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Editorial on the Research Topic

Pharmacogenetics and Pharmacogenomics in Latin America: Ethnic Variability, New Insights in
Advances and Perspectives: A RELIVAF-CYTED Initiative

INTRODUCTION

Since the pharmacogenetics and pharmacogenomics (PGx) field started to rise, the information
about the relationship between actionable genes, genotypes, and response to drugs has increased
exponentially (Nicholson et al., 2021). There is evidence of the utility and impact of genetics in the
choice of therapeutic regimens improving their effectiveness and safety (Arbitrio et al., 2021). Even
some international efforts have created clinical guidelines that allow to implementation of
pharmacogenomics in daily clinical practice. In addition to clinical outcomes, Economic benefits
have been associated with the translation from “the bench to the bedside”.

Moreover, several major PGx expert organizations such as the Clinical Pharmacogenetics
Implementation Consortium (CPIC, 2021) and the Dutch Pharmacogenetics Working Group
(DPWG), provide gene-drug guidelines for actionable variants. In addition, Ubiquitous
Pharmacogenomics (U-PGx, 2021), the Latin American Network for the Implementation and
Validation of Pharmacogenomics Guidelines (RELIVAF-CYTED, 2021), and the Southeast Asian
Pharmacogenomics Research Network (SEAPharm, Chumnumwat et al., 2019) have investigated
pharmacotherapeutic recommendations guided by pharmacogenetics. In this respect, based on
scientific evidence the Food and Drug Administration (FDA) has published a list of PGx biomarkers
for drug labelling (FDA, 2021).

Even though high-quality research addresses the utility of implementing pharmacogenetics
programs in clinical practice, most of this evidence comes from the United States or Europe.
Moreover, commonly, it does not include the Latin American population, or when the guidelines
do, it is considering as one big group. Some recently regional formed scientific societies (RELAGH,
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2014; SOLFAGEM, 2021) and international efforts (RELIVAF-
CYTED) are looking to shorten the region’s gap of evidence and
information. In this respect, Latin America is a vast region with
some characteristics that do not allow easy implementation of
research made in other settings (Quiñones et al., 2014). It is one of
the most genetically diverse areas having frequencies or
polymorphisms not found in other regions. There is a lack of
high-quality Latin American population-focused research about
the relationship between specific genes and drug response, and,
also, there is a lack of knowledge of frequencies. Altogether, there
are many disadvantages to implementing pharmacogenetics in
clinical practice in Latin America.

Sixteenth articles are included in this issue, eleven original/
experimental research, two brief research reports, one review
article, one case report, and one opinion, covering different and
complementary aspects of the pharmacogenomic research in this
region.

Workflows of data-driven modeling and model-driven
experimentation have led to the development of in silico
algorithms including pharmacogenomics data of disease risk at
the patient-population level (Wolkenhauer et al., 2014). In this
Research Topic four predictive models based on
pharmacogenomics have been developed to identify patients who
were suitable for preventive genotyping. Although the models must
be validated with a larger number of patients and do not necessarily
apply to all populations, they are a very good first approximation to
predict the incidence of adverse effects among patients undergoing
different therapies in Latin America. Miranda et al. proposed a
model that included genetic polymorphisms in addition to clinical
records, to predict the tamoxifen response in a population of 162 ER
+ breast cancer patients (Serral et al.) through an in silico approach,
explored the druggable genes of two bacterial pathogens with a
relevant impact in Latin America. The model proposed by Varela
et al. was based on an integrated in silico analysis of breast and
prostate cancer data genes. Finally, the algorithm created by
Martinez et al. intended to predict the incidence of infections
among patients under chemotherapy treatment.

The PGx of the immunosuppressive drug Tacrolimus (TAC)
has been extensively studied, and according to the CPIC guidelines
(Birdwell et al., 2015) an increase of starting dose for CYP3A5
expressers is recommended, followed by a therapeutic drug
monitoring to guide dose adjustments. Thus, two manuscripts
address the issue in Chilean kidney transplantation patients, one in
children (Krall et al.), the other in an adult population (Contreras-
Castillo et al.), for immunosuppressive treatment (cyclosporine
and tacrolimus) after transplantation.

The antiretroviral treatment (ART) is generally not well tolerated
and most patients present important adverse effects (ADR) that
potentially limit treatment adherence or lead to this interruption
(Saag et al., 2020). Poblete et al. retrospectively evaluated the
UGT1A1*28 and CYP2B6 c.516G > T frequency and their
influence on major ADRs in 67 adult HIV patients from Chile,
as a starting point to validate in the nearest future CPIC guidelines in
Latin America.

Two investigations referred to children with acute lymphoblastic
leukemia fromdifferent angles. FromMexico, Gándara-Mireles et al.
analyzed the frequency distribution and the association between the

illness and the most common polymorphisms in ABCC1, NCF4,
and CBR3 genes. The influence of TPMT-VNTR polymorphism on
6-MP related hematological toxicity was confirmed by Burgueño-
Rodríguez et al. in 130 Uruguayan pediatric patients.

The studies performed in Duchenne Muscular Dystrophy (Luce
et al.), cardiovascular disease (Gálvez et al.), and severe
encephalopathy patients (Kravetz et al.) emphasized the
importance of identifying both already known and novel variants
to differential diagnosis and patientmanagement. Luce et al. described
the mutational spectrum of DMD gene in 400 Argentinian patients
with a clinical diagnosis of dystrophinopathy. Gálvez et al. reported a
significant association between APOB, APOE, and MTHFR
polymorphisms and lipid levels, especially in women, among 193
healthy subjects from Chile. Identifying a genetic variant in KCNT1
channel in an Argentinian pediatric patient with a severe
encephalopathy was crucial to include quinidine in the treatment
regimen as an antiepileptic drug (Kravetz et al.).

Since discovering the non-coding RNA, its clinical relevance
has become increasingly important. In particular, inter-individual
variability in drug response, both in efficacy and toxicity, could be
due to both, variation in miRNA gene sequences and circulating
miRNA levels (Latini et al., 2019; Ubilla et al.) found an increase
in miRNA-33b-5p levels in hypercholesterolemic patients under
atorvastatin therapy and proposed this microRNA as a biomarker
to follow the response to statins. Ruiz et al., worried about BCR-
ABL1 tyrosine kinase inhibitor resistance in chronic myeloid
leukemia patients, observed a global decrease of microRNA levels
in resistant cells, founding a promiser field for future studies.

On other hand, the biobanks allow access to many well-
classified, high-quality samples and establish the indispensable
conditions for achieving reproducible research results (Coppola
et al., 2019). Vargas and Cobar, express their opinion about
creating biobanks and believe that the same requirements will be
necessary to obtain pharmacogenetics information and efficient
therapeutic responses in Latin America.

Barriers to PGx implementation include a lack of knowledge,
training, and confidence among physicians to apply
pharmacogenomic tests (Rigter et al., 2020). As such,
Undurraga et al. reported on an anonymous online survey
addressed to psychiatrists from Chile, observing a low
acceptance of PGx tests, but a clear interest from psychiatrists
in their potential incorporation into their clinical practice.

We proudly present this research topic which aims to address
high-quality pharmacogenetic and pharmacogenomic research with
a particular focus on the Latin American population and its needs.
The main goal is to increase the information on the clinical
implementation and the impact of pharmacogenetics in Latin
American patients. Also, collecting experience and project the
field in the region, looking for strategies and new perspectives.
Furthermore, to potentiate the research among countries in the
region.
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Hematological Toxicity in Uruguayan
Patients with Acute Lymphoblastic
Leukemia
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(CHPR), Montevideo, Uruguay, 3Departamento de Genética, Facultad de Medicina, Universidad de la República, Montevideo,
Uruguay

6-Mercaptopurine (6-MP) is a thiopurine drug widely used in childhood acute
lymphoblastic leukemia (ALL) therapy. Genes such as TPMT and NUDT15 have an
outstanding role in 6-MP metabolism. Mutations in both genes explain a significant
portion of hematological toxicities suffered by ALL Uruguayan pediatric patients. A
variable number tandem repeat in the TPMT promoter (TPMT-VNTR) has been
associated with TPMT expression. This VNTR has a conservative architecture
(AnBmC). To explore new causes of hematological toxicities related to ALL therapy,
we genotyped the TPMT-VNTR of 130 Uruguayan pediatric patients. Additionally,
individual genetic ancestry was estimated by 45 ancestry-informative markers (AIMs).
Hematological toxicity was measured as the number of leukopenia events and 6-MP
dose along the maintenance phase. As previously reported, we found TPMT*2 and
TPMT*3C alleles were associated to TPMT-VNTR A2BC and AB2C, respectively.
However, contrasting with other reports, TPMT*3A allele was found in a
heterogeneous genetic background in linkage equilibrium. Patients carrying more
than 5 A repeats present a significant higher number of leukopenia events among
patients without TPMT and/or NUDT15 variants. Native American ancestry and the
number of A repeats were significantly correlated with the number of leukopenia events.
However, the correlation between Native American ancestry and the number of
leukopenia events was lost when the number of A repeats was considered as
covariate. This suggests that TPMT-VNTR alleles are more relevant than Native
American ancestry in the hematological toxicity. Our results emphasize that TPMT-
VNTR may be used as a pharmacogenetic biomarker to predict 6-MP-related
hematological toxicity in ALL childhood therapy.

Keywords: Acute Lymphoblastic Leukemia, TPMT, TPMT-VNTR, NUDT15, 6-MP, Pharmacogenomics, Ancestry,
Hematological toxicity
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INTRODUCTION

Childhood acute lymphoblastic leukemia (ALL) is the most
frequent children cancer worldwide. Uruguay is not an
exception. The 5-year disease-free survival (DFS) in this
country is similar to that observed in developed countries
(Castillos et al., 2012). Although ALL treatments have been
improved, approximately 20% of the patients suffer a diversity
of adverse side effects due to the nonspecific action and the
narrow therapeutic range of the drugs.

In Uruguay, Berlin-Frankfurt-Münster (IC-BFM) protocol is
used to treat ALL pediatric patients. In this protocol, patients are
classified as standard, intermediate, and high risk according to
age of diagnosis, white blood cell (WBC) count, blast number in
peripheral blood at day 8, blast percentage in the bone marrow at
days 15 and 33, and the presence of translocations. The overall
chemotherapy consists in a two-year (104 weeks) treatment
encompassing many phases. According to the risk group, the
maintenance phase varies between 63 and 74 weeks. In this phase,
patients received 50 mg/m2/day of 6-mercaptopurine (6-MP) and
20mg/m2/week of methotrexate (MTX). During the maintenance
phase, complete blood count (CBC) is performed weekly along
the first two months and then every two or three weeks.

Thiopurine S-methyltransferase (TPMT) is a cytosolic enzyme,
in which physiological function remains uncertain. TPMT catalyzes
the S-methylation of thiopurine drugs such as azathioprine, 6-MP,
and 6-thioguanine (6-TG), which are widely used in autoimmune,
inflammatory, and cancer diseases (Spire-Vayron de la Moureyre
et al., 1998; Appell et al., 2013; Chouchana et al., 2014).

Normally, 6-MP and 6-TG are considered as purines and are
metabolized to thioguanine nucleotides (TGNs) which will be
incorporated into DNA, causing damage and triggering further
cellular apoptosis (Pan and Nelson, 1990; Kotur et al., 2012). In
the hematopoietic tissue, TPMT has an outstanding role in the
downregulation of TGN formation due to its S-methyltransferase
activity. There is therefore an inverse relationship between the
activity of TPMT and active TGN metabolites’ concentration
(Relling et al., 2011).

TPMT illustrates one of the most characteristic examples of
pharmacogenetics utility, attempting to a personalized drug
therapy. To date, more than 44 TPMT mutant alleles have
been described (https://www.hmv.liu.se/tpmtalleles), but
TPMT*2, TPMT*3A, and TPMT*3C alleles represent more
than 95% of inherited TPMT deficiency (Ameyaw et al., 1999;
Chrzanowska et al., 2012). Furthermore, within the TPMT gene
promoter, there is a variable number tandem repeat (VNTR)
region (Spire-Vayron de la Moureyre et al., 1998; Spire-Vayron
de la Moureyre et al., 1999), whose composition and number of
repeats have been associated with TPMT expression (Zukic et al.,
2010; Kotur et al., 2012; Kotur et al., 2015). This GC-rich VNTR
region (TPMT-VNTR) has a three-element architecture, two of
them being variable in their copy number (AmBnC). According
to Vergnaud and Denoeud (2000) criteria, this VNTR is
considered a minisatellite, and, hitherto, 19 different alleles
have been described (Urbančič et al., 2018).

It has already been reported that, in Uruguayan pediatric
patients under ALL therapy, approximately 30% of the

hematological toxicities are explained by SNPs at TPMT and
NUDT15 genes (Soler et al., 2018). This result demonstrates once
again the importance of specific studies for each population,
especially in admixed ones such as Uruguayan population. The
aim of this work is to analyze the TPMT-VNTR in ALL pediatric
patients from Uruguay and determine its association with 6-MP
hematological toxicity (measured as the number of leukopenia
events and 6-MP cumulative dose) in the maintenance phase;
taking individual genetic ancestry into account.

METHODOLOGY

Patients and Clinical Data
DNA samples of 130 ALL Uruguayan pediatric patients aged
between 1 and 15 years were analyzed. All patients were followed
up at the Servicio Hemato Oncológico Pediátrico—Centro
Hospitalario Pereira Rossell, Montevideo, Uruguay, and treated
with the IC-BFM protocol (58 according to ALL-IC-BFM 2002
and 72 according to ALL-IC-BFM 2009). The collected clinical
data were 6-MP dose and the number of leukopenia events along
the first 32 weeks of the maintenance phase. The cumulative 6-
MP dose was calculated at weeks 8, 16, 24, and 32. Additionally,
we calculated the mean weekly 6-MP dose (mg/m2). On the
contrary, the hematological toxicity (leukopenia events’ grades 3
and 4) was analyzed as a whole and within eight-week intervals
(1–8, 9–16, 17–24, and 25–32 weeks). The data analyzed in this
study were collected blinded to genotypes from the patients’
medical files by the two corresponding researchers.

The protocol and procedure employed in this study was
approved by the CENUR Litoral Norte, Universidad de la
República, institutional ethics committee, and informed
consent was obtained from parents, guardians, and/or patients,
as required (Exp. N° 311170-000332-17, www.expe.edu.uy).

TPMT, TPMT-VNTR, and NUDT15
Genotyping
Genomic DNA was isolated from peripheral blood leukocytes by
the saline extraction method (Miller et al., 1988). Patients were
previously genotyped for TPMT and NUDT15 genes which are the
most common variants (Soler et al., 2018). The number and type of
tandem repeats were determined by TPMT first-exon PCR
amplification, including the promoter region, followed by Sanger
sequencing. Furthermore, in order to discard other possible
mutations, the TPMT gene was completely characterized by the
amplification and sequencing of its nine exons. In addition, since
NUDT15 variants analyzed by Soler et al. (2018) were in exons 1
and 3, we also sequenced NUDT15 exon 2. Amplification primers
and PCR conditions are shown in Supplementary Table S1.

Linkage Disequilibrium
TPMT-VNTR genotypes and TPMT genotypic data previously
reported by Soler et al. (2018) were used to estimate the gametic
phase, applying Arlequin software v3.5.2 (Excoffier and Lischer,
2010). For each haplotype, we estimated the normalized linkage
disequilibrium (D’).
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Ancestry
A total of 45 ancestry-informative markers (AIMs) located along
all autosomes were genotyped (Supplementary Table S2). These
AIMs were selected from the SNP panel published by Yaeger et al.
(2008). Nineteen of them were performed by the SNaPshot
multiplex system (Thermo Fisher Scientific, Waltham,
Massachusetts, United States) and 26 by MassARRAY SNP
genotyping (Agena Bioscience Inc., San Diego, United States).
In order to estimate the European, Amerindian, and African
ancestry, Structure software (Pritchard et al., 2000) was used with
100,000 iterations for the burn-in period and 1,000,000 additional
iterations. The parental populations included 42 Europeans
(Coriell’s North American panel), 37 West Africans
(nonadmixed Africans living in London, United Kingdom, and
South Carolina, United States), and 30 Native Americans (15
Mayans and 15 Nahuas), who were genotyped on an Affymetrix
100 K SNP chip (data were kindly provided by Dr. Laura
Fejerman (University of California, San Francisco)).

Statistical Analysis
Allele and genotype frequencies were estimated by gene counting.
Correlation between clinical data and the number of repeats (A, B,
and A + B) was analyzed by Spearman correlation test.
Additionally, patients were classified into two groups according
to the number of A repeats (A < 5 and A ≥ 5). The association
between these two groups with 6-MP cumulative dose and the
number of leukopenia events was analyzed by variance analyses
(ANOVA) and Mann–Whitney test, respectively. Furthermore,
association between individual ancestry, clinical data, and genetic
information was analyzed by ANOVA, Spearman, and partial

correlation. Classification tree was built to cluster the patients
according to the number of leukopenia events, using the chi-
squared automatic interaction detection (CHAID) algorithm. The
categorical variables considered were the presence or absence of
TPMT and/or NUDT15 variants, A repeats’ groups, and Native
American ancestry (cutoff 15%). All analyzes were carried out in
the total sample and in the sample subdivided by the presence or
absence of TPMT and NUDT15 variants. Statistical analysis was
performed in R statistical package with a CI of 95%, with exception
of the classification tree which was carried on SPSS 22.0.

RESULTS

TPMT-VNTR Genotypic and Allelic
Frequencies
TPMT and NUDT15 exon sequencing did not reveal any other
mutation to those previously reported by Soler et al. (2018).
Regarding TPMT-VNTR, we identified 18 different genotypes and
10 different alleles. The total number of VNTR repeats (A + B + C)
ranged from 6 (ABC/ABC) to 14 (A5BC/A5BC) (Table 1).

The most frequent TPMT-VNTR genotypes were *4a/*5a
(33.85%), *4a/*4a (25.38%), *5a/*5a (11.54%), and *4a/*6a
(8.46%). Therefore, TPMT-VNTR alleles *4a (51.54%), *5a
(32.59%), and *6a (6.15%) explain more than 90% of
variability (Table 1 and 2).

Six different TPMT-VNTR genotypes (*3/*3, *4a/*4a, *4a/*5a,
*5a/*5a, *6b/*8a, and *7a/*7a) were found in the nine
heterozygous TPMT*3A/*1 patients. The TPMT*2/*1 and
TPMT*3C/*1 patients have the *4a/*4a and *4b/*5a TPMT-
VNTR genotypes, respectively (Table 1).

Estimation of the gametic phase showed the TPMT*3A allele
associated to five TPMT-VNTR alleles (*3, *4a, *5a, *7a, and *8a),
whereas TPMT*2 and TPMT*3C alleles were associated to
TPMT-VNTR alleles *4a and *4b, respectively. With exception

TABLE 1 | TPMT-VNTR genotype frequencies and TPMT genotype.

TPMT-VNTR n Freq. (%) TPMT (n) Group*

3/3 ABC/ABC 1 0.77 1*/*3A 1
3/4a ABC/A2BC 1 0.77 *1/*1 1
3/5a ABC/A2B2C 1 0.77 *1/*1 1
4a/4a A2BC/A2BC 33 25.38 *1/*1 (29) 1

*1/*2 (1)
*1/*3A (3)

4a/4b A2BC/AB2C 4 3.08 *1/*1 1
4a/5a A2BC/A2B2C 44 33.85 *1/*1 (43) 1

*1/*3A (1)
4a/5b A2BC/A3BC 1 0.77 *1/*1 2
4a/6a A2BC/A2B3C 11 8.46 *1/*1 1
4a/6b A2BC/AB4C 2 1.54 *1/*1 1
4a/6c A2BC/A4BC 2 1.54 *1/*1 2
4a/7a A2BC/A5BC 3 2.31 *1/*1 2
4b/5a AB2C/A2B2C 2 1.54 *1/*1 (1) 1

*1/*3C (1)
5a/5a A2B2C/A2B2C 15 11.54 *1/*1 (13) 1

*1/*3A (2)
5a/5b A2B2C/A3BC 1 0.77 *1/*1 2
5a/6a A2B2C/A2B3C 5 3.85 *1/*1 1
5a/7a A2B2C/A5BC 2 1.54 *1/*1 2
6b/8a AB4C/A6BC 1 0.77 *1/*3A 2
7a/7a A5BC/A5BC 1 0.77 *1/*3A 2
Total — 130 — — —

Freq.: TPMT-VNTR genotype frequency. *1): number of A repeats < 5; 2): number of A
repeats ≥ 5.

TABLE 2 | Linkage disequilibrium between TPMT-VNTR alleles and TPMT alleles
obtained from estimated haplotype combinations.

TPMT-VNTR
alleles

Freq.
(%)

TPMT
allele

n D9 r2 X2 P

*3 ABC 1,54 *1 3 -0.217 0.017 4,325 0.038
*3A 1 0.223 0.022 5,640 0.018

*4a A2BC 51,54 *1 130 0.118 0.001 0.170 0.680
*2 1 1,000 0.004 0.944 0.331
*3A 3 -0.138 0.001 0.188 0.665

*4b AB2C 2,31 *1 5 -0.130 0.009 2,344 0.126
*3C 1 1,000 0.163 42,497 <0.0001

*5a A2B2C 32,69 *1 82 0.444 0.004 1,099 0.295
*3A 3 -0.320 0.002 0.464 0.496

*5b A3BC 0,77 *1 2 1,000 0.000 0.089 0.765
*6a A2B3C 6,15 *1 16 1,000 0.003 0.753 0.386
*6b AB4C 1,15 *1 3 1,000 0.001 0.134 0.714
*6c A4BC 0,77 *1 2 1,000 0.000 0.089 0.765
*7a A5BC 2,69 *1 6 -0.105 0.007 1,795 0.180

*3A 1 0.112 0.010 2,522 0.112
*8a A6BC 0,38 *3A 1 -1,000 0.087 22,724 <0.0001

Freq.: TPMT-VNTR allele frequency. D′: normalized linkage disequilibrium coefficient. r2:
correlation coefficient. X2: chi-square. p � p value.
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of haplotypes *3-TPMT*1, *3-TPMT*3A, *4a-TPMT*3C, and
*8a-TPMT*3A, the remaining haplotypes were found in
linkage equilibrium (Table 2).

Association of TPMT-VNTR with
Hematological Toxicity
We found a significant correlation between the number of A repeats
and the number of leukopenia events in the interval 1–8 (p � 0.008)
and when the 32 weeks were analyzed as a whole (p � 0.009)
(Table 3). Graphical representation of total leukopenia events at
week 32 showed a trend toward a greater number of leukopenia
events when the number of A repeats was equal or higher than five
(Supplementary Figure S1). Therefore, patients were classified into
two groups according to the number of A repeats: risk group 1 with
less than five A repeats and risk group 2 with five ormore A repeats.
When the number of leukopenia events was compared among the
risk groups by the Mann–Whitney test, the number of leukopenia
events was significantly greater in risk group 2 than that in risk
group 1 at intervals 1–8 and 17–24 and considering the 32 weeks as
a whole (Table 3).

As the number of leukopenia events is strongly associated with
TPMT and NUDT15 variants (Relling et al., 2011; Cargnin et al.,
2018; Soler et al., 2018), we also subdivided the sample according
to the presence or absence of TPMT and/or NUDT15 variants.
The association between risk groups and the number of
leukopenia events remains significant only in the subsample
without TPMT and/or NUDT15 variants. This association was
observed in the interval 1–8 and in the total number of leukopenia
events at week 32 (Table 3).

We did not detect significant correlations between 6-MP
cumulative dose and the TPMT-VNTR length (A + B) as well

as with the number of A or B repeats separately
(Supplementary Table S3). Moreover, 6-MP cumulative
dose did not show an association with risk groups by
ANOVA neither in the total sample nor in the sample
subdivided by the presence and absence of TPMT and/or
NUDT15 variants (data not shown).

Ancestry, Hematological Toxicity, and
TPMT-VNTR
Ancestry was determined in 111 of 130 patients. European,
Native American, and African ancestral proportions were
73.9 ± 14.8%, 16.9 ± 11.7%, and 9.12 ± 7.4% (mean ± SD),
respectively (Supplementary Figure S2).

There is a significant negative correlation between the number
of leukopenia events and Native American ancestry in patients
without TPMT and/or NUDT15 variants (Supplementary Table
S4). Moreover, risk group 2 patients showed a significantly higher
European and lower Native American ancestry than patients from
risk group 1 among patients without TPMT and/or NUDT15
variants (Supplementary Figures 2C,D). In order to analyze
the relevance of the abovementioned variables, we additionally
performed a partial correlation analysis between the number of
leukopenia events and patients’ Native American ancestry using
risk groups as covariate. This analysis did not show a significant
correlation (p� 0.120). Furthermore, classification tree first divided
the sample by the presence or absence of TPMT and/or NUDT15
variants and then by risk groups resulting in three groups (two
nodes). Native American ancestry was not a significant variable to
explain the number of leukopenia events (Figure 1).

6-MP cumulative dose does not show a significant correlationwith
European, Native American, or African ancestry in the total sample.

TABLE 3 | Association between the number of leukopenia events and 1) the number of A, B, and A + B repeats and 2) risk groups.

Interval (weeks) Spearman correlation (1) Mann–Whitney (2)

Number of A
repeats

Number of B
repeats

A + B repeats Number of leukopenia events p

R p R p r P Risk group 1 Risk group 2

N Mean N Mean

1–8 Total 0.245 0.008 -0.122 0.116 -0.007 0.474 88 0.61 8 1.63 0.010
wt 72 0.54 6 1.50 0.044
mut 16 0.94 2 2 0.105

9–16 Total 0.112 0.140 0.056 0.294 0.106 0.151 88 0.85 8 1.62 0.105
wt 72 0.71 6 1.17 0.328
mut 16 1.50 2 3 0.163

17–24 Total 0.166 0.054 -0.170 0.050 -0.070 0.250 87 0.48 8 1.25 0.025
wt 71 0.41 6 1.17 0.068
mut 16 0.81 2 1.50 0.216

25–32 Total 0.137 0.093 0.099 0.172 0.126 0.114 86 0.34 8 0.63 0.154
wt 71 0.28 6 0.67 0.148
mut 15 0.60 2 0.50 0.669

Total Total 0.240 0.009 -0.075 0.233 0.044 0.336 88 2.27 8 5.13 0.002
(32 weeks) wt 72 1.93 6 4.50 0.012

mut 16 3.81 2 7 0.078

1) Association between the number of leukopenia events and the number of A, B, and A + B repeats was done by Spearman test. 2) The number of leukopenia events between risk groups
was compared by Mann–Whitney test. Total: total sample; wt: patients without TPMT or NUDT15 variants; mut: patients with TPMT and/or NUDT15 variants. r: Spearman correlation
coefficient. p: p value. N: number of individuals. Risk group 1: A < 5. Risk group 2: A ≥ 5. Mean: mean number of leukopenia events’ grade 3 or 4.
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DISCUSSION

As it has been widely reported, TPMT and NUDT15 genes have
an outstanding role in the 6-MP metabolic pathway. Variants in
both genes induce loss of their enzymatic activity and the
subsequent accumulation of TGNs, resulting in the presence of
adverse drug reaction due to 6-MP (Fabre et al., 2004; Yang et al.,
2014; Moriyama et al., 2016; Soler et al., 2018; Cao et al., 2020).
However, patients without TPMT and/or NUDT15 variants also
suffer 6-MP adverse effects. A VNTR region in the TPMT
promoter has been postulated to modulate TPMT activity
(Spire-Vayron de la Moureyre et al., 1998) and hence may
explain part of the hematological toxicity due to 6-MP.

In our study population, an admixed one, overall TPMT-
VNTR allele frequencies did not differ significantly from the
previously reported for Portuguese andMozambique (Alves et al.,
2002), Asian British (Marinaki et al., 2003), and Serbian
populations (Zukic et al., 2010; Kotur et al., 2012). The most
frequent alleles found were *4a and *5a followed by *6a, which
were similar to those observed in other populations (Alves et al.,
2002; Marinaki et al., 2003; Zukic et al., 2010; Urbančič et al.,
2018). Interestingly, alleles *3 and *4b were found at higher
frequencies than those observed in European populations and
similar to those reported for Mozambique and Asian British
populations, respectively (Alves et al., 2002; Marinaki et al., 2003;
Urbančič et al., 2018). This fact could be explained by the
contribution of Native American and African populations to
the Uruguayan genetic pool (Sans et al., 1997; Buchelli and
Cabella., 2010; Bonilla et al., 2015).

Genotypic and linkage disequilibrium (LD) analyses showed
that, with exception to the *8a allele, the functional TPMT*1 allele
is linked to the rest of the TPMT-VNTR alleles. In concordance
with the previous reports, TPMT*2 and TPMT*3C alleles were
found linked to TPMT-VNTR *4a and *4b alleles, respectively
(Alves et al., 2001; Marinaki et al., 2003; Urbančič et al., 2018).

On the contrary, TPMT*3A (the most common deficient
allele) was linked to six different TPMT-VNTR alleles. Six out
of nine TPMT*3A alleles were linked in equilibrium to the most
frequent TPMT-VNTR alleles (*4a and *5a), similar to what
Spire-Vayron de la Moureyre et al. (1998) reported for a
European population. Moreover, the *7a allele (the fourth
most frequent TPMT-VNTR allele) was also found in linkage
equilibrium with the TPMT*3A allele. Different to previous
studies, we did not observe linkage between TPMT*3A and
*6b (Alves et al., 2001; Marinaki et al., 2003). Additionally,
TPMT*3A allele was in LD only with TPMT-VNTR alleles
found in low frequencies (*3 and *8a). This result contrasts
with previous studies, where TPMT*3A was found in LD with
*5a, *6a, and ABnC (n > 2) alleles (Yan et al., 2000; Alves et al.,
2001; Marinaki et al., 2003; Urbančič et al., 2018) (Table 2).

The linkage between TPMT-VNTR with the variable number of
A repeats and TPMT*3A allele, added to the absence of LD when all
alleles were considered (p � 0.198), does not adjust to the
evolutionary model proposed by Urbančič et al. (2018). These
differences may be explained by several reasons: 1) the loss of
LD by recombination between the TPMT*3A allele and the
common TPMT-VNTR alleles as suggested by Marinaki et al.

(2003); 2) the heterogeneity in the Caucasic population that
contributes to the Uruguayan genetic pool; and 3)
microevolutionary events as genetic drift or founder effects
occurring in the Uruguayan population.

Several studies had reported that TPMT-VNTR modulates the
expression of the TPMT gene, possibly at the transcriptional level.
Some authors had reported an inverse correlation between the
overall repeat number of TPMT-VNTR and TPMT activity (Spire-
Vayron de la Moureyre et al., 1998; Yan et al., 2000; Fabre et al.,
2004), whereas other authors found a correlation between the
number of A or B repeats with TPMT activity and/or with
hematological toxicities (Alves et al., 2001; Zukic et al., 2010;
Kotur et al., 2012; Kotur et al., 2015). Most of these studies had
analyzed the relationship between TPMT-VNTR alleles and TPMT
expression/activity at the molecular or biochemical level. In our
study, we focus on the leukopenia events and on 6-MP dose, two
indirect clinical measures of TPMT expression/activity.

We found a negative correlation between the number of A
repeats and the number of leukopenia events (Table 3). These
results agree with TPMT gene expression data previously reported
by Zukic et al. (2010) and Kotur et al. (2012), Kotur et al. (2015).
Interestingly, we did not find any significant correlation between
either the total overall repeat number or the number of B repeats
with the two clinical measures analyzed, as described by Spire-
Vayron de la Moureyre et al. (1998) and Alves et al. (2001). Other
study, with kidney transplant recipients receiving azathioprine,
reported that patients with TPMT-VNTR genotypes composed of
more than ten repeats showed a significant reduction in
azathioprine dose compared to those with ten or less repeats
(Fabre et al., 2004). Although this study does not discriminate
between the number of A and B repeats, those individuals (>10
repeats) must have at least one TPMT-VNTR allele carrying more
than six repeats. These alleles may show a bias toward a higher
number of A than B repeats according to reported TPMT-VNTR
allele frequencies (Urbančič et al., 2018).

According to Kotur et al. (2015), carriers of the *7a allele had
the lowest average of TPMT gene expression level and the least
increase in its expression level during chemotherapy.
Interestingly, six of our 11 patients, belonging to risk group 2
(A ≥ 5), carry the *7a allele. Unfortunately, there are no other
studies about TPMT expression in patients carrying the other
TPMT-VNTR alleles belonging to risk group 2 (*5b, *6c, and *8a).

The relevance of genetic ancestry in 6-MP therapy has been
demonstrated by several examples such as hematological toxicity
observed in patients carrying NUDT15 variants, which is more
frequent in Asian and South American populations (Yang et al.,
2014; Soler et al., 2018). Global ancestry proportions were similar
to those observed in previous studies and confirmed the trihybrid
structure of the Uruguayan population (Sans et al., 1997; Sans
et al., 2006; Bonilla et al., 2015). At the individual level, the
observed wide variation was also similar to the previous report
(Bonilla et al., 2015) (Supplementary Figure S2A).

Even though we found a significant negative correlation
between the total number of leukopenia events and Native
American ancestry in patients without TPMT and/or NUDT15
variants (Supplementary Table S4), this correlation was no longer
significant when risk groups were taken into consideration (p �
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FIGURE 1 | Classification tree of the number of leukopenia events. Presence/absence of TPMT and/or NUDT15 mutations, risk groups, and Native American
ancestry (cutoff � 15%) were taken as categorical variables. TPMT/NUDT15wt: TPMT*1 and NUDT15*1. TPMT/NUDT15mut: TPMT and/or NUDT15 mutated. Risk
group 1: A < 5. Risk group 2: A ≥ 5.
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0.120). This may show that TPMT-VNTR alleles are more relevant
than Native American ancestry. A heterogeneous distribution of
TPMT-VNTR alleles among ancestral populations may explain the
loss of the correlation between Native American ancestry and the
total number of leukopenia events. However, although TPMT-
VNTR frequencies in Asian and Native American populations are
scarce, these data do not support this hypothesis (Marinaki et al.,
2003; Urbančič et al., 2018). Another possible explanation is
microevolutionary factors as genetic drift or founder effects,
causing different levels of ancestry between risk groups.

Despite the significant association between the number of
leukopenia events and risk group 2, as visualized at the
classification tree and consistent with previous reports (Zukic
et al., 2010; Kotur et al., 2012; Kotur et al., 2015), we must be
cautious with this result due to the small sample size and the low
number of patients with five or more A repeats analyzed in this
study. Nevertheless, considering that Uruguay has only 3.5
million inhabitants and presents approximately 25 new ALL
pediatric patients per year, a 130-individual sample represents
more than 5 years of ALL patients in our country.

Furthermore, additionally to NUDT15 and TPMT, there are
other genes involved in 6-MP metabolism, like ITPA or ABCC4,
which may influence in the hematological toxicity (Hareedy et al.,
2015; Tanaka et al., 2015; Tanaka et al., 2018).

Although we found a clear association between risk group 2
and the number of leukopenia events, this association was not
reflected in 6-MP dose. This could be due to a weaker effect of
TPMT-VNTR compared with other genetic factors such as TPMT
andNUDT15 variants. Additionally, the decision to modify 6-MP
dose is based on empirical information, and thus relative to the
patient general state and to medical staff.

To our knowledge, this is the first report that studied the
relationship between TPMT-VNTR alleles and clinical data,
stratifying the sample by TPMT and/or NUDT15 mutations.

In summary, we confirm the previous reported association
between *4a and *4b TPMT-VNTR alleles with TPMT*2 and
TPMT*3C, respectively. However, we did not find the reported
association between TPMT-VNTR pattern ABnC (n ≥ 2) and
TPMT*3A, suggesting a greater heterogeneity in the genetic
background of patients carrying this variant. Moreover, a higher
number of A repeats might be a risk factor for suffering leukopenia
events. Finally, our results support the hypothesis that transcriptional
genetic modifiers, such as the VNTR region in the TPMT promoter,
may be used as a pharmacogenetic biomarker and could contribute to
the design of personalized ALL childhood therapy.
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Chronic myeloid leukemia (CML) is a myeloid stem cell neoplasm characterized by an
expansion of myeloid progenitor cells and the presence of BCR-ABL1 oncoprotein. Since
the introduction of specific BCR-ABL1 tyrosine kinase inhibitors (TKI), overall survival has
improved significantly. However, under long-term therapy patients may have residual
disease that originates from TKI-resistant leukemic stem cells (LSC). In this work, we
analyzed the miRNome of LSC-enriched CD34+CD38−CD26+ and normal hematopoietic
stem cells (HSC) fractions obtained from the same chronic phase (CP) CML patients, and
stem and progenitor cells obtained from healthy donors (HD) by next-generation
sequencing. We detected a global decrease of microRNA levels in LSC-enriched
CD34+CD38−CD26+ and HSC fractions from CML-CP patients, and decreased levels
of microRNAs and snoRNAs from a genomic cluster in chromosome 14, suggesting a
mechanism of silencing of multiple non-coding RNAs. Surprisingly, HSC from CML-CP
patients, despite the absence ofBCR-ABL1 expression, showed an alteredmiRNome.We

Edited by:
Alberto Lazarowski,

University of Buenos Aires, Argentina

Reviewed by:
Danilo Perrotti,

University of Maryland, Baltimore,
United States

Jaume Folch Lopez,
University of Rovira i Virgili, Spain

*Correspondence:
María Sol Ruiz

ma.sol.ruiz@gmail.com
Michele Bianchini

mbianchini@conicet.gov.ar

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 30 September 2020
Accepted: 30 November 2020
Published: 11 January 2021

Citation:
Ruiz MS, Sánchez MB, Bonecker S,

Furtado C, Koile D, Yankilevich P,
Cranco S, Custidiano MdelR, Freitas J,
Moiraghi B, Pérez MA, Pavlovsky C,

Varela AI, Ventriglia V,
Sánchez Ávalos JC, Larripa I,

Zalcberg I, Mordoh J,
Valent P and Bianchini M (2021)

miRNome profiling of LSC-enriched
CD34+CD38−CD26+ fraction in Ph+

CML-CP samples from Argentinean
patients: a potential new
pharmacogenomic tool.

Front. Pharmacol. 11:612573.
doi: 10.3389/fphar.2020.612573

Abbreviations: BFU-E, burst-forming unit-erythroid; BM, bone marrow; CFU-GEMM, colony-forming unit-granulocyte
erythroid macrophage megakaryocyte; CFU-GM, colony-forming unit-granulocyte macrophage; CML, chronic myeloid
leukemia; CP, chronic phase; FACS, fluorescent-activated cell sorting; FDA, U.S. Food and Drug Administration; GO, gene
ontology; HD, healthy donor; HSC, hematopoietic stem cells; KEGG, kyoto encyclopedia of genes and genomes; LSC, leukemic
stem cells; LT-HSC, (murine) long-term repopulating hematopoietic stem cell; MNC, mononuclear cells; NGS, next-generation
sequencing; PB, peripheral blood; Ph, Philadelphia chromosome; qPCR, quantitative PCR; RT, reverse transcription; snoRNAs,
small nucleolar RNAs; snRNAs, small nuclear RNAs; TKI, tyrosine kinase inhibitors; tRNAs, transfer RNAs.

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 6125731

ORIGINAL REASEARCH
published: 11 January 2021

doi: 10.3389/fphar.2020.612573

16

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.612573&domain=pdf&date_stamp=2021-01-11
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.612573/full
http://creativecommons.org/licenses/by/4.0/
mailto:ma.sol.ruiz@gmail.com
mailto:mbianchini@conicet.gov.ar
https://doi.org/10.3389/fphar.2020.612573
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.612573


confirmed by RT-qPCR that the levels of miR-196a-5p were increased more than nine-fold in
CD26+ (BCR-ABL1+) vs. CD26− (BCR-ABL1−) CD34+CD38− fractions from CML-CP patients
at diagnosis, and in silico analysis revealed a significant association to lipid metabolism and
hematopoiesis functions. In the light of recent descriptions of increased oxidative metabolism
in CML LSC-enriched fractions, these results serve as a guide for future functional studies that
evaluate the role of microRNAs in this process. Metabolic vulnerabilities in LSCs open the road
for new therapeutic strategies. This is the first report of the miRNome of CML-CP
CD34+CD38− fractions that distinguishes between CD26+ (BCR-ABL1+) and their CD26−

(BCR-ABL1-) counterparts, providing valuable data for future studies.

Keywords: microRNAs, metabolism, leukemic stem cell, leukemia, CD26

INTRODUCTION

Chronic myeloid leukemia (CML) originates from a
hematopoietic stem cell (HSC) that acquires the reciprocal
translocation t(9;22)(q34;q11) and thus the Philadelphia
chromosome (Ph) (Rowley, 1973). The resulting fusion gene,
BCR-ABL1, encodes an oncogenic protein with constitutive
tyrosine kinase activity. Treatment of CML patients was
revolutionized by the introduction of specific tyrosine kinase
inhibitors (TKI), like imatinib, nilotinib or dasatinib. These TKIs
effectively induce apoptosis in leukemic cells in patients with
CML in chronic phase (CP) (Druker et al., 1996). However, the
response of patients to TKI treatment is heterogeneous, and about
40% of imatinib-treated patients require a switch of TKI due to
intolerance or resistance to treatment (Holyoake and Vetrie,
2017). Other patients with optimal response to TKI show
persistence of the leukemic clone, even after several years of
treatment (Chomel et al., 2011). A subset of TKI-treated CML
patients can achieve a deep molecular response during therapy
(Holyoake and Vetrie, 2017). However, only half of them or even
less can sustain a treatment-free remission (Mahon et al., 2010;
Etienne et al., 2017; Ross et al., 2018; Saussele et al., 2018).

Leukemic stem cells (LSC) are defined as a population of cells
that gives rise and maintains the leukemic clone (Bonnet and
Dick, 1997; Valent et al., 2012). The classical view of CML
considers that LSC derive from the acquisition of BCR-ABL1
in a HSC (Nguyen et al., 2012). However, BCR-ABL1 alone is
unable to induce a leukemia (Foley et al., 2013). Rather,
additional molecular lesions and hits are required for full
transformation of clonal pre-leukemic (stem) cells into fully
malignant leukemic (stem) cells (Valent et al., 2012; Valent et al.,
2013). Correspondingly, single-cell gene expression analysis
revealed great heterogeneity within LSC populations
(Giustacchini et al., 2017; Warfvinge et al., 2017). Moreover,
the most primitive LSC population has been described as
quiescent CD34+CFSEmax, CD34+CD38−CD90+CD93+ or
Lin−CD34+CD38−/lowCD45RA−cKIT−CD26+ cells (Holyoake
et al., 1999; Neviani et al., 2013; Warfvinge et al., 2017;
Kinstrie et al., 2020). Their normal counterparts, HSC, also
constitute a heterogeneous population, and individual HSC
exhibit differences in properties related to their stem cell
nature: self-renewal, quiescence, repopulation capacity, and
differentiation potential (Mckenzie et al., 2006; Valent et al.,

2013). The mechanisms underlying the regulation of such
properties are not completely understood; however, they depend
on both intrinsic (such as the levels of specific transcription factors)
and extrinsic (such as signals coming from the bonemarrow niche)
factors (Mckenzie et al., 2006; Nakamura-Ishizu et al., 2014). In
CML, most LSC and their subclones may be sensitive to TKI
therapy. However, certain stem cell classes, especially pre-leukemic
neoplastic stem cells may be resistant because they are slowly
cycling cells and exhibit multiple forms of stem cell resistance
(Valent et al., 2012; Valent et al., 2013). TKI-resistance of CML LSC
has been associated to both cell-autonomous (Corbin et al., 2011;
Kumari et al., 2012) and extrinsic factors (Arrigoni et al., 2018;
Zhang et al., 2018; Silvestri et al., 2020). Sometimes even LSC may
survive TKI therapy and thus persist in CML patients. The
persistence of LSC in patients under TKI therapy has fueled
intensive research on this topic, in order to identify novel
therapeutic targets that enable the complete eradication of the
leukemic clone in all patients (Vetrie et al., 2020). On the other
hand, it is not clear whether the heterogeneity observed in the LSC
population is related to different responses to TKI treatment.

In CML, recent reports have characterized the transcriptome
(Bruns et al., 2009; Giustacchini et al., 2017; Kinstrie et al.,
2020), protein networks (Abraham et al., 2016), and the
metabolome of stem/progenitor fractions in CML (Kuntz
et al., 2017). Gene expression profiling of the CD34+CD38−

fraction (which includes quiescent but mostly non-quiescent
LSC) in CML patients revealed a transcriptional profile
resembling normal CD34+ myeloid progenitor cells, with
decreased levels of transcription factors involved in
maintenance of stem-cell fate, suggesting loss of quiescence
(Bruns et al., 2009). Single-cell RNA sequencing revealed an
enrichment of gene sets related to mechanistic target of
rapamycin kinase (MTOR), targets of E2F transcription
factors, G2/M checkpoints, oxidative phosphorylation, and
glycolysis-associated gene expression in BCR-ABL1+ stem
cells (Giustacchini et al., 2017). However, little is known
about microRNA-mediated regulation of gene expression in
this population. MicroRNAs are small (19–25 nt), non-coding
RNAs that can regulate multiple targets, mainly by mRNA
destabilization or inhibition of protein translation. They are
evolutionary conserved and have shown to be relevant for
multiple physiological and pathological processes (Calin and
Croce, 2006). One report has shown the involvement of
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microRNAs in TKI sensitivity in CML LSC (Salati et al., 2017).
Recent evidence has shown that miR-300 is a tumor suppressor
microRNA able to induce quiescence in CML LSCs (Silvestri
et al., 2020), and that miR-126-3p regulates quiescence, self-
renewal and engraftment capacity of CML LSCs (Zhang et al.,
2018). Advances in the characterization of aberrant expression
of surface markers have allowed the prospective isolation of LSC
and HSC from CML patients (Herrmann et al., 2014; Warfvinge
et al., 2017). In this work, we characterized the miRNome of
LSC-enriched CD34+CD38−CD26+ fraction (BCR-ABL1+) and
its BCR-ABL1− counterpart (CD34+CD38−CD26− fraction,
defined as “CML-CP HSC” in this article) isolated by
fluorescence-activated cell sorting (FACS) from CML-CP
patients at diagnosis by small RNA-Next-Generation
Sequencing (NGS), in order to identify differential molecular
mechanisms that contribute to unravel LSC biology, and the
possible therapeutic implications of such differences. We
observed a global decrease in microRNA levels in LSC-
enriched and HSC fractions from CML-CP patients in
comparison with HSC obtained from healthy donors (HD).
Surprisingly, compared to HSC fromHD, we detected decreased
levels in the LSC-enriched fraction of microRNAs and snoRNAs
belonging to a genomic cluster located in chromosome 14
(14q32) that contains imprinted genes, suggesting an
epigenetic mechanism of silencing of multiple non-coding
RNAs. Bioinformatic analysis of microRNAs with altered
levels in LSC revealed a significant association with lipid
metabolism and hematopoiesis. Finally, we confirmed an
increase in the levels of miR-196a-5p in LSC-enriched
CD34+CD38−CD26+ fraction by reverse transcription
followed by quantitative PCR (RT-qPCR) in additional CML-
CP patients. Our results suggest that some microRNAs may act
as mediators of the dysregulated metabolism observed in CML
stem/progenitor fractions, and opens an exciting pathway for
future research.

MATERIALS AND METHODS

Patient Samples
The project was approved by the Institutional Review Board, at
Instituto Alexander Fleming (Buenos Aires, Argentina). All
procedures involving human participants were in accordance
with the ethical standards of the institutional research
committee and with the 1964 Helsinki declaration and its
later amendments. All patients and HD gave written
informed consent. Bone marrow (BM) or peripheral blood
(PB) samples were obtained from newly diagnosed, untreated
CML-CP patients. Patient samples used for library preparation
for small RNA-NGS and validation by RT-qPCR are listed in
Table 1. Mononuclear cells (MNC) were isolated by density-
gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare
Life Sciences) for 30 min at 400 × g, followed by one wash in
phosphate buffered saline (PBS, GIBCO), a red cells lysis step,
and a low-speed centrifugation step (12–15 min at 200 × g) for
removal of the platelet-rich fraction. Up to 2 × 108 MNC were
used for isolation of CD34+ cells.

Isolation of CD34+ Cells
In order to enrich for stem and progenitor cells, we performed a
positive selection using CD34 MicroBeads (Miltenyi Biotech),
according to manufacturer’s instructions. The CD34+ fraction
was immediately used or cryopreserved in 1 ml of freezing
medium (Supplementary Material).

CFU Assay for Assessment of Purity in
Sorted Fractions
Between 250 and 500 CD34+ cells were directly sorted into
250 µl of enriched methylcellulose (Methocult H4435Medium,
Stem Cell Technologies, Vancouver, Canada), and then plated
into p35 culture dishes containing a final volume of 1.1 ml of
enriched methylcellulose. Cells were incubated at 37°C in a
humid chamber. After 14–18 days, pools of four to six colonies
(CFU-GM, BFU-E and mixed CFU-GEMM) were plucked
from methylcellulose, resuspended in 500 µl of Roswell Park
Memorial Institute—1640 medium (RPMI-1640, GIBCO), and
centrifuged. Cells were resuspended in 100 µl of lysis solution
(RNAqueous-Micro Kit, Ambion), and kept at −20°C until
RNA extraction was performed. Total RNA was extracted
following manufacturer’s instructions, and BCR-ABL1
mRNA was measured by RT-qPCR (Supplementary
Material).

Isolation of LSC and HSC by FACS
Total number of cells used for FACS varied according to the yield
of each sample. CD34+ cells or MNC from CML-CP patients or

TABLE 1 | CML-CP and HD samples used for small RNA-NGS and validation by
RT-qPCR.

Code Type Sex Age No. events
in HSC
fraction

No. events
in LSC-enriched

fraction

No. events
in progenitor

fraction

CML-CP samples used for small RNA-NGS (pooled)
N26 BM M 24 6,896 1,857 ND
N33 PB M 54 1,859 0 ND
IM BM M 22 NE* 3,046 ND

HD samples used for small RNA-NGS (pooled)
2891 Buffy coat M 36 1,578 N/A 7,624
2890 Buffy coat F 31 1,316 N/A 13,724
2810 PB F 50 156 N/A ND
3060 PB F 54 181 N/A ND
3308 Buffy coat F 37 1,700 N/A 13,000

CML-CP samples used for validation by RT-qPCR
N36 PB M 56 2,857 2,200 37,272
N47 PB M 58 1,128 4,504 96,333
N55 PB M 25 NE* 9,276 19,861
N38 PB M 31 592 0 2,300
N46 PB F 38 NE* 3,360 61,428
N56 PB M 55 4,267 2,910 291,653

HD samples used for validation by RT-qPCR
3984 Buffy coat F 36 1,117 N/A 1,779
3308 Buffy coat F 37 1,682 N/A 2,027
2771 Buffy coat M 53 4,460 N/A 9,539
4532 Buffy coat F 57 2,314 N/A 13,256

NE*, fractions not evaluated (pattern 3); ND, not done; N/A, not applicable.
The number of events refers to the number of sorted cells obtained from each fraction.
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HD were incubated with the following antibodies: 5 µl CD45-
PerCP (2D1, BD Biosciences), 2.5 µl CD34-FITC (AC136,
Miltenyi Biotech), 2.5 µl CD38-PE (IB6, Miltenyi Biotech), and
15 µl CD26-APC (FR10-11G9, Miltenyi Biotech), in a final
volume of 100 µl of MACS buffer, for 15 min at room
temperature. Cells were washed once with 1 ml of PBS
(GIBCO) and resuspended in 300 µl of PBS. Sorting was
performed in a FACS Aria II cytometer (BD Biosciences),
located at Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires (Buenos Aires, Argentina).
Setting of positive and negative gates for CD38, CD34, and
CD26 was performed on the CD45low population; therefore,
isotype control tube included 2.5 µl Mouse IgG2a-FITC
(Miltenyi Biotech), 2.5 µl Mouse IgG2a-PE (Miltenyi Biotech),
15 µl Mouse IgG2a-FITC (Miltenyi Biotech), and 5 µl CD45-
PerCP. In order to avoid electronic aborts that could affect the
purity of sorted fractions, the parameter “window extension” was
set to zero. Other parameters included 70 µm nozzle, and
“purity.” Cells were collected in aseptic conditions, directly
into 100 µl of lysis buffer for RNA extraction (RNAqueous-
Micro Kit, Ambion), in RNAse-free 200 µl tubes, or in
enriched methylcellulose for assessment of purity. Flow-
cytometry data analysis was performed with BD FACSDiva
(version 6.1.3) and FlowJo (version 7.6.2) software.

Total RNA containing small RNAs (<200 nt) was extracted
following the protocol from RNAaqueous-micro kit (Ambion)
with a slight modification: 125 µl of EtOH 100% were added to
the lysate and vortexed; the rest of the protocol was performed
according to manufacturer’s instructions. RNA elution was
performed twice (9 µl each) using pre-warmed distilled water
(75°C). RNA was kept at −80°C. Quality and conservation of the
small RNA fraction were assessed with Agilent 2100 Bioanalyzer
(total RNA Nano kit), at Fundación Instituto Leloir (Buenos
Aires, Argentina).

Concentration of Pooled Samples for Small
RNA-NGS
RNAs extracted from different samples were combined in
order to increase RNA yield before NGS library
preparation. After mixing, RNA was freezed at −80°C, and
transported from Argentina to Brazil in dry ice. Samples were
concentrated using a vacuum centrifuge and resuspended in
7 µl of distilled water (5 min at 50°C). Quantification of RNA
was performed using Qubit 2.0. The entire content was used
for library preparation (<140 ng for LSC-enriched, CML-CP
HSC and HD HSC fractions, and 210 ng for HD progenitor
fraction).

Preparation of Libraries for Small RNA-NGS
in HiSeq 2500 (Illumina)
Libraries from each pool of samples (CML-CP LSC-enriched
CD34+CD38−CD26+, CML-CP HSC CD34+CD38−CD26−, HD
HSC CD34+CD38−/dim, HD progenitors CD34+CD38+) were
prepared using Truseq Small RNA kit (Illumina), following
manufacturer’s instructions (15 PCR cycles). The protocol is

based on the selective ligation of RNAs with free 3′OH and
5′phosphate ends, resulting from precursor cleavage during
small RNA biogenesis (Bartel, 2018). Therefore, other small
RNAs besides microRNAs are included in the library: fragments
of tRNAs, small nucleolar RNAs (snoRNAs), small nuclear
RNAs (snRNAs), and piwiRNAs. Estimated size of the
libraries was 147–157 bp, which were purified by band
excision after polyacrylamide denaturing gel electrophoresis
(Novex 6% TBE, Invitrogen). Quantification of libraries was
performed by qPCR (KAPA SYBR, Roche Life Sciences).
Libraries were concentrated before sequencing by vacuum
centrifugation. Single-end sequencing was performed on
HiSeq 2500 (Illumina) at Instituto Nacional de Câncer (Rio
de Janeiro, Brazil).

Bioinformatic Analysis of Small RNA-NGS
Low quality lectures were filtered (fastq_quality_filter; >80% reads
with Q > 20), and contaminant sequences were removed (3′ and 5′
adaptors, indexes). Identification of known microRNAs was
performed with Chimira (Vitsios and Enright, 2015); raw
microRNA counts from each pool of samples is available
(Supplementary Data Sheet S2). Differential expression analysis
was performed using GFOLD algorithm (c � 0.01), which is
especially suited for experiments without biological replicates,
after mapping against a database of snoRNA/miRNA (HISAT2)
(Feng et al., 2012). Complete results from GFOLD analysis are
available (Supplementary Data Sheet S1). Traditional analysis of
potential targets and related pathways was performed using
miRPath (Diana tools) (Vlachos et al., 2015), and ChemiRs (Su
et al., 2016). The parameters used for miRPath analysis were:
“KEGG analysis,” Tarbase (database of experimentally validated
interactions), or microT-CDS in those cases with no experimental
evidence, “Pathway union,” “p-value threshold: 0.001,” “MicroT
threshold: 0.8,” “Enrichment analysis method � Fisher’s exact test
(hypergeometric distribution),” “FDR correction (Benjamini &
Hochberg)”, “Conservative stats.” Network analysis were
performed with miRNet 2.0 (Chang et al., 2020) (query by lists
of microRNAs; targets databases: Genes miRTarBase v8.0/
lncRNAs, degree cutoff: 1.1). Overrepresentation analysis were
performed with TAM 2.0 (Li et al., 2018). Venn diagrams were
created with BioVenn (Hulsen et al., 2008). Intersections between
lists of microRNAs or targets were performed with R software
(v.3.4.0).

Detection of microRNAs by RT-qPCR
We evaluated the following fractions from CML-CP patients or
HD samples: CML-CP LSC-enriched CD34+CD38−CD26+,
CML-CP HSC CD34+CD38−CD26−, CML progenitors
CD34+CD38+, HD HSC CD34+CD38−/dim, HD progenitors
CD34+CD38+. We applied a modification of the protocol
reported by Chen et al., based on a reverse transcription (RT)
using gene-specific stem-loop primers (Chen et al., 2005)
(incubation times were modified as detailed below), followed by
individual qPCR reactions for each microRNA using an
intercalating agent. qPCR used a specific forward primer and a
universal reverse primer designed to hybridize with the constant
region included in the stem-loop primer. Two multiplex RT
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reactions formicroRNAs (M1 andM2) (Supplementary Table S1)
were performed for each sample. Additionally, each sample was
reverse transcribed with random primers in a separate reaction, in
order to measure snRNA U6 as a reference gene for qPCR. Final
concentrations of components of RT reaction were: dNTPs
0.25mM (Invitrogen or INBIO Highway); DTT 10mM
(Invitrogen); Superscript II 2.5 U/µl (Invitrogen); RNAse
inhibitor 0.2 U/µl (RNAseOUT, Invitrogen); stem-loop primer
0.05 µM (each) or random primers 0.01 μg/μl (Invitrogen).
Incubation times were: 5 min of RNA, H2O, and dNTPs at
65°C; tubes were immediately placed on ice; the remaining
components were added to the tube and incubated for 30min
at 16°C, 40 cycles (30 s at 30°C + 30 s at 42°C + 1 s at 50°C), followed
by a final step of 5 min at 85°C. cDNA was diluted (1/2) with
distilled water and stored at −20°C. Two microliters of diluted
cDNA was used for each qPCR reaction, using the following
conditions: forward primer 0.3 µM; universal reverse primer
0.3 µM, and SYBR Green (PowerUp SYBR Green MasterMix,
Applied Biosystems; according to the information provided by
the manufacturer, Mg2+ concentration can vary between 4.76 and
6.44mM); incubated for 2 min at 50°C, 2 min at 95°C, 50 cycles
(15 s 95°C + 1min at 60°C), in a Rotor-Gene Q qPCR equipment
(Qiagen). Melting curves were evaluated in order to assess
specificity of the reaction. Quantifications were performed in
duplicate. In cases were duplicate measurements differed (ΔCt >
2), a triplicate measurement was performed. RT-qPCR efficiency
was estimated by performing curves of RNA; formula used for
efficiency estimation was E � [10(−1/m)]−1,m being the slope of the
curve. Sequences of all primers used for quantification of
microRNAs are available (Supplementary Material).

Statistical Analysis and Graphical Tools
GraphPad Prism 6, Microsoft Excel 2007, and Inkscape 0.92
software were used for graphics. Infostat v.2018e software
(Córdoba, Argentina) was used for statistical analysis. Data
from quantification of microRNAs by RT-qPCR were
analyzed using the variable dCt � (Ct microRNA X − Ct
snRNA U6), with a linear mixed-effects model (ANAVA):
fraction (LSC-enriched, CML-CP HSC, CML-CP progenitors,
HD HSC, HD progenitors) was set as a fixed effect, and sample
(each patient or HD) was set as a random effect (correlation
factor: compound symmetry). Variance was modeled using
“VarIdent” function (using the variable “fraction”). False
discovery rate was considered by multiplying p-values by the
number of total microRNAs evaluated. A posteriori
comparisons were performed using DCG formula (di Rienzo
et al., 2011).

RESULTS

Global Patterns in the miRNome of
LSC-Enriched and CML-CP HSC Fractions
We isolated highly pure LSC-enriched and HSC fractions from
CML-CP patients at diagnosis or from HD, based on a
combination of cell surface markers (CD34, CD38, CD45,

CD26) and flow cytometry parameters (FSC, SSC)
(Supplementary Figure S1). Some patients showed no clear
separation of CD26− and CD26+ populations (Supplementary
Figure S2): in those cases, both fractions included leukemic
BCR-ABL1+ cells, therefore, we only used CD26+ fraction.
Purity was assessed by BCR-ABL1 mRNA detection in CFU-
derived colonies (Supplementary Figure S2). We extracted
total RNA containing the small RNA fraction (<200 nt) from
sorted cells; given that individual patient-derived fractions had
low yields of RNA, samples from different patients or HD were
pooled before preparation of libraries for small RNA-NGS
(CML-CP LSC-enriched CD34+CD38−CD26+, CML-CP HSC
CD34+CD38−CD26−, HD HSC CD34+CD38−/dim, HD
progenitors CD34+CD38+). More than 1,000 (≥1 count) or
600 (≥10 counts) different microRNAs were detected in each
fraction, with high abundance of a few specific microRNAs:
top-10 most abundant microRNAs represented 57–69% of
total microRNAs in CML-CP and HD (Figure 1A).
Surprisingly, the pattern of most-abundant microRNAs
showed more differences between fractions from CML-CP
patients (LSC-enriched and CML-CP-HSC) than between
LSC-enriched and HD-HSC fractions. Most (>80%)
microRNAs dysregulated (GFOLD ≥ |1|) in LSC-enriched
and HSC fractions from CML-CP patients had decreased
levels compared to primitive (CD34+CD38−/dim) cells from
HD, suggesting a global pattern of microRNA downregulation
(Figure 1B).

microRNAs With Altered Levels in
LSC-Enriched vs. HSC Fractions From
CML-CP Patients and HD
Differential expression of microRNAs was assessed by
calculation of a GFOLD value, which is a robust fold-change
parameter that considers both the absolute number and the
relative difference in microRNA levels between samples. With a
cut-off value of GFOLD ≥ |1|, we found 120 microRNAs
dysregulated between LSC-enriched and putative HSC
fractions from CML-CP patients; and 46 microRNAs
between LSC-enriched and HD-HSC fractions. The
intersection of both lists resulted in 16 microRNAs
(Figure 2A; Supplementary Table S2). Traditional in silico
enrichment analysis of both predicted and experimentally
validated targets showed a noteworthy proportion of false
positives (Supplementary Results, Supplementary Figures
S3 and S4, Supplementary Table S3).

Given the observed bias, and the difficulty of analyzing
microRNA-related pathways through their mRNA targets due
to the existence of “multiple-to-multiple relationships” (a
given microRNA can regulate multiple genes, and a given
gene can be regulated by multiple microRNAs), we
performed a network analysis with the recently updated tool
miRNet (v.2.0) (Chang et al., 2020). This tool allows the
simultaneous inclusion of microRNA interactions with
mRNAs, transcription factors (TF), lncRNAs, small
non-coding RNAs and circular RNAs. We also applied an

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 6125735

Ruiz et al. miRNome of CML stem cells

20

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


overrepresentation analysis based on microRNA-sets using
TAM 2.0, a manually curated database of functional and
disease associations of microRNAs (Li et al., 2018). Bias
assessment using the same random lists resulted in none
statistically significant associations (Supplementary Data
Sheet S3). Using as input microRNAs upregulated in CML-
CP LSC-enriched fraction, this analysis detected a significant
enrichment in “lipid metabolism” (False Discovery Rate, FDR:
0.0141), “hematopoiesis” (FDR: 0.0217), TF Early growth
response 1 (EGR1) (FDR: 0.007), and miR-99b cluster (FDR:
0.0138) (Table 2). Network analysis allowed the extraction of
statistically significant modules (Figures 2C,D), suggesting the
existence of mechanisms that regulate microRNA levels in a
coordinated fashion.

Surprisingly, most (seven out of eight) microRNAs with
decreased levels in LSC-enriched fraction belong to a genomic
cluster located in region 14q32 (DKL1/DIO3 locus). Moreover,
inspection of microRNAs and snoRNAs from this locus revealed
that 18 additional microRNAs and five snoRNAs had decreased
levels in LSC-enriched vs. HD-HSC fractions (Figure 3;
Supplementary Table S4). Accordingly, overrepresentation
analysis by TAM 2.0 detected a significant enrichment in miR-
379 cluster (located in the DKL1/DIO3 locus) in microRNAs
downregulated in the LSC-enriched fraction (FDR: 0.002,
Table 2). Given that this region contains imprinted genes
(Benetatos et al., 2013), this result suggests a mechanism of
epigenetic silencing in the LSC-enriched CD34+CD38−CD26+

fraction.

FIGURE 1 |Global patterns in the miRNome of LSC-enriched CD34+CD38−CD26+ and CML-CP HSC fractions. (A) Pie chart representing the relative abundance
of eachmicroRNA in each fraction assessed by small RNA-NGS. The total number of different microRNAs (with at least 1 or 10 counts) is detailed below the pie chart. The
names of the top-10 most abundant microRNAs in each fraction are detailed. (B)Global decrease in microRNA levels in LSC-enriched CD34+CD38−CD26+ or CML-CP
HSC fractions compared to HD HSC. Most microRNAs dysregulated in both fractions from CML-CP samples had decreased levels (GFOLD ≥ |1| or GFOLD ≥ |2|)
compared to HD HSC.
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microRNAs in HSC From CML-CP Patients
Show a Dysregulated miRNome Despite the
Absence of BCR-ABL1
Based on the hypothesis that HSC present in CML-CP patients
are not equivalent to HSC in HD, we compared microRNAs

between both fractions. We found 64 microRNAs significantly
dysregulated (Figure 2B); further selection (GFOLD ≥ |2|)
resulted in a list of 16 microRNAs (Supplementary Table
S5). It is important to clarify that HSC from HD were sorted
using a less strict gating of CD38-negative cells (resulting in a
CD38−/dim population), because we obtained very low yields

FIGURE 2 |Network analysis. Differentially expressed microRNAs in LSC-enriched CD34+CD38−CD26+ (A,C) and CML-CP HSC (B,E) fractions were analyzed as
part of a network of microRNAs (yellow), target mRNAs (red) and lncRNAs (blue) using the bioinformatic tool miRNet (v2.0). Statistically significant modules were
extracted for microRNAs dysregulated in LSC-enriched CD34+CD38−CD26+ (D) and CML-CP HSC (F) fractions.
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from individual samples. Therefore, in order to exclude
differentially expressed microRNAs related to the inclusion
of a CD38dim population in HD, we excluded microRNAs
that were differentially expressed between CD38−/dim and
CD38+ fractions from HD, under the assumption that some
of these microRNAs would be related to the process of
hematopoietic differentiation. Network (miRNet) and
overrepresentation analysis by TAM 2.0 were performed.
MicroRNAs belonging to Let-7 family were not included in
the analysis by TAM 2.0 due to their association to multiple
functions. Overrepresentation analysis resulted in “glucose
metabolism” (FDR: 0.0514), TFs E2F transcription factor 1

(E2F1, FDR: 0.0457) and Signal transducer and activator of
transcription 5 (STAT5, FDR: 0.0557) in those microRNAs
downregulated in CML-CP HSC (Table 2). Network analysis
allowed extraction of statistically significant modules (Figures
2E,F). These results suggest that putative HSC from CML-CP
patients display an altered repertoire of microRNAs, as a
consequence of either extrinsic factors (i.e., a niche altered by
coexistence with leukemic cells), and/or that they are pre-
leukemic neoplastic stem cells and thus harbor early, BCR-
ABL1-independent genetic or epigenetic alterations that affect
microRNA levels (i.e., mutations in microRNA-processing
machinery).

TABLE 2 | Overrepresented associations in differentially expressed microRNAs (TAM 2.0).

Category Term FDR microRNA

Input: Upregulated microRNAs in LSC-enriched CD34+CD38−CD26+ vs. CML-CP HSC fractions (miR-92b, miR-196a, miR-126, miR-125a, miR-2355, miR-99b, miR-411,
miR-10a)
Function Lipid metabolism 0.0141 hsa-mir-125a, hsa-mir-126, hsa-mir-196a-2, hsa-mir-196a-1
Function Hematopoiesis 0.0217 hsa-mir-125a, hsa-mir-126, hsa-mir-196a-2, hsa-mir-196a-1
TF EGR1 0.00704 hsa-mir-125a, hsa-mir-99b, hsa-mir-10a, hsa-mir-92b
Cluster hsa-mir-99b cluster 0.0138 hsa-mir-99b, hsa-mir-125a

Input: downregulated microRNAs in LSC-enriched CD34+CD38−CD26+ vs. CML-CP HSC fractions (miR-708, miR-431, miR-134, miR-485, miR-409, miR-323b, miR-432,
miR-382)
Cluster hsa-mir-379 cluster 0.00248 hsa-mir-382, hsa-mir-134, hsa-mir-485, hsa-mir-323b, hsa-mir-409

Input: downregulated microRNAs in CML-CP HSC vs. HD HSC (excluding let-7 family) (miR-20a, miR-195, miR-654, miR-224, miR-144, miR-181c, miR-548o, miR-182,
miR-183)
Function Glucose metabolism 0.0514 hsa-mir-20a, hsa-mir-195, hsa-mir-144
Transcription factor E2F1 0.0457 hsa-mir-20a, hsa-mir-224, hsa-mir-195
Transcription factor STAT5 0.0557 hsa-mir-195, hsa-mir-20a

FDR, false discovery rate.
Only statistically significant results are shown.

FIGURE 3 | Schematic representation of the genomic 14q32 region. This region includes coding genes with paternal (PAT) imprinting (DLK1, RTL1, DIO3), non-coding
genes with maternal (MAT) imprinting (MEG3, RTL1as,MEG8), two clusters of microRNAs, and one cluster of snoRNAs. microRNAs in bold showed decreased levels in LSC-
enrichedCD34+CD38−CD26+ vs. bothHDHSCandCML-CPHSC;whilemicroRNAs in blue showeddecreased levels in LSC-enrichedCD34+CD38−CD26+ vs. HDHSCbut did
not vary compared to CML-CP HSC. IG, intergenic; DMR, differentially methylated regions. Adapted from (Nadal et al., 2014).
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Validation by RT-qPCR in a New Cohort of
CML-CP Patients and HD
As other techniques, NGS is not free of intrinsic bias, mainly
related to library preparation, platform used for sequencing, and
data analysis (Baran-gale et al., 2015). In addition to perform a
technical validation, we aimed to validate NGS results in a new
cohort of patients and HD using RT-qPCR. We performed a
multiplex RT step that allowed us to measure individual
microRNA levels using very low inputs of RNA; therefore,
pooling of samples from different patients or HD was not
necessary, and we could assess intra-group variability. We
evaluated the following fractions from CML-CP patients or
HD samples: CML-CP LSC-enriched (CD34+CD38−CD26+),
CML-CP HSC (CD34+CD38−CD26−), CML-CP progenitors
(CD34+CD38+), HD HSC (CD34+CD38−/dim), HD progenitors
(CD34+CD38+).

We selected six microRNAs upregulated in LSC-enriched vs.
HSC fractions from CML-CP patients (miR-125a-5p, miR-10a-
5p, miR-126-5p, miR-92b-3p, miR-196a-5p, miR-2355-5p),
because of their high GFOLD values and clustering in pathway
analysis, and measured their levels in six CML-CP patients, and
four HD. We also included four additional small RNAs: one
potential “novel” microRNA that emerged from NGS data
(“novel-3”), and three additional microRNAs which were of
interest in this population according to previous references
(let-7a-5p, miR-132-3p, miR-182-5p). Purity of fractions was
assessed by RT-qPCR of BCR-ABL1 in RNA isolated from
sorted cells (Supplementary Figure S5). miR-2355-5p and
miR-182-5p were not detected in most fractions, therefore we
excluded them from posterior analysis. We detected significant

differences among fractions for miR-125a-5p, miR-10a-5p, miR-
126-5p, miR-92b-3p, and miR-196a-5p (global p-value < 0.05;
linear mixed-effects model) (Figure 4). We did not detect global
differences in the levels of “novel-3,” miR-let-7a-5p, and miR-
132-3p (global p-value > 0.05; linear mixed-effects model)
(Supplementary Figure S6). Only for miR-196a-5p the trend
of change between CML-CP LSC-enriched and CML-CP HSC
fractions was the same in NGS (fold-change LSC-enriched/CML-
CP HSC � 9.6) and RT-qPCR (mean � 10.7, SD � 4.6)
(Supplementary Figure S7). In contrast, differences in Ct
values between CML-CP LSC-enriched and CML-CP HSC
fractions were not statistically significant for miR-125a-5p and
miR-92b-3p, but both were significantly increased compared to
HD HSC (adjusted p-value < 0.05, a posteriori comparison,
Figure 4) On the contrary, miR-126-5p and miR-10a-5p
displayed opposite trends in NGS and RT-qPCR
(Supplementary Figure S7).

CML-CP progenitors were only measured by RT-qPCR;
interestingly miR-92b-3p and miR-10a-5p levels were
significantly increased or decreased, respectively, in CML-CP
progenitors in comparison with all the other CML-CP and
HD fractions (Figure 4; Supplementary Figure S8 for log2-
fold change values).

According to significant functions detected by TAM 2.0, we
searched for possible targets of miR-196a-5p included in gene
lists classified in Reactome as “Metabolism of lipids” and Gene
Ontology “hematopoietic stem cell differentiation”. The search of
potential targets included experimentally validated microRNA-
mRNA interactions (assessed by ChemiRs) (Supplementary
Figure S9). This analysis reduced the number of potential
targets from 307 to 14 genes.

FIGURE 4 | Validation of microRNAs by RT-qPCR in a new cohort of CML-CP and HD samples. Results are expressed as ΔCt � Ct (microRNA) − Ct (snRNA U6).
Each dot is the mean of technical duplicates from each patient or HD. CML-CP samples are represented in grey symbols, and HD samples in green symbols. Lines
connect different fractions from the same patient or HD. Different letters indicate statistically significant differences (linear mixed-effects model, a posteriori comparison,
global α � 0.05).
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DISCUSSION

To our knowledge, this is the first description of the miRNome
of CML-CP LSC-enriched CD34+CD38−CD26+ fraction and
its CD26− counterpart. In these analyses, major differences
were found when analyzing BCR-ABL1+ and BCR-ABL1−

fractions in newly diagnosed patients. In addition, we
detected several major differences in the miRNome pattern
when comparing with HSC of HD. First, we observed a global
downregulation of microRNAs in CML-CP LSC-enriched
CD34+CD38−CD26+ fraction and its CD26− counterpart in
comparison with HSC of HD. Second, clusters and TF-
associated networks of microRNAs were detected among
differentially expressed microRNAs, suggesting that mature
levels of functionally related microRNAs are (dys) regulated by
common mechanisms. Third, compared to HSC from HD, we
detected decreased levels in the LSC-enriched fraction of
microRNAs and snoRNAs belonging to a genomic cluster
located in chromosome 14 (14q32). Fourth, a high number
of microRNAs were differentially expressed between putative
HSC from CML-CP patients and HSC from HD, suggesting an
altered phenotype of the “normal” HSC fraction in CML-CP
patients. Finally, we confirmed by RT-qPCR that the levels of
miR-196a-5p were increased more than nine-fold in LSC-
enriched CD34+CD38−CD26+ (BCR-ABL1+) vs. CD26-(BCR-
ABL1−) fractions from CML-CP patients at diagnosis, and in
silico analysis revealed a significant association to lipid
metabolism and hematopoiesis functions.

It is important to consider the limitations of this study in the
interpretation of the results. In particular, the possible effects of
pooling different samples (e.g., low statistical power or dilution of
differences), and the transport between countries for small RNA-
NGS (e.g., possible degradation of some microRNAs). In
addition, future studies using a higher number of samples are
desirable to confirm these observations. The measurement of a
new cohort, non-pooled patient and HD samples in the validation
step by RT-qPCR partially overcame these limitations.

Global downregulation of microRNAs in cancer has been
reported in different tumors (Lu et al., 2005). Multiple
mechanisms have been described to explain microRNA
dysregulation in cancer, including genomic structural
variations, altered regulation of microRNA transcription,
epigenetic changes, defective microRNA processing machinery,
and dysregulation of the complex that mediates pre-microRNA
export from the nucleus (Croce, 2009). In CML, global
microRNA depletion in patient samples has not been reported
so far. In the work of Zhang et al., they showed, in K562 cells and
CML CD34+ cells, that BCR-ABL1 can affect the export of miR-
126 precursors from the nucleus to the cytoplasm, through
phosphorylation of SPRED1, a negative regulator of RAS
superfamily of proteins, interfering with Ran-exportin 5-RCC1
complex (Zhang et al., 2018). Interestingly, this effect was
reversible by treatment with Nilotinib. However, in our work,
we observed decreased levels of mature microRNAs in both BCR-
ABL1+ and BCR-ABL1− primitive (CD34+CD38−) cells compared
to HSC from HD, suggesting a BCR-ABL1-independent
mechanism.

Clustering of microRNAs dysregulated in the LSC-enriched
fraction suggests the existence of mechanisms of coordinated
regulation. MicroRNAs can belong to families in which members
are evolutionary related, therefore they share regions of common
sequences, and can regulate similar or related targets. In this
context, miR-125a and miR-10a belong to the miR-10/miR-100
family, and we found a significant positive correlation of both
microRNAs in samples evaluated by RT-qPCR [r (Pearson) �
0.85; p � 5.7 × 10−7]. This suggests that future studies aimed at
evaluating the functional relevance of microRNAs dysregulated
in this system should take into consideration possible functional
redundancy between related microRNAs. In fact, knockout
experiments of microRNAs belonging to the same family have
shown partially redundant effects on mice (Wong et al., 2015).
Therefore, the combination of individual and simultaneous
knockdown of correlated microRNAs would be an ideal
approach.

In humans, the DKL1/DIO3 locus at the 14q32 region,
contains the paternally expressed genes Delta-like 1 homolog
(DLK1), Retrotransposon-like 1 (RTL1), and Iodothyronine
deiodinase 3 (DIO3), and the maternally expressed genes
MEG3, MEG8, and anti-sense RTL1. MEG3 and MEG8 are
long intergenic RNAs; MEG3 has been found dysregulated in
several types of tumors, and it is believed to function as a tumor-
suppressor gene through interactions with p53 (Zhou et al., 2007).
MEG3 was shown to be downregulated in CML-CP samples, and
patients in advanced phase and blast crisis showed further
decreased levels of MEG3 (Zhou et al., 2017). The largest
mammalian cluster of microRNAs, together with a cluster of
snoRNAs, are included in the maternally expressed strand of this
locus. MicroRNAs in this locus were reported as mediators of
ground-state pluripotency in mouse embryonic stem cells via
inhibition of multi-lineage differentiation and promotion of self-
renewal (Moradi et al., 2017), and their expression levels were
correlated with pluripotency in mouse induced pluripotent stem
cells (Liu et al., 2010). Non-coding RNAs (including microRNAs)
from this locus maintained mouse fetal liver and adult long-term
repopulating HSCs (LT-HSCs) through the suppression of the
PI3K-mTOR pathway, which resulted in inhibition of
mitochondrial biogenesis and metabolic activity (Qian et al.,
2016). On the other hand, miR-300 belongs to the DLK1/
DIO3 locus and was reported to be highly expressed in
quiescent CP and blast crisis CML LSC (CD34+CFSEmax)
(Silvestri et al., 2020). We detected a downregulation of
microRNAs and snoRNAs from the 14q32 cluster, and the
absence of expression of miR-300 in all fractions evaluated by
NGS. Both results suggest that the fractions used in our study
includedmostly non-quiescent CD34+CD38− cells with a possible
decrease in multipotency. This could also explain the similarity
observed between LSC-enriched CD34+CD38−CD26+ and HD-
HSC (CD34+CD38−/dim, expected to include more differentiated
cells) fractions (Figures 1A, 2A).

The role of microenvironmental factors in the development of
hematological malignancies is an exciting field. In our study, a
great number of microRNAs were dysregulated between HSC
from CML-CP patients and HSC from HD. This observation
could be attributed to cell-autonomous (i.e., genetic or epigenetic
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alterations) and/or extrinsic factors. Evidence regarding a role of
the BM microenvironment in CML include the alteration of the
BM niche by LSC by secretion of costimulatory molecules and
suppressive cytokines that target metabolic pathways (Zhang
et al., 2012; Johnson et al., 2016; Agarwal et al., 2019), the
presence of tumor-derived exosomes that can modulate
immune responses (Boyiadzis and Whiteside, 2017), and
hypoxic conditions that can influence LSC quiescence,
differentiation, metabolism and therapy resistance (Ng et al.,
2014; Silvestri et al., 2020). It would be of interest to assess
whether the miRNome of CML-CP HSC is restored upon TKI
treatment.

Bioinformatic tools for microRNA analysis are part of a
growing field. Traditional enrichment analysis of pathways
based on predicted targets of selected microRNAs resulted in a
high rate of false positives. This type of bias has been reported as a
result of higher redundancy of pathway information at the
microRNA level than at gene level (Godard and van Eyll,
2015). Through an overrepresentation analysis that bypasses
targets using manually curated lists of microRNA-associations,
we detected an enrichment in microRNAs regulated by EGR1 TF,
and also in the miR-99b cluster. Interestingly, EGR1 has been
reported as regulator of homeostasis of HSC, where it is highly
expressed, and downregulated after induction of cell division and
migration (Min et al., 2008), whereas miR-99b cluster has been
reported as a conserved cluster preferentially expressed in long-
term HSC (Guo et al., 2010). By this strategy we also detected an
enrichment in lipid metabolism and hematopoiesis (microRNAs
upregulated in LSC-enriched vs. CML-CP HSC fractions) and
glucose metabolism (microRNAs downregulated in CML-CP
HSC vs. HD HSC). In the light of recent descriptions of
increased oxidative metabolism in CML LSC-enriched
fractions (Kuntz et al., 2017), the results obtained by us serve
as a guide for future functional studies that evaluate the role of
microRNAs in this process. Kuntz et al. described an increase in
fatty acid oxidation and lipolysis, increased glucose oxidation and
anaplerosis in stem cell enriched CML fractions, and showed that
restriction of mitochondrial functions by treatment with
tigecycline had in vivo cytotoxic effects on stem/progenitor
CML cells, in combination with imatinib (Kuntz et al., 2017).
Tigecycline is an FDA-approved antibiotic that inhibits bacterial
protein synthesis, but also inhibits the synthesis of mitochondria-
encoded proteins. Metabolic vulnerabilities in LSC open the road
for new therapeutic strategies, and a thorough understanding of
the differential mechanisms involved in CML vs. normal
primitive cells is necessary in order to predict possible
unfavorable side effects (Vetrie et al., 2020), which have been
repeatedly observed in clinical trials that target this population.
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Genotype Analysis of ABCC1, NCF4
and CBR3 Polymorphism and the
Association With Childhood Acute
Lymphoblastic Leukemia in Mexican
Childhood Population
Jesús Alonso Gándara-Mireles1, Ismael Lares-Asseff 1,2*, Elio Aarón Reyes Espinoza3,
Javier G. Blanco4, Isaias Chairez Hernández1, Lourdes Patricia Córdova Hurtado3,
Verónica Loera Castañeda1,2, Leslie Patrón Romero5, Cristina Venzor Sánchez3,
Hugo Payan Gándara3, Dinora Arechiga Gurrola3 and Horacio Almanza Reyes2,5

1Instituto Politécnico Nacional, CIIDIR-Unidad Durango, Durango,México, 2Red Latinoamericana de Implementación y Validación
de Guías Clínicas Farmacogenómicas (RELIVAF-CYTED), Madrid, Spain, 3Centro Estatal de Cancerología, Durango, México,
4School of Pharmacy and Pharmaceutical Sciences, University of Buffalo, The State University of New York, Albany, NY,
United States, 5Facultad de Medicina y Psicología de la Universidad Autónoma de Baja California, Tijuana, México

Background: The identification of genetic risk factors for Acute Lymphoblastic Leukemia
(ALL), are increasingly urgent and necessary.

Objective: The purpose of this study is to determine the association of the genetic
polymorphisms ABCC1 rs3743527, NCF4 rs1883112 and CBR3 rs1056892 with ALL.

Methods: DNA samples were obtained in 71 children with ALL (from 2 to 18 years) and in
71 controls without ALL, to determine the polymorphisms by real-time polymerase chain
reaction (qPCR), using specific TaqMan probes in a StepOne

®
thermal cycler (Applied

Biosystems, United States).

Results: The results of the Odds Ratio analysis show that in the rs1883112 polymorphism of
the NCF4 gene, the heterozygous allele has a risk effect for ALL (OR � 3.1870, CI �
1.8880–7.9383 and p � 0.0002), in turn the mutated genotype (AA) is associated with a
protective effect (OR � 0.26, 0.1248 to 0.5434 and p � 0.0003). On the other hand, the CBR3
rs1056892 polymorphism shows a significant association of risk to ALL, in the presence of the
HT genotype (OR � 2.77, IC � 1.3837 to 5.5651 and p � 0.004) and the mutated genotype of
this polymorphism has a significant association with protection to ALL in the HM genotype
(OR � 0.52, IC � 0.2639 to 1.0304 and p � 0.05). While the inheritance models of the
polymorphisms let us see that of the rs1883112 polymorphism of the NCF4 polymorphism;
the HT genotype of the codominant model shows a protective effect against ALL (OR �
0.4117, IC � 0.1718 to 0.9866 and p � 0.04), the recessive model shows us and confirms
what we already saw in table number 3, being that there is an association with protective effect
in the HM genotype (OR � 0.2604, IC � 0.1248 to 0.5434 and p � 0.0003). In the
polymorphism rs1056892 of the CBR3 gene, a protection association was found in the
heterozygous allele of the codominant model (OR � 0.3448, IC � 0.1375 to 0.8896 and p �

Edited by:
Maria Ana Redal,

University of Buenos Aires, Argentina

Reviewed by:
Maoxiang Qian,

Fudan University, China
Lucia Taja-Chayeb,

National Institute of Cancerology
(INCAN), Mexico

*Correspondence:
Ismael Lares-Asseff

ismaelares@yahoo.com

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 12 October 2020
Accepted: 27 November 2020
Published: 02 February 2021

Citation:
Gándara-Mireles JA, Lares-Asseff I,

Reyes Espinoza EA, Blanco JG,
Chairez Hernández I,
Córdova Hurtado LP,

Loera Castañeda V, Patrón Romero L,
Venzor Sánchez C, Payan Gándara H,

Arechiga Gurrola D and
Almanza Reyes H (2021) Genotype

Analysis of ABCC1, NCF4 and CBR3
Polymorphism and the Association

With Childhood Acute Lymphoblastic
Leukemia in Mexican

Childhood Population.
Front. Pharmacol. 11:616630.

doi: 10.3389/fphar.2020.616630

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 11 | Article 6166301

ORIGINAL RESEARCH
published: 02 February 2021

doi: 10.3389/fphar.2020.616630

29

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.616630&domain=pdf&date_stamp=2021-02-02
https://www.frontiersin.org/articles/10.3389/fphar.2020.616630/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.616630/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.616630/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.616630/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.616630/full
http://creativecommons.org/licenses/by/4.0/
mailto:ismaelares@yahoo.com
https://doi.org/10.3389/fphar.2020.616630
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.616630


0.0274). In addition, the recessive inheritance model for the HM genotype shows a protective
effect to ALL, (OR � 0.52, CI � 0.9919 to 3.8638 and p � 0.05).

Conclusion: There is an evident impact of the NCF4 rs1883112 and CBR3 rs1056892
polymorphisms with an increased risk of susceptibility to ALL; Likewise, through the
codominant inheritancemodel, the effect of the variation of the CBR3 rs1056892 gene as a
protective factor against ALL was evaluated.

Keywords: genetic polymorphisms, ABCC1, NCF4, CBR3, association, leukemia

INTRODUCTION

Childhood Acute lymphoblastic leukemia (ALL) is the most
common pediatric cancer in developed countries and also it is
a malignant disease of the white blood cells with a multifactorial
etiology that likely involve an interplay of environmental and
genetic variables. Is estimated that more than 60% of patients
diagnosed with ALL are children below the age of 15 years, with a
peak of incidence at 2–5 years of age. With the actual treatment
scheme, the rate of cure is 90% (Rivera-Luna et al., 2005; Pérez-
Saldívar et al., 2011; Secretaria de Salud et al., 2011). The
implementation of risk-stratified therapy has been successful,
as survival rates for ALL have improved significantly, with overall
survival rates of 5 years currently (Rodriguez et al., 2010;
Muwakkit et al., 2012; Ceppi et al., 2015; Frost et al., 2018). A
wide and deep understanding of genetic factors, as well as
chromosomal abnormalities, gene expression, response to
therapeutic treatment, and host pharmacogenomics, offer the
potential to improve prognosis and therapeutic optimization in
the treatment of childhood ALL (Vrooman and Silverman, 2009).
The Genome Wide Association Study (GWAS) provide a
candidate genes and cellular pathways to understand the
etiology, also to determine candidates’ genes to improve the
treatment response and pharmacogenomics. These single
nucleotide polymorphisms (SNP’s) have been largely study
over the last decades in ALL. Some of these pathways involve
inflammation. Liu et al. (2020) in a case-control study found that
polymorphisms of IL-6 and IL-10 are significantly correlated with
the susceptibility and pathogenesis of ALL in childhood (Liu
et al., 2020). Some other environmental factors associated with
leukemiogenesis are maternal vitamins intake during pregnancy,
particularity folic acid and its fetal metabolism. Folic acid (or
vitamin B9) and its derivatives, collectively known as folates, are
chemoprotective micronutrients of great interest belonging to the
B vitamin group. Folic acid is involved in the correct production
and maturation of blood cells from hematopoietic stem cells,
DNA methylations, DNA synthesis and repair, proper gene
expression, chromosomal and nuclear integrity. In particular,
folic acid supplementation during pregnancy has a protective
effect towards ALL, with a diminished incidence of 15–21%
(Cantarella et al., 2017). Inside the cell, folic acid is
transformed into tetrahydrofolate (THF), a reaction carried
out by the enzyme NADPH oxidase-dependent hydrofolate
reductase, this being a membrane-bound enzyme complex that
faces the extracellular space (Navarro-Pérez et al., 2016). On the
other hand, the neutrophil cytosolic factor 4 (NCF4) is a protein

encoded in humans by the NCF4 gene, which encodes the p40-
phox (NADPH) oxidase subunit of the NOX2; this protein is part
of the NADPH oxidase complex (Zhan et al., 1996). NOX2
complex has been related to at least ovarian cancer and renal cell
carcinoma (Meitzler et al., 2014). Also, there is evidence that the
NADPH-dependent oxidase NOX2 is an important effector of
immune cell function, and its activity has been linked to
oncogenic signaling (Adane et al., 2019). Gutiérrez-Salinas J. and
collaborators (Gutiérrez-Salinas et al., 2016) in 2016 reported that
oxidative stress promote the development of cancer, and
carbonylated proteins may have a role in the carcinogenesis
process. Carbonyl reductase three encoded by the CBR3 gene
catalyzes the reduction of a large number of biologically and
pharmacologically active carbonyl compounds; a polymorphism
present in this gene, such as rs1056892, may have implications
for the risk of developing ALL. Other pathway involved in the
overcome, prognostic and surveillance is the drug response to the
treatment. One of themost important gene in this field is theABCC1
gene. Multidrug resistance-associated protein 1 (MRP1), encoded by
the ABCC1 gene, is an ATP-binding cassette transporter mediating
efflux of organic anions and xenobiotics; its overexpression leads to
multidrug resistance. Many drugs are good substrates for MRP1, so
its overexpression leads to multidrug resistance (MDR), especially
during cancer chemotherapy. This effect can be observed in many
types of cancer cells including solid tumors (lung cancer, breast
cancer, gastric and colon carcinomas, melanoma, prostate cancer,
neuroblastoma) as well as in various types of leukemias. There exist
ethnic differences in the frequency of ABCC1 polymorphic variants
and least 95 SNPs have been described in different population with
also wide diversity (Słomka et al., 2016). Due to the importance of
identifying risk factors for developing ALL, the objective of the
present study is to determine if the ABCC1 rs3743527, NCF4
rs1883112 and CBR3 rs1056892 genetic polymorphisms are
associated with susceptibility to ALL in pediatric population.
Therefore, we investigated the association between these three
SNPs involved in the metabolism of antineoplastic drugs and
ALL susceptibility.

METHODS

The Research Ethics Committee and the Research Committee of
the General Hospital of Durango Torre Materno-Infantil,
México, approved and validated the study according to the
declaration of Helsinki and the General Health Law of Mexico.
71 pediatric patients of both sexes treated at the Pediatric Hemato-
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oncology Service of the State Cancer Center (CECAN) of the Secretary
of Health of Durango, Mexico were studied. All patients were
diagnosed with ALL according to the criteria of the Franco-
American-British Hematology Association (Bennett et al., 1976).
Each patient was undergoing chemotherapy treatment according to
the St Jude TOTAL XV (Pui et al., 2010) protocol. Patients were also
included in surveillance, that is, children who had completed their
pharmacological treatment. In addition, a group of 71 adolescents
without ALL was evaluated as a control group. All parents of patients
were asked to sign the informed consent, in addition to children over
8 years of age, they were asked to accept the informed consent.

Genotypification
DNA was obtained from whole blood using the extraction
procedure “DTAB-CTAB” (Gustincich et al., 1991), its integrity
and purity was determined by horizontal electrophoresis in 1%
agarose gel, stained with Texas Red and the quantification was
carried out by spectrophotometry in Nanodrop® (Thermo
Scientific, United States). The SNPs of the ABCC1 rs3743527
gene (Probe number: C___8934057_30), the NCF4 rs1883112
gene (Probe number: C__11521119_1_) and the CBR3

rs1056892 gene (Probe number: C___9483603_10) were
determined by qPCR using specific TaqMan probes for each
polymorphism (by Thermo Fisher Scientific®), in a StepOne®
thermocycler.

Statistic Analysis
The genotypic and allelic frequencies of the two groups were obtained;
with ALL (cases) and without ALL (control). In addition, the Hardy-
Weinberg equilibrium analysis (HWE) was performed. The software
used was the SNPStats (Catalan Institute of Oncology, Barcelona,
Spain) (Solé et al., 2006). Subsequently, the frequency of the alleles
between the cases and the controls of each polymorphism was
compared using the Chi square test (x2), a value of p < 0.05 was
considered statistically significant. Finally, an Odds Ratio (OR)
(McHugh, 2009) risk association analysis was performed for each
allele of each of the polymorphisms between the cases (with ALL) and
the controls (without ALL), as well as the inheritancemodels in which
a value p <0.05 was considered statistically significant.

RESULTS

Table 1 shows the demographic data for the two groups, patients
with ALL (cases) and without ALL (controls), with a statistically

TABLE 1 | Demographic aspects of patients with ALL (cases) and volunteers
without ALL (controls).

Variables Cases (n = 71) Controls
=71

p

Age (years) 13.2 ± 4.8 14.1 ± 3.1 0.09
Gender (_/\) 45/22 28/39
Weight (Kg) 32.2 ± 15.99 64.7 ± 13.2 <0.0005
Height (cm) 123.7 ± 26.4 164.0 ± 22.3 <0.0005
BMI (Kg/m2) 18.5 ± 3.2 23.1 ± 3.5 <0.0005
aT Student test.

FIGURE 1 | Association of the eight variables (red box) with patients with
All (blue box). The relative inertia of each variable shows that; Height (Relative
Inertia: 0.610400), NCF4 rs1883112 polymorphism (Relative inertia:
0.067791), and Sex (Relative Inertia: 0.058756) had a greater
association with the development of ALL.

TABLE 2 | Genotypic and allelic frequencies of NCF4 rs1883112, CBR3
rs1056892 and ABCC1. rs3743527 polymorphisms in cases and controls in
children with ALL.

Polymorphisms Cases
(n = 71)

Controls
(=71)

pa HWEb

Genotype
WT (GG

17 (24%) 18(25%)

HT (AG) 39(55%) 17(24%) 0.02 No
NCF4 rs1883112 HM (AA)

Allelos
15 (21%) 36 (51%)

Major
allele (G)

73(52%) 53(37%)

Minor
allele (A)

69(48%) 89(63%)

Genotype
WT (AA)

11(15%) 17(24%)

HT (AG) 37(52%) 20(28%) 0.15 Yes
CBR3
rs1056892

HM(GG)
Allele

23 (33%) 34 (48%)

Major
allele (G)

83(59%) 88(62%)

Minor
allele (A)

59 (41%) 54 (38%)

Genotype
WT (CC)

31(44%) 26(37%)

HT (CT) 32(45%) 41(58%) 0.25 Yes
ABCC1 HM (TT) 8 (11%) 4 (5%)
rs3743527 Allele

Major
allele (C)

92(66%) 93(66%)

Minor
allele (T)

48(34%) 49(34%)

aChi square test.
bHWE (Hardy Weinberg Equilibrium).
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significant difference between the biological variables considered,
except for age (p � 0.09).

Table 2 shows the genotypic and allelic frequencies of patients
with ALL for each polymorphism. Also as is shown, the NCF4
rs1883112 polymorphism does not find Hardy Weingber
Equilibrium (EHW), while the CBR3 rs1056892 and ABCC1
rs374352 polymorphisms do.

Table 3 shows the association of WT, HT and HM genotypes
with ALL through Odds Ratio values for each polymorphism. In the
rs1883112 polymorphism of the NCF4 gene, it is observed that the
heterozygous allele has a risk effect for ALL (OR � 3.1870, CI �
1.8880 to 7.9383 and p � 0.0002), in turn the mutated genotype is
associated with a protective effect (OR � 0.26, 0.1248 to 0.5434 and
p � 0.0003). On the other hand, the CBR3 rs1056892 polymorphism
shows a significant association of risk to ALL, in the presence of the
HT genotype (OR � 2.77, IC � 1.3837 and p � 0.004) and the
mutated genotype of this polymorphism has a significant association
with protection to ALL in the HM genotype (OR � 0.52, IC � 0.2639
to 1.0304 and p � 0.05). A significant association for any genotype in
the ABCC1 rs3743527 polymorphism was not found. Finally, the
inheritance models of the studied polymorphisms are shown
(Table 4) where it is observed that in the case of the rs1883112
polymorphism of the NCF4 gene; the HT genotype of the
codominant model shows a protective effect to ALL (OR �
0.4117, IC � 0.1718 to 0.9866 and p � 0.04), the recessive model
shows us and confirms what we already saw in table number 3, since
there is an association with protective effect on the HM genotype
(OR � 0.2604, IC � 0.1248 to 0.5434 and p � 0.0003). In the
rs1056892 polymorphism of the CBR3 gene, a protective
association was found in the heterozygous allele of the

codominant model (OR � 0.3448, CI � 0.1375–0.8896 and p �
0.0274), in addition, the recessive inheritance model for the HM
genotype shows a protective effect to ALL (OR � 0.52, IC � 0.9919 to
3.8638 and p � 0.05). Regarding ABCC1 rs3743527, no statistically
significant associations were found for ALL.

Figure 1 shows the multivariate analysis using the
correspondence test, in this analysis it can be observed that
the variables that had the greatest association with the
development of ALL were 1)- height, 2)- NCF4 rs1883112
polymorphism, and 3)- sex. The relative inertia values that
indicate the level of association of each variable with the
patients with ALL are shown in Table 5.

DISCUSSION

There are several factors that are involved in the development of ALL
in pediatric patients, such factors can be chemical, environmental
and genetic (Steinberg et al., 2007; Cangerana-Pereira et al., 2017),
these factors can modify gene expression. Many of these genes are
involved in the metabolism and transport of certain anti-leukemic
drugs and may also be directly or indirectly involved in the
development of cancer, as in the case of NADPH-dependent
enzymes (Minotti et al., 2000; Blanco et al., 2012) and/or cellular
transporters. Other cellular transporters are the ABCC1 superfamily
(Zaruma-Torres et al., 2015) constituted by 48 structurally similar
membrane transporters. Variants in ABC genes that affect gene
function have clinically important effects on drug disposition and
can be predictors of the risk of adverse drug reactions and efficacy of
chemotherapeutics, calcium channel blockers, and protease

TABLE 3 | Estimation of risks by Odds Ratio between cases and controls of polymorphisms NCF4 rs1883112, CBR3 rs1056892 and ABCC1 rs3743527.

Polymorphisms Allele Cases Controls OR IC p

WT 17 18
0.92 0.4320 to 1.9892 0.84

HM + HT 54 53
NCF4rs1883112 HT 39 17 3.87 1.8880 to 7.9383 0.0002

HM + WT 32 54
HM 15 36

0.26 0.1248 to 0.5434 0.0003
WT + HT 56 35
WT 11 17 0.58 0.2507 to 1.3528 0.20
HM + HT 60 54
HT 37 20

CBR3rs1056892 2.77 1.3837 to 5.5651 0.004
HM + WT 34 51
HM 23 34

0.52 0.2639 to 1.0304 0.05
WT + HT 49 37
WT 31 26

1.34 0,6842 to 2,6295 0.39
HM + HT 40 45
HT 32 41

ABCC1rs3743527 0.60 0.3092 to 1.1657 0.13
HM + WT 39 30
HM 08 04

2.12 0.6103 to 7.4133 0.23
WT + HT 63 67
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inhibitors (Xiao et al., 2020). Kunická T. and Souček P., (Kunická
and Souček 2014) mentioned that resistance to multiple drugs has
one of the most important causes of cancer treatment failure, ABC
transporters are membrane-bound proteins that participate in cell
defense mechanisms, hence their function is to prevent toxicity as
carcinogenesis on the one hand, but may contribute to resistance of
tumor cells to a number of drugs, including chemotherapeutics.
Zaruma-Torres F et al. (Zaruma-Torres et al., 2016) in 2016 found
that the ABCB1 rs1045642 and ABCC5 rs3792585 polymorphisms
were associated with an increased risk of ALL in Mexican children.
In the current study, we determinate the impact of three gene
polymorphisms involved in the metabolism of antineoplastic
drugs, such as the NCF4 rs1883112, CBR3 rs1056892 and ABCC1
rs3743527 polymorphisms, we also provided frequencies of this
variants and identify any associationwith the development of ALL in
children. In 2016 Gutierrez-Salinas Torres et al. (Gutiérrez-Salinas
et al., 2016), determined the concentrations of carbonylated proteins
and the carbonyl reductase enzyme in Mexican women with breast
cancer, finding that oxidative stress could promote cancer
development and involve carbonylated proteins in the process
carcinogenic, with a 3.76-fold increase in plasma carbonylated
proteins in the patient group, compared to the healthy control

group (5 ± 3.27 vs. 1.33 ± 2.31 nmol carbonyls/mg protein; p < 0.05);
In addition, they found a 60% increase in the carbonyl reductase
enzyme in the patients vs the control group (3.27 ± 0.124 vs. 2.04 ±
0.11 ng/mg protein; p <0.05), a positive correlation was also found
(r � 0.95; p <0.001) between bothmeasurements, whichmay suggest
the presence of tissue damage caused by cancer. On the other hand,
Osawa Y et al. (Osawa et al., 2015) had previously reported the
importance of the expression levels of an enzyme of the “CBR”
family, finding that the expression level of carbonyl reductase
(CBR1) is related to tumor progression. Decreased CBR1
expression is associated with a poor prognosis in ovarian cancer;
they also investigated the relationship between the level of CBR1
expression and the malignant potential of ovarian cancer. These
results showed that the decrease in CBR1 promoted tumor
proliferation and growth, as well as invasion and metastasis,
suggesting that CBR1 has the potential to become a new
candidate for molecular targeting therapy. Unlike the previous
results, in our study, the importance of a polymorphism that
modifies the sequence of the “CBR” family gene is reflected, since
it was found that for the CBR3 rs1056892 polymorphism there is a
significant association of risk to ALL in presence of the HT genotype
(OR � 2.7750 (IC � 1.3857–5.5651), p � 0.004), however, when

TABLE 4 | Association by models of inheritance of polymorphisms NCF4 rs1883112, CBR3. rs1056892 and ABCC1 rs3743527 at risk of developing LLA.

Polymorphisms Cases(n = 71) Controls(n = 71) OR CI p

Codominant
WT (GG) 17 18 1
HT (GA) 39 17 0.4117 0.1718 to 0.9866 0.04
HM (AA) 15 36 2.2667 0.9256 to 5.5510 0.07
ALLELE (G) 73 53

NCF4 rs1883112 ALLELE (A) 69 89 1.7766 1.1068 to 2.8517 0.01
Dominant
WT 17 18
HT + HT 54 53 0.9285 0.4320 to 1.9892 0.84
Recessive
HM 15 36
WT + HT 56 35 0.2604 0.1248 to 0.5434 0.0003
Codominant
WT (AA) 11 17 1
HT (AG) 37 20 0.3448 0.1375 to 0.8896 0.0274
HM (GG) 23 34 0.4565 0.1611 to 2.2062 0.9249

CBR3 ALLELE (A) 59 54
rs1056892 ALLELE (G) 83 88 0.3686 0.2094 to 0.6488 0.5445

Dominant
WT 11 17 0.5824 0.2507 to 1.3528 0.2086
HT + HM 60 54
Recessive
HM 23 34 0.5200 0.9919 to 3.8638 0.05
WT + HT 49 37
Codominant
WT (CC) 31 26 1
HT (CT) 32 41 1.5276 0.7611 to 3.0662 0.2333
HM (CT) 08 04 0.5962 0.1611 to 2.2062 0.4385

ABCC1 ALLELE (C) 94 93
rs3743527 ALLELE (T) 48 49 1.0318 0.6318 to 1.6851 0.9004

Dominant
WT 31 26 1.3413 0.6842 to 2.6295 0.3925
HT + HM 40 45
Recessive
HM 08 04 2.1213 0.6103 to 7.4133 0.2361
WT + HT 63 67
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analyzing the inheritance models we found that in the case of the
codominant inheritance model, the heterozygous allele of the CBR3
gene constitutes a protection factor according to the obtained values
(OR � 0.3448 (IC � 1.375 to 0.8896), p � 0.02). It is evident that,
although there are many factors that are involved in the
development of leukemia, genetic factors play a very important
role since within the genes that are involved in different cellular
metabolic pathways, some of them seem to have more importance.
Apparently, the folate route constitutes a very important pathway,
such is the case of the work reported by Zaruma-Torres F et al. in
2016 (Zaruma-Torres et al., 2016) who determined the associations
between six SNPs in four genes related to the folate transporter
pathway, to determine a significant relationship with the
appearance of ALL in Mexican children, concluding that certain
genetic polymorphisms related to the folate transport route,
particularly COL18A1 rs2274808, SLC19A1 rs2838956, ABCB1
rs1045642 and ABCC5 rs3792585, were associated with an
increased risk of ALL in Mexican children. These results
coincide, although to a lesser extent with what was found in
our work, in which other polymorphisms are related to an
increased susceptibility to ALL, such as the case of NCF4
rs1883112, became evident since this factor NCF4 could
influence the susceptibility of presenting ALL through this
polymorphism, as it hinder the action of folic acid and promote
the risk of developing ALL, possibly by making it difficult to
transform the folic acid to THF, through the de-hydro folate
reductase dDHFR which is dependent on NADPH oxidase.
There is not experimental data to demonstrate its functional
significance, however the rs1883112 polymorphism is found in
the NCF4 promoter (p40phox), which participates in the negative
regulation of NADPH oxidase (Zhang et al., 1996). In the study by
Lopes LR (Lopez et al., 2004), they demonstrated that the addition
of phosphorylated p40 (PHOX) to the cell-free system inhibits the
NADPH oxidase activated by the C-phosphorylated protein kinase
p47 (PHOX), an effect not observed with non-phosphorylated p40
(PHOX). Furthermore, phosphorylated p40 (PHOX) inhibits
oxidase if added before or after full activation of the enzyme,
thus they have postulated that phosphorylation of p40 (PHOX) in
threonine 154 leads to an inhibitory conformation that changes the
balance towards an inhibitory role and blocks oxidase activation in
such a way that in our study we found that for the rs1883112
polymorphism of the NCF4 gene, the heterozygous allele shows a
risk effect for ALL (OR � 2.1267 (CI � 1.0020–4.5138), p � 0.04.

The Mexican population has a great ethnic diversity with 68
indigenous groups (International Work Group for Indigenous
Affairs, 2020). The presence of genetic bias is evidenced or
ruled out through the analysis of the Hardy-Weinberg
equilibrium test (EHW), in the present study it is observed as
two of the three Polymorphisms are in equilibrium, however one is
not in equilibriumwith a predominance of themutated allele in the
control group, which was carefully selected not to include
genetically related people, which suggests that perhaps there is a
predominance of this mutated allele in the population studied for a
possible founder effect.

CONCLUSION

In clinical practice, we can point out that a patient with an HT
genotype for the polymorphisms of the CBR3 rs1056892 andNCF4
rs1883112 genes will have a higher risk of developing ALL. For the
NCF4 rs1883112 gene polymorphism, the mutated allele will itself
have an ALL risk effect, but two copies of it will not be additive;
therefore, it is necessary for said mutated allele to bind to a copy of
the wild allele (this being a heterozygous genotype) to consider it as
a risk factor for ALL.

For the polymorphisms of the NCF4 rs1883112 and CBR3
rs1056892 genes, the codominant model shows us that both
alleles (wild and mutated) have an association with a separate
protective effect, even having two copies of these alleles still
gives rise to a protective association against the ALL.
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TABLE 5 | Relative inertias of each variable associated with the development
of ALL.

Relative inertia p

Age 0.013539 0.0001a

Sex 0.058756
Height 0.610400
Weight 0.002540
BMI 0.037701
NCF4 rs1883112 0.067791
CBR3 rs1056892 0.057491
ABCC1 rs3743527 0.055791

aChi square test
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Pharmacogenetics–Based Preliminary
Algorithm to Predict the Incidence of
Infection in Patients Receiving
Cytotoxic Chemotherapy for
Hematological Malignancies: A
Discovery Cohort
Matias F. Martinez1,2,3*, Enzo Alveal 1, Tomas G. Soto1,4, Eva I. Bustamante5, Fernanda Ávila6,
Shrikant I. Bangdiwala7,8, Ivonne Flores5, Claudia Monterrosa5, Ricardo Morales5,
Nelson M. Varela1,3, Alison E. Fohner9 and Luis A. Quiñones1,3*

1Laboratory of Chemical Carcinogenesis and Pharmacogenetics (CQF), Department of Basic and Clinical Oncology (DOBC),
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Institute, McMaster University, Hamilton, ON, Canada, 8Department of Health Research Methods, Evidence, and Impact,
McMaster University, Hamilton, ON, Canada, 9Department of Epidemiology and Institute of Public Health Genetics, University of
Washington, Seattle, WA, United States

Introduction: Infections in hematological cancer patients are common and usually life-
threatening; avoiding them could decrease morbidity, mortality, and cost. Genes
associated with antineoplastics’ pharmacokinetics or with the immune/inflammatory
response could explain variability in infection occurrence.

Objective: To build a pharmacogenetic-based algorithm to predict the incidence of
infections in patients undergoing cytotoxic chemotherapy.

Methods: Prospective cohort study in adult patients receiving cytotoxic chemotherapy to
treat leukemia, lymphoma, or myeloma in two hospitals in Santiago, Chile. We constructed
the predictive model using logistic regression. We assessed thirteen genetic
polymorphisms (including nine pharmacokinetic—related genes and four inflammatory
response-related genes) and sociodemographic/clinical variables to be incorporated into
the model. The model’s calibration and discrimination were used to compare models; they
were assessed by the Hosmer-Lemeshow goodness-of-fit test and area under the ROC
curve, respectively, in association with Pseudo-R2.

Results: We analyzed 203 chemotherapy cycles in 50 patients (47.8 ± 16.1 years; 56%
women), including 13 (26%) with acute lymphoblastic and 12 (24%) with myeloblastic
leukemia.

Pharmacokinetics-related polymorphisms incorporated into the model were CYP3A4
rs2242480C>T and OAT4 rs11231809T>A. Immune/inflammatory response-related

Edited by:
José A. G. Agúndez,

Institute of Molecular Pathology
Biomarkers, University of Extremadura,

Spain

Reviewed by:
Jatinder K. Lamba,

College of Pharmacy, University of
Florida, United States
Pedro Ayuso Parejo,

Hospital Universitario Infanta Leonor,
Spain

*Correspondence:
Matías F. Martínez

matiasmartinez@ug.uchile.cl
Luis A. Quiñones
lquinone@uchile.cl

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 04 September 2020
Accepted: 20 January 2021
Published: 10 March 2021

Citation:
Martinez MF, Alveal E, Soto TG,

Bustamante EI, Ávila F, Bangdiwala SI,
Flores I, Monterrosa C, Morales R,

Varela NM, Fohner AE and
Quiñones LA (2021)

Pharmacogenetics–Based Preliminary
Algorithm to Predict the Incidence of

Infection in Patients Receiving
Cytotoxic Chemotherapy for

Hematological Malignancies: A
Discovery Cohort.

Front. Pharmacol. 12:602676.
doi: 10.3389/fphar.2021.602676

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6026761

ORIGINAL RESEARCH
published: 10 March 2021

doi: 10.3389/fphar.2021.602676

36

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.602676&domain=pdf&date_stamp=2021-03-10
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.602676/full
http://creativecommons.org/licenses/by/4.0/
mailto:matiasmartinez@ug.uchile.cl
mailto:lquinone@uchile.cl
https://doi.org/10.3389/fphar.2021.602676
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.602676


polymorphisms were TLR2 rs4696480T>A and IL-6 rs1800796C>G. Clinical/
demographic variables incorporated into the model were chemotherapy type and
cycle, diagnosis, days in neutropenia, age, and sex. The Pseudo-R2 was 0.56, the
p-value of the Hosmer-Lemeshow test was 0.98, showing good goodness-of-fit, and
the area under the ROC curve was 0.93, showing good diagnostic accuracy.

Conclusions: Genetics can help to predict infections in patients undergoing
chemotherapy. This algorithm should be validated and could be used to save lives,
decrease economic costs, and optimize limited health resources.

Keywords: pharmacogenetics, hematological malignancies, infections, Prediction, Algorithm, pharmacogenomics,
CYP3A4, OAT4

INTRODUCTION

Infections in patients diagnosed with hematological malignancies
are common and usually life-threatening (Green 2017); 30% of
patients undergoing chemotherapy for the treatment of these
illnesses experience infection, and 11% dying as a result
(Castagnola et al., 2007; Yilmaz et al., 2008; Dutronc et al.,
2009). Several variables have been described as risk or
protector factors. In addition to clinical variables associated
with a high risk of infection, neutropenia, defined as an
absolute neutrophil count lower than 500 cells/mm3

(Klastersky et al., 2016), is common in patients undergoing
cytotoxic chemotherapy (Li et al., 2016). Genetics can modify
the occurrence of chemotherapy-related neutropenia. A
polymorphic variant can alter the metabolism or elimination
of the cytotoxic agent; this could increase the plasmatic level of
the antineoplastic, and therefore increase the risk of dose-related
toxicity (Lyman et al., 2014; Buaboonnam et al., 2019). Among
these pharmacokinetics-related genetic factors, CYP3A4 and
CYP3A5 are two enzymes that participate in the metabolism
of most drugs used in the treatment of hematological
malignancies (Lee et al., 2013; Daly 2015), and polymorphic
variants in the genes that encode those proteins are known to
decrease their expression or functionality, decreasing drug
metabolism (Lamba et al., 2012; Park et al., 2014; Zhu et al.,
2014). Moreover, polymorphic variants in genes that codify for
drug transporters could affect the elimination of antineoplastic
medications (Choi et al., 2015). Some of the transporters
associated with cancer medications are ATP-Binding Cassette
(ABC), specifically ABCB1, ABCC2, and ABCG2 (Jedlitschky
et al., 2006; Vasiliou et al., 2009), and Solute Linking Carrier
(SLC), specifically SLC22A11 that codifies for the Organic Anion
Transporter 4 (OAT4) (Burckhardt 2012). Genetic variants in
these genes could increase the risk of adverse events due to
decreased elimination leading to toxic drug concentrations
(Vormfelde et al., 2006; Lewis et al., 2013).

Furthermore, some immune/inflammatory response-related
proteins can improve the aggregation and survival of neutrophils.
Interleukin 6 and 1β (IL6 and IL-1β) participate in the maturation
and apoptosis inhibition of white blood cells (WBC) (Rose-John
et al., 2017; Chiba et al., 2018). A lower expression of the genes
that encode these interleukins could enhance the risk of

neutropenia, make it more severe or prolong the length of
neutropenia (Wright et al., 2014; Loft et al., 2018; Badawy
et al., 2019). The caspase recruitment domain 8 (CARD8)
participates in the activation of IL-1β, and a polymorphism
that affects CARD8 functionality could have the same
consequences of having less interleukin signal (Paramel et al.,
2015). Toll-like receptor 2 (TLR2) is a protein that senses
pathogen molecules and develops the intracellular signaling in
response to a possible infection (Beutler et al., 2006); a genetic
variant that affects the functionality of this receptor could
increase the risk of infections (Hawn et al., 2009; Bielinski
et al., 2011; Esposito et al., 2014).

No tool can predict the incidence of infections in
hematological cancer patients in chemotherapy that use
clinical and genetic variables. By accurately predicting which
patients are likely to develop an infection while undergoing
chemotherapy, dose adjustments and enhanced monitoring
could be targeted to prevent infection, thereby reducing
morbidity, mortality, and healthcare costs. Our study aims to
create an algorithm to predict the incidence of infections among
patients undergoing chemotherapy, using pharmacokinetics and
immune response-related genetic polymorphisms in addition to
clinical variables.

MATERIALS AND METHODS

Study Design
We carried out a prospective cohort study from November
2017 to October 2018 at the Oncologic Hospital “Fundación
Arturo Lopez Pérez” (FALP) and the Clinical Hospital of the
University of Chile (HCUCH) in Santiago, Chile. Patients
were enrolled at those clinical centers before the first
chemotherapy cycle, and they were followed prospectively
through every cycle of chemotherapy. Infection was
established by clinical criteria, including fever not
explained by chemotherapy, positive bacterial cultures, or
compatible imaging. A multidisciplinary team compound
by specialist physicians and clinical pharmacists reviewed
every febrile episode and decided if it was due to infection
or not according to local practice. The occurrence of any
infections was recorded.
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Patients and Data Source
The study included patients 18 years or older diagnosed with
leukemia or non-Hodgkin’s lymphoma and undergoing cytotoxic
chemotherapy. We excluded patients regularly taking
immunosuppressive medication, pregnant women, and
patients with a diagnosis of immunodeficiency. All clinical
data were obtained from the medical record. We collect the
information that allows clinic, pharmacotherapeutic, morbid,
and demographic characterization of the sample.

Ethics Statement
All patients signed a written informed consent and an agreement
to participate in this study. The study was carried out following
the strict ethical procedures recommended by the Ethics
Committee of the Clinical Hospital of the University of Chile
(approval received on July 18, 2017) and the Eastern
Metropolitan Health Service (approval received on July 4,
2017), following the procedures suggested in the Declaration
of Helsinki, with Chilean Laws 20.120, 20.584, and 19.628 and
with the guidelines of the Good Clinical Practices from theWorld
Health Organization.

Genotyping Analysis
Genomic DNA was isolated from the subjects’ peripheral blood
samples using the High Pure PCR Template Preparation Kit
(Catalog Number, 11796828001; Roche Diagnostics GmbH,
Mannheim, Germany). The blood sample was collected after
the first remission.

The nine pharmacokinetics-related polymorphisms were
SLC22A11 rs11231809; ABCB1 rs2032582, rs1045642y
rs1128503; CYP3A4 rs2740574, rs2242480, CYP3A5 rs15524,
ABCC2 rs12762549, and ABCG2 rs2231142. The immune
response-related polymorphisms were IL6 rs1800796, IL1β
rs1143627, CARD8 rs2043211, and TLR2 rs4696480. The
potential effect in protein was the main criteria to pick the
polymorphic variants in addition to the relationship with drug
toxicity reported in the literature. Another factor considered was
the minor allele frequency of more than 5% in the Latinamerican
population when available.

All polymorphisms were analyzed using TaqMan® SNP
Genotyping Assay (Catalog number, 4362691; Thermo Fisher
Scientific, Waltham, MA, United States) in a Stratagene Mx3000p
real-time PCR system (Agilent Technologies, Santa Clara, CA,
United States). Every sample was analyzed in triplicate to ensure
reliability. The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found below: [10.6084/m9.figshare.
13444211].

Statistical Analysis
To determine which genetic variants were associated with
infection incidence, it was a binary variable, and it was
assessed in every chemotherapy cycle. We carried out
multivariate logistic regression models to establish the
relationship between every polymorphism by itself and the
outcome. We assessed the inheritance in a dominant,
recessive, and co-dominant model, and they were added

depending on their statistical significance. These models
included one genetic variable and the following control
variables: sex; age (in groups: from 18 to 40 years; from 41 to
60 years and older than 60 years); the number of chemotherapy
cycle; kind of chemotherapy scheme (induction or consolidation),
diagnosis (acute lymphoblastic leukemia, acute myeloblastic
leukemia, other leukemias or lymphoma) and the number of
days in profound neutropenia, defined as an absolute neutrophil
count of 0 cells/mm3.

Adjusted Odds Ratios (OR) were obtained from
exponentiating the coefficient given by the regression model.
The ORs were used to determine which variables were risk or
protective factors of having an infection.

To develop the final model, we added all the control variables
and those genetic factors that had a statically significant
association with infection in the previous step. The best model
was chosen according to the value of Pseudo-R2, the calibration,
and the discrimination of the model. The control variables were
chosen based on the univariate relationship or previous reports of
the association’s association with the event.

We use a mixed-effect model to account for intraindividual
variability regarding chemotherapy scheme and cycle and use
correlated outcome data (also known as hierarchical models).
Here we used a three-level model, so we had a random intercept
for three characteristics. The first one was the patient level, the
second chemotherapy scheme, and finally cycle level, where
infections were assessed.

Calibration is the degree of similarity between the
probability given by the model and the observed incidence.
The goodness-of-fit test of Hosmer—Lemeshow compares
frequencies of cases and controls using a chi2 test. In this
case, a higher p-value indicates fewer differences between the
predicted frequencies and the frequencies observed in the
sample.

On the other hand, discrimination is the degree to which the
proposed model can distinguish between patients who experience
the event from those who do not; that is, the ability to indicate
that a patient will experience an infection, and, on the other hand,
the ability to predict when the patient will not experience it.
Discrimination between cases and non-cases of infection was
tested using the area under the Receiver Operating Characteristic
curve (AUC-ROC).

TABLE 1 | Sample characteristics.

Characteristics n = 50 (%)

Age, years (median ± IQR) 40 (31–52)
18–40 years 17 (34)
41–60 years 20 (40)
>60 years 13 (26)
Female 27 (54)
Male 23 (46)
Diagnosis
Acute lymphoblastic leukemia 13 (26)
Acute myeloblastic leukemia 12 (24)
Other leukemias 5 (10)
Lymphoma 20 (40)
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The sample characteristics were mainly presented as
proportions. The Shapiro–Wilk test was used to assess the
normality of the distribution of continuous variables, and
when the distribution was skewed, the variable was presented
as median and interquartile range. All the analyses and figures
were performed using STATA 15.0 software ®.

RESULTS

Sample Characteristics
Participants’ median age was 40 years (IQR 31–52), and 27
(54.0%) were women. Half of the patients had acute leukemia
[13 (26%) lymphoblastic and 12 (24%) myeloblastic] (Table 1).
We detected infection in 82 (40.8%) of 203 total chemotherapy
cycles, including 31(62.0%) of the 50 patients recruited. No
patients died during the follow-up period. The genotype
distribution of the thirteen polymorphisms assessed in the
study is given in Table 2.

CONSTRUCTION OF THE PREDICTIVE
MODEL

Model With Non-genetic Variables
To assess how genetics can improve the predictive model’s
performance, we carried out primarily a non-genetic

algorithm. For this, we incorporated chemotherapy type and
cycle, diagnosis, days in neutropenia, age, and sex. The p-value
of the Hosmer – Lemeshow test was 0.29, the AUC-ROC was
0.82, and the Pseudo-R2 was 0.23.

Model With Genetic Variables
We found that Toll-Like Receptor 2 (TLR2), Interleukin 6 (IL6),
CYP3A4, Solute Linking Carrier family 22 member 11
(SLC22A11) or Organic Anion Transporter 4 (OAT4), and
ATP-Binding Cassette Subfamily C member 2 (ABCC2)
polymorphisms were associated with the incidence of infection
by themselves (Supplementary Table S1), and they were added
to the final model.

In Figure 1, we summarize the OR obtained from the adjusted
final model. There we found that TLR2, IL6, OAT4, and CYP3A4
were significantly associated with the occurrence of infection. The
Pseudo R2 of the model was 0.5327; i.e., the model explained 53%
of the variability of the incidence of infections.

The multilevel model with a random intercept for patient,
chemotherapy scheme, and cycle variables gave the same
calibration and discrimination performance. As we had a
predictive objective and allowing a more straightforward
application in clinical practice, we construct the model only
with fixed intercepts, i.e., a “normal” logistic regression.

Calibration of the Model
The p-value of the test of Hosmer—Lemeshow was 0.9516; this
means that the model had an excellent goodness-of-fit or, in other
words, there is no statistical difference between the frequency of
cases detected by the model and that observed in the sample.

Discrimination of the Model
The AUC-ROC indicates the probability of assigning a higher
probability of incidence to patients who develop an infection
than those who do not. The ROC curve compares sensitivity,
that is, the ability to assign the event correctly when it
occurred, and one- specificity, that is, the proportion of
patients who did not have an infection, but the model
indicated that they would present it.

The AUC-ROC curve can range from 0 to 1, with 0.5
indicating that the instrument cannot discriminate outcomes
better than chance. A value of one would be for a model that
perfectly predicts the occurrence of the event. For our proposed
model, the AUC-ROC curve was 0.93. Figure 2 shows the ROC
curve for the model to predict the incidence of infections in the
sample. Concerning non-genetic variables, we found that the
number of chemotherapy cycles was a protective factor. This
result could be interpreted as follows: with each cycle of
chemotherapy that passes, the risk of infection decreases,
perhaps because if the patient had an infection in an initial
cycle, in the following cycles, the prophylaxis would be
optimized to avoid futures events. Besides, the male sex was
protective compared to the female sex; induction was associated
with more risk than consolidation, and the longer neutropenia
episodes were associated with more risk of infection.

The coefficients for every variable obtained from the final
regression model allow us to build an equation to predict the

TABLE 2 | Allele and genotypic frequencies of the studied polymorphism.

Genetic polymorphism Allele
frequency

Genotypic frequency, n (%)

CARD8 rs2043211 A T A/A A/T T/T
0,64 0,36 19 (39) 25 (51) 5 (10)

TLR2 rs4696480 T A T/T T/A A/A
0,63 0,38 20 (42) 20 (42) 8 (17)

IL-6 rs1800796 G C G/G G/C C/C
0,50 0,50 11 (22) 28 (56) 11 (22)

IL-1β rs1143627 G A G/G G/A A/A
0,54 0,46 16 (33) 21 (43) 12 (24)

OAT4 rs11231809 T A T/T T/A A/A
0,38 0,62 11 (24) 13 (28) 22 (48)

ABCB1 rs2032582 C A C/C C/A A/A
0,68 0,32 21 (53) 12 (30) 7 (18)

ABCB1 rs1045642 A G AA AG GG
0,33 0,67 3 (6) 27 (54) 20 (40)

ABCB1 rs1128503 A G AA AG GG
0,38 0,62 7 (14) 24 (48) 19 (38)

CYP3A4 rs2740574 T C T/T T/C C/C
0,83 0,17 31 (74) 8 (19) 3 (7)

CYP3A4 rs2242480 C T CC CT TT
0,71 0,29 29 (59) 12 (24) 8 (16)

CYP3A5 rs15524 A G AA AG GG
0,84 0,16 37 (74) 10 (20) 3 (6)

ABCC2 rs12762549 G C G/G G/C C/C
0,62 0,38 19 (42) 18 (40) 8 (18)

ABCG2 rs2231142 G T G/G G/T T/T
0,90 0,10 37 (80) 9 (20) (0)

Some samples could not be fully genotyped.

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6026764

Martinez et al. Pharmacogenetic Algorithm to Predict Infections

39

https://www.pharmgkb.org/variant/PA166157316
https://www.pharmgkb.org/variant/PA166154154
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


probability of infection occurrence. Thus, the model, including
genetic and non-genetic variables, is:

ln( p
1 − p

) � 3.47 × (TLR2 TT) − 13.9 × (IL6GG)5.4 × (OAT4AT) − 10.5 × (OAT4 TT) +

2.8 × (ABCC2GG) + 11.1 × (CYP3A4 CC) − 1.1 × (Cycle) − 2.4 × (Male sex) + 3.4 ×
(From 18 to 40 years) + 9.4 × (From 41 to 60 years) + 0.2 × (Induction) + 4.6 × (AML) +
1.3 × (Other leukemias) + 9.6 × (Lymphoma) + 0.5 × (Days in deep neutropenia) − 1.9

where p is the probability of occurrence of infection, with values
ranging from 0 to 1 (or 0%–100% of occurrence probability).
Some factors increased the odds of having an infection (positive
factors), and others decreased the odds of the event (negative
factor), according to the OR.

For genetics, the model works with dichotomous variables
(i.e., 0 and 1). Thus when the variant showed in the model is
present, we should use a 1, and when it is another genotype, we
should use a 0. For example, in the OAT variant, if the genotype
TT were determined, the coefficient for OAT AT would be
multiplied by 0 (5.4 × 0) because the patient presents another
genotype, and the coefficient for TT genotype should be
multiplied by 1 (10.5 × 1). Alternatively, if the genotype AA
were determined, the coefficients for TT and AT should be
multiplied by 0. Days in neutropenia should be used as a
continuous variable. Meanwhile, the days in neutropenia
increase, also the risk of infection does.

DISCUSSION

Infections are frequent and potentially lethal events in patients
treated with cytotoxic chemotherapy for hematological

malignancies. Neutropenia due to the medication and the
illness by itself is common in these patients, and it is one of
the more critical factors in the incidence of infections. This study

FIGURE 1 |Genetic and non-genetic factors associated with infection in patients treated with cytotoxic chemotherapy. The figure presents the point estimate of the
odds ratio for infection, and the bars around each point show the 95% confidence interval.

FIGURE 2 |Receiver Operating Characteristic (ROC) curve for themodel
proposed to predict infections in patients undergoing cytotoxic
chemotherapy. (References TLR2 TA/AA, IL6 GG, OAT4 AA, ABCC2 CC/CG,
CYP3A4 TT and CT, Female sex, 60 years or older, Consolidation
chemotherapy, Acute Lymphoblastic Leukemia, respectively for each category).
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is the first that aims to predict their occurrence using genes
associated with both antineoplastic pharmacokinetics and
immune response.

Relationship Between Genetics and the
Incidence of Infections
Concerning immune response-related genes, we found two
polymorphisms significantly associated with infections. One of
them was IL6 rs1800796 (−572C>G), which is a variant located in
the promoter of the gene and where the G allele is related to a
lower expression of the protein (Sharma et al., 2018). We found
that the GG genotype was a risk factor for having an infection,
agreeing with previous reports (Tang et al., 2014; Badawy et al.,
2019), probably due to a lower neutrophil mobilization and
activation (Wright et al., 2014; Rose-John et al., 2017).

The other immune response-related polymorphism associated
with infections was TLR2 rs4696480 (c.-373+1614T>A).
Although the variant’s effect at the protein level is not well
established, the T allele has been associated with lowering
receptor functionality (Loft et al., 2018), a decreased function
of TLR2 prevents the pathogen recognition and delay the immune
response (Hawn et al., 2009). We found the TT genotype was a
risk factor of having an infection compared to TA and AA
genotypes as we expected because the TLR2 receptor also
promotes neutrophil recruitment and survival (Malcolm et al.,
2003; Sabroe et al., 2005).

Concerning pharmacokinetics–related polymorphisms,
SLC22A11 rs11231809 polymorphism was associated with the
risk of infection. We found that the genotype TT and AT are
protector factors compared to the AA genotype. This finding is
consistent with previous reports describing that the A allele is
associated with a lower functionality of the protein OAT4. This
variant has been associated with a decreased clearance of some
drugs (Vormfelde et al., 2006; Lima et al., 2015), so perhaps a
lower elimination leads to a higher plasmatic level of
antineoplastic that causes dose-related toxicities.

We found the polymorphic variant rs2242480 in the gene
CYP3A4 that encodes the biotransformation enzyme CYP3A4
was related to the incidence of infection. The allele CC genotype
has been related to higher levels of some drugs (Zhu et al., 2014),
and we found that the CC genotype was associated with an
increased risk of infections, so this could be due to higher
plasmatic levels of antineoplastic and, therefore, a higher
probability of adverse events.

The Usefulness of the Model
We can calculate the probability of having an infection by
combining all factors and coefficients in the model we
developed. Nevertheless, the clinical action taken due to the
calculated value should be consistent with the clinical
objective. An important issue is determining the output
probability over which the patient will be considered as a
probable case or not. Depending on the probability cutoff
selected, the model’s sensibility and specificity would change,
and it is relevant to ponder which indicator will be better for
clinical outcomes, workflows, and resources.

Figure 3 shows the change of sensitivity (blue line) and
specificity (red line) of the proposed model according to
different cutoffs. If a balance between sensitivity and specificity
is sought, a better cutoff point would be 0.6 (that is, above 0.6, the
patient would be classified as having an infection and under the
value, as without infection). This cutoff is the intersection point of
curves, where both specificity and sensitivity are in values
around 85%.

If it is more important that all or a large part of the possible
cases are correctly classified, sensitivity should be privileged, and
a lower probability cutoff should be chosen. For example, with a
cutoff point of 0.3, the sensitivity is 100%, which ensures that
most cases (true positives) are detected, with the disadvantage
that some patients who will not suffer an infection will be
misclassified (false positives). In this example, the model could
be used to give medical discharge to those patients who have a low
risk or probability of infection.

On the other hand, if it is sought to correctly classify all
patients (or the vast majority) who will not suffer an infection
(true negatives), a higher cutoff point should be set. For example,
by setting a cutoff point of 0.9, we ensure that no patient (or very
few) who will not suffer an infection are classified as a case. The
disadvantage of this approach is that the rate of those classified as
non-cases would increase, even though they will present an
infection (false negatives). In this example, the model could
help patients at high risk of infection be referred to an
isolation room or receive optimized antimicrobial prophylaxis
from the start of chemotherapy since the model indicates the
patient has a high probability of suffering an infection.

Concerning the performance of the proposed model, the
value of the AUC-ROC is high. With an AUC-ROC value over
0.8, the model makes a proper classification of people who will
have the event and who will not (Harrell, 2015). The
Hosmer–Lemeshow test p-value indicates that the
frequency of cases predicted by the model was similar to
our sample’s observed values.

FIGURE 3 | Change in sensitivity and specificity of the model proposed
to predict infections in patients undergoing cytotoxic chemotherapy according
to the cutoff point for the definition of case.
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Several studies have tried to predict the incidence of
infections in patients with hematological malignancies, but
no one has combined genetic and clinical factors in a
single model. Webb et al. created an algorithm to
predict the incidence of bloodstream infections due to
vancomycin-resistant enterococcus in patients undergoing
leukemia induction and included severe neutropenia as one
of the factors adding to the use of some antimicrobials
previously; they found an AUC-ROC curve of 0.84 (Webb
et al., 2017).

Schalk et al. used a modified Infection Probability Score
(mIPS) to predict the incidence of central venous catheter-
related bloodstream infections in patients with hematological
malignancies. The mIPS includes clinical variables such as the
heart and respiratory rates and also the WBC count. They
compared the patients’ score at the moment of catheter
insertion and removal; the AUC-ROC curve was 0.77 (Schalk
et al., 2015). Apostolopoulou et al. included in their model the
presence and length of neutropenia, and similarly to what we
found with longer neutropenia associated with more risk of
infection, they also identified chemotherapy as a risk factor
(Apostolopoulou et al., 2010).

Non-Genetic Factors Associated With the
Risk of Infections
Other risk factors we identified as associated with the risk of
infection were acute lymphoblastic leukemia diagnosis
compared to acute myeloblastic leukemia and the number
of days in profound neutropenia. The first factor could be due
to differences in treatment and even the illness’s
pathophysiology (Sung et al., 2007; Chandran et al., 2012;
Inaba et al., 2017). An absolute neutrophil count lower than
500 cells/mm3 is one of the more significant factors associated
with infection, so the longer neutropenia lasts, the higher the
risk (Gil et al., 2007). Male sex seems to be a protective factor.
It could be because women are more susceptible to
hematological toxicities during chemotherapy, increasing
the risk of infection (Singh et al., 2005), making them more
likely to have a bloodstream infection with hematology-
oncology illness (Apostolopoulou et al., 2010).
Additionally, women often have smaller body size than
men and may be more likely to experience chemotoxicity.

It is necessary to consider non-genetic variables in the analysis
because they can explain the intraindividual variability of
infection, having genetics unchanged. Differences could be
attributed to changes in the chemotherapy scheme or doses,
different use of G-CSF or prophylaxis, and other unmeasured
variables as food, visits, or bed availability. With this model, we
can better understand some of the factors (genetic or not)
involved in chemotherapy response.

Limitations
This study aimed to create a preliminary algorithm and identify
genetic and clinical variables associated with infection risk in
patients undergoing chemotherapy. Nevertheless, these results
could be used as a base for new studies. Because of the small

sample size, we could not split our cohort into a training and test
cohort for the model development. As a result, the performance
metrics of our prediction model likely reflect a degree of
overfitting. The prediction algorithm should not be directly
applied to clinical practice. Future studies are needed to
validate the model and set cutoff decision parameters to
improve clinical care and outcomes.

One of the proposed model’s main limitations is that it uses
the number of days in profound neutropenia as an
explanatory variable and other data obtained directly from
the clinical record. However, if we want to use this prediction
model at the beginning of the treatment cycle, we should use
the expected number of days, causing the model to lose
accuracy because it would be an approximate number, not
the actual length of neutropenia. A solution to this problem is
to generate a second model to predict neutropenia duration
and feed its results into the previous model to predict
infection risk.

Due to the sample size, we decided not to incorporate some
pharmacotherapeutic variables, mainly the specific
chemotherapy scheme or the use of granulocyte colony-
stimulating factors. In a larger sample, these variables should
be included to improve the precision of the model. Besides, other
possible not measured explanatory variables, such as the severity
of the illness or the gut microbiome, may influence infection risk
(Hakim et al., 2018).

The sample size should be analyzed in the context of a
developing way country, with a population of 18 million and
an incidence of hematological malignancies of 15 cases per
100,000 habitants/year. Also, the prospective character of the
study makes the rate of recruitment similar to the incidence rate.
This sample size means almost all the new cases in a year in two
hospitals in Chile. Although we did not reach a power to discard
other polymorphisms, we got the confidence of four
polymorphism were related to the event.

CONCLUSION

CYP3A4 rs2242480C>T, SLC22A11 (OAT4) rs11231809T>A,
TLR2 rs4696480T>A, and IL6 rs1800796C>G genetic
polymorphisms are associated with the incidence of infections
among patients undergoing cytotoxic chemotherapy. Including
these genetic variables with clinical variables leads to a useful
prediction tool. This study is the first to use genetic variables in
addition to clinical variables to predict the incidence of infections
in patients with hematological malignancies undergoing
cytotoxic chemotherapy and could lead to improved clinical
outcomes for patients.
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INTRODUCTION

Elucidation of the human genome has increased understanding of human body responses to drug
administration (Oprea et al., 2018; Nabirotchkin et al., 2020). Likewise, recent studies on human
genetic diversity have shown that it is still necessary to delve into individual genetic differences, the
adverse effects associated with drug metabolism, drug response variability with the diet, and even the
human microbiome (Sharma et al., 2019). Access to biological samples in Latin America is essential
to further understanding the presence of genes that may be associated with adverse effects and
pharmacological interactions due to their diversity of populations and in anticipating the effects of
new treatments.

The Coronavirus disease 2019 (COVID-19) pandemic has reinforced the urgent need to study the
genetic differences among people with mild symptoms and those with complex responses to the
disease (Ovsyannikova et al., 2020). During the pandemic, different drugs have been studied in the
search for therapeutic alternatives to combat it, mainly due to the “Solidarity Trial” and
“Repurposing Drugs” initiatives of the World Health Organization (OMS) (Harrison, 2020).
Similarly, new drugs for actual and future diseases can be designed by using pharmacogenetic
information. As an example, due to the diversity of therapeutic action mechanisms of a drug, it is
necessary to in parallel study human cell susceptibility to the entry of SARS-CoV-2 in genetic world
populations. Pharmacogenetics studies of their allele variants are essential. This approach is
imperative in enabling national health systems to make informed decisions about the
therapeutic strategies used, especially in countries with multiple ethnic groups.

Examples that illustrate the importance of understanding therapeutic effectiveness responses in
target groups include the premature administration of hydroxychloroquine based on affect
glycosylation of angiotensin converting enzyme-2, without information on genetic variability
(Ferner and Aronson, 2020) and remdesivir administration (Beigel et al., 2020). Research on
ethnic group pharmacogenetics in Latin America is still scarce (Sosa-Macías et al., 2016; Leitão
et al., 2020), but there is evidence of pharmacogenetic differences (Suarez-Kurtz and Parra, 2018).
For example, Mestizo populations are not considered a unique group for these types of studies, since
miscegenation varies in each Latin American country (Botton et al., 2019).The COVID-19 pandemic
has shown us that data and access to pharmacogenetic information are required for making clinical
decisions in a prioritized and sometimes urgent ways.

The reservoirs of genetic material in biobanks in the United Kingdom (McInnes and Altman,
2020) and even in Africa (Matimba et al., 2008), allow researchers to quickly access information on
the allelic distributions of important pharmacogenetic markers. However, in Latin America,
biobanks for pharmacogenetic research purposes have had only slight development. The
bioethical and legal aspects must be considered, and access to biomedical sample information is
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necessary in a region with high ethnical diversity and little-
studied ancestral Amerindian populations.

BIOBANKS

Biobanks can hold genetic data for a significant percentage of an
entire population (Malsagova et al., 2020). In Estonia, e.g., genetic
information on about 5% of the adult population can be found in
a DNA bank (Reisberg et al., 2019). Additionally, biobanks
contribute to reducing the cost of pharmacogenetic studies
(Huttin and Liebman, 2013) avoiding the sampling of the
population of interest in each study, also allowing a
collaborative approach. In Europe, biobanks like one in
Poland, have used different management models, preserving
essential fundamental information for the benefit of public
health (Sak et al., 2012). Moreover, biobanks are very useful
for establishing pharmacogenetic relationships for research drug
interactions with genes identified in a population (Muller et al.,
2020; Rollinson et al., 2020).

BIOETHICS AND LEGAL ASPECTS

There are ethical dilemmas involved with asking a donor to
provide unique informed consent. This has, however, been

improved with the development of the model of dynamic
consent (Steinsbekk et al., 2013). Ethics committees play a key
role in the ethical debates concerning approval of donations to
biobanks and access to the stored genetic material (Hansson,
2009). A legal framework is also required for the use of biobank
samples (Helgesson et al., 2007). Recently, legal and ethical issues
have focused on sample ownership and access, donor protection,
and long-term storage of biological samples (Paskal et al., 2018;
Facca et al., 2020).

CONCLUSION

Due to high population diversity, Latin America faces the
challenge of addressing genetic variability in studies to
improve pharmacological responses to therapeutics for
diseases. The creation of biobanks, their strengthening, and
collaboration among them, would be a fundamental
contribution to obtain pharmacogenetic information and
efficient therapeutic responses in Latin America.
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Background: Breast cancer (BRCA) and prostate cancer (PRCA) are the most commonly
diagnosed cancer types in Latin American women and men, respectively. Although in
recent years large-scale efforts from international consortia have focused on improving
precision oncology, a better understanding of genomic features of BRCA and PRCA in
developing regions and racial/ethnic minority populations is still required.

Methods: To fill in this gap, we performed integrated in silico analyses to elucidate
oncogenic variants from BRCA and PRCA driver genes; to calculate their deleteriousness
scores and allele frequencies from seven human populations worldwide, including Latinos;
and to propose the most effective therapeutic strategies based on precision oncology.

Results:We analyzed 339,100 variants belonging to 99 BRCA and 82 PRCA driver genes
and identified 18,512 and 15,648 known/predicted oncogenic variants, respectively.
Regarding known oncogenic variants, we prioritized the most frequent and deleterious
variants of BRCA (n � 230) and PRCA (n � 167) from Latino, African, Ashkenazi Jewish,
East Asian, South Asian, European Finnish, and European non-Finnish populations, to
incorporate them into pharmacogenomics testing. Lastly, we identified which oncogenic
variants may shape the response to anti-cancer therapies, detailing the current status of
pharmacogenomics guidelines and clinical trials involved in BRCA and PRCA cancer driver
proteins.

Conclusion: It is imperative to unify efforts where developing countries might invest in
obtaining databases of genomic profiles of their populations, and developed countries
might incorporate racial/ethnic minority populations in future clinical trials and cancer
researches with the overall objective of fomenting pharmacogenomics in clinical practice
and public health policies.
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INTRODUCTION

Cancer is the second leading cause of death globally (Bray et al.,
2018); meanwhile, breast cancer (BRCA) and prostate cancer
(PRCA) are the most commonly diagnosed cancer types in Latin
American women and men, respectively, (López-Cortés et al.,
2017). BRCA and PRCA are complex and heterogeneous diseases
characterized by an intricate interplay between different
biological features, such as driver mutations, ethnicity, protein
expression deregulation, signaling pathway alterations, and
environmental determinants (López-Cortés et al., 2013; López-
Cortés et al.,2018; López-Cortés et al.,2020b; López-Cortés
et al.,2020a).

Starting with the Human Genome Project in 1990, genomics
has progressively become an essential tool in basic and
translational research (Green et al., 2020). The development of
high-throughput technologies focused on large-scale DNA
sequencing has allowed us to better understand the molecular
landscape of oncogenesis. Thus, considerable progress has been
made in discovering cancer driver genes (Kandoth et al., 2013;
Lawrence et al., 2014), coding and non-coding cancer driver
mutations (Sjöblom et al., 2006; Tamborero et al., 2013; Porta-
Pardo et al., 2017; Rheinbay et al., 2020), germline variants (Lu
et al., 2015), druggable enzymes (Rubio-Perez et al., 2015), and
drug resistance (Vasan et al., 2019).

A main goal in oncology research is to understand the
mechanisms of malignant cell transformation to develop
efficient therapeutic approaches. One milestone towards this
objective is the identification of cancer driver genes carrying
mutations capable of driving BRCA and PRCA tumorigenesis.
Nowadays, it is known that cancer driver genes are under positive
selection in tumorigenesis, and the development of carefully
designed bioinformatics pipelines such as the Integrative
OncoGenomics (IntOGen) and the Cancer Genome
Interpreter (CGI) is fundamental to identify oncogenic
variants across tumors (Tamborero et al., 2018; Martínez-
Jiménez et al., 2020). Similarly, The Cancer Genome Atlas
(TCGA) and the Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) projects have
established molecular tumor classification based on DNA,
RNA and protein alterations (ICGC/TCGA Pan-Cancer
Analysis of Whole Genomes Consortium, 2020).

These genomic signatures are allowing the development of
personalized cancer treatments. Over the past years it has
become clear that oncological patients, diagnosed with the
same cancer type, may have different responses to generic
treatments such as radiation or chemotherapy. To overcome
these variable responses, cancer precision medicine aims to
provide the right dose of the right drug for the right patient at
the right time (Quinones et al., 2014). Thus, precision
medicine has become an important tool in cancer
treatment; it allows the identification of specific mutations
in driver genes responsible for tumor progression (ICGC/
TCGA Pan-Cancer Analysis of Whole Genomes

Consortium, 2020). Based on each human multi-omics
profile, drug development can be tailored for each
individual improving not only efficiency of the drug but
minimizing the possibility of acquiring adverse reactions
(López-Cortés et al., 2020c).

Despite these efforts, fundamental and applied cancer
researchers have failed to include ethnically diverse
populations (Guerrero et al., 2018). In that respect, several
studies have shown that race/ethnicity has a great impact on
cancer incidence, survival, drug response, molecular pathways,
and epigenetics (Ma et al., 2010; Patel, 2015; Kader and Ghai,
2017). Astonishingly, relevant cancer genomic databases, such as
TCGA and TARGET, are overrepresented by Caucasian
individuals (91.1%) (Guerrero et al., 2018). Consequently, this
bias greatly limits the development of pharmacogenomics (PGx)
and precision medicine in developing regions, such as Latin
America. To fill in this gap, we performed integrated in silico
analyses to elucidate oncogenic variants from BRCA and PRCA
driver genes, and to calculate their deleteriousness scores and
allele frequencies from seven human populations worldwide, with
a focus on the Latino population.

METHODS

Incidence and Mortality of BRCA and PRCA
The Global Cancer Observatory (GLOBOCAN) (https://gco.iarc.
fr/) enables a comprehensive assessment of the cancer burden
worldwide (Bray et al., 2018). From the latest version of
GLOBOCAN 2020, we have retrieved the estimated crude
incidence and mortality rates related to the top cancer types
worldwide, and the estimated crude incidence and mortality rates
of BRCA and PRCA from Latin American and the Caribbean
countries.

BRCA and PRCA Driver Genes
The intOGen (https://www.intogen.org) framework identifies
cancer genes and pinpoints their mechanism of action across
tumor types (Martínez-Jiménez et al., 2020). The current version
of the intOGen pipeline uses seven methods to identify cancer
driver genes from somatic point mutations: dNdScv
(Martincorena et al., 2017), CBaSE (Weghorn and Sunyaev,
2017), MutPanning (Dietlein et al., 2020), OncodriveCLUSTL
(Arnedo-Pac et al., 2019), HotMAPS (Tokheim et al., 2016),
smRegions (Martínez-Jiménez et al., 2020), and OncodriveFML
(Mularoni et al., 2016). Therefore, we have retrieved 99 BRCA
driver genes and 82 PRCA driver genes from intOGen, and have
identified its involvement as oncogenes (Sondka et al., 2018),
tumor suppressor genes (Sondka et al., 2018), kinase genes
(Manning et al., 2002), DNA-repair genes (Chae et al., 2016),
RNA-binding proteins (Hentze et al., 2018), cell cycle genes (Bar-
Joseph et al., 2008), and cancer immunotherapy genes (Patel et al.,
2017). Lastly, BRCA and PRCA driver gene sets are fully detailed
in Supplementary Table S1.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6306582

Varela et al. Oncogenic Variants in Human Populations

49

https://gco.iarc.fr/
https://gco.iarc.fr/
https://www.intogen.org/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Identification of Oncogenic Variants
The identification of oncogenic variants was divided in two steps.
In the first step, we extracted 339,100 single nucleotide variants
and insertion/deletion variants belonging to 99 BRCA diver genes
(n � 183,616) and 82 PRCA driver genes (n � 155,484) from the
Genome Aggregation database (gnomAD v2.2.1), using GRCh37/
hg19 as the human genome reference (Collins et al., 2020;
Karczewski et al., 2020). In the second step, we performed the
OncodriveMUT method integrated into the Cancer Genome
Interpreter platform (https://www.cancergenomeinterpreter.
org) to assess the tumorigenic potential of the 339,100
aforementioned genomic variants (Tamborero et al., 2018).
OncodriveMUT is a developed rule-based approach that
combines genomic features such as gene signals of positive
selection, clusters of somatic mutations, gene mechanism of
action, and regions depleted by germline variants to classify
driver mutations into known, predicted tier 1, predicted tier 2,
and passenger mutations using the Catalog of Validated
Oncogenic Mutations (Tamborero et al., 2018).

Deleteriousness Score of Oncogenic
Variants
Combined Annotation-Dependent Depletion (CADD) (https://
cadd.gs.washington.edu/) is an integrative annotation built from
more than 60 genomic features, and measures the deleteriousness
of single nucleotide variants as well as insertion/deletion variants
in the human genome (Kircher et al., 2014; Rentzsch et al., 2019).
In this study, we calculated the CADDphred score for ranking the
deleteriousness of known and predicted oncogenic variants
located in BRCA and PRCA driver genes. The deleteriousness
of oncogenic variants was categorized according to its CADD
phred score in very high (30–50), high (25–30), medium (15–25),
low (10–15), and very low (0–10).

Allele Frequencies in Human Populations
The gnomAD (https://gnomad.broadinstitute.org/) is a
database that harmonize exome and genome sequencing
data from a variety of large-scale sequencing projects
worldwide (Karczewski et al., 2020). The gnomAD database
version 2.1.1 is integrated by 15,708 exomes and 125,748
genomes (total � 141,456). In this study, we calculated the
allele frequencies of BRCA and PRCA oncogenic variants
belonging to seven human populations, such as Latino (424
exomes and 17,296 genome), African (4,359 exomes and 8,128
genomes), Ashkenazi Jewish (145 exomes and 5,040 genomes),
East Asian (780 exomes and 9,197 genomes), South Asian
(15,308 genomes), European Finnish (1,738 exomes and
10,824 genomes), and European non-Finnish (7,718 exomes
and 56,885 genomes) (Collins et al., 2020; Karczewski et al.,
2020; Wang et al., 2020).

Validation of Known Oncogenic Variants
Through the Pan-Cancer Atlas
The Pan-Cancer Atlas project, which belongs to TCGA
consortium, provides a comprehensive, in-depth, and

interconnected understanding of human cancer, and is an
essential resource for the development of new treatments in
the pursuit of precision medicine (Hoadley et al., 2018; Huang
et al., 2018). Therefore, the previously obtained known oncogenic
variants were identified and the allele frequencies were calculated
in a cohort of 850 TCGA-BRCA patients encompassing 162
black/African individuals, 600 white individuals (not Hispanic
or Latino), 29 white individuals (Hispanic or Latino), and 59
Asian individuals; and in a cohort of 150 TCGA-PRAD patients
encompassing seven black/African individuals, and 143 white
individuals (not Hispanic or Latino). Lastly, mutational data was
taken from the Genomics Data Commons of the National Cancer
Institute (https://portal.gdc.cancer.gov/), and the cBioPortal
database (http://www.cbioportal.org/) (Cerami et al., 2012; Gao
et al., 2013).

Current Pharmacogenomics Guidelines in
Clinical Practice
PharmGKB (https://www.pharmgkb.org/) is a
pharmacogenomics knowledge resource that encompasses
potentially clinically actionable gene-drug associations and
precise guidelines for the application of pharmacogenomics in
clinical practice (Whirl-Carrillo et al., 2012; Barbarino et al.,
2018). This database collects information from the Clinical
Pharmacogenetics Implementation Consortium (Saito et al.,
2016; Relling et al., 2020), the Canadian Pharmacogenomics
Network for Drug Safety (Ross et al., 2010), the Royal Dutch
Association for the Advancement of Pharmacy (Swen et al.,
2011), the National Comprehensive Cancer Network (NCCN),
and the European Society for Medical Oncology (ESMO).
Consequently, we have retrieved clinical annotations, gene-
drug pairs, and genomic variants associated to BRCA and
PRCA pharmacogenomics guidelines.

In silico Drug Prescription
Another CGI approach is the in silico drug prescription that
contains the putative biomarker of drug response found in the
tumor organized according to distinct levels of clinical relevance.
The CGI employs two resources to explore the association
between genomic variants and drug response: the Cancer
Biomarker database (Dienstmann et al., 2015), and the Cancer
Bioactivities database (Tamborero et al., 2018). Therefore, we
performed an in silico analysis to determine the druggability of
known and predicted oncogenic variants located in BRCA and
PRCA driver genes, and consequently the most relevant precision
oncology treatments.

Clinical Trials
The Open Targets Platform (https://www.targetvalidation.org) is
comprehensive and robust data integration for access to and
visualization of drugs involved in clinical trials associated with
BRCA and PRCA proteins, detailing its phase, type, action type,
and target class (Carvalho-Silva et al., 2019). Additionally, we
created Sankey plots to better understand which drugs are
involved in the most advanced phases (3 and 4) of clinical
trials in both cancer types.
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RESULTS

Incidence and Mortality of BRCA and PRCA
According to GLOBOCAN 2020, the Latin American and the
Caribbean countries with the highest estimated crude
incidence rates of BRCA per 100,000 inhabitants were
France-Antilles Martinique (154), Puerto Rico (135),
Barbados (128), France-Antilles Guadeloupe (115), Uruguay
(105), Argentina (95), The Bahamas (82), and Brazil (82)
(Figure 1A); the countries with the highest estimated crude
mortality rates of BRCA were Barbados (75), Jamaica (43),
Uruguay (40), The Bahamas (40), France-Antilles Martinique
(39), Trinidad and Tobago (36), and France-Antilles
Guadeloupe (35) (Figure 1B); the countries with the highest

estimated crude incidence rates of PRCA were France-Antilles
Guadeloupe (391), France-Antilles Martinique (382), Puerto
Rico (202), Barbados (201), Saint Lucia (149), Trinidad and
Tobago (128), Cuba (113), and Jamaica (106) (Figure 2A);
lastly, the countries with the highest estimated crude mortality
rates of PRCA were Barbados (99), France-Antilles Martinique
(62), Cuba (61), Saint Lucia (60), Trinidad and Tobago (58),
Jamaica (57), France-Antilles Guadeloupe (53), and
Dominican Republic (41) (Figure 2B) (Bray et al., 2018).

BRCA and PRCA Driver Genes
We have retrieved 99 BRCA driver genes and 82 PRCA driver
genes from the intOGen framework (Martínez-Jiménez et al.,

FIGURE 1 | Epidemiology of BRCA. (A) Top cancer crude incidence per country in females of all ages (left), and ranking of estimated crude incidence rates of
BRCA per 100,000 inhabitants in Latin American and the Caribbean countries (right). (B) Top cancer mortality per country in females of all ages (left), and ranking of
mortality crude rates of BRCA per 100,000 inhabitants in Latin American and the Caribbean countries (right).
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2020). Regarding BRCA driver genes, 41.4% were tumor
suppressor genes (Sondka et al., 2018), 28.3% were oncogenes
(Sondka et al., 2018), 15.2% were kinase genes (Manning et al.,
2002), 10.1% encode RNA-binding proteins (Hentze et al., 2018),
9.1% were cancer immunotherapy genes (Patel et al., 2017), 4%
were cell cycle genes (Bar-Joseph et al., 2008), and 4% were DNA
repair genes (Chae et al., 2016). Regarding PRCA driver genes,
37.8% were tumor suppressor genes (Sondka et al., 2018), 31.7%
were oncogenes (Sondka et al., 2018), 13.4% were cancer
immunotherapy genes (Patel et al., 2017), 12.2% were kinase
genes (Manning et al., 2002), 8.5% encode RNA-binding proteins
(Hentze et al., 2018), 3.7% were cell cycle genes (Bar-Joseph et al.,
2008), and 3.7% were DNA repair genes (Chae et al., 2016)
(Supplementary Table 1).

Identification of Oncogenic Variants
Figure 3 shows the results of the OncodriveMUT analysis to
identify oncogenic variants in 99 BRCA driver genes. After the
analysis of 183,616 variants, we identified 18,512 oncogenic
variants. Of them, 240 (1%) were known, 10,437 (56%) were
predicted tier 1, and 7,835 (42%) were predicted tier 2. Regarding
gene role, 9,766 (53%) variants produced protein loss of function
and 4,541 (25%) produced protein activation. In addition, 6,246
(34%) oncogenic variants had very high CADD phred score, and
11,557 (62%) had high score (Figure 3A).

Figure 3B shows violin plots and ranking of CADD phred
score of known, predicted tier 1 and tier 2 oncogenic variants in
BRCA. The known oncogenic variant with the highest score was
ATM rs371638537 (score � 54). The predicted tier 1 variant with

FIGURE 2 | Epidemiology of PRCA. (A) Top cancer crude incidence per country in males of all ages (left), and ranking of estimated crude incidence rates of PRCA
per 100,000 inhabitants in Latin American and the Caribbean countries (right). (B) Top cancer mortality per country in males of all ages (left), and ranking of mortality
crude rates of PRCA per 100,000 inhabitants in Latin American and the Caribbean countries (right).
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the highest score was LRP1B rs1419834168 (59), and the
predicted tier 2 variant with the highest score was LRP1B
rs758545357 (54). The ranking of the 18,512 BRCA oncogenic
variants is fully detailed in the Supplementary Table S2.

Figure 3C details the number of known oncogenic variants per
BRCA driver gene. Genes with the highest number of known variants
were BRCA2 (n � 57), BRCA1 (55), ATM (48), TP53 (17), NF1 (9),
EGFR (6), PTEN (5), SF3B1 (5), BRAF (5), and CDKN2A (4).

FIGURE 3 | BRCA driver genes, oncogenic variants, and deleteriousness scores. (A) Features of BRCA driver genes and oncogenic variants. (B) Bean plots of
CADD phred scores of BRCA oncogenic variants, and ranking of known oncogenic variants with the highest CADD phred scores. (C)BRCA driver genes with the highest
number of oncogenic variants.
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Figure 4 shows the results of the OncodriveMUT analysis to
identify oncogenic variants in 82 PRCA driver genes. After the
analysis of 155,484 variants, we identified 15,648 oncogenic
variants. Of them, 180 (1%) were known, 7,853 (50%) were
predicted tier 1, and 7,615 (49%) were predicted tier 2

oncogenic variants. Regarding gene role, 8,485 (54%) variants
produced protein loss of function and 4,419 (28%) variants
produced protein activation. Additionally, 4,869 (31%)
oncogenic variants had very high CADD phred score, and
10,180 (65%) variants had high (Figure 4A).

FIGURE 4 | PRCA driver genes, oncogenic variants, and deleteriousness scores. (A) Features of PRCA driver genes and oncogenic variants. (B) Bean plots of
CADD phred scores of PRCA oncogenic variants, and ranking of known oncogenic variants with the highest CADD phred scores. (C) PRCA driver genes with the highest
number of oncogenic variants.
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Figure 4B shows violin plots and ranking of CADD phred
score of known, predicted tier 1 and tier 2 oncogenic variants in
PRCA. The known oncogenic variant with the highest score was
ATM rs371638537 (score � 54), the predicted tier 1 variant with
the highest score was LRP1B rs1419834168 (59), and the
predicted tier 2 variants with the highest score was LRP1B
rs758545357 (59). The ranking of the 15,648 PRCA oncogenic
variants is fully detailed in the Supplementary Table S3.

Finally, Figure 4C details the number of known oncogenic
variants per PRCA driver gene. Genes with the highest number of
known variants were BRCA2 (n � 54), ATM (47), PMS2 (18),
TP53 (17), APC (7), PTEN (5), DNMT3A (5), BRAF (5), SF3B1
(5), and U2AF1 (3).

Deleteriousness Scores, Allele
Frequencies, and Validation of Oncogenic
Variants per Human Population
Figure 5A shows box plots of CADD phred score of BRCA
oncogenic variants per human population. The mean of
deleteriousness score was 29 in Ashkenazi Jewish and South
Asian populations, and 28 in Latino, African, East Asian,
European Finnish and European non-Finish populations. The
known oncogenic variant with the highest CADD phred score in
Latinos was BRCA1 rs80357418 (score � 54), in Africans was
BRCA2 rs80359212 (54), in Ashkenazi Jewish was NF1
rs137854560 (42), in East Asians was BRCA2 rs80358972 (50),
in South Asians was BRCA2 rs80358972 (50), in European

FIGURE 5 | Deleteriousness scores and allele frequencies of BRCA oncogenic variants per human population. (A) Box plots show CADD phred scores of BRCA
known and predicted oncogenic variants per human population. Vertical bars show ranking of known oncogenic variants with the highest CADD phred scores per
human population. Red lines show the mean of deleteriousness scores per human population. (B) Box plots show allele frequencies of known and predicted BRCA
oncogenic variants per human population. Vertical bars show ranking of known oncogenic variants with the highest allele frequencies per human population. Red
lines show the mean of deleteriousness scores per human population. (C) Ranking of known oncogenic variants with the highest allele frequencies identified in breast
cancer patients from TCGA-BRCA project.
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Finnish was BRCA2 80358972 (50), and in European non-Finnish
was BRCA2 rs803559212 (54).

Figure 5B shows box plots of allele frequencies of oncogenic
variants in BRCA driver genes per human population. The known
oncogenic variant with the highest allele frequency in Latinos was
BRCA2 rs80358638 (f � 0.001182), in Africans was JAK2
rs77375493 (0.000321), in Ashkenazi Jewish was JAK2
rs77375493 (0.000580), in East Asians was ERBB4 rs535202189
(0.000870), in South Asians was JAK2 rs77375493 (0.000328), in
European Finnish was JAK2 rs77375493 (0.000563), and in
European non-Finnish was JAK2 rs77375493 (0.000381). The
allele frequencies of the 18,512 BRCA oncogenic variants are
fully detailed in the Supplementary Table S4.

Additionally, we identified some of the previously obtained
allele frequencies of known oncogenic variants using the

TCGA-BRCA project. From the 240 known oncogenic
variants, we identified 32 variants and calculated its allele
frequencies in 850 TCGA-BRCA patients with ethnicity
data. The known oncogenic variants with the highest allele
frequencies in the 162 black/African individuals were PIK3CA
H1047R (f � 0.068), AKT1 E17K (0.037), PIK3CA E542K
(0.037), TP53 R175H (0.037), and TP53 Y220C (0.019); in
the 600 white individuals (not Hispanic or Latino) were
PIK3CA H1047R (0.419), PIK3CA E542 (0.154), AKT1
E17K (0.093), TP53 R175H (0.056), and PIK3CA H1047L
(0.056); in the 29 white individuals (Hispanic or Latino)
were PIK3CA H1047R (0.019), PIK3CA E542K (0.006),
PIK3CA H1047L (0.006), TP53 R273H (0.006), and CDH1
Q23* (0.006); and in the 59 Asian individuals were PIK3CA
H1047R (0.068), PIK3CA E542K (0.037), TP53 R273H (0.012),

FIGURE 6 | Deleteriousness scores and allele frequencies of PRCA oncogenic variants per human population. (A) Box plots show CADD phred scores of PRCA
known and predicted oncogenic variants per human population. Vertical bars show ranking of known oncogenic variants with the highest CADD phred scores per
human population. Red lines show the mean of deleteriousness scores per human population. (B) Box plots show allele frequencies of known and predicted PRCA
oncogenic variants per human population. Vertical bars show ranking of known oncogenic variants with the highest allele frequencies per human population. Red
lines show the mean of deleteriousness scores per human population. (C) Ranking of known oncogenic variants with the highest allele frequencies identified in prostate
cancer patients from TCGA-PRCA project.
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AKT1 E17K (0.037), and TP53 R175H (0.037) (Supplementary
Table S5).

Figure 6A shows box plots of CADD phred score of PRCA
oncogenic variants per human population. The mean of
deleteriousness score was 28 in the seven human populations.
The known oncogenic variant with the highest CADD phred
score in Latinos was ATM rs587779865 (score � 45), in Africans
was BRCA2 rs80359212 (54), in Ashkenazi Jewish was PMS2
rs200640585 (37), in East Asians was BRCA2 rs80358972 (50), in
South Asians was BRCA2 rs80358972 (50), in European Finnish
was BRCA2 rs80358972 (50), and in European non-Finnish was
ATM rs371638537 (54).

Figure 6B shows box plots of allele frequencies of oncogenic
variants in PRCA driver genes per human population. The known
oncogenic variant with the highest allele frequency in Latinos was
BRCA2 rs80358638 (f � 0.001182), in Africans was DNMT3A
rs147001633 (0.000616), in Ashkenazi Jewish was SF2B1
rs559063155 (0.000306), in East Asians was PMS2 rs63751228
(0.000643), in South Asians was DNMT3A rs147001633
(0.000229), in European Finnish was BRCA2 rs81002862
(0.000370), and in European non-Finnish was PMS2
rs121434629 (0.000295). The allele frequencies of the 15,648
PRCA oncogenic variants are fully detailed in the
Supplementary Table S6.

Lastly, we identified some of the previously obtained allele
frequencies of known oncogenic variants using the TCGA-PRAD
project. From the 180 known oncogenic variants, we identified
five variants and calculated its allele frequencies in 150 TCGA-
PRAD patients. The known oncogenic variant with the highest
allele frequencies in the seven black/African individuals was TP53
R158H (f � 0.142); and in the 143 white individuals (not Hispanic
or Latino) were AKT1 E17K (0.007), TP53 R175H (0.007), TP53
R282W (0.007), TP53 R248Q (0.007), and TP53 R158H (0.007)
(Supplementary Table S7).

Current Pharmacogenomics Guidelines in
Clinical Practice
PharmGKB details the current status of pharmacogenomics
guidelines applied in clinical practice of patients with BRCA
and PRCA. Clinical annotations provide information about
variant-drug pairs based on variant annotations (Whirl-
Carrillo et al., 2012; Barbarino et al., 2018). Regarding BRCA,
there are currently 160 clinical annotations with responsive and
resistant effects involving 73 human genes. Of them, 47 clinical
annotations have responsive drug effects on 30 human proteins as
shown in Figure 7A, and 12 clinical annotations have responsive
and resistant drug effects on BRCA driver genes. For instance,
carboplatin, docetaxel, and trastuzumab have efficacy on patients
with ERBB3 rs773123, ERBB3 rs2229046, and ERBB2 rs1136201;
docetaxel and epirubicin have efficacy on patients with MDM4
rs1563828; exemestane generates toxicity on patients with ESR1
rs2813543; everolimus produces toxicity on patients with PIK3R1
rs10515074; tamoxifen generates toxicity on patients with
NCOA1 rs1804645; cyclophosphamide, doxorubicin, and
fluorouracil produces toxicity on patients with ATM
rs1801516; examestane and letrozole generates toxicity on

patients with ESR1 rs9322335; letrozole produces toxicity on
patients with ERS1 rs4870061; cyclophosphamide, epirubicin,
and fluorouracil generates toxicity on patients with TP53
rs4968187; and trastuzumab produces toxicity on patients with
ERBB2 rs1136201 (Supplementary Table S8). Regarding PRCA,
there are currently 33 clinical annotations with responsive and
resistant drug effects involving 15 human genes. Of them, 14
clinical annotations have responsive drug effects on six human
proteins as shown in Figure 7B, but no clinical association is
related to PRCA driver genes (Supplementary Table S9).
However, the identification of numerous oncogenic variants
with high deleteriousness scores in BRCA and PRCA driver
genes provides the ability to improve drug discovery on
potential therapeutic targets.

In silico Drug Prescription
One impressive resource that the CGI employs is the Cancer
Biomarker database, an extension of a previous collection of
genomic biomarkers of anti-cancer drug response, which
contains 310 drugs across 130 cancer types (Dienstmann et al.,
2015). Figure 8A shows a circos plot of putative biomarkers of
drug response involved in BRCA treatments. Individuals with
AKT oncogenic mutations have responsive treatments with non-
allosteric and allosteric AKT inhibitors; BRCA1 and BRCA2
oncogenic mutations with PARP inhibitor (veliparib) and
chemotherapy (cisplatin); CDKN2A oncogenic mutations with
AURKA-VEGF inhibitor (ilorasertib); ERBB2 oncogenic
mutations with ERBB inhibitor (neratinib); ESR1 oncogenic
mutations with hormonal therapy (fluvestrant); HRAS
oncogenic mutations with farnesyltransferase inhibitor
(tipifarnib); NOTCH2 oncogenic mutations with gamma
secretase inhibitor (mk-0752); PIK3CA oncogenic mutations
with MTOR inhibitor (everolimus) plus ERBB2 mAb inhibitor
(trastuzumab), PIK3CA inhibitors, PI3K pathway inhibitors and
AKT inhibitors; and PTEN oncogenic mutations with MTOR
inhibitor (sirolimus). On the other hand, individuals with TP53
oncogenic mutations have resistant treatment with CD4/6
inhibitor (abemaciclib); and ESR1 oncogenic mutations with
hormonal therapy (exemestane). All data is fully detailed in
Supplementary Table S10.

Figure 9A shows a circos plot of putative biomarkers of drug
response involved in PRCA treatments. Individuals with the
AKT1 E17K oncogenic mutation have responsive treatment
with non-allosteric and allosteric AKT inhibitors; ATM
oncogenic mutations with PARP inhibitor (olaparib); BRCA2
oncogenic mutations with PARP inhibitor (olaparib); HRAS
oncogenic mutations with farnesyltransferase inhibitor
(tipifarnib); and PTEN oncogenic mutations with MTOR
inhibitors (sirolimus and everolimus) (Figure 8A). All data is
fully detailed in Supplementary Table S11.

Clinical Trials
The Open Targets Platform shows the current status of clinical
trials involved in BRCA and PRCA driver proteins (Carvalho-
Silva et al., 2019). In regards to BRCA, there were 369 clinical
trials in phase 3 (94%) and phase 4 (6%). Small molecules were
the most analyzed type of drugs (61%), followed by antibodies
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(39%). Inhibitors were the most predominantly action type of
drugs (68%), followed by modulators (21%), antagonists (9%),
binding agents (1%), and non-allosteric modulators (1%). The
target classes with the highest number of clinical trials was AGC
kinase AKT family (60%), followed by enzymes (31%), NMDA
receptors (7%), nuclear hormone receptors (0.5%), TKL kinase
RAF family (0.5%), transferases (0.5%), and tyrosine protein
kinases (0.5%) (Figure 8B). On the other hand, the Sankey
plot showed 25 drugs currently analyzed in 369 clinical trials

in 11 BRCA driver proteins. Druggable proteins with the highest
number of clinical trials were ERBB2 (n � 178), ESR1 (n � 114),
EGFR (n � 35), and POLD1 (n � 21). Lastly, drugs with the
highest number of clinical trials in advanced stages were
trastuzumab (n � 100), a recombinant humanized IgG1
monoclonal antibody against the ERBB2 receptor (Bange et al.,
2001); tamoxifen (n � 73) that inhibits estrogen binding to its
receptor (Jordan, 1993); lapatinib (n � 50) that is a 4-
anilinoquinazoline kinase inhibitor of the intracellular tyrosine

FIGURE 7 | Current pharmacogenomics guidelines. (A) Clinical annotations of BRCA pharmacogenomics focused on responsive drug effects on human proteins.
(B) Clinical annotations of PRCA pharmacogenomics focused on responsive drug effects on human proteins. These clinical annotations encompass cancer driver
proteins and non-cancer driver proteins.
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kinase domain of EGFR and ERBB2 (Xia et al., 2002); fulvestrant
(n � 35) that achieves its anti-estrogen effects through
downregulation and degradation of estrogen receptors (Chen
et al., 2002); and pertuzumab (n � 28), a monoclonal antibody

that targets the extracellular dimerization domain of ERBB2,
thereby inhibiting intracellular signaling via the PI3K and
MAP kinase pathways (Adams et al., 2006) (Figure 8C). All
data is fully detailed in Supplementary Table S12.

FIGURE 8 | In silico drug prescriptions and clinical trials involved in BRCA. (A) Circos plot showing precision medicine application between drugs and BRCA driver
mutations. (B) Clinical trial features on BRCA. (C) Sankey plot of drugs with the highest number of clinical trials on BRCA driver proteins.
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Regarding PRCA, there are 116 clinical trials in phase 3 (86%)
and phase 4 (14%). Small molecules were the only type of drugs
analyzed (100%). Antagonists were the most predominantly
action type of drugs (98%), followed by inhibitors (2%). The
target classes with the highest number of clinical trials were AGC

kinase AKT family (98%) and nuclear hormone receptors (2%)
(Figure 9B). On the other hand, the Sankey plot showed nine
drugs that are being analyzed in 116 clinical trials in 3 PRCA
driver proteins. Druggable proteins with the highest number of
clinical trials were AR (n � 114), AKT1 (n � 1), AKT3 (n � 1), and

FIGURE 9 | In silico drug prescriptions and clinical trials involved in PRCA. (A) Circos plot showing precision medicine application between drugs and PRCA driver
mutations. (B) Clinical trial features on PRCA. (C) Sankey plots of drugs with the highest number of clinical trials on PRCA driver proteins.
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POLD1. Lastly, drugs with the highest number of clinical trials in
advanced stages were bicalutamide (n � 36), a small molecule that
blocks the action of androgens of adrenal and testicular origin
(Chang et al., 1999); enzalutamide (n � 29), an androgen receptor
inhibitor for the treatment of castration-resistant prostate cancer
(Nadiminty et al., 2013); flutamide (n � 21), a nonsteroidal
antiandrogen that blocks the action testosterone by binding to
the androgen receptor (Balk, 2002); apalutamide (n � 11) that
impairs the translocation of AR from the cytoplasm to the
nucleus; and abiraterone (n � 5), a small molecule that is a
derivative of steroidal progesterone and is an orally active
inhibitor of CYP17A1 (de Bono et al., 2011) (Figure 9C). All
data is fully detailed in Supplementary Table S13.

DISCUSSION

Precision oncology is a treatment paradigm that takes into
account the molecular and cellular features of a tumor as well
as its environment and additional traits of the individual, such as
genetics and lifestyle, to create a tailor-made treatment (Le
Tourneau et al., 2019). Most molecular alterations in tumors
exist in multiple tumor types, and it has been hypothesized that
anticancer therapy should be tailored to each patient according to
their tumor molecular profile. Hence, the interpretation of
molecular profiles through bioinformatics tools is imperative
to analyze omics data and provide the most effective therapy
to patients (Valencia and Hidalgo, 2012).

The most important aim in the interpretation of cancer
genomes is to identify the variants responsible for tumorigenic
traits. In this context, OncodriveMUT is a machine-learning
approach integrated into the CGI platform to assess oncogenic
variant’s tumorigenic potential. OncodriveMUT combines
genomic features such as gene signals of positive selection,
clusters of somatic mutations, gene mechanism of action, and
regions depleted by germline variants (Tamborero et al., 2018). In
this study, we analysed 183,616 variants located into 99 BRCA
driver genes, and identified 18,512 known and predicted
oncogenic variants. Of them, 240 were known oncogenic
variants, and 9,766 were loss-of-function variants.
Additionally, we analysed 155,484 variants located into 82
PRCA driver genes, and identified 15,648 known and
predicted oncogenic variants. Of them, 180 were known
oncogenic variants, and 8,485 were loss-of-function variants.
Consequently, we calculated the CADD phred scores that
represents the deleteriousness of single nucleotide variants as
well as insertion/deletion variants involved in the molecular
landscape of oncogenesis (Kircher et al., 2014; Rentzsch et al.,
2019). The known BRCA oncogenic variants with the highest
deleteriousness scores were ATM rs371638537 (CADD � 54),
BRCA1 rs80357418 (CADD � 54), and BRCA2 rs80359212
(CADD � 54) (Figure 3B); and the known PRCA oncogenic
variants with the highest deleteriousness scores were ATM
rs371638537 (CADD � 54), and BRCA2 rs80359212 (CADD �
54) (Figure 4B).

The ability to identify oncogenic variants and their
deleteriousness scores in BRCA and PRCA tumors is an

important step to apply PGx in clinical practice. Nevertheless,
there are two main barriers for implementing PGx in developing
regions. On the one hand, the most relevant cancer genome
projects worldwide, such as TCGA(The Cancer Genome Atlas
Research Network, 2013), TARGET or PCAWGC (ICGC/TCGA
Pan-Cancer Analysis of Whole Genomes Consortium, 2020), are
overrepresented by Caucasian individuals (91.1%), and do not
include enough individuals fromminority populations (Guerrero
et al., 2018). On the other hand, developing regions lack of
investment in cancer genomics tests, have fragmented
healthcare systems, and have insufficient characterization of
pharmacogenetics variability in their populations (Quinones
et al., 2014). Therefore, in this study we proposed a new
insight for identification of the most frequent oncogenic
variants in the Latino, African, Ashkenazi Jewish, East Asian,
South Asian, European Finnish, and European non-Finnish
populations in order to focus economic resources on analyzing
the most frequent and relevant molecular targets.

The gnomAD database harmonize exome and genome
sequencing data from a variety of large-scale sequencing
projects worldwide (Karczewski et al., 2020). We calculated
allele frequencies of the previously identified known and
predicted BRCA and PRCA oncogenic variants from Latinos,
Africans, Ashkenazi Jewish, East Asians, South Asians, European
Finnish, and European non-Finnish. Regarding BRCA, there are
42 known oncogenic variants with allele frequencies >0 in
Latinos, 32 in Africans, 11 in Ashkenazi Jewish, 36 in East
Asians, 35 in South Asians, 19 in European Finnish, and 156
in European non-Finnish (Supplementary Table S4). Regarding
PRCA, there are 33 known oncogenic variants with allele
frequencies >0 in Latinos, 27 in Africans, 12 in Ashkenazi
Jewish, 25 in East Asians, 28 in South Asians, 15 in European
Finnish, and 117 in European non-Finnish (Supplementary
Table S5). Nevertheless, not all proteins carrying these
oncogenic variants are actionable therapeutic targets or have
clinical annotations in PGx guidelines.

Consequently, the second major aim of the effort to interpret
cancer genomes is to identify which oncogenic variants may
shape the response to anti-cancer therapies. After identifying the
most frequent oncogenic variants per human population, we
integrated these results with the current clinical annotations of
the PGx guidelines from PharmGKB (Whirl-Carrillo et al., 2012;
Barbarino et al., 2018), with the in silico drug prescriptions from
the Cancer Genome Interpreter (Tamborero et al., 2018), and
with the current clinical trials in advanced stages from the Open
Targets Platform (Carvalho-Silva et al., 2019). The main idea of
the integration of precision oncology per human population is to
prioritize the possible oncogenic variants found in cancer
patients, focusing economic resources for PGx testing in a
most effective way.

Figure 10 summarizes the integration of precision oncology of
BRCA per human population. There are 11 druggable driver
proteins carrying 138 known oncogenic variants with the highest
deleteriousness scores, and the highest allele frequencies per
human population. Latinos have 16 variants in five actionable
therapeutic targets (BRCA1, BRCA2, CDKN2A, PTEN, and
EGFR); Africans have 13 variants in four druggable proteins
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(BRCA1, BRCA2, EGFR, and PTEN); Ashkenazi Jewish has 2
variants in 2 actionable therapeutic targets (ERBB4 and PTEN);
East Asians have 17 variants in 3 druggable proteins (BRCA1,
BRCA2, and TP53); European Finnish have eight variants in four
actionable therapeutic targets (BRCA1, BRCA2, TP53, and
BRAF); European non-Finnish have 64 variants in 10
druggable proteins (BRCA1, BRCA2, EGFR, TP53, CDKN2A,

PIK3CA, AKT1, PTEN, ERBB2, and ERBB4); and South Asians
have 18 variants in five actionable therapeutic targets (BRCA1,
BRCA2, PTEN, BRAF, and TP53) (Supplementary Table S14).
Regarding BRCA responsive treatments, ipatasertib, capivasertib,
allosteric AKT inhibitors, and non-allosteric AKT inhibitors act
on AKT (Kostaras et al., 2020); veliparib and cisplatin respond on
BRCA1 and BRCA2 (Diéras et al., 2020); ilorasertib reacts on

FIGURE 10 | Precision medicine of BRCA per human population. On the left, druggable BRCA driver proteins carrying known oncogenic variants with the highest
allele frequencies and the highest deleteriousness scores per human population. On the right, integration of pharmacogenomics guidelines, drug prescription, and
clinical trials according to druggable BRCA driver proteins.
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CDKN2A (Aftab et al., 2019); sirolimus acts on PTEN (Schmid
et al., 2014); gefitinib, lapatinib, pytotinib, afatinib, and neratinib
respond on EGFR; afatinib and neratinib react on ERBB4;
sorafenib acts on BRAF; everolimus, trastuzumab, alpelisib,
taselisib, and buparlisib work on PIK3CA (Chen et al., 2019);
lastly, lapatinib, pyrotinib, transtuzumab, afatinib, neratinib,
trastuzumab emtasine, pertuzumab, trastuzumab deruxtecan,
tucatinib, and neratinib act on ERBB2 (Ben-Baruch et al., 2015).

Figure 11 summarizes the integration of precision
oncology of PRCA per human population. There are four
druggable driver proteins carrying 110 known oncogenic
variants with the highest deleteriousness scores, and the
highest allele frequencies per human population. Latinos

have 15 variants in 3 actionable therapeutic targets
(BRCA2, ATM, and PTEN); Africans have 12 variants in 3
druggable proteins (BRCA2, ATM, and PTEN); Ashkenazi
Jewish has 1 variant in 1 actionable therapeutic target (PTEN);
East Asians have 12 variants in 2 druggable proteins (BRCA2
and ATM); European Finnish have 2 variants in 2 actionable
therapeutic targets (BRCA2 and ATM); European non-
Finnish have 51 variants in four druggable proteins
(BRCA2, AKT1, ATM, and PTEN); and South Asians have
17 variants in 3 actionable therapeutic targets (BRCA2, ATM,
and PTEN) (Supplementary Table S15). Regarding PRCA
responsive treatments, ipatasertib, allosteric and non-
allosteric AKT inhibitors act on AKT1 (Mundi et al., 2016);

FIGURE 11 | Precision medicine of PRCA per human population. On the left, druggable PRCA driver proteins carrying known oncogenic variants with the highest
allele frequencies and the highest deleteriousness scores per human population. On the right, integration of pharmacogenomics guidelines, drug prescription, and
clinical trials according to druggable PRCA driver proteins.
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olaparib (PARP inhibitor) reacts on ATM and BRCA2 (de
Bono et al., 2020); and lastly, sirolimus and everolimus
(MTOR inhibitors) act on PTEN (Morgan et al., 2009).

In the era of precision oncology, PGx testing will make it
possible to improve the efficiency on the use of resources, patient
safety, and drug dosage in BRCA and PRCA treatments. Hence, it
is imperative to unify efforts where developing countries might
invest in obtaining databases of their population’s genomic
profiles, and developed countries might incorporate racial/
ethnic minority populations in future clinical trials and cancer
researches with the main aim of fomenting PGx in public health
policies and clinical practice.
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Use of pharmacogenetics (PGx) testing to guide clinical decisions is growing in developed
countries. Published guidelines for gene–drug pair analysis are available for prescriptions in
psychiatry, but information on their utilization, barriers, and health outcomes in Latin
America is limited. As a result, this work aimed at exploring current use, opinions, and
perceived obstacles on PGx testing among psychiatrists in Chile, via an online, anonymous
survey. Among 123 respondents (5.9% of registered psychiatrists in the country), 16.3%
reported ever requesting a PGx test. The vast majority (95%) of tests were ordered by
clinicians practicing in the Metropolitan Region of Santiago. Having more than 20 years in
practice was positively associated with prior use of PGx (p 0.02, OR 3.74 (1.19–11.80)),
while working in the public health systemwas negatively associated (OR 0.30 (0.10–0.83)).
Perceived barriers to local implementation included insufficient evidence of clinical utility,
limited clinicians’ knowledge on PGx and on test availability, and health systems’ issues,
such as costs and reimbursement. Despite the recognition of these barriers, 80% of
respondents asserted that it is likely that they will incorporate PGx tests in their practice in
the next five years. Given these results, we propose next steps to facilitate implementation
such as further research in health outcomes and clinical utility of known and novel clinically
actionable variants, growth in local sequencing capabilities, education of clinicians,
incorporation of clinical decision support tools, and economic evaluations, all in local
context.

Keywords: pharmacogenetics, psychiatry, implementation, Chile, Latin America

Edited by:
Patricia Esperon,

Universidad de la República, Uruguay

Reviewed by:
Chad A. Bousman,

University of Calgary, Canada
Dante Caceres,

University of Chile, Chile

*Correspondence:
Gabriela M. Repetto

grepetto@udd.cl

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 24 January 2021
Accepted: 08 March 2021
Published: 15 April 2021

Citation:
Undurraga J, Bórquez-Infante I,

Crossley NA, Prieto ML and
Repetto GM (2021) Pharmacogenetics

in Psychiatry: Perceived Value and
Opinions in a Chilean Sample

of Practitioners.
Front. Pharmacol. 12:657985.

doi: 10.3389/fphar.2021.657985

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6579851

BRIEF RESEARCH REPORT
published: 15 April 2021

doi: 10.3389/fphar.2021.657985

67

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.657985&domain=pdf&date_stamp=2021-04-15
https://www.frontiersin.org/articles/10.3389/fphar.2021.657985/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.657985/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.657985/full
http://creativecommons.org/licenses/by/4.0/
mailto:grepetto@udd.cl
https://doi.org/10.3389/fphar.2021.657985
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.657985


INTRODUCTION

Use of pharmacogenetics (PGx) tests to guide clinical decisions
and care is appealing. From a broad perspective, this approach is
intended to predict drug efficacy and adverse effects with the goal
of improving clinical outcomes (Roden et al., 2019).

Genotype-guided prescribing or PGx testing considers
interindividual genetic or genomic variation to inform about
the likelihood of response to a specific treatment and/or of
presenting adverse drug effects. It identifies genetic or genomic
variants influencing drug effects, commonly via the identification
of common and rare variations in genes related to
pharmacokinetics or pharmacodynamics (reviewed in (Relling
and Evans, 2015)). Allelic variation in genes encoding
cytochrome P450 (CYP) monooxygenase system enzymes
CYP2D6 and CYP2C19 plays an important role in commonly
used psychiatric drugs (Zanger and Schwab, 2013). Also, variants
in HLA alleles (HLA-B*15:02 and HLA-A*31:01), more
commonly occurring in people of Asian ancestry, increase the
risk of severe adverse reactions such as Stevens–Johnson or toxic
epidermal necrolysis syndromes when using carbamazepine or
oxcarbazepine (Phillips et al., 2018).

Deciding to use PGx in clinical care depends on many factors,
including analytic validity, clinical validity, and clinical utility
(Relling and Evans, 2015). The latter refers to whether using the
test leads to improved health outcomes. In psychiatry, there is
controversy regarding the clinical validity of pharmacogenetics
testing for most gene-psychotropic drug pairs. Comprehensive
resources such as the Pharmacogenomic Knowledge Base
(PharmGKB) (PharmGKB, 2000), the Clinical
Pharmacogenetics Implementation Consortium (CPIC) (CPIC,
2021), and the Dutch Pharmacogenetics Working Group (Swen
et al., 2011; DPWG, 2019) aid in the implementation of PGx in
clinical practice. Today, about 15% of United States FDA-
approved medications contain PGx information in their label,
with 38 drugs in psychiatry (Superintendencia De Salud, 2020).
They include commonly used antidepressants (selective serotonin
reuptake inhibitors, tricyclic antidepressants, venlafaxine, and
vortioxetine), antipsychotics (aripiprazole, brexpiprazole,
clozapine, haloperidol, iloperidone, risperidone, and
zuclopenthixol), and mood stabilizers (carbamazepine and
oxcarbazepine), among others (ISPG, 2020).

Some authors consider the available evidence insufficient to
support clinical use. PGx testing is not considered, in general, as a
standard of care in the field of mental health, since psychiatric
disorders, such as major depressive disorder, are “determined by a
large number of genes, and, except in rare cases, no single gene or
limited gene set, even those for drug metabolism and drug targets,
determines more than a few percent of the risk of illness or course
of treatment,” with environmental factors and comorbid states
and medications are important determinants (Zubenko et al.,
2018). Acknowledging this, the International Society for
Psychiatric Genetics (ISPG) recommended in 2019 that PGx
“should be viewed as a decision-support tool to assist in
thoughtful implementation of good clinical care,” and that
evidence was still inconclusive to support widespread use
(ISPG, 2020), but anticipated changes in the field. A more

recent (2021) consensus by experts convened by the ISPG
considers that current evidence does support the use of PGx
testing for cytochrome P450 genes CYP2D6 and CYP2C19 to
inform selection and dosing of commonly used antidepressant
and antipsychotic medication, as well as testing for HLA-A and
HLA-B when using carbamazepine, HLA-B for oxcarbazepine,
PYP2C9, and HLA-B for phenytoin, and when a mitochondrial
disorder or a urea cycle disorder is suspected, POLG, OTC, and
CSP1 for valproate use (Bousman et al., 2021). Consequently, the
authors predict that PGx testing will become a relevant tool in
psychiatry.

In addition to information on validity and utility, other factors
also impact implementation, such as physician awareness,
availability and accessibility of testing, associated costs and
reimbursement, and cost-effectiveness analyses in local
contexts among others (Relling and Evans, 2015; Luzum et al.,
2017). Some studies have assessed physicians’ attitudes toward
PGx. A recent survey on primary care and mental health
providers enrolled in the Veterans Affairs’ PRecision Medicine
In MEntal Health Care (PRIME Care) study (Hull et al., 2019),
revealed that less than 15% of 342 participants had ordered a PGx
test to guide psychotropic medication in the previous year. Earlier
also performed in the United States showed similar results: 12.9%
of more than 10,000 responders of a nationwide survey of
physicians in different specialties (Stanek et al., 2012) and 20%
of 597 United States internists and family medicine practitioners
(Haga et al., 2012), although these studies did not describe the
specific area of ordered tests. Other studies show that a substantial
proportion of psychiatrists consider that PGx testing will become
a useful aid in drug prescribing (Thompson et al., 2015; Walden
et al., 2015).

Most work on discovery, applications, and implementation of
PGx has been carried out in developed countries, and while the
global information is based on larger samples than in Latin
America, there is limited information on use and views among
practitioners in this region. For this reason, we conducted a
survey on opinions about current practices, perceived value and
barriers to clinical use of PGx testing, in a sample of clinical
psychiatrists from Chile.

METHODS

Sample and Survey
We conducted an anonymous, cross-sectional survey via e-mail
among clinical psychiatrists working in Chile. Contact
information was obtained from directories of medical societies
and professional associations, and smaller databases from the
authors. The survey was approved by Research Ethics Committee
at Facultad de Medicina Clinica Alemana Universidad del
Desarrollo, and participants gave informed consent.

The survey was sent in November and December 2020, with an
explanatory cover letter, an informed consent form, and a 10-
question survey exploring opinions and barriers toward use of
PGx in their clinical practice and future intention to use. Prior to
submission, the questions were reviewed by a psychiatrist and a
nonpsychiatrist physician, for comprehension and readability.
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The survey was sent in Spanish. The translated questions can be
found in Supplementary Table S1.

Statistical Analysis
A descriptive analysis was performed to report the participant
characteristics and their responses, using frequencies and
percentages. Association analysis was made using the chi-square
test for categorical variables. The included variables predicting
usage of PGx were 1) practice in the Metropolitan Region of
Santiago; 2) practice in the public system; 3) practice at a university
or research center; 4) practice at private medical center; 5) practice
in adult psychiatry; and 6) years in practice. All analyses were
conducted using Stata v16 (StataCorp. 2019, Stata Statistical
Software: release 16. College Station, TX: StataCorp LLC).

RESULTS

At the time of the survey submission, there were 2093 registered
psychiatrists in Chile, 1,022 of them (49%) in the Metropolitan
Region of Santiago (FDA, 2021). The survey was sent to 546
psychiatrists registered in medical societies and professional
associations. Responses were received from 123 (5.9% of
registered psychiatrists and 22.5% response rate). Answers for
some questions were not mutually exclusive; for example, a
psychiatrist could have more than one practice setting or see
patients of different age groups. Demographic characteristics are
described in Table 1. Briefly, ninety-two participants (74.8%)
worked in Santiago and the remainder in nine of the other fifteen
regions of the country. The majority worked in combinations of
public, private, and academic health settings, and 84% were adult

psychiatrists. Close to half of respondents, 45.5%, had less than
ten years in practice, and 61% had participated in research in the
previous five years.

Twenty participants (16.3%) had ever requested PGx tests for
psychotropic medication prescribing, most of them (80%), more
than once. The median number of times they had requested a test
was 3, with a range of 1–10.Most of the requests (90%) were made
by physicians who declared working in the private healthcare
system. The reported reasons for ordering a PGx test were to
predict drug response (85%) or side effects (40%), or to explain
observed side effects (25%). No tests by these psychiatrists were
ordered per patient’s request or other reasons not specified in
choices in the survey.

Factors significantly associated with prior use of PGx testing
included working in the Metropolitan Region (p 0.02, OR 7.81,
95% CI 1.00–60.98) and having 21 or more years in practice (vs.
10 or less years) (p 0.02, OR 3.74, 95% CI 1.19–11.80). In fact,
only one clinician who reported use of PGx testing did not work
in theMetropolitan Region. Practicing in the public health system
was negatively associated with PGx testing (p 0.02 OR 0.3 [95%
CI, 0.10–0.83]).

The main reason reported for not having ordered PGx testing
was lack of awareness of tests that could be relevant for one’s own
clinical practice (62.1%), followed by costs (44.7%) and by
perception of lack of utility (23.3%).

Perceived barriers to use of PGx included lack of personal
knowledge about pharmacogenetics (51.2%), high cost of
available exams (48.8%), and lack of availability of
pharmacogenetic tests in Chile (46.3%). We grouped
surveyed barriers in three main areas: 1) available evidence,
2) provider-related barriers, and 3) system-related barriers.

TABLE 1 | Sample characteristics and associations with prior use of PGx tests.

Total Ever used pharmacogenetic tests p-value

No N = 103 (83.7%) Yes N = 20 (16.3%)

N % N % N %

Metropolitan region** 92 74.8 79 70.9 19 95.0 0.02
Practice at (% yes)a

Public system** 67 54.5 61 59.2 6 30 0.02
University or research center 27 22 21 20.4 6 30 0.34
Private medical center* 90 73.2 72 69.9 18 90 0.06
Nonprofit foundation 5 4.1 4 3.9 1 5 0.81
In training 3 2.4 3 2.9 0 0 0.44
Other 16 13 13 12.6 3 15 0.77

Clinical practice (% yes)a

Child psychiatry 19 15.4 15 14.6 4 20 0.53
Adolescent psychiatry 31 25.2 25 24.3 6 30 0.59
Adult psychiatry 104 84.6 87 84.5 17 85 0.95

Years in practice**
0 to 10 56 45.5 51 49.5 5 25
11 to 20 26 21.1 22 21.4 4 20
21 to 30 22 17.9 19 18.4 3 15 0.02
31 to 40 16 13 9 8.7 7 35
41 or more 3 2.4 2 1.9 1 5

Participated in research in past 5 years
Yes 75 61 62 60.2 13 65 0.68

Note: N � 123. ***p < 0.01, **p < 0.05, *p < 0.1.
aMore than one answer permitted.
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Provider-related barriers were more common among those
who have not used PGx (88.4 vs. 65.0% in past users, p < 0.01),
whereas healthcare system barriers were mentioned more
frequently by those that have used tests in the past (90.0 vs.
78.6% in not users), although this difference was not
statistically significant (p � 0.24) (Table 2). Perception of
lack of evidence of clinical utility was mentioned more
frequently by prior users (55%) than nonusers (25.2%) (p <
0.01). Despite recognition of these gaps, the majority (80%)
considered likely that they will use PGx tests in their practice in
the next 5 years, independent of having used them or not in the
past (p 0.81).

DISCUSSION

This work represents the first survey of clinicians in Chile
regarding the use and perceived barriers of PGx testing in
psychiatric practice. Most respondents worked as adult
psychiatrists in the Metropolitan Region of Santiago. However,
the full sample included a broad spectrum of geographic
locations, practice settings, and years of clinical experience.
Prior use of PGx testing was reported by 16%, similar in
proportion to studies done in the United States (Haga et al.,
2012; Stanek et al., 2012; Hull et al., 2019) but each clinician in our
survey had ordered tests 10 times or less, evidencing that, overall,
its use was quite limited.

Factors associated with utilization of PGx testing included
practice in the Metropolitan Region of Santiago and in private
healthcare settings. These results could be related to the fact that
tests are not currently available in certified clinical laboratories in
Chile; therefore, samples need to be sent to laboratories abroad.
This involves logistical challenges to order and to arrange for
shipment and payments, processes that must be organized by the

physician since these centers do not have local offices or
contracts. In addition, testing performed out of the country is
not covered by private or public insurance and it poses a
significant out-of-pocket expense for patients (Villalobos
Dintrans, 2018). Also, given the added shipment days,
turnaround times for results are long, limiting the ability to
guide prescription decisions, especially in acute care settings.
Finally, and although not explored in this study, the lack of
standards for PGx panels results in differences in the available
ones; this heterogeneity may also add to challenges in ordering
decisions (Fan and Bousman, 2020; Bousman et al., 2021).

Being in mid to late career stages (more than 20 years in
practice) was positively associated with prior use, which suggests
that knowledge in the field may have been acquired through
continuing education or exposure to international research. PGx
is not formally included the curriculum in medical schools or
residency training programs in Chile. The reasons reported to use
tests were mostly reactive to specific prescribing situations, that is,
prediction of effects or explanation of side effects of particular
drugs. No mention was made of preemptive testing; however, this
was not explicitly explored in this study.

Among barriers to PGx testing was the perception of
insufficient evidence of clinical utility. This was mentioned
more frequently by prior users than nonusers, who may be
more aware of the current limitations. As stated in the
introduction, the clinical value of PGx testing in psychiatry is
still a matter of debate and an evolving issue. The recently
published review and updated consensus on PGx testing in
psychiatry by a group of international experts assembled by
the ISPG might help change this perception and advance in
expanding the use of PGx testing in clinical settings for specific
validates genes and gene-pair drugs (Bousman et al., 2021).

Most participants predicted that they will include PGx testing
in their clinical practice in the next five years. This findingmirrors

TABLE 2 | Perceived barriers to pharmacogenetic tests use.

Ever used pharmacogenetic
tests

Total p-value

No N =
103 83.7%

Yes N =
20 16.3%

N % N % N %

What are the main barriers to the use of
pharmacogenetic tests? (% yes)
Provider-related barriers *** 91 88.4 13 65 104 84.6 0.00
Lack of personal knowledge about pharmacogenetics 56 54.4 7 35 63 51.2 0.11
Not knowing where they are available ** 51 49.5 4 20 55 44.7 0.02
Not knowing how to request them ** 38 36.9 2 10 40 32.5 0.02
Complexity to request tests 13 12.6 2 10 15 12.2 0.74
Complexity to interpret the results ** 7 6.8 5 25 12 9.8 0.01

Healthcare system-related barriers 81 78.6 18 90 99 80.5 0.24
High cost of available tests ** 46 44.7 14 70 60 48.8 0.04
Lack of availability of pharmacogenetic tests in Chile 49 47.6 8 40 57 46.3 0.53
Lack of coverage by health systems 41 39.8 11 55 52 42.3 0.2

Lack of evidence of clinical utility *** 26 25.2 11 55 37 30.1 0.00
Other 5 4.9 0 0 5 4.1 0.31
Will incorporate the use of pharmacogenetic tests in its clinical practice in the next 5 years
Yes 73 80.2 14 77.8 87 79.8 0.81

*** p < 0.01, ** p < 0.05, * p < 0.1.
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opinions of psychiatrists in the United States and Canada
(Thompson et al., 2015; Walden et al., 2015) where more than
80% of respondents in these studies consider that PGx will
become a common standard in practice. Similar favorable
opinions toward PGx testing were reported in a study of
physicians in Jordan (Muflih, 2017). Nevertheless, the
respondents of our study also recognized the presence of
barriers to clinical use. In addition to insufficient evidence for
clinical utility, other perceived difficulties were related to
clinicians’personal knowledge about PGx, the logistics involved
in requesting tests, and health system barriers, such as cost and
reimbursement. These are also similar to the barriers identified by
the largest published nationwide survey in the United States
(Stanek et al., 2012). Another important issue is that, although
CPIC and FDA guidelines are available for specific drug pairs,
knowledge of their application and results in terms of health
outcomes in Latin-American populations is practically
nonexistent. In addition, there are differences in allelic
composition and frequencies in several relevant genes,
compared to European and other populations (Naranjo et al.,
2018; Rodrigues-Soares et al., 2020), which may have an impact
on clinical use in the region.

To address these limitations, several next steps are needed.
Although most of the described challenges are similar to those
described by practitioners in North America, there is a need to
generate local information. Research on validation of known variant
drug pairs in Latin-American populations and discovery of potential
novel actionable associations are crucial; since due to the admixed
genetic nature of local populations, findings from participants with
other ancestries cannot be immediately transferred to the region. For
instance, the RIBEF-CEIBA Network Consortium published a study
analyzingCYP2D6, CYP2C9, andCYP2C19 genetic polymorphisms
on 6,060 healthy individuals from Ibero-America, classified
according to their self-reported ancestry, and found that
Amerindians, that contribute to the admixed populations in the
region, had significant differences in allelic frequencies with other
ethnic groups, and also between native populations from the north
and the south (Naranjo et al., 2018). These differences show the need
for further local research in clinical applications and outcomes.

Once validity and utility are established in local context and
training of clinicians is necessary. This requires the incorporation of
PGx content in curricula in medical schools, graduate, and
continuing medical education since this field is rapidly changing.
Ease of access to pertinent tests is another relevant factor, and efforts
are needed to increase local sequencing and interpretation capacities
for accurate and rapid turnaround genotyping. Development and
inclusion of clinical decision support tools that also consider
nongenetic information, and their integration into health records
are also facilitators, particularly, since as mentioned above,
prediction of beneficial and side effects is of multifactorial nature.
Economic analysis is also needed to inform coverage and
reimbursement decisions for health services. Differences in allelic
frequencies across global populations can impact on cost-
effectiveness predictions in different countries (Zhou et al., 2021).

Limitations of this study include that it is a convenience
sample, with a relatively small sample size and low response
rate, representing only 6% of psychiatrists working in Chile.

Nevertheless, the number of respondents were similar to
previous similar surveys in more populated countries such the
United States and Canada (Thompson et al., 2015; Walden et al.,
2015), and to a study of physicians’ response rate to web-based
surveys, in the range of 27–46%, with the lower figure for
psychiatrists (Cunningham et al., 2015). Most psychiatrists
were affiliated both to private and public sectors and this
study did not explore in which specific setting the tests were
requested. It is possible that responses were mostly from
physicians that may be more aware of PGx and therefore
more inclined to participate. These results limit generalizability
of the conclusions of the study. In addition, the survey did not
explore whether the results of PGx testing had modified
therapeutic decisions and/or patient outcomes in those cases
in which it had been used.

In summary, this exploratory study shows that the current
uptake of PGx testing by psychiatrists in Chile is low, but there
is interest in the area and in potential incorporation in clinical
practice. To bridge the gap between current and future
appropriate use, local research and implementation
strategies are needed. Understanding the scope and
problems of PGx implementation can also benefit from
collaboration throughout Latin America since the similar
challenges are shared by other countries in the region
(Abou Diwan et al., 2019).
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CYP3A5 and UGT1A9 Polymorphisms
Influence Immunosuppressive
Therapy in Pediatric Kidney Transplant
Recipients
Paola Krall 1†, Dominique Yañez2†, Angélica Rojo1, Ángela Delucchi1, Miguel Córdova2,
Jorge Morales3, Pía Boza2, Alonso de la Rivera2, Natalie Espinoza2, Natalia Armijo4,
Luis E. Castañeda5, Mauricio J. Farfán1,2* and Carolina Salas2*

1Departamento de Pediatría y Cirugía Infantil Oriente, Facultad de Medicina, Universidad de Chile, Santiago de Chile, Chile,
2Laboratorio Clínico, Hospital Luis Calvo Mackenna, Santiago de Chile, Chile, 3Servicio de Farmacia, Hospital Luis Calvo
Mackenna, Santiago de Chile, Chile, 4Unidad de Nefrología, Hospital Luis Calvo Mackenna, Santiago de Chile, Chile, 5Programa
de Genética Humana, Instituto de Ciencias Biomédicas, Facultad de Medicina, Universidad de Chile, Santiago de Chile, Chile

Background: Tacrolimus (TAC) and mycophenolic acid (MPA) are the main
immunosuppressive drugs used in pediatric kidney transplantation. Single nucleotide
polymorphisms (SNPs) in metabolizing enzymes and transporters might influence plasma
levels of these drugs. Herein, we sought to determine the influence of SNPs on CYP3A5,
MRP2 and UGT1A9 genes in Chilean pediatric kidney recipients using TAC and MPA.

Patients and Methods: A prospective study was performed on 104 pediatric kidney
recipients that used TAC and MPA for immunosuppression. The median age at the time of
transplantation was 8.1 years [Q1–Q3 4.5–11.6 years] and the main clinical diagnosis was
a structural anomaly. In a subgroup of patients, a complete steroid withdrawal was made
at day 7. The CYP3A5 polymorphism (ancestral allele *1; variant allele *3) was determined
in the entire cohort, whileMRP2 -24G > A, UGT1A9 -275T > A, and UGT1A9 -2152C > T
polymorphisms were determined in 53 patients. Genotypes were associated with trough
drug concentrations (C0), dose requirements normalized by weight (TAC-Dmg/kg) or body
surface (MPA-D mg/m2), trough levels normalized by dose requirements (C0/D), and area
under the curve in 12 h normalized by dose requirements (AUC0–12h/D).

Results: The frequencies of the variant alleles CYP3A5*3, MRP2-24A, UGT1A9-275A,
and UGT1A9-2152T were 76.9, 22.1, 6.6, and 2.9%, respectively. AUC0–12h/TAC-D were
1.6-fold higher in CYP3A5*3/*3 patients than in CYP3A5*1 carriers (CYP3A5*1/*3 and
CYP3A5*1/*1). When analyzing patients with steroid withdrawal, CYP3A5*3/*3 patients
had 1.7-fold higher AUC0–12h/TAC-D than the other genotypes. Patients carrying the
CYP3A5*3/*3 genotype had higher TAC-C0, lower TAC-D and higher TAC-C0/D,
consistently in a 6-months follow-up. Creatinine clearance was stable during the
follow-up, regardless of the genotype. No significant differences between MRP2 and
UGT1A9 genotypes were observed in MPA-C0, MPA-D or MPA-C0/D. However, patients
carrying the UGT1A9-275A allele had lower AUC0–12h/MPA-D than those carrying the
UGT1A9-275T ancestral allele.

Edited by:
Patricia Esperon,

Universidad de la República, Uruguay

Reviewed by:
Su-Jun Lee,

Inje University, South Korea
Chakradhara Rao Satyanarayana

Uppugunduri,
Université de Genève, Switzerland

*Correspondence:
Mauricio J. Farfán
mfarfan@uchile.cl

Carolina Salas
csalas@calvomackenna.cl

†These authors have contributed
equally to this work.

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 14 January 2021
Accepted: 23 March 2021
Published: 22 April 2021

Citation:
Krall P, Yañez D, Rojo A, Delucchi Á,

Córdova M, Morales J, Boza P,
de la Rivera A, Espinoza N, Armijo N,
Castañeda LE, Farfán MJ and Salas C

(2021) CYP3A5 and UGT1A9
Polymorphisms Influence

Immunosuppressive Therapy in
Pediatric Kidney

Transplant Recipients.
Front. Pharmacol. 12:653525.

doi: 10.3389/fphar.2021.653525

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6535251

ORIGINAL RESEARCH
published: 22 April 2021

doi: 10.3389/fphar.2021.653525

73

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.653525&domain=pdf&date_stamp=2021-04-22
https://www.frontiersin.org/articles/10.3389/fphar.2021.653525/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.653525/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.653525/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.653525/full
http://creativecommons.org/licenses/by/4.0/
mailto:mfarfan@uchile.cl
mailto:csalas@calvomackenna.cl
https://doi.org/10.3389/fphar.2021.653525
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.653525


Conclusions: These results support that CYP3A5 and UGT1A9 genotyping in pediatric
recipients might be useful and advisable to guide TAC and MPA dosing and monitoring in
children that undergo kidney transplantation.

Keywords: pediatric kidney transplantation, pharmacogenetics, tacrolimus, mycophenolic acid, pharmacokinetics

INTRODUCTION

Kidney transplantation is the renal replacement therapy of choice
in the pediatric population, improving survival, growth and
quality of life (McDonald and Craig, 2004).
Immunosuppressive therapy to avoid rejection is the
cornerstone of graft survival (Winterberg and Garro, 2019).
Tacrolimus (TAC) and mycophenolic acid (MPA) are the
main immunosuppressive drugs used in pediatric kidney
transplantation in combination with steroids. However, an
early tapering of steroids until complete withdrawal
maintaining the TAC and MPA dosage in pediatric recipients
with low immunological risk is associated with a better growth
pattern (Delucchi et al., 2007).

TAC and MPA need continuous monitoring to verify that the
plasma concentrations are within the therapeutic ranges, to
maintain the balance between efficacy and toxicity and,
consequently, to ensure graft and patient survival (Zwart et al.,
2018). The drug bioavailability might be influenced by genetic
variations, such as single nucleotide polymorphisms (SNPs) in
metabolizing enzymes or transport proteins, causing increases or
decreases in plasmatic drug concentrations (Golubovic et al.,
2016).

TAC is a calcineurin inhibitor that is metabolized by the
cytochrome P450 enzymes, mainly CYP3A4 and CYP3A5,
involved in the first step of drug metabolism. CYP3A5 plays
the most important role when a dose of this drug is prescribed,
particularly in pediatric patients (Zheng et al., 2003; De Wildt
et al., 2011). Several studies have shown that the CYP3A5
expression is correlated with reduced TAC plasma levels and a
delay in achieving adequate plasma concentrations with the
conventional exposure dose, which increases the risk of acute
rejection incidence (Kuehl et al., 2001; Staatz, Taylor, and Tett
2001; Macphee et al., 2002; MacPhee et al., 2004; Min et al., 2010).
By contrast, recipients treated with TAC who do not express this
enzyme are more exposed to nephrotoxicity that might be
explained by plasma TAC accumulation (Thervet et al., 2003).

The variability in CYP3A5 enzyme expression is explained
mainly by the CYP3A5 gene that contains a SNP described as a
nucleotide change located in intron 3 (rs776746; CYP3A5 c.
A6986G). This genetic variation results in two alleles: the
ancestral allele called CYP3A5*1 and the variant allele called
CYP3A5*3. The presence of two CYP3A5*3 alleles (CYP3A5*3/*3)
results in a truncated protein as a consequence of alternative
splicing causing the absence of enzyme activity, also known as a
non-expressor genotype. On the other hand, the presence of at
least a single CYP3A5*1 allele (CYP3A5*1/*3 or CYP3A5*1/*1) is
related to a functional enzyme, and these genotypes are cataloged
as expressors (Kuehl et al., 2001). Based on genetic studies, the
frequency of the CYP3A5*3 allele displays variability according to

the geographic and ethnic origin, ranging from 32% in African
individuals to 93% in European individuals. This variability
reinforces the need to analyze the frequency of the CYP3A5
genotype and the association with plasma TAC levels in different
human geographic populations or ethnic groups (Xie et al., 2004).

MPA is an inhibitor of T-cell proliferation strongly influenced
by the metabolizing diphosphate glucuronyl transferase (UGT)
enzymes and the multidrug resistance-associated proteins (MRP)
that act as drug transporters on the membrane of hepatocytes
(Barraclough et al., 2010). Similar to CYP3A5, there is genetic
variability and several reports have demonstrated that the specific
variantsMRP2 -24C (rs717620),UGT1A9 -275A (rs6714486) and
UGT1A9 -2152T (rs17868320) polymorphisms might have a role
in the inter-individual variability of MPA plasma levels in
pediatric organ recipients (Bernard and Guillemette, 2004;
Naesens et al., 2006; Fukuda et al., 2012).

Considering that polymorphisms involved in the metabolism
of TAC andMPA have a geographic and ethnic variability, in this
study we aimed to determine the frequency of SNPs in CYP3A5,
MRP2, andUGT1A9 genes in Chilean pediatric kidney recipients.
Additionally, we evaluated the influence of these polymorphisms
on TAC and MPA plasma levels. Our data support that the
CYP3A5 and UGT1A9 genotyping in pediatric recipients might
be useful and advisable to guide TAC and MPA dosing and
monitoring in children that undergo kidney transplantation.

PATIENTS AND METHODS

Patient Data
Pediatric patients that underwent kidney transplantation with a
deceased or living-related donor between 2001 and 2019 at the
referral transplant center Hospital Luis Calvo Mackenna
(Santiago, Chile) were invited to participate in this descriptive,
prospective, longitudinal study. In our center, 85–90% of the
transplantations were performed with deceased donors each year.
We studied 104 recipients who received TAC and MPA as
immunosuppressive therapy combined with steroids. Patients
were induced with basiliximab on day 0 during surgery before
reperfusion and on day 4 post-transplantation. TAC (starting
dose 0.15 mg/kg twice per day), MPA (starting dose 800 mg/m2
twice per day), and steroids were administered according to the
institutional protocol. Steroid use was individualized according to
immunological risk and graft function in each patient. Starting
steroid therapy was methylprednisolone 2 mg/kg/day for 2 days
and switched to prednisone at day 3. The patients undergoing
steroid withdrawal were treated successively with 2, 1, 0.5, and
0.25 mg/kg/day, each dose for one day. The patients that
continued steroid therapy switched to prednisone 2 mg/kg/day
at day 3 and reduced gradually until reaching 0.12 mg/kg/day at
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month 6, and this was kept constant from that month onwards.
Therapeutic drug monitoring of TAC was applied regularly to
all recipients and dose adjustment was performed when
necessary to achieve target trough levels (10–15 ng/ml in the
first 3 months and 5–7 ng/ml after 3 months post-
transplantation). At the end of a 6-months follow-up of TAC
therapy, associations of the CYP3A5 SNP with drug
concentrations (TAC-C0), daily dose normalized by weight
(TAC-D mg/kg) and drug concentrations normalized by dose
(TAC- C0/D) were analyzed. MPA levels were regularly
monitored and associations of the MRP2 and UGT1A9 SNPs
with drug concentrations (MPA-C0), daily dose normalized by
body surface (MPA-D mg/m2) and drug concentrations
normalized by dose (MPA-C0/D) were analyzed at one time
point, once stable immunosuppression had been achieved. The
analysis of the area under the curve in 12 h normalized by dose
(AUC0–12h/D) was conducted on 98 and 44 patients with stable
immunosuppression based on TAC or MPA therapy,
respectively. Relative frequencies of ABO and Rh blood
groups demonstrated that the study population was
representative of the Chilean population (data not shown).

The study was conducted according to the declaration of
Helsinki and was approved by the Ethics Committees of the
Universidad de Chile and Hospital Luis Calvo Mackenna.
Patients with evidence of graft dysfunction during the
first year post-transplantation, with change of
immunosuppressive medication to azathioprine or
cyclosporine A within the first 6 months after
transplantation, or parents that denied participation were
excluded.

DNA Extraction and SNP Genotyping
Nucleic acids were extracted from whole peripheral blood
samples using QIAmp DNA Blood Mini Kit (QIAGEN) or
MagNA Pure Compact Nucleic Acid Isolation Kit I (Roche)
following the manufacturer’s instructions. CYP3A5, MRP2, and
UGT1A9 were selected as genes with variants of interest for this
study, because they have been proposed as the major factors to
explain the variability related to plasma drug levels (TAC and
MPA) and have shown similar results in different populations.
The presence of the CYP3A5 c. A6986G polymorphism
(rs776746) was determined using the PCR-RFLP technique
with specific primers (forward 5′-CAT GAC TTA GTA GAC
AGA TGA-3 ′and reverse 5′-GGT CCA AAC AGG GAA GAA
ATA-3′) and the restriction enzyme SspI, according to
previously described protocols (Rong et al., 2010). The
assessment of the polymorphisms UGT1A9 2152C > T
(rs17868320), UGT1A9 -275T > A (rs6714486) and MRP2
-24C > T (rs717620) was performed with the TaqMan™
Drug Metabolism Genotyping Assay (ThermoFisher). All
SNPs were processed on LightCycler® 480II and analyzed
with the LightCycler® 480II software (Roche). Each assay
included controls confirmed previously by Sanger sequencing
for the three genotypes (homozygous reference allele,
heterozygous, homozygous variant allele) if available and
negative controls with an equal volume of nuclease-free
pure water.

Therapeutic DrugMonitoring: TAC andMPA
To measure plasma drug concentration, four blood samples of
2 ml were taken in EDTA tubes, corresponding to C0 (trough level
before dose), C1, C2, and C4 time points. Whole blood levels of
TAC were measured using the Abbott Architect i1000
immunoassay (Abbott Laboratories). Plasma levels of MPA
were measured using a liquid-liquid extraction and high-
performance liquid chromatography equipment with a diode
array detector (Agilent 1260, Agilent Technologies). The value
of TAC AUC0–12h was calculated in 98 patients using the
abbreviated equation: AUC0–12h � 10 + 1.4pC0 + 0.8pC1 +
1.6pC2 + 5.5pC4) (Wong et al., 2000). The value of MPA
AUC0–12h was calculated in 44 patients using the abbreviated
equation: AUC0–12h � 8.217 + 3.163pC0 + 0.994pC1 + 1.334pC2 +
4.183pC4 (Filler, 2004). The AUC0–12h values were normalized by
dose (TAC or MPA) for the following reasons: 1) AUC0–12h was
performed in each patient according to the clinical need to
determine empirically drug exposure and was required at
different time points, before and after 3 months of
transplantation, that differ in AUC0–12h and C0 therapeutic
targets, requiring higher doses in the first 3 months period; 2)
the study cohort is a pediatric population with different
etiologies/co-morbidities and their ages ranged from 1.5 to
15.3 years at the time of transplantation, causing differences in
drug metabolism that confer, in consequence, variability in dose
requirements to reach therapeutic targets.

Statistical Analysis
Pearson chi-square (χ2) goodness-of-fit test for the Hardy
Weinberg equilibrium was applied to assess deviation of allele
and genotype frequencies. Normality and homoscedasticity
assumptions were checked for all variables or transformed with
log to achieve normal distribution. AUC0–12h/TAC-D was analyzed
by a one-way ANOVA to compare CYP3A5 genotypes. The
analysis of AUC0–12h without TAC dose normalization to
compare CYP3A5 genotypes are shown as supplemental material
(Supplementary Figures S1, S2). TAC blood concentrations (TAC-
C0), TAC daily dose requirement (TAC-D), TAC blood
concentrations normalized by daily dose requirement (TAC- C0/
D), and creatinine levels throughout the 6-months follow-up were
analyzed by a repeated-measures ANOVA with genotype and time
as main effects using the ez package (Lawrence, 2013). Post hoc tests
were applied in the case of significant differences between groups by
Tukey HSD test. MPA blood concentrations (MPA-C0), MPA dose
requirement (MPA-D), andMPA blood concentrations normalized
by dose requirement (MPA- C0/D) were analyzed by Wilcoxon-
Mann Whitney test, grouping the heterozygous and homozygous
carriers of the variant allele. The AUC0–12h/MPA-D values between
carriers and non-carriers of the variant allele were compared with
an unpaired one-tailed Wilcoxon-MannWhitney test. The analysis
of AUC0–12h without MPA dose normalization to compare
UGT1A9 -275 variant carriers are shown as supplemental
material (Supplementary Figure S3). Outlier values (mean ±
3*SD) suggestive of errors in sampling procedure, technical
measurements or data manipulation were excluded from the
analysis. Box plots show median and interquartile range (IQR)
and whiskers represent the 1.5*IQR. All statistical analyses were
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performed with R (Wilson and Norden, 2015) and plots were made
using ggpubr (Kassambara, 2020a) and rstatix (Kassambara, 2020b)
packages for R. P-values < 0.05 were considered to be statistically
significant.

RESULTS

Characteristics of the Patients and
Frequency of the CYP3A5 Genotype
Altogether 104 pediatric kidney recipients from a single referral
transplant center were included in this study. Clinical
characteristics and CYP3A5 genotype data are shown in
Table 1. The median age at the time of transplantation was
8.1 years, and the leading cause of the end stage renal disease to
require transplantation was a structural anomaly.

The SNP rs776746 in CYP3A5 was analyzed in the entire
cohort and we found that 8.7% presented the CYP3A5*1/*1
genotype, 28.8% the heterozygous CYP3A5*1/*3 genotype and
62.5% the CYP3A5*3/*3 genotype (Table 1). The frequency of the
CYP3A5*3 variant allele resulted in 76.9%. Genotype and allele
frequencies were not significantly different than expected if the
population was in Hardy-Weinberg equilibrium (χ2 � 3.66, p �
0.06). Compared to the Latino/Admixed American population
reported in the gnomAd database v2.1.1 in December 2020
(https://gnomad.broadinstitute.org/), no statistical differences
were found in our population in terms of genotype (χ2 � 3.09,
p � 0.21) or allele (χ2 � 0.49, p � 0.48) frequencies of this SNP.

Associations of the CYP3A5Genotypeswith
AUC0–12h/D, Trough Levels (C0), Dose
Requirements (D) and C0/D in TAC Therapy.
The analysis of AUC0–12h/TAC-D in 97 patients revealed
significant differences (p < 0.01) among the CYP3A5
genotypes (Figure 1). The CYP3A5*3/*3 patients showed the
highest values (1058 [IQR 688.6–1460] ng*hr/ml/mg/kg), which
was 1.56-fold higher than CYP3A5*1/*3 patients (676.9 [IQR
546.0–883.6] ng*hr/ml/mg/kg; p < 0.01) and 1.91-fold higher
than CYP3A5*1/*1 patients (554.7 [IQR 239.7–1117]ng/h*ml/
mg/kg; p < 0.05), respectively. AUC0–12h/TAC-D values did not
differ between CYP3A5*1/*3 and CYP3A5*1/*1 patients
(p � 0.79).

Regarding the steroid therapy, the analysis showed some
differences between CYP3A5 genotypes (Figure 2). When
analyzing patients with early steroid withdrawal, the carriers of
the CYP3A5*3/*3 genotype showed AUC0–12h/TAC-D values
(1099 [IQR 930.7–1537] ng*hr/ml/mg/kg), 1.58-fold
significantly higher than the carriers of the CYP3A5*1
ancestral allele (CYP3A5*1/*3 n � 7 and CYP*1/*1; n � 2)

TABLE 1 | Basic clinical characteristics and CYP3A5 genotype of the 104
pediatric kidney recipients.

Characteristics

Male/Female 52/52
Cause of ESRD
Structural anomaly 70 (67.3%)
Glomerulopathy 14 (13.5%)
Monogenic cause (confirmed) 8 (7.7%)
Vascular cause 4 (3.8%)
Other 6 (5.8%)
Undetermined or unknown 2 (1.9%)
Age median at time of transplantation (years) [IQR] 8.1 [4.5–11.6]
Weight median at time of transplantation (kg) [IQR] 25.5 [15.9–35.2]

CYP3A5 genotype
CYP3A5 *1/*1 9 (8.7%)
CYP3A5 *3/*1 30 (28.8%)
CYP3A5 *3/*3 65 (62.5%)

FIGURE 1 | Area under the curve in 12 h normalized by TAC dose
requirements (AUC0-12h/TAC-D ng*hr/ml/mg/kg) in 97 patients with different
CYP3A5 genotypes.

FIGURE 2 | Area under the curve in 12 h normalized by dose
requirements (AUC0-12h/TAC-D ng*hr/ml/mg/kg) in 52 patients with different
CYP3A5 genotypes with or without steroids from day 7 post-transplantation
onwards.
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(697 [IQR 404.5–1108] ng*hr/ml/mg/kg) (p < 0.05). No statistical
differences were observed between CYP3A5 genotypes that
continued steroid therapy (p � 0.34).

In the analysis performed in 52 patients with 6 months of
follow-up, the TAC blood concentrations (TAC-C0), TAC daily
dose requirement (TAC-D) and TAC blood concentrations
normalized by dose requirement (TAC- C0/D) differed
significantly between the CYP3A5 genotypes (TAC-C0 p <
0.001, TAC-D p < 0.01, TAC- C0/D p < 0.001) (Figures
3A–C). Specifically, patients with the CYP3A5*3/*3 genotype
showed higher TAC-C0 values than patients with the
CYP3A5*1/*3 and CYP3A5*1/*1 genotypes (p < 0.01 and p <
0.001, respectively). Additionally, patients with the CYP3A5*1/*3
genotype also exhibited higher TAC-C0 values than patients with
the CYP3A5*1/*1 genotype (p < 0.001). Monitoring within the
first three months, showed that 5–15% of the patients carrying the
CYP3A5*1 allele had achieved target levels, lower than the
22–43% of the patients with the CYP3A5*3/*3 genotype. At
the sixth month, 44.6% of the patients had achieved TAC-C0

in the range between 5 and 7 ng/mL, regardless of their CYP3A5
genotype (Figure 3A). According to the analysis of TAC-D,
patients with CYP3A5*1/*1 genotype showed higher TAC-D
values than patients with the CYP3A5*1/*3 genotype and
patients with the CYP3A5*3/*3 genotype (p < 0.01 and p <
0.001, respectively). Additionally, patients with the CYP3A5*1/
*3 genotype also displayed higher TAC-D values than patients
with the CYP3A5*3/*3 genotype (p < 0.001). Interestingly,
significant differences between genotypes were not detected
until the third month of follow-up, which is corroborated by
an interaction between genotype and time (p < 0.01) (Figure 3B).

Finally, patients with the CYP3A5*3/*3 genotype showed higher
TAC-C0/D values than patients with the CYP3A5*1/*3 and
CYP3A5*1/*1 genotypes (p < 0.001 in both cases). Similar to
the observations in the TAC- C0 analysis, patients with the
CYP3A5*1/*3 genotype also exhibited higher TAC-C0/D values
than patients with the CYP3A5*1/*1 genotype (p < 0.001)
(Figure 3C). No significant temporal variation (TAC-C0 p �
0.32; TAC-D p � 0.43; and TAC- C0/D p � 0.44) or genotype-time
interaction were observed (TAC-C0 p � 0.18; and TAC- C0/D p �
0.56), except for the genotype-time interaction for TAC-D (see
above).

The change in dose requirements comparing the initial
prescribed TAC dose with the required TAC dose at the end of
the 6-months follow-up was different between CYP3A5
genotypes, experiencing a 209% increase in carriers of the
CYP3A5*1 ancestral allele (CYP3A5*1/*3 and CYP*1/*1
patients; 0.314 ± 0.151 mg/kg, p < 0.01). By contrast, the
TAC dose requirement of CYP3A5*3/*3 patients remained
unaltered at the end of the follow-up in comparison to the
initial prescribed TAC dose for these patients (0.164 ±
0.073 mg/kg, p � 0.99). Creatinine clearance was stable
during the 6 months, regardless of the genotype (p � 0.76)
(data not shown).

Association of MRP2 and UGT1A9 Alleles
with AUC0–12h/D, Trough Levels (C0), Dose
Requirements (D) and C0/D inMPA Therapy.
When analyzing the SNPs in MRP2 and UGT1A9 that might
influence MPA pharmacokinetics in a subgroup of 53 patients,

FIGURE 3 | Trough levels (TAC-C0 ng/ml), dose requirements (TAC-D mg/kg) and trough levels normalized by dose requirements (TAC-C0/D ng*kg/ml/mg) in 52
patients with different CYP3A5 genotypes in TAC therapy that underwent a 6-month follow-up.
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genotype and allele frequencies were not significantly different
than expected if the population was in Hardy-Weinberg
equilibrium (MRP2 -24C > T χ2 � 1.54, p � 0.21; UGT1A9
-275T >A χ2 � 0.26, p � 0.61;UGT1A9 -2152C > T χ2 � 0.046, p �
0.83), although a low frequency of some variant alleles was
observed (Table 2). In particular, the frequencies of the MRP2
-24A, UGT1A9 -275A and UGT1A9 -2152T alleles were 22.1, 6.6,
and 2.9%, respectively. No significant differences between
genotypes were observed in MPA-C0, MPA-D or MPA-C0/D
(MRP2 -24C > T: MPA-C0 p � 0.93, MPA-D p � 0.66, MPA-C0/D
p � 0.86;UGT1A9 -275T >A:MPA-C0 p � 0.27, MPA-D p � 0.50,
MPA- C0/D p � 0.54; UGT1A9 2152C > T: MPA-C0 p � 0.30,
MPA-D p � 0.99, MPA- C0/D p � 0.36).

Since the UGT1A9 and MRP2 alleles have been reported as
variants associated with higher enzyme and transporter activities
and higher MPA dose requirements, AUC0–12h/MPA-D was
compared between carriers and non-carriers of the variant
alleles. Interestingly, patients carrying the UGT1A9-275A
variant allele had lower AUC0–12h/MPA-D (0.053 [IQR
0.040–0.100] ug*hr/ml/mg/m2) than patients carrying only the
UGT1A9-275T ancestral allele genotype (0.117 [IQR
0.058–0.150]ug*hr/ml/mg/m2) with a difference of marginal
significance (p � 0.05) (Figure 4). This difference was not
observed in the other UGT1A9 (p � 0.33) or MRP2 (p � 0.29)
alleles explored in this study.

DISCUSSION

An individualized immunosuppressive therapy is essential to
minimize risks after transplantation. TAC is used as the first-

line calcineurin inhibitor in many centers performing kidney
transplantation in pediatric recipients given the evidence of its
clinical effectiveness in preventing acute rejection and optimizing
the function of the transplanted kidney (KDIGO Transplant
Work, 2009). The main enzyme responsible for the TAC
metabolism is CYP3A5 and contains a well-studied genetic
variant, CYP3A5*3, which represents the most frequent allele
associated with a non-functional CYP3A5 enzyme worldwide
(Kuehl et al., 2001).

According to our results, the CYP3A5*3 allele seems to be
predominant in the Chilean population, which could be due in
part to the genetic structure of Chileans as a consequence of the
admixture between Native Amerindians, the historical migration
of individuals from Europe and, to a lesser extent, the arrival of
African individuals (Eyheramendy et al., 2015). Similar results
have been observed in other admixed Latin American
populations in terms of the presence of the three CYP3A5
genotypes, the association with different TAC pharmacokinetic
patterns and the influence of ancestry (Ferraris et al., 2011;
Cusinato et al., 2014; Galaviz-Hernández et al., 2020). GWAS
studies in North American, Caucasian, African and Asiatic
populations have validated the role of CYP3A5 as the main
predictor of TAC metabolism, although a few other common
variants in cytochrome P450 enzymes and drug transporters have
been suggested as contributing to the variability in plasma drug
levels (Oetting et al., 2018; Bruckmueller et al., 2015; Oetting et al.,
2016). Latin American populations constitute a challenge with a
hidden genetic complexity and are highly underrepresented in
clinical-pharmacological research studies, but deserve to be
analyzed to propose individualized therapies based on local
experience for the pediatric as well as the adult population.
The disparities in studies for some geographic and ethnic
groups such as Latin American countries limit our

TABLE 2 | Basic clinical characteristics and MRP2/UGT1A9 genotypes of 53
pediatric kidney recipients.

Characteristics

Male/Female 28/25
Cause of ESRD
Structural anomaly 35 (66.0%)
Glomerulopathy 5 (9.4%)
Monogenic cause (confirmed) 5 (9.4%)
Vascular cause 3 (5.7%)
Other 2 (3.8%)
Undetermined or unknown 3 (5.7%)
Age median at time of transplantation (years) [IQR] 8.8 [4.1–11.2]
Body surface median at time of transplantation (m2) [IQR] 1.01 [0.66–1.24]

MRP2 -24G > A genotypea

-24G/-24G 30 (57.7%)
-24G/-24A 21 (40.4%)
-24A/-24A 1 (1.9%)

UGT1A9 -275T > A genotype
-275T/-275T 46 (86.8%)
-275T/-275A 7 (13.2%)
-275A/-275A 0 (0%)

UGT1A9 -2152C > T genotypea

-2152C/-2152C 49 (94.2%)
-2152C/-2152T 3 (5.8%)
-2152T/-2152T 0 (0%)

aIn one sample the genotype was not determined.

FIGURE 4 | Area under the curve in 12 h normalized by MPA dose
requirements (AUC0-12h/MPA-D ug*hr/ml/mg/m2) in 45 patients as non-
carriers or carriers of the UGT1A9-275T>A variant allele.
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understanding of their clinical phenotypes, and reduce access to
personalized medicine to improve health care. In addition,
association studies between polymorphisms and drug levels are
more frequently performed on adult populations, with less
evidence for pediatric populations as we present in this study.

In this study we decided to normalize AUC0–12h by dose to
reduce differences between patients and their characteristics at the
time of transplantation, and the fact that AUC calculations were
performed according to the clinical requirement to determine drug
exposure that occurred at different days in each patient (before or
after 3 months post-transplantation). The AUC0–12h/TAC-D values
were higher for CYP3A5*3/*3 carriers and remained high in patients
with steroid withdrawal. This is particularly important since the
AUC calculation is considered an adequate marker for drug
exposure and high values are associated with chronic
nephrotoxicity. However, steroid withdrawal in patients using
TAC and MPA as immunosuppressive therapy might be valuable
to achieve better long-term graft function and patient survival by
preventing hypertension, impaired glucose metabolism, growth
retardation, obesity and infections, among other adverse effects
(Sarwal et al., 2001; Gülhan et al., 2014). Although some patients
presented high AUC0–12h/TAC-D values, we saw no evidence of
supratherapeutic immunosuppression during the 6-months follow-
up. On the other hand, the CYP3A5*1 allele was less predominant
(23.1%), but strongly associatedwith lower AUC0–12h/TAC-D values
without evidence of subtherapeutic immunosuppression during the
follow-up and lower trough TAC levels. In fact, within the first three
months fewer than 15% of patients carrying theCYP3A5*1 allele had
reached target levels, suggesting that these patients require fine
monitoring and that they may steroid therapy during the first
post-transplantation period to prevent graft rejection.

TAC pharmacokinetics were strongly associated with the
CYP3A5 genotype in the study population. Of note, empirical
dose adjustment during the follow-up showed substantial
differences from the third month onwards between genotypes,
with the daily dose requirement being 1.6–1.9 fold higher in
CYP3A5 expressors (CYP3A5*3/*1 and CYP3A5*1/*1) compared
to CYP3A5 non-expressors (CYP3A5*3/*3). This observation is
consistent with the CPIC (Clinical Pharmacogenetics
Implementation Consortium) guideline for TAC dosing, which
recommends increasing the starting dose by 1.5–2 times in
children and adolescents CYP3A5 expressors followed by
therapeutic drug monitoring as recommended for adults
(Birdwell et al., 2015).

The influence of genetic variants on MPA pharmacokinetics
has been less validated than those related to TAC
pharmacokinetics, which might be explained in part by the
low frequency of variants in metabolizing enzymes and
transporters. According to our data, the SNP in the UGT1A9
promoter region, UGT1A9 -275T > A, presents low allele
frequency (6.6%) and was associated with lower MPA
exposure due to higher glucouronidating activity in the liver as
proposed previously in the literature (Girard et al., 2004). A larger
cohort is needed to continue validation of MRP2 and UGT1A9
variants or explore non-genetic determinants to better
understand MPA pharmacokinetics in pediatric kidney
recipients (Hesselink and Van Gelder, 2005).

Our study had certain limitations, such as not having
considered the haplotypes or the co-administration of TAC
and MPA in the analysis. Given the limited number of
participants and the low frequency of some alleles, the
haplotype analysis was not included in this study, because the
statistical analysis might not meet the targets. In addition, the
combined use of TAC, MPA and steroids is recommended in
transplantation of solid organs to prevent graft rejection, but
several studies have suggested that drug interaction may occur
when TAC and MPA are combined. In fact, a lower TAC
clearance was observed in healthy volunteers when this drug
was co-administered with MPA, indicating that enzymes and
transporters are involved in the metabolism of both drugs (Kim
et al., 2018). However, this drug-drug interaction is still
controversial and a larger dataset is required to test this effect
to prevent under- or over-immunosuppression in patients of
different ethnic and geographic origin (Kagaya et al., 2008; Park
et al., 2009).

According to the evidence, the expression of hepatic enzymes
varies with age. During the fetal period, CYP3A7 predominates
being replaced gradually after birth by CYP3A4 and CYP3A5. As
a consequence, it may be that CYP3A5 protein has different effect
on drug metabolism in pediatric patients at different ages.
Although the analysis of ontogeny was not presented as part
of this study, we compared patients according to the Tanner score
(prepubescent vs pubescent patients) and found no significant
differences between them that could be a consequence of the
limited dataset of pubescent patients (data not shown). However,
it might be hypothesized that variants in CYP3A5 cause multiple
clinical phenotypes, generating a wide spectrum that ranges from
low expressor-poor metabolizer in younger patients to high
expressor-rapid metabolizer phenotypes in older patients.

On the other hand, we are aware of the need to perform a long-
term follow-up in association with genetic determinants to
describe the presence of adverse events and/or acute graft
rejection, since these situations might evolve from sub- or
supra-therapeutic immunosuppression with no evident clinical
manifestations in months. The use of biomarkers in the pre-
transplantation and post-transplantation periods related to
pharmacodynamic effects has been proposed as a
complementary tool to predict the effects of
immunosuppression (Wieland et al., 2010).

Finally, we could not rule out the nonadherence that is known
to be prevalent among pediatric transplant recipients and that
places them at risk of rejection and graft loss, especially those of
older age and specific sociodemographic characteristics (Dew
et al., 2009). Medication adherence can be measured by
evaluating the fluctuation of plasma drugs levels with a
median that results usually below the target levels (Fredericks
et al., 2007). Nonadherence was not analyzed in this study
population, but the CYP3A5 and UGT1A9 genotype
assessment might give a better understanding of the patients’
metabolism and particularly in those of high enzymatic activity
with low trough levels and high dose requirements to enhance
credibility of their adherence to immunosuppressive drugs.

In conclusion, our results reinforce the need to consider the
CYP3A5 and UGT1A9 genotype analysis in local transplantation
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guidelines for pediatric recipients that could be assessed while on
the waiting list. Additionally, the routine parameter C0/D as
part of therapeutic drug monitoring and drug adherence could
be better interpreted according to the genotype to guide TAC
and MPA dosing safely and perform a fine follow-up of
patients at risk of adverse events (viral infections,
malignancies, graft rejection). In the future, further analysis
will be needed to evaluate the impact of early TAC and MPA
dose adjustment according to the CYP3A5 and UGT1A9
genotypes.
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Pharmacogenetic Associations
Between Atazanavir/UGT1A1*28 and
Efavirenz/rs3745274 (CYP2B6)
Account for Specific Adverse
Reactions in Chilean Patients
Undergoing Antiretroviral Therapy
Daniela Poblete1, Fernando Bernal 2, Gabriel Llull 3, Sebastian Archiles3, Patricia Vasquez2,
Leonardo Chanqueo2, Nicole Soto1, María A. Lavanderos1,4, Luis A. Quiñones1,4 and
Nelson M. Varela1,4*

1Laboratory of Chemical Carcinogenesis and Pharmacogenetics, Department of Basic and Clinical Oncology, Faculty of
Medicine, University of Chile, Santiago, Chile, 2Department of Infectious Diseases, Hospital San Juan de Dios, Santiago, Chile,
3Clinical Laboratory, Hospital San Juan de Dios, Santiago, Chile, 4Latin American Network for the Implementation and Validation
of Clinical Pharmacogenomics Guidelines (RELIVAF-CYTED), Madrid, Spain

Background: Efavirenz (EFV), a non-nucleoside reverse transcriptase inhibitor, and
atazanavir (ATV), a protease inhibitor, are drugs widely used in antiretroviral therapy
(ART) for people living with HIV. These drugs have shown high interindividual variability
in adverse drug reactions (ADRs). UGT1A1*28 and CYP2B6 c.516G>T have been
proposed to be related with higher toxicity by ATV and EFV, respectively.

Objective: To study the association between genetic polymorphisms and ADRs related to
EFV or ATV in patients living with HIV treated at a public hospital in Chile.

Methods: Epidemiologic, case–control, retrospective, observational study in 67 adult
patients under EFV or ATV treatment was conducted, in the San Juan de Dios Hospital.
Data were obtained from patients’ medical records. Genotype analyses were performed
using rtPCR for rs887829 (indirect identification of UGT1A1*28 allele) and rs3745274
(CYP2B6 c.516G>T), with TaqMan® probes. The association analyses were performed
with univariate logistic regression between genetic variants using three inheritance models
(codominant, recessive, and dominant).

Results: In ATV-treated patients, hyperbilirubinemia (total bilirubin >1.2 mg/dl) had the
main incidence (61.11%), and moderate and severe hyperbilirubinemia (total bilirubin
>1.9 mg/dl) were statistically associated with UGT1A1*28 in recessive and codominant
inheritance models (OR � 16.33, p � 0.028 and OR � 10.82, p � 0.036, respectively). On
the other hand, in EFV-treated patients adverse reactions associated with CNS toxicity
reached 34.21%. In this respect, nightmares showed significant association with CYP2B6
c.516G>T, in codominant and recessive inheritance models (OR � 12.00, p � 0.031 and
OR � 7.14, p � 0.042, respectively). Grouped CNS ADRs (nightmares, insomnia, anxiety,
and suicide attempt) also showed a statistically significant association with CYP2B6

Edited by:
Chonlaphat Sukasem,

Mahidol University, Thailand

Reviewed by:
Chalirmporn Atasilp,

Thammasat University, Thailand
Salvador F. Aliño,

University of Valencia, Spain

*Correspondence:
Nelson M. Varela

nvarela@med.uchile.cl

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 30 January 2021
Accepted: 27 April 2021
Published: 19 May 2021

Citation:
Poblete D, Bernal F, Llull G, Archiles S,

Vasquez P, Chanqueo L, Soto N,
Lavanderos MA, Quiñones LA and
Varela NM (2021) Pharmacogenetic
Associations Between Atazanavir/

UGT1A1*28 and Efavirenz/rs3745274
(CYP2B6) Account for Specific

Adverse Reactions in Chilean Patients
Undergoing Antiretroviral Therapy.

Front. Pharmacol. 12:660965.
doi: 10.3389/fphar.2021.660965

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6609651

ORIGINAL RESEARCH
published: 19 May 2021

doi: 10.3389/fphar.2021.660965

82

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.660965&domain=pdf&date_stamp=2021-05-19
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.660965/full
http://creativecommons.org/licenses/by/4.0/
mailto:nvarela@med.uchile.cl
https://doi.org/10.3389/fphar.2021.660965
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.660965


c.516G > T in the codominant and recessive models (OR � 30.00, p � 0.011 and OR �
14.99, p � 0.021, respectively).

Conclusion: Our findings suggest that after treatment with ATV or EFV, UGT1A1*28 and
CYP2B6 c.516G>T influence the appearance of moderate-to-severe hyperbilirubinemia
and CNS toxicity, respectively. However, larger prospective studies will be necessary to
validate these associations in our population. Without a doubt, improving adherence in
patients living with HIV is a critical issue to the success of therapy. Hence, validating and
applying international pharmacogenetic recommendations in Latin American countries
would improve the precision of ART: a fundamental aspect to achieve the 95–95–95
treatment target proposed by UNAIDS.

Keywords: UGT1A1, CYP2B6, ADRs, atazanavir, efavirenz, HIV, pharmacogenetic, antiretroviral

INTRODUCTION

Human immunodeficiency virus (HIV) affects up to 38 million
people worldwide, and it is considered a pandemic. In 2010, HIV/
acquired immunodeficiency syndrome (AIDS) was the eighth
cause of death, but in 2019, it was the 19th. It means that
prevention, detection, and treatment initiatives have been
successful in recent decades. But in recent years, the World
Health Organization (WHO) reported a general slowdown in
progress against infectious diseases such as HIV, tuberculosis,
and malaria. In that context, the Joint United Nations
Programme on HIV/AIDS (UNAIDS) proposed an ambitious
goal: the 95–95–95 treatment target. It means that in 2030, 95% of
all people living with HIV will know their HIV status, 95% of all
people with diagnosed HIV infection will receive sustained
antiretroviral therapy, and 95% of all people receiving
antiretroviral therapy will have viral suppression (ONUSIDA,
2014). Currently, in Chile, according UNAIDS, we have reached
90-68-62 (ONUSIDA, 2019).

Antiretroviral therapy (ART) with associations of three drugs
has a great impact. It is highly effective in suppressing viral
replication (Moore et al., 2005), allows the qualitative and
quantitative recovery of the immune response (Gras et al.,
2007), prevents clinical progression, and significantly reduces
associated mortality, despite there being no eradication of the
virus (FrankPalella et al., 2003). The generally accepted formula
for a potent antiretroviral regimen includes two nucleoside
reverse transcriptase inhibitors (NRTIs) added to a third from
another family: a non-nucleoside reverse transcriptase inhibitor
such as efavirenz (EFV), a protease inhibitor such as atazanavir
(ATV), or integrase inhibitor such as raltegravir (MINSAL, 2013).
Recently, in Chile, there has been an increase in the prescription
of integrase inhibitors, thus reducing the prescription of EFV and
ATV. This is mainly due to the safety criteria, since it is expected
that patients will have fewer adverse drug reactions (ADRs)
associated with ART.

To improve the current HIV situation in our country,
therapeutic adherence to ART becomes relevant, considering
that ADRs are one of the main causes of treatment
abandonment. For example, 5–10% of patients receiving ATV
discontinue treatment due to ADRs, whereas at least 50% of

patients receiving EFV present ADRs (Gaida et al., 2016). This
variability is based on the characteristics of the drug and the
patient. At the last point, the patient’s own genetics helps to
explain the interindividual variability in the presence of adverse
events (Roden and George, 2002; Quiñones et al., 2017).

The Clinical Pharmacogenetics Implementation Consortium
(CPIC; https://cpicpgx.org/) is an international consortium of
individual volunteers and staff who are interested in facilitating
the use of pharmacogenetic test for patient care. Its goal is to
address this barrier to clinical implementation of
pharmacogenetic test by creating, curating, and posting freely
available, peer-reviewed, evidence-based, updatable, and detailed
gene/drug clinical practice guidelines (https://cpicpgx.org/
guidelines/). Each clinical guide provides information to allow
the interpretation of clinical genotype test so that the results can
be used to inform the prescribing of drugs (Caudle et al., 2014).

EFV and ATV, drugs widely used in ART in people living with
HIV, have shown to possess high interindividual variability in
ADRs. EFV is predominantly metabolized by CYP2B6, a highly
polymorphic enzyme. Patients with certain genetic variants may
be at increased risk of developing ADRs at the central nervous
system (CNS) level. The single-nucleotide polymorphism (SNP)
CYP2B6 c.516G>T (NM_000767.5; NG_007929.1:g.20638G > T;
rs3745274; p. Q172H) has been extensively studied. All alleles
carrying c.516G>T [e.g., CYP2B6*6, in haplotype with c. A785G
(Manosuthi et al., 2014)] are considered to lead to a reduced
enzyme activity (Hofmann, et al., 2008). There is substantial
evidence that links this SNP (rs3745274) with increase in plasma
EFV concentrations (Sukasem et al., 2013; Desta et al., 2019). In
this case, for these patients, there is a moderate recommendation
from the CPIC guideline to consider starting efavirenz with a
reduced dose of 400 or 200 mg/day. This recommendation
reflects the fact that most CYP2B6 poor metabolizers do not
discontinue efavirenz 600 mg/day due to ADRs (Desta et al.,
2019).

On the other hand, ATV inhibits hepatic uridine diphosphate
glucuronosyltransferase (UGT)1A1, the major UGT1A subfamily
enzyme, expressed primarily in the liver and gastrointestinal tract
(Court et al., 2012), and is essential for the metabolization
(conjugation) of bilirubin and some drugs (Bosma et al., 1994;
Hongkaew et al., 2018). Reduced UGT1A1 activity either through
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genetic variation (Kadakol et al., 2000; Strassburg, 2008) or
catalytic inhibition by drugs (Zhang et al., 2005) results in the
accumulation of unconjugated (indirect) bilirubin in blood and
tissues. Mechanistic studies using promoter–reporter constructs
have shown that the presence of a TATAA consensus element in
UGT1A1 promotor containing seven TA dinucleotide repeats
(TA7 or UGT1A1*28 allele) causes reduction in gene
transcription as compared with the reference TA6 (UGT1A1*1)
allele (Bosma et al., 1995), possibly due to reduced binding
affinity for transcription factors including TATA-binding
protein (Hsieh et al., 2007). Thereby, the presence of ATV
prevents the glucuronidation and elimination of bilirubin;
resultant indirect hyperbilirubinemia can cause jaundice and a
potential discontinuation of atazanavir treatment. Risk for
bilirubin-related discontinuation is highest among individuals
who carry UGT1A1*28, decreased function alleles. The CPIC
guideline suggests a UGT1A1 genotype is most helpful if available
before atazanavir is prescribed (Gammal et al., 2016). Due to the
methodological complexity involved in determining the presence
of UGT1A1*28, the majority of population studies apply an
indirect identification strategy, identifying a SNP located less
than 300 base pairs from the TA repeat, rs887829 (c. −364C>T;
UGT1A1*80), where the T allele is in a very strong linkage
disequilibrium (LD) with the TA7 allele (UGT1A1*28) (r2 �
0.99) (Gammal et al., 2016). It is important to highlight that
UGT1A1*6 is also associated to a reduced enzymatic function
and could be relevant (Sukasem et al., 2016); however, the
frequency in populations of non-Asian descent is extremely
low (1,000 Genome) to be included in this study.

Since UGT1A1*28 (rs8175347, TA7) and CYP2B6 c.516G>T
(rs3745274) have been proposed to be related with higher toxicity
by ATV and EFV, respectively, the main goal of this research was
to study the association between EFV or ATV ADRs and the
presence of these genetic polymorphisms in patients from a
public hospital in Chile.

PATIENTS AND METHODS

Patients
We carried out an epidemiologic, case–control, retrospective,
observational study in eighty patients. The inclusion criteria
were applicable for the following patients: 1) ≥18 years old; 2)
under EFV (600 mg/day) or ATV (300 mg/day with 100 mg/day
of ritonavir as a booster) treatment; 3) with A1, A2, B1, or B2
(patients without AIDS) clinical category (outpatients) according
to the Chilean HIV Clinical Guide (MINSAL, 2013) in “San Juan
de Dios Hospital” (SJDH) (Santiago, Chile); 4) adherent to
treatment; and 5) with the clinical record available for
reviewing. Exclusion criteria were the following: 1) patients
with pre-ART diagnoses of kidney or liver insufficiency, 2)
patients under voriconazole treatment, 3) existence of
untreated active opportunistic disease susceptible to severe
Immune Reconstitution Inflammatory Syndrome (IRIS) with
the initiation of ART and/or tuberculosis, and 4) patients who
do not respect the treatment and control protocol established by
the hospital unit. Data were obtained from patients’ medical

records and organized in a coded database which included patient
identification, clinical record number, sex, age (years), weight
(kilograms), lymphocyte count (cells/mm3), viral loads (copies/
mL), liver transaminases (U/L), total bilirubin level (mg/dl),
serum creatinine levels (mg/dl), and lipid levels (total
cholesterol, HDL, LDL, and triglycerides).

Before starting treatment with EFV, patients are evaluated by a
psychologist to rule out preexisting CNS pathologies. Patients are
a part of the Adherence Program of SJDH; it consists of a basal
control before starting treatment, and then after two weeks, one
month, and every three months. All controls include a session
with a pharmacist and a physician, and allow the generation of
records of ADRs to ART, which are classified according to their
presence or absence, and results of clinical and hematological
laboratory analyses. ADRs registered were hyperbilirubinemia
(total bilirubin level >1.2 mg/dl), gastrointestinal upset, rash,
dizziness, nightmares, insomnia, headache, fever, anxiety,
lipodystrophy, dyslipidemia, and suicide attempt.
Hyperbilirubinemia was classified for total bilirubin levels as
follows: grade 1 (mild), 1.3–1.9 mg/dl; grade 2 (moderate),
1.9–3.1 mg/dl; grade 3 (severe), 3.1–6.1 mg/dl; and grade 4
(serious), >6.1 mg/dl (Fellay et al., 2001; MINSAL, 2013).
Adherence to treatment was assessed by applying an
adherence questionnaire (Knobel et al., 2002) and correlated
with pharmacy withdrawals and viral load levels. The need for
volunteer patients to agree to answer the questionnaire was
established in the document associated with the informed
consent procedure.

Genotyping Analyses
Whole venous EDTA blood samples were obtained at the SJDH
and analyzed in Laboratory of Chemical Carcinogenesis and
Pharmacogenetics of the Faculty of Medicine, the University
of Chile. The sample was immediately refrigerated at 4–6°C
until centrifugation. Then the sample was centrifuged at
3,000 rpm at 4°C for 15 min. Subsequently, 250 μL of buffy
coat was carefully removed from the interface and deposited
in a properly labeled tube. The buffy coat sample was frozen at
−80°C until DNA extraction with E.Z.N.A.® Blood DNA Mini
Kit, OMEGA Bio-tek, Inc. (Norcross, Georgia, United States).
Genomic DNA (gDNA) samples were quantified using a
nanodrop Denovix® DS-11 FX Series Spectrophotometer
(Wilmington, Delaware, United States). The absorbance ratio
of 260/280 nm was used to evaluate the purity of the gDNA,
considering a value higher than 1.7 as acceptable. The samples
were genotyped using a Stratagene® Mx3000P Real-Time PCR
system (Agilent Technologies, Waldbronn, Germany). The
reaction mixture consisted of 30 ng of gDNA, 5.0 µL of
TaqMan® Genotyping Master Mix 2X (Applied Biosystems™;
catalog no. 4371355), 0.50 µL of TaqMan® SNP genotyping assay
(Thermo Fischer Scientific Inc.®), and nuclease-free water
(sufficient quantity for 10 uL). The thermal cycling conditions
were as follows: an initial denaturation and enzyme activation at
95°C for 10 min, followed by 50 cycles, each consisting of two
phases: denaturation at 95°C for 15 s and annealing/extension at
60°C for 90 s. For the determination of CYP2B6 c.516G>T
(rs3745274), the TaqMan® SNP genotyping assay catalog no.
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4362691 (assay ID: C_7,817,765_60) was used. For the indirect
determination of the UGT1A1*28 allele, the identification of
rs887829 is used as a strategy, through the TaqMan® SNP
genotyping assay catalog no. 4351379 (assay ID:
C_2,669,357_10).

Statistical Analyses
The association analyses were performed with univariate logistic
regression between genetic variants using three inheritance
models (codominant, recessive, and dominant) on STATA
12.0 (Copyright 1985–2011 StataCorp, LP, TX, United States),
and a p-value < 0.05 was considered statistically significant. All
association studies were assayed by testing three genetic models of
inheritance, that is, dominant, codominant, and recessive models,
and choosing parameters with better statistical association for
each analysis. χ2 and Fisher`s exact test were applied to compare
proportions between independent groups.

Ethical Issues
The study was carried out under strict ethical procedures
approved by the Ethics Committee of the Faculty of Medicine
of the University of Chile (September 5, 2016) and authorized by
the director of the SJDH (September 23, 2016) resolution No.
4855, in accordance with the procedures suggested in the
Declaration of Helsinki (Declaration of Helsinki, 1964), and
according to Chilean Laws 20,120, 20,584, and 19,628, and the
guidelines of the Good Clinical Practices (GCP). All patients
signed informed consent.

RESULTS

Table 1 shows baseline characteristics of the 67 Chilean patients
who live with HIV. The mean age was 35.7 ± 10.4 years, median
age was 34 years, and the age group from 30 to 39 years (35.82%)
was the most prevalent. 54 patients were males (80.6%) and 13
females (19.4%). Our patients were treated with different
pharmacological schemes from their diagnosis; 31 patients
were treated with EFV, 29 used ATV, and 7 patients first
received EFV or ATV in a specific scheme and afterward
changed to ATV or EFV, respectively, or vice versa, so they
were included individually on ATV and EFV statistical analysis.
Antiretroviral drugs (NRTIs) that were administered
concurrently with EFV included abacavir/lamivudine (n � 21;
55.26%), tenofovir/emtricitabine (n � 13; 34.21%), and
zidovudine/lamivudine (n � 4; 10.53%); and the ATV-treated
patients completed their tritherapy with abacavir/lamivudine (n �
24; 66.67%), tenofovir/emtricitabine (n � 10; 27.78%), and
zidovudine/lamivudine (n � 2; 5.56%).

Twelve types of ADRs were registered from clinical records,
and frequency was classified by the drug (Table 2).
Hyperbilirubinemia had the main incidence (26.04% of all
ADRs) and was observed in 61.11% of the patients treated
with ATV. Gastrointestinal upset was observed in 18 patients
(18.75%), and central nervous system (CNS) ADRs were present
in 15 patients (15.63% of all ADRs).

Although there were common adverse events in both groups of
patients (treated with EFV or ATV), the presence of ADRs at the
CNS level was significantly more frequent in the group of patients
who received EFV (χ2: 9.3924; p: 0.002), while hyperbilirubinemia
(total bilirubin level >1.2 mg/dl) was more frequent in patients who
received atazanavir (χ2: 23.4030; p: <0.0001), considering that the
distribution of antiretroviral drug regimens that accompanied ATV
and EFV (Table 1) did not present significant differences between
both groups (p: 0.592, Fisher’s exact test).

Table 3 shows genotypic and allelic frequency of
polymorphisms in patients included in this study. Minor allele
frequencies obtained for both polymorphisms were relatively
high (CYP2B6 c.516G>T, T: 0.38 and UGT1A1*28, TA7: 0.36),
which allowed a good statistical potency for associations.

Thirty-six patients were treated with ATV (Table 1); of the
latter, only seven suffered severe hyperbilirubinemia (total
bilirubin level >3.1 mg/dl). Univariate logistic regression
analysis showed that the UGT1A1*28 allele was significantly
associated with severe hyperbilirubinemia, in a recessive
inheritance model (OR � 8.33, p � 0.023, 95% CI: 1.33–52.03).
The other inheritance models could not be evaluated due to the
absence of cases. None of the patients had serious
hyperbilirubinemia (total bilirubin level >6.1 mg/dl).

Table 4 shows results for the univariate logistic regression
analysis between the UGT1A1*28 allele and total bilirubin levels
>1.9 mg/dl in patients treated with ATV; a statistically significant
association was observed in the codominant and recessive
inheritance models (OR � 16.33, p � 0.028 and OR � 10.82, p �
0.036, respectively). Headache, rash, and gastrointestinal upset did
not show a statistically significant difference (data not shown).

TABLE 1 | Baseline characteristics of the patients (n � 67).

Age Years

Mean ± SD 35.7 ± 10.4
Median 34

Age-group (years) n (%)

20–29 23 (34.33)
30–39 24 (35.82)
40–49 15 (22.39)
≥50 5 (7.46)

Sex n (%)

Female 13 (19.40)
Male 54 (80.60)

ART n (%)a

Patients treated with ATV 36
+ abacavir/lamivudine 24 (66.67)
+ tenofovir/emtricitabine 10 (27.78)
+ zidovudine/lamivudine 2 (5.56)
Patients treated with EFV 38
+ abacavir/lamivudine 21 (55.26)
+ tenofovir/emtricitabine 13 (34.21)
+ zidovudine/lamivudine 4 (10.53)

SD, standard deviation; n, number of patients; ART, antiretroviral therapy; EFV, efavirenz;
ATV, atazanavir.
aSeven patients received EFV and ATV in different treatment regimens.
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Same analysis was made on 38 patients treated with EFV. We
did not find statistical significance among hyperbilirubinemia,
gastrointestinal upset, rash, headache, insomnia, and dizziness,
and polymorphisms included in this study (data not shown).
However, nightmares had statistical significance on the
codominant and recessive heritage model for CYP2B6
c.516G>T (OR � 12.00, p � 0.031 and OR � 7.14, p � 0.042,
respectively). No significance was observed in the dominant
model (Table 5).

On the other hand, nightmare, insomnia, anxiety, and
suicide attempt were grouped as CNS ADRs. The analysis
of univariate logistic regression showed statistical significance
on codominant and recessive heritage models with CYP2B6
c.516G>T (OR � 30.00, p � 0.011 and OR � 14.99, p � 0.021,
respectively). No significance was observed in the dominant
model (Table 6).

DISCUSSION

We report here that the most frequently observed ADRs were
hyperbilirubinemia, and gastrointestinal and CNS alterations
(26.04, 18.75, and 15.63%, respectively). This pattern of ADRs
is similar to that observed in a study carried out in 2011 in the
same hospital; precisely, ADRs such as hyperbilirubinemia,
and gastrointestinal and CNS alterations were the most

TABLE 2 | Type of adverse drugs reactions in patients undergoing antiretroviral therapy with EFV or ATV.

ADR n % EFV-treated patients ATV-treated patients

Hyperbilirubinemiaa 25 26.04 3 22
Gastrointestinal upset 18 18.75 6 12
Rash 10 10.42 7 3
Dizziness 13 13.54 12 1
Nightmares 12 12.50 11 1
Insomnia 5 5.21 4 1
Headache 6 6.25 3 3
Fever 2 2.08 1 1
Anxiety 1 1.04 1 0
Lipodystrophy 1 1.04 1 0
Dyslipidemia 1 1.04 1 0
Suicide attempt 2 2.08 1 1
CNSb 15 15.63 13 2

ADR, adverse drugs reaction; CNS, central nervous system; EFV, efavirenz; ATV, atazanavir.
aTotal bilirubin level >1.2 mg/dl.
bNightmare, insomnia, anxiety, and suicide attempt were also grouped as CNS ADRs.

TABLE 3 | Genotype and allele frequencies in patients recruited for this study.

Genetic variant Genotypic frequency n (%) Allelic frequency

CYP2B6 c.516G>T G/G G/T T/T f G f T
All patients (n � 67) 26 (38.81) 31 (46.27) 10 (14.92) 0.62 0.38
EFV-treated patients (n � 38) 14 (36.84) 18 (43.37) 6 (15.79) 0.61 0.39
UGT1A1*28a TA6/TA6 TA6/TA7 TA7/TA7 f TA6 f TA7

All patients (n � 67) 31 (46.27) 24 (35.82) 12 (17.91) 0.64 0.36
ATV-treated patients (n � 36) 10 (27.78) 18 (50.00) 8 (22.22) 0.53 0.47

n, number of patients; f, frequency; EFV, efavirenz; ATV, atazanavir.
aIndirect identification of the UGT1A1*28 allele using rs887829.

TABLE 4 | Univariate logistic regression between UGT1A1*28 (TA7) and total
bilirubin level >1.9 mg/dl (moderate and severe hyperbilirubinemia) in patients
treated with atazanavir.

Inheritance model Genotypesa OR p-value 95% CI

Codominant model TA6/TA6 1.00 Ref -
TA6/TA7 1.87 0.456 0.36–9.63
TA7/TA7 16.33 0.028* 1.35–197.77

Recessive model TA6/TA6 + TA6/TA7 1.00 Ref -
TA7/TA7 10.82 0.036* 1.17–100.44

Dominant model TA6/TA6 1.00 Ref -
TA6/TA7 + TA7/TA7 3.18 0.146 0.67–15.15

OR: odds ratio; CI: confidence interval; ref: reference; *p-value < 0.05.
aIndirect identification of the UGT1A1*28 (TA7) allele using rs887829.

TABLE 5 | Univariate logistic regression betweenCYP2B6 c.516G>T (rs3745274)
and nightmares in EFV-treated patients.

Inheritance model Genotypes OR p-value 95% CI

Codominant model G/G 1.00 Ref -
G/T 2.31 0.367 0.37–14.21
T/T 12.00 0.031* 1.25–115.36

Recessive model G/G + G/T 1.00 Ref -
T/T 7.14 0.042* 1.08–47.42

Dominant model G/G 1.00 Ref -
G/T + T/T 3.6 0.142 0.65–19.90

OR, odds ratio; CI, confidence interval; ref, reference; *p-value < 0.05.
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frequent (19.7, 21.1, and 13.2%, respectively) (Bernal Ortiz
et al., 2013).

Interestingly, in our study, we observed that some ADRs occur
in a cross-sectional manner in patients on antiretroviral therapy
such as gastrointestinal upset and headache, and other ADRs are
specific for a determinate group of patients; it is very relevant that
certain ADRs are significantly associated with a specific therapy
such as CNS ADR-EFV and hyperbilirubinemia-ATV. As
statistically it is demonstrated that CNS ADRs are practically
specific in patients treated with EFV, pharmacogenetic analysis
was performed, and it was demonstrated that the presence of
CYP2B6 c.516G>T (rs3745274) is significantly associated with
the development of toxicity at the CNS level. The same situation
was observed with ATV where we demonstrated a statistical
significant association between moderate and severe
hyperbilirubinemia (total bilirubin level >1.9 mg/dl) and
UGT1A1*28. Conversely, despite gastrointestinal ADRs being
common within antiretroviral therapies (Bernal Ortiz et al.,
2013), when we performed univariate logistic regression
analysis in the dominant, codominant, and recessive model for
CYP2B6 c.516G>T (rs3745274) and UGT1A1*28, we were not
able to visualize a statistically significant relationship. Similarly,
no association was observed among headache and fever, and a
given genotype of variants studied.

On the other hand, adverse reactions at the CNS level,
analyzed as a whole or separately, as in the case of
nightmares, are widely documented, although there is
controversy regarding their appearance (10–74%) and the
discontinuation of therapies (2–11%) due to these events
(Kenedi and Goforth, 2011; Rosenblatt et al., 2017). In the
univariate model of codominant inheritance for the nightmare
event, the association with T/T genotype of CYP2B6 c.516G>T
(rs3745274) was observed with efavirenz (OR � 12, p � 0.031).
Similarly, when we performed the univariate analysis for the
recessive inheritance model, an association with the T/T genotype
was observed (OR � 7.14, p � 0.042) but not with the dominant
inheritance model (OR � 3.6, p � 0.142), possibly attributable to
the low number of recruited patients.

Despite the fact that some ADRs such as insomnia, anxiety,
and suicide attempt failed to have a statistically significant
association in the univariate statistical models, when grouping
them, including nightmares, as CNS ADRs, associations with the
CYP2B6 c.516G>T (rs3745274) T/T genotype and the toxicity,

both in the codominant and recessive models, were observed
(OR � 30.00, p � 0.011; OR � 14.99, p � 0.021, respectively), but
not in the dominant model (OR � 5.08, p � 0.061).

In the present research, we observe a frequency of 0.36 for
UGT1A1*28, which is comparable to the 0.33 reported in a
previous study on the prevalence of Gilbert’s syndrome in the
Chilean population, and where the presence of the UGT1A1*28
allele was determined indirectly by analyzing the rs6742078 (G
> T) variant located in intron 1 of the UGT1A1 gene, which is
also in strong linkage disequilibrium with UGT1A1*28 (Méndez
et al., 2013). These frequencies are very similar to those
described in other Latin American (Colombia: 0.34; Peru:
0.45; Mexico: 0.37) and European (0.30; Project 1000
genomes) populations, but different from Asian populations,
where allele frequencies of 0.16 have been reported (Atasilp
et al., 2020). The genotype frequencies observed in this study for
CYP2B6 c.516G>T (rs3745274) (G/G: 38.81%; G/T: 46.27%;
T/T: 14.92%, Table 3) were very similar to those of a previous
study carried out in a Chilean population under therapy with
EFV (G/G: 43%; G/T: 42%; T/T: 15%) (Carr et al., 2010), where
the frequency of allele T (0.38) was very similar to that of other
Latin American populations such as Colombian (0.37),
Mexicans (0.31), and Puerto Rican (0.35), and higher than
that described in Europeans (0.24; Project 1000 genomes).
Given the frequencies observed for CYP2B6 c.516G>T and
UGT1A1*28 in Chile and Latin America, it is necessary to
consider promoting studies that allow validating the
recommendations of the CPIC guidelines for ATV (Gammal
et al., 2016) and EFV (Desta et al., 2019) in our countries. These
recommendations not only suggest the use of other alternative
drugs, to avoid toxicity reactions in patients with genotypes
associated with poor metabolizer phenotypes (e.g., homozygous
genotype for CYP2B6 c.516G>T), but also suggest lower initial
doses of the same drug (e.g., starting efavirenz with a reduced
dose of 400 or 200 mg/day; Desta et al., 2019).

Although this study reached a small sample size, statistically
significant associations were observed between specific RAMs
for ATV and EFV, with the variants CYP2B6 c.516G>T and
UGT1A1*28, respectively, demonstrating that these studies are
necessary: a need that has been highlighted in previous
national studies where the association of genetic variants in
CYP2B6 with elevated plasma levels of EFV was evidenced
(Carr et al., 2010).

The present study has some shortcomings. The relatively small
sample size of examined patients could mask potential
associations. Moreover, some other potentially candidate
genes/polymorphisms with a low level of evidence (e.g.,
CYP3A4/5, CYP2A6, and SLCO1B1) were not evaluated, but
could be still relevant. Besides, some missing clinical values
and possible differential misclassification bias could be
relevant, affecting estimated associations between potentially
relevant combinations of risk factors and adverse reactions.

To our knowledge, this is the first Latin American study
performed to evaluate association between these genetic
variants and ADRs in antiretroviral therapy, which allows us
to initially characterize the therapeutic behavior in Chilean
patients living with HIV.

TABLE 6 | Univariate logistic regression betweenCYP2B6 c.516G>T (rs3745274)
and CNS toxicity (nightmares, insomnia, anxiety, and suicide attempt
grouped) in EFV-treated patients.

Inheritance model Genotypes OR p-value 95% CI

Codominant model G/G 1.00 Ref -
G/T 3.00 0.229 0.50–17.95
T/T 30.00 0.011* 2.19–410.99

Recessive model G/G + G/T 1.00 Ref -
T/T 14.99 0.021* 1.52–148.31

Dominant model G/G 1.00 Ref -
G/T + T/T 5.08 0.061 0.93–27.75

OR, odds ratio; CI, confidence interval; ref, reference; *p-value < 0.05.
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CONCLUSION

Our findings suggest that after treatment with ATV or EFV,
UGT1A1*28 and CYP2B6 c.516G>T (rs3745274) genetic
polymorphisms influence the appearance of moderate-to-severe
hyperbilirubinemia and CNS toxicity, respectively. Larger
prospective studies will be necessary to validate these associations
in our population; however, this preliminary study validates the
recommendations of the CPIC guidelines to use the
pharmacogenetic criteria in prescription of EFV or ATV to patients.

Without a doubt, improving adherence in patients living
with HIV is a critical issue for the success of therapy. We must
also rescue and optimize the use of drugs classified as “unsafe”
whose prescription has decreased, given the type and
frequency of adverse reactions they can generate. Many
times, their application is strongly questioned despite being
very effective. However, pharmacogenetics studies show that
the generation of ADRs is not only an effect caused by the drug
but rather the relationship with the patient. In this way,
clinically, high effective drugs could be kept in force by
following the recommendations of pharmacogenetic clinical
guidelines by, for example, reducing the prescribed standard
doses according to patients’ genotype.

Hence, validating and applying international pharmacogenetics
recommendations in Latin American countries would improve the
precision of ART: a fundamental aspect to achieve the 90–90–90
treatment target proposed by UNAIDS.
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MicroRNA-33b is a Potential
Non-Invasive Biomarker for Response
to Atorvastatin Treatment in Chilean
Subjects With Hypercholesterolemia:
A Pilot Study
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Nicolás Saavedra1, Kathleen Saavedra1, Tomás Zambrano2 and Luis A. Salazar1*
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Evidence accumulated so far indicates that circulating levels of microRNAs (miRNAs)
are associated with several pathologies. Therefore, differential expression of
extracellular miRNAs exhibits promising potential for screening and diagnosis
purposes. We evaluated plasma miRNAs in response to the lipid-lowering drug
atorvastatin in patients with hypercholesterolemia (HC) and controls. Methods: We
selected miRNAs based on previous data reported by our group and also by
employing bioinformatics tools to identify 10 miRNAs related to cholesterol
metabolism and statin response genes. Following miRNA identification, we
determined plasma levels of miRNA-17-5p, miRNA-30c-5p, miRNA-24-3p,
miRNA-33a-5p, miRNA-33b-5p, miRNA-29a-3p, miRNA-29b-3p, miRNA-454-3p,
miRNA-590-3p and miRNA-27a-3p in 20 HC patients before and after 1 month of
20 mg/day atorvastatin treatment, evaluating the same miRNA set in a group of 20
healthy subjects, and employing qRT-PCR to determine differential miRNAs
expression. Results: HC individuals showed significant overexpression of miRNA-
30c-5p and miRNA-29b-3p vs. NL (p � 0.0008 and p � 0.0001, respectively). Once
cholesterol-lowering treatment was concluded, HC individuals showed a substantial
increase of three extracellular miRNAs (miRNA-24-3p, miRNA-590, and miRNA-
33b-5p), the latter elevated more than 37-fold (p � 0.0082). Conclusion: Data
suggest that circulating miRNA-30c-5p and miRNA-29b-3p are associated with
hypercholesterolemia. Also, atorvastatin induces a strong elevation of miRNA-33b-
5p levels in HC individuals, which could indicate an important function that this miRNA
may exert upon atorvastatin therapy. Additional studies are needed to clarify the role
of this particular miRNA in statin treatment.

Keywords: hypercholesterolemia, circulating microRNAs, atorvastatin, epidrugs, statins

Edited by:
Maria Ana Redal,

University of Buenos Aires, Argentina

Reviewed by:
Claudia Pisanu,

University of Cagliari, Italy
Peter Igaz,

Semmelweis University, Hungary

*Correspondence:
Luis A. Salazar

luis.salazar@ufrontera.cl

Specialty section:
This article was submitted to

Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 01 March 2021
Accepted: 06 May 2021
Published: 21 May 2021

Citation:
Ubilla CG, Prado Y, Angulo J,

Obreque I, Paez I, Saavedra N,
Saavedra K, Zambrano T and

Salazar LA (2021) MicroRNA-33b is a
Potential Non-Invasive Biomarker for

Response to Atorvastatin Treatment in
Chilean Subjects With

Hypercholesterolemia: A Pilot Study.
Front. Pharmacol. 12:674252.

doi: 10.3389/fphar.2021.674252

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6742521

ORIGINAL RESEARCH
published: 21 May 2021

doi: 10.3389/fphar.2021.674252

90

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.674252&domain=pdf&date_stamp=2021-05-21
https://www.frontiersin.org/articles/10.3389/fphar.2021.674252/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.674252/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.674252/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.674252/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.674252/full
http://creativecommons.org/licenses/by/4.0/
mailto:luis.salazar@ufrontera.cl
https://doi.org/10.3389/fphar.2021.674252
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.674252


INTRODUCTION

Ever since the discovery that miRNAs can circulate in the
extracellular medium with extraordinary stability, there has
been substantial interest in identifying these molecules as non-
invasive biomarkers for several problematic pathologies to public
health, such as cardiovascular disease. Advancements made so far
show that miRNAs are not only expressed differently between a
varied number of conditions, but their ability to be measured in
diverse bodily fluids such as serum or plasma, urine, tears, breast
milk, amniotic fluid, cerebrospinal fluid, saliva, and semen show
promise for screening, diagnosis, prognosis, and follow-up
purposes.

It is well-established that abnormal lipid accumulation sets an
atherogenic milieu (Summerhill and et al., 2019), and to date,
numerous miRNAs have been reported to be involved in lipid
metabolism (Fernández-Hernando et al., 2011; Aryal et al., 2017).
We previously showed that miRNAs expression is altered in vitro
(Zambrano et al., 2015) and in vivo (Zambrano et al., 2018)
following statin treatment, a lipid-lowering drug of widespread
use that also reduces the cardiovascular risk (Garcia-Gil et al.,
2018). However, the improvement in lipid profiles is usually
underachieved, as almost half of the patients undergoing statins
will show a suboptimal response to these drugs (Gitt et al., 2012;
Akyea et al., 2019). Moreover, very little is known about the
potential use of miRNAs as biomarkers of poor response to statin
therapy, which would ultimately help detect patients not meeting
appropriate LDL-C reduction goals. Therefore, we carried out
bioinformatics and relative expression studies to determine
circulating miRNAs in healthy subjects and patients with
hypercholesterolemia undergoing treatment with 20 mg/day
atorvastatin for one month, to identify candidate miRNAs as
potential therapeutic targets.

MATERIALS AND METHODS

Subjects
A total of forty individuals were selected for this study. Twenty
subjects were normolipidemic and comprised the control group,
whereas 20 were hypercholesterolemic patients treated with
20 mg/day atorvastatin for 1 month. Biochemical profiles were
performed on all patients, and the treated group was sampled
before and after completion of the lipid-lowering treatment. The
patients were recruited from public health centers. Blood samples
were then processed to separate the plasma, which was frozen for
further analysis. The Ethics Committee of University of La
Frontera (Protocol #045_17) approved the study protocol. All
subjects gave their written informed consent to participate from
this investigation.

Biochemical Analyses
To establish plasma lipid levels before and after atorvastatin
treatment, blood collection was performed by direct venous
puncture following an overnight fast using EDTA tubes. Total
cholesterol, HDL cholesterol (HDL-C) and triglycerides (TG)
were measured by routine enzymatic-colorimetric methods. LDL

cholesterol (LDL-C) was calculated using the Friedewald
equation when TG levels were not above 400 mg/dl.

Selection of miRNAs
As aforementioned, we based the current selection of ten
circulating miRNAs on previous data obtained by our group
(Zambrano et al., 2015; Zambrano et al., 2018). Briefly, in the first
report, we identified deregulated miRNAs by analyzing their
expression profile in HepG2 cells treated during 24 h with
different statins. In the second study, we employed multiple
bioinformatic tools such as TargetScan, miRanda, DianaLab,
MicroCosm, and PicTar to narrow down the previous in vitro
miRNA data, evaluating a subset of 84 miRNAs potentially
associated with 28 key genes involved in cholesterol
metabolism and statin response in subjects undergoing
1 month of different low-dose statins. In the present study, we
crossed our previous results and updated the selection criteria by
running Pharmaco miR, a miRNA pharmacogenomics database
that identifies associations of miRNAs and both the genes they
regulate and the drugs annotated, to finally select the ten most
probably dysregulated miRNAs in patients with
hypercholesterolemia following a 20 mg/day atorvastatin dose
for 4 weeks and controls.

RNA Extraction
Circulating miRNAs were extracted using the miRNeasy serum/
plasma kit (Quiagen, Hilden, Germany) according to the
manufacturer’s instruction, using 200 µl of plasma. miR-39 of
C. elegans was incorporated as a spike-in control to normalize
quantification (1.6 × 108 copies/µl). RNA concentration and
purity were determined by spectrophotometry (Infinite® 200
PRO NanoQuant) using the 260 nm/280 nm absorbance ratio.
The samples were diluted to a concentration of 5 ng/μL and
stored at −80°C for ulterior use.

Reverse Transcription
The cDNA synthesis was performed using the TaqMan™

Advanced miRNA cDNA synthesis kit. The protocol carried
out consisted of four steps: 1) polyadenylation, 2) ligation of
adapters, 3) retrotransciption and 4) miRNAs obtention.
Afterward, miRNAs obtained were stored at −20°C for later use.

qPCR Expression Analyses
Each sample was diluted to 1:10 with ultrapure water. The PCR
Mix was prepared in sufficient quantity for each assay, for the
identification of miRNA-17-5p, miRNA-30c-5p, miRNA-24p-3p,
miRNA-33a-5p, miRNA-33b-5p, miRNA-29a-3p, miRNA-29b-
3p, miRNA-454-3p, miRNA-590-3p and miRNA-27-3p
following the manufacturer’s protocol.

Interaction Network of Differentially
Expressed miRNAs
To generate the interaction network of selected miRNAs, we
employed miRTargetLink 2.0 (Kern and et al., 2021), a tool
containing experimentally validated interactions on human
microRNA-mRNA pairs. Data shown correspond to miRNA-
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target interactions with strong support, i.e., validated
experimentally by reporter assay, western blot, qPCR,
microarray, and/or next-generation sequencing experiments.
The software obtains miRNAs annotations from the latest
version of miRBase (v.22.1), while the experimentally validated
targets are retrieved from miRTarBase (v.8) (Huang et al., 2020)
and miRATBase (Kern et al., 2021). miRTargetLink 2.0 can be
freely accessible from the following link (https://ccb-compute.cs.
uni-saarland.de/mirtargetlink2/).

Statistical Analysis
Data were analyzed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, United States).
Normal distribution was assessed using D’Agostino-Pearson
testing. As data came from a limited set of ten miRNAs,
correction for multiple testing was not employed, and
differential miRNA expression was calculated using 2−ΔCT to
compare normolipidemic and hypercholesterolemic subjects. The
Mann-Whitney test was applied for unpaired data and the
Wilcoxon test for paired data. A p-value <0.05 was considered
statistically significant.

RESULTS

Clinical Data, Plasma Lipids and Statin
Response
Table 1 shows anthropometric data and lipid profiles of
normolipidemic (NL) and hypercholesterolemic (HC) patients
before and after 20 mg/day of atorvastatin during a 4-weeks
period. Significant differences were observed for all lipid levels
except for HDL-C.

Expression of Circulating miRNAs
Associated With Cholesterol Metabolism
and Response to Statins
We found two extracellular miRNAs differentially expressed
between normolipidemic (NL) and hypercholesterolemic (HC)
individuals. Figure 1 shows the fold change of miRNA-30c and
miRNA-29b in these subjects. The rest of the miRNAs evaluated
did not show significant differences between the study groups.

Expression of Circulating miRNAs in
Hypercholesterolemic (HC) Patients and
Response to Atorvastatin Treatment
According to the expression of extracellular miRNAs in patients
at the beginning and post-treatment, significant differences were
observed for miRNA-33-5p, miRNA-24-3p and miRNA-590.
Table 2 illustrates the relative expression of miRNAs before
and after 1 month with atorvastatin (20 mg/day).

Correlation of miRNAs and Lipid Reduction
Table 3 shows the correlation between basal circulating miRNAs
and the reduction percentage (%) of LDL-C following 1 month of
treatment with a 20 mg/day atorvastatin dose. All miRNAs
showed positive correlation with LDL-C reductions, but only
five (miRNA-30c, miRNA-29a, miRNA-454, miRNA-24-3p and
miRNA-590) were statistically significant. Supplementary
Figure S1 displays the correlation of circulating miRNAs and
LDL-C reduction.

Predicted Interactions of Deregulated
miRNAs
We found five deregulated miRNAs, two of them were
overexpressed in hypercholesterolemic vs. normal subjects
(miRNA-30c-5p and miRNA-29b-3p), while three were
significantly upregulated in HC patients after concluding
atorvastatin treatment (miRNA-24-3p, miRNA-590, and
miRNA-33b-5p). Importantly, miRNA-33b-5p showed a
substantial 37-fold increase since treatment initiation.
Figure 2 shows a network of validated mRNA targets for
miRNA-33b-5p. Additional miRNA-mRNA pairs interaction
networks from the remaining deregulated miRNAs are
presented as supplementary material (Supplementary
Figures S2–S5).

DISCUSSION

The LDL-C lowering efficacy for a 20 mg atorvastatin dose is
reported to be around 42% (Adams et al., 2015). In our study, half
of the patients did not achieve this goal, and a quarter showed

TABLE 1 |Clinical, demographics and plasma lipid levels before and after treatment with atorvastatin (20 mg/day/4 weeks) of normolipidemic (NL) and hypercholesterolemic
(HC) individuals.

Parameter NL HC HC post-treatment % Change p-value

Female/Male 15/5 15/5 — — -—
Age (years) 31.2 ± 7.3 47.3 ± 11.3 — — —

BMI (kg/m2) 26.4 ± 4.4 27.0 ± 3.0 — — —

Total cholesterol (mg/dl) 151.3 ± 28.4 239.3 ± 28.2 158.1 ± 33.4 34.1 ± 10.7 <0.001
LDL-cholesterol (mg/dl) 87.5 ± 17.4 176.0 ± 15.5 96.1 ± 29.9 44.6 ± 14.0 <0.001
HDL-cholesterol (mg/dl) 50.6 ± 19.7 44.4 ± 10.0 41.2 ± 9.4 6.4 ± 14.9 0.056
Triglycerides (mg/dl) 80.2 ± 30.5 150.4 ± 66.2 121.6 ± 55.4 10.9 ± 37.8 <0.05
VLDL-cholesterol (mg/dl) 17.0 ± 6.5 27.0 ± 7.0 21.6 ± 6.2 15.0 ± 36.7 <0.05

Values expressed as mean ± standard deviation, n, number of subjects; BMI: body mass index, LDL-C: low-density lipoprotein cholesterol, HDL-C: High-density lipoprotein cholesterol,
VLDL: Very low-density lipoprotein cholesterol.
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LDL-C reductions lower than 27%. This highly heterogeneous
response to statins is well documented (Karlson et al., 2016) and is
consistent with previous reports made by our group (Rosales
et al., 2012). As for miRNAs, we observed an up-regulation of two
miRNAs, i.e., miRNA-30c and miRNA-29b, between patients
having abnormally high cholesterol levels vs. healthy subjects.
Previously, Soh and colleagues reported that miRNA-30c reduce
lipid synthesis and LDL-precursors due to its interaction with the
3-UTR of the microsomal triglyceride transfer protein (MTP)
(Soh et al., 2013), a protein central for lipoprotein assembly and
production of LDL precursors. Hence, miRNA-30c contributes to
control hepatic and plasma lipids by decreasing hyperlipidemia,
which is a likely explanation of why this miRNA is elevated in
hypercholesterolemic individuals. Moreover, Sodi et al. reported a
significant and positive correlation between miRNA-30c with
total cholesterol (TC) and LDL-C (Sodi et al., 2017), which
further demonstrates an important regulatory role for this
miRNA in lipid homeostasis. Authors also showed that
pravastatin but not rosuvastatin increased serum miRNA-30c,
which points toward a dissimilar effect of statins on miRNAs
expression, even though both statins assessed share a hydrophilic
nature. One reason supporting this differential regulation could

be the differing treatment periods (1-year pravastatin vs. 8-weeks
rosuvastatin). Likewise, we have previously reported that
different statins produce variable effects on miRNA expression
(Zambrano et al., 2015; Zambrano et al., 2018). This distinctive
effect has also been documented at different levels of gene
regulation (Leszczynska et al., 2011). As far as we know, this
is the first study disclosing the relationship between miRNA-30c
and atorvastatin treatment.

Themost considerable finding observed is a 37-fold increase of
miRNA-33b, together with a significant elevation of circulating
miRNA-590 and miRNA-24-3p levels in HC patients upon
completion of atorvastatin treatment. The miRNA-33b is part
of the miRNA-33 family, formed by miRNAs 33a and 33b. This
pair represent one of the most widely characterized miRNA
mediators involved in lipid homeostasis. Both are intronic
miRNAs differing by 2-nucleotides, but unlike miRNA-33a,
miRNA-33b is encoded within the sterol regulatory element-
binding protein-1 (SREBP1), a transcription factor implicated in
fatty acid metabolism. Existing data connecting miRNA-33b and
statins are abundant. Reports show that miRNA-33b is co-
transcribed along SREBP1, working coordinately to control
lipid levels (Marquart et al., 2010; Najafi-Shoushtari et al.,
2010; Rayner et al., 2010; Davalos et al., 2011). Regarding
statins, investigations display mixt outcomes. In 2012, Takwi
et al. showed an upregulation of miRNA-33b expression
following lovastatin treatment of medulloblastoma cells (Takwi
et al., 2012). 4 years later, Zhang and colleagues demonstrated
that pitavastatin reverted the oxLDL-mediated suppression of
miRNA-33b in human THP-1 cells (Zhang et al., 2016).
Additional evidence supporting a relation between statins and
miRNA-33 came from studying statin-naïve subjects with
metabolic syndrome (MetS) (Chen et al., 2016). The authors
showed that MetS subjects had significantly higher plasma values
of miRNA-33 than their healthy controls counterparts.
Afterward, MetS subjects treated with atorvastatin or
pitavastatin experimented an additional increase in circulating
miRNA-33 levels. Moreover, when studying the murine
macrophage cell line RAW264.7 and bone marrow-derived
macrophages (BMDM), authors found a dose-dependent up-
regulation of miRNA-33 in both cell lysates and medium,

FIGURE 1 | Expression of circulating miRNA-30c and miRNA-29b in hypercholesterolemic patients vs. controls. *Mann-Whitney test. C. elegans miRNA-39 was
used as a normalizing control. The values of the threshold cycle (Ct) of each miRNA, normalized against this sequence (ΔCt �Ct target miRNA—Ct endogenous control),
the plasma expression levels of these miRNAs were calculated according to 2−ΔCt method. The total number of samples analyzed was 20 for each study group.

TABLE 2 | Circulating miRNA levels in hypercholesterolemic (HC) subjects before
and following 20 mg/day/4 weeks atorvastatin treatment.

miRNA HC basal HC post-treatment p-value*

miR-17-5p 1 ± 1.583 4.727 ± 8.082 0.1297
miR-30c 1 ± 1.314 0.789 ± 1.140 0.7983
miR-33a-5p 1 ± 1.408 4.230 ± 9.728 0.2413
miR-33b-5p 1 ± 1.644 37.479 ± 111.932 0.0082
miR-29a 1 ± 1.466 3.057 ± 7.289 0.4900
miR-29b 1 ± 1.189 3.031 ± 4.002 0.0799
miR-454 1 ± 1.389 2.750 ± 3.968 0.2253
miR-24-3p 1 ± 1.271 4.815 ± 6.527 0.0494
miR-590 1 ± 1.791 9.207 ± 12.656 0.0047
miR-27a-3p 1 ± 2.239 2.161 ± 3.597 0.1336

*Wilcoxon matched-pairs signed rank test. The plasma expression levels of these
miRNAs were calculated according to 2 - ΔΔCt [ΔΔCt � Ct Basal (target miRNA—Ct
endogenous control)—Ct treatment (target miRNA—Ct endogenous control)].
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regardless of the statin used. Our previous assessment of statin
treatment on miRNAs from hepatocellular carcinoma cells
(HepG2) revealed that neither miRNA-33a nor miRNA-33b
was affected by low-dose atorvastatin or simvastatin
(Zambrano et al., 2015). However, in peripheral blood
mononuclear cells (PBMC) (Zambrano et al., 2018), we
observed that atorvastatin but not simvastatin repressed the
cellular miRNA-33b content in humans, representing a
contrasting outcome from the MetS cohort. Nonetheless,
several differences must be underlined, especially regarding the
subjects investigated. First, in the study from (Chen et al., 2016),
included individuals were defined by traditional MetS criteria,
none of which considers high LDL-C levels, while we specifically
included individuals having elevated LDL-C concentrations
according to clinical characteristics from both studies (MetS:
155 mg/dl; PBMC: 182 mg/dl). Second, our cohort was treated
during 1 month with a 10 mg/day statin dose after a thirty-day
wash-out period, vs. the 3-months statin therapy for statin-naïve
MetS individuals. In addition to the dissimilar ethnic background

between Taiwanese and Brazilians, and the fact that we did not
evaluate circulating miRNAs, another critical difference is
represented by the cellular model employed. While we studied
a variety of peripheral cells containing a single, rounded nucleus
such as lymphocytes and monocytes i.e., PBMC, (Chen et al.,
2016) specifically assessed macrophages. Even though
macrophages are differentiated from monocytes, macrophages
represent a very specialized and highly heterogeneous cellular
type with a distinct phenotype and functionality than monocytes
due to their particularly active role as one of the first lines of
immune defense. Lastly, our study evaluated the miRNA-33
family separately, i.e., miRNA-33a and miRNA-33b, in
contrast to what was displayed by (Chen et al., 2016), where
they showed that the upregulation induced by atorvastatin
affected miRNA-33 generally, making its specific impact on
miRNA-33a or 33-b indistinguishable from one another.

On the other hand, the evidence surrounding the role that
miRNA-590 and miRNA-24-3p portray in statin therapy is
scarce. Studies confer miRNA-590 a function in lipid

FIGURE 2 | Network of validated gene targets for miRNA-33b-5p. ABCA1: ATP binding cassette subfamily A member one; BCL2: B-cell lymphoma two
Apoptosis Regulator; CREB1: cAMP responsive element binding protein one; G6PC: glucose-6-phosphatase, catalytic; HMGA2: High Mobility Group AT-Hook two;
MYC: MYC Proto-Oncogene, BHLH Transcription Factor; PCK1: Phosphoenolpyruvate carboxykinase one;PIM1: Proto-Oncogene, Serine/Threonine Kinase;RORA:
RAR Related Orphan Receptor A; SRC: SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase; TWIST1: Twist Family BHLH Transcription Factor 1; XIAP:
X-linked inhibitor of apoptosis; ZEB1: zinc finger E-box binding homeobox 1.
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homeostasis by inhibiting lipoprotein lipase (LPL), an enzyme
that degrades circulating triglycerides, resulting in attenuated
lipid accumulation in human THP-1 macrophages (He et al.,
2014). Regarding statins, we previously showed that Brazilian
patients not meeting their expected LDL-C reduction goal
following 10 mg/day atorvastatin had a significant
downregulation of this particular miRNA in PBMC
(Zambrano et al., 2018). Conversely, the present study’s data
revealed a >9-fold increase in circulating levels of miRNA-590
following 20 mg/day atorvastatin. This conflicting miRNA
behavior is not clear, but one key difference is that presently,
we did not assess miRNA performance according to subgroups of
LDL-C goals achievements. Besides, we evaluated extracellular
rather than intracellular miRNAs. In the case of miRNA-24-3p,
studies show that its expression is significantly increased in the
livers of high-fat diet-treated mice (Ng et al., 2014). The same
study revealed insulin-induced gene 1 (Insig1) -a lipogenesis
inhibitor-as a validated target of miRNA-24. Therefore,
elevated miRNA-24 levels decrease hepatic lipid accumulation
via Insig1 up-regulation. In the same way, Wang et al. (Wang
et al., 2018) showed that obesity-induced miRNA-24
overexpression inhibited Scavenger Receptor B1 (SR-B1), a
member of the CD36 family of scavenger receptors B that
facilitates selective cholesterol uptake from high-density
lipoproteins (HDL). Additionally, miRNA-24 increased the
expression of important genes related to cholesterol synthesis,
such as 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMGCR) and sterol regulatory element-binding protein 2
(SREBF2). Therefore, miRNA-24 assists in regulating
cholesterol homeostasis and steroidogenesis by repressing
HDL uptake in HepG2 cells. However, its role regarding statin
therapy remains to be clarified.

One of the main limitations of the present study is its small
sample size, preventing us from reporting more robust
conclusions. Even though it did not restrict the successful

identification of extracellular miRNA deregulation, our
preliminary data should be interpreted in light of the
limited cohort evaluated. We emphasize the need for
additional in-depth stratified analysis on larger population
and functional studies in different models to clarify
further the relationship between statins and miRNAs, as
they represent promising candidates for therapeutic
manipulation.
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Case Report of Novel Genetic
Variant in KCNT1 Channel and
Pharmacological Treatment With
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Case introduction: In this work we present a female infant patient with epilepsy of infancy
with migrating focal seizures (EIMFS). Although many pharmacological schemes were
attempted, she developed an encephalopathy with poor response to antiepileptic drugs
and progressive cerebral dysfunction.

Aim: To present the pharmacological response and therapeutic drug monitoring of a
paediatric patient with a severe encephalopathy carrying a genetic variant in KCNT1 gene,
whose identification led to include quinidine (QND) in the treatment regimen as an
antiepileptic drug.

Case report: Patient showed slow rhythmic activity (theta range) over left occipital areas
with temporal propagation and oculo-clonic focal seizures and without tonic spasms three
months after birth. At the age of 18 months showed severe impairments of motor and
intellectual function with poor eye contact. When the patient was 4 years old, a genetic
variant in the exon 24 of the KCNT1 gene was found. This led to the diagnosis of EIMFS.
Due to antiepileptic treatment failed to control seizures, QND a KCNT1 blocker, was
introduced as a therapeutic alternative besides topiramate (200 mg/day) and nitrazepam
(2 mg/day). Therapeutic drug monitoring (TDM) of QND plasma levels needed to be
implemented to establish individual therapeutic range and avoid toxicity. TDM for dose
adjustment was performed to establish the individual therapeutic range of the patient.
Seizures were under control with QND levels above 1.5 mcg/ml (65–70mg/kg q. i.d). In
addition, QND levels higher than 4.0 mcg/ml, were related to higher risk of suffering
arrhythmia due to prolongation of QT segment. Despite initial intention to withdrawal
topiramate completely, QNDwas no longer effective by itself and failed tomaintain seizures
control. Due to this necessary interaction between quinidine and topiramate, topiramate
was stablished in a maintenance dose of 40 mg/day.

Conclusion: The implementation of Precision Medicine by using tools such as Next
Generation Sequencing and TDM led to diagnose and select a targeted therapy for the
treatment of a KCNT1-related epilepsy in a patient presented with EIMFS in early infancy
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and poor response to antiepileptic drugs. QND an old antiarrhythmic drug, due to its
activity as KCNT1 channel blocker, associated to topiramate resulted in seizures control.
Due to high variability observed in QND levels, TDM and pharmacokinetic characterization
allowed to optimize drug regimen to maintain QND concentration between the individual
therapeutic range and diminish toxicity.

Keywords: epilepsy, pharmacogenomics, pharmacokinetics, precision medicine, TDM, quinidine, HPLC

INTRODUCTION

Epilepsy of infancy with migrating focal seizures (EIMFS) is a
severe encephalopathy affecting children at very early stages.
Seizures can begin as early as six months of life, and even a
few weeks after delivery. This rare epileptic syndrome is
characterized for pharmacological treatment resistance and
poor prognosis. Its low prevalence varies from 1/200,000 to
1/1,000,000 habitants depending on of the population
studied (Epilepsy of infancy with migrating focal seizures (2020)
Epilepsy of infancy with migrating focal seizures | Epilepsy
Action).

About etiology, the origin of this complex syndromes of
infancy with migrating partial onset is not certain, but it is
described the association with pathologic variants of KCNT1,
SCN1A, SCN2A, PLCB1, TBC1D24 and CHD2 (International
League Against Epilepsy, 2020 Epilepsy of infancy with migrating
focal seizures, 2020). Around 70% of patients carries mutations in
these and others genes and KCNT1 variants are implied in almost
40% of EIMFS (Lim et al., 2016).

In vitro functional studies have shown that KCNT1 carrying
pathogenic variants generate larger currents when compared to
wild-type KCNT1 channels, leading to the concept that a gain-of-
function mechanism is responsible for epileptogenesis associated
with KCNT1 variants (Barcia et al., 2012). Based on the ability to
inhibit KCNT1 mutant channels, KCNT1 blockers like quinidine
(QND), and old antiarrhythmic drug, and bepridil, have been
proposed for the treatment of EIMFS (Milligan et al., 2014).
Targeted therapy with QND has been introduced for
compassionate use in EIMFS patients, resulting in variable

anticonvulsant effect ranging from high pharmacological
responses (Fukuoka et al., 2017) to a lack of efficacy or
excessive toxicity (Chong et al., 2016; Madaan et al., 2018).

Previous data showed QND produced a concentration-
dependent decrease in KCNT1 outward currents (Rizzo et al.,
2016; Dilena et al., 2018) and that QND was even more potent in
blocking KCNT1 channel carrying previously identified genetic
variants, such as R950Q or E893K, in comparison with KCNT1
wild type (Dilena et al., 2018).

In this work we present a female pediatric patient with a severe
case of EIMFS. Although many pharmacological schemes were
attempted, the patient developed an epileptic syndrome with poor
response to antiepileptic drugs and progressive cerebral
dysfunction.

The patient had two episodes of apnea during the first week of
life and showed poor eye contact, a trend toward a conjugate
deviation of the eyes and head to the right or left, with horizontal
nystagmus. She was extremely irritable. Three month later the
patient was admitted due to three epileptic seizures recorded by
electroencephalogram, which indicated slow rhythmic activity
(theta range) over left occipital areas with temporal propagation.
She presented oculo-clonic focal seizures which she repeated
several times during examinations without tonic spasms.

The first year of life the patient received a drug regimen that
included phenobarbital, valproic acid 750 mg/day, levetiracetam
600 mg/day, and ketogenic diet. Immunoglobulin therapy was
also included because of low serum levels of Ig A and IgG.

As time progressed, the patient demonstrated spastic
asymmetric quadriplegia, more prominent on the right,
truncal hypotonia with poor head control, and lower-limb
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pyramidal tract signs. There were no laboratory abnormalities in
blood nor CSF, and no sign of skeletal malformation on physical
examination.

Electroencephalography during sleep (multiple recordings)
demonstrated paroxysmal multifocal discharges with periods
of electric attenuation or suppression which were not
continuous. Electrographic seizures were also recorded, arising
from the left frontal-temporal and right temporal-occipital
regions. The clinical presentation and electroencephalographic
features resembled an early myoclonic encephalopathy.

When the patient was 18 months old topiramate (TPM) was
initiated that was related with a decrease in the frequency of
seizures. At two years old (September 2011) seizures could be
controlled receiving TPM 7mg/kg/day, levetiracetam 48 mg/kg/
day, and nitrazepam 2 mg/day (ketogenic diet was
discontinuated). Nevertheless, electroencephalography during
sleep in October 2011 revealed a typical sleep pattern with
sleep spindles and vertex waves, in addition to infrequent
sharp waves in left occipital region without generalized
paroxysms or electric suppression.

A genomic study was performed, and no pathogenic variants
were found in Glut1 gene, MCP2, CDKL5, FOXG1.
Levetiracetam was finally withdrawn in April 2012 with no
seizure recurrence. Due to a clear right-sided hemidystonia,
levo-dopa with carbidopa in increasing dose was initiated in
May 2012.

A brain MRI was performed at 3 years of age, and revealed
subtle signs of cortical atrophy, hypoplastic corpus callosum, T2
and FLAIR high signal abnormalities involving the brain white
matter, more prominent in the left hemisphere. Although
neurological improvement could be observed, the patient
showed a persistent right-sided hemidystonia, increased
muscle tone in lower limbs with pyramidal signs and sleep
pattern discharges.

AIM

To present the pharmacological response and therapeutic drug
monitoring (TDM) of a paediatric patient with a severe
encephalopathy refractory to pharmacological treatment,
carrying a genetic variant in KCNT1 gene, whose
identification by Next Generation Sequencing (NGS) led to
include QND as antiepileptic drug.

CASE REPORT

To summarize, the initial years of the patient included epileptic
encephalopathy development, cognitive and physical impairment
which were part of an undiagnosed syndrome resistant to
pharmacological treatment.

On 2013, when the patient was 4 years old, a Whole Exome
Sequencing (WES) was performed. The entire exome was
captured using reagent that targets coding exons from the
consensus coding sequence. Capture enrichment was followed
by sequencing on Illumina platform using previously described

standard protocols. Illumina sequence analysis was performed
using the Human Genome Sequencing Center’s integrated
Mercury pipeline (Baylor College of Medicine, United States of
America). A pathogenic genetic variant associated to EIMFS
(Barcia et al., 2012; The ILAE Genetics Commission Blog,
2020 KCNT1 – this is what you need to know, 2020) located
in exon 24 (2795 T > C) of the KCNT1 gene (Potassium Sodium-
Activated Channel Subfamily T Member 1) was identified.

Due to the remaining nocturnal activity despite many
pharmacological schemes, a different approach was
implemented.

At that moment new clinical studies showed benefits in using
QND in epilepsy (Mikati et al., 2015), due to its activity as KCNT1
blocker. Due to its pharmacological effect and the variant
described in the patient, at the age of six years old (in 2015),
QND was included as “off label” drug regimen, besides TPM
(175 mg/day) and nitrazepam (1.5 mg/day).

Because QND toxicity was well described it was needed to
monitor the cardiac function and plasma concentrations. For this
aim our laboratory developed and validated HPLC-UV method
to quantify QND in human serum. Propranolol was added to the
samples as an internal standard, followed by liquid extraction
with cyclohexane and evaporation. The chromatography
condition included a reversed phase column and a mobile
phase consisting of acetonitrile and phosphate buffer (25:75).

Validation parameters studied were specificity (no
interferences were found), lineality (0.5–8.0 mcg/ml),
repeatability, accuracy (less than 10% CD), sensitivity and
stability (in different conditions and time periods). Tests were
evaluated according US FDAGuidance for Industry Bioanalytical
Method Validation (US FDAGuidance for Industry Bioanalytical
Method Validation, 2018).

During QND dose titration, TPM was decreasing the daily
doses (initially 175 mg/day) to complete withdrawal, while
nitrazepam dose regimen of 2 mg/day was maintained.

TDMwas implemented, to establish the individual therapeutic
range, as well as electrocardiogram (ECG) studies to assist cardiac
follow up. When QND dose was above 50 mg/kg/day in four
administrations (achieving a minimum serum level of 1.0 mcg/
ml) the therapy started to modify the discharges profile. Only
when doses reached 65–70 mg/kg q. i.d (and serum levels were
above 1.5 mcg/ml) the patient was seizure free.

According to the original strategy, TPM was almost
withdrawn. Surprisingly, QND doses of 65–70 mg/kg which
had initially shown therapeutic effectiveness, failed to gain
seizures control. Due to this observed synergic effect between
TPM and QND, TPM was again indicated. TPM maintenance
dose was 2.5 mg/kg/day and then increased to 4.5 mg/kg/day
(which achieved levels of 3 mcg/ml and 6 mcg/ml of TPM
respectively).

Table 1 shows the variability of QND levels at higher doses
compared with lower doses. Initially, when doses increased from
240 to 640 mg/day, QND concentration augmented from
0.6 mcg/ml to 1.0 mcg/ml. But analyzing the same increment
in dose (approximately 400 mg/day) with higher doses (from
1,160 to 1,600 mg/day), it resulted in a higher variation of serum
levels obtained (1.5–4.1 mcg/ml).
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It is important to mention that the patient received
different pharmacological treatment according particular
necessities, such as: antimicrobial agents or laxatives, which
might affect QND levels. Moreover, changes in TPM doses
could contribute to the variability observed. At the beginning
of the treatment the increase in QND doses did not correlate
with a proportional increase of QND plasma levels. After a
reduction in TPM dose regimen below 50 mg/day the increase
in QND doses yielded a proportional dose-concentration
relationship.

It is also known that QND cardiotoxicity could produce
arrhythmia due to prolongation of QT segment. Our patient
experienced the risk of suffering this adverse event on several
occasions. Nevertheless, we identified two different related patterns
(Table 2). The first one was observed during the titration period,
when QND doses were incremented every 14 days. QT segment
values corrected themselves without any medical intervention,
once normalized titration could continue. On the other hand,
when the levels reached were higher than 4.0 mcg/ml, the
prolongation was persistent, and it was mandatory to reduce
the doses. To sum up, Graphic 1 shows QND levels achieved
during the follow-up, correlated with QND doses.

DISCUSSION

Although pathogenic variants on KCNT1 are rare in the
population, it has been proposed as an important cause of
epilepsy with a wide phenotypic spectrum (Barcia et al., 2012).
We characterize the genotype, as a pharmacological target, but

also a therapeutic drug monitoring strategy to optimize the
pharmacological treatment with the potassium channel blocker
QND in association with other antiepileptic drugs in a pediatric
patient.

KCNT1 encodes the largest potassium channel subunit and
is thought to regulate the hyperpolarization that follows
repetitive firing. Functional studies have shown that genetic
variants in the cytoplasmic C-terminal domain caused
constitutive activation of the potassium channel (Milligan
et al., 2016), which modify normal neuronal firing and
directly led to epileptogenesis.

A KCNT1 variant previously reported as pathogenic
(Vanderver et al., 2014; Yang et al., 2014) was identified in the
patient. This ‘de novo’ variant is highly conserved, and the p.F932I
change is, in principle, the most damaging non-synonymous
change associated to this variant.

The KCNT1 variant identified in our work is located
immediately adjacent to two previously described pathogenic
variants (pArg928Cys and pAla934Thr), and therefore
was proposed as the underlying disease-causing mechanism
in this case. KCNT1 related epilepsies is included in a
broader group of potassium channel related epilepsies
that may be amendable to channel specific therapies, such
as QND.

QND an old antiarrhythmic and antimalarial drug, has
emerged as a potential precision therapy for KCNT1-related
epilepsy. In vitro functional assays have demonstrated that
gain of-function effects associated to KCNT-1 gene variants
can be reversed by QND. Although previous case reports
showed a significant reduction in seizure burden (Bearden
et al., 2014; Milligan et al., 2014), subsequent reports
demonstrated less favorable results, raising questions about
QND effectiveness for treating KCNT1-related epilepsy
(Chong et al., 2016; Numis et al., 2018).

In this manuscript we described the pharmacological effects
and therapeutic drug monitoring strategy applied after
including QND to a patient’s drug regimen who carries a
KCNT1 variant, receiving also TPM and nitrazepam as
pharmacological therapy.

One interesting point to note is that in a previous study, a
different pattern of pharmacological response was reported
related to the KCNT-1 variant identified. In our work, the less
frequent 2795 T > C variant resulted in sustained seizure freedom
after quinidine treatment, in agreement with the data showed by
Fitzgerald et al. (2019) in a patient treated with QND and
receiving TPM and nitrazepam as antiepileptic drugs.

TABLE 1 | Comparison of different variation in lower and higher doses, occurred during patient follow up with TDM. Levels are more disperse in association with doses
increment.

Range of doses
mg/day

Doses variation
(Max–min)

Range
of plasma concentration

mcg/ml

Plasma
concentration variation

(Max-min)

240–640 400.0 0.6–1 0.4
1,160–1,600 440.0 1.5–4.1 2.6

TABLE 2 | Serum levels and doses related to QT segment prolongation
(Reference <0.46 s). In bold is highlighted those situations where reducing
doses was necessary to correct QT segment prolongation.

Date
dd/mm/yy

Dose
(mg/day)

Plasmatic level
(mcg/ml)

QT segment
(sec.)

22/03/16 560 0.5 0.48
08/05/17 1,320 4.0 0.60
06/09/17 1,360 3.0 0.46
22/09/17 1,320 2.8 0.52
16/01/18 1,400 1.9 0.46
25/09/18 1,440 1.8 0.52
21/01/19 1,560 3.4 0.50
20/08/19 1,560 5.9 0.50

Values in bold indicate toxicity events.
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It has been also proposed that the limited efficacy of QND
previously reported in KCNT1 patients could be related to the
limited bioavailability of QND in the CNS. In this way, it has
been shown in healthy volunteers that QND levels in CSF
could be lower than in plasma where QND CSF concentration
were 16% of unbound serum concentrations (range, 4–37%)
(Ochs et al., 1980). Anyway, there is no data available of CSF
levels in KCNT1 patients receiving QND to evaluate the CSF/
plasma quinidine concentration relationship and antiepileptic
response.

Moreover, the QND dose increment at higher doses
resulted in greater variability in QND plasma levels. This
phenomenon could in part be explained by the rise in QND
free fraction in the range of concentration observed
(1.5–4.0 ug/ml), that could be available to be eliminated or
re-distributed according to different factors affecting the
patient (Ochs et al., 1980). In this sense, the variability
observed, justified the QND monitoring of plasma levels
with the aim to optimize dose regimen.

In the largest cohort of patient with KCNT1 related
epilepsy, that included 43 patients, QND treatment resulted
in a >50% reduction in seizure frequency in only 20% of
patients receiving this therapy, with sustained seizure
freedom occurring rarely (Fitzgerald et al., 2019). In the
study mentioned, therapeutic blood levels were not achieved
in many patients, with 45% of patients failing to reach a blood
level of 2 ug/ml.

There are several potential explanations for this finding, but
we can hypothesize that QTc prolongation concern, infrequent
use of this drug or lack of knowledge regarding the most
appropriate strategies for therapeutic monitoring, could be
some of the reasons that prevented reaching higher
therapeutic levels.

TDM is a useful tool when allows us to select a goal and to
reach a target by developing a pharmacokinetic/
pharmacodynamics (PK/PD) model for a particular patient,
but it is useless when there is a lack of skills related to drug
monitoring practice, because blood monitoring of a particular
drug is very infrequent, or if no pharmacokinetics
recommendations are given.

In our study QND drug regimen optimization was performed
and a high proportion of QND levels reached the therapeutic
target. During the follow-up, intensive therapeutic drug
monitoring was accompanied by pharmacokinetics
recommendation of QND dose adjustment with a high rate of
physician compliance. This strategy allowed to modify QND dose
regimen to achieve plasma levels into the individual therapeutic
range for this patient.

To highline from our work, the patient got free from seizures
receiving QND 70–90 mg/kg q. i.d, TPM 4.5 mg/kg/day and
nitrazepam 2.5 mg/day as pharmacological treatment. Due to
the fact that QND effectiveness decreased when TPM doses were
below 20–30 mg/day during TPMwithdrawal, and that QND and
TPM does not share the same mechanism of action, we can
suggest a potentially synergic effect in this case. Initially, high
doses of TPM showed to be ineffective to control seizures in this
patient. However low doses of TPM were needed associated to

QND to get free from seizures. Although the nature of this
interaction needs further studies, QND as monotherapy may
not be as effective acting at the KCNT1 receptor level making
necessary the association of another antiepileptic drug to
maintain the pharmacological response.

From a pharmacokinetic point of view QND is a very potent
inhibitor of the efflux transporter P-glycoprotein (PGP), and is
involved in the increased bioavailability at the CNS and toxicity of
different drugs. It has been shown that TPM is a substrate of PGP,
suggesting that up-regulation of MDR-1 gene could affect the
TPM brain levels. QND could be acting as a “booster” and might
be increasing TPM levels that reach CNS (Sadeque et al., 2000),
allowing the use of lower doses of TPM that showed to be
effective.

In our experience QND have shown to be affected by other
conditions. The patient levels drop off on many occasions neither
for changes in doses nor changes in the administration of QND.
Levels that were below expected could be associated for example
to other pharmacological treatment such as wide spectrum
antibiotics which might have affected QND absorption.
Laxatives also may have decreased QND absorption because of
the increment in bowel motility.

Increasing TPM doses are also suspected of altering serum
QND concentrations through several different mechanisms that
need to be studied more carefully. According to bibliography, the
inhibition of carbonic anhydrase enzyme by TPM (Ruiz
Granados et al., 2015) might conduct to metabolic acidosis,
producing an increase in urinary pH and QND plasma levels.
By the contrary, in our work at higher TPM doses, QND titration
was not accompanied by a proportional increase of QND plasma
levels until TPM regimen was below 50 mg/day. Anyway, as we
mentioned, the fluctuation of QND levels was more significant at
higher QND doses, and TDMwas successfully applied in order to
reach the individual therapeutic range that was defined between
1.5–4.0 ug/ml for this patient.

Considering previous studies and the results presented in this
report, we suggest that in patients with KCNT-1 related epilepsy,
the inclusion of QND should be accompanied of the analysis of
the KCNT-1 genetic variants identified, together with a TDM
strategy that allows to characterize the pharmacokinetic of QND,
with the aim to reach the individual therapeutic target in order to
increase efficacy with minimal side effects.

CONCLUSION

The implementation of Precision Medicine by using tools such
as NGS and TDM led to diagnose and select a targeted therapy
for the treatment of a KCNT1-related epilepsy in a patient
presented with EIMFS in early infancy and poor response to
antiepileptic drugs. QND an old antiarrhythmic drug, due to
its activity as KCNT1 channel blocker, associated to TPM
resulted in seizures control. Due to high variability observed in
QND levels, TDM and pharmacokinetic characterization
allowed to optimize drug regimen to maintain QND
concentration between the individual therapeutic range and
diminish toxicity.
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Theragnosis for Duchenne Muscular
Dystrophy
Leonela Luce1,2, Micaela Carcione1,2, Chiara Mazzanti 1,2, Paula I. Buonfiglio3,
Viviana Dalamón3, Lilia Mesa4, Alberto Dubrovsky4, José Corderí 4 and Florencia Giliberto1,2*
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Dystrophinopathies cover a spectrum of rare progressive X-linkedmuscle diseases, arising
from DMDmutations. They are among the most common pediatric muscular dystrophies,
being Duchenne muscular dystrophy (DMD) the most severe form. Despite the fact that
there is still no cure for these serious diseases, unprecedented advances are being made
for the development of therapies for DMD. Some of which are already conditionally
approved: exon skipping and premature stop codon read-through. The present work
aimed to characterize the mutational spectrum of DMD in an Argentinian cohort, to identify
candidates for available pharmacogenetic treatments and finally, to conduct a comparative
analysis of the Latin American (LA) frequencies of mutations amenable for available DMD
therapies. We studied 400 patients with clinical diagnosis of dystrophinopathy,
implementing a diagnostic molecular algorithm including: MLPA/PCR/Sanger/Exome
and bioinformatics. We also performed a meta-analysis of LA’s metrics for DMD
available therapies. The employed algorithm resulted effective for the achievement of
differential diagnosis, reaching a detection rate of 97%. Because of this, corticosteroid
treatment was correctly indicated and validated in 371 patients with genetic confirmation of
dystrophinopathy. Also, 20 were eligible for exon skipping of exon 51, 21 for exon 53, 12
for exon 45 and another 70 for premature stop codon read-through therapy. We
determined that 87.5% of DMD patients will restore the reading frame with the
skipping of only one exon. Regarding nonsense variants, UGA turned out to be the
most frequent premature stop codon observed (47%). According to the meta-analysis,
only four LA countries (Argentina, Brazil, Colombia and Mexico) provide the complete
molecular algorithm for dystrophinopathies. We observed different relations among the
available targets for exon skipping in the analyzed populations, but a more even proportion
of nonsense variants (∼40%). In conclusion, this manuscript describes the theragnosis
carried out in Argentinian dystrophinopathy patients. The implemented molecular
algorithm proved to be efficient for the achievement of differential diagnosis, which
plays a crucial role in patient management, determination of the standard of care and
genetic counseling. Finally, this work contributes with the international efforts to
characterize the frequencies and variants in LA, pillars of drug development and
theragnosis.
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INTRODUCTION

Muscular Dystrophies (MDs) are hereditary disorders that cause
weakness and progressive degeneration of skeletal muscles. These
diseases are caused by molecular alterations in a wide range of
genes that encode proteins that participate in the stability,
maintenance, repair, regeneration and proper functioning of
muscle fibers (Wallace and McNally, 2009). Although DMD
clinical features are quite typical for the trained physician,
there are other less frequent forms of MDs with similar
clinical characteristics such as sarcoglycanopathies,
laminopathies and other forms of LGMD. Therefore, the
clinical diagnosis can be misled by these overlapping features,
turning the molecular diagnosis into a crucial tool for the
achievement of a differential diagnosis.

Dystrophinopathies are the most frequent form of MDs
among the pediatric population. These are X-linked recessive
diseases caused by pathogenic variants in the DMD gene (OMIM
ID: 300377) (Hoffman et al., 1987; Koenig et al., 1988). Although
in theory dystrophinopathies can be subdivided into three
distinctive clinical conditions, Duchenne muscular dystrophy
(DMD), Becker muscular dystrophy (BMD), and DMD-
associated dilated cardiomyopathy (DCM), they actually entail
a continuous spectrum of muscle diseases (Darras et al., 2000;
Brandsema and Darras, 2015). DMD is the most prevalent and
severe pediatric form of MD, with an incidence of 1:3500–5000
male births (Mendell et al., 2012). It is characterized by
progressive muscle-waste, which leads to disability and
premature death (Aartsma-Rus et al., 2017). On the other
hand, BMD affects 1:18.000 born males and has a milder
symptomatology pattern and/or slower progression rate
than DMD.

The genotype/phenotype correlation relies on the impact
of the molecular alteration on dystrophin function. DMD is
mainly associated with mutations leading to complete
absence of functional dystrophin, such as frameshift or
nonsense variants. Instead, BMD is caused by a decrease
in the amount or function of dystrophin, as it would be the
case of in-frame variants (Guiraud et al., 2015). Nonetheless,
in some cases, the phenotype predicted on the basis of
molecular alterations detected at genomic level do not
correlate with the observed clinical picture. This would be
the case of patients carrying out-of-frame or nonsense
variants but showing a mild progression of the disease,
which could be explained by an endogenous exon skipping
restoring the reading frame or avoiding the premature stop
codon, respectively.

Mutational spectrum of the DMD gene comprise mainly copy
number variants (CNVs), such as deletions (∼68%) or
duplications (∼11%) of one or more exons, and small
molecular alterations in the remaining ∼20% (Aartsma-Rus
et al., 2016). In addition, around half of small sequence
variants are nonsense substitutions.

Accurate molecular diagnosis, given by the identification
and precise characterization of deleterious variants, is crucial
for dystrophinopathy patients to confirm the clinical
presumptive diagnosis, to access to the specific and optimal
standard of care (Bushby et al., 2010) and determine eligibility
for the available pharmacogenetic treatments. For example,
molecular confirmation of dystrophinopathy determines
applicability of corticosteroid therapy, as DMD is one of the
MDs showing fruitful results from this treatment
(Albuquerque et al., 2014; Bello et al., 2015). On the other
hand, molecular diagnosis plays a key role in family planning
and, therefore, prevention.

Despite the fact that there is still no cure for these serious
diseases, unprecedented advances are being made for the
development of therapies for DMD. Hitherto, three
mutation specific treatments already have conditional
approval: premature stop codon read-through (Ataluren)
by the European Medicines Agency (EMA) and exon
skipping for exon 51 (Eteplirsen) and exon 53 (Golodirsen)
by the Food and Drug Administration (FDA) (Haas et al.,
2015; Mah, 2018).

The rationale of “exon skipping” is to restore theDMD reading
frame by the removal of one or several exons adjacent to any of
the deletion’s borders, which is accomplished by targeting
regulatory splice sites in the pre-mRNA (Syed, 2016; Kinane
et al., 2018). Therefore, the resulting spliced transcript might
generate a partially functional dystrophin, albeit internally
deleted and quantitatively reduced, capable of shifting the
patient’s severe phenotype into a milder one (Syed, 2016;
Kinane et al., 2018). Apart from the previously mentioned
exon skipping for exon 51 and exon 53, which apply to
10–15% and 8–10% of DMD patients respectively, antisense
oligonucleotides to target exon 45 (Casimersen) are now
pursuing FDA’s approval.

On the other hand, the principle behind Ataluren is the
endogenous process known as “stop codon suppression or
readthrough”, which entails the recognition of stop codons by
a near-cognate aminoacyl-tRNA (Keeling and Bedwell, 2011).
The efficacy of the suppression process depends on several
conditions: the innate readthrough capacity of each stop codon
(UGA > UAG > UAA), the sequence surrounding the
termination codon and the functionality of the incorporated
amino acid (Miller and Pearce, 2014). This therapy specifically
applies to patients carrying DMD nonsense mutations
(10–15%).

In addition, under the name of dystrophin restoration therapies
are included the gene-transfer strategy, which incorporates short
versions of the DMD gene but encoding functional mini/micro-
dystrophins, and the DMD gene-editing approach, that applies
CRISPR-Cas9 technology to correct the molecular alteration
carried by each individual (Duchêne et al., 2018; Verhaart and
Aartsma-Rus, 2019; Lim et al., 2020; Mendell et al., 2020).
Furthermore, gene-transfer therapies for other types of muscular
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dystrophies (CAPN3, SGCB, SGCA, DYSF, SGCG and ANO5) are
burgeoning (Gene Therapy Engine; Chu and Moran, 2018)1.

On the other hand, one of the pillars for drug development and
theragnosis is the information regarding the frequency and types
of molecular alterations that take place in a certain gene.
However, this knowledge principally comes from Europe and
the United States, as little is known about the Latin American
frequencies, which is also true for DMD.

Therefore, the present work has three major aims. Firstly, the
characterization of the mutational spectrum of the DMD gene in
an Argentinian dystrophinopathy cohort. Secondly, the
identification of candidate patients for the available
pharmacogenetic treatments for DMD. Finally, the conduction
of a comparative analysis of the Latin American frequencies of the
mutations amenable for the available DMD therapies.

MATERIALS AND METHODS

Patients and Samples
A cohort of 400 boys with presumptive clinical diagnosis of
dystrophinopathy was referred to our laboratory in pursuit of
differential molecular diagnosis. The criteria followed for the
clinical diagnosis was the one described in Birnkrant et al., 2018.
The algorithm began with the clinical assessment. Clinical
suspicion of DMD arose in cases with DMD family history or
based on the observation of progressive muscular weakness,
Gowers sign, calf muscle pseudohypertrophy, difficulty at
climbing stairs, waddling gait and/or toe walking. The second
step was the determination of the CK level, followed by molecular
studies. If no pathogenic variant is found by genetic testing the
guideline recommends a muscle biopsy.

Whole blood was drawn by venipuncture with 5% ethylene-
diamine tetraacetic acid (EDTA) as anticoagulant for all study
subjects. Genomic DNA was isolated using the cetyl-trimethyl-
ammonium bromide (CTAB) method (Murray and Thompson,
1980). DNA concentration and quality were measured by
absorbance at 260 nm and by the ratio of A260 nm/A280 nm,
respectively. All samples were stored at −20°C.

The protocol was approved by the Institutional Review Board.
Informed consent was obtained for all study subjects prior to the
molecular studies.

Multiplex Ligation-dependent Probe
Amplification (MLPA)
The commercially available MLPA kit for the DMD gene (Salsas
PO34–PO35) was used to screen for gene deletions/duplications
(Schwartz and Dunø, 2004; Gatta et al., 2005; Janssen et al., 2005).
Reactions were carried out according to the manufacturer’s
recommendations [MRC-Holland, Amsterdam, Netherlands (www.
mlpa.com)]. Products were analyzed using a fragment analyzer
sequencer (ABI 3730XL; Applied Biosystems, Foster City,
California) and 500Liz as internal size standard. Data analysis was

performed usingCoffalyser (MRC-Holland, Amsterdam,Netherlands)
and GeneMarker V2.2.0 (Softgenetics, State College, Pennsylvania)
software. Wild-type, deleted, and duplicated controls were included in
all reactions. Following the best practice guidelines for genetic testing
for dystrophinopathies, cases with single-exon deletionwere confirmed
by PCR and/or Sanger sequencing (Fratter et al., 2020).

Whole Exome Sequencing (WES)
WES was carried out by Macrogen Services (Republic of Korea).
Exome libraries were constructed by hybridization capture with the
Agilent SureSelect V4/V5/V6 Target Enrichment Kits (Agilent
Technologies, Santa Clara, United States). WES was performed
on the Illumina HiSeq4000/NovaSeq6000 platforms (Illumina,
San Diego, United States), following the manufacturer’s
recommendations. FASTQ sequencing files were aligned to the
Human Reference Genome hg19 from UCSC (original GRCh37
from NCBI, Feb. 2009) applying Burrows-Wheeler Alignment Tool
(BWA−0.7.12). Analysis proceeded using Picard (picard-tools-
1.130) and Genome Analysis Toolkit (GATK3.v4). Finally,
variant annotation was carried out applying SnpEff
(SnpEff_v4.1g), dbSNP database (version 142), 1000Genomes
phase 3, ClinVar database (version 05/2015) and ESP database
(ESP6500SI_V2). Furthermore, in order to determine the
coverage, coverage depth and the quality of the reads, bam files
were analyzed using the Integrative Genomics Viewer (IGV)
software (Broad Institute, University of California, United States).

Selection of Disease-Associated Candidate
Variants
The screening of disease-associated variants from the NGS results
started with the analysis of the DMD gene. When no DMD disease
associated variants were identified, we broadened the analysis to genes
associated with other monogenic neuromuscular disorders (NMDs),
beginning with muscular dystrophies, group 1 of “The Gene table of
Neuromuscular disorders” (Benarroch et al., 2019). When no disease-
associated variantswere found, we extended the search to all the groups
listed in the table previously mentioned (Benarroch et al., 2019).

The detected sequence variants were classified according to the
standards and guidelines of theAmericanCollege ofMedical Genetics
andGenomics (ACMG) and theAssociation forMolecular Pathology
(Richards et al., 2015). Nomenclature of the identified variants was
achieved following the HGVS standards (Dunnen et al., 2016). The
classification of variants was performed on the basis of the
information gathered from: 1) Type and effect of the molecular
alteration; 2) Population data from 1000Genomes and gnomAD
(https://gnomad.broadinstitute.org/); 3) disease/gene specific
databases, such as Leiden open variation database (LOVD) (http://
www.lovd.nl/3.0/home/) and ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/); 4) In silico predictive analysis: PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/),
Mutation Taster (http://www.mutationtaster.org/), Mutation
Assessor (http://mutationassessor.org/r3/), CADD (http://cadd.gs.
washington.edu/), UMD Predictor (http://umd-predictor.eu/
analysis.php), Human Splicing Finder (https://www.genomnis.com/
access-hsf), etc.; 5) Phenotypic features; 6) Familial segregation; and,
7) Bibliographic reports of functional assays.1https://www.sarepta.com/science/gene-therapy-engine.
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Polimerase Chain Reaction (PCR)-Sanger
Sequencing
Every disease associated or likely pathogenic variant identified by
WES and single exon deletion observed by MLPA was
corroborated by PCR-Sanger sequencing. Also, this technique
was employed for the analysis of patients with known familial
causative small molecular alteration. Primer sequences and PCR
conditions were obtained from the Leiden muscular dystrophy
site [Leiden muscular dystrophy webpages (www.dmd.nl)]. All
PCR reactions were performed in a thermal cycler (Veriti;
Applied Biosystems, Foster City, California). PCR amplicons
were analyzed by 2% agarose (Genbiotech SRL) gel
electrophoresis in 1X TBE buffer and dyed with GelRed™
(Biotium). Positive controls (wild-type DNA) and negative
controls (no DNA) were included in all reactions. The exons
were sequenced using both PCR primers and the reaction
products were analyzed using a DNA analyzer (ABI 3730 XL;
Applied Biosystems, Foster City, California). The quality of the
obtained sequence was determined using FinchTV software
(Geospiza, Seattle, United States) and the results were analyzed
by comparison with the GenBank sequence of theDMDmuscular
isoform (Dp427m, NM_004006.3).

Analysis of Exonic Targets for Exon
Skipping
In order to establish the most frequent targets for exon skipping
in our cohort, we selected a subset of 112 patients carrying out-of-
frame deletions in the DMD gene. Duplications were excluded
from this analysis as MLPA results do not provide information

about the location of the duplicated exons nor the direction in
which they were inserted. According to the GenBank sequence of
the dystrophin muscular isoform (Dp427m, NM_004006.3), we
determined for each deletion the minimum number of exons,
both at the 5′ and 3’ borders of the molecular alteration, that
could be skipped in order to restore the reading frame. This
analysis was not restricted to the exons targeted by the available or
underdevelopment therapies.

Meta-Analysis of Latin America’s Metrics
for DuchenneMuscular Dystrophy Available
Therapies
In order to determine the frequency of candidate patients for the
available therapies for each Latin American country, we
performed a systematic review of the literature regarding
molecular diagnosis of dystrophinopathies.

The study was carried out following the “Preferred Reporting
Items for Systematic reviews and Meta-Analyses” (PRISMA)
guidelines (Page et al., 2021). Figure 1 summarizes the search
and selection process. The search was conducted in PubMed
from the National Library of Medicine (National Center for
Biotechnology Information—NCBI) and in Google Scholar from
Google (White, 2020). The following keywords were used to browse
in both search engines [(Duchennemuscular dystrophy)OR (DMD)
OR (Dystrophinopathies)] AND (Country name/demonym) AND
[(mutation) OR (molecular diagnosis)]. We applied no publication
date nor language restrictions. The last search was performed on
November 30, 2020.

Three authors (LL, MC, and CM) independently carried out
the study selection from the retrieved manuscripts. Firstly,

FIGURE 1 | Flow chart of search and selection algorithm of Latin American reports for the meta-analysis.
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potentially eligible reports were identified by assessing their title
and abstract. At this stage, we included cohort studies and thesis
conducting molecular diagnosis or mutational screening on
patients with clinical presumptive diagnosis of
dystrophinopathies. Manuscripts regarding basic research, case
reports and congress communications were excluded.

The second eligibility step included the review of the full text.
We excluded reports implementing multiplex-PCR, given that
the exact deletion borders might not have been determined and
that it resembles an underestimation of the amount of deletions.
Moreover, so as to calculate the frequencies using a common
criteria, we only considered manuscripts including the results of
each individual or that had their results submitted on public
repositories or databases such as the Leiden open variation
database (LOVD) (https://www.lovd.nl/).

Once we had the selected reports, we manually extracted the
following information: the employed molecular techniques, total
amount of analyzed patients, the amount of individuals with
genetic confirmation of dystrophinopathy, unrelated patients
carrying deletions, unrelated individuals with deletions
amenable by exon skipping of exon 45, 51 or 53, unrelated
boys carrying small variants in DMD and unrelated patients
with nonsense variants.

Additionally, so as to compare the calculated Latin American
frequencies with the well-known and highly regarded frequencies
from Europe and the United States, we conducted the screening
described above with minor modifications for Spain, Italy,
Portugal and the United States. We selected the above
mentioned European countries on the basis of the most
relevant migratory waves of the Latin American history.
Granted that these four countries have been providing state of
the art molecular diagnosis for dystrophinopathies for many
years, the amount of available reports considerably exceeded
the Latin American ones. Therefore, we decided to restrict the
publication date (2005–2020) and select only one report per
country, opting for the latest and/or the one with the largest
cohort with available individual data.

RESULTS

Molecular Diagnosis and Selection of
Candidate Patients
From the studied cohort, dystrophinopathy clinical diagnosis
could be confirmed in 371 from 400 analyzed patients. The
employed molecular algorithm, based on the best practice
guidelines for genetic testing for dystrophinopathies and the
characteristics of each case (familial/sporadic case, known/
unknown causative mutation and type of molecular
alteration), reached a detection rate of 92.8% (Figure 2).
Granted that we already had the WES results of the 29
patients without identified mutation in DMD, we broadened
the screening of pathogenic variants to genes associated with
other muscular dystrophies (Group 1). This extended algorithm
allowed us to provide a differential diagnosis to other 17 patients
and, also, to increase the detection rate to 97%. These patients
showed overlapping symptoms with DMD/BMD but turned out

to be principally affected by limb-girdle muscular dystrophies, as
we found disease causing variants in the following genes: FKRP
(4), SGCA (2), SGCG (2), SGCB (1), CAPN3 (1), FKTN (1),
POMT2 (2), SYNE1 (1), COL6A1 (1), COL6A3 (1) and PHKA1
(1). In the remaining 12 patients, we proceeded with the screening
of all the other groups of NMD. However, we could not identify
any disease associated variants.

Given the broadening of the analysis of WES results, we have
identified two patients from our cohort carrying pathogenic or
likely pathogenic molecular alterations in two MDs causing
genes. Patient one presented an intronic variant in DMD
(NM_004006.3:c.1332-9A > G), mainly reported as pathogenic
in LOVD and ClinVar and probed to affect the splicing process.
However, he also carried an heterozygous missense variant in
CAPN3 (NM_000070.2:c.1303G > A; NP_000061.1:
p(Glu435Lys), classified as pathogenic in LOVD and as likely
pathogenic/pathogenic in ClinVar. Patient two showed two
variants in DMD and a heterozygous variant in SYNE1. In
DMD gene, not only did he carry a splice site variant
(NM_004006.3:c.9975-2A > T) but also a missense molecular
alteration (NM_004006.3:c.10010G > A; NP_003997.2:
p.Cys3337Tyr), both reported in LOVD database in a single
occasion and classified as pathogenic and likely pathogenic,
respectively. As for SYNE1, he presented a novel frameshift
deletion [NM_182961.3:c.7310del; NP_892006.3:
p(Gly2437Valfs*6)].

On the other hand, as it was mentioned above, the
identification of the disease causative molecular alteration
contributes to the selection of the suitable treatment for each
individual (Figure 2). Firstly, the 371 patients with genetic
confirmation of dystrophinopathy resulted candidates for
corticosteroid treatment to ameliorate the inflammation and
improve muscle strength and function. Moreover, regarding
the available mutation-specific therapies for Dystrophinopathy,
the precise characterization of the DMD mutation allowed us to
determine that 20 patients were candidates for exon skipping of
exon 51, 21 for exon 53 and 12 for exon 45, while another 70 were
eligible for premature stop codon read-through therapy
(Table 1). Alternatively, molecular diagnosis prevented the
unnecessary and ineffective corticosteroid treatment of 17
patients diagnosed with other MDs. However, this differential
diagnosis enabled us to determine that six patients were
candidates for gene-transfer therapies for LGMD (2
LGMD2D—SGCA, 2 LGMD2C—SGCG, 1 LGMD2E—SGCB
and 1 LGMD2A—CAPN3).

Argentinian Duchenne Muscular Dystrophy
Mutagenic Spectrum and Analysis of Exonic
Targets for Exon Skipping
So as to collaborate with the international efforts that aim to
determine mutation frequencies from Latin America, we used our
results to establish the DMD mutagenic spectrum for the
Argentinian affected population. As expected, CNVs were the
most frequent type of molecular alterations taking place in DMD,
accounting for 71.5% of cases. Deletions of one or more exons
were the major contributors of CNVs, being detected in 56.6% of
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cases, while duplications of one or more exons were found in
14.9%. CNVs were followed by small pathogenic sequence
variants, which were identified in 25.4% of cases (Figure 3A).
According to the classification by effect of the sequence variants,
the three types most commonly found were nonsense (42.6%),
followed by frameshift (32%) and splice site variants (20.5%)
(Figure 3B). Furthermore, not only have we detected a small
fraction of patients carrying a deletion and a duplication in the
same allele, but also some non-contiguous duplications.

On the other hand, we wondered which were the most useful
exonic targets for exon skipping in our cohort. To answer this
query, we only took into account the 112 out-of-frame deletions
identified. The putative single or multiple exonic targets that
would restore the reading frame of the 112 deletions are depicted
in Figure 4. The skipping of only one exon could restore the
reading frame of 87.5% of patients, whereas the remaining 12.5%
would require multiple-exon skipping. The deletions of 14
patients can even be corrected by two different single-exon
skipping strategies, as removing the 5′ or 3’ exons adjacent to
the alteration can turn it into an in-frame mutation.

As it was expected, most of the identified molecular alterations
(47.3%) would restore the reading frame by skipping exons 45, 51
or 53, that is to say that they are eligible for the already available
therapies. They are followed by exon 44, which applies to 9.8% of
the out-of-frame deletions. It is worth mentioning that exon
skipping of exon 44 is currently under preclinical test. Exon
skipping strategies targeting 50 and 52, which are also undergoing

preclinical trials, only probed to be eligible for 4.5 and 3.4% of the
identified mutations, respectively. Strikingly, we found that 5.4%
of the mutations from our cohort are amenable for exon skipping
of exon 2 or exon 8, as all these patients carried the same deletion
of exons 3 to 7 (Figure 4).

Characterization of Nonsense Variants
Ataluren is the drug developed to enable ribosomal read-through
of premature stop codons in nonsense mutations for Duchenne
patients. From the total cohort analyzed we identified 70 patients
with nonsense variants, who were candidates for Ataluren drug.
We wonder if the subtypes of nonsense variants could affect
Ataluren effectiveness, therefore we proposed to characterize the
diversity of nonsense in an Argentine cohort. We described the
different types of nonsense found, the number of times the same
variant was observed in unrelated patients, and the exons and
protein domains affected. Furthermore, we analyzed which was
the wild-type amino acid that switched to a premature stop
codon, and finally, the codon position of the transition/
transversion (Table 1).

From the 70 patients with nonsense identified, 60 were
unrelated. These 60 variants were distributed in 33 of the
79 DMD exons, and almost 66% were localized in the
dystrophin rod domain. Moreover, in unrelated patients,
nonsense mutations were more frequently found in exons 20,
23, 66, and 70. The UGA turned out to be the most frequent
premature stop codon observed (47%) and it was in the first

FIGURE 2 |Molecular algorithm The figure shows the workflow carried out to achieve differential diagnosis of patients with clinical suspicion of Dystrophinopathy
and to determine candidates for mutation-specific therapies. “MLPA”: multiplex ligation-dependent probe amplification. “WES”: whole exon sequencing. “MD”: Muscular
Dystrophy. *In silico panel was created considering genes associated with the development of MDs (Group 1) according to the “Gene table of neuromuscular disorders
(nuclear genome)” and its annual updates. **Re-analysis of the WES results on the basis of the discovery of new genes involved with MDs and the revision of the
ACMG classification of sequence variants.
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position of the codon that 73% of the substitutions occurred,
being 2.2 times more frequent transitions than transversions. It is
important to highlight that 35% of the 60 unrelated patients
carried nonsense mutations involving Arginine and 30%
involving Glutamine. Both of them were caused by transitions,
and all mutations in the case of arginine, were CGA codons. Of
the 20 amino acids encoded in our genetic code, only ten can
convert to a stop codon by mutations. We observed nine of them
present in our cohort, only glycine was not found (Table 1).

Meta-Analysis of Latin America’s Metrics
for DuchenneMuscular Dystrophy Available
Therapies
A total of seven reports (six published manuscripts and a thesis)
matched the inclusion/exclusion criteria used for the systematic
review of the literature, representing only six Latin American
countries (Table 2). Furthermore, in order to compare the
information from Latin America with the highly regarded

TABLE 1 | Nonsense variants characterization.

Lab identification Patients* Nonsense variant (HGVS, c./p.) Exon Dys domains WT aa WT codón Stop codon DNA subst mut

#392 1 c.433C > T/p.(Arg145*) 6 Actin binding Arg CGA TGA Transition
#56 1 c.620T > G/p.(Leu207*) 7 Actin binding Leu TTA TGA Transversion
#598 1 c.701C > G/p.(Ser234*) 8 Actin binding Ser TCG TGA Transversion
#620 1 c.826C > T/p.(Gln276*) 8 Actin binding Gln CAA TAA Transition
#104 1 c.907C > T/p.(Gln303*) 9 Central rod Gln CAG TAG Transition
#586 1 c.1132C > T/p.(Gln378*) 10 Central rod Gln CAG TAG Transition
#246 1 c.1388G > A/p.(Trp463*) 12 Central rod Trp TGG TAG Transition
#362 1 c.1793C > G/p.(Ser598*) 15 Central rod Ser TCA TGA Transversion
#461 1 c.1777C > T/p.(Gln593*) 15 Central rod Gln CAA TAA Transition
#307 1 c.1928G > A/p.(Trp643*) 16 Central rod Trp TGG TAG Transition
#619 1 c.2032C > T/p.(Gln678*) 17 Central rod Gln CAG TAG Transition
#288 1 c.2270C > G/p.(Ser757*) 18 Central rod Ser TCA TGA Transversion
#132 1 c.2317A > T/p.(Lys773*) 19 Central rod Lys AAG TAG Transversion
#110/#725/#824 3 c.2407C > T/p.(Gln803*) 20 Central rod Gln CAA TAA Transition
#326 1 c.3151C > T/p.(Arg1051*) 20 Central rod Arg CGA TGA Transition
#303 1 c.2440G > T/p.(Glu814*) 20 Central rod Glu GAA TAA Transversion
#775 1 c.2566C > T/p.(Gln856*) 20 Central rod Gln CAA TAA Transition
#773 1 c.2414C > G/p.(Ser805*) 20 Central rod Ser TCA TGA Transversion
#723 1 c.2626G > T/p.(Glu876*) 21 Central rod Glu GAA TAA Transversion
#762/#695 2 c.2991C > G/p.(Tyr997*) 23 Central rod Tyr TAC TAG Transversion
#394/#460 2 c.3151C > T/p.(Arg1051*) 23 Central rod Arg CGA TGA Transition
#717 1 c.3136C > T/p.(Gln1046*) 23 Central rod Gln CAA TAA Transition
#125 1 c.3742C > T/p.(Gln1248*) 27 Central rod Gln CAG TAG Transition
#686 1 c.4108C > T/p.(Gln1370*) 30 Central rod Gln CAG TAG Transition
#258 1 c.4375C > T/p.(Arg1459*) 32 Central rod Arg CGA TGA Transition
DMD191 1 c.4499C > A/p.(Ser1500*) 32 Central rod Ser TCA TAA Transversion
#675/#677 2 c.4729C > T/p.(Arg1577*) 34 Central rod Arg CGA TGA Transition
#603 1 c.4820T > A/p.(Leu1607*) 34 Central rod Leu TTG TAG Transversion
#639 1 c.5530C > T/p.(Arg1844*) 39 Central rod Arg CGA TGA Transition
#649 1 c.6254G > A/p.(Trp2085*) 43 Central rod Trp TGG TAG Transition
#710 1 c.6715G > T/p.(Glu2239*) 46 Central rod Glu GAA TAA Transversion
#303/#338 2 c.6973C > T/p.(Gln2325*) 48 Central rod Gln CAG TAG Transition
#769 1 c.7010T > G/p.(Leu2337*) 48 Central rod Leu TTA TGA Transversion
#774 1 c.7657C > T/p.(Arg2553*) 52 Central rod Arg CGA TGA Transition
#465 1 c.7792C > T/p.(Gln2598*) 53 Central rod Gln CAG TAG Transition
#508 1 c.7750C > T/p.(Gln2584*) 53 Central rod Gln CAA TAA Transition
#689 1 c.8098A > T/p.(Lys2700*) 55 Central rod Lys AAG TAG Transversion
#285 1 c.8608C > T/p.(Arg2870*) 58 Central rod Arg CGA TGA Transition
#623 1 c.8774G > A/p.(Trp2925*) 59 Central rod Trp TGG TAG Transition
#483 1 c.8944C > T/p.(Arg2982*) 60 Central rod Arg CGA TGA Transition
#295 1 c.9337C > T/p.(Arg3113*) 64 Cysteine-rich Arg CGA TGA Transition
#194 1 c.9459T > A/p.(Cys3153*) 65 Cysteine-rich Cys TGT TGA Transversion
#673 1 c.9474T > G/p.(Tyr3158*) 65 Cysteine-rich Tyr TAT TAG Transversion
#542/#495/#700 3 c.9568C > T/p.(Arg3190*) 66 Cysteine-rich Arg CGA TGA Transition
#617 1 c.9802C > T/p.(Gln3268*) 67 Cysteine-rich Gln CAA TAA Transition
#196 1 c.9928C > T/p.(Gln3310*) 68 Cysteine-rich Gln CAG TAG Transition
#469/#437/#753/#846 4 c.10108C > T/p.(Arg3370*) 70 Cysteine-rich Arg CGA TGA Transition
#250 1 c.10141C > T/p.(Arg3381*) 70 Carboxy-terminal Arg CGA TGA Transition
#854 1 c.10171C > T/(p.Arg3391*) 70 Carboxy-terminal Arg CGA TGA Transition

Lab, laboratory; Patients, number of non-related patients with the same nonsense; Nonsense variant (HGVS, c./p.), HGVS-nomenclature (https://varnomen.hgvs.org/); p, (protein); c,
(coding DNA) (Dp427m, NM_004006.3); WT aa, Wild type amino acid; WT Codón, Wild type codon, in bold the base implicated in the substitution; Dys Domains, dystrophin domains;
DNA subst mut, DNA substitution mutations.
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knowledge from Europe and North America, manuscripts from
Spain, Italy, Portugal and the United States were included in our
meta-analysis (Table 2). Unfortunately, though the manuscript
from Portugal included a large cohort and performed the
complete diagnostic algorithm, the data submitted in LOVD
was incomplete and showed a bias toward small sequence
variants.

Strikingly, according to the gathered reports, only four Latin
American countries (Argentina, Brazil, Colombia and Mexico)
conduct the screening of DMD small sequence variants, that is to
say, the complete molecular diagnostic algorithm for
dystrophinopathies (CNV and SNV). Thus, most of the Latin
American countries only provide studies to detect CNVs. As it
was part of the inclusion criteria, only these seven manuscripts
report the usage of MLPA, the rest of the available Latin
American literature in PubMed and Google Scholar not only
were they more than 15 years old but also entailed studies of
multiplex-PCR to detect deletions in theDMD gene. On the other
hand, information about the age at molecular diagnosis was only
provided for three countries, being the earliest the Argentinian at
the age of 6 years old and the latest the Colombian at the age of
9 years (Table 2).

Regarding the frequencies of exon skipping, as in the
manuscripts they were estimated in alternative ways, we
standardized the calculations as: total amount of unrelated
patients amenable for each exon skipping/total amount of
unrelated patients with DMD deletions. We observed different
relations among the three targets for exon skipping in the
analyzed countries. As it is generally reported in the literature,
the pattern E51S > E53S > E45S was detected in Argentina and
Puerto Rico, which also coincided with the Spanish results.
Alternatively, Colombia and Costa Rica showed the pattern
E51S > E45S > E53S, which was shared with the
United States. In addition, exon 45 proved to be the most
frequent target for exon skipping in Brazil (E45S > E53S >
E51S) and Peru (E45S > E51S > E53S), but they presented
different relations for exons 51 and 53. Notably, Mexico
exhibited the same frequency for the three targets (E45S �
E51S � E53S). Similarly, Italy depicted almost the same
frequency for exon 51 and 53 skipping, yet a reduced
proportion for exon 45 (E51S ≈ E53S > E45S).

Concerning the premature stop codon read-through
therapy, we calculated the proportion of nonsense variants
as follows: total amount of unrelated patients with nonsense

FIGURE 3 | DMD spectrum mutations and small variants by effect. (A) The figure shows the DMD percentages of the different genetic alterations found in the
Argentine cohort. (B) DMD percentages of the small variants by their effect found in the Argentine cohort.

FIGURE 4 | Exonic targets for Exon skipping. The figure shows the targets for exon skipping that could restore the reading frame of a subset of 112 patients
carrying out-of-frame deletions in DMD. 14 mutations can be corrected by two different Exon Skipping strategies.
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variants/total amount of unrelated individuals with DMD
small molecular alterations. The proportions of nonsense
variants for Latin America were mainly around 40%, which
correlated with the results from the Spanish and Italian
populations. Colombia exhibited the greater amount of
nonsense mutations (54%) among the Latin American
countries and was similar to the 56.5% observed in the
United States.

DISCUSSION

Dystrophinopathies cover a spectrum of X-linked muscle diseases
ranging from mild to severe phenotypes. Although rare, they are
among the most common pediatric muscular dystrophies, being
DMD the most prevalent and severe form. Luckily, in the last two
decades, unprecedented advances have been made in the field of
drug development for rare diseases and DMD is a great example.
Nowadays, not only are corticosteroids available, but also
mutation-dependent therapies aiming to generate a functional
dystrophin mRNA and/or protein. These major advances have
turned the molecular diagnosis of dystrophinopathies into a key
element for the selection of the best standard of care. In other
words, screening and precise characterization of the DMD
causative mutation is now the basis of the theragnosis for
these diseases.

In the present work, we pursued differential molecular
diagnosis of 400 Argentinian patients with presumptive
clinical diagnosis of dystrophinopathy, so as to determine
eligibility for the available therapies. For this, as it was
mentioned above, we set up a general diagnostic algorithm
following the best practice guidelines for genetic testing for
dystrophinopathies (Birnkrant et al., 2018; Fratter et al.,
2020), which was tailored on the basis of the particular
characteristics of each case. Moreover, this strategy was
improved by taking into consideration the possibility of
mistaken clinical diagnosis given the existence of
overlapping phenotypic features with other types of MDs.
Here we have shown that, at least for the Argentinian
analyzed cohort, the employed algorithm is highly effective
for the detection of the disease causing molecular alterations
and for the achievement of differential diagnosis, as we
reached a detection rate of 97%.

Dystrophinopathy clinical diagnosis was confirmed by
genetic testing in 371/400 (92.8%) patients. Apart from
being the foundations of familial genetic assessment,
molecular diagnosis plays a key role in the selection of the
suitable standard of care for each individual (Birnkrant et al.,
2018). Corticosteroids are the recommended standard therapy
for DMD, thus molecular confirmation of the diagnosis is
essential for starting treatment. Therefore in these 371 DMD
confirmed patients, corticosteroid treatment was correctly

TABLE 2 | Meta-analysis of Latin America’s metrics for DMD available therapies.

Country Total/diagnosed
casesa

Employed
techniques

AD Exon
45 skipping

(E45S)b

Exon
51 skipping

(E51S)b

Exon
53 skipping
(E53S)b

Atalurenc Reference

Argentina 371/359 MLPA and DMD seq. by NGS 6 years 9/155 (5.8%) 20/155
(12.9%)

18/155
(11.6%)

60/
143 (42%)

Present work

Brazil 177/177 MLPA and DMD seq. by NGS — 19/
103 (18.4%)

11/103
(10.7%)

13/103
(12.6%)

22/52
(42.3%)

de Almeida et al. (2017)

Peru 40/21 PCRm and MLPA — 4/17 (23.5%) 3/17 (17.6%) 2/17 (11.8%) — Huaman-Dianderas et al.
(2019)

Colombia 52/52 MLPA and DMD seq. by NGS 9 years 1/28 (3.6%) 2/28 (7.1%) 0/28 (0%) 6/11 (54.5%) García-Acero et al. (2018)
Costa
Rica

74/53 PCRm and MLPA 7.5 years 7/45 (15.6%) 8/45 (17.8%) 1/45 (2.2%) — Thesis3

Puerto
Rico

84/65 MLPA — 1/56 (1.8%) 9/56 (16.1%) 5/56 (8.9%) — Ramos et al. (2016)

Mexico 170/116 MLPA, PM-MLPA, HRM and
sanger seq

— 11/86
(12,8%)d

11/86
(12,8%)d

11/86
(12,8%)d

— López-Hernández et al.
(2015)

63/52 MLPA, NGS and sanger seq — — — — 11/29
(37.9%)

Alcántara-Ortigoza et al.
(2019)§

Spain 284/284 PCRm, MLPA and sanger seq — 11/131
(8.4%)

16/131
(12.2%)

8/131 (6.1%) 49/97
(50.5%)

Vieitez et al. (2017)

Italy 1902/1902 PCRm, Log-PCR, MLPA,
NGS and sanger seq

— 39/610
(6.4%)d

51/610
(8.4%)d

53/610
(8.7%)d

200/469
(42.6%)

Neri et al. (2020)

Portugal 312/284 Southern blot, PCRm, MLPA
and sanger seq

— 0/11 (0%)d 1/11 (9.1%)d 0/11 (0%)d 5/25 (20%) Santos et al. (2014)

EUA 933/933 SCAIP, MLPA, sanger seq
and cDNA seq

— 53/426
(12.4%)

70/426
(16.4%)

50/426
(11.7%)

226/400
(56.5%)

Flanigan et al. (2009)

aTslrotal of molecularly analyzed/diagnosed unrelated male patients, members of a family were counted as 1 case; AD: Mean age at diagnosis
bPercentage of deletions amenable with exon skipping of exon 45, 51, and 53, respectively. Calculations were performed as follows: N° of unrelated patients amenable for each of the
therapies/N° of unrelated patients carrying deletions
cPercentage of DMD small variants candidates for Ataluren or premature stop codon read through. Calculations were performed considering: N° of unrelated patients carrying nonsense
variants/N° of unrelated patients with sequence variants. N/A: Data not available.
dFrequencies were determined on the basis of the patients reported on LOVD and linked to the manuscript.
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indicated and validated. The addition of corticosteroids in the
standards of care for dystrophinopathy was subject of great
debate given their well-known side effects. However, they have
extensively proved to ameliorate the inflammation and
improve muscle strength, which translates in a delay at the
age of loss of ambulation. This is the main reason why their
benefits are thought to surpass their side effects. Nowadays, the
discussion relies on which corticosteroid is the best for
dystrophinopathy patients, Prednisone or Deflazacort
(Griggs et al., 2016; Shieh et al., 2018).

On the one hand, the employed molecular algorithm was able
to identify 17 clinically misdiagnosed patients. While most of
these patients were affected by recessive or dominant forms of
limb-girdle muscular dystrophies, one of them had a pathogenic
variant in PHKA1 associated with the X-linked form of muscle
glycogenosis. Individuals suffering from the autosomal recessive
LGMD2I (FKRP) were the most frequently misdiagnosed as
DMD. This large proportion of mistaken clinical diagnosis
relies on the overlapping signs and symptoms among MDs
and the requirement of an experienced neurologist/physician
to detect the characteristic features of each clinical picture.
Even the highly regarded muscle biopsy is no longer
considered as an unequivocal diagnostic test, as it has been
shown that patients with absence or decreased levels of
dystrophin in the immunohistochemistry can carry molecular
alterations in genes encoding for dystrophin-related proteins
(Yamamoto et al., 2008). Moreover, it must be highlighted
that if we would have followed the recommended molecular
algorithm for dystrophinopathies without modifications, the 29
individuals not carrying pathogenic variants in DMD would have
undergone muscle biopsy. This, therefore, shows that when WES
or NGS panels results are available, broadening the screening to
genes linked to the development of NMDs is useful not only to
reach the differential diagnosis without further tests but also to
prevent patients from going through the invasive biopsy
procedure.

On the other hand, providing differential diagnosis to the 17
individuals with other forms of MDs was also useful to determine
the suitable standard of care and eligibility on gene-transfer
therapies. They were prevented from a corticosteroid
treatment, as for these diseases there is still no strong evidence
for its efficacy (Walter et al., 2013; Albuquerque et al., 2014).
Furthermore, six of them could already be determined as
candidates for gene-transfer therapies that are under
preclinical or clinical tests. Even though these are gene-
dependent therapeutic approaches, counting with the precise
characterization of the disease causative mutations will allow
them to start with these treatments as soon as they are approved
and become available, so as to prevent further muscle
deterioration.

Given the usage of WES for the screening of small variants, we
have identified two patients carrying likely pathogenic/
pathogenic variants in DMD and in other MDs genes (CAPN3
and SYNE1) associated with both dominant and recessive
inheritance patterns. One of them even carried a pathogenic
variant and a VUS in DMD, being the latter reported as likely
pathogenic in LOVD. We are observing this type of cases more

frequently as NGS tests are becoming more broadly used for
genetic diagnosis. On the one side, these findings highlight the
importance of performing a deep genetic analysis so as to provide
an accurate theragnosis, given that the selected treatment might
not be as effective as it should because of the existence of a second
deleterious molecular alteration further affecting the skeletal
muscle. On the other side, these observations could explain
the phenotypic heterogeneity among dystrophinopathy patients.

Regarding DMD mutational spectrum, the observed
proportion of CNVs and small sequence variants were in
accordance with what was reported in literature for the
European and North American populations (Flanigan et al.,
2009; Falzarano et al., 2015; Aartsma-Rus et al., 2016; Vieitez
et al., 2017). We even detected 0.7% of large allelic del-dups.
Notably, ∼7% of the identified gross duplications were non-
contiguous alterations.

In particular, 5% of the patients with single exon deletions
detected by MLPA, actually had small sequence variants affecting
the hybridization of the hemiprobes. Despite the fact of being
included in the best practice guidelines for genetic testing for
dystrophinopathies, at least in our country, corroboration of
single exon deletions with an alternative technique is not the
norm for every laboratory. Yet, this has a huge impact for the
patient, as a mistaken diagnosis can affect management and
theragnosis.

As for the 12 individuals with clinical presumptive diagnosis of
dystrophinopathy but without identified pathogenic mutation,
we could determine that five of them had a biopsy with
immunohistochemistry compatible with dystrophinopathy
(dystrophin deficient or absent). Therefore, we presumed they
could be dystrophinopathy cases with deep intronic alterations,
chromosomal rearrangements or regulatory mutations not
detected by the employed methodology (Gurvich et al., 2008;
Tran et al., 2013; Aartsma-Rus et al., 2016). Another seven
patients had highly increased CK levels (ranging from 1.600 to
18.000 UI/L), however they did not have a biopsy. In conclusion,
to continue with the study of these undiagnosed patients
complementary studies will be necessary. A muscle biopsy
could be valuable to perform Immunohistochemistry analysis,
western blot and/or mRNA sequencing. Other options are MRI,
electromyography and other genetics tests that analyze genes that
were not included in the NMD gene table (new NMD-associated
genes) or genes carrying variants not detected by the employed
NGS pipeline. Such are the cases of facioscapulohumeral
muscular dystrophy (FSHD) or type three spinal muscular
atrophy (SMA).

Regarding exon skipping, the selection of candidate patients is
generally performed considering the exonic borders of the
observed deletion at gDNA level and determining if the
removal of one or several of the surrounding exons would
restore the reading frame. This way we could establish that 53
of the dystrophinopathy patients apply for the available strategies
targeting exons 45, 51, and 53. However, it should be noticed that
as the cDNA is not evaluated for these patients, we do not know if
the molecular alteration at the mRNA level resembles the one
identified in the gDNA. That is to say, it cannot be excluded that,
given the location of the intronic breakpoints of the deletion, non-
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canonical regulatory splicing sites might be altering the mRNA
processing. Hence, as this could modify the effect of the exon
skipping therapy and make patients go through an ineffective
treatment, taking this matter into consideration, would further
improve the selection of candidate patients (Gualandi et al., 2006;
Tuffery-Giraud et al., 2017).

As for the screening of putative exonic targets for the identified
out-of-frame deletions, we observed that the majority of patients
(87.5%) would require a mono-target exon skipping strategy to
restore their reading frame. Luckily, this agrees with the
knowledge obtained from the development of different exons
skipping mechanisms, as the mono-target therapies have reached
more fruitful results than the multi-target ones. This is related to
the great difficulty with the delivery of the required chemically
modified AONs, turning the taskmore laborious as the amount of
targets increases (Aslesh et al., 2018; Echigoya et al., 2019).
Furthermore, among the most useful exonic targets, we found
exons 44, 50 and 52 (∼17.8%) which are already undergoing
preclinical trials2.

Also, for 14 patients, we identified two different single-exon
skipping strategies capable of restoring the reading frame. In such
cases the question is which would be better or would be more
effective for the patients. We will try to answer this query using as
an example the deletion of exons 3 to 7 which is amenable for
exon skipping of exon 2 and exon 8. As far as we are concerned,
the decision should be made on the basis of the location of the
molecular alteration, the role of the implicated area in the protein,
information of gene/protein structure and reports of patients
having the resulting deletion and their phenotype or clinical
course of the disease. In this case, although the deletion affects the
actin-binding domain, it is known that there is another actin
anchorage site within the rod domain (Mias-Lucquin et al., 2020).
Moreover, it has been reported the existence of three Internal
Ribosome Entry Sites (IRES) or, in other words, three internal in-
frame start codons of the translations in exon 8 (Malhotra et al.,
1988; Winnard et al., 1995). In addition, LOVD counted with five
reports of patients with deletion of exons 2 to 7 (three classified as
BMD, one as DMD and 1 DMD/BMD), while there were only
three reports of the deletion of exons 3 to 8 (1 BMD and 2 MD).
Finally, according to the provided information, we think that in
this case the exon skipping of exon 2 would show better results.

Concerning premature stop codon read-through therapy,
given the fact that nonsense variants are generally considered
as truncating alterations, candidate patients are selected under the
simple consideration of presenting this type of small sequence
variants. Following this criteria, we identified in our cohort 70
individuals eligible for the treatment with Ataluren. Nonetheless,
this year it was reported that not every DMD nonsense variant
should be rendered as truncating nor strictly associated with
DMD, as due to their genetic/exonic location they could be
actually having a milder effect on the phenotype (Neri et al.,
2020; Torella et al., 2020).

Granted the existence of a therapeutic protocol for nonsense
variants, it is of the utmost importance to deepen the knowledge

of the effect of this type of alterations and their characterization.
In our cohort, we have found 60 nonsense in unrelated patients,
distributed in 33 of the 79 DMD exons and mainly affecting the
rod domain (65.6%) of dystrophin. These substitutions
principally took place in the first codon position (73%),
followed by 19% affecting the second and 8% the third
position, mostly disrupting codons coding for arginine and
glutamine. Also, it was observed that transitions occurred
2.2 times more frequent than transversions, being C > T
substitution the most prevalent. Finally, the stop codon
generation rate was: UGA (46.9%), UAG (32.8%) and
UAA (20.3%).

As expected, G:C > A:T transitions were the most prevalent
stop mutation class (72%), we obtained results similar to Flanigan
et al., 2009. We also found arginine as the most frequent amino
acid converted to stop. From the total of the 60 substitutions, the
35% were transitions due to CpG from arginine (CGA) to Stop,
presumably due to the spontaneous deamination of 5-
methylcytosine to thymidine at methylated CpG dinucleotides
(Cooper and Krawczak, 1989; Flanigan et al., 2009).

Although up to now nonsense mutations are treated with
Ataluren, it is possible that in a short term, combined therapies
will begin to be implemented. For example, 13 of the 60 nonsense
(exons: 9, 10, 15, 16, 23, 27, 30, 32, 34, 39, 48, 60, and 64) are
located in inframe exons, these exons could be used as targets for
exon skipping and be combined with the premature stop codon
read-through therapy.

Another important point to take into account in the trials is
that the populations (controls vs. treated) to be compared should
be as homogeneous as possible in terms of nonsense variants.
Beyond the fact that most nonsense are considered null alleles, it
must be taken into account that their location in the DMD gene
will have different functional impact since it will depend on how
many isoforms will be affected. In our case, patients who have
nonsense after exon 60 will theoretically have all the isoforms of
dystrophin affected. On the other hand, as more 5′ the nonsense
would be located, less isoforms would be altered. Regarding the
above mentioned nonsense characteristics, although 10 patients
are currently being treated with Ataluren, unfortunately, we do
not have enough clinical data to make genotype-phenotype
statistical comparisons to determine the effectiveness of the
treatment.

In the matter of the performed meta-analysis, it surprised us
the lack of updated reports about the genetic and molecular
characterization of dystrophinopathy patients from Latin
America. Moreover, it is alarming the reduced number of
countries providing the DMD full mutational analysis to the
affected individuals, which, as it was highlighted throughout the
manuscript, is now considered the foundations of the theragnosis
for dystrophinopathies. However, we cannot discard the chance
that these studies are in fact carried out but the results are not
shared in publications. Another possibility is that the studies are
performed abroad, as it is well-known that for developing
countries sometimes it is cost-effective to send the samples to
experienced and equipped laboratories.

In addition, it was difficult to obtain information regarding the
age at molecular diagnosis, though manuscripts more frequently2https://www.sareptatherapeutics.ch/en/our-pipeline.
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detailed the age at onset. Nonetheless, we reckon that the age at
molecular diagnosis is more objective and precise than the age at
onset, as the latter depends on the ability of the family to detect
the appearance of the first symptoms and the capacity of the
clinician to get the information during anamnesis. On the other
hand, the age at molecular diagnosis provides insights about the
availability of genetic studies in a certain place. It must be noticed
that an early confirmation of the presumptive clinical diagnosis
has a major impact on the management and treatment of the
patient, as this translates into a major amount of healthy muscle
fibers to treat. From the gathered data, Argentina presented the
earliest age at molecular diagnosis (6 years) while Colombia
showed the latest one (9 years). So, efforts must be done in
Latin America to achieve early diagnosis in dystrophinopathy
patients.

As for exon skipping, not only has the meta-analysis
depicted an ample variability in the frequencies for each
target exon, but also has demonstrated the existence of
different patterns among them. This was true for the Latin
American and European countries, proving that there is no
such thing as a general continental pattern. Furthermore, as it
has been reported for the Italian population, there can even
exist differences in the exon skipping frequencies within a
country (Neri et al., 2020). Hence, these results suggest that the
selection of target exons for the development of exon skipping
therapies, based on frequencies rendered as “general” in the
literature, might not be the best approach. As local/ethnic
differences are not being considered, many dystrophinopathy
patients carrying frequent molecular alterations might miss the
opportunity to access a mutation-dependent therapy suitable
for them.

On the other hand, the obtained proportions of nonsense
variants were similar in the analyzed countries, not even
displaying differences between continents. The majority of the
countries presented frequencies around 40%. However, Colombia
and the United States showed an increased proportion of
nonsense mutations, reaching ∼55%. Thus, this information
suggests an even distribution of this type of small variants
among different populations.

In conclusion, the present manuscript describes the theragnosis
carried out in one of the reference centers for the molecular
diagnosis of dystrophinopathies in Argentina. Firstly, the
implemented diagnostic molecular algorithm proved to be
efficient for the achievement of differential diagnosis, which
nowadays plays a crucial role in patient management, the
determination of the suitable standard of care and genetic
counseling. Secondly, we have performed a thorough
characterization of the DMD molecular alterations and,
particularly, of the nonsense variants observed in an Argentinian
dystrophinopathy cohort. Thirdly, we conducted a meta-analysis
that allowed us to compare the frequencies of the amenable

mutations for the available DMD therapies and the current
situation of the dystrophinopathy molecular studies throughout
Latin America. Finally, this work contributes with the
international efforts to characterize the frequencies and variants
of Latin America, pillars of drug development and theragnosis.
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Decades of successful use of antibiotics is currently challenged by the emergence of
increasingly resistant bacterial strains. Novel drugs are urgently required but, in a scenario
where private investment in the development of new antimicrobials is declining, efforts to
combat drug-resistant infections become a worldwide public health problem. Reasons
behind unsuccessful new antimicrobial development projects range from inadequate
selection of the molecular targets to a lack of innovation. In this context, increasingly
available omics data for multiple pathogens has created new drug discovery and
development opportunities to fight infectious diseases. Identification of an appropriate
molecular target is currently accepted as a critical step of the drug discovery process.
Here, we review how diverse layers of multi-omics data in conjunction with structural/
functional analysis and systems biology can be used to prioritize the best candidate
proteins. Once the target is selected, virtual screening can be used as a robust
methodology to explore molecular scaffolds that could act as inhibitors, guiding the
development of new drug lead compounds. This review focuses on how the advent of
omics and the development and application of bioinformatics strategies conduct a “big-
data era” that improves target selection and lead compound identification in a cost-
effective and shortened timeline.

Keywords: drug discovery, drug target, metabolic reconstruction, structural modeling, target prioritization, virtual
screening

INTRODUCTION

Antibiotics have revolutionized medicine in many aspects, and countless lives have been saved since
their discovery at the beginning of the 20th century. However, although antimicrobials have enabled
the control of most bacterial diseases considered deadly in the pre-antibiotic era, the emergence of
resistant or multiresistant strains, often called "superbugs", is now a huge source of concern for
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human health. The extraordinary genetic capacities of bacteria
have benefited from man’s overuse of antibiotics, leading to
multiple antibiotic resistance mechanisms for each antibiotic
introduced in the clinical practice (Davies and Davies, 2010).
In this context, novel drugs or therapies are urgently required.
Still, in a scenario where private investment in the development of
new antimicrobials is declining, efforts to combat drug-resistant
infections is becoming a worldwide concern.

Generally, antibiotic discovery and development processes are
ineffective and costly. It is predicted that around 90% of drugs
entering phase 1 clinical trials will not reach approval and that the
overall cost for each approved compound is about 1.4 billion
dollars (Hay et al., 2014; DiMasi et al., 2016). The decision-
making process in a drug discovery project requires a thorough
understanding of as many variables as possible to maximize the
chance of success. The reasons for the failure of many new
antimicrobial development projects range from inadequate
selection of the molecular targets to a lack of innovation and,
quite significantly, the appearance of severe side effects. However,
the availability of pathogen genomic-scale datasets has created
new opportunities for drug discovery, including those against
new resistant and multiresistant strains. Subtractive genomics,
structural bioinformatics, and metabolic pathways analysis
approaches are currently applied for the development of new
drugs and fight antimicrobial resistance, acting as a complement
to traditional wet-lab approaches. Although not enough time has
elapsed to exploit all capabilities of in silico approaches in drug
discovery, target-based drug discovery has been effective for
many therapeutic targets, most notably for HIV/AIDS (Zhan
et al., 2016), and was also successful in identifying potent
antibacterial inhibitors of peptide deformylase (Hackbarth
et al., 2002). Other examples of genomic approaches that
resulted in promising compounds include AFN-1252, a
selective inhibitor of the Staphylococcus aureus enzyme enoyl-
acyl carrier protein reductase, FabI, which showed potent in vitro
activity and in vivo efficacy (Kaplan et al., 2012). Early genome-
wide studies pointed to the essentiality of proteins involved in
fatty acid biosynthesis that, coupled to structural differences
between enzymes from bacteria and mammals, made these a
noteworthy target (Forsyth et al., 2002). BamA, a component of
the β-barrel assembly machine of Gram-negative bacteria, has
also been proposed as a target due to its essentiality and extensive
conservation in these organisms. A monoclonal antibody that
selectively inhibits this protein has been developed and
demonstrated to have bactericidal activity (Storek et al., 2018).
Other inhibitors targeting Gram-negative outer membrane
proteins have also been proposed (MacNair et al., 2020).
Combined, these examples reinforce the utility of target-based
approaches that, informed by genome evidence, can result in the
successful identification of novel drug candidates.

Targeted drug development projects consist of several steps
that range from candidate selection and validation, the
performance of in vitro and in vivo experiments to identify
lead and candidate molecules, pre-clinical development in
animal models, and finally, clinical trials in human subjects to
establish safety and effectiveness. Along this long and winding
road, several significant challenges must be met to avoid failure,

and as in any race, an optimal start is of great advantage. The
mentioned advent of omics approaches (e.g., genomics,
transcriptomics, and proteomics) has fostered the development
of bioinformatics tools guiding to a “big-data era” that allows
improved identification of putative targets and lead compounds.
Other informatics approaches to enhance antimicrobial
discovery, such as Machine Learning (ML), are out of the
scope of the present work and are reviewed elsewhere (Lau
et al., 2021). Opportunities to apply ML occur in all stages of
antimicrobial discovery (Vamathevan et al., 2019; Lau et al.,
2021). Examples include target validation, identification of
prognostic biomarkers, and analysis of digital pathology data
in clinical trials. Halicin is one of the most notable discoveries of
new antimicrobials using ML techniques (Stokes et al., 2020).
This drug was effective against many multidrug resistant
microbes in vitro and in vivo.

In this review, we will focus on the different bioinformatics
strategies used for prioritizing drug targets in pathogens.
Particularly, we include results of prioritized targets with
their potential molecule inhibitor candidates for two bacteria
that cause endemic diseases in Latin American countries,
namely Mycobacterium tuberculosis (Mtb) and Bartonella
bacilliformis (Bb).

HOW TO PRIORITIZE DRUG TARGETS IN
PATHOGENIC BACTERIA?

Since experimental research of putative drug targets is time-
consuming and expensive, it is worthwhile to conduct
bioinformatic analysis to select proteins that are good
candidates as molecular targets for antimicrobial discovery
projects. These analyses consider features commonly thought
to be desirable in a target, including druggability (whether drug-
like compounds are likely to interact with the protein),
essentiality (which suggest that inhibiting the target function
will have the desired bactericidal effect), specificity/selectivity
(potential for inhibiting the pathogen without harming the
host and its microbiota), and relevance in metabolic stages of
the pathogen during infection.

From a general point of view, druggability is a concept used to
describe the ability of a given protein to bind a drug-like molecule,
which in turn modulates its function in some “desired” way
(Gashaw et al., 2012). From a structural point of view, it can be
related to the likelihood that a small molecule binds a given
protein target with high affinity (Sheridan et al., 2010), a property
usually referred to bindability. Taking this into account,
druggable proteins should have a well-defined pocket with
suitable physicochemical properties to bind a drug. Our group
has developed a fast whole genome approach for druggability
prediction based on the open-source algorithm fpocket (http://
fpocket.sourceforge.net/) (Guilloux et al., 2009), which combines
several physicochemical descriptors to estimate the druggability
of the pockets present in proteins. This approach was extensively
tested, both on experimental structures and homology-based
models, in the context of whole proteome target search studies
in our previous works on the subject (Radusky et al., 2014;
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Defelipe et al., 2016; Ramos et al., 2018; Sosa et al., 2018; Farfán-
López et al., 2020). Based on previous analysis of the druggability
score distribution, for all pockets that host a drug-like compound
in the Protein Data Bank (Sussman et al., 1998), we have classified
pockets into four categories: non-druggable (ND), poorly
druggable (PD), druggable (D), and highly druggable (HD).
Good candidate targets are, from a structural standpoint,
proteins that fall either into D or HD classes. Most of the
pockets that actually host a drug in the PDB (80%) could be
classified as druggable or highly druggable by our methodology.

Moving from the structural to a more general druggability
concept, the early steps of rational antimicrobial target
identification usually involve integrating the structural
druggability assessment with the information present in the
host and pathogen whole genomes. This strategy, called
subtractive genomics, allows to select those targets relevant for
the pathogen and absent in the host. Identifying a group of
proteins that are essential to pathogens but are not present in the
host minimizes the chance of unwanted side effects during
treatment (Barh et al., 2011). Three hierarchical levels
(sequence → DNA/protein, structure → protein, and
enzymatic/regulatory reactions → regulatory/metabolic
network) have generally been used alone to select candidate
targets (Radusky et al., 2015; Defelipe et al., 2016; Kaur et al.,
2017; Wadood et al., 2017; Uddin and Jamil, 2018). We drive our
focus to the analysis of these multiple omics layers under an
integrative framework.

Metabolic Reconstruction Contextualizes
Target Importance and Directs Selection in
Early Phases
The first layer of information that can be used to direct target
prioritization efforts is the evaluation of the metabolic
importance of a given protein. Metabolism refers to the set of
biochemical reactions and regulatory pathways leading to cellular
homeostasis and functioning. Early studies on microbial
metabolism elucidated the major pathways related to energy
production, amino acid synthesis, and lipid formation, which,
combined with the current availability of full genomes and
proteomes, helped set the stage for the study of metabolism
on a large-scale. Computational methods that rely on whole-
genome sequences, gene annotations, or both, allow for rapid
generation of an initial metabolic draft for any given organism,
which must be followed by careful manual curation to achieve a
high-quality metabolic reconstruction. Pathway Tools (Karp
et al., 2015) is one of such software providing a module
(PathoLogic) that takes as input the genome and associated
annotations of an organism of interest and, by mapping these
annotations onto enzymatic reactions within the MetaCyc
database using an enzyme-name matching tool, infers the set
of reactions (or the reactome) for the desired species. A pathway-
scoring algorithm is employed to predict pathways within the
expected taxonomic range. Among other capabilities, the tool
allows manual curation to be performed and supports the gap-
filling process of pathways that could not be determined entirely
by name matching alone. This process relies on the gene

sequences. ModelSEED (Devoid et al., 2013) is a web resource
that facilitates the reconstruction, exploration, comparison, and
analysis of organism-specific metabolic models. This tool relies
on an initial genome annotation using RAST and the SEED
ontology, clustering metabolic pathways into subsystems, which
are further subclassified (Devoid et al., 2013). KEGG Mapper
tools (Kanehisa and Sato, 2020) also allow automatic assignment
of enzymatic roles and pathway contextualization using genomes
or proteomes as input and relies on the KEGG ontology to
perform annotations based on sequence similarity. Other tools,
reviewed elsewhere, allow additional curation and pathway-
specific analysis to be performed once a draft reconstruction is
attained (Pitkänen et al., 2010; Abd Algfoor et al., 2017).
Common to all described tools is their dependency upon a
vocabulary of metabolic elements, or ontology, which depicts
the complex, and often multi-level relationships among genes,
proteins, enzymes, biochemical reactions, and regulators (Stobbe
et al., 2012). Accordingly, metabolic reconstructions performed
using different strategies may lead to differing outcomes for the
same organism, as pathway representations and modeling varies
among each developing group (Green and Karp, 2006).

Once a metabolic reconstruction is obtained for the studied
pathogen, this compendium can be used during the early
prioritization step that involves target identification, aiming to
rank the proteins involved in critical metabolic roles or
participate as key intermediaries of multiple pathways. This
analysis can be facilitated using a graph representation of a
metabolism (Ramos et al., 2018). Multiple topological criteria
can then be employed to rank the proteins identified as belonging
to one or more metabolic pathways (Box 1). The rationale behind
this strategy is that drugs that inhibit such targets have higher
chances of success than those that target non-essential cellular
functions.

Target Selection Databases
The increased availability of pathogen genomes and genome-
scale datasets are expected to guide target-based drug discovery
projects. However, a major bottleneck has been the complexity of
capturing and integrating relevant information available, making
them accessible to experimental researchers, thus facilitating the
identification and prioritization of potential antimicrobial targets.
Nowadays, there are several freely available academic resources
designed for antimicrobial target identification. Most of these
tools focus on specific protein characteristics. For example, Drug
Target Database is a useful resource to select potential targets
based on a reverse docking approach. The Therapeutic Targets
Database provides a large volume of data of already known
therapeutic targets. Another database that includes data of
known targets is TargetDB/TargetTrack (Chen et al., 2004), in
spite of its focus on structural information.

There are also a few existing databases and resources aimed at
a particular group of pathogens. TDR targets (Magariños et al.,
2012) is an interesting tool focused on neglected tropical diseases.
Regarding the prioritization of molecular targets in M.
tuberculosis, two specialized databases are currently available,
TuberQ and TargetTB. TuberQ provides a druggability analysis
of theMtb proteome contributing to a better selection of potential
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drug targets for screening campaigns (Radusky et al., 2014).
TargetTB integrates network analysis of the protein-protein
interaction, metabolism, essentiality, sequence analyses, and
structural data (Raman et al., 2008). Some databases allow the
use of metabolic network data to target prioritization, such as
FindTargetsWEB. This web server takes as input an extended
Systems Biology Markup Language (SBML) file of a metabolic
model of the pathogen under study. It performs both flux balance
analysis (FBA) and flux variability analysis (FVA) to prioritize
bacterial molecular targets (Merigueti et al., 2019).

Most of the available user-friendly web servers use few data
sources to prioritize targets. However, continuing efforts to allow
target prioritization by applying integrated multi-data
approaches are in ongoing focus. In this context, by
combining structural druggability, essentiality analysis,
metabolic context, as well as genomic and expression data, our
group has developed Target-Pathogen (TP) (Sosa et al., 2018)
(Figure 1). TP is a web server that enables to select and prioritize
drug targets of several clinical pathogens, including M.
tuberculosis, M. leprae, K. pneumoniae, S. aureus, Schistosoma

BOX 1 | Key concepts used to assign metabolic importance during target prioritization.

Figure Box Network concepts illustrated. (A) The initial four steps of glycolysis. In such traditional textbook representations, the emphasis is usually given to compounds.
Enzyme names abbreviations are depicted in yellow. (B) A reaction-reaction directed graph constructed using the initial reactions shown in A. Here, the emphasis is
given to reactions/enzymes. (C) A toy network with two particularly attractive nodes: node 1 having a high degree; and node 2 having high betweenness centrality. This
example shows a directed graph, in which links are directed from one node to another. In undirected graphs, all links are bidirectional and represented by a single line
connecting a node pair.
Choke-point reaction: A biochemical reaction that uniquely consumes (or synthesizes) a given substrate (or product) (Yeh et al., 2004). Enzymes that perform these
reactions are termed choke-point enzymes, and their blocking could lead to the accumulation of the unique substrate (potentially toxic to the cell) or to the inability to
produce an essential product (impairing the cellular homeostasis). For this reason, the identification of metabolic choke-points is integral to the prioritization of potential
targets.
Reaction-reaction graph: In a graph-oriented study of metabolism (reviewed in (Cottret and Jourdan, 2010), biochemical reactions can be modeled as the network
nodes, which consequently also model the enzyme(s) catalyzing the reaction. A link is placed between two reactions if one consumes a metabolite produced by the
other reaction [Panel Box (A,B)].
Degree centrality (DC): The degree is one of many centrality measures (reviewed in (Jalili et al., 2016; Ashtiani et al., 2018) useful to define important metabolic nodes and
represents the number of links connecting to a node. The higher the DC, the more shared metabolites a given reaction has with other immediate reactions. In directed
graphs, the total DC is the sum of the in-degree (the number of incoming links) and out-degree (the number of outgoing links). An example of a high-degree node is
shown in Panel Box (C), where node 1 has in-degree � 2, out-degree � 6, and a total DC of 8.
Betweenness centrality (BC): Represents the frequency with which a given node appears as an intermediate between the paths of other possible node pairs. In the
metabolic context, a reaction node with high BC would involve a metabolite that participates in many other reactions (not necessarily of the same direct pathway), thus
having an important metabolic role. An example of a node having high BC is shown in Panel Box (C), where node 2 is the only intermediate able to connect reactions on
the left with the three reactions that appear on the right-hand part of the graph. Thus, node 2 is a key intermediate node in this graph.
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FIGURE 1 | A general sketch of Target-Pathogen integrated with LigQ pipeline. Structural druggability and metabolic analyses are integrated with available
experimental data and in silico analysis data. After all, data is integrated into Target-Pathogen, a user-designed scoring function is used to weight different features to
obtain a ranked list of candidate drug targets. Once the target is selected, LigQ pipeline finds all known binders of similar proteins in the PDB and ChEMBL. Target and
putative binders can be used in further molecular docking assays.
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mansoni, Shigella dysenteriae, Toxoplasma gondii, Leishmania
major, Trypanosoma cruzi, Acinetobacter baumannii, and
Bartonella bacilliformis among others. Under the TP
framework, researchers can easily prioritize proteins of interest
quickly and intuitively, running simple queries (such as searching
for proteins with high druggability score or associated with
metabolic reactions of high centrality), filtering by different
data, assigning numerical weights for additional customized
features and merge these results to obtain a ranked list of
targets. A distinct advantage of the Target-Pathogen server is
its capacity to rank, not solely proteins but entire pathways, thus
allowing synergistically to attack several proteins of the same
metabolic pathway. Another attractive feature of TP is that it will
enable users to upload their data to be used in the prioritization
pipeline. As of December 2020, there are 25 of the most relevant
microorganisms from the human health perspective. Users can
also request new genomes to be included in the platform by
emailing target@biargentina.com.ar. By abiding to open-science
practices, data associated with protein structures can be
downloaded to perform further in silico analysis outside TP.

Identifying Lead Compounds to Treat
Bacterial Infections
Once the protein target is selected, the challenge moves from
biology to chemistry and consists of the identification of a small,
usually drug-like, molecule that can inhibit the target’s function,
allows further pharmacological validation of the target, and
ultimately paves the way for the development of a new
antibiotic. To test a molecule’s capacity to inhibit the desired
target, in vitro protein activity (or binding) assays can be
performed, as well as cell culture MIC determinations.
However, the problem is that the universe of molecules that
could act as inhibitors is vast. Conducting experimental high-
throughput screening is beyond the capacity of most academic
research labs in Latinamerican countries, where a typical research
group can afford and test about 100 compounds in a typical one
by one in vitro assay each year. Therefore, usually, only a
moderate number of compounds are tested, and
bioinformatics methods capable of screening for potential
binders are highly appreciated.

The computational selection of potential inhibitors against a
defined target is generally referred to as Virtual Screening (VS).
VS methodologies can be further divided into two main
techniques, which can be applied sequentially to obtain a best
set of potential inhibitors. The first relies mainly on previous
biological information and chemical similarity analysis of the
compounds. It is usually referred to as compound filtering or pre-
selection (as will be described below). The second, which is
computationally demanding, involves molecular docking of
each compound in the protein target, estimating its binding
free energy, and finally performing a ranking. This technique
is commonly and traditionally referred to as VS in the
strictest sense.

Compound filtering traditionally involves selecting drug-like
compounds using a set of driving principles, for instance,
Lipinski’s rules (Lipinski et al., 2001). However, the increasing

amount of information available in public databases allows the
derivation of improved filters, e.g., using the “guilt by association”
principle, as described in our previous work LigQ (Radusky et al.,
2017), and similar developments (O’Boyle et al., 2011; Volkamer
et al., 2012). The idea is that similar proteins bind similar
compounds. Therefore, for a given target, those compounds
that are similar (in chemo-structural properties) to known
binders of similar (homolog) proteins are good candidates.
Starting from the selected target (protein name or UniprotId),
LigQ first finds all known binders of similar proteins. Binders are
classified in groups according to the degree of protein similarity
[starting from high identity >60% homologs to binders to the
same domain in PFAM (Mistry et al., 2020)] and available
information (such as the structure of the protein-ligand
complex) in different databases such as Protein Data Bank
(PDB; http://rcsb.org), Pfam (http://pfam.xfam.org/), and
ChEMBL (EMBL-EBI; http://www.ebi.ac.uk/chembl/).

This set of compounds is called the “seed set.” It is used to
retrieve from large datasets of commercially available
compounds, those that are chemically similar to a specific
-user-defined- degree. Chemical similarity can be defined
based on the Tanimoto Index (Bajusz et al., 2015), and the
similarity retrieval cut-off can be used to select the number of
compounds to be retrieved, which are also organized in clusters
according to their chemical similarity.

The information is extracted for each database, constituting
four individual seed sets (Seed I–IV). Seed I and III are obtained
through the direct search of the protein of interest by its
corresponding identifier (ID) for each base (PDB (Sussman
et al., 1998) and ChEMBL (Gaulton et al., 2012), respectively).
On the other hand, the seeds II and IV are extracted by previously
obtaining the functional domains (Pfam) that compose the
protein of interest by using HMMER and later searching in
PDB and ChEMBL for the compounds that interact with these
domains.

In the following sections, we present and review prioritized
targets and their potential binders, identified using the above-
described methodology for two bacterial pathogens with an
important impact in Latin America: Bartonella bacilliformis
(causal agent of Carrion’s disease) and Mycobacterium
tuberculosis.

BARTONELLA BACILLIFORMIS AND
CARRION’S DISEASE

Carrion’s disease is an ancient vector-borne biphasic illness
dating from the pre-Columbian era, restricted to the South
American Andes, including Peru, Ecuador, and Colombia
(Gomes and Ruiz, 2017). It is an endemic illness found in
Andean valleys at an altitude of 600–3,200 m above sea level.
B. bacilliformis (Bb) is transmitted to humans by female sandflies
belonging to the Lutzomyia genus, which are commonly present
in Andean valleys’ high-altitude regions (Clemente et al., 2012;
Minnick et al., 2014). However, since the end of the last century,
an expansion of the illness into bare areas including jungle and
coastal regions, such as the coastal areas of Guayas andManabi in
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Ecuador, has been reported (Gomes and Ruiz, 2017; Garcia-
Quintanilla et al., 2019). It is also thought that climate change
could favor the expansion of Bb infections, presumably affecting

the vector proliferation. In this sense, it is worthwhile to mention
the El niño phenomenon, the unusual warming of surface waters
in the eastern Pacific Ocean, which leads to a temperature and

FIGURE 2 | Potential druggable targets and putative lead compounds to combat Bartonella bacilliformis. (A) Dihydrofolate reductase (FolA) structure.
Crystallographic structure and a set of attractive features for target prioritization are shown. (B) Number of proteins in Bartonella bacilliformis genome with desirable
properties for drug targets. Different filters are sequentially applied to obtain a shortlist of druggable, essential, and low identities with proteins in the human genome. The
last filter is applied to get the list of proteins with putative binders. (C) Seed Compounds for Bartonella bacilliformis. Venn diagram of the number of seed
compounds corresponding to different sets. Binders are classified into two seed groups. Seed II are those drugs that bind any protein that harbor the same Pfam
domains with Bb proteins and have been co-crystallized with such proteins in the PDB. Seed IV is the set of drugs that bind any protein that shares Pfam domains with
Bartonella bacilliformis proteins and was reported as active in Chembl. (D)Number of proteins in the Bartonella bacilliformis genome for which a ligand can be predicted.
The top panel corresponds to drugs in Seed II. The bottom panel corresponds to drugs in Seed IV.
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FIGURE 3 | Potential druggable targets and putative lead compounds to combatMycobacterium tuberculosis. (A) Inositol-3-phosphate synthase (Ino1) structure.
Crystallographic structure and a set of attractive features for target prioritization are shown. (B)Number of proteins inMycobacterium tuberculosis genomewith desirable
properties for drug targets. Different filters are sequentially applied to obtain a shortlist of druggable, essential, and low identities with proteins in the human genome. The
last filter is applied to get the list of proteins with putative binders (C) Seed Compounds for Mycobacterium tuberculosis. Venn diagram of the number of seed
compounds corresponding to different sets. Binders are classified in groups according to the degree of protein similarity [starting from high identity >60% homologs to
binders to the same domain in PFAM (Mistry et al., 2020)] and available information (such as the structure of the protein-ligand complex) in different databases such as
Protein Data Bank (PDB), Pfam, ChEMBL (EMBL-EBI). Venn diagram of the number of seed compounds corresponding to different sets. Binders are classified into two
seed groups. Seed I and III are obtained through the direct search of the protein of interest by its corresponding identifier (ID) for each base and ChEMBL. Seed II are
those drugs that bind any protein that harbor the same Pfam domains with Bb proteins and have been co-crystallized with such proteins in the PDB. Seed IV is the set of
drugs that bind any protein that shares Pfam domains withMycobacterium proteins and was reported as active in Chembl. (D)Number of proteins in theMycobacterium
tuberculosis genome for which a ligand can be predicted. The top panel corresponds to drugs in Seed II. The bottom panel corresponds to drugs in Seed IV.
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humidity increasing. These climate characteristics especially
favor the sandfly spreading and promoting new Carrion’s
disease outbreaks (Pons et al., 2016).

The infection caused by Bb has two well defined clinical
phases. The early stage, denominated Oroya fever, causes a
severe acute hemolytic anemia. High case-fatality rates as
40–88% have been described in the Oroya fever phase in
patients without any antibiotic treatment. Even with timely
antibiotic treatment, the fatality rate is around 11% (Farfán-
López et al., 2020). The chronic phase of Carrion’s disease is
characterized by the development of dermal eruptions known as
Peruvian warts and commonly present on the head and
extremities. Although this phase is seldom fatal, dermal
eruptions can be accompanied by fever, headache,
lymphadenopathy, and acute pains in joints and bones
(Minnick et al., 2014).

Regarding antimicrobial therapy to treat Carrion’s disease,
different antibacterial agents have been used since the beginning
of the antibiotic era, such as beta-lactams (including penicillins
and cephalosporins), aminoglycosides, and quinolones (Battisti
et al., 1998). Although most Bb strains are sensitive to a broad set
of antimicrobials in vitro, there is still a potential risk of
developing antibiotic-resistance during clinical treatment.
Oroya fever has been traditionally treated with
chloramphenicol, a successful drug due to the frequent
coinfection with Salmonella spp. However, it is nowadays
restricted for humans because of its potential to produce side
effects in the bone marrow. Other drugs to treat Carrion’s disease
include beta-lactams such as ampicillin and penicillin G,
tetracyclines (doxycycline), macrolides (erythromycin,
roxithromycin), trimethoprim-sulfamethoxazole, and
fluoroquinolones (norfloxacin, ciprofloxacin) (Rolain et al.,
2004). Although the second-generation fluoroquinolone
ciprofloxacin is the drug of choice for treating acute cases, it
should be judiciously recommended because of the ability of Bb to
become quinolone resistant. Several studies showed that
quinolone resistance-determining regions (QRDR) are
consequences of synonymous or non-synonymous mutations
and responsible for the intrinsic resistance of Bartonella spp to
this antimicrobial (Valle et al., 2010); (Espinoza-Culupú et al.,
2014). Additionally, mutations conferring resistance to
ciprofloxacin, erythromycin, rifampin, aminoglycosides, and
folate inhibitor targets have been molecularly characterized in
clinical isolates (Biswas et al., 2007). The current scenario is
worse, considering the antibiotic resistance mediated by efflux
pump overexpression (Gomes et al., 2016).

Mycobacterium Tuberculosis
Tuberculosis (TB) is an infectious disease that accounted for
1.2 million deaths in 2019 (Harding, 2020) being one of the top
ten causes of death worldwide and the leading cause of death from
a single infectious agent (ranking above HIV/AIDS). More than
95% of cases and deaths occur in developing countries (Ascenzi
and Visca, 2008). Tuberculosis epidemiology varies markedly
between Latin American countries (Woodman et al., 2019). The
incidence of tuberculosis in Central America (including Mexico),
the Caribbean, and South America were 25.9, 46.2, and 61.2 per

100,000 people. Drug resistance is an increasing problem
throughout the Americas, particularly in Peru, where drug-
resistant tuberculosis accounts for 9% of the cases (Woodman
et al., 2019). In this framework, only 33% of patients received
drug-susceptibility testing, resulting in an estimated 7,000
undiagnosed or untreated patients with drug-resistant
tuberculosis (Woodman et al., 2019). About a quarter of the
Latin American population is latently infected with Mtb.

Immune response toMtb relies on phagocytosis of the bacteria
by macrophages leading to granuloma formation. Inside the
macrophages, bacilli face stressful conditions characterized by
the presence of Reactive Nitrogen and Oxygen Species (RNOS).
Based on this observation, we have hypothesized that identifying
Mtb RNOS protein targets would permit us to select inhibitors
against them and synergize with the macrophages attack in the
latent phase of the infection (Defelipe et al., 2016).

Exploring the Druggable Genomes of
Bartonella bacilliformis andMycobacterium
tuberculosis
We applied the previously described pipeline to the pathogens
mentioned above, Bb and Mtb. Below we present the application
of successive filters (drugability, essentiality, etc.) along their
genomes. Bb genome codes for 1,143 different proteins
(Figure 2B), from which we were able to build a total of
882 high-quality structural models (no experimental structures
are available in the PDB for any Bb protein). Homology-based
models are built for all proteome sequences using MODELLER
(Webb and Sali, 2016) only when an adequate template is
available (coverage 80%, E-value > 1 × 105). Only those
models with GA341 score above 0.7, QMEAN between −2 and
two are retained. It has been shown that the RMSD between the
Modeller models and the native structures is <3 Å (Wallner and
Elofsson, 2005), which shows the quality of the obtained models.
532 (∼60%) of the models harbored a druggable pocket (DS >
0.5). From this subset of structurally relevant proteins, only 73
can be predicted as essential (i.e., close homologs in the Database
of Essential Genes were found). After further filtering those
proteins with close homologs in the human genome, 42
proteins remained (identity < 0.4). When an additional filter
was applied in TP to disclose proteins that could potentially bind
at least one compound, a final set of 33 candidate proteins was
obtained.

Additionally, 18 of the 42 proteins mentioned above also have
a low impact on the gut microbiome, and 17 have putative
binders. Ten targets (all with predicted ligands) are also
associated with choke-points reactions, and four with high-
centrality reactions from the metabolic network point of view
(concepts defined in Box 1). All this information is provided in
the TP database, while a detailed list of mentioned targets is also
presented in Supplementary Table S1.

The Mtb proteome comprises 4,023 proteins (Figure 3B),
being 2,381 structurally defined (382 experimental structures and
1,999 models). From these proteins, 2,047 had DS > 0.5 (∼85%),
831 were also essential, and putative drugs delivered for 762 are
predicted to have a low impact in humans. We could predict
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possible binders for 634 proteins out of this 762. From this subset,
635 satisfy microbiome off-target criteria (527 has possible
binding compounds). If metabolic perspective is also
considered, 140 catalyze choke-points reactions (130 with
potential binders), and seven are associated with-high
centrality reactions (all with predicted ligands). All this
information is provided in the TP database, while a detailed
list of mentioned targets is also presented in Supplementary
Table S2.

The successive steps of the pipeline indicate how the
application of sequential filtering steps narrows the universe of
potential targets. We describe the most promising targets and
their potential inhibitors for Bb andMtb in the following sections.

Bb Prioritized Protein Targets and Their
Potential Inhibitors
In Farfán-López et al. (2020), our group participated in a work that
combined the efforts of scientific groups from Argentina, Brazil,
and Peru to perform an integrative genomic-scale data analysis,
which allowed us to shortlist a set of proteins that could serve as
attractive targets for new antimicrobial discovery projects against
Bb. This study was based on the genomic analysis of Bb USM-
LMMB07, firstly isolated in 2011 during an outbreak in Carmen de
la Frontera district, Huancabamba Province, Piura (Guillen et al.,
2016). The combination of genomic, structural, metabolic, and
functional data integrated inside Target-Pathogen, finally led to
shortlisting six proteins (FabI, FolA, AroA, TrmFO, UppP, and
MurE) with unique characteristics (Table 1). FolA provides the
main dihydrofolate reductase activity in the tetrahydrofolate or
vitamin B9 pathway (Figure 2A). As is well known,
tetrahydrofolate is a crucial intermediate in the biosynthesis of
nucleic acids and proteins, which is biosynthesized de novo in
bacteria. It participates in essential biosynthesis pathways, such as
methionine, purines, and thymidylate. Since dihydrofolate
reductase is essential for cell division and growth, it could
become an attractive target for drug development. Another top-
ranking protein is Enoyl- [acyl-carrier-protein] reductase (FabI),
which is involved in fatty acid biosynthesis processes and was also
described to be essential in many other bacteria, such as E. coli and
Mtb (Heath et al., 1998; Kaplan et al., 2012). The gene product of

aroA also meets the standard requirements to become a potential
molecular target. Our ontology analysis results revealed that this
protein is involved in aromatic amino acids and chorismate
biosynthesis and showed an essential role in Rhodopseudomonas
palustris CGA009 and Caulobacter crescentus (53.3 and 50.9%
sequence identity with Bb aroA, respectively). Another attractive
target found by our subtractive genomic approach is the tRNA
modification enzyme, TrmFO. This protein showed a high identity
against the gid essential gene of Staphylococcus aureus N315.
Interestingly, several pathogens such as E. coli, P. aeruginosa,
and S. enterica (Yim et al., 2006; Gupta et al., 2009; Shippy
et al., 2011) show pleiotropic effects when carrying a mutant
gidA; thus in this line, TrmFO becomes an appealing target in
Bb. Finally, we prioritized UppP and MurE, enzymes involved in
peptidoglycan (PG) biosynthesis, usually considered one of the
principal antimicrobial targets. PG is a crucial component of the
cell envelope of Eubacteria. It has an essential role in bacterial
physiology due to its functions in maintaining the shape and
integrity during growth and cell division, controlling the
internal turgor pressure resistance, and serving as a structural
scaffold to other cell envelope components. We now turn our
attention to their potential inhibitors.

As described in the introduction, we implemented the LigQ
pipeline in the context of Target-Pathogen to allow the
identification of potential ligands that interact with desired
protein targets. As mentioned above, there are no Bb protein
structures in the PDB. There is also no information on
experimental assays in ChEMBL for this pathogen; therefore,
the set of possible inhibitors is based on seed sets II and IV,
i.e., derived from ligands observed for proteins that share domains
with the selected Bb targets. Seed set II consisted of 1,976
compounds, while seed IV was composed of 20,453 drugs. In
contrast, 594 compounds are retrieved from both PDB and
ChEMBL simultaneously (Figure 2C). This fact makes these
drug-like compounds attractive to combat Bb infections. From a
total of 1,143 Bb proteins, we could predict possible binders for 610
in the PDB and 201 in ChEMBL (Figure 2D). Potential inhibitors
for the predicted targets are shown in Supplementary Table S3. As
an example, Isoniazid (CHEMBL64—INH) was indicated as a
potential inhibitor of Bb FabI. INH is one of the most important
first-line drugs against tuberculosis. Although antimicrobial

TABLE 1 | Proteins of Bb with desirable features to become a promising drug target.

Bartonella bacilliformis

Protein name Druggability Choke
point

Centrality Human off-
target

Gut
microbiome

Essentiality

Enoyl-[acyl-carrier-protein] 0,992 Yes High Low Low Yes
Reductase (FabI)
Dihydrofolate reductase (FolA) 0,972 Yes High Low Low Yes
3-Phosphoshikimate carboxyvinyltransferase (AroA) 0,775 Yes High Low Low Yes
FADH(2)-oxidising methylenetetrahydrofolate 0,746 Yes High Low Low Yes
–tRNA-(uracil(54)-C(5))- methyltransferase
(TrmFO)
Undecaprenyl-diphosphatase (UppP) 0,738 Yes High Low Low Yes
UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-diaminopimelate
ligase (MurE)

0,952 Yes High Low Low Yes
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activity of INH is thought to be selective for mycobacteria, likely
due to its ability to inhibit mycolic acid synthesis, Bb FabI andMtb
InhA (the protein target of INH) share the same and domains and
are structural homologs, except for the presence of a long loop of
interaction with the substrate found in InhA (Andrade et al., 2008).
Moreover, it was recently shown that isoniazid in conjugation with
nanoparticles could prevent the growth of Enterococcus faecalis,
E. coli, Pseudomonas aeruginosa, and S. aureus (Zargarnezhad
et al., 2020). This prodrug is activated by the heme enzyme
catalase-peroxidase (KatG) endogenous to M. tuberculosis.
Given this information, it is possible to propose INH, or its
Mtb endogenous product (after reaction with KatG), as a
potential compound for future trials against Bb.

Another interesting compound found was Fosmidomycin
(CHEMBL203125). This compound has recently completed
the clinical phase III for Plasmodium infections, although its
mechanism of action is not entirely understood. It is reported that
this compound is active against UDP-N-acetylglucosamine 1-
carboxyvinyltransferase (MurA) in E. coli. MurA shares the same
Pfam domain (PF00275) as Bb. In this way, we can think of
Fosmidomycin as an attractive seed compound to be used in drug
discovery projects against this bacteria.

Mycobacterium tuberculosis Prioritized
Targets and Their Potential Inhibitors
To further analyze the potential of the 743 Mtb proteins, which are
essential and druggable, an analysis of available expression data
under different infection mimicking conditions was previously
performed (Starvation, Hypoxia, RNOS stress, and mice infection)
(Defelipe et al., 2016). We found that 24 of these proteins were also
overexpressed in at least three conditions, including DevS protein,
known to be involved in RNOS sensing and signal transduction,
harboring a druggable kinase ATP binding pocket.

As a last step in the prioritization procedure, a comprehensive
Mtb metabolic network was built. As mentioned above, Target-
Pathogen allowed us to score not individual proteins but entire
pathways, according to their potential to be used as targets in
latent tuberculosis drug discovery projects. In this framework, all
pathways that do not have at least one druggable protein were
ruled out, and a scoring function was developed to combine each
protein data into a global network score.

This analysis revealed several high-scoring “druggable”
pathways, which include a set of targets with great potential
for further drug discovery projects (Table 2). One of themwas the

mycothiol biosynthesis pathway. Mycothiol is crucial for the
intracellular redox balance and plays a crucial role in Mtb
survival within macrophages (Buchmeier et al., 2003). Inositol-
3-phosphate synthase (Ino1, Rv0046c), an enzyme involved in the
early steps of this pathway, is highly druggable and over-
expressed in RNOS stress, hypoxia, and starvation, three of
the four latent infection mimicking conditions (Figure 3A).
Mycolate biosynthesis pathway is also at the top of the
ranking. Mycolate is an integral cell wall component of Mtb
that participates in the survival ability of the bacilli within
infected hosts, virulence, and evasion of the immune system.
This pathway is targeted by first-line tuberculosis drugs such as
isoniazid and ethambutol (Barry et al., 2007) and harbors the
promising target 3-oxoacyl-[acyl-carrier protein] synthase 2
(KasB, Rv2246) involved in meromycolate extension. The
scoring function also reveals the relevance of sulfur
metabolism, essential for the bacilli’s survival and virulence.
Moreover, most genes are absent in humans. Among these
pathways, methionine degradation to homocysteine is
performed by the druggable protein Rv3340
(O-acetylhomoserine amino carboxypropyl transferase),
another interesting target for future developments. Chorismate
biosynthesis was another prioritized pathway. Chorismate is a key
biochemical intermediate, being a precursor for aromatic amino
acids. Within this pathway, 3-phosphoshikimate 1-
carboxyvinyltransferase (Rv3227) could be selected for further
studies. We found that it is druggable, essential, and not present
in humans, and appears overexpressed under different conditions
that mimic infections.

Among other top-scoring pathways revealed by our analysis
are those related to lipoate synthesis. The two key genes (lipA,
Rv2218 and lipB, and Rv2217) are essential, and lipB was also
found to be druggable and expressed under starvation conditions.
Moreover, the druggable pocket of LipB has Cys 176, Tyr22, and
Tyr 91, making the pocket potentially sensitive to RNOS.
Although this process is not ubiquitous in Bacteria, lipoate has
been implicated in microbial pathogenesis, including immune
response-induced oxidative and nitrosative stress in
mycobacteria. It has also been acknowledged that lipoylated
proteins take part in crucial antioxidant processes (Spalding
and Prigge, 2010), thus promoting this high-scoring pathway
from the target-finding aspect. Moreover, LipB has been
structurally characterized and shown to have promising
therapeutic properties (Ma et al., 2006). Other worth
mentioning pathways are the UDP-N-acetyl-D-glucosamine

TABLE 2 | Mtb proteins with worthy properties that make them good candidate targets.

Mycobacterium tuberculosis H37Rv

Protein name Druggability Choke point Centrality Human off-target Gut microbiome Essentiality

Inositol-3-phosphate synthase (Ino1, Rv0046c) 0,946 Yes Low Low Low Yes
3-Phosphoshikimate 1-carboxyvinyltransferase (Rv3227) 0,696 Yes High Low Low Yes
O-Acetylhomoserine aminocarboxypropyltransferase (Rv3340) 0,679 Yes Low Low High Yes
3-Oxoacyl-[acyl-carrier-protein] synthase 2 (Rv2246) 0,709 Yes Low Low Low Yes
Octanoyltransferase (Rv2217 0,703 Yes Low Low Low Yes
Bifunctional protein GlmU (Rv1018c) 0,833 Yes High Low Low Yes
Rv1465 0,802 Yes Low Low Low Yes

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 64706011

Serral et al. New Approaches in Antimicrobial Discovery

127

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


biosynthesis I and iron-sulfur cluster biosynthesis, which harbors
attractive targets, such as Rv1018c (GlmU) and Rv1465 that have
a set of desirable characteristics to be considered as promising
targets to combat latent tuberculosis (Table 2). Regarding
possible binders for Mtb proteome, 82, 10,768, 351, and
65,585 compounds make up seed I, II, III, IV sets,
respectively. Whereas 19 ligands are obtained in the four seeds
in parallel, which make them attractive compounds to treat Mtb
infections (Figure 3C). Concerning the distribution of ligands by
proteins (Figure 3D), 2,123 Mtb proteins interact with at least
one compound, in the case of PDB (Figure 3D, top), 319 interact
with a single ligand, 136 with two, and 1,668 with at least three
(Purple shading). In the case of ChEMBL (Figure 3D, bottom),
125 interact with a single ligand, 55 with two, and 625 with at least
three (purple shading). We could predict ligands for 2,123 Mtb
proteins by searching in the PDB and 805 by looking in ChEMBL.
The putative inhibitors found for the targets mentioned above are
summarized in Supplementary Table S4. Worth to mention is
Disulfiram (CHEMBL964) that was found to target GlmU. This
drug inhibits enzymatic oxidation and is widely used to support
the treatment of chronic alcoholism, different types of cancer, and
parasitic infections. Furthermore, it has recently been proposed as
an antibacterial compound against methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant Enterococcus (VRE) (Frazier
et al., 2019) and particularly Mtb (Horita et al., 2012; Chaudhary
et al., 2020).

DISCUSSION

In the last decades, antimicrobial drug development has observed
a shift from the traditional approaches based mostly on
phenotypic screening of natural/synthetic compounds to a
rational genome-based target-driven lead discovery approach.
Since wet-lab investigations of candidate targets and lead
compounds are time-consuming and expensive, it is
worthwhile to conduct bioinformatic analyses to identify the
proteins and ligands most worthy of experimental follow-up.
In silico analyses are particularly important in developing
countries (such as those from Latin America), where the
research investment is usually limited.

Our developed bioinformatics pipeline and the underlying
methodology, briefly presented here for Bb and Mtb, and freely
available to the scientific community at http://target.sbg.qb.fcen.
uba.ar/patho/, allows starting from a pathogen whole genome, the
modeling and classification of the proteome. General results show
that a large fraction of protein structures harbor a druggable
pocket (60–85%). Interestingly, effects on the essential proteins
yield substantial differences between both bacterial pathogens.
While 20% of Mtb druggable proteins were considered essential,
only 6% of the Bb proteome resulted in druggable and essential
proteins. These differences could be explained by the different
amounts of data available, particularly in terms of essentiality and
knowledge on gene/protein function for both microorganisms,
Mtb and Bb. Although there is vast information available for Mtb,
Bb is a neglected disease with only a regional impact. Specifically,
Mtb essentiality criteria were based on experimental mutagenesis

studies; meanwhile, Bb essential genes were inferred by homology
analysis with the Database of Essential Genes.

The results presented here (further expanded in the web Target-
Pathogen) provide two crucial assets for those researchers in the
field of Bb or Mtb antimicrobial development. In the first place, we
provide a shortlist of attractive protein targets in each pathogen
(Tables 1, 2). We also provide a detailed analysis of those
characteristics that make it a good target for each gene/protein
(essentiality, druggability, biological relevant role, and lack of cross-
reactivity with the host). We hope this analysis will allow wet-lab
researchers to develop upon the targets disclosed herein, moving
research forward. The second, andmore important issue, is that we
provide a list of potential inhibitors and their chemical scaffolds for
several prioritized targets. (Supplementary Tables S3, S4). We
expect that researchers working with those targets and familiar
with whole-cell and protein-based in vitro will become interested
and directly try some of these compounds for their antimicrobial
activity. Furthermore, the current pipeline is also presented for
other targets and pathogens in our freely accessible website, thus
providing the community with a general platform to drive the
development of antimicrobial compounds forward.

In silico approaches are rapid, efficient, and cost-effective
techniques for screening drug targets and narrowing the
search space of drug like-compounds for any given pathogen.
The goal of these techniques is not to replace wet-lab strategies.
Instead, it is to become a useful resource for researchers working
in target identification and drug discovery to translate biological
questions in a computationally tractable way by filtering and
weighting the vast quantity of genome-scale data sets. High-
throughput screening (HTS) campaigns against molecular targets
in vitro, although extremely valuable, typically do not yield
directly good antimicrobial compounds (Payne et al., 2007;
Tommasi et al., 2015). The bacterial cell envelope has evolved
to refract toxic compounds from entering into the cell and even
those drugs that cross the barrier, can be extruded by efflux
pumps in multidrug resistant bugs (Li et al., 2015), thus resulting
in poor in vivo activity. Another limitation of HTS approaches, is
that only a finite amount of chemicals, with limited diversity, are
available in any given library. As this chemical space limitation
will hardly be overcome, novel approaches are needed to tackle
the ongoing problem of bacterial resistance to current treatments.
Our work provides a framework for which such novel strategies
can be developed and further adapted to use by mean sized
research laboratories including those of developing countries.
Our strategy looks first for potential best molecular targets, and
subsequently applies in silico screening to find best drug
candidates. Novel methods for drug delivery, in particular
nanomaterials and molecular transporters have started to be
investigated as alternative antibacterials or anti-infective
carrier systems to improve the internalization of bactericidal
drugs against bacterial infections, which are particularly
problematic in the case of having to reach the cytoplasm,
specially in Gram-negative pathogens. Some of these
promising molecules that could help overcome the bacterial
envelopes and are currently being tested are siderophores,
cyclodextrins, and metal nanoparticles, antimicrobial/cell-
penetrating peptides and fusogenic liposomes (Santos et al.,
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2018). In this sense, we believe in a strategy that combines omics
data and drug screening to discover lead antimicrobials, in which
in silico and wet-lab approaches act synergically to maximize the
success rate of drug discovery projects.
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Characterization of allelic variants is relevant to demonstrate associations among genetic
background and susceptibility to develop cardiovascular diseases, which are the main
cause of death in Chile. Association of APOB, APOE, and MTHFR polymorphisms with
higher lipid levels and the risk of developing hypertension and cardiovascular diseases
have been described. Thus, the aim of this study was to assess genotype distribution
and relative allelic frequency of ApoB rs693, ApoE rs7412, ApoE rs429358, MTHFR
rs1801131, and MTHFR rs1801133 allelic variants and their effects on lipid profile in
young healthy men and women from Northern Chile. A group of 193 healthy subjects
were enrolled for this study. Genotyping of rs693 (APOB), rs7412 and rs429358 (APOE),
and rs1801131 and rs1801133 (MTHFR) polymorphisms were performed by real time
PCR. In addition, lipid profiles were determined and associated to genetic data. The
genotype distribution was APOB rs693 (CC = 37%, CT = 41%, and TT = 22%), APOE
rs7412/rs429358 (E4 = 0.06, E3 = 0.91, and E2 = 0.03), MTHFR rs1801131 (AA = 57%,
AC = 30%, and CC = 13%), and MTHFR rs1801133 (CC = 20%, CT = 47%, and
TT = 33%). The association of the genetic variants with plasma lipid levels showed that
women, but not men, carrying APOB mutated allele (T) and Apo E4 allele presented
lower values of total cholesterol when compared with C/C homozygous genotype or
E3 allele, respectively (p < 0.05). In addition, a subgroup analysis revealed that ApoB
C/C homozygous women exhibited higher values of HDL-C when compared with men
carrying identical genotype (p < 0.01). On the other hand, women carrying E4 allele
exhibited lower values of triglycerides when compared with male carrying identical
genotype (p < 0.05). Finally, women carrying mutate allele (C) for MTHFR rs1801131

Frontiers in Genetics | www.frontiersin.org 1 September 2021 | Volume 12 | Article 640956132

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.640956
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2021.640956
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.640956&domain=pdf&date_stamp=2021-09-20
https://www.frontiersin.org/articles/10.3389/fgene.2021.640956/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-640956 September 14, 2021 Time: 19:52 # 2

Gálvez et al. APOB, APOE, MTHFR Associated Lipids Levels

showed lower levels of triglycerides when compared with A/A homozygous genotype
(p < 0.05) and lower levels of LDL-C for MTHFR rs1801133 in females carrying (T) allele
when compared with males carrying identical genotype (p < 0.05). In summary, the
present data showed that APOB, APOE, and MTHFR single nucleotide polymorphisms
are associated to lipid levels in a gender-dependent manner among healthy subjects
from Northern Chile, especially in women.

Keywords: Lipid levels, genetic variants, Apo B, Apo E, MTHFR, polymorphism

INTRODUCTION

Studies based on genetic markers are frequently used to evaluate
the relationships between the presence of an allelic variant and
the susceptibility to develop chronic diseases. However, the
precise magnitude of inheritance is modified depending on the
polygenic model, including other factors such as disease type and
age onset (Smolková et al., 2015); therefore, one of the main goals
of biomedical research is to correlate genotype with biochemical
or molecular abnormalities (Liggett et al., 2007). On this issue,
lipoproteins, playing a main function in lipid transport and
metabolism (Defesche et al., 2017), along with hyperlipidemia
are considerably important in the development of cardiovascular
diseases (CVDs) (Homsma et al., 2008), which are the main cause
of death in Chile during the past years (DEIS, 2021). In this
respect, the National Health Survey showed that around 40%
of individuals have a high prevalence of two or more major
risk factors, including low high-density lipoprotein cholesterol
(HDL-C) concentrations (39%) and hypercholesterolemia (35%),
among others (ENS, 2003). Although CVD remains the leading
cause of death in both men and women in Chile, the latest report
revealed that CVD-related mortality is higher in women (28.9%)
than in men (26.2%) (Varleta et al., 2020). In addition, in-hospital
mortality due to acute myocardial infarction was significantly
greater in women than in men at any age (Nazzal and Alonso,
2013); however, according to some reports, women are not fully
aware of this situation (Varleta et al., 2020). Therefore, a better
knowledge about lipoprotein allelic variants and their effects to
regulate metabolism and transport decreasing cholesterol and
lipid blood levels in young healthy individuals, especially in
women, may result in improving therapeutic treatments along
with preventive public health strategies.

Despite the fact that a genome-wide association study focuses
on association of numerous single nucleotide polymorphisms
(SNPs) as molecular markers of a disease, analyses of
specific genetic variants are helpful in the early detection of
individuals carrying genetic susceptibility for hyperlipidemia
(Defesche et al., 2017). Apolipoprotein (Apo) B gene, located
on the short arm of chromosome 2 with a span of 43 kilobases

Abbreviations: ANOVA, Analysis of variance; Apo B, Apolipoprotein B; Apo
E, Apolipoprotein E; BMI, Body Mass Index; CVD, cardiovascular diseases;
DNA, Deoxyribonucleic acid; dNTPs, deoxyribonucleotides; DBP, Diastolic blood
pressure; HBP, high blood pressure; HDL-C, high-density lipoprotein-cholesterol;
HWE, HardyŰWeinberg equilibrium; IAM, acute myocardial infarction;
LDL-C, low-density lipoprotein-cholesterol; MTHFR, methylenetetrahydrofolate
reductase; MgCl2, Magnesium chloride; PCR, Polymerase chain reaction; SNP,
Single nucleotide polymorphism; SBP, Systolic blood pressure; VLDL, very
low-density lipoproteins.

and 29 exons (Innerarity et al., 1990), is the most important
of the atherogenic lipoproteins, having a critical function in
the dynamic equilibrium of cholesterol being relevant for
the assembly and secretion of very low-density lipoproteins
(VLDL) from the liver and uptake of low-density lipoproteins
(LDL) mediated by LDL receptor (LDLR). Therefore, elevated
Apo B and LDL-cholesterol (LDL-C) levels are risk factors for
atherosclerosis; in contrast, low levels of Apo B may contribute
to protect against atherosclerosis (Benn, 2009). Specifically,
Apo B rs693 genetic variant (XbaI, Thr2515Thr) consisted of
a change from cytocine (C) to thymine (T) in exon 26, codon
2488 creating a synonymous mutation from ACC to ACT
with no change of amino acid residue Thr (Niu et al., 2017).
On the other hand, Apo E gene, located on chromosome 19,
contains four exons encoding a 34,200-Da protein of 299 amino
acids. Apo E is a multifunctional protein synthesized mainly
in the liver, taking part in the reverse cholesterol transport
and triglyceride metabolism. Apo E binds to hepatic Apo
E or LDLR to mediate chylomicrons and VLDL clearances
from the plasma (Eichner et al., 2002). Two single-nucleotide
polymorphism variants in the Apo E gene (rs429358 and rs7412)
will generate different protein isoforms with opposite effects on
lipid metabolism because they differ in their receptor-binding
activity. Distinction based on cysteine (Cys) or arginine (Arg)
at positions 112 and 158 amino acid residue determines three
major isoforms commonly referred to as E2 (Cys112/Cys158),
E3 (Cys112/Arg158), and E4 (Arg112/Arg158). These isoforms
produce six genotypes, including three homozygous (E2/E2,
E3/E3 and E4/E4) and three heterozygous (E3/E2, E4/E3 and
E4/E2), which produce three isoforms of Apo E, referred to
as Apo E2, Apo E3, and Apo E4 (Eichner et al., 2002; Khan
et al., 2013). In addition, the enzyme methylenetetrahydrofolate
reductase (MTHFR), which catalyzes the conversion of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate, presents
several allelic variants associated to modifications in its
activity, resulting in hyperhomocysteinemia as an emerging
risk factor for various cardiovascular, cerebrovascular, and
neurological diseases along with several cancers (Bailey and
Gregory, 1999; Liu et al., 2020). MTHFR gene, located in
chromosome 1, encoded two enzyme isoforms of 70 and
77 kDa due to multiple transcription start sites (Tran et al.,
2002). The two most common MTHFR genetic variants
are rs1801133, C677T resulting in alanine (C) to valine
(T) substitution with a reduction of enzymatic activity and
rs1801131, A1298C resulting in glutamic acid (A) to alanine (C)
substitution, showing a significant enzymatic activity decrease
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in individuals carrying C/C genotype (Abu-Hassan et al., 2019;
Mahesh et al., 2019). MTHFR rs1801133 polymorphism was
associated to elevated risk of myocardial infarction in young
and middle-aged Caucasian individuals (Liew and Gupta,
2015); however, this issue remains controversial showing both
association between MTHFR rs1801133 and hypertension
and the lack of association (Amrani-Midoun et al., 2016;
Ghogomu et al., 2016).

Consequently, the current study aims to determine the
frequencies of rs693 (APOB), rs7412 and rs429358 (APOE),
and rs1801131 and rs1801133 (MTHFR) genetic polymorphisms,
commonly associated to cardiovascular risk, in healthy men and
women from Northern Chile and their possible relationships
with plasma lipid levels. Previous studies conducted in our
country have investigated some of these genetic polymorphisms
in subjects from the Central and Southern regions of Chile.
To our knowledge, this is the first study in healthy subjects
from Northern Chile.

MATERIALS AND METHODS

Subjects
A group of 193 unrelated subjects (138 females and 55 males)
volunteered to be enrolled in the current study. All participants
were university students born in the region of Antofagasta
(Northern Chile), having good health condition and no diagnosis
of CVD, and were informed regarding the study design and goals.
All the participants signed a written informed consent before
enrolling in the study and blood sample extraction.

Individuals participating in the study required to answer a
standardized questionnaire regarding basic health information;
the collected data included age, gender, and body weight
besides smoking, drinking, recreational drug consumption,
exercise habits, and history of CVD based on self-reports.
The type of recreational drugs used was not specified.
They were all required to have normal fasting glucose
levels (lower than 100 mg/dl), systolic blood pressure (SBP)
lower than 120 mm Hg, diastolic blood pressure (DBP)
lower than 80 mm Hg, and body mass index (BMI) lower
than 25. Individuals taking anti-hypercholesterolemic, anti-
hypertensive, or hypoglycemic medicines or those who
declared to have any personal or family history of CVD
were excluded from the study.

Anthropometric and clinical parameters as well as blood
sample analyses were processed following standard procedures.
Briefly, BMI was defined as the body weight in kilograms divided
by the square of the body height in meters and expressed in units
of kilograms per square meter. Blood samples were withdrawn
and divided in two fractions; a plasma fraction was separated
by centrifugation for biochemical analyses and stored at −20◦C,
and another fraction for analyses of total genomic DNA was
conserved at 4◦C until processing.

This study has been approved by the Ethics Committee of
Universidad de Antofagasta (Chile). Every subject agreed to
voluntarily take part in the study by signing a written informed

consent. The investigation was performed accordingly to the
ethical principles of the World Medical Association Inc (2008).

Biochemical Measurements
Venous blood samples were withdrawn from antecubital
vein after overnight fasting. The plasma levels of glucose,
total cholesterol, triglyceride, and HDL-C were quantitated
using enzymatic-colorimetric kits commercially available from
Human Diagnostics Worldwide, Germany. LDL-C value was
calculated using Friedewald’s formula if triglyceride levels did not
exceed 400 mg/dl.

DNA Genotyping
Genomic DNA samples were extracted from peripheral blood
leukocytes by using salting out method depicted by Salazar
et al. (2001). Genotyping analysis for ApoB, Apo E, and
MTHFR polymorphisms was performed by real-time PCR
using 4351379 TaqMan SNP Genotyping Assays, Human, SM
(ID assays were C_7615420_20 for rs693, C_904973_10 for
rs7412, C_3084793_20 for rs429358, C_850486_20 for rs1801131,
and C_1202883_20 for rs1801133; Applied Biosystems; Foster
City, CA, United States). The PCR reactions were carried
out accordingly to standard conditions provided by the
manufacturer. In summary, assays contained 1 µl DNA (20 ng),
6.25 µl 2 × Taqman PCR master mix, 0.625 µl 20 Taqman
genotyping assay, and 5.125 µl nuclease-free water for 13 µl total
volume. Thermal cycling conditions for real-time system were
initial denaturation at 95◦C for 10 min, followed by 50 cycles of
denaturation at 95◦C for 15 s, annealing and extension at 60◦C
for 1 min, and a final extension at 60◦C for 30 s.

For analytical purposes, the six APOE genotype groups
(E2/E2, E3/E2, E3/E3, E4/E3, E4/E4, and E4/E2) were classified
into three groups. The E3/E3 genotype occurs at high frequency
in the population and it is considered the normal variant (Liehn
et al., 2018). The E2/E2 and E3/E2 genotypes were combined and
presented as E2 carriers. Since E4/E4 genotype individuals were
absent in the study, the E4/E3 genotype is presented as E4 carriers
(Wu et al., 2007). Previous studies have shown that the impact
of the E2 allele on serum lipids is greater than that of the E4
allele (Wilson et al., 1994); therefore, individuals carrying E4/E2
genotype were excluded from the analysis.

Statistical Analyses
Genotype and allele frequencies were acquired by direct gene
counting. The genotype distribution for Hardy–Weinberg
equilibrium (HWE) was evaluated by χ2 analysis. The Shapiro–
Wilk test was performed to assess for normal distribution of
continuous variables. Data were presented as mean ± SD.
Comparison of continuous variables was accomplished
using Student’s t-test or ANOVA one-way test. The multiple
comparisons were accomplished by the Bonferroni method.
The Sigma Stat statistical software (Systat Software Inc., San
Rafael, CA, United States) was used for statistical analyses. A p
value < 0.05 was considered as statistically significant.
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TABLE 1 | Anthropometric features and clinical parameters of the
studied individuals.

Parameter Total
(193)

Male
(55)

Female
(138)

Age (years) 22.5 ± 8.8 22.2 ± 7.6 22.6 ± 9.2

BMI (kg/m2) 23.0 ± 2.5 23.2 ± 2.2 22.4 ± 2.2

SBP (mm Hg) 116.2 ± 14.6 118.7 ± 12.9 115.4 ± 15.2

DBP (mm Hg) 70.1 ± 11.2 71.2 ± 13.3 69.9 ± 10.3

Glucose (mg/dl) 86.1 ± 28.0 84.7 ± 23.6 86.7 ± 28.9

Cholesterol (mg/dl) 139.7 ± 37.4 137.1 ± 31.7 141.1 ± 39.9

Triglycerides (mg/dl) 83.7 ± 55.6 77.7 ± 33.8 87.4 ± 65.2

HDL-cholesterol (mg/dl) 56.4 ± 23.8 49.2 ± 11.8 59.2 ± 26.5

LDL-cholesterol (mg/dl) 67.7 ± 39.0 72.4 ± 32.0 65.5 ± 42.2

Cigarette smoking (%) 22 20 24

Alcohol consumption (%) 69 74 66

Drugs consumption (%) 14 12 15

Physical activity (%) 55 67 50

Number of subjects in parentheses. Values are expressed as mean ± SD. Physical
activity performed at least once a week. BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein
cholesterol; LDL, low-density lipoprotein cholesterol.

RESULTS

Anthropometric features and clinical parameters of 193 subjects
(28% male and 72% female) enlisted in the study are summarized
in Table 1. The average age was 22.5 ± 8.8 years (22.2 ± 7.6
and 22.6 ± 9.2 years for male and female, respectively).
Every volunteer had normal value for anthropometric BMI
23.0 ± 2.5 kg/m2 (23.2 ± 2.2 kg/m2 and 22.4 ± 2.2 kg/m2 for
male and female, respectively). Clinical parameters were normal,
showing SBP of 116.2 ± 14.6 mm Hg (118.7 ± 12.9 mm Hg and
115.4 ± 15.2 mm Hg for male and female, respectively) and DBP
of 70.1 ± 11.2 mm Hg (71.2 ± 13.3 mm Hg and 69.9 ± 10.3 mm
Hg for male and female, respectively). Plasma glucose and
lipid levels were all within the reference range (measured as
mg/dl) (glucose 86.1 ± 28.0; total cholesterol 139.7 ± 37.4;
triglycerides 83.7 ± 55.6; HDL-cholesterol 56.4 ± 23.8; LDL-
cholesterol 67.7 ± 39.0). Analysis by gender is shown in Table 1.
No significant differences were found among groups.

Genotype and allele frequencies for the studied
polymorphisms are shown in Table 2. The relative allele
frequency for APOB rs693 polymorphism was 0.42 for
mutated allele (T). The relative allele frequencies for APOE
rs7412/rs429358 polymorphisms were 0.06, 0.91, and 0.03 for
E4, E3, and E2 alleles, respectively. The relative allele frequencies
for MTHFR rs1801131 and rs1801133 polymorphisms were
0.28 and 0.56 for mutated alleles (C) and (T), respectively.
Overall, MTHFR rs1801133 was the only genetic variant to show
the distribution pattern predicted by HWE (p = 0.6), whereas
the other three genotypes differed from the Hardy–Weinberg
prediction (p < 0.05).

Based on previous reports (Utermann, 1987; Lagos et al., 2015;
Han et al., 2016), we studied the potential association of ApoB
rs693, ApoE rs7412, Apo E rs429358, MTHFR rs1801131, and
MTHFR rs1801133 allelic variants with plasma lipid profile. No

changes in lipid levels were observed for the entire group of
subjects studied. The results are shown in Table 3. However, when
the analysis was performed by gender, the female group carrying
ApoB C/T heterozygous genotype exhibited significant lower
levels of total cholesterol (p < 0.05) compared with those female
carrying C/C genotype. In addition, we observed higher levels of
HDL-C in females carrying C/C homozygous genotype compared
with males carrying identical genotype (p < 0.01). On the
other hand, analysis of ApoE rs7412 and ApoE rs429358 genetic
variants exhibited significant lower levels of total cholesterol
along with LDL-C in females carrying E4 compared with E3
allele (p < 0.05). Higher levels of triglycerides were found in
males carrying E4 compared with E3 allele (p < 0.01); on the
contrary, higher level of triglycerides, although not significant,
were observed in females carrying E2 allele. In addition, lower
levels of triglycerides were found in females carrying E4 allele
compared with males carrying identical genotype. Analysis of
MTHFR rs1801131 genetic variant showed significant lower value
of triglycerides in females carrying A/C heterozygous compared
with A/A homozygous genotype (p < 0.05). On the other
hand, females carrying MTHFR rs1801133 T/T homozygous
genotype showed significant lower values of LDL-C compared
with males carrying identical genotype (p < 0.05). A comparative
analysis of allele frequencies of the four genetic variants found
in the population worldwide along with people living in different
regions of Chile is shown in Table 4.

DISCUSSION

This is the first study highlighting the frequency of ApoB, ApoE,
and MTHFR genetic variants and their relationship with plasma
lipid levels in young healthy individuals from Antofagasta city
(Northern Chile). In the studied group, the relative frequency
for mutated allele (T) of rs693 (ApoB) was 0.42, similar to
that previously described in Chile (Eyheramendy et al., 2015)
and not very different of that found in individuals from Brazil
(Nakazone et al., 2009; Tamburus et al., 2018). However, this rate
was different from the allele frequency found in Asian individuals
as shown in Table 4 and depicted by Niu et al. (2017). For ApoE
alleles, the most frequent genotype was E3/3 (84%), followed
by E4/3 (10.2%), and E3/2 (3.9%). These data were similar to
those described by Roco et al. (2015) in healthy individuals from
the central region of Chile; however, we did not detect any
subject with genotype E4/4. Similar frequencies were observed in
Japanese, Chinese, and Mexican-American populations (Eichner
et al., 2002). On the other hand, our data were different from
those previously described in Caucasians from Eastern Europe
and Amerindian hypercholesterolemic patients from Southern
Chile (Eichner et al., 2002; Lagos et al., 2015). The analysis
of MTHFR rs1801131 minor allele (C) frequency was 0.28,
comparable with those previously described by Báez et al. (2010)
and Eyheramendy et al. (2015) in Chile and also similar to
those found in American (Mahesh et al., 2019), European, and
Asian individuals as shown in Table 4. In addition, MTHFR
rs1801133 minor allele (T) frequency was 0.56, different to the
one depicted in healthy individuals from the central region of
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TABLE 2 | Genotype distribution and relative allele frequency for ApoB, ApoE, and MTHFR polymorphisms.

Genotype frequency (%) P-value Allele frequency

CC CT TT C T

ApoB
(rs693)
n = 189

Total 70 (37) 78 (41) 41 (22) 0.03 0.58 0.42

Male 18 (37) 24 (49) 7 (14)

Female 52 (37) 54 (39) 34 (24)

Genotype frequency (%) P-value Allele frequency

E4/3 E4/2 E3/3 E3/2 E2/2 E4 E3 E2

ApoE
(rs7412,
rs429358)
n = 127

Total 13
(10.2)

1
(0.8)

107
(84)

5
(3.9)

1
(0.8)

<0.05 0.06 0.91 0.03

Male 6
(17.6)

1
(2.9)

27
(79.5)

0 0

Female 7
(7.5)

0 80
(86)

5
(5.4)

1
(1.1)

Genotype frequency (%) P-value Allele frequency

AA AC CC A C

MTHFR
(rs1801131)
n = 186

Total 106 (57) 56 (30) 24 (13) 0.001 0.72 0.28

Male 29 (60) 12 (25) 7 (15)

Female 77 (56) 44 (32) 17 (12)

Genotype frequency (%) P-value Allele frequency

CC CT TT C T

MTHFR
(rs1801133)
n = 193

Total 39 (20) 91 (47) 63 (33) 0.6 0.44 0.56

Male 12 (22) 28 (51) 15 (27)

Female 27 (20) 63 (46) 48 (35)

χ2 analysis was used to test Hardy–Weinberg equilibrium. Genotype E4/E4 was not found and genotype E4/E2 was excluded from the study; therefore, the E4/E3 is
presented as E4 carriers. The E3/E2 and E2/E2 genotypes were combined and presented as E2 carriers.

Chile (Nitsche et al., 2003; Roco et al., 2015). Overall, those
frequencies are very different from those described by Liew and
Gupta (2015) in other regions of the world as shown in Table 4.
The differences observed in ApoE and MTHFR rs1801133 allelic
frequencies in individuals from the northern region of Chile
compared with other regions might be explained based on
the genetic background of Chilean people as a consequence
of some miscegenation events where larger European and
Native-American and smaller African ancestry contributed to
admixing, showing that African ancestry contribution is higher
in the northern region (3.9%) and diminished in southern
regions (1.6%), while European ancestry contribution is higher
in the central region and Native-American ancestry prevails in
the southern region (Fuentes et al., 2014; Ruiz-Linares et al.,
2014; Eyheramendy et al., 2015). Altogether, these observations
indicate that the genetic background of Chilean subjects is
unevenly spread throughout the country, and this could explain
why the studied allelic variants exhibited a geographic dependent
pattern as was previously demonstrated for LDLR and PCSK9
polymorphisms (Rojas et al., 2019).

Regarding lipid profiles, no association of any of the genetic
variants with total cholesterol, triglycerides, HDL-C, and LDL-C
profile was found among the complete studied group of
individuals, similar to those previously described (Nakazone
et al., 2009; Roco et al., 2015; Mahesh et al., 2019); however,

some associations appeared when the analyses were performed
for each gender separately. For Apo B genetic variant, C/C
genotype was associated with higher total cholesterol along with
HDL-C levels in females and therefore may be a risk factor
that predisposes to CVD. A similar association was described
by Nakazone et al. (2009) in a group of control individuals that
consisted of 64% females; however, other authors depicted a
similar association in males but not in females (Niu et al., 2017).
To this respect, association of ApoB rs693 and lipid levels is
controversial since this genetic variant is a silent mutation that
cannot directly affect lipid metabolism; however, association with
higher levels of total cholesterol, triglyceride, and LDL-C and
lower levels of HDL-C has been reported, suggesting that gender,
ethnicity, and health status might modulate its association to
lipid levels (Peacock et al., 1992; Benn et al., 2008; Niu et al.,
2017; Tamburus et al., 2018), but some of those studies presented
association of high lipid levels with males, which are opposite
to our findings.

In addition, for ApoE genetic variants, E3 allele carriers
showed a total cholesterol level similar to that previously
described by Roco et al. (2015); however, E4 allele is associated
with lower levels of total cholesterol, triglycerides, and LDL-C
exclusively in women, whereas lipid level profiles in E2 allele
carriers were not different from those observed in E3 allele
carriers. These data were not consistent with those found in the
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TABLE 3 | Lipid profile for ApoB, ApoE, and MTHFR polymorphisms in healthy individuals from Northern Chile.

TC TG HDL-C LDL-C

C/C C/T T/T C/C C/T T/T C/C C/T T/T C/C C/T T/T

ApoB
(rs693)

Total 147.8 ± 39.5 140.5 ± 41.4 138.5 ± 31.4 78.9 ± 30.7 76.2 ± 38.9 80.9 ± 38.4 53.7 ± 15.5 55.2 ± 18.0 52.6 ± 14.6 77.4 ± 40.2 67.2 ± 34.4 69.7 ± 31.6

Male 139.2 ± 27.9 142.5 ± 45.6 130.3 ± 25.5 87.9 ± 37.1 72.7 ± 37.4 79.7 ± 35.9 45.5 ± 11.7 52.8 ± 11.8 47.1 ± 11.9 74.9 ± 32.8 70.0 ± 28.9 67.3 ± 22.2

Female 151.9 ± 43.9 135.6 ± 36.9* 140.9 ± 32.9 78.4 ± 41.4 75.3 ± 38.5 77.9 ± 36.8 57.2 ± 14.9}} 56.7 ± 19.9 53.9 ± 15.2 73.0 ± 31.3 66.8 ± 38.5 71.5 ± 33.9

E4 E3 E2 E4 E3 E2 E4 E3 E2 E4 E3 E2

ApoE
(rs7412,
rs429358)

Total 124.2 ± 35.2 134.8 ± 29.4 137.8 ± 18.4 86.7 ± 46.4 74.9 ± 35.5 82.8 ± 30.8 53.2 ± 13.6 58.6 ± 42.7 44.7 ± 13.9 61.5 ± 33.4 68.4 ± 33.9 71.9 ± 18.4

Male 142.8 ± 31.1 134.5 ± 33.3 N.D. 114.1 ± 14.2** 68.2 ± 30.1 N.D. 45.8 ± 8.4 48.2 ± 13.6 N.D. 74.2 ± 29.9 72.6 ± 32.2 N.D.

Female 107.6 ± 28.3* 135.1 ± 28.9 137.8 ± 18.4 70.4 ± 55.9} 74.6 ± 29.5 82.8 ± 30.8 60.7 ± 15.5 57.0 ± 17.6 44.6 ± 13.9 48.9 ± 34.4* 73.1 ± 64.8 71.9 ± 18.4

A/A A/C C/C A/A A/C C/C A/A A/C C/C A/A A/C C/C

MTHFR
(rs1801131)

Total 136.6 ± 37.9 141.9 ± 40.3 138.8 ± 28.7 88.5 ± 62.4 73.3 ± 36.9 86.1 ± 28.9 65.8 ± 38.7 66.9 ± 38.2 55.9 ± 22.3 67.6 ± 40.8 72.2 ± 38.3 62.3 ± 27.6

Male 130.9 ± 33.2 143.6 ± 33.5 136.2 ± 29.7 76.7 ± 39.5 83.5 ± 27.6 96.7 ± 18.6 67.9 ± 44.8 63.4 ± 31.2 48.9 ± 15.1 71.8 ± 39.3 77.1 ± 30.3 70.3 ± 31.1

Female 138.7 ± 39.6 141.4 ± 42.4 140.0 ± 29.2 92.8 ± 68.7 70.3 ± 39.0* 81.2 ± 32.1 66.8 ± 35.7 67.9 ± 40.3 62.5 ± 19.3 67.9 ± 40.5 70.9 ± 40.5 63.3 ± 22.1

C/C C/T T/T C/C C/T T/T C/C C/T T/T C/C C/T T/T

MTHFR
(rs1801133)

Total 146.7 ± 30.7 136.7 ± 42.3 138.2 ± 34.0 92.6 ± 70.9 77.4 ± 49.6 88.1 ± 45.7 65.2 ± 31.3 63.1 ± 35.9 62.3 ± 36.2 72.2 ± 31.7 67.4 ± 46.1 65.2 ± 39.5

Male 134.6 ± 28.4 127.7 ± 31.6 146.9 ± 39.8 74.7 ± 42.4 77.9 ± 32.7 96.5 ± 30.3 57.7 ± 30.9 57.4 ± 40.4 63.8 ± 39.9 74.4 ± 31.6 61.3 ± 39.8 85.3 ± 36.9

Female 151.4 ± 31.1 140.9 ± 46.0 136.4 ± 32.2 99.7 ± 73.8 77.8 ± 55.7 85.4 ± 49.5 69.2 ± 31.2 67.5 ± 35.5 61.9 ± 35.5 71.9 ± 32.7 70.2 ± 48.5 59.5 ± 38.6}

Value are expressed in mg/dl and represented as mean ± SD. The E2/E2 and E2/E3 genotypes were combined and presented as E2 carriers. Since E4/E4 individuals were absent, the E3/E4 genotype was presented
as E4 carriers. The E2/E4 genotype was excluded from the analysis. Data were analyzed by one-way ANOVA, followed by a post hoc Bonferroni or Student t-test. *p < 0.05 when compared with C/C or A/A alleles;
*p < 0.05 or **p < 0.01 when compared with E3 allele; }p < 0.05 or }}p < 0.01 when compared with the same genotype by gender. N.D.: not determined.

Frontiers
in

G
enetics

|w
w

w
.frontiersin.org

S
eptem

ber
2021

|Volum
e

12
|A

rticle
640956

137

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-640956 September 14, 2021 Time: 19:52 # 7

Gálvez et al. APOB, APOE, MTHFR Associated Lipids Levels

TABLE 4 | Allele frequencies for APOB, APOE, and MTHFR polymorphisms in population worldwide and Chilean subjects from different regions.

Population Apo B rs693 Apo E rs7412/rs429358 MTHFR rs1301131 MTHFR rs1801133

Sample
size

C T Sample
size

E4 E3 E2 Sample
size

A C Sample
size

C T

African 11,472 0.77 0.23 11,466 0.83 0.17 11,720 0.88 0.12

Asian 842 0.94 0.06 884 0.75 0.25 3,984 0.66 0.34

European 207,254 0.51 0.49 211,780 0.69 0.31 322,326 0.65 0.35

Latin American 9,062 0.63 0.37 5,020 0.81 0.19 7,238 0.55 0.45

*Chileans 626 0.62 0.38 626 0.77 0.23

Northern Chile
(Antofagasta)

189 0.58 0.42 127 0.06 0.91 0.03 186 0.72 0.28 193 0.44 0.56

}Central Chile 146 0.09 0.88 0.03 146 0.52 0.48
}}Central Chile 105 0.79 0.21
}}}Central Chile 184 0.60 0.40
+Southern
Chile

116 0.18 0.80 0.02

All data were retrieved from the ALFA project. Release version: 20201027095038, except those indicated. *Eyheramendy et al. (2015). }Roco et al. (2015). }}Báez et al.
(2010). }}}Nitsche et al. (2003). +Lagos et al. (2015).

general population, suggesting an association of E4 allele with
high total cholesterol and LDL-C concentrations (Utermann,
1987) and therefore with high risk of CVD (Eichner et al., 2002;
Larifla et al., 2017) or no association at all (Roco et al., 2015). On
the other hand, gender-specific studies exhibited high triglyceride
levels in men carrying both E2 and E4 alleles (Wilson et al.,
1994) similar to our observations for E4 allele, although, as we
previously stated, the limitation of a small sample size did not
produce any males with E2 allele; therefore, comparisons were
done with E4 allele exclusively. On the contrary, Kolovou et al.
(2009) depicted increased total cholesterol in both women and
men having E4 allele, which is opposite to our findings.

Finally, MTHFR genetic variants showed a gender-specific
association with triglyceride (rs1801131) and LDL-C (rs1801133).
MTHFR rs1801133 polymorphism has been thoughtfully studied
because of its health implications. In general, (T) allele carriers
showed higher total cholesterol and LDL-C in a study including
Caucasian, Asian, African, and other ethnicities; however, no
association with lipid profile was described in Mexican and
American individuals carrying (T) allele (Leal-Ugarte et al.,
2019; Mahesh et al., 2019), although authors proposed statins’
effect on lowering lipid levels, and therefore no association.
Analyses of different subgroups showed significant associations
with higher levels of total cholesterol along with LDL-C detected
exclusively in females (Luo et al., 2018); however, once again
these data are not consistent with our findings showing lower
levels of LDL-C in (T) allele carriers. On the other hand,
MTHFR rs1801131 showed a significant association with lower
levels of HDL-C (Mahesh et al., 2019) and higher levels of
total cholesterol and LDL-C in individuals having C/C genotype;
in this case, those results were dependent of hypermethylated
promoter (Santana Bezerra et al., 2019). However, once again
our data were opposite, showing only lower triglyceride levels in
females carrying (C) allele.

Overall, these apparent differences in the association of genetic
polymorphisms and lipid profile with previous reports may

be attributable to the peculiar genetic background admixing
existing in the studied individuals. Moreover, the underlying
results showed that healthy age-matched subjects from central
and southern regions of Chile exhibited lower level of lipids
(Arteaga et al., 2010; Caamaño Navarrete et al., 2015), probably
due to seasonal variations that produce higher values in
winter and lower values in summer (Kreindl et al., 2014;
Zhou et al., 2016). Since the northern region of Chile has
a hot and dry desertic weather with temperature range 3
to 5◦C higher than other regions and no seasons (McKay
et al., 2003), it could account for lower lipid values found in
our study. Considering these geographical differences on lipid
values, the effects of the studied genetic variants on lipid-
lowering therapy in subjects with hypercholesterolemia need to
be investigated. Several authors have demonstrated the effect
of ApoB (Guzmán et al., 2000; Ye et al., 2003), ApoE (Ye
et al., 2003; Tavintharan et al., 2007; Lagos et al., 2015), and
MTHFR (Maitland-van der Zee et al., 2008; Jiang et al., 2013)
polymorphisms on response to statins (HMG-CoA reductase
inhibitors), specifically on the pharmacodynamics of these
drugs. For example, Ye et al. (2003) observed that the relative
frequency of ApoB rs693 genetic variant is high in individuals
with hyperlipidemia, in whom the cholesterol-lowering efficacy
is diminished after treatment of simvastatin. In relation to
APOE variants, Lagos et al. (2015) showed that E4/3 genotype
carriers exhibited lower cholesterol reduction compared with
E3/3 genotype (LDL-C: −18% vs. −29%, p<0.001), when the
hypecholesterolemic subjects were treated with atorvastatin.
Finally, in relation to MTHFR gene polymorphisms, Maitland-
van der Zee et al. (2008) observed that subjects carrying C/C
genotype for MTHFR rs1801133 genetic variant exhibited a
significantly protective effect against CHD [0.71 (95% CI 0.58–
0.87)] when the patients were treated with pravastatin. Similarly,
Jiang et al. (2013) showed that MTHFR rs1801133 genetic variant
contributes to the effects of simvastatin in Chinese subjects with
primary hyperlipidemia.
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In summary, our data showed associations between ApoB
(rs693), ApoE (rs7412 and rs429358), and MTHFR (1801131 and
1801133) single nucleotide polymorphisms with lipid levels in
healthy individuals from Northern Chile, especially in women.
However, to confirm the influence of any of the studied genetic
variants on lipid profile, enrolling a greater number of individuals
in a case–control study is required. Finally, we propose that
understanding new candidate genes that predispose to CVD
might allow to elaborate risk score tables to improve therapeutic
and preventive strategies. The clinical utility of these genetic
polymorphisms in the prediction of cardiovascular risk or the
influence on lipid-lowering therapy needs to be investigated in a
future study including a larger number of subjects, considering
a similar distribution of males and females. Moreover, future
directions for this study need to include functional studies.
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Tamoxifen (TAM), a selective oestrogen receptor modulator, is one of the most used
treatments in oestrogen receptor-positive (ER+) early and metastatic breast cancer (BC)
patients. The response to TAM has a high degree of inter-individual variability. This is mainly
due to genetic variants inCYP2D6 gene, as well as other genes encoding proteins involved
in the TAM pharmacokinetic and/or pharmacodynamic. Therefore, prediction of the TAM
response using these genetic factors together with other non-genetic variables may be
relevant to improve breast cancer treatment. Thus, in this work, we used genetic
polymorphisms and clinical variables for TAM response modelling. One hundred sixty-
two ER +BC patients with 2 years of TAM treatment were retrospectively recruited, and the
genetic polymorphisms CYP2D6*4, CYP3A4*1B (CYP3A4*1.001), CYP3A5*3,
UGT2B7*2, UGT2B15*2, SULT1A1*2, and ESRA V364E were analyzed by PCR-RFLP.
Concomitantly, the therapeutic response was obtained from clinical records for
association with genotypes using univariate and multivariate biostatistical models. Our
results show that UGT2B15*1/*2 genotype protects against relapse (OR � 0.09; p � 0.02),
CYP3A5*3/*3 genotype avoids endometrial hyperplasia (OR � 0.07; p � 0.01),
SULT1A1*1/*2 genotype avoids vaginal bleeding (OR � 0.09; p � 0.03) and ESRA
364E/364E genotype increases the probability of vaginal bleeding (OR � 5.68; p �
0.02). Logistic regression models, including genomic and non-genomic variables,
allowed us to obtain preliminary predictive models to explain relapse (p � 0.010),
endometrial hyperplasia (p � 0.002) and vaginal bleeding (p � 0.014). Our results
suggest that the response to TAM treatment in ER + BC patients might be associated
with the presence of the studied genetic variants in UGT2B15, CYP3A5, SULT1A1 and
ESRA genes. After clinical validation protocols, these models might be used to help to
predict a percentage of BC relapse and adverse reactions, improving the individual
response to TAM-based treatment.
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1 INTRODUCTION

Breast cancer (BC) is the second leading cause of cancer death in
women (American Cancer Society, 2017) and is caused by many
factors, such as age, breast density, heredity, and exposure to
oestrogens (Kumar et al., 2010). Breast cancer (BC) patients with
oestrogen receptor positivity (ER+) are treated in addition to
surgery, chemotherapy, and/or radiation therapy with hormone
therapy (Maughan et al., 2010; (McDonnell and Wardell 2010;
NCI 2012). Tamoxifen (TAM), a type of hormonal therapy
known as a selective oestrogen receptor modulator, behaves as
an oestrogen antagonist in the breast and as an agonist in the
endometrium (Lewis and Jordan 2005; Terán and Teppa 2005;
Hertz et al., 2009; NCI 2012), and despite the new hormonal
agents, TAM remains the drug of choice for any BC stage (Davies
et al., 2011) since it increases the disease-free time in pre- or
postmenopausal women, reducing the annual death rate by 34%
(MINSAL, 2005; Untch and Thomssen, 2010). However, the
response among patients is variable in terms of efficacy and
side effects.

TAM undergoes extensive biotransformation in the liver by
phase I (CYP) and phase II enzymes. Phase I generates, among
other metabolites, N-desmethyltamoxifen (N-desmethylTAM),
4-hydroxy tamoxifen (4-hydroxyTAM), and 4-hydroxy-N-
desmethyltamoxifen (endoxifen) (Brauch et al., 2009).
Endoxifen and 4-hydroxyTAM are the main and unique active
metabolites of TAM due to their high affinity to ERs and their
activity being 30- to 100-fold greater than TAM itself (Wakeling
and Slater 1980; Johnson et al., 2004; Fernández-Santander et al.,
2007; Brauch et al., 2009). In vitro studies have determined that
these metabolites are more effective in reducing cell proliferation
(Jordan et al., 1977; Clarke et al., 2003; Borges et al., 2006). The
two most abundant metabolites in plasma are N-desmethylTAM
and endoxifen (Clarke et al., 2003). Subsequently, these
metabolites undergo biotransformation by phase II enzymes,
the main enzymes involved being SULT1A1, UGT2B7, and
UGT2B15 (Nishiyama et al., 2002). TAM has a long half-life,
and steady-state concentrations are obtained at 4 weeks for TAM
and at 8 weeks for N-desmethylTAM (Buckley and Goa, 1989;
Lien et al., 1992; Kisanga et al., 2004).

Differences have been found between the response to TAM
and the histological type, degree of differentiation of the breast
tumor cells, age, and state of menopause in the patient. TAM has
an overall response rate of almost 75% in patients with ER+ and
PR + BC. In the case of adjuvant treatment, TAM reduces the risk
of relapse by 25% andmortality by 17% (Fisher et al., 1998; Davies
et al., 2011). On the other hand, the long-term safety of TAM is
well elucidated, and possible harmful effects on bone metabolism,
endometrial cancer, thromboembolic diseases, and cognitive
disorders due to chronic oestrogen deprivation in brain tissue
have been described (Fisher et al., 1998; Cuzick et al., 2002;
Cuzick, 2005). A 1% increase in the incidence of endometrial
cancer has been observed due to its oestrogen-inducing effect in
the uterus and thromboembolic events in 1–2% of cases.

Despite several studies having been conducted, after 3 decades,
there are still differences in the TAM response that have not been
explained. It is known that these variations in the response to

drugs are multifactorial, the result of the interaction between
multiple and complex genetic, physiological and environmental
factors (Ma and Lu 2011). A potential explanation is the presence
of genetic variants in the genes encoding biotransformation
enzymes affecting their efficacy and safety (Zhou et al., 2008).
In this respect, undoubtedly genetic variation in the CYP2D6
driving to ultrarapid (XN), intermediate metabolizer or poor
metabolizer phenotypes (e.g. *3, *4, *5, *9, *10, *17 haplotypes)
may affects plasma concentrations of TAM and its metabolites, as
CPIC has stablished in the updated guidelines (Goetz et al, 2018).
CYP2D6*4 (rs3892097) is associated with decreased side effects,
such as hot flashes, disease-free time, and survival rate (Goetz
et al., 2005; Jin et al., 2005; Schroth et al., 2007; Bijl et al., 2009;
Ramón y Cajal et al., 2010; Rae et al., 2012), and decreased serum
levels of TAM metabolites (Gjerde et al., 2007; Kiyotani et al.,
2010; Lim et al., 2011; Madlensky et al., 2011). In addition,
CYP3A4*1B (currently named CYP3A4*1.001, rs2740574) is
associated with a 3-fold higher risk of endometrial cancer in
TAM-treated BC patients (Chu et al., 2007). CYP3A5*3
(rs776746) is associated with characteristics of the tumor in
BC postmenopausal women treated with TAM (Tucker et al.,
2005). On the other hand, CYP2C9 *2 and *3 variants reduce the
concentration of TAM metabolites, affecting the therapeutic
response (Mürdter et al., 2011).

Phase II enzymes also affect TAM response. SULT1A1*2
(rs9282861) increases the risk of relapse in TAM-treated BC
patients (Wegman et al., 2005). UGT2B15*2 (rs1902023)
decreases the risk of relapse of BC (Nowell et al., 2005).
Furthermore, the presence of UGT2B15*2 and SULT1A1*2 is
associated with a lower risk of relapse and a significant reduction
in survival time in patients with BC treated with TAM (Nowell
et al., 2005).

Finally, several mutations have been identified in the
oestrogen receptor α gene (ESRA) in BC patients (Herynk
et al., 2004); however, their effect on the efficacy and safety of
TAM treatment has not been elucidated. In this respect, using
SIFT and PolyPhen bioinformatic tools, it was established that the
single nucleotide polymorphism (SNP) ESRA (OMIM* 133430)
V364E (rs121913044; 1453T>A; Val364Glu) generates a
deleterious change with possible damage to the N-terminus of
the hormone-binding domain in the ER, giving rise to a 40 times
lower affinity for oestrogen (Flicek et al., 2011). This SNP also
exhibits a dependence on oestrogen for binding to an ERE,
although it maintains its negative dominant activity entirely.
Therefore, ESRA V364E is highly active and capable of
repressing ER-mediated transcription, both when ESRA V364E
and normal ESRA proteins are present together in cells and even
without DNA binding (Wrenn and Katzenellenbogen 1993; Ince
et al., 1995; McInerney et al., 1996).

Although in the last decade several studies have investigated
genetic variants in TAM-metabolizing enzymes that might
determine the differences in the response to treatment in
patients with BC, there are still controversies about their
relationship with the response (Brauch and Schwab, 2014;
Brewer et al., 2014; Province et al., 2014; Binkhorst et al.,
2015). To address this question, we aimed to study the
association among response (relapse and ADR) and 7 genetic
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variants in genes encoding proteins involved in the
pharmacokinetics and pharmacodynamics of TAM
(CYP2D6p4, CYP3A4p1B (CYP3A4p1.001), CYP3A5p3,
SULT1A1p2, UGT2B7p2, UGT2B15p2 and ESRA V364E) in
women with hormone-dependent BC and under adjuvant
treatment with TAM. The main goal is to generate predictive
models to approximate the response of patients according to their
genetic-metabolic characteristics.

2 PATIENTS AND METHODS

2.1 Study Design
A retrospective case-control study was carried out from January
2014 to January 2015 at the Polyclinic of Oncology of the
National Institute of Cancer (INC). The sample size was
determined according to the frequency of carriers with the
variant allele carriers in the population under study, using PS
Power and Sample Size Calculations Version 3.0, January 2009,
considering an 80% power; α � 0.05; OR � 2.0; and the less
frequent CYP3A4p1B (CYP3A4p1.001, rs2740574), according to
the literature (Fuentes and Silveyra, 2019).

2.2 Patients
One hundred sixty-two (162) patients were enrolled. The
inclusion criteria were as follows: 1) patients with
histologically confirmed BC, 2) in adjuvant treatment with
20 mg of tamoxifen (Novadex®) daily for at least 24 months;
2) > 18 years-old, 3) positive ER and negative HER-2 status, 4)
cell differentiation degree I to III. The exclusion criteria were as
follows: 1) patients diagnosed with in situ BC; 2) negative ER,
negative PR, triple-negative or Her-2 positive patients; 3)
concomitant treatments with vitamin K antagonists (warfarin,
acenocoumarol or dicoumarol), serotonin reuptake antagonist
antidepressants (fluoxetine or paroxetine), mitomycin, nitonavir,
primidone, or chemotherapy (fluorouracil, methotrexate or
cyclophosphamide), 4) chronic unbalanced systemic pathology
or other active cancers and, 5) aromatase inhibitor treatment or
LHRH agonist. The events (relapses and ADR) were evaluated
after 6 months of TAM treatment. All the patients signed a
written consent form and agreed to be included in this study.

Toxicity was assessed based on the Common Terminology
Criteria for Adverse Events, v4.03. Vaginal bleeding was defined
as any vaginal bleeding in postmenopausal patients (more than
1 year without menstruation or oophorectomized) or any
abnormal bleeding, such as unexpected bleeding or in quantity
or habitual bleeding in premenopausal patients. Endometrial
hyperplasia was defined as an endometrial thickness greater
than 5 mm detected by transvaginal echotomography in
postmenopausal patients or an abnormal thickness of the
endometrium according to the phase of the menstrual cycle in
premenopausal patients.

The ethnicity of the study group was approached by the
percentage of Amerindian-Caucasian admixture (%Ma-c) based
on the ABO system (Valenzuela et al., 1987; Acuña et al., 2000).

The patients were gathered into two groups: the control group
include patients who do not present the analyzed ADRs (relapse,

hot flashes, etc.), and the cases group include patients who have
the ADRs.

2.3 Genotyping Analyses
Potentially functional SNPs encoding the proteins related to the
TAM response were obtained from the PharmGKB database
(Whirl-Carrillo et al., 2012), the NCBI dbSNP database
(https://www.ncbi.nlm.nih.gov/snp/), the SNPinfo Web Server
(https://snpinfo.niehs.nih.gov), the Ensembl® genome database
project (https://www.ensembl.org/index.html) and the level of
evidence for each SNP (Supplementary Table S1). Genomic
DNA was isolated from the peripheral blood samples of the
subjects using a Genomic DNA Extraction Blood DNA Kit
(FAVORGEN®, BIOTECH CORP, Headquarters, Taiwan,
China) and from buccal mucosa cells using a MasterAmp™
Buccal Swab Kit (Epicentre®, an Illumina company, Madison,
USA). DNA samples were quantified at 260/280 nm using a
Nanodrop spectrophotometer (model DS-11, FX Series
Spectrophotometer, USA). CYP2D6p4 (rs3892097),
CYP3A4p1B (CYP3A4p1.001, rs2740574), CYP3A5p3
(rs776746), SULT1A1p2 (rs9282861), UGT2B7p2 (rs7439366),
UGT2B15p2 (rs1902023), and ESRA V364E (rs121913044)
were analyzed using polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) (Cavalli et al.,
2001; Schur et al., 2001; Hajdinjak and Zagradišnik 2004; Lee
et al., 2005; Kagaya et al., 2007; Arslan et al., 2011). The primers
and restriction enzymes used are presented in Supplementary
Table S2. Each assay contained four controls: one sample for each
genotype as a positive control and one negative sample with
nuclease-free pure water to volume. For quality assurance
purposes, we randomly chose 20% of the samples for
repetition of the analysis. When analyses were not coincident,
we excluded the samples.

2.4 Statistical Analyses
Statistical analyses were performed using GraphPad Prism 4.0
and STATA 11.1, with p < 0.05 considered statistically significant.
The results are expressed as the mean ± standard deviation (SD),
number, percentage, or frequency where appropriate. The
Shapiro-Wilk test was used to determine quantitative variable
distributions. Mean values between the two groups were
compared using the unpaired t-test for variables with a
normal distribution, while the Mann-Whitney U test was used
for variables with non-normal distributions. Frequencies of
qualitative variables were also calculated. The chi-square test
with Fischer’s exact test was used to investigate differences in
genotypic and allelic frequencies between the two groups.

We checked for Hardy-Weinberg equilibrium (HWE) in
our sample even though the conditions for HWE are not
applicable because it is not a random sampling in a
random-mating population, a control population or the
general population (Namipashaki et al., 2015) and is a
group with a selection bias based on the disease (i.e., SNPs
can also be related to cancer). The polymorphic variants
CYPD6p4, CYP3A4p1B (CYP3A4p1.001), CYP3A5p3,
SULT1A1p2, and accomplish HWE, while UGT2B15p2 and
ESRA V364E do not (cut-off chi2: 3.84).
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TABLE 1 | Characteristics of patients (n � 162).

Variables N* (%) x�± SD

Anthropometric characteristics
Age (years) 160 (98.77) 58 ± 13
Weight, (Kg) 160 (98.77) 69 ± 15
Height, (m) 156 (96.30) 1.55 ± 0.06
BMI (Kg/m2) 156 (96.30) 29 ± 6

Socio-genetic gradient
Blood type
AB 3 (1.85)
A 21 (12.96)
B 8 (4.94)
O 66 (40,74)
N.D 64 (39.51)
Number of members in the family 3 ± 2
Socioeconomic (income/member)
<$CLP135,000 (U$ 200) 33 (21.15)
$CLP135,001–500,000 (U$ 200–750) 91 (58.33)
$CLP 500,001–1,000,000 (U$ >750–1,450) 27 (17.31)
>$CLP 2,000,000 (U$ >2,900) 5 (3.21)
N.D 6 (3.85)

Risk factor’s
Alcoholic Habit Presence 0 (100)
Presence of Smoking Habit 48 (30.19)
Presence family history of some cancer 100 (62.89)
Presence Family History of breast or ovary cancer 43 (27.04)

Gynecological Characteristics
Menarche age (years) 153 (94.44) 13 ± 2
Number of Gestations 160 (98.77) 3 ± 2
Number of deliveries 160 (98.77) 3 ± 2
Number of Abortions 160 (98.77) 1 ± 1
Breastfeeding time (months) 137 (84.57) 24 ± 28
Oral Contraceptive Treatment (months) 154 (95.06) 39 ± 69
Menopausal status 68 (41.98)
Premenopause
Postmenopause 94 (58.02)
Treatment with HRT (months) 21 (22,34) 11 ± 46

Pathological Features
Age of diagnosis (years) 160 (98.77) 54 ± 13
Cancer stage at diagnosis
I 59 (36.42)
II 83 (51.23)
III 20 (12.35)
Tumor Histology
In situ Ductal carcinoma (DCis) 4 (2.47)
Invasive Ductal Carcinoma (IDC) 139 (85.80)
Invasive Lobular Carcinoma (ILC) 8 (4.94)
Others, (IBC, IPC, etc.) 9 (5.56)
N.D. 2 (1.23)
Cell Differentiation Degree
G1 41 (25.31)
G2 78 (48.15)
G3 25 (15.43)
N.D. 18 (11.11)
Treatment before TAM
Surgery 12 (7.41)
Surgery + radiotherapy 37 (22.84)
Surgery + chemotherapy 13 (8.02)
Surgery + chemotherapy + radiotherapy 36 (22.22)
No treatment 64 (39.51)

N.D: no data; TAM: tamoxifen; SD: standard deviation; IBC: inflammatory breast cancer; IPC: intracystic papillary carcinoma; HRT: hormone replacement therapy.
asome data for patients were lost from the clinical files, so the numbers are lower than the total.
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The polymorphisms were evaluated using co-dominant (wild
type vs heterozygote vs variant), dominant (wild type vs.
heterozygote/variant), and recessive (wild type/heterozygote vs.
variant) inheritance models. Bi-variable analyses were performed
to determine the association between the events (relapses and
ADR), considered the dependent variables, and the characteristics
of the patients, considered the independent variables. Thus, the
independent variables considered were BMI, blood group,
smoking habit, socioeconomic status, treatment with oral
contraceptives, hormone replacement therapies, age at
menarche, menopausal status, family history of cancer, age at
diagnosis, cancer stage, and presence of genetic variants
(exposure variable).

Multivariate logistic regression models and multivariate linear
regression analyses were employed to investigate associations
between genetic or non-genetic characteristics and relapse or
ADR. The logistic multivariate models were adjusted stepwise
using a forward and backward procedure to include potentially

relevant variables to derive statistical association models
characterized by pseudo R2. All association studies were
assayed by choosing parameters with a better statistical
association for each analysis. The odds ratio (OR), or
coefficients (Coef.), and 95% confidence intervals (CIs) are
reported in the multivariate logistic regression models.

2.5 Ethics
The study was carried out under strict ethical procedures
recommended by the Ethics Committee of the Faculty of
Medicine of the University of Chile (July 24, 2013) and the

TABLE 2 | Relapse and Adverse drug reactions (ADRs) in patients.

Clinical response

N (%)

Relapse
No 148 (91.36)
Yes 9 (5.56)
N.D. 5 (3.09)

ADRs
Endometrial cancer
No 161 (99.38)
Yes 1 (0.62)
Endometrial hyperplasia
No 147 (90.74)
Yes 15 (9.26)
Vaginal bleeding
No 154 (95.06)
Yes 8 (4.94)
Phlebitis
No 160 (98.77)
Yes 2 (1.23)
Headache
No 157 (96.91)
Yes 5 (3.09)
Nausea
No 156 (96.30)
Yes 6 (3.70)
Hot flash
No 62 (38.27)
Yes 100 (61.73)
Cramps
No 142 (87.65)
Yes 20 (12.35)
Bone pain
No 140 (86.42)
Yes 22 (13.58)
Urticaria
No 158 (97.53)
Yes 4 (2.47)

ADR, adverse drug reaction, evaluated with Common Terminology Criteria for Adverse
Events [CTCAE], 2010. N.D: No data. Control groups include patients who do not
present the analyzed ADRs (relapse, hot flashes, etc., i.e. “No”), and Cases groups
include patients who have the ADRs (i.e. “Yes”).

TABLE 3 | Genotype and allele frequencies of the studied polymorphisms in
patients.

Polymorphisms N Frequency

Enzymes involved in the activation of TAM
CYP2D6
*1/*1 (GG) 121 (0.747)
*1/*4 (GA) 37 (0.228)
*4/*4 (AA) 4 (0.025)
*1 (G) 279 (0.861)
*4 (A) 45 (0.139)
*CYP3A4
*1/*1 (AA) 144 (0.889)
*1/*1B (AG) 17 (0.105)
*1B/*1B (GG) 1 (0.006)
*1 (A) 305 (0.941)
*1B (G) 19 (0.059)
CYP3A5
*1/*1 (AA) 5 (0.031)
*1/*3 (AG) 59 (0.364)
*3/*3 (GG) 98 (0.605)
*1 (A) 69 (0.213)
*3 (G) 255 (0.787)

Enzymes involved in the elimination of TAM and its metabolites
SULT1A1
*1/*1 (GG) 33 (0.204)
*1/*2 (GA) 88 (0.543)
*2/*2 (AA) 41 (0.253)
*1 (G) 154 (0.475)
*2 (A) 170 (0.525)
UGT2B7
*1/*1 (TT) 19 (0.117)
*1/*2 (TC) 72 (0.444)
*2/*2 (CC) 71 (0.438)
*1 (T) 110 (0.340)
*2 (C) 214 (0.660)
UGT2B15
*1/*1 (AA) 20 (0.123)
*1/*2 (AC) 94 (0.580)
*2/*2 (CC) 48 (0.296)
*1 (A) 134 (0.414)
*2 (C) 190 (0.586)

Estrogen receptor. TAM therapeutic target
ESRA V364E
364V/364V (TT) 101 (0.623)
364V/364E (TA) 33 (0.204)
364E/364E (AA) 28 (0.173)
364V (T) 235 (0.725)
364E (A) 89 (0.275)

TAM: tamoxifen; CYP: Cytochrome P450; SULT: sulfotransferase; UGT: Uridine 5′-
diphospho-Glucuronosyltransferase, ESR: estrogen receptor.
*CYP3A4*1B is currently CYP3A4*1.001 according to PharmGKB (pharmgkb.org).
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Research Ethics Committee of the Northern Metropolitan Health
Service (June 3, 2013), in accordance with the procedures
suggested in the Declaration of Helsinki (WMA, 2013) and
according to Chilean Laws 20.120, 20.584, and 19.628 and the
guidelines of Good Clinical Practices. The treatment schedule for
patients was according to the cancer stage (I-III), histology, cell
differentiation degree, and presence and relative abundance of 3
selected differentially abundant proteins (ER+, PR+, Her2-),
which involved surgery followed by radiotherapy and/or
chemotherapy according to the Breast Cancer Clinical Guide,
2nd Ed. Santiago, Chile.

3 RESULTS

The baseline characteristics of the patients (58 ± 13 years; BMI:
29 ± 6) are shown in Table 1, and the characteristics of the
patients according to genotype are shown in Supplementary
Table S3. Sociogenetic gradients, risk factors, gynecological

characteristics, and pathological features for descriptive
analyses can also be observed. Of the total patients, 68 were
premenopausal, and 94 were postmenopausal. In relation to the
cancer stage at diagnosis, the majority of patients were in stage II
(51.23%), the predominant histology type was invasive ductal
carcinoma (86.88%), and the cell differentiation degree was
predominantly G2 (54.17%). A 49.3% Ma-c was found.

Table 2 shows the therapeutic response characteristics of the
patients. Relapse was found in 9 patients (5.73%). The most
severely observed ADRs among patients were endometrial
hyperplasia (9.20%) and vaginal bleeding (4.91%), and the
most frequent were hot flashes (61.96%), bone pain (13.50%),
and cramps (12.27%).

The genotypic and allelic frequencies for the analyzed
polymorphisms are shown in Table 3.

We performed univariable logistic regression of the risk of
relapse (Supplementary Tables S4, S5), endometrial hyperplasia
(Supplementary Tables S6, S7), and vaginal bleeding
(Supplementary Tables S8, S9) in association with genetic

TABLE 4 | Univariable logistic regression analysis of risk of severe ADRs according to genotypes.

Cases Controls OR** 95%CI*** p-value#

Efficacy
Relapse
UGT2B15

*1/*1 (AA) 4 15 Ref — —

*1/*2 (AC) 2 85 0.088 0.015–0.525 0.008
*2/*2 (CC) 3 40 0.281 0.056–1.407 0.123
*1/*1 (AA) 4 16 Ref
*2/*2 (CC) + *1/*2 (AC) 5 125 0.160 0.031–0.910 0.019
*1/*1 (AA) + *1/*2 (AC) 6 100 Ref
*2/*2 (CC) 3 40 1.305 0.193–6.188 0.509

Safety
Endometrial hyperplasia
CYP3A5

*1/*1 (AA) 2 3 Ref. — —

*1/*3 (AG) 9 48 0.281 0.041–1.930 0.197
*3/*3 (GG) 4 89 0.067 0.009–0.524 0.010
*1/*1 (AA) 2 3 Ref.
*3/*3 (GG) + *1/*3 (AG) 13 137 0.142 0.015–1.891 0.074
*1/*1 (AA) + *1/*3 (AG) 11 51 Ref.
*3/*3 (GG) 4 89 0.208 0.047–0.758 0.007

Vaginal bleeding
SULT1A1

*1/*1 (GG) 4 28 Ref. — —

*1/*2 (GA) 1 81 0.086 0.009–0.806 0.032
*2/*2 (AA) 3 38 0.552 0.115–2.668 0.460
*1/*1 (GG) 4 28 Ref.
*2/*2 (AA) + *1/*2 (GA) 4 119 0.235 0.042–1.361 0.057
*1/*1 (GG) + *1/*2 (GA) 5 109 Ref.
*2/*2 (AA) 3 38 1.668 0.254–9.300 0.357

ESRA V364E
364V/364V (TT) 3 96 Ref. — —

364V/364E (TA) 1 29 1.10 0.111–11.017 0.933
364E/364E (AA) 4 22 5.81 1.214–27.882 0.028
364V/364V (TT) 3 96 Ref. — —

364E/364E (AA) + 364V/364E (TA) 5 51 3.137 0.579–20.848 0.114
364V/364V (TT) + 364V/364E (TA) 4 125 Ref. — —

364E/364E (AA) 4 22 5.68 0.966–32.397 0.028

*ADR, adverse drug reaction, evaluated with CTCAE4.03; **OR, odds ratio; ***95% CI, 95% confidence interval; #Logistic regression. Only statistically significant associations are shown
(p < 0.05).
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FIGURE 1 | Research Scheme and obtained multivariate predictive models. ADRs, adverse drug reactions; BC: Breast Cancer; SULT: Sulfotransferase; UGT: UDP-
glucuronosyl transferase; CYP: Cytochrome P-450; ESRA: Estrogen Receptor 1; SE: Socioeconomic status (per capita income), I: <$135.000 CLP (U$ 200); II: $135.001-
$500.000 CLP (U$ 200–750); III: $500.001-$1.000.000 CLP (U$ >750–1,450); IV: >2.000.000 CLP >$CLP 2,000,000 (U$ >2,900); HBC: Family History of Breast Cancer;
HBOC: Family History of breast or ovary cancer; M: Menarche age; G: Number of Gestations; A: Number of Abortions; P: Number of deliveries; L: Breastfeeding time;
Age diag: Age of diagnosis, years; OCT: Oral Contraceptive Treatment; HRT: Treatment with HRT for menopause; Menop: postmenopause; S: Cancer stage at diagnosis
(Stage I-IV); DCis: Ductal carcinoma in situ; IDC: Invasive Ductal Carcinoma; ILC: Invasive Lobular Carcinoma; OH: Others Histology (OH).
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and non-genetic variables. In Table 4, only statistically significant
results for the univariable logistic regression analysis (risk of
relapse, endometrial hyperplasia, and vaginal bleeding) are
shown. The results show that UGT2B15p2 A/C (rs1902023) in
a dominant model of inheritance was associated with relapse;
CYP3A5p3 A/G (rs776746) in a recessive model of inheritance
was associated with endometrial hyperplasia; and SULT1A1p2G/
A (rs9282861) in a dominant model of inheritance and ESRA
V364E (rs121913044) in a recessive model of inheritance were
associated with vaginal bleeding.

After using stepwise forward and backward procedures,
multivariate logistic regression analyses for the risk of relapse
and ADRs, including genetic and non-genetic variables, were
performed. We obtained significant models for endometrial
hyperplasia, vaginal bleeding, phlebitis, headache, nausea, hot
flash, cramps, bone pain, and urticaria (Figure 1).
Supplementary Tables S10–S12 show significant multivariate
logistic regression analyses or logit models for relapse
(Supplementary Table S10), endometrial hyperplasia
(Supplementary Table S11) and vaginal bleeding
(Supplementary Table S12) with Pseudo R2 � 0.495 (p �
0.01), Pseudo R2 � 0.42 (p � 0.002) and Pseudo R2 � 0.34
(p � 0.014), respectively.

Associations among genetic variants with any adverse effect
versus no adverse effect or with some grades of adverse effects
were also assessed, but no statistical significance was observed
(Supplementary Tables S13, S14).

4 DISCUSSION

Patient response to TAM has been investigated for a long time. In
this respect, differences of approximately 25–50% in patients are
observed (Fisher et al., 1998; Davies et al., 2011). This is an
important issue due to the harmful effects on bone metabolism,
cancer of the endometrium, thromboembolic diseases, and
cognitive disorders caused by chronic oestrogen deprivation in
brain tissue (Fisher et al., 1998; Cuzick et al., 2002; Cuzick, 2005).
Moreover, various side effects similar to those seen in menopause
may occur, such as hot flashes, weight gain, vaginal dryness,
nausea, and elevated liver transaminases (Cuzick, 2005;
Carpenter and Miller 2005).

Although it is well known that genetic variants in CYP2D6
could explain between 10–20% of these cases and its use as a
biomarker for TAM is recommended by the FDA, there is still no
agreement on its clinical utility for predicting results in BC, the
studies reveal contradictory results and the role of other
pharmacokinetic and pharmacodynamic proteins have been
poorly studied (Brauch and Schwab, 2014; Brewer et al., 2014;
Province et al., 2014; Binkhorst et al., 2015; Goetz et al., 2018).
Therefore, the present research focused on studying the
association between 7 genetic variants in several genes
encoding proteins involved in the pharmacokinetics and
pharmacodynamics of TAM and response (relapse) and ADRs
in TAM-treated hormone-dependent BC women and
contributing to the field, generating predictive models that
approximate the response of patients according to their

genetic-metabolic characteristics. CYP2D6p3 and p17 alleles
were previously found to be absent in different sub-groups of
the Chilean population (Roco et al., 2012; Varela et al., 2015)
therefore we exclude them from this study and other potentially
relevant variants could not be studied, unfortunately.

In this study, we recorded ADRs after 6 months of TAM
treatment. This is because several other factors influence TAM
ADRs, especially before TAM active metabolites reach steady
state, which is after 2 months of treatment (Buckley and Goa,
1989; Lien et al., 1992; Kisanga et al., 2004). Therefore, we
considered that after 6 months of treatment, the ADRs might
be associated mainly with TAM. Similarly, after 2 years of
treatment, relapses can be properly evaluated (Cheng et al., 2012).

The study patients have a 49.3% Ma-c, which agrees with that
described by Valenzuela et al. in 1987, in relation to admixture
and socioeconomic stratum, because main of the enrolled
population of patients (94%) belong to a low socioeconomic
stratum with higher Mapuche ancestry; this was an expected
result according to the place of recruitment of the patients.

The study of the association between genetic variants and
clinical parameters showed that the presence of UGT2B15p1/p2
protects against relapse (OR � 0.09; p � 0.008), CYP3A5p3/p3
protects against presenting endometrial hyperplasia (OR � 0.07,
p � 0.01), and SULT1A1p1/p2 protects against vaginal bleeding
(OR � 0.09; p � 0.03) and that ESRA 364E/364E is a risk factor for
vaginal bleeding (OR � 5.68; p � 0.03). In this respect, it seems to
be relevant to perform more studies regarding the ESRA V364E
variant, a very poorly studied variant that can be determined in
patients with ER + BC to prevent vaginal bleeding caused by
TAM therapy, which is also a suspicious sign of endometrial
cancer.

In our study, some analyses showed associations without
statistical significance, which may be due to the low number
of occurrences of the event in each subgroup, lack of clinical data
in any of the contrasting groups, or because the variant explains a
smaller part of the response, which could be clarified by
increasing the sample size in future studies. Thus, in small
groups, Fisher’s exact test was used to obtain proper results.

The biostatistical tools used in this field have established that
non-significant trends, but with p < 0.2 and physiological
significance, can be included in predictive models and in
multi-variable logistic regression analysis to help predict the
response (relapses) and adverse reactions to treatment (Núñez
et al., 2011). Therefore, preliminary predictive models to predict
the response (efficacy and safety) in TAM-treated BC patients
were generated. The efficacy result, analyzed as relapse, led to a
model that explains 49.5% of the possibility of presenting a
relapse (p � 0.01) by including SULT1A1p2 and UGT2B15p2
and a series of relevant non-genomic variables. These results were
expected since both the SULT1A1 and UGT2B15 enzymes have
specificity for 4-hydroxyTAM, even though the genetic variant
UGT2B15p2 presents a nucleotide change located in a substrate
binding site that is associated with a decrease in catalytic activity
and alterations in the Km and Vmax values (Lévesque et al.,
1997). Similarly, SULT1A1p2 has a lower catalytic activity than
the wild-type allele (Arslan et al., 2011). Thus, these variants
would produce a decrease in the elimination of 4-hydroxyTAM.
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Moreover, our results are similar to those published by Nowell
and his colleagues (Nowell et al., 2002 and Nowell et al., 2005),
who conducted a retrospective study in 162 TAM-treated BC
patients from Arkansas who received TAM to determine whether
genetic variability (CYP2D6p4, SULT1A1p2, and UGT2B15p2) in
the TAM metabolic pathway was associated with recurrence.
They found that high activity genotypes UGT2B15 p1/p1 and
combined genotypes UGT2B15p1/p1 and SULT1A1p2/p2 lead to
an increased risk of disease recurrence and that SULT1A1p2/p2
causes an approximately 3 times higher risk of death than
SULT1A1p1/p1 and p1/p2. Conversely, Wegman et al. (2005)
found that the genetic variants CYP2D6p4/p4, and SULT1A1p1/
p1 cause an increase in the disease-free relapse time in patients
with premenopausal and postmenopausal BC treated with 40 mg
TAM using proportional hazards Cox regression adjusted for age,
tumor size, and lymph nodes. However, Ahern et al. (2011) and
Lash et al. (2011) in homologous models found that the genetic
variants CYP2D6p4, UGT1A8p3, UGT2B7p2, and UGT2B15p2
did not modify the relapse rate of the disease in patients with
ER+/TAM + BC. On the other hand, Sensorn et al., 2013
investigated genetic variant CYP3A4p1B (−392A>G, actually
CYP3A4p1.001 G/A)/p18 (878T>C), CYP3A5p3 (6986 G>A),
ABCB1 3435 C>T, ABCC2p1C (−24C > T) and ABCC2 68231
A>G to evaluate the risk of recurrence within 3 years among
thirty Thai women after receiving tamoxifen adjuvant therapy but
they could not find CYP3A4p1B/p18, and did not observe a
statistical association between CYP3A5p3, ABCC2p1C, and
ABCC2 68231 A>G with clinical outcome.

Additionally, preliminary predictive models were generated to
predict ADRs. The endometrial hyperplasia model explained
41.6% of the possibility of presenting the event (p � 0.002).
The model includes the CYP2D6p4, CYP3A4p1B
(CYP3A4p1.001), CYP3A5p3, SULT1A1p2, UGT2B15p2 and
ESRA V364E genotypes plus several relevant non-genomic
factors. Likewise, a preliminary predictive model was
generated that explains 33.7% of the possibility of presenting
vaginal bleeding (p � 0.014) by including the CYP2D6p4,
CYP3A4p1B (CYP3A4p1.001), SULT1A1p2, and ESRA V364E
genotypes and relevant non-genomic factors. Currently, there
is no evidence regarding the association of genetic variants with
TAM-induced vaginal bleeding or endometrial thickening. Chu
et al. (2007) found that women with BC who carried
CYP3A4p1B (CYP3A4p1.001), had a 3-fold increased risk of
developing endometrial cancer after treatment with TAM.
The phlebitis model explained 66% of the possibility of
presenting this ADR (p � 0.036), a significant finding that
has not been previously reported. In the same way,
preliminary predictive models were generated to predict
the appearance of headache (42.2%; p � 0.028), nausea
(36.3%; p � 0.013), and hot flashes (12.1%; p � 0.023) in
patients. Our results differ from those reported by Goetz et al.
(2005), where CYP2D6p4/p4 tends to contribute to a higher
risk of disease relapse and a lower incidence of hot flashes in a
similar study. No other studies were found in the literature
describing associations with headache and nausea. Finally,
predictive models to predict the appearance of cramps (24.6%;
p � 0.053), bone pain (14.1%; p � 0.017) and urticaria (34%;

p � 0.039) were obtained. We were not able to find any similar
study in the scientific literature.

Altogether, our results show that some specific genetic variants
in genes encoding proteins involved in the TAMpharmacokinetic
and/or pharmacodynamic can influence the efficacy of TAM
therapy in BC.

Since there are still discrepancies between the findings, which
may be due to the genetic differences present in the subjects
analyzed, it is crucial to continue with similar and larger studies
that confirm the association of CYP2D6p4, CYP2C9p2 and p3,
CYP3A4p1B (CYP3A4p1.001), CYP3A5p3, SULT1A1p2,
UGT2B15p2 and ESR1 V364E and response to treatment with
TAM. Differences in allele frequencies of variants influencing
drug’s pharmacokinetics across populations are considered to
result in the interethnic differences in pharmacokinetics
observed. For example, the lower mean body weights of
populations of East Asian in relation to European populations
are well established to contribute to differences in the clearance or
volume of distribution of some drugs (Lu et al., 2018). On the
other hand, in relation to that scarce information is available in
Latin American populations, but allele frequencies
heterogeneously differ from Asian, Caucasian and African
populations (Mendoza et al., 2001; López et al., 2005; Roco
et al., 2012; Friedrich et al., 2014), giving rise an idea of the
phenotypic response and patient outcome.

Despite our analysis, the present study has some limitations.
Even though we had a good sample size for combinatorial
analyses, a small number of patients examined in each sub-
group comparison could mask potential associations, especially
for low-frequency polymorphisms, particularly in the
multivariate analyses. The small number of variants analyzed
could restrict the statistical power and predictive potential of
models, considering that some other candidate genes/
polymorphisms were not evaluated in this study (e.g. CYP2D6
p2, p5, p6, p10 and p41, CYP2C9p2, CYP2C19 p2 and p17,
UGT1A10 139Lys, UGT1A8 173Gly/277Cys and ABCC2),
which could still be relevant. In some cases, missing clinical
data was relevant, giving rise to a possible differential
misclassification bias affecting the estimated associations
between potentially relevant combinations of risk factors and
adverse reactions. Other environmental factors, such as
contaminants and stress, or social determinants were not
explored in this study, which could potentially affect the
associations.

However, our findings and preliminary predictive models
proposed can be used to prevent, in a good percentage of
patients, the negative effects of TAM therapy. Additionally,
they could help in the decision-making of a change in therapy
to aromatase inhibitors (AIs) (Bernhard et al., 2015).

Certainly, for routine clinical application, the models must be
validated in terms of their specificity, sensitivity, and predictive
value, so it is necessary to carry out a second stage of research that
involves treatment intervention in the patient according to their
genotypic profile and relevant non-genomic variables derived
from this study. It should be considered that the predictive
models generated in this study after being validated could be
used in the Chilean population. They could be used in another
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population with the same percentage of Caucasian
aboriginal mix.

5 CONCLUSION

In our study, UGT2B15*2 A/C is likely to have a clinically
significant impact on recurrence risk, CYP3A5p3 A/G on
endometrial hyperplasia, and SULT1A1p2G/A, and ESRA
V364E on vaginal bleeding in Chilean patients with breast
cancer who receive tamoxifen adjuvant therapy. The obtained
predictive models showed that the response to TAM treatment in
BC patients is partly associated with some of the genetic variants
studied. This, after a clinical validation protocol, might help to
predict a percentage of disease relapse and negative effects of
TAM therapy, improving the efficacy and safety of TAM
pharmacotherapeutic treatment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the University of Chile (July
24, 2013), the NorthernMetropolitan Health Service, National Cancer

Institute (May 8, 2013), and Research Ethics Committee of the North
Metropolitan Health Service (June 3, 2012. The patients/participants
provided their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

CM: The conception of the research, enrolment of patients,
experimental analyses, analysis of data and, writing the
manuscript. MG: Experimental analyses and analyses of data.
RT: Enrolment of patients. KT: Enrolment of patients. DC:
Analysis of data. KL: Analysis of data. MR: Analysis of data
and writing the manuscript. NV: Analysis of data and writing the
manuscript. LQ: The conception of the research, analysis of data
and, writing the manuscript.

ACKNOWLEDGMENTS

The authors wish to thank the breast cancer patients from the
“Instituto Nacional del Cáncer” for their altruistic collaboration
in pursuit of the common welfare. We also thank the Latin
American Society of Pharmacogenomics and Personalized
Medicine (SOLFAGEM) by sponsoring this article.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.661443/
full#supplementary-material

REFERENCES

Acuña, M., Llop, E., and Rothhammer, F. (2000). Composición genética de la
población chilena: las comunidades urales de los valles de Elqui, Limarí y
Choapa. Rev. Méd. Chile 128 (6), 593–600. doi:10.4067/S0034-
98872000000600004

Ahern, T. P., Christensen, M., Cronin-Fenton, D. P., Lunetta, K. L., Søiland, H.,
Gjerde, J., et al. (2011). Functional Polymorphisms in UDP-Glucuronosyl
Transferases and Recurrence in Tamoxifen-Treated Breast Cancer Survivors.
Cancer Epidemiol. Biomarkers Prev. 20 (9), 1937–1943. doi:10.1158/1055-
9965.EPI-11-0419

American Cancer Society (2017). “What Is Breast Cancer?” American Cancer
Society. Cancer Facts and Figures. Atlanta, GA: American Cancer Society.
Available at: http://www.cancer.org/cancer/breast-cancer/about/what-is-
breast-cancer.html (Accessed June 20, 2021).

Arslan, S., Silig, Y., and Pinarbasi, H. (2011). Sulfotransferase 1A1 Arg(213)His
Polymorphism and Prostate Cancer Risk. Exp. Ther. Med. 2 (6), 1159–1162.
doi:10.3892/etm.2011.334

Bernhard, J., Luo, W., Ribi, K., Colleoni, M., Burstein, H. J., Tondini, C., et al.
(2015). Patient-reported Outcomes with Adjuvant Exemestane versus
Tamoxifen in Premenopausal Women with Early Breast Cancer Undergoing
Ovarian Suppression (TEXT and SOFT): a Combined Analysis of Two Phase 3
Randomised Trials. Lancet Oncol. 16, 848–858. doi:10.1016/S1470-2045(15)
00049-2

Bijl, M. J., van Schaik, R. H., Lammers, L. A., Hofman, A., Vulto, A. G., van Gelder,
T., et al. (2009). The CYP2D6*4 Polymorphism Affects Breast Cancer Survival
in Tamoxifen Users. Breast Cancer Res. Treat. 118 (1), 125–130. doi:10.1007/
s10549-008-0272-2

Binkhorst, L., Mathijssen, R. H., Jager, A., and van Gelder, T. (2015).
Individualization of Tamoxifen Therapy: Much More Than Just CYP2D6
Genotyping. Cancer Treat. Rev. 41 (3), 289–299. doi:10.1016/j.ctrv.2015.01.002

Borges, S., Desta, Z., Li, L., Skaar, T. C., Ward, B. A., Nguyen, A., et al. (2006).
Quantitative Effect of CYP2D6 Genotype and Inhibitors on Tamoxifen
Metabolism: Implication for Optimization of Breast Cancer Treatment. Clin.
Pharmacol. Ther. 80 (1), 61–74. doi:10.1016/j.clpt.2006.03.013

Brauch, H., Mürdter, T. E., Eichelbaum, M., and Schwab, M. (2009).
Pharmacogenomics of Tamoxifen Therapy. Clin. Chem. 55 (10), 1770–1782.
doi:10.1373/clinchem.2008.121756

Brauch, H., and Schwab, M. (2014). Prediction of Tamoxifen Outcome by Genetic
Variation of CYP2D6 in Post-Menopausal Women with Early Breast Cancer.
Br. J. Clin. Pharmacol. 77 (4), 695–703. doi:10.1111/bcp.12229

Brewer, N. T., Defrank, J. T., Chiu, W. K., Ibrahim, J. G., Walko, C. M., Rubin, P.,
et al. (2014). Patients’ Understanding of How Genotype Variation Affects
Benefits of Tamoxifen Therapy for Breast Cancer. Public Health Genomics 17
(1), 43–47. doi:10.1159/000356565

Buckley, M. M., and Goa, K. L. (1989). Tamoxifen. A Reappraisal of its
Pharmacodynamic and Pharmacokinetic Properties, and Therapeutic Use.
Drugs 37 (4), 451–490. doi:10.2165/00003495-198937040-00004

Carpenter, R., and Miller, W. R. (2005). Role of Aromatase Inhibitors in Breast
Cancer. Br. J. Cancer 93 (Suppl. 1), S1–S5. doi:10.1038/sj.bjc.6602688

Cavalli, S. A., Hirata, M. H., and Hirata, R. D. (2001). Detection of MboII
Polymorphism at the 5’ Promoter Region of CYP3A4. Clin. Chem. 47 (2),
348–351. doi:10.1093/clinchem/47.2.348

Cheng, L., Swartz, M. D., Zhao, H., Kapadia, A. S., Lai, D., Rowan, P. J., et al. (2012).
Hazard of Recurrence AmongWomen After Primary Breast cancer Treatment–
a 10-Year Follow-Up Using Data from SEER-Medicare. Cancer Epidemiol
Biomarkers Prev. 21 (5), 800–809. doi:10.1158/1055-9965.EPI-11-1089

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 66144310

Miranda et al. Predictive Models to Tamoxifen Response

151

https://www.frontiersin.org/articles/10.3389/fphar.2021.661443/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.661443/full#supplementary-material
https://doi.org/10.4067/S0034-98872000000600004
https://doi.org/10.4067/S0034-98872000000600004
https://doi.org/10.1158/1055-9965.EPI-11-0419
https://doi.org/10.1158/1055-9965.EPI-11-0419
http://www.cancer.org/cancer/breast-cancer/about/what-is-breast-cancer.html
http://www.cancer.org/cancer/breast-cancer/about/what-is-breast-cancer.html
https://doi.org/10.3892/etm.2011.334
https://doi.org/10.1016/S1470-2045(15)00049-2
https://doi.org/10.1016/S1470-2045(15)00049-2
https://doi.org/10.1007/s10549-008-0272-2
https://doi.org/10.1007/s10549-008-0272-2
https://doi.org/10.1016/j.ctrv.2015.01.002
https://doi.org/10.1016/j.clpt.2006.03.013
https://doi.org/10.1373/clinchem.2008.121756
https://doi.org/10.1111/bcp.12229
https://doi.org/10.1159/000356565
https://doi.org/10.2165/00003495-198937040-00004
https://doi.org/10.1038/sj.bjc.6602688
https://doi.org/10.1093/clinchem/47.2.348
https://doi.org/10.1158/1055-9965.EPI-11-1089
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Chu, W., Fyles, A., Sellers, E. M., McCready, D. R., Murphy, J., Pal, T., et al. (2007).
Association between CYP3A4 Genotype and Risk of Endometrial Cancer
Following Tamoxifen Use. Carcinogenesis 28 (10), 2139–2142. doi:10.1093/
carcin/bgm087

Clarke, R., Liu, M. C., Bouker, K. B., Gu, Z., Lee, R. Y., Zhu, Y., et al. (2003).
Antiestrogen Resistance in Breast Cancer and the Role of Estrogen Receptor
Signaling. Oncogene 22 (47), 7316–7339. doi:10.1038/sj.onc.1206937

Cuzick, J. (2005). Aromatase Inhibitors for Breast Cancer Prevention. J. Clin.
Oncol. 23 (8), 1636–1643. doi:10.1200/JCO.2005.11.027

Cuzick, J., ForbesEdwards, J. R., Edwards, R., Baum, M., Cawthorn, S., Coates, A.,
et al. (2002). First Results from the International Breast Cancer Intervention
Study (IBIS-I): A Randomised Prevention Trial. Lancet 360 (9336), 817–824.
doi:10.1016/s0140-6736(02)09962-2

Davies, C., Davies, C., Godwin, J., Gray, R., Clarke, M., Cutter, D., et al. (2011).
Relevance of Breast Cancer Hormone Receptors and Other Factors to the
Efficacy of Adjuvant Tamoxifen: Patient-Level Meta-Analysis of Randomised
Trials. Lancet 378 (9793), 771–784. doi:10.1016/S0140-6736(11)60993-8

Fernández-Santander, A., Gómez, A. T., Bernal, A. T., Gómez-Gallego, F., Santiago
Dorrego, C., and Moya, F. B. (2007). Aspectos Farmacogenéticos En El
Tratamiento Del Cáncer de Mama Con Tamoxifeno. Biological Sciences.
Madrid, Spain: ADEMAS Com, FundaciÓn Tejerina. Available at: http://books.
google.com/books?hl�en& lr�& id�GanArxPeUeAC& oi�fnd& pg�PA5&
dq�Aspectos+farmacogenéticos+en+el+tratamiento+del+cáncer+de+mama+
con+Tamoxifeno& ots�P2jmC77GWg& sig�GWxp_taJbt5AJiCdE3MHLyfUZUg.

Fisher, B., Costantino, J. P., Wickerham, D. L., Redmond, C. K., Kavanah, M.,
Cronin, W.M., et al. (1998). Tamoxifen for Prevention of Breast Cancer: Report
of the National Surgical Adjuvant Breast and Bowel Project P-1 Study. J. Natl.
Cancer Inst. 90 (18), 1371–1388. doi:10.1093/jnci/90.18.1371

Flicek, P., Amode, M. R., Barrell, D., Beal, K., Brent, S., Chen, Y., et al. (2011).
Ensembl 2011.Nucleic Acids Res. 39 (Database issue), D800–D806. doi:10.1093/
nar/gkq1064

Friedrich, D. C., Genro, J. P., Sortica, V. A., Suarez-Kurtz, G., de Moraes, M. E.,
Pena, S. D., et al. (2014). Distribution of CYP2D6 Alleles and Phenotypes in the
Brazilian Population. PLoS One 9 (10), e110691. doi:10.1371/
journal.pone.0110691

Fuentes, N., and Silveyra, P. (2019). Estrogen Receptor SignalingMechanisms.Adv.
Protein Chem. Struct. Biol. 116, 135–170. doi:10.1016/bs.apcsb.2019.01.001

Gjerde, J., Hauglid, M., Breilid, H., Lundgren, S., Varhaug, J. E., Kisanga, E. R., et al.
(2007). Effects of CYP2D6 and SULT1A1 Genotypes Including SULT1A1 Gene
Copy Number on Tamoxifen Metabolism. Ann. Oncol. 19 (1), 56–61.
doi:10.1093/annonc/mdm434

Goetz, M. P., Rae, J. M., Suman, V. J., Safgren, S. L., Ames, M. M., Visscher, D. W.,
et al. (2005). Pharmacogenetics of Tamoxifen Biotransformation Is Associated
with Clinical Outcomes of Efficacy and Hot Flashes. J. Clin. Oncol. 23 (36),
9312–9318. doi:10.1200/JCO.2005.03.3266

Goetz, M. P., Sangkuhl, K., Guchelaar, H. J., Schwab, M., Province, M., Whirl-
Carrillo, M., et al. (2018). Clinical Pharmacogenetics Implementation
Consortium (CPIC) Guideline for CYP2D6 and Tamoxifen Therapy. Clin.
Pharmacol. Ther. 103 (5), 770–777. doi:10.1002/cpt.1007

Hajdinjak, T., and Zagradišnik, B. (2004). Prostate Cancer and Polymorphism
D85Y in Gene for Dihydrotestosterone Degrading Enzyme UGT2B15:
Frequency of DD Homozygotes Increases with Gleason Score. Prostate 59
(4), 436–439. doi:10.1002/pros.20024

Hertz, D. L., McLeod, H. L., and Hoskins, J. M. (2009). Pharmacogenetics of Breast
Cancer Therapies. Breast 18 (Suppl. 3), S59–S63. doi:10.1016/S0960-9776(09)
70275-9

Herynk, M. H., and Fuqua, S. A. (2004). Estrogen Receptor Mutations in Human
Disease. Endocr. Rev. 25 (6), 869–898. doi:10.1210/er.2003-0010

Ince, B. A., Schodin, D. J., Shapiro, D. J., and Katzenellenbogen, B. S. (1995).
Repression of Endogenous Estrogen Receptor Activity inMCF-7 Human Breast
Cancer Cells by Dominant Negative Estrogen Receptors. Endocrinology 136 (8),
3194–3199. doi:10.1210/endo.136.8.7628351

Jin, Y., Desta, Z., Stearns, V., Ward, B., Ho, H., Lee, K. H., et al. (2005). CYP2D6
Genotype, Antidepressant Use, and Tamoxifen Metabolism during Adjuvant
Breast Cancer Treatment. J. Natl. Cancer Inst. 97 (January), 30–39. doi:10.1093/
jnci/dji005

Johnson, M. D., Zuo, H., Lee, K. H., Trebley, J. P., Rae, J. M., Weatherman, R. V.,
et al. (2004). Pharmacological Characterization of 4-Hydroxy-N-Desmethyl

Tamoxifen, a Novel Active Metabolite of Tamoxifen. Breast Cancer Res. Treat.
85 (2), 151–159. doi:10.1023/B:BREA.0000025406.31193.e8

Jordan, V. C., Collins, M. M., Rowsby, L., and Prestwich, G. (1977). A
Monohydroxylated Metabolite of Tamoxifen with Potent Antioestrogenic
Activity. J. Endocrinol. 75 (2), 305–316. doi:10.1677/joe.0.0750305

Kagaya, H., Inoue, K., Miura, M., Satoh, S., Saito, M., Tada, H., et al. (2007).
Influence of UGT1A8 and UGT2B7 Genetic Polymorphisms on Mycophenolic
Acid Pharmacokinetics in Japanese Renal Transplant Recipients. Eur. J. Clin.
Pharmacol. 63 (3), 279–288. doi:10.1007/s00228-006-0248-2

Kisanga, E. R., Gjerde, J., Guerrieri-Gonzaga, A., Pigatto, F., Pesci-Feltri, A.,
Robertson, C., et al. (2004). Tamoxifen and Metabolite Concentrations in
Serum and Breast Cancer Tissue during Three Dose Regimens in a Randomized
Preoperative Trial. Clin. Cancer Res. 10 (7), 2336–2343. doi:10.1158/1078-
0432.ccr-03-0538

Kiyotani, K., Mushiroda, T., Imamura, C. K., Hosono, N., Tsunoda, T., Kubo, M.,
et al. (2010). Significant Effect of Polymorphisms in CYP2D6 and ABCC2 on
Clinical Outcomes of Adjuvant Tamoxifen Therapy for Breast Cancer Patients.
J. Clin. Oncol. 28 (8), 1287–1293. doi:10.1200/JCO.2009.25.7246

Lash, T. L., Cronin-Fenton, D., Ahern, T. P., Rosenberg, C. L., Lunetta, K. L.,
Silliman, R. A., et al. (2011). CYP2D6 Inhibition and Breast Cancer Recurrence
in a Population-Based Study in Denmark. J. Natl. Cancer Inst. 103 (6), 489–500.
doi:10.1093/jnci/djr010

Lee, S. J., Bell, D. A., Coulter, S. J., Ghanayem, B., and Goldstein, J. A. (2005).
Recombinant CYP3A4*17 Is Defective in Metabolizing the Hypertensive
Drug Nifedipine, and the CYP3A4*17 Allele May Occur on the Same
Chromosome as CYP3A5*3, Representing a New Putative Defective
CYP3A Haplotype. J. Pharmacol. Exp. Ther. 313 (1), 302–309.
doi:10.1124/jpet.104.078758

Lévesque, E., Beaulieu, M., Green, M. D., Tephly, T. R., Bélanger, A., and Hum, D.
W. (1997). Isolation and Characterization of UGT2B15(Y85): A UDP-
Glucuronosyltransferase Encoded by a Polymorphic Gene. Pharmacogenetics
7 (4), 317–325. doi:10.1097/00008571-199708000-00007

Lewis, J. S., and Jordan, V. C. (2005). Selective Estrogen Receptor Modulators
(SERMs): Mechanisms of Anticarcinogenesis and Drug Resistance.Mutat. Res.
591 (1–2), 247–263. doi:10.1016/j.mrfmmm.2005.02.028

Lien, E. A., Johannessen, D. C., Aakvaag, A., and Lønning, P. E. (1992). Influence of
Tamoxifen, Aminoglutethimide and Goserelin on Human Plasma IGF-I Levels
in Breast Cancer Patients. J. Steroid Biochem. Mol. Biol. 41 (3–8), 541–543.
doi:10.1016/0960-0760(92)90380-2

Lim, J. S., Chen, X. A., Singh, O., Yap, Y. S., Ng, R. C., Wong, N. S., et al. (2011).
Impact of CYP2D6, CYP3A5, CYP2C9 and CYP2C19 Polymorphisms on
Tamoxifen Pharmacokinetics in Asian Breast Cancer Patients. Br. J. Clin.
Pharmacol. 71 (5), 737–750. doi:10.1111/j.1365-2125.2011.03905.x

López, M., Guerrero, J., Jung-Cook, H., and Alonso, M. E. (2005). CYP2D6
Genotype and Phenotype Determination in a Mexican Mestizo
Population. Eur. J. Clin. Pharmacol. 61 (10), 749–754. doi:10.1007/
s00228-005-0038-2

Lu, S., Nand, R. A., Yang, J. S., Chen, G., and Gross, A. S. (2018). Pharmacokinetics
of CYP2C9, CYP2C19, and CYP2D6 Substrates in Healthy Chinese and
European Subjects. Eur. J. Clin. Pharmacol. 74, 285–296. doi:10.1007/
s00228-017-2375-3

Ma, Q., and Lu, A. Y. (2011). Pharmacogenetics, Pharmacogenomics, and
Individualized Medicine. Pharmacol. Rev. 63 (2), 437–459. doi:10.1124/
pr.110.003533

Madlensky, L., Natarajan, L. S. T., Tchu, S., Pu, M. S. F., Mortimer, J., Flatt, S. W.,
et al. (2011). Tamoxifen Metabolite Concentrations, CYP2D6 Genotype, and
Breast Cancer Outcomes. Clin. Pharmacol. Ther. 89 (5), 718–725. doi:10.1038/
clpt.2011.32

Maughan, K. L., Lutterbie, M. A., and Ham, P. S. (2010). Treatment of Breast
Cancer. Am. Fam. Physician 81 (June), 1339–1346.

McDonnell, D. P., and Wardell, S. E. (2010). The Molecular Mechanisms
Underlying the Pharmacological Actions of ER Modulators: Implications for
New Drug Discovery in Breast Cancer. Curr. Opin. Pharmacol. 10 (6), 620–628.
doi:10.1016/j.coph.2010.09.007

McInerney, E. M., Ince, B. A., Shapiro, D. J., and Katzenellenbogen, B. S. (1996). A
Transcriptionally Active Estrogen Receptor Mutant Is a Novel Type of
Dominant Negative Inhibitor of Estrogen Action. Mol. Endocrinol. 10 (12),
1519–1526. doi:10.1210/mend.10.12.8961262

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 66144311

Miranda et al. Predictive Models to Tamoxifen Response

152

https://doi.org/10.1093/carcin/bgm087
https://doi.org/10.1093/carcin/bgm087
https://doi.org/10.1038/sj.onc.1206937
https://doi.org/10.1200/JCO.2005.11.027
https://doi.org/10.1016/s0140-6736(02)09962-2
https://doi.org/10.1016/S0140-6736(11)60993-8
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
http://books.google.com/books?hl=en&%20lr=&%20id=GanArxPeUeAC&%20oi=fnd&%20pg=PA5&%20dq=Aspectos+farmacogen�ticos+en+el+tratamiento+del+c�ncer+de+mama+con+Tamoxifeno&%20ots=P2jmC77GWg&%20sig=GWxp_taJbt5AJiCdE3MHLyfUZUg
https://doi.org/10.1093/jnci/90.18.1371
https://doi.org/10.1093/nar/gkq1064
https://doi.org/10.1093/nar/gkq1064
https://doi.org/10.1371/journal.pone.0110691
https://doi.org/10.1371/journal.pone.0110691
https://doi.org/10.1016/bs.apcsb.2019.01.001
https://doi.org/10.1093/annonc/mdm434
https://doi.org/10.1200/JCO.2005.03.3266
https://doi.org/10.1002/cpt.1007
https://doi.org/10.1002/pros.20024
https://doi.org/10.1016/S0960-9776(09)70275-9
https://doi.org/10.1016/S0960-9776(09)70275-9
https://doi.org/10.1210/er.2003-0010
https://doi.org/10.1210/endo.136.8.7628351
https://doi.org/10.1093/jnci/dji005
https://doi.org/10.1093/jnci/dji005
https://doi.org/10.1023/B:BREA.0000025406.31193.e8
https://doi.org/10.1677/joe.0.0750305
https://doi.org/10.1007/s00228-006-0248-2
https://doi.org/10.1158/1078-0432.ccr-03-0538
https://doi.org/10.1158/1078-0432.ccr-03-0538
https://doi.org/10.1200/JCO.2009.25.7246
https://doi.org/10.1093/jnci/djr010
https://doi.org/10.1124/jpet.104.078758
https://doi.org/10.1097/00008571-199708000-00007
https://doi.org/10.1016/j.mrfmmm.2005.02.028
https://doi.org/10.1016/0960-0760(92)90380-2
https://doi.org/10.1111/j.1365-2125.2011.03905.x
https://doi.org/10.1007/s00228-005-0038-2
https://doi.org/10.1007/s00228-005-0038-2
https://doi.org/10.1007/s00228-017-2375-3
https://doi.org/10.1007/s00228-017-2375-3
https://doi.org/10.1124/pr.110.003533
https://doi.org/10.1124/pr.110.003533
https://doi.org/10.1038/clpt.2011.32
https://doi.org/10.1038/clpt.2011.32
https://doi.org/10.1016/j.coph.2010.09.007
https://doi.org/10.1210/mend.10.12.8961262
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Mendoza, R., Wan, Y. J., Poland, R. E., Smith, M., Zheng, Y., Berman, N., et al.
(2001). CYP2D6 Polymorphism in a Mexican American Population. Clin.
Pharmacol. Ther. 70 (6), 552–560. doi:10.1067/mcp.2001.120675

MINSAL (2005). Guía Clínica Cáncer de Mama En Personas de 15 Años y Más. 1st
Ed. Santiago: Ministerio de Salud de Chile.

Mürdter, T. E., Schroth, W., Bacchus-Gerybadze, L., Winter, S., Heinkele, G.,
Simon, W., et al. (2011). Activity Levels of Tamoxifen Metabolites at the
Estrogen Receptor and the Impact of Genetic Polymorphisms of Phase I and II
Enzymes on Their Concentration Levels in Plasma. Clin. Pharmacol. Ther. 89
(5), 708–717. doi:10.1038/clpt.2011.27

Namipashaki, A., Razaghi-Moghadam, Z., and Ansari-Pour, N. (2015). The
Essentiality of Reporting Hardy-Weinberg Equilibrium Calculations in
Population-Based Genetic Association Studies. Cel J. 17, 187. doi:10.22074/
cellj.2016.3711

NCI (2012). Terapia Hormonal Para El Cáncer de Seno. Available at: http://www.
cancer.gov/espanol/recursos/hojas-informativas/tratamiento/terapia-hormonal-
seno (Accessed June 20, 2021).

Nishiyama, T., Ogura, K., Nakano, H., Ohnuma, T., Kaku, T., Hiratsuka, A., et al.
(2002). Reverse Geometrical Selectivity in Glucuronidation and Sulfation of
Cis- and Trans-4-hydroxytamoxifens by Human Liver UDP-
Glucuronosyltransferases and Sulfotransferases. Biochem. Pharmacol. 63
(10), 1817–1830. doi:10.1016/s0006-2952(02)00994-2

Nowell, S., Sweeney, C., Winters, M., Stone, A., Lang, N. P., Hutchins, L. F., et al.
(2002). Association between Sulfotransferase 1A1 Genotype and Survival of
Breast Cancer Patients Receiving Tamoxifen Therapy. J. Natl. Cancer Inst. 94
(21), 1635–1640. doi:10.1093/jnci/94.21.1635

Nowell, S. A., Ahn, J., Rae, J. M., Scheys, J. O., Trovato, A., Sweeney, C., et al.
(2005). Association of Genetic Variation in Tamoxifen-Metabolizing
Enzymes with Overall Survival and Recurrence of Disease in Breast
Cancer Patients. Breast Cancer Res. Treat. 91 (3), 249–258. doi:10.1007/
s10549-004-7751-x

Núñez, E., Steyerberg, E. W., and Núñez, J. (2011). Regression Modeling Strategies.
Rev. Esp Cardiol. 64 (6), 501–507. doi:10.1016/j.recesp.2011.01.019

Province, M. A., Goetz, M. P., Brauch, H., Flockhart, D. A., Hebert, J. M., Whaley,
R., et al. (2014). CYP2D6 Genotype and Adjuvant Tamoxifen: Meta-Analysis of
Heterogeneous Study Populations. Clin. Pharmacol. Ther. 95 (2), 216–227.
doi:10.1038/clpt.2013.186

Rae, J. M., Drury, S., Hayes, D. F., Stearns, V., Thibert, J. N., Haynes, B. P., et al.
(2012). CYP2D6 and UGT2B7 Genotype and Risk of Recurrence in Tamoxifen-
Treated Breast Cancer Patients. J. Natl. Cancer Inst. 104 (6), 452–460.
doi:10.1093/jnci/djs126

Ramón y Cajal, T., Altés, A., Paré, L., del Rio, E., Alonso, C., Barnadas, A., et al.
(2010). Impact of CYP2D6 Polymorphisms in Tamoxifen Adjuvant Breast
Cancer Treatment. Breast Cancer Res. Treat. 119 (1), 33–38. doi:10.1007/
s10549-009-0328-y

Kumar, V., Abbas, A. K., and Aster, J. C. (2010). Robbins y Cotran. Patología
estructural y funcional. 9th Ed. Barcelona: Elsevier España SA.

Roco, A., Quiñones, L., Agúndez, J. A., García-Martín, E., Squicciarini, V.,
Miranda, C., et al. (2012). Frequencies of 23 Functionally Significant
Variant Alleles Related with Metabolism of Antineoplastic Drugs in the
Chilean Population: Comparison with Caucasian and Asian Populations.
Front. Genet. 3, 229. doi:10.3389/fgene.2012.00229

Schroth, W., Antoniadou, L., Fritz, P., Schwab, M., Muerdter, T., Zanger, U. M.,
et al. (2007). Breast Cancer Treatment Outcome with Adjuvant Tamoxifen
Relative to Patient CYP2D6 and CYP2C19 Genotypes. J. Clin. Oncol. 25 (33),
5187–5193. doi:10.1200/JCO.2007.12.2705

Schur, B. C., Bjerke, J., Nuwayhid, N., and Wong, S. H. (2001). Genotyping of
Cytochrome P450 2D6*3 and *4 Mutations Using Conventional PCR. Clin.
Chim. Acta 308 (1–2), 25–31. doi:10.1016/s0009-8981(01)00422-3

Sensorn, I., Sirachainan, E., Chamnanphon, M., Pasomsub, E., Trachu, N., Supavilai, P.,
et al. (2013). Association of CYP3A4/5, ABCB1 and ABCC2 Polymorphisms and
Clinical Outcomes of Thai Breast Cancer Patients Treated with Tamoxifen.
Pharmgenomics Pers Med. 6 (1), 93–98. doi:10.2147/PGPM.S44006

Terán, J., and Teppa, A. (2005). Moduladores Selectivos de Los Receptores
Estrogénicos (SERMs): Bioquímica, Farmacología y Aplicación En
Guinecología. Ginecol. Obstet. Mex 73, 424–435.

Tucker, A. N., Tkaczuk, K. A., Lewis, L. M., Tomic, D., Lim, C. K., and Flaws, J. A.
(2005). Polymorphisms in Cytochrome P4503A5 (CYP3A5)May Be Associated
with Race and Tumor Characteristics, but Not Metabolism and Side Effects of
Tamoxifen in Breast Cancer Patients. Cancer Lett. 217 (1), 61–72. doi:10.1016/
j.canlet.2004.08.027

Untch, M., and Thomssen, C. (2010). Clinical Practice Decisions in Endocrine
Therapy. Cancer Invest. 28 (January), 4–13. doi:10.3109/07357907.2010.501637

Valenzuela, C., Acuña, M., and Harb, Z. (1987). Gradiente Sociogenetico En La
Poplación Chilena. Rev. Med. Chil 115, 295–299.

Varela, N., Quiñones, L. A., Stojanova, J., Garay, J., Cáceres, D., Cespedes, S., et al.
(2015). Characterization of the CYP2D6 Drug Metabolizing Phenotypes of the
Chilean Mestizo Population through Polymorphism Analyses. Pharmacol. Res.
101, 124–129. doi:10.1016/j.phrs.2015.07.020

Wakeling, A. E., and Slater, S. R. (1980). Estrogen-Receptor Binding and Biologic
Activity of Tamoxifen and its Metabolites. Cancer Treat. Rep. 64 (6–7),
741–744.

Wegman, P., Vainikka, L., Stål, O., Nordenskjöld, B., Skoog, L., Rutqvist, L. E., et al.
(2005). Genotype of Metabolic Enzymes and the Benefit of Tamoxifen in
Postmenopausal Breast Cancer Patients. Breast Cancer Res. 7 (3), R284–R290.
doi:10.1186/bcr993

Whirl-Carrillo, M., McDonagh, E. M., Hebert, J. M., Gong, L., Sangkuhl, K.,
Thorn, C. F., et al. (2012). Pharmacogenomics Knowledge for Personalized
Medicine. Clin. Pharmacol. Ther. 92 (4), 414–417. doi:10.1038/clpt.2012.96

WMA (2013). World Medical Association Declaration of Helsinki: Ethical
Principles for Medical Research Involving Human Subjects. JAMA 310 (20),
2191–2194. doi:10.1001/jama.2013.281053

Wrenn, C. K., and Katzenellenbogen, B. S. (1993). Structure-Function Analysis of
the Hormone Binding Domain of the Human Estrogen Receptor by Region-
specific Mutagenesis and Phenotypic Screening in Yeast. J. Biol. Chem. 268 (32),
24089–24098. doi:10.1016/s0021-9258(20)80497-9

Zhou, S. F., Di, Y. M., Chan, E., Du, Y. M., Chow, V. D., Xue, C. C., et al. (2008).
Clinical Pharmacogenetics and Potential Application in Personalized
Medicine. Curr. Drug Metab. 9 (8), 738–784. doi:10.2174/
138920008786049302

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

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

Copyright © 2021Miranda, Galleguillos, Torres, Tardón, Cáceres, Lee, Redal, Varela
and Quiñones. 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.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 66144312

Miranda et al. Predictive Models to Tamoxifen Response

153

https://doi.org/10.1067/mcp.2001.120675
https://doi.org/10.1038/clpt.2011.27
https://doi.org/10.22074/cellj.2016.3711
https://doi.org/10.22074/cellj.2016.3711
http://www.cancer.gov/espanol/recursos/hojas-informativas/tratamiento/terapia-hormonal-seno
http://www.cancer.gov/espanol/recursos/hojas-informativas/tratamiento/terapia-hormonal-seno
http://www.cancer.gov/espanol/recursos/hojas-informativas/tratamiento/terapia-hormonal-seno
https://doi.org/10.1016/s0006-2952(02)00994-2
https://doi.org/10.1093/jnci/94.21.1635
https://doi.org/10.1007/s10549-004-7751-x
https://doi.org/10.1007/s10549-004-7751-x
https://doi.org/10.1016/j.recesp.2011.01.019
https://doi.org/10.1038/clpt.2013.186
https://doi.org/10.1093/jnci/djs126
https://doi.org/10.1007/s10549-009-0328-y
https://doi.org/10.1007/s10549-009-0328-y
https://doi.org/10.3389/fgene.2012.00229
https://doi.org/10.1200/JCO.2007.12.2705
https://doi.org/10.1016/s0009-8981(01)00422-3
https://doi.org/10.2147/PGPM.S44006
https://doi.org/10.1016/j.canlet.2004.08.027
https://doi.org/10.1016/j.canlet.2004.08.027
https://doi.org/10.3109/07357907.2010.501637
https://doi.org/10.1016/j.phrs.2015.07.020
https://doi.org/10.1186/bcr993
https://doi.org/10.1038/clpt.2012.96
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1016/s0021-9258(20)80497-9
https://doi.org/10.2174/138920008786049302
https://doi.org/10.2174/138920008786049302
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Effect of CYP3A4, CYP3A5, MDR1 and
POR Genetic Polymorphisms in
Immunosuppressive Treatment in
Chilean Kidney Transplanted Patients
Stephania Contreras-Castillo1†, Anita Plaza2†, Jana Stojanova3,4, Gustavo Navarro2,
Rodolfo Carmona2, Fernando Corvalán1, Leslie Cerpa1,5, Christopher Sandoval 1,
Daniel Muñoz6, Marina Leiva2, Luis E. Castañeda7, Nayaret Farias8, Carolina Alvarez8,
Gabriel Llull 8, Sergio Mezzano2, Leopoldo Ardiles2, Nelson Varela1,5, María S. Rodríguez8,
Claudio Flores2, Juan Pablo Cayún1,5*, Paola Krall 2,9* and Luis A. Quiñones1,5*

1Laboratory of Chemical Carcinogenesis and Pharmacogenetics (CQF), Department of Basic and Clinical Oncology, Faculty of
Medicine, University of Chile, Santiago, Chile, 2Laboratory of Nephrology, Universidad Austral de Chile, Valdivia, Chile,
3Interdisciplinary Centre for Health Studies (CIESAL), Universidad de Valparaíso, Valparaíso, Chile, 4Department of Clinical
Pharmacology and Toxicology, St. Vincent’s Hospital, Sydney, NSW, Australia, 5Latin American Network for Implementation and
Validation of Clinical Pharmacogenomics Guidelines (RELIVAF-CYTED), Madrid, Spain, 6Pharmacy Institute, Faculty of Sciences,
Universidad Austral de Chile, Valdivia, Chile, 7Program of Human Genetics, Institute of Biomedical Sciences, Faculty of Medicine,
University of Chile, Santiago, Chile, 8Transplantation Unit, San Juan de Dios Hospital, Santiago, Chile, 9Departament of Pediatrics
and Child Surgery, Faculty of Medicine, University of Chile, Santiago, Chile

Cyclosporine (CsA) and tacrolimus (TAC) are immunosuppressant drugs characterized by
a narrow therapeutic range and high pharmacokinetic variability. The effect of
polymorphisms in genes related to the metabolism and transport of these drugs,
namely CYP3A4, CYP3A5, MDR1 and POR genes, has been evaluated in diverse
populations. However, the impact of these polymorphisms on drug disposition is not
well established in Latin American populations. Using TaqMan® probes, we determined
the allelic frequency of seven variants inCYP3A4,CYP3A5,MDR1 and POR in 139 Chilean
renal transplant recipients, of which 89 were treated with CsA and 50 with TAC. We tested
associations between variants and trough and/or 2-hour concentrations, normalized by
dose (C0/D and C2/D) at specific time points post-transplant. We found that CYP3A5*3/*3
carriers required lower doses of TAC. In TAC treated patients, most CYP3A5*3/*3 carriers
presented higher C0/D and a high proportion of patients with C0 levels outside the
therapeutic range relative to other genotypes. These results reinforce the value of
considering CYP3A5 genotypes alongside therapeutic drug monitoring for TAC treated
Chilean kidney recipients.

Keywords: polymorphisms, pharmacogenetics, kidney transplant, cyclosporine, tacrolimus

INTRODUCTION

Chronic kidney disease is a global public health problem which in 2017 constituted the second and
fifth cause of death in Central and Andean Latin America, respectively (Bikbov et al., 2020). These
patients require dialysis or kidney transplant as renal replacement therapies. Patients that undergo
transplantation require multimodal immunosuppression where a calcineurin inhibitor, either
cyclosporine (CsA) or tacrolimus (TAC), is the mainstay of regimens. These drugs exhibit a
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narrow therapeutic index: overexposure may result in outcomes
such as viral infections, nephrotoxicity and post-transplant
diabetes, and underexposure puts patients at risk of allograft
rejection (Cotovio et al., 2013; Egeland et al., 2017). Blood
concentration levels of calcineurin inhibitors exhibit high
inter- and intra-individual variability and associate with
clinical outcomes (Webster et al., 2005; Rodrigo et al., 2016).
Consequently, dosing is individualized based on measured blood
concentrations, or therapeutic drug monitoring.

CsA and TAC are metabolized by the cytochrome P450
enzyme system, primarily the CYP3A4 and CYP3A5 isoforms.
Their absorption is influenced by the P-glycoprotein transporter,
ABCB1/MDR1. CYP3A4 and CYP3A5 activities are modulated
by cytochrome P450 oxidoreductase enzyme, POR (Jiang et al.,
2008; Jonge et al., 2011). The genes of these proteins harbor
common genetic polymorphisms that are known to influence
CsA and TAC disposition, and to affect clinical outcomes
(Hesselink et al., 2014; Traynor et al., 2015; Sun et al., 2017;
Gelder et al., 2020).

The CYP3A5*3 (rs776746, c.219-273-1A > G) polymorphism
can cause alternative splicing that generates a truncated enzyme
with reduced activity. The polymorphic allele (G) is more
common than the wild type allele (A) in most populations
(Kuehl et al., 2001). The impact of this polymorphism on
TAC disposition is well established, as evidenced by its
inclusion in an international dosing guideline from the
Clinical Pharmacogenetics Implementation Consortium
(CPIC) (Birdwell et al., 2015). CsA is less significantly affected,
likely due to different relative affinities of CYP3A5 for TAC and
CsA. CYP3A4*1B (rs2740574, c.−392A >G) is purported to cause
increased enzymatic activity (Amirimani et al., 2003). The gene
encoding P-glycoprotein, MDR1, contains several common
polymorphisms, however, the impact of individual
polymorphisms or common haplotypes has exhibited divergent
results (Staatz et al., 2010). POR*28 C > T at nucleotide 1508
(rs1057868) has exhibited reduced CYP3A5 activity (Elens et al.,
2013).

We investigated the association of common polymorphisms in
CYP3A4, CYP3A5, MDR1 and POR genes with blood
concentrations and dose requirements in kidney transplant
recipients treated with CsA or TAC from two hospitals in
Chile. While the impact of these polymorphisms has been
evaluated, the populations studied have not been from the
Latin American region. Our work adds further support to the
existing body of literature and is the first report in a particular
admixed Latin American population. In addition, data from
observational work adds support for genotyping relevant
polymorphisms in these patients in order to more quickly
achieve levels within a target range, and keep within range
over the course of prolonged treatment.

MATERIALS AND METHODS

Patients and Study Design
We performed two observational studies involving transplant
units at two hospitals in Chile, where 85–90% of the

transplantations were performed with deceased donors. The
first study was of a retrospective cohort design and involved
adults treated with CsA, transplanted at San Juan de Dios
Hospital (HSJD), Santiago, between 2002 and 2013 (n � 89,
CsA cohort). Clinical data for this cohort were collected at weeks
1, 2 and 4 post-transplant. The second study was of a cross-
sectional design and involved adults treated with TAC,
transplanted at Valdivia Base Hospital (HBVAL) between 2003
and 2018 (n � 50, TAC cohort). Data for this cohort were
collected at a single time point, 6 months to 14 years post-
transplant.

Inclusion criteria for both studies were kidney transplant, CsA
or TAC as the primary immunosuppressant. All TAC patients
used diltiazem as a tacrolimus-sparing agent. Patients receiving
an alternative primary immunosuppressant after 3 months, or
receiving drugs that inhibit or induce CYP3A5 significantly, were
excluded. CsA and TAC doses were routinely monitored and
adjusted based on C0 and/or C2 levels to achieve the respective
therapeutic range (CsA C2 180–250 ng/ml: TAC C0 5–10 ng/ml).
Levels were monitored beyond week 1 post-transplant to ensure
steady state had been reached.

Ethics
Ethical approval was obtained from the corresponding
Institutional Review Board (Faculty of Medicine of University
of Chile and Health Service for HSJD, and the hospital committee
and Health Service for HBVAL). This study was performed
according to the Declaration of Helsinki, Good Clinical
Practice and Chilean Legislation (laws 20.120, 20.584 and
19.628). All patients signed an informed consent form prior to
providing a sample for genotyping. Clinical data collection,
including blood concentration levels and doses, was retrospective.

Drug Measurement and Quantification
CsA and TAC blood levels were determined by a homogeneous
immunoassay at both HSJD and HBVAL (Cobas E-411, Roche
Diagnostics). Blood samples were obtained pre-dose for CsA or
TAC (C0) and 2 h after administration for CsA (C2). CsA and
TAC levels were registered and normalized by dose (C0/D) to
perform analyses between genotypes.

Genotype Analyses
Blood samples were collected between 2014 and 2018. For
genotyping, 3–5ml of venous blood was centrifuged for 25 min
at 2500xg and 10°C to obtain the buffy coat. DNA was isolated from
the peripheral blood mononuclear cells using the High Pure PCR
Template Preparation kit (Roche® Diagnostics Gmbh, Mannheim,
Germany) or the Whole Blood Genomic DNA Purification kit
(ThermoFisher®). Purified DNA was stored at −20oC until use.
Commercial TaqMan® probes (ThermoFisher®) were used to
determine seven polymorphisms. The thermocyclers used were
Stratagene mx3000p (Agilent®) or RotorGeneQ (Qiagen®) for
HSJD and HBVAL, respectively. We randomly selected 40% of
the samples to validate genotype results obtained by the TaqMan
assay. We used direct sequencing and/or PCR-RFLP for validation
and concordance between assays was 100%. Confirmed samples
representing different genotypes (homozygous reference allele,
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heterozygous, homozygous variant allele) were used as internal
controls in each assay. Each assay contained four controls: one
sample representing each genotype as positive controls (with the
exception of very rare genotypes), and one negative sample with
nuclease-free pure water to volume.

Statistical Analyses
Analyses were performed using R version 4.02 (R studio version
March 1, 1056). C0 and C2 levels were adjusted by dose (C0/D and
C2/D), and dose was normalized by weight. Normality and
homoscedasticity were tested for these variables using Shapiro-
Wilks and Levene tests, respectively. To meet normality
assumptions, square-root transformations were applied to C0/
D and C2/D, and log10 transformation was applied to TAC-D.

Repeated measures ANOVA was performed to evaluate the
differences between genotypes along 1, 2 and 4 weeks after
transplantation on continuous variables (C0/D, Dose and eGFR).
Pairwise comparisons between genotypes and weeks were analyzed
by t-tests corrected by Bonferroni adjustment. TAC-D was
compared between genotypes by ANOVA, and pairwise
comparisons between genotypes were analyzed by t-tests
corrected by Bonferroni adjustment. We also compared TAC-D
between G-carriers (G/G + A/G) and A/A CYP3A5 genotypes, and
between A-carriers (A/A + A/G) and G/G CYP3A5 genotypes using
ANOVA. We also compared TAC-D adjusted by weight between
G-carriers and A/A CYP3A5 genotypes, and between A-carriers and
G/G CYP3A5 genotypes using Kruskal-Wallis tests.

Differences in proportion of patients in the therapeutic range
between genotype groups was performed using the Chi-square
test or Fisher test. Estimated Glomerular Filtration (eGFR) was
calculated using weight, self-reported ethnicity and serum
creatinine as variables (“transplantr” package version 2.0).
Statistical evaluations were considered in the context of the

functional consequence of each polymorphism (increased
activity expected, decreased activity expected or controversial
consequence). For all analyses, two-sided p-values ≤ 0.05 were
considered significant.

RESULTS

Demographic Characteristics of Patients
We studied 139 adult Chilean kidney transplant patients
receiving CsA (64%) or TAC (36%). Demographic and clinical
data are shown in Table 1. Most patients had undergone their
first transplant (97.8% for the CsA-cohort and 91.1% for the
TAC-cohort). A majority received organs from deceased donors
(98.9% for CsA and 86.5% for TAC). The etiology of renal failure
was diverse, and for most patients it was unknown or
unregistered.

All patients were genotyped for CYP3A4*1B, CYP3A5*3,
CYP3A4*22, MDR1 1236 C > T, MDR1 2677 A > T, MDR1
3435 C > T and POR*28 polymorphisms. Genotype frequencies
are shown in Table 2. None of the genotypes exhibited deviation
from Hardy-Weinberg equilibrium.

Genetic Association Between
Polymorphisms and Drug Levels
We tested associations between polymorphisms and drug levels
normalized by dose. Data from CsA treated patients were

TABLE 1 | Baseline characteristics of patients.

Total (n = 139)

Cohort
HBVAL 50 (36.0%)
HSJD 89 (64.0%)
Sex
Female 67 (48.2%)
Male 72 (51.8%)
Age (years)
Mean (SD) 41.8 (14.0)
Median [Min, Max] 42.0 [11.0–71.0]
Weight (Kg)
Mean (SD) 65.1 (11.6)
Median [Min, Max] 65.5 [31.0, 91.0]
Height (mt)
Mean (SD) 1.62 (0.100)
Median [Min, Max] 1.63 [1.30, 1.86]
BMI (Kg/mt2)
Mean (SD) 24.6 (3.43)
Median [Min, Max] 24.1 [18.3, 34.2]
Cold ischemia (hr)
Mean (SD) 20.1 (6.19)
Median [Min, Max] 21.3 [1.00, 33.0]

HBVAL: hospital base valdivia; HSJD: Hospital San Juan de Dios; BMI: bodymass index.

TABLE 2 | Genotype frequencies of patients.

Total (n = 139)

CYP3A4*1B rs2740574–392A > G
AA 115 (84%)
AG 22 (16%)
GG 0 (0%)
CYP3A5*3 rs776746 6986A > G
AA 10 (7.2%)
AG 48 (35%)
GG 81 (58%)
CYP3A4*22 rs35599367 C191T
CC 133 (96%)
CT 5 (3.6%)
TT 0 (0%)
MDR1 3435 rs1045642 C3435T
CC 46 (33.1%)
CT 65 (46.8%)
TT 28 (20.1%)
MDR1 1236 rs1128503 C1236T
CC 32 (23.0%)
CT 71 (51.1%)
TT 36 (25.9%)
MDR1 2677 rs2032582 C2677T
CC 88 (64%)
CT 38 (8.7%)
TT 12 (28%)
POR*28 rs1057868 1508C > T
CC 72 (53%)
CT 53 (39%)
TT 11 (8.1%)
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FIGURE 1 | Levels of cyclosporine (CsA) normalized by dose before dose administration (CsA-C0/D) after 1, 2 and 4 weeks of renal transplant for 139 patients with
different (A)CYP3A4*1B, (B)CYP3A5, (C)MDR1-3435, (D)MDR1-1236, (E)CYP3A4*22, (F)MDR1-2677, and (G) POR28 genotypes. For CsA-C0/D, non-differences
were found between genotypes, but significance differences were found along time after transplantation (see Supplementary Table S1). Paired week comparisons
using Bonferroni-adjusted t- tests are indicated as non-significant (ns: p > 0.05) or significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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FIGURE 2 | Levels of cyclosporine (CsA) normalized by dose after 2 h of administration (CsA-C0/D) after 1, 2 and 4 weeks of renal transplant for 139 patients with
different (A)CYP3A4*1B, (B)CYP3A5, (C)MDR1-3435, (D)MDR1-1236, (E)CYP3A4*22, (F)MDR1-2677, and (G) POR28 genotypes. For CsA-C0/D, non-differences
were found between genotypes, but significance differences were found along time after transplantation (see Supplementary Table S1). Paired week comparisons
using Bonferroni-adjusted t- tests are indicated as non-significant (ns: p > 0.05) or significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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FIGURE 3 | Levels of tacrolymus (TAC) normalized by dose before administration (TACC0/D) for 50 patients with different (A)CYP3A4*1B, (B)CYP3A5, (C)MDR1-
3435, (D) MDR1-1236, (E) MDR1-2677, and (F) POR28 genotypes. Paired comparisons between genotypes using Bonferroni-adjusted t- tests are they results are
indicated as nonsignificant (ns: p > 0.05) or significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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obtained at week 1, 2 and 4 after transplantation. We tested
associations between genotypes and C0/D (Figure 1) and C2/D
(Figure 2), at the different weeks of follow-up. We also tested
combinations of CYP3A polymorphisms for associations,
according to previous reports (Staatz et al., 2010; Okubo et al.,
2013). We defined two groups: 1) low enzymatic activity: CYP3A4
(*1A/*1A), CYP3A4 (*22/*22), CYP3A5 (*3/*3); and 2)
intermediate or high enzymatic activity: CYP3A4 (*1A/*1B)
and CYP3A5 (*1/*1 or *1/*3) (data not shown). Carriers of the
MDR1 1236 C/C genotype exhibited lower mean C0/D at week 1
compared to carriers of C/T (Figure 1D). No other genotype or
genotype combination exhibited associations with C0/D or C2/D.

ForTAC treated patients, we tested associations between genotypes
and C0/D 6months to 14 years post-transplant (Figure 3).CYP3A5*3
A/A carriers and A/G carriers each exhibited lower mean C0/D levels
compared to G/G carriers (Figure 3B, p < 0.05 for both). Carriers
ofMDR1 1236 T/T exhibited lower mean C0/D levels compared to

C/T carriers (p � 0.012, Figure 3D). No other genotype exhibited
associations with C0/D.

We explored inheritance models for CYP3A5*3, MDR1
1236 and 2677. For CYP3A5*3 the strongest model
suggested dominant inheritance, where G/G carriers
exhibited 3-fold lower mean C0/D levels than A/A + A/G
carriers (Figure 4). MDR1 1236 C/C + C/T carriers
exhibited higher mean C0/D levels compared to T/T
carriers, suggesting a recessive model (p � 0.026,
Supplementary Figures S1A,B). MDR1 2677 C/C carriers
exhibited higher mean C0/D compared to C/T + T/T
carriers, suggesting a dominant mode (p � 0.017,
Supplementary Figures S2A,B). The most common
haplotype for MDR1 is TTT (carriage of the polymorphic
base T at 1236, 2677 and 3435). We did not find a
difference in mean C0/D between MDR1 TTT carriers and
those with alternative haplotypes (Supplementary Figure S3).

FIGURE 4 | Levels of tacrolimus (TAC) normalized by dose before administration (TACC0/D) and tacrolimus dose standardized by patient weight according to
dominant (A,C) and recessive (B,D) modes for CYP3A5 gene, respectively. ANOVA results are indicated as significant differences between grouped genotypes (***p <
0.001, and ****p < 0.0001).
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TABLE 3 | Proportion of patients in therapeutic range per genotype.

CYP3A4*1B rs2740574–392A > G CYP3A4*22 rs35599367 C191C

Wt (AA) Het (AG) p-value Wt (CC) Het (CT) p-value

In range 23 (71.8%) 5 (83.3%) 1 In range 28 (68.3%) 2 (100%) 1
Out range 9 (28.2%) 1 (16.7%) Out range 13 (31.7%) 0 (0%)

CYP3A5*3 rs776746 6986 A > G CYP3A5*3 rs776746 6986 A > G

Wt (AA) Het (AG) + Mut (GG) p-value Wt (AA) + Het (AG) Mut (GG) p-value

In range 5 (83.3%) 25 (67.6%) 0.649 In range 17 (85.0%) 13 (56.5%) 0.053
Out range 1 (16.7%) 12 (32.4%) Out range 3 (15.0%) 10 (43.5%)

CYP3A5*3 rs776746 6986 A > G

Wt (AA) Het (AG) Mut (GG) p-value

In range 5 (83.3%) 12 (85.7%) 13 (56.5%) 0.168
Out range 1 (16.6%) 2 (14.3%) 10 (43.5%)

POR*28 rs1057868 1508C > T POR*28 rs1057868 1508C > T

Wt (CC) Het (CT) + Mut (TT) p-value Wt (CC) + Het (CT) Mut (TT) p-value

In range 22 (66.7%) 8 (80%) 0.696 In range 27 (67.5%) 3 (100%) 0.5418
Out range 11 (33.3%) 2 (20%) Out range 13 (32.5%) 0 (0%)

POR*28 rs1057868 1508C > T

Wt (CC) Het (CT) Mut (TT) p-value

In range 22 (66.7%) 5 (71.4%) 3 (100%) 0.841
Out range 11 (33.3%) 2 (28.6%) 0 (0%)

MDR1 rs1045642 C3435T MDR1 rs1045642 C3435T

Wt (CC) Het (CT) + Mut (TT) p-value Wt (CC) + Het (CT) Mut (TT) p-value

In range 8 (61.5%) 22 (73.3%) 0.4854 In range 27 (69.2%) 3 (75%) 1
Out range 5 (38.5%) 8 (26.7%) Out range 12 (30.8%) 1 (25%)

MDR1 rs1045642 C3435T

Wt (CC) Het (CT) Mut (TT) p-value

In range 8 (61.5%) 19 (73.1%) 3 (75.0%) 0.780
Out range 5 (38.5%) 7 (26.9%) 1 (25.0%)

MDR1 rs1128503 C1236T MDR1 rs1128503 C1236T

Wt (CC) Het (CT) + Mut (TT) p-value Wt (CC) + Het (CT) Mut (TT) p-value

In range 6 (75%) 24 (68.6%) 1 (%) In range 21 (67.7%) 9 (75%) 0.7272
Out range 2 (25%) 11 (31.4%) Out range 10 (32.3%) 3 (25%)

MDR1 rs1128503 C1236T

Wt (CC) Het (CT) Mut (TT) p-value

In range 6 (75%) 15 (65.2%) 9 (75%) 0.907
Out range 2 (25%) 8 (34.8%) 3 (25%)

MDR1 2677 rs2032582 C2677T/A MDR1 2677 rs2032582 G2677T

Wt (CC) Het (CT) + Mut (TT) p-value Wt (CC) + Het (CT) Mut (TT) p-value

In range 12 (66.7%) 18 (72.0%) 0.7466 In range 29 (70.7%) 1 (50%) 0.5183
Out range 6 (33.3%) 7 (28.0%) Out range 12 (29.2%) 1 (50%)

MDR1 2677 rs2032582 G2677T

Wt (CC) Het (CT) Mut (TT) p-value

In range 12 (66.7%) 17 (73.9%) 1 (50%) 0.646
Out range 6 (33.3%) 6 (26.1%) 1 (50%)

MDR1 TTT haplotype MDR1 non-TTT haplotype p-value

In range 10 (66.7%) 20 (71.4%) 0.7422
Out range 5 (33.3%) 8 (28.6%)

p-value: Fisher’exact test.
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Genetic Association Between
Polymorphisms and Dose Requirements
For CsA treated patients, we tested associations between
genotypes and weight adjusted dose requirement at week 1, 2
and 4 and found no associations (Supplementary
Figures S4A–G). For TAC treated patients, we found
CYP3A5*3 A/A carriers had the highest weight normalized
dose requirement, followed by A/G carriers and G/G carriers
(ANOVA p < 0.05, Supplementary Figures S5,S6).

Genetic Association Between
Polymorphisms and Proportion of TAC
Patients in Therapeutic Range
TAC treated patients were categorized as being inside or outside the
therapeutic range at 6months post-transplant (C0 5–10 ng/ml), and
we tested the influence of genotypes. CYP3A5*3GG carriers were
more frequently out of range compared to A/G and A/A carriers
combined (p � 0.053,Table 3). CsA patients were not tested as they
receive frequent drugmonitoring in the period corresponding to the
data available (within 1-month post-transplant).

DISCUSSION

Our aim was to test associations between genetic polymorphisms
involved in the absorption and metabolism of CsA and TAC, and
drug disposition variables in two groups of Chilean kidney
transplant patients, adding to an existing body of work
performed in predominantly Caucasian, Asian and African
American populations (Staatz et al., 2010). Consistent with
existing work, we found CYP3A5*3/*3 (G/G) carriers required
lower doses of TAC, presented higher C0/D and a higher
proportion of patients with C0 levels outside the therapeutic
range relative to other genotypes (Birdwell et al., 2015). Of note,
in the TAC group the A allele is more frequent in patients within
the therapeutic range, possibly due to a more stable drug
disposition when at least one functional allele is expressed. As
expected, no significant associations were found for this allele in the
CsA cohort, likely due to a lower affinity of CYP3A5 for this drug.

We foundMDR1 2677 C/C associated with higher TAC trough
levels. This is consistent withMDR1-2677 C resulting in decreased
protein expression and causing reduced drug efflux.MDR1 1236 T/
T associated with lower TAC levels and higher doses, although the
functional consequence of this variant is unclear and divergent
results have been published (Staatz et al., 2010). The MDR1 TTT
haplotype, combining polymorphic variants at positions 1236,
2677 and 3435, did not associate with C0 or TAC dose. We
therefore conclude MDR1 variants do not significantly affect
drug disposition, or may have a minor impact likely to be
clinically irrelevant (Phuthong et al., 2017; Robertsen et al., 2018).

Our work has a number of limitations. Firstly, both cohorts
received limited follow-up. Further, we did not take into account
multi-drug immunosuppressive regimens that may have varied
between patients (secondary immunosuppressant and/or
corticosteroid). Thirdly, we did not perform a sample size
calculation as for a Latin American population the effect size

for the impact of each polymorphism on the variables studied,
and for each immunosuppressant studied, is uncertain, and the
unpredictable frequency of kidney transplants at both hospitals
during the enrolment period.

The CYP3A5 genotyping to guide a tacrolimus starting dose is
a clinically relevant practice that is currently undertaken in
several centers around the world. It may indeed prove a cost-
effective addition to the clinical tool kit to ensure that patients,
that already receive therapeutic drug monitoring, achieve levels
within the therapeutic range faster. Further, it could flag patients
that require closer monitoring to ensure levels within the
therapeutic range at 6 months post-transplant and beyond,
such as those out of range in our cohort. The ultimate aim is
to ensure patients receive adequate immunosuppression, keep
their graft patent and avoid adverse effects related to
overexposure. Data on cost effectiveness and important clinical
endpoints are deficient, especially for lower/middle income
countries, including those in Latin America. Further work on
these aspects is warranted.
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Supplementary Figure S1 | C0 of TAC patients associated to MDR1 1236
polymorphism. (A) Co-dominant model. (B) Dominant model. (C) Recessive
model. Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S2 | C0 of TAC patients associated to MDR1 2677
polymorphism. (A) Co-dominant model. (B) Dominant model. (C) Recessive
model. Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S3 | C0 of TAC patients associated to MDR1 TTT
haplotype. MDR1 haplotype configured by C3435T, C1236T and C2677T/A.

Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S4 | TAC-Dose associations to CYP3A5 polymorphism.
(A) Co-dominant model. (B) Dominant model. (C) Recessive model. TAC:
tacrolimus. Significance level: p-value < 0.05. See genetic polymorphisms details
in Supplementary Table S1.

Supplementary Figure S5 | CsA Dose/weight per genotype. Repeated-measured
ANOVA. W1: week 1. W2: week 2. W4: week 4. Significance level: p-value < 0.05.
See genetic polymorphisms details in Supplementary Table S1.

Supplementary Figure S6 | TAC Dose/weight per genotype. ANOVA test and T
test. Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S7 | TAC-Dose associated to MDR1 TTT haplotype.
MDR1 haplotype configured by C3435T, C1236T, and C2677T/A. Significance
level: p-value < 0.05. See genetic polymorphisms details in Supplementary
Table S1.
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