative outcome. Multiple strategies have
emerged, and several potent agents that reduce AR protein levels were reported to
eliminate xenograft tumor growth in preclinical models via distinct mechanisms, including
proteasome-mediated degradation, heat-shock protein inhibition, AR splicing
suppression, blockage of AR nuclear localization, AR N-terminal suppression. A few
small chemical compounds are undergoing clinical trials combined with existing AR
antagonists. AR protein elimination by enhanced protein or mRNA degradation is a
realistic solution for avoiding AR reactivation during androgen deprivation therapy in
prostate cancers.

Keywords: androgen receptor, prostate cancer, small interfering RNA, protein degradation, PROTAC
INTRODUCTION

Prostate cancer is the second most common type of cancer diagnosed in men worldwide and the
second leading cause of male cancer-related deaths in the U.S. (1). The American Cancer Society
estimates about 268,490 new cases of prostate cancer and about 34,500 deaths from prostate cancer
in the U.S. this year (1). According to the American Cancer Society data (cancer.org), patients with
local or regional stage prostate cancer have nearly a 100% 5-year survival rate; however, the survival
rate is only 30% for men diagnosed with distal metastasis.
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Currently, localized prostate cancer is primarily treated with
surgical removal of the gland or radiation therapy if a patient’s
condition is not permissive for surgery. Distal metastasis occurs
in high-risk patients, including locally advanced (positive
surgical margin) or high-grade (Gleason sum score ≥ 8)
tumors, which is the sole cause of death from prostate cancer
(2). This short review work will discuss the current treatment
options and recent development of anti-androgen receptor (AR)
therapeutic approaches for metastatic prostate cancer (Table 1
and Figure 1).
ANDROGEN DEPRIVATION AND ANTI-
ANDROGEN THERAPIES IN THE CLINIC

Metastatic prostate cancers are initially treated with androgen
deprivation therapy (ADT) because prostate tissue (benign or
malignant) expresses androgen receptor (AR) protein that is
critical for prostate cancer development and progression (3, 4).
Castration by surgery or medical treatment reduces androgen
hormones, resulting in prostatic atrophy and cancer regression
(5). This approach was developed eighty years ago in 1941 (3, 4).
Frontiers in Oncology | www.frontiersin.org 2187
Since then, prostate cancer treatment has been mainly focused on
reducing androgen levels and blocking androgen-induced AR
activation (5). However, prostate cancers often relapse and
progress to a stage termed as castration-resistant prostate
cancers (CRPC) (67, 68), and the majority of these CRPCs still
depend on the AR signaling for growth and progression (the AR
addictiveness) (69, 70).

The mechanisms for CRPC progression include AR gene
mutation, amplification, transcriptional splicing, and crosstalks
with cellular signal pathways, plus de novo androgen synthesis by
the malignant prostate cells (5). Therefore, clinical therapies use
anti-androgens (Flutamide, Bicalutamide, Enzalutamide,
Apalutamide, and Darolutamide) to competitively suppress
androgen-induced AR activation or CYP17A1 inhibitor
(Abiraterone) to reduce androgen production in prostate
cancer tissues (5). So far in the clinic, these therapies provided
certain clinical benefits of survival extension in CRPC patients
(71). However, with the widespread use of Enzalutamide and
Abiraterone, a subset of CRPC patients developed
neuroendocrine progression, termed as anti-AR treatment-
induced NEPC (t-NEPC) (72, 73), accounting for more than
25-30% mortality of CRPC fatality (74). There were multiple
TABLE 1 | Summary of AR-targeted therapeutic agents for prostate cancers.

Therapeutic Target Agent Or Approach Mechasnism Of Action Current Stage Reference

Testicular androgens surgical castration testis removal in clinic use (3)
GnRH antagonist reducing testersterone production in clinic use (4)
GnRH agonist reducing testersterone production in clinic use (4)

Adrenal or cancer androgens Abiraterone CYP17A1 inhibition in clinic use (5)
all androgens Flutamide blocking androgen-AR binding in clinic use (5)

Bicalutamide blocking androgen-AR binding in clinic use (5)
Enzalutamide blocking androgen-AR binding in clinic use (5)
Apalutamide blocking androgen-AR binding in clinic use (5)
Darolutamide blocking androgen-AR binding in clinic use (5)

AR mRNA antisense oligonucleotides mRNA-based protein translation and mRNA stability pre-clinical (6–14)
small interfering RNA mRNA silencing pre-clinical (15–23)

Full length AR protein ARCC-4/ARV-110 PROTAC-mediated AR degradation phase-1 clinical trial NCT03888612
ARD series PROTAC-mediated AR degradation pre-clinical (24–31)
TD-802 PROTAC-mediated AR degradation pre-clinical (32)
A031 PROTAC-mediated AR degradation pre-clinical (33)
MTX-23 PROTAC-mediated AR degradation pre-clinical (34)
A9/A16 PROTAC-mediated AR degradation cell culture model (35, 36)
SNIPER-51 PROTAC-mediated AR degradation cell culture model (37)

Full-length/variant AR protein UT-34 AR NTD binding and degradation pre-clinical (38)
Ailanthone co-chaperone p23 binding and AR degradation pre-clinical (39)
HG122 proteasome-based AR degradation pre-clinical (40)
CUDC-101 AR degradation due to unknown mechanism pre-clinical (41)
ASC-J9 AR degradation due to unknown mechanism pre-clinical (42–47)

AR splicing variants Niclosamide AR-V7 degradation phase-1 clinical trial NCT03123978
Niclosamide AR-V7 degradation phase-1 clinical trial NCT02807805
Thailanstatins suppressing splicing event for AR-V7 pre-clinical (48–50)
Rutaecarpine AR-v7 degradation via GPR78/SIAH2 pathway pre-clinical (51)
Indisulam Suppressing AR-V7 splicing factor RBM39 pre-clinical (52)
Nobiletin AR-V7 degradation via blocking USP14/USP22 pre-clinical (53)

AR NTD inhibitor EPI series/EPI-7386 suppressing AR NTD TAU-5 activity phase-1/2 clinical trial NCT05075577
EPI series/EPI-7387 suppressing AR NTD TAU-5 activity phase-1 clinical trial NCT04421222
QW07 suppressing AR NTD activity pre-clinical (54)

AR nuclear translocation EPPI/CPPI blocking AR nuclear translocation pre-clinical (55–57)
IMPPE blocking AR translocation and inducing AR degradation pre-clinical (58)
JJ-450 blocking AR translocation and transactivation pre-clinical (59–62)

AR DND-hinge antagonist VPC-14228/14449 blocking AR dimerization and DNA binding pre-clinical (63–66)
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mechanisms involved in NEPC progression, including
attenuated control of transcriptional factors, metabolic
alterations, aberrant activation of cellular kinases, long
noncoding RNAs, transcriptional splicing, and epigenetic
modifications (75–87). It is postulated that extensive stress of
AR inhibition under the long-term ADT condition forced an
epigenetic reprogramming of CRPC cells into neuroendocrinal
trans-differentiation (88–93). Treatment option for NEPC
patients is limited in the clinic and the salvage platinum-based
chemotherapy only provided very little survival benefit (75).
AR PROTEIN ELIMINATION APPROACHES
IN PRECLINICAL DEVELOPMENT PHASE

The AR protein is a nuclear receptor expressed in benign and
malignant prostate tissues, critical for prostate physiological
functionality and prostate cancer progression (94, 95). As a
transcriptional factor, the AR protein modulates gene
expression after being activated by androgens via binding on
its C-terminal ligand-binding domain (95). Given that hormone
therapy, including ADT and anti-androgens for the last eighty
years, has been failed to be a curable approach for metastatic
prostate cancers, eliminating the AR protein in prostate cancer
cells recently emerged as a realistic solution for a potentially
curable result.

Antisense Oligonucleotide Technology
Antisense oligonucleotides (ASOs) are synthetic complementary
single-stranded deoxyribonucleotides used to target messenger
RNA (mRNA) of targeted genes, resulting in RNase H
endonuclease-dependent mRNA cleavage or blockage of protein
Frontiers in Oncology | www.frontiersin.org 3188
translation (6). Dr. Klocker’s group reported the first study using
the ASO technology against the AR gene in 2000, which showed a
suppressive effect on prostate cancer LNCaP cell growth (7). A
follow-up study by the same group showed the in vivo effectiveness
of suppressing LNCaP-derived xenograft tumors in nudemice (8).
These initial results were supported by the studies from other
groups (9, 10). Possibly due to the suppressive nature of ASOs on
target gene expression, the AR protein was not eliminated from
cancer cells. Also, the results only showed a moderate suppressive
effect on tumor growth because of the difficulty in tissue delivery of
the ASOmolecules. However, these AR-targeted ASOs showed an
enhanced effect when combined with other gene targets (EZH2 or
Clusterin) for Enzalutamide-resistant CRPC models (11–14). A
recent report achieved a successful in vivo delivery of AR-specific
ASO using lipid-based nanotechnology. A profound suppressive
effectwas achieved in theprostate cancer xenograftmodel, together
with a significant reduction of the AR protein levels in xenograft
tumor tissues (96).

Small Interfering RNA Technology
Since the introduction of small interfering RNA (siRNA)
technology in 2001 (97, 98), knocking down gene expression in
living organisms became possible. To overcome the clinical
obstacle of anti-AR treatment resistance, we hypothesized that
eliminating AR protein from prostate cancer cells might
completely shut down AR signaling, leading to cell death or
growth arrest. Knocking down AR gene expression in prostate
cancer cells resulted in profound apoptotic cell death in multiple
prostate cancer cell lines, androgen-responsive or castration-
resistant (15). Nanoparticle-based prostate cancer-specific
delivery approach and adenoviral approach to systemically
deliver the AR siRNA expression particles documented a rapid
FIGURE 1 | Graphic scheme of AR-targeted agents. Androgens are bonded with steroid-binding globulins (SBG) in the bloodstream for systemic circulation.
Androgen testosterone (T) is converted to potent form dihydrotestosterone (DHT) in the cytoplasm by 5a-reductase. The AR protein bonds with HSP90 chaperones
and resides in the cytoplasmic compartment before androgen binding. Androgen binding alters AR conformation and promotes its translocation into the nuclear
compartment, where it interacts with chromatin DNA to regulate gene expression. AR gene mRNA is aberrantly spliced in advanced prostate cancers to generate
variant proteins like AR-V7, which is constantly active without androgen binding. Current clinical therapies for metastatic prostate cancers (yellow background box)
include castration, GnRH agonist and antagonist, Abiraterone, and AR antagonists. Several AR-targeted treatments under development (blue background box)
include AR PROTAC and non-specific degraders, AR-V7 degraders, AR-NTD inhibitor, AR-DBD blocker, AR nuclear translocation blockers, AR splicing inhibitors.
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xenograft tumor regression and eradication owing to robust cell
death in vivo (16, 17). These findings were overwhelmingly
supported by reports from other groups using divergent
approaches to knock down AR gene expression (18–23). These
results confirmed that eliminating AR protein (full length or
truncated) will overcome treatment resistance in advanced
prostate cancers.

PROTAC Technology
PROTAC stands for proteolysis targeting chimera. It uses a small
bifunctional molecule with two binding moieties connected by a
linker to bring together a targeted protein and cellular proteolytic
machinery, ubiquitin E3 ligase-mediated proteasome
degradation system (99, 100). This technology selectively
removes specific proteins like the AR protein for a therapeutic
purpose (101, 102). Several descent review articles summarized
the technique description and the usage of various E3 ligases
(103–106). We will only discuss the PROTAC molecules
designed for the AR protein.

The first AR-targeted PROTAC approach was reported in
2004, which used a synthetic peptide targeting the E3 ligase fused
to either an artificial FKBP12 ligand or dihydrotestosterone
(DHT) (24). After several optimizations, a potent AR-specific
PROTAC molecule ARCC-4 was developed with a nanomole
concentration efficiency (25). Its further modified version, ARV-
110, is being tested in clinical trials in metastatic prostate cancer
patients (26). The first trial is a phase-1b open-label clinical trial
(NCT05177042) to assess the combination of ARV-110 and
Abiraterone in patients with metastatic prostate cancer with
PSA progression after Abiraterone treatment. It is estimated to
finish at the end of April of 2023. The second one is a phase-1/2
open-label single-agent dose escalation and cohort expansion
trial to assess the safety and tolerability of ARV-110
(NCT03888612). It will be finished at the end of February 2023.

The AR degrader (ARD) series of PROTAC molecules (ARD-
61, -69, -266, -2128, -2585) were reported from Dr. Wang’s group
at theUniversity ofMichigan (27–31). Their latestmolecule,ARD-
2585, is a potent (DC50 < 0.1 nM) oral agent and has at least 10-fold
more potent than ARV-110 (27). Thesemolecules differ in distinct
E3 ligase binding domains, AR antagonists, and variable lengths of
the linkers. Unfortunately, both ARV-110 and ARD-2585
molecules depend on binding with the AR LBD. Therefore, it is
not effective on the AR splicing variants like AR-V7.

Other AR-targeted PROTAC molecules with animal testing
data include TD-802 (DC50 = 12.5 nM) (32) and A031 (IC50 <
0.25 mM) (33) that promote degradation of the full-length AR
protein. MTX-23 was shown to promote protein degradation of
both the full-length and AR-V7 variant AR protein (DC50 = 0.37-
2 mM) (34). In addition, three PROTAC molecules, A9/A16 (35,
36) and AR SNIPER-51 compounds (37), were only tested in cell
culture models.

Other Unique Molecules for
AR Degradation
UT-34 is a small molecule that exerts potent AR degradation
activity in vitro (1-10 mM) and in vivo via ubiquitin-proteaseom
Frontiers in Oncology | www.frontiersin.org 4189
pathway (38). It was optimized from its two previous versions,
UT-69 and UT-155 (107). UT-34 binds with the AR N-terminal
AF-1 domain and thus targets both the full-length and splicing
variant proteins. UT-34 has a good pharmacological profile of
oral bioavailability and suppressed xenograft tumor growth
derived from Enzalutamide-resistant prostate cancer cells at a
dose of 60 mg/kg/day (38).

Ailanthone was initially identified as an inhibitor of AR
transactivation via a high throughput screening assay and was
later found to induce protein degradation of both full-length and
splicing variant AR proteins via targeting an HSP90 co-chaperon
protein p23 (39). Ailanthone exhibited a strong anti-cancer effect
in both in vitro cell culture models (0.2-0.4 mM) and in vivo
xenograft models (2 mg/kg/day) of prostate cancer (39). It also
showed excellent drug-like properties as tested in preclinical
models (108, 109).

HG122 was identified as an inhibitor of AR activity via an
MMTV-luciferase assay-based high throughput screening (40).
HG122 suppressedAR-positiveprostate cancer cell growthwith an
IC50 of 7-9 mM, compared to AR-negative cells at 20 mM. HG122
suppressed AR transcriptional activity and promoted AR
degradation via the proteasome pathway. In animal experiments,
HG122 suppressed 22RV1 cell-derived xenograft tumor growth by
82% at a dose of 10 mg/kg/day, compared to a 60% reduction by
Enzalutamide at the exact dosing (40). However, it is unclear how
HG122 promoted AR degradation by the proteasome machinery.

AR Splicing Variant V7-Specific Degraders
and Inhibitors
The full-length AR protein has four distinct domains, N-terminal
(NTD), DNA-binding (DBD), hinge region, and C-terminal
ligand-binding (LBD). In prostate cancers, the transcriptional
splicing variants of the AR gene have been linked to castration-
resistance of prostate cancer after ADT and anti-AR therapy with
Enzalutamide and Abiraterone (110–112). Because these AR
variant proteins lack the AR C-terminal LBD region due to
gene splicing truncated or deleted, they are not responding to
current anti-AR drugs that target the LBD. Therefore, those
PROTAC molecules using the LBD ligands are not working on
these splicing variant AR proteins (113–115). These variant
proteins represent a massive obstacle to clinical management
in advanced prostate cancers.

Niclosamide is an FDA-approved oral anti-helminthic drug
used to treat parasitic infections. In an AR-V7-driven luciferase-
based high-throughput screening assay, Niclosamide was
identified as an effective inhibitor of AR-V7 activity. A
mechanistic study showed that it enhanced the AR-V7 protein
degradation via the ubiquitin-proteasome pathway in prostate
cancer cells at 0.5-1.0 mM without affecting the full-length
AR protein (116). Combinational treatment with Enzalutamide
and Niclosamide suppressed CRPC xenograft tumor growth in
mice at a dose of 25 mg/kg/day (117). Although the first clinical
trial (NCT02532114) with a single dose of Niclosamide was
failed in reaching the effective serum concentration (118), a
recent phase-Ib trial with reformulated Niclosamide plus
Abiraterone achieved the proposed clinical benefit (119),
March 2022 | Volume 12 | Article 865350
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representing a new hope for AR-V7 positive CRPC patients
(NCT03123978/NCT02807805).

CUDC-101 is a small molecule of inhibitor formultiple targets,
including histone deacetylase (HDAC), epidermal growth factor
receptor (EGFR) and HER2/Neu. It was recently found to inhibit
the transcriptional activities of the full-length AR and AR-v7
protein (0.3 mM for 24 h) via a HDAC-related mechanism in
prostate cancer 22RV1 cells (41). It also suppressed 22RV1 cell-
derived xenograft tumor growth in nude mice at a dose of 50 mg/
kg/day for 14 days (41). However, severe side effects will be
expected in a clinical test due to its action on multiple targets.

ASC-J9 is a curcumin analog (dimethyl-curcumin) with
multiple protein targets (120–125), including the AR proteins
(42–44). ASC-J9 induced protein degradation of the full-length
AR and AR-V7 proteins via the ubiquitin-proteasome pathway in
prostate cancer cells (44) and suppressed xenograft tumor growth
derived from CRPC cells (42, 45). It overcame Enzalutamide
resistance in preclinical CRPC xenograft models (46) and
sensitized prostate cancers to radiation therapy in animal
models (47). However, ASC-J9 was only tested in clinical trials
for skin acne care (NCT01289574 and NCT00525499).

Thailanstatins are bacteria-derived natural products with
potent inhibitory activity toward pre-mRNA splicing events
(48). Since AR-V7 is mainly generated by pre-mRNA splicing
(49), Thailanstatin D (TST-D) was tested in AR-V7 positive
prostate cancer cells for cytotoxicity. TST-D was shown to reduce
AR-V7 mRNA and protein levels (at 5 nM concentration) by
disrupting the U2AF65/SAP155 splicing complex that is critical
for the AR-V7 pre-mRNA expression and suppressed CRPC cell-
derived xenograft tumor growth (50% inhibition at 0.3 mg/kg/
day after four days) (50). It is postulated that combinational
treatment of TST-D with Enzalutamide or Abiraterone might
achieve a more profound anti-tumor effect in CRPC models.

Rutaecarpine is a cardiovascular protective alkaloid extracted
from the Chinese medicine Evodia rutaecarpa (126). It was
identified as a potent AR-V7 inhibitor in an AR-V7-driven
luciferase screening assay (51). A mechanistic study revealed that
Rutaecarpine promoted AR-V7 degradation by enhancing AR-V7
interaction with GPR78 and ubiquitin E3 ligase SIAH2. Its DC50

for AR-V7 degradation was about 20 mM and completely blocked
22RV1cell-derivedxenograft tumorgrowth innudemice at 40mg/
kg/2day (51). Since it also did not affect the full-length AR protein,
it is needed to test its synergistic effect with AR antagonists like
Enzalutamide and Abiraterone in vivo.

Indisulam belongs to a new class of compound sulfonamide
with potential antineoplastic activity (127) via selectively
degrading oncogenic proteins like pre-mRNA splicing factor
RBM39 (52). Because pre-mRNA splicing is critical for AR-V7
expression, Indisulam was shown to suppress AR-V7 expression
via RBM39-dependent mechanism. Indisulam treatment blocked
Enzalutamide-induced AR-V7 expression in VCaP cells (10 mM
concentration) and suppressed VCaP cell-derived xenograft
tumor growth in nude mice at a dose of 25 mk/kg/day (52).

Nobiletin is a plant flavonoid extracted from citrus peels and
possesses broad anti-cancer activity (128, 129). A recent study
showed that Nobiletin moderately reduced AR-V7 protein level
in 22RV-1 cells at 20 mM concentration and synergistically
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suppressed (at 40 mg/kg/2day) 22RV1 cell-derived xenograft
tumor growth with Enzalutamide (20 mg/kg/2day) (53). The
mechanistic study revealed that Nobiletin disrupted AR-V7
interaction with two deubiquitinases, USP14 and USP22,
leading to proteasome-based AR-V7 degradation (53).
AR N-TERMINAL SPECIFIC INHIBITORS

In contrast to the CTD, the AR NTD has very few mutations
without truncation (130). For example, the cBioportal database
showed only 9 (0.145%) point-mutations identified from the
NTD regions in 6334 prostate cancer specimens. There are two
transactivation unit (TAU-1, aa100-370) and TAU-5 (aa360-
485) motifs within the AR NTD (131). The TAU-1 motif is
critical for the full-length AR activation after ligand binding,
while the TAU-5 motif functions as a constitutive active motif for
truncated AR protein (e.g., AR-V7) (132, 133). Especially, the
TAU-1/TAU-5 motifs are rarely mutated or deleted in prostate
cancer patients, making them a feasible target for prostate cancer
therapy (130).

EPI series compounds are the first class of AR NTD inhibitors.
The first compound EPI-001 was identified by screening a library
of marine sponge extracts to inhibit AR NTD transactivation
activity (134). EPI-001 binds to the TAU-5 motif and inhibits
AR NTD activity at a relatively high dose (>25 mM in cell culture
models) (135, 136). EPI compounds also suppressed tumor growth
in VCaP and LNCaP95 cell-derived xenograft models at 100-200
mg/kg/day doses (135, 137). Although the older EPI compounds
did not affect AR protein levels (the full length and AV variants),
the new analog EPI-7170 suppressed AR-V7 expression in CRPC
cells (138). EPI-002 (commercial nameRalaniten) is oneof the four
EPI-001 stereoisomers, and its pro-drug EPI-506 (Ralaniten
acetate) was failed in a phase-I clinical trial due to excessive pill
burden and poor oral bioavailability (139, 140). The newest analog,
EPI-7386, showed 20-fold higher anti-androgenic potency than
Ralaniten (141), and it is being tested in clinical trials in
combination with Enzalutamide (NCT05075577/NCT04421222).

QW07 is a small synthetic molecule identified as an AR NTD-
specific inhibitor via an AR-NTD-driven luciferase high-
throughput screening (54). QW07 suppressed the activity of
AR full-length and splicing variants at 5-8 mM in prostate cancer
cells, which is more potent than EPI-001 (54). QW07 binds with
the AR NTD directly and suppresses AR recruitment onto the
target gene promoter. In animal xenograft experiments, QW07
inhibited tumor growth derived from prostate cancer 22RV1 and
VCaP cells at a dose of 40 mg/kg/day, similar to EPI-001.
However, QW07 did not affect AR protein expression (the full
length or splicing variants).
AR NUCLEAR TRANSLOCATION
BLOCKERS

As a transcription factor, the AR proteins translocate into the
nuclear compartment after being activated by the androgens (5).
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In the nuclear, AR protein interacts with the androgen response
elements in the gene promoter region to modulate gene
expression. The AR protein has one nuclear localization
sequence or signal (NLS) in each domain, the NTD region
(aa294-556), the DBD-hinge region (aa617-633), and the LBD
region (aa666-919) (142–144). In the absence of androgens, the
AR protein is exported from the nuclear compartment via its
nuclear export signal (NES, aa743-817) within the LBD region
(145). In CRPC tissue or cells that androgen levels are deficient
due to androgen deprivation therapy, the NLS in the NTD region
is responsible for AR nuclear localization (143). Blocking AR
nuclear translocation with a potent NLS inhibitor is feasible to
suppress prostate cancer development and progression by
shutting down AR-modulated gene expression.

EPPI andCPPI are smallmolecules identified as inhibitors ofAR
nuclear translocation in Dr. Z Wang’s lab using a 2GFP-AR fusing
protein-basedhigh-throughput screeningapproach (55).BothEPPI
and CPPI at 25 mM inhibited AR nuclear localization in prostate
cancer cells, which was reversed when the androgen level (R1881)
was over 1.0 nM level, a physiological androgen concentration (56).
Also, CPPI at a 50 mg/kg/day dose suppressed tumor growth in
LNCaP but not PC-3 cell-derived xenograftmodels with orwithout
castration, indicating an AR-specific effect (56). Further analysis
revealed that CPPI blocked AR nuclear import and promoted AR
degradation in the nuclear compartment through MDM2-
dependent proteasome mechanism in CRPC cells (C4-2 and
LNCaP95) and xenograft tumor models, leading to sharp
retardation of tumor growth (57). No effect was observed for
CPPI or EPPI on the AR variant proteins (57).

IMPPE (SID3712502) was another small molecule identified
from the 2GFP-AR fusing protein screening assay with a robust
inhibitory effect at 2.0 mM concentration on AR nuclear
translocation and its downstream target PSA gene expression,
plus downregulation of AR gene expression at a higher
concentration of 10 mM (55). Further study found that IMPPE
inhibited both full-length and LBD-lacking AR activity at a
relatively high dose (>10 mM) and suppressed 22RV1 but not
PC-3 cell-derived xenograft tumor growth at a dose of 25 mg/kg/
day in castrated nude mice (58).

JJ-450 is an IMPPE scaffold analog with higher potency and
better physicochemical properties (59). JJ-450 at 10 mM
concentration inhibited both the transcriptional activities of the
full-length and splicing variant AR proteins in CRPC cells by
blocking AR binding to its target gene promoter without affecting
AR protein levels (59). In CRPC xenograft models derived from
22RV1 and VCaP cells, JJ-450 at 10 mg/kg/day dose suppressed
xenograft tumor growth by 60%, slightly better than Enzalutamide
(59). Especially, JJ-450was found toblock thenuclear translocation
and activity of the AR F876L mutant protein identified from
Enzalutamide-resistant CRPC patients and LNCaP cells after
long-term exposure to Enzalutamide (60–62).
AR DBDH ANTAGONISTS

The AR DBD-Hinge region has P-box and D-box motifs
responsible for dimerization and DNA binding after androgen
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stimulation (146). Using a virtual in-silico drug design approach
(63–65), a surface-exposed region (aa579-610) on the AR DBDH
domain was discovered as a potential target site by small-
molecule compounds, including VPC-14228 and VPC-14449
(66). These two compounds at 10 mM concentration selectively
suppressed AR (full-length and splicing variant proteins) but not
ER or GR activity by blocking AR interaction with the target gene
promoters without affecting AR nuclear translocation and
protein stability (66). In LNCaP cell-derived xenograft
experiments, VPC-1449 at 100 mg/kg/day dose suppressed
tumor growth at a similar extent as Enzalutamide (10 mg/kg/
day) (66).
CONCLUSION AND PERSPECTIVES

The AR protein is critical for prostate cancer progression by
transcriptionally modulating gene expression after activation by
androgens via binding on its LBD. Metastatic prostate cancers
are initially treated with androgen deprivation or castration
therapies (surgical or medical) based on the findings reported
about 80-years ago. However, this androgen removal approach is
not curative for prostate cancers, and the diseases often relapse
and progress to the CRPC stage. Since most of these CRPCs are
still AR addictive, current clinical therapies mainly focus on
blocking androgen to bind with the AR LBD (AR antagonists) or
reducing androgen production (CYP17a1 inhibitors) in non-
testis tissues, including prostate cancer tissues. However,
treatment resistance eventually develops in part due to AR
gene mutation and mRNA splicing events (e.g., AR-V7) in
virtually all CRPC patients. Furthermore, after long-term
treatment with AR antagonists, up to 20% of CRPC patients
will develop an even more aggressive subtype, neuroendocrinal
prostate cancer (NEPC). Therefore, the androgen removal and
blockage approach are non-curative and leads to a more
aggressive disease.

To overcome this obstacle of treatment resistance, research
has shifted from androgens to the AR protein in the last 20 years
(Figure 1). The initial approach was the antisense
oligonucleotides (ASO) targeting the AR mRNA to reduce AR
protein production in prostate cancer cells. Due to the inhibitory
nature of the ASO approach on protein production, tumor
growth was only suppressed but not eradicated in xenograft
models. In contrast, our group used the siRNA approach that
efficiently eliminated the AR protein from prostate cancer cells.
Nanoparticle-loaded AR siRNA resulted in xenograft tumor
regression and eradication owing to robust cell death after
AR protein removal in prostate cancer cells. Unfortunately,
this AR siRNA project was stalled due to a failure in the
patent application.

Targeting AR protein stability has emerged in recent years as
the hotspot in developing new therapeutics for advanced prostate
cancers, and several small molecules were reported to reduce AR
protein stability. The curcumin analog ASC-J9, Ailanthone,
HG122, and CUDC-101 induced AR protein degradation in
prostate cancer cells. However, the AR or prostate cancer
tissue specificity is not established with these small molecules.
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The PROTAC technique for AR-specific degradation showed a
promising result. The AR PROTAC ARV-110 is tested as a
combinational treatment with Abiraterone in a clinical trial.
However, these AR CTD-targeting PROTACs utilized AR LBD
ligands, and therefore, they are inactive on AR CTD splicing
variants, a critical mechanism for treatment resistance in CRPC
patients. Interestingly, some other agents specifically targeted the
AR-V7 variant for degradation, including Niclosamide, CUDC-
101, Thailanstatins, Rutaecarpine, Indisulam, and Nobiletin.
Combining AR antagonists, PROTAC molecules, and AR-V7
inhibitors might provide synergistic effects in the clinic.

Targeting AR NTD is another approach to bypass AR CTD
splicing defects. The first generation of AR NTD inhibitor EPI
compounds was failed in clinical trials due to excessive bill
burden. The second generation of EPI compound with 20-fold
higher potency is being tested as a combinational treatment with
Enzalutamide in a clinical trial. UT-34 targets the ARNTD and is
also waiting for a clinical test.

ARnuclear translocation is an important event for its activity as
a transcription factor. Two novel compounds, IMPPE and JJ-450,
were recently developed to block AR nuclear translocation. These
two compounds showed a very permissive result in animalmodels.
In addition, an AR DBD blocking agent VPC-14449 was reported
to suppress AR interaction with its target gene promoter in the
nuclear compartment and was found to suppress tumor growth in
mice. These compounds are all needed for clinical testing.

AR activity is only temporally suppressed during prostate
cancer treatment by androgen deprivation and AR antagonists.
Due to these treatment stresses, prostate cancer cells used other
cellular signal pathways and/or splicing variants for AR
reactivation, resulting in treatment resistance. Therefore,
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complete removal of the AR protein from prostate cancer cells
will eliminate all events of AR reactivation after ADT and anti-
AR therapy. Especially in the early phase of treatment, most
prostate cancer cells are still AR-dependent. Simultaneously
removal of the AR protein and androgens will result in robust
cell death, leading to a possible curative result or long-term
disease-free survival. In addition, early reduction of the AR
protein in the androgen-responsive phase of prostate cancer
will reduce the likelihood of transcriptional reprogramming (88,
93, 147). Also, tissue-specific delivery of the AR protein
degradation agents will restrict potential side effects.
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Upper tract urothelial carcinoma (UTUC) occurs in urothelial cells from the kidney and the
ureters. Carbohydrate antigen 19-9 (CA 19-9) is a tumor marker for pancreatic and
gastrointestinal cancers, and its high levels are associated with poor prognosis in bladder
cancer. In this study, prospective patients enrolled in the registry of Seoul National
University were retrospectively examined to determine the clinical significance of CA 19-9
in UTUC. In 227 patients, high serum CA 19-9 levels reflected a high tumor burden
represented by high T and N stages, leading to adverse prognosis in metastasis-free or
overall survival. Subsequently, propensity score matching analysis showed that the CA
19-9 level is an independent prognostic factor of UTUC.

Keywords: CA 19-9, UTUC, prognosis, survival, metastasis
INTRODUCTION

Urothelial carcinoma arises from epithelial cells lining the urinary system. Most urothelial
carcinomas occur in the urinary bladder, whereas upper tract urothelial carcinoma (UTUC),
involving the renal calyx, pelvis, and ureter, accounts for 5%–10% of urothelial carcinomas (1, 2).
The prognosis of UTUC depends on the T stage, which shows a 5-year survival rate from 90.2% to
18.5% through stages T1 to T4 (3). Risk classification stratifies UTUC as low- or high-risk, with low-
risk cases allowing kidney-sparing surgeries, such as segmental ureterectomy and endoscopic
ablation (4). In contrast, definitive treatment with nephroureterectomy is required for high-risk
patients with adverse features. In addition, perioperative chemotherapy provides benefits in overall
survival (OS) and cancer-specific survival with much concrete evidence in an adjuvant setting (5).
The clinical staging of UTUC is restricted because of the pitfalls of computed tomography (CT)
urography in discriminating between the T stages of carcinoma in situ and T2 (6). Thus, appropriate
tools are required to evaluate the disease burden and to stratify risk classification.

Carbohydrate antigen 19-9 (CA 19-9) is a sialylated Lewis antigen. It is a tumor marker that
predicts tumor stage, disease burden, and recurrence in pancreatic and gastrointestinal cancers (7–
9). Although CA 19-9 is not a diagnostic marker in urothelial carcinoma, it is reportedly associated
with the disease burden and aggressive features of bladder cancer, implying poor prognosis (10–12).
In the present study, serum CA 19-9 levels in patients with UTUC were evaluated to reveal its
clinical relevance implicating tumor burdens and clinical outcomes.
July 2022 | Volume 12 | Article 8588131197

https://www.frontiersin.org/articles/10.3389/fonc.2022.858813/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.858813/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.858813/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:hinayuk@naver.com
mailto:kuuro70@snu.ac.kr
https://doi.org/10.3389/fonc.2022.858813
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.858813
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.858813&domain=pdf&date_stamp=2022-07-14


Jeong et al. High CA 19-9 Represents Adverse UTUC
MATERIALS AND METHODS

Study Subjects
The analyzed clinical data were of patients with UTUC enrolled
in the Seoul National University Prospective Enrolled Registry
for urothelial cancer from March 2016 to December 2020 with
institutional review board approval (IRB No. 2201-032-1289)
(13). From 420 patients, 227 patients whose preoperative serum
CA 19-9 levels were measured were selected and stratified into
low- (≤ 37 U/ml) and high-CA 19-9 (> 37 U/ml) level groups as
normal value of CA 19-9 is considered to be lower than 37 U/ml
(14). Preoperative and postoperative data, including the
underlying disease, clinical and pathologic stage, and findings,
were queried and compared.

Statistical Analysis
Two-tailed t-tests were performed on parametric values, such as
age, bodymass index (BMI), and CA 19-9 level. The chi-square test
was performed for categorical variables, including sex, underlying
disease status, clinical and pathologic stage, hydronephrosis,
Frontiers in Oncology | www.frontiersin.org 2198
perioperative chemotherapy, and tumor grade. Metastasis-free
survival and OS were analyzed using Kaplan–Meier survival
analysis, with the log-rank test for significance evaluation. To
alleviate confounding effects derived from tumor burdens
correlated with CA 19-9 levels, propensity score matching (PSM)
was conducted to match pathologic T and N stages with a 1:4 ratio
in both patient groups. Statistical analysis was performed using
XLSTAT (version 2021.5-life sciences). Statistical significance was
set at p < 0.05.
RESULTS

CA 19-9 Is Related to High Tumor Burden
In a total of 227 patients, 199 and 28 patients were classified into
low- and high-CA 19-9-level groups, respectively. The two groups
were similar in terms of demographic findings, such as sex (male
proportion of 71% vs. 57.1%, p = 0.126), age (70.4 vs. 71.8 years,
p = 0.485), and BMI (24.7 vs. 24.1%, p = 0.388) (Table 1).
Underlying diseases, including hypertension, diabetes mellitus,
TABLE 1 | Characteristics of patients with low or high CA19-9 level.

CA19-9 Low (n = 199) CA19-9 High (n = 28) P value

Sex
Man
Woman

142 (71.4%)
57 (28.6%)

16 (57.1%)
12 (42.9%)

0.126

Age 70.4 71.8 0.485
BMI 24.7 24.1 0.388
HTN 121 (60.8%) 15 (53.6%) 0.465
DM 66 (33.2%) 9 (32.1%) 0.914
Liver disease 18 (9.05%) 1 (3.57%) 0.327
Dyslipidemia 60 (30.2%) 9 (32.1%) 0.830
Clinical T stage
Ta
T1
T2
T3
T4

15 (7.54%)
64 (32.2%)
78 (39.2%)
42 (21.1%)

0

0
5 (17.9%)
14 (50%)
8 (28.6%)
1 (3.6%)

0.016

Hydronephrosis 96 (48.2%) 18 (64.3%) 0.112
Neoadjuvant CTx 6 (3.02%) 1 (3.57%) 0.873
Operation
Open
Laparoscopic
Robotic

82 (41.2%)
28 (14.1%)
89 (44.7%)

14 (50%)
3 (10.7%)
11 (38.3%)

0.665

Pathologic T stage
Ta
CIS
T1
T2
T3
T4

45 (22.6%)
6 (3.0%)

52 (26.1%)
23 (11.6%)
72 (36.2%)
1 (0.5%)

3 (10.7%)
0

4 (14.3%)
2 (7.1%)

18 (64.3%)
1 (3.6%)

0.037

Pathologic N stage
Nx
N0
N1
N2

164 (82.4%)
27 (13.6%)
1 (0.5%)
7 (3.5%)

16 (57.1%)
6 (21.4%)
1 (3.6%)
5 (17.9%)

0.002

Histologic Grade
Low grade
High grade

166 (83.4%)
33 (16.6%)

24 (85.7%)
4 (14.3%)

0.758

Adjuvant CTx 45 (22.6%) 8 (28.6%) 0.485
CA 19-9 (U/mL) 7.73 255.96 < 0.0001
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liver disease, and dyslipidemia, were also similar between the two
groups. Cisplatin-based neoadjuvant chemotherapy was
administered to 3.02% and 3.57% patients in the low- and
high-CA 19-9-level groups, respectively (p = 0.873). All patients
underwent nephroureterectomy via open, laparoscopic, or
robotic procedures in similar proportions (p = 0.665). The
clinical stage was significantly higher in the high-CA 19-9-level
group, represented by 32.6% of the T3 or T4 stage population,
compared with 21.1% in the low-CA 19-9-level group (p = 0.016).
Accordingly, hydronephrosis was more prevalent in the high-CA
19-9-level group, without statistical significance. The pathologic
T stage was higher in those with high CA 19-9 levels, with 69.9%
of them having stage T3 or T4 tumors, compared to 36.7% of
those with low CA 19-9 levels (p = 0.037). Furthermore,
pathologic N1 or N2 stage was diagnosed in 21.5% of the
patients in the high-CA 19-9 level group, which was higher
than 4.0% in the low-CA 19-9 level group (p = 0.002).
Cisplatin-based adjuvant chemotherapy was administered to
similar proportion of patients in the two groups (22.6%
vs. 28.6%, p = 0.485). Both the 2-year metastasis-free survival
(77.0% vs. 22.5%, p = 0.003) and OS (96.4% vs. 79.8%, p = 0.007)
rates were significantly higher in the low-CA 19-9-level group
(Figure 1). COX regression analysis was performed to reveal
factors associated with metastasis. Among the included variables,
high CA19-9 level, high T stage and N stage were significantly
associated with the risk of metastasis (Table 2).

PSM Revealed CA 19-9 as an Independent
Factor for Tumor Burden and Prognosis
In the high-CA 19-9-level group, the tumor burden was higher,
leading to poor prognosis. To identify CA 19-9 as an
independent prognostic factor, PSM analysis was performed
for pathological T and N stages. In the PSM cases,
demographic findings and underlying diseases remained
relatively different between the two groups (Table 3). Clinical
stage did not differ between the two groups (p = 0.123), which
was reflected in the incidence of hydronephrosis (p = 0.269).
Neoadjuvant or adjuvant chemotherapy was administered to
similar proportion of patients in both groups. The pathologic T
Frontiers in Oncology | www.frontiersin.org 3199
stage was matched in similar proportions between the two
groups, represented by 64.3% and 67.9% of patients with T3 or
higher stage in the low- and high-CA 19-9-level groups,
respectively (p = 0.904). The pathologic N stage tended to be
higher in the high-CA 19-9 level group, without statistical
significance (p = 0.13). Interestingly, in the PSM analysis, the
two-year metastasis free survival (71.2% vs. 22.5%, p = 0.031)
and OS (95.4% vs. 79.8%, p = 0.029) rates were significantly
higher in the low-CA 19-9-level group (Figure 2).
DISCUSSION

In bladder cancer, CA 19-9 is associated with adverse pathologic
stages, characterized by muscular layer invasion and metastasis,
thereby leading to poorer survival rates in bladder cancer
patients with high CA 19-9 levels (12, 15). Furthermore,
accumulating data suggest that urothelial cancers might
produce CA19-9 to reflect tumor aggressiveness and tumor
burdens (10, 12, 16).

However, there have been no reports evaluating the
prognostic value of CA 19-9 for UTUC. In the present study,
CA 19-9 was associated with a high tumor burden represented by
higher T and N stages, and led to worse outcomes in metastasis-
free survival and OS. CA 19-9 is highly expressed in the serum of
patients with pancreatic or colon cancer (17). In pancreatic
cancer, CA 19-9 is a useful diagnostic and prognostic marker
for evaluating the tumor stage, treatment response, and OS.
Similar to the study on UTUC, preoperative CA 19-9 levels are
associated with tumor resectability and pancreatic cancer stage.
A decrease in CA 19-9 levels after surgery reflects favorable
survival outcomes, and elevated CA 19-9 levels imply worse
survival outcomes (18). In addition, the CA 19-9 level is useful
for evaluating disease progression or remission in response to
treatment (19, 20). This study investigated only preoperative CA
19-9 levels, but serial measurements following treatment would
be valuable in predicting prognostic outcomes. The diagnostic
value of CA 19-9 is disappointing because of high false-positive
rates in normal conditions and other diseases, such as liver
FIGURE 1 | Kaplan-Meier analysis on metastasis free survival (left) and overall survival (right) comparing CA 19-9 high (green line) and low (yellow line) UTUC
patients.
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cirrhosis, pancreatitis, and benign gastrointestinal diseases (21).
However, in discriminating between benign and malignant
pancreatic nodules, it is valuable, with a specificity of 90%.

In this study, PSM analysis was conducted to mitigate adverse
features, such as T and N stages, reflecting tumor burden, which
is associated with poor outcomes. PSM corrected the imbalance
Frontiers in Oncology | www.frontiersin.org 4200
between low- and high-CA 19-9 level groups regarding T and N
stages, reflecting tumor burden. Interestingly, after PSM analysis,
high CA 19-9 levels indicated worse prognosis, thereby affirming
CA 19-9 as an independent prognostic marker, not only based on
tumor burden but also its aggressiveness. Similar findings have
been reported in pancreatic cancer, providing worse prognosis in
TABLE 2 | COX regression analysis for metastasis.

HR (95% CI) P value

Age 1.02 (0.981 - 1.057) 0.337
CA 19-9 (U/ml) 1.001 (1.000 – 1.003) 0.036
Hydronephrosis 1.36 (0.709 – 2.601) 0.357
Histologic grade
Low grade
High grade

Reference
0.232 (0.063 – 1.96)

Reference
0.232

Pathologic T stage
Ta
CIS
T1, T2
T3, T4

Reference
1.87E-7 (0.000 – 0.000)
6.89 (0.87 – 54.679)

30.36 (3.661 – 251.81)

Reference
0.995
0.068
0.002

Pathologic N stage
N0
Nx
N1
N2

Reference
0.752 (0.328 – 1.725)
0.67 (0.081 – 5.684)
4.63 (1.529 – 14.016)

Reference
0.501
0.719
0.007
July 2022 | Volume 12 | Artic
TABLE 3 | Characteristics of propensity score matched patients.

CA19-9 Low (n = 112) CA19-9 High (n = 28) P value

Sex
Man
Woman

81 (72.3%)
31 (27.7%)

16 (57.1%)
12 (42.9%)

0.119

Age 70.9 71.8 0.667
BMI 24.6 24.1 0.458
HTN 63 (56.3%) 15 (53.6%) 0.799
DM 39 (34.8%) 9 (32.1%) 0.789
Liver disease 12 (10.7%) 1 (3.6%) 0.244
Dyslipidemia 28 (25%) 9 (32.1%) 0.443
Clinical stage
Ta
T1
T2
T3
T4

9 (8%)
27 (24.1%)
44 (39.3%)
32 (28.6%)

0

0
5 (17.9%)
14 (50%)
8 (28.6%)
1 (3.6%)

0.123

Hydronephrosis 59 (52.7%) 18 (64.3%) 0.269
Neoadjuvant CTx 4 (3.57%) 1 (3.57%) 1.0
Operation
Open
Laparoscopic
Robotic

63 (56.3%)
10 (8.9%)
38 (34.8%)

14 (50%)
3 (10.7%)
11 (38.3%)

0.835

Pathologic T stage
Ta
CIS
T1
T2
T3
T4

11 (9.8%)
1 (0.9%)

17 (15.2%)
11 (9.8%)
71 (63.4%)
1 (0.9%)

3 (10.7%)
0

4 (14.3%)
2 (7.1%)

18 (64.3%)
1 (3.6%)

0.904

Pathologic N stage
Nx
N0
N1
N2

83 (74.1%)
21 (18.8%)
1 (0.9%)
7 (6.3%)

16 (57.1%)
6 (21.4%)
1 (3.6%)
5 (17.9%)

0.130

(Continued)
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multivariate analysis of CA 19-9 level, tumor grade, and tumor
size (22). Furthermore, in colorectal cancer, high CA 19-9 levels
are related to poor oncologic outcomes, including OS and
disease-free survival on PSM analysis (23).

This study is limited by the fact that it had a relatively small
sample size and a retrospective study design. However, this
report is valuable, considering the low incidence of UTUC
with concomitant measurement of CA 19-9 and data queries
from a prospective patient enrollment system. Moreover,
monitoring CA 19-9 levels may provide preoperative risk
classification and facilitate strategic follow-up and adjuvant
treatment. Thus, further studies are required to include a larger
number of patients and serial follow-up of CA 19-9 in the
treatment course.
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following propensity score matching.
TABLE 3 | Continued

CA19-9 Low (n = 112) CA19-9 High (n = 28) P value

Histologic Grade
Low grade
High grade

104 (92.9%)
8 (7.1%)

24 (85.7%)
4 (14.3%)

0.227

Adjuvant CTx 43 (38.4%) 8 (28.6%) 0.334
CA19-9 (U/mL) 7.37 255.96 < 0.0001
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