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Objective: To discover new variants associated with low ovarian reserve after gonadotoxic treatment among adult female childhood
cancer survivors using a genome-wide association study approach.

Design: Genome-wide association study.

Setting: Not applicable.

Patients: A discovery cohort of adult female childhood cancer survivors from the pan-European PanCareLIFE cohort (n = 743; median age:
25.8 years), excluding those who received bilateral ovarian irradiation, bilateral oophorectomy, central nervous system or total body irradi-
ation, or stem cell transplantation. Replication was attempted in the US-based St. Jude Lifetime Cohort (n = 391; median age: 31.3 years).
Exposure: Female childhood cancer survivors are at risk of therapy-related gonadal impairment. Alkylating agents are well-established
risk factors, and the interindividual variability in gonadotoxicity may be explained by genetic polymorphisms. Data were collected in
real-life conditions, and cyclophosphamide equivalent doses were used to quantify alkylation agent exposure.

Main Outcome Measure: Anti-Miillerian hormone (AMH) levels served as a proxy for ovarian function, and the findings were com-
bined in a meta-analysis.

Results: Three genome-wide significant (<5.0 x 10 %) and 16 genome-wide suggestive (<5.0 x 10 °) loci were associated with log-
transformed AMH levels, adjusted for cyclophosphamide equivalent dose of alkylating agents, age at diagnosis, and age at study in the
PanCareLIFE cohort. On the basis of the effect allele frequency (EAF) (>0.01 if not genome-wide significant), and biologic relevance, 15
single nucleotide polymorphisms were selected for replication. None of the single nucleotide polymorphisms were statistically
significantly associated with AMH levels. A meta-analysis indicated that rs78861946 was associated with borderline genome-wide
statistical significance (reference/effect allele: C/T; effect allele frequency: 0.04, beta (SE): —0.484 (0.091).

Conclusion: This study found no genetic variants associated with a lower ovarian reserve after gonadotoxic treatment because the
findings of this genome-wide association study were not statistically significant replicated in the replication cohort. Suggestive
evidence for the potential importance of 1 variant is briefly discussed, but the lack of statistical significance calls for larger cohort
sizes. Because the population of childhood cancer survivors is increasing, large-scale and systematic research is needed to identify
genetic variants that could aid predictive risk models of gonadotoxicity as well as fertility preservation options for childhood cancer
survivors. (Fertil Steril® 2024;122:514-24. ©2024 by American Society for Reproductive Medicine.)

El resumen esta disponible en Espaiiol al final del articulo.
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atric cancer has increased tremendously and has
currently reached almost 80% (1-3). Subsequently,
the awareness of late effects of cancer treatment, including
therapy-related gonadal damage, has increased and evolved
into a well-established research field in pediatric cancer (4-
8). Female childhood cancer survivors consider infertility to
be one of the most concerning late effects (9, 10). Therefore,
timely and adequate fertility care to prevent treatment-
related gonadal damage is essential to ensure fertility preser-
vation in patients with a high risk of gonadal damage (11). In
addition to the well-known risk factors for gonadal damage,
including alkylating agents and radiotherapy exposing the
ovaries (12-15), an unexplained interindividual variation in
treatment-related gonadal damage has been observed, sug-
gesting a role for genetic susceptibility (15-17).
Genome-wide association study (GWAS) analyses in the
general population have revealed multiple genetic polymor-
phisms influencing the age at natural menopause (18).

O ver the past decades, the 5-year survival rate of pedi-

Currently, known genetic variants may explain approximately
50% of the variation in age at natural menopause in the general
population (19, 20). A GWAS in childhood cancer survivors
identified a haplotype associated with premature menopause
(21). Furthermore, a recent GWAS studying the association
of genetic polymorphisms with the likelihood of pregnancy
in the Childhood Cancer Survivor Study did not replicate find-
ings (22). Because the likelihood of a successful pregnancy is
determined by a large number of factors, including desire to
have children, male fertility factors, and age, pregnancy likeli-
hood may not be a reliable outcome measure to quantify
gonadal damage in childhood cancer survivors.
Anti-Millerian hormone (AMH) levels, as opposed to age at
menopause or pregnancy likelihood, can be used as a proxy for
ovarian function and reserve across an age spectrum. In previ-
ous candidate gene approach studies, single nucleotide poly-
morphisms (SNPs) in BRSKI, CYP3A4, and CYP2B6 were
shown to influence AMH levels (16, 23). However, a large pro-
portion of the variability remains unexplained. Here, we aimed
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to identify novel genetic polymorphisms associated with a lower
ovarian reserve after treatment with alkylating agents among
adult childhood cancer survivors using a GWAS approach. Spe-
cifically, we performed a GWAS in a discovery cohort of 743
adult female childhood cancer survivors in the pan-European
PanCareLIFE cohort and aimed to replicate it in the US-based
St. Jude Lifetime Cohort (SJLIFE) (n = 391).

MATERIALS AND METHODS
Study participants: inclusion and exclusion criteria

Discovery cohort. The eligible study population of the discovery
cohort consisted of adult female 5-year childhood cancer survi-
vors who were diagnosed between 1970 and 2011 and treated
with chemotherapy before the age of 25 years. Eligible partici-
pants were at least 18 years old at the time of study blood sam-
pling and provided a blood sample to quantify AMH levels and
for extraction of deoxyribonucleic acid (DNA). Some treatment
modalities, such as radiotherapy to the gonads and high-dose
chemotherapy used for stem cell transplantation, are associated
with such extensive gonadal damage that little interindividual
variability is observed, and the role of genetic susceptibility is
considered negligible (12-15, 24). Because we aim to uncover
genetic variants that may explain treatment-related interindi-
vidual variability, childhood cancer survivors for whom the in-
fluence of genetic variability is not expected to have any
additional impact on gonadal function were excluded, and this
included childhood cancer survivors who received bilateral
ovarian (defined as bilateral irradiation of the abdomen below
the pelvic/iliac crest), central nervous system, or total body irra-
diation, and those who underwent bilateral oophorectomy or he-
matopoietic stem cell transplantation. The same inclusion and
exclusion criteria were applied to the replication cohort. The dis-
covery cohort included participants of the pan-European retro-
spective PanCareLIFE study recruited from 28 institutions in 13
countries. There were no postbaseline exclusions. Demographic,
disease, and treatment data were abstracted from medical records
(14, 25, 26). Approval was obtained from all relevant local review
boards in 13 countries, and written informed consent was ob-
tained from all participants. The study was conducted in accor-
dance with the Declaration of Helsinki.

Replication cohort. The replication cohort included female
childhood cancer survivors enrolled in the St. Jude Lifetime
Cohort (SJLIFE) study, which included childhood cancer survi-
vors treated at St. Jude Children’s Research Hospital (Memphis)
between 1962 and 2012. SJLIFE participants included in this
analysis were female childhood cancer survivors > 10 years af-
ter cancer diagnosis and > 18 years of age at clinical assess-
ment, which included a comprehensive endocrinological
evaluation (27). The SJLIFE protocol is approved by the SJCRH
Institutional Review Board. Further details of the study protocol
and both cohorts have been published previously (16, 25, 28, 29).

Outcome and genotype data from biological
samples

The outcome of this study was serum level of AMH reflecting
ovarian function or reserve, as previously described (16, 23,
25, 28). Blood samples were used to determine AMH levels using

an automated, ultrasensitive Elecsys AMH assay (Roche Diag-
nostics GmbH). All samples from the PanCareLIFE and SJLIFE
cohorts were processed in the same laboratory in the
Netherlands to avoid interlaboratory variability. Genomic
DNA was extracted from peripheral blood or saliva, and SNPs
were genotyped using the [llumina Infinium Global Screening
Array (llumina). Standard quality control procedures, including
testing deviation from Hardy-Weinberg equilibrium, were per-
formed using PLINK, followed by imputations using the Michi-
gan Imputation Server using default settings, with the Haplotype
Reference Consortium (r1.1) as a reference panel (30). Quality
control was performed, and details can be found in
Supplemental Text 1 (available online) (28).

Alkylating agents

The cumulative cyclophosphamide equivalent dose (CED) of
alkylating agents was calculated for all participants (31). To
limit the effect of outliers, the CED scores exceeding 30,000
mg/m? were recoded to 30,000 mg/m?. In the sensitivity ana-
lyses, the CED score was divided into 4 categories to distin-
guish the effects of no, little, medium, and high doses of
alkylating agents (0; >0-4,000 mg/mz; >4,000-8,000 mg/
m?; >8,000 mg/m?) (16, 23, 28, 32, 33).

Statistical analysis for GWAS discovery and
replication

A GWAS analysis was performed using linear mixed models
of log-transformed AMH levels, adjusting for age at the
time of the serum sample (because AMH values are age-
dependent), age at diagnosis, the continuous CED score, and
study-specific covariates (e.g., principal components, familial
relationships, and study center) using rvtest (34). Further de-
tails on the choice of model can be found in Supplemental
Text 2. Because of our small sample size, for GWAS standards,
we analyzed variants with a minor allele frequency of >0.01
in our GWAS analysis. We judged the number of principal
components sufficient when the addition of another principal
component did not result in a significant difference in the as-
sociation of the genetic data with AMH levels. We included
the first 4 significant principal components.

P values of <5.0 x 10~° were considered suggestive, and
those <5.0 x 10”2 were considered statistically significant at
the genome-wide level. Single nucleotide polymorphisms that
were statistically significant in the discovery cohort were
selected for replication analysis with the SJLIFE data. In addi-
tion, suggestive SNPs with biologic plausibility were assessed
for replication. The replication analysis used the same model
with the same adjustment variables as the discovery analysis.

A lack of statistically significant replication could occur
in our study because of the use of small cohorts (i.e., limited
power), especially in the SJLIFE cohort for replication anal-
ysis, which is not an issue in most GWAS analyses of general
populations with a much larger sample size. Therefore, we
performed a meta-analysis as suggestive evidence for poten-
tial importance. An inverse-variance weighted meta-analysis
using a fixed effects model was performed using the data from
the discovery and replication cohorts using R version 3.5.1,
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package rmeta (35). The meta-analysis was performed using
the results of PanCareLIFE and SJLIFE for each SNP, adjusting
for the same variables as the original GWAS analyses: age at
the time of the serum sample, age at diagnosis, the continuous
CED score, and study-specific covariates. P values <5.0 x
10°® were considered statistically significant at the
genome-wide level. The size and direction of the SNP effects
in the 2 studies were taken into account. Subsequently, we
performed sensitivity analyses to evaluate subgroups and
grouped CED scores instead of continuous CED scores on
the effect of SNPs and a logistic regression comparing pa-
tients within their age group with AMH level in the upper ter-
tile vs. the lower tertile. Descriptive statistics and sensitivity
analyses were conducted using the Statistical Package for So-
cial Sciences (version 26.0.0.1). Functional SNP annotations
were applied using the Functional Mapping and Annotation
web application as well as Locuszoom (36, 37).

Institutional review board statement

The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by all relevant local
institutional review boards (or ethics committees) in 13 coun-
tries, and written informed consent was obtained from all par-
ticipants. Ethics Commission of the State Medical Association
for Rhineland-Palatinate Reference: 837.437.14 (9676); Ligu-
ria Region Ethical committee, Reference: 507REG2014;
Ethical Board of the University Hospital Brno Fakultni Nem-
ocnice Brno; Etickd komise pro multicentricka klinicka
hodnoceni fakultni nemocnice v Motole (Ethics Committee
for Multi-Centric Clinical Trials of the University Hospital
Motol) Reference: EK-1447/14; Comite de protection des per-
sonnes sud-est i Reference: CPP 2015-23; Medisch Ethische
Toetsingscommissie van de Stichting Nederlands Kankerin-
stituut—Het Antoni van Leeuwenhoek Ziekenhuis (METC
AVL) METC15.1591./AVL; Regionale Komité for Medisinsk
og Helsefaglig Forskningsetikk (REK sgr-gst) (Ethical Com-
mittee Heath Region South-East) Reference: 2010/250; Med-
isch Ethische Toetsingscommissie VU medisch centrum
Reference: 2006.249; Ethik-Kommission der arztekammer
Westfalen-Lippe und der Westfalischen Wilhelms-Universitat
Munster Reference: 2015-511-f-S; 2015-512-f-S; Medisch
Ethische Toetsings Commissie Erasmus MC (METC) Reference
: 05/047.

Informed consent statement

Informed consent was obtained from all subjects involved in
the study.

RESULTS

In total, 743 childhood cancer survivors from the PanCare-
LIFE cohort were included in the discovery cohort (Table 1).
The alkylating agents received most frequently by childhood
cancer survivors included cyclophosphamide, ifosfamide, and
procarbazine (Table 1 and Supplemental Table 1, available
online). The GWAS identified 3 genome-wide significant
and 16 genome-wide suggestive loci associated with
log-transformed AMH levels adjusted for CED score, age at

Fertil Steril®

diagnosis, and age at study in the discovery cohort (Fig. 1
and Supplemental Table 2). Notably, despite our minor allele
frequency cut-off of >0.01, in the discovery cohort, the effect
allele frequency (EAF) was low (<0.01) in some of the sugges-
tive SNPs and one of the genome-wide significant hits.
Fifteen SNPs, 3 genome-wide significant and 12 suggestive,
were selected for replication on the basis of EAF (of >0.01
when not genome-wide significant), P value (<5.0 x 10™°),
and Dbiological plausibility (Tables 2 and 3 and
Supplemental Tables 3 and 4).

Replication was performed in the independent US-based
SJLIFE cohort (n = 391) (Table 1 and Supplemental
Table 1). None of the SNPs was replicated in the SJLIFE cohort
using the preestablished criteria for statistical significance,
although the directions and effect sizes remained consistent
for most of the SNPs (Table 2 and Supplemental Table 5).

A meta-analysis (Supplemental Table 6) indicated an as-
sociation only at the borderline genome-wide statistical sig-
nificance of 1 SNP located on chromosome 1, position
163167852 (GRCh37) (rs78861946; reference/effect allele:
C/T) with lower log-transformed AMH levels (Beta (SE):
—0.484 (0.091) per (T) allele, P value = 9.39 x 1079
(Supplemental Table 6). Sensitivity analyses (Supplemental
Tables 7-18), including linear, logistic, and interaction
models with CED in categories, showed associations with
similar effect sizes and directions but without reaching
convincing statistical significance.

A stratified analysis of the subcohort of childhood cancer
survivors from the PanCareLIFE discovery cohort treated with
a CED >8,000 mg/m? (n = 176) showed that the SNP
rs78861946 was associated with a full-point decrease in
AMH levels (AMH beta —1.061, P value .031) (Supplemental
Table 18). A consistent decrease was observed in the replica-
tion cohort of SJLIFE but without statistical significance
because of the small sample size of only 3 individuals with
the genetic variant out of the subcohort of 93 childhood can-
cer survivors treated with a CED >8,000 mg/m2 (AMH beta
—1.217, P value .24) (Supplemental Table 18).

DISCUSSION

This is the first GWAS on ovarian reserve after gonadotoxic
treatment in childhood cancer survivors, performed in a
pan-European cohort of female childhood cancer survivors
and an independent international replication cohort. This
study found no genetic variants associated with lower ovarian
reserve, as the findings of this GWAS were not statistically
significant replicated in the replication cohort.

Because a lack of statistically significant replication
could occur in our study due to the use of cohorts relatively
small for GWAS (i.e., limited power), we performed a meta-
analysis as suggestive evidence for potential importance.
The meta-analysis of the 2 independent cohorts indicates a
variant of interest (rs78861946), at borderline genome-wide
statistical significance, associated with lower AMH levels in
female survivors of pediatric cancer, potentially affecting sus-
ceptibility to alkylating agent-induced gonadal damage.
Stratified analysis indicated that this variant may result in a
decrease in AMH levels of 1-2 ug/L (depending on 1 or 2
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TABLE 1

Characteristics of participating CCS of the discovery PanCareLIFE cohort and CCS of the replication St. Jude LIFE cohort (SJLIFE).

Characteristics

Age at time of study (y) (median (IQR))
Age at diagnosis (y) (median (IQR))
Time since diagnosis (y) (median (IQR))

Discovery PanCareLIFE
cohort (n = 743) (n (%))

25.8y (22.1-30.6)
8.3y (3.3-14.0)
183y (13.2-22.9)

Diagnosis
Leukemia 221(29.7)
Hodgkin lymphoma 136 (18.3)
Non-Hodgkin lymphoma 70 (9.4)
Brain tumor 17 (2.3)
Neuroblastoma 46 (6.2)
Renal tumor 72 (9.7)
Carcinoma (hepatic, thyroid, colon liver, and other) 7 (0.9)
Osteosarcoma 33 (4.4)
Ewing sarcoma 314.2)
Soft tissue sarcoma 49 (6.6)
Germ cell tumor 34 (4.6)
Skin cancer (including melanoma) 3(0.4)
Retinoblastoma 5(0.7)
Other 12 (1.6)
Nonmalignant 0

Radiotherapy
No 479 (64.5)
Yes® 264 (35.5)
Thorax 110 (14.8)
Spine 5(0.7)
Abdomen, not pelvic 15 (2.0)
Unilateral pelvis 9(1.2)
Other 78 (10.5)

CED score

Median mg/m? (IQR) 3,000 mg/m? (0-7,350)
0 266 (35.8)
>0-4,000 183 (24.6)
>4,000-8,000 118 (15.9)
>8,000 176 (23.7)
Exposed with an unknown dose

Alkylating agent
Cyclophosphamide 362 (48.7)
Busulfan® 15 (2.0)
Carmustine® 3(0.4)
Chlorambucil® 12 (1.6)
[fosfamide 139 (18.7)
Lomustine® 0
Mechlorethamine 27 (3.6)
Melphalan 28 (3.7)
Procarbazine 70 (9.4)
Thiotepa“ 8(1)

Unilateral surgery of the ovary
No 740 (99.6)
Yes 3(0.4)

Anti-Mdllerian hormone level in ug/L
Median (IQR) 2.33 ug/L (1.02-4.03)
Age category 18-25 (IQR) 2.70 ug/L (1.41-4.39)
Age category >25-32 (IQR) 2.62 ug/L (1.37-4.24)
Age category >32-40 (IQR) 1.22 ug/L (0.41-2.58)
Age category >40 (IQR) 0.27 ug/L (0.13-0.52)

Note: Values represent the number (%) of women unless indicated otherwise. IQR = 25-75 percentile.
CCS = childhood cancer survivors; CED score = cyclophosphamide equivalent dose score; IQR = interquartile range; SILIFE = St. Jude LIFE cohort.

@ Numbers are given as n (%) unless specified otherwise.
® Not mutually exclusive.
€ Frequency below 3.5%.

Perk. Gonadotoxicity GWAS in female CCSs. Fertil Steril 2024.

Replication SJILIFE
(n = 391) (n (%))*

31.3y(26.3-37.4)
6.9y (3.1-13.4)
23.7y(18.3-29.3)

121 (30.9)
8(12.3)
2 (5.6)
8(7.2)
6(9.2)
7 (6.9)
9(2.3)
2 (5.6)
12 (3.1)
28(7.2)
13(3.3)
1(0.3)
20 (5.1)
3(0.8)
1(0.3)
269 (68.8)
122 (31.2)
67 (17.1)
0 (0.0)
29 (7.4)
6(1.5)
121 (30.9)
0 mg/m? (0-7,731)
198 (50.6)
19 (4.9)
78 (19.9)
93 (23.8)
3(0.8)
176 (45)
2 (0.5)
2 (0.5)
0 (0)
23(5.9)
3(0.8)
4 (1.0)
0 (0)
26 (6.6)
1(0.3)
391 (100.0)
0
1.84 ug/L (0.68-3.28)
2.79 ng/L (1.68-4.14)
2.55 ug/L (1.44-3.90)
1.69 ug/L (0.70-2.55)
0.09 ug/L (0.01-0.47)
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affected alleles) in survivors treated with high levels of alky-
lating agents. Despite this possible clinical significance, larger
cohorts are needed to assess this variant because the power in
the replication cohort was too low to reach statistical signif-
icance for this variant. This variant, rs78861946, is located
in a part of noncoding ribonucleic acid in the intronic region
of the gene RGS5 (regulator of g protein signaling 5) and is
close to genes RSG4 (regulator of g protein signaling 4) and
NUF2 (NUF2 component of the NDC80 kinetochore complex).
The SNP rs78861946 has not been previously associated with
premature ovarian insufficiency, menopause, or infertility.
However, noncoding ribonucleic acid may regulate surround-
ing genes, including transcription of RGS5, RGS4, and/or
NUF2. These genes are involved in follicle-stimulating hor-
mone receptor signaling, cell cycle regulation, and apoptosis,
pathways known to be involved in natural age at menopause
(38-40). The age of onset of natural menopause has
previously been associated with genetic variants in genes
associated with genome stability and DNA repair, immune
function, and mitochondrial biogenesis (19). An expression
quantitative trait locus has been reported in the tibial nerve
for RGS4 and, albeit less clearly, also in the prostate and
brain (41) (Supplemental Text 3).

We have been able to perform a GWAS in one of the
largest cohorts of childhood cancer survivors, in which
AMH levels as a proxy for ovarian reserve were available.
Although AMH is currently the best proxy to measure
gonadal function and remaining ovarian reserve, it should
be noted that in addition to ovarian reserve, fertility is
influenced by numerous factors, including but not limited
to female and male fertility potential, desire to have chil-
dren, and availability of a partner. Additionally, variability
in AMH levels occurs, e.g., during the menstrual cycle (42).
We acknowledge that excluding patients receiving radio-
therapy to the gonads and stem cell transplantation may
have led to some selection bias or even collider bias, but
we do not think this bias will be (clinically) relevant
because additional genetic factors influencing gonadal

damage are negligible for these patients. For this study,
we cannot rule out a form of selection bias as a result of
nonresponse and consequent absence of informed consent
in a specific group of survivors, but minor allele frequencies
were consistent with known minor allele frequencies across
populations. We expect a substantial number of variants
with small effects on AMH levels could be identified
when larger cohorts of childhood cancer survivors can be
included. Although the sample size of both the discovery
and replication cohorts is large for childhood cancer survi-
vor cohorts, it is very small compared with GWASs in the
general population. The limited power is likely one of the
reasons the identified SNPs were not statistically signifi-
cant in our replication cohort, SJLIFE, and why only
rs78861946 reached borderline genome-wide significance
in the meta-analysis.

CONCLUSION

In conclusion, we performed the first GWAS on female child-
hood cancer survivor patients in the PanCareLIFE cohort with
an independent international replication cohort (the St. Jude
Lifetime Cohort). We found no genetic variants associated
with ovarian reserve after gonadotoxic treatment because
the findings of this GWAS were not statistically significant
replicated in the replication cohort.

A meta-analysis of the 2 cohorts suggests involvement of
a new variant, rs78861946, in proximity to genes associated
with follicle-stimulating hormone-receptor signaling regula-
tion, follicular atresia, and the ovulation process. Suggestive
evidence for the potential importance of this variant is briefly
discussed, but the lack of statistical significance on a genome-
wide level calls for larger cohort sizes. Identification of risk-
contributing variants may be used in future polygenic risk
scores for individualized counseling regarding the treat-
ment-related risk of gonadotoxicity and fertility preservation
options for the growing population of childhood cancer
survivors.
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TABLE 2

Associations of log-AMH values with SNPs identified in the discovery analysis with the results of the replication analysis.

SNP

rs78861946
rs141161580
rs115555674
rs35180975
rs75994832
rs116855361
rs116926206
rs11001828
rs2923109
rs549344146
rs73150874
rs9557491
rs71353373
rs6034839
rs111650415

CHR

21

Position
(GRCh37)

163167852
91893136
219535948
40397018
113869892
5112398
14829454
78342816
10378309
41988673
130873577
101397599
60623035
17487409
28073771
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Reference allele

OONNOONrrTOOTOO0NN

Effect allele

>>—4>—"0>r>0>>> -

EAF PanCareLIFE

0.03777
0.02187
0.0169
0.1998
0.01789
0.01889
0.02584
0.0159
0.3042
0.00497
0.01392
0.06262
0.01193
0.1193
0.1173

EAF SJLIFE

0.038
0.015
0.013
0.165
0.023
0.027
0.024
0.013
0.308
0.006
0.004
0.051
0.013
0.105
0.147

Discovery PanCareLIFE

Beta

—0.503
—0.756
—0.642
—0.224
—0.494
—0.575
—0.541
—0.985
0.178
—0.896
—0.816
—0.503
—0.746
—0.264
—0.255

SE

0.0993
0.152
0.129

0.0446

0.0984
0.113
0.107
0.178

0.0348
0.154
0.159

0.0993
0.152

0.0475

0.0495

P value

4.01 x 107%
6.07 x 10°%7
6.80 x 107%7
4.88 x 107%
5.11 x 10°%
3.22 x 107%
4.38 x 107%7
2.86 x 10 %8
3.13 x 10°%
6.15 x 10~ %9
2.94 x 107
4.10 x 107%
9.29 x 107%
2.81 x 107 %8
2.55 x 107%

Replication SJLIFE

Beta

—0.387
0.666
—0.384
—0.116
—0.21
0.025
—-0.173
—0.271
—0.1
—0.241
0.701
—0.387
—0.05
0.222
—0.102

SE

0.222
0.371
0.393
0.117
0.295
0.276
0.289
0.393
0.099
0.553
0.713
0.222
0.393
0.144
0.12

Pvalue

.082
.073

33

322
477
929
.549
491
311
.664
.326
.645
.899
125
.397

Note: Pvalues of <5.0 x 10 ° were considered suggestive, and those <5.0 x 10 " were considered statistically significant at the genome-wide level (in bold). CHR = chromosome; EAF = effect allele frequency; GRCh37 = Genome Reference Consortium Human Build 37;
SE = standard error; SJLIFE = St. Jude Lifetime Cohort; SNP = single nucleotide polymorphism.
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TABLE 3

Fifteen SNPs identified by GWAS in the discovery analysis were selected for replication on the basis of biologic plausibility.

rsID Genes
rs78861946 RGS4,; RGS5; NUF2

rs141161580 CDC7; HFM1

rs115555674 IARS2; RAB3GAP2; LYPLAL1; ZC3H11B
rs35180975 CHRNASY, RBM47; RHOH, N4BP2
rs75994832 C4orf21; ANK2

rs116855361

rs116926206

rs11001828 LRMDA

rs2923109 ADM; AMPD3; SBF2; MTRNR2LS; LYVET, IRAG1, RNF141
rs549344146 PDZRN4

rs73150874 PIWIL1; RIMBPZ, FZD10

rs9557491 GGACT; PCCA; TMTC4

rs71353373 PHLPP1,; BCL2

rs6034839 BFSP1, PCSK2; DSTN, RRBP1; BANF2

rs111650415 CYYR1; ADAMTS1; ADAMTS5

AKR1C3; AKRT1C1; AKR1C2; AKRTE2; AKR1C8P; AKR1C4

FAM107B; CDNF, HSPA14; SUV39H2; DCLRE1C; MEIG1, OLAH

Function and biologic relevance

Cell division, apoptosis, drug interaction

Cell division, meiosis 1, premature ovarian failure

Hormones, sex hormone-binding globulin

Cell growth, maturation, survival, DNA repair

DNA repair, carmustine interaction

CYP450, sex hormone-binding globulin, hormone
biosynthesis/metabolism, cell growth/differentiation

DNA repair, apoptosis, cell cycle, HSP

Response antineoplastic agents, sex
hormone-binding globulin

Hormones, interaction mustard gas, cyclophosphamide,
cell differentiation/growth, detected in follicles

Low EAF. Cell proliferation

Gene specific for tissue of interest, germ cell
proliferation, meiosis, apoptosis, impacts
reproductive function, follicle maturation

Enzyme metabolism

Apoptosis, ovarian follicle development, interaction
mustard gas, carmustine, cyclophosphamide,
ifosfamide, thiotepa

Menarche, androgen receptor signaling pathway,
sex hormone-binding globulin, AMH, ER stress

Fertility, follicular rupture, premature ovarian failure

AMH = anti-Mdllerian hormone; EAF = effect allele frequency; ER stress = endoplasmic reticulum stress; GWAS, genome-wide association study; HSP = heat shock protein; SNP = single nucleotide

polymorphism.
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ORIGINAL ARTICLE: GENETICS

Variacion interindividual en la reserva ovarica tras el tratamiento gonadotoxico en mujeres supervivientes de cancer infantil: un estudio
de asociacion de genoma completo: resultados de PanCareLIFE.

Objetivo: Descubrir nuevas variantes asociadas con una baja reserva ovarica tras el tratamiento gonadotéxico entre mujeres adultas
supervivientes de cancer infantil mediante una aproximacion de estudio de asociacién de genoma completo.

Diseno: Estudio de asociacién de genoma completo.
Lugar: No aplicable.

Pacientes(s): Una cohorte de descubrimiento de mujeres adultas supervivientes de cancer infantil de la cohorte pan-Europea PanCar-
eLIFE (n = 743; mediana de edad: 25.8 anos), excluyendo a aquellas que recibieron irradiacion ovarica bilateral, ooforectomia bilateral,
irradiacion del sistema nervioso central o corporal total, o con trasplante de células madre. Se intentd replicar en la cohorte de St. Jude
Lifetime, con sede en EE. UU. (n = 391; mediana de edad: 31.3 anos).

Exposicion: Las mujeres supervivientes de cdncer infantil corren el riesgo de suftir deterioro gonadal relacionado con la terapia. Los
agentes alquilantes son factores de riesgo bien establecidos, y la variabilidad interindividual de la gonadotoxicidad puede explicarse por
polimorfismos genéticos. Los datos se recopilaron en condiciones de la vida real y se utilizaron dosis equivalentes de ciclofosfamida para
cuantificar la exposicion al agente alquilante.

Principal(es) medida(s) de resultado(s): Los niveles de hormona antimiilleriana (AMH) sirvieron como indicador de la funcién ovar-
ica, y los hallazgos se combinaron en un meta-analisis.

Resultado(s): Se asociaron tres loci significativos (<5.0 x 107®)y 16 loci sugestivos (<5.0 x 107°) en todo el genoma con los niveles de
AMH transformados logaritmicamente, ajustados por la dosis equivalente de ciclofosfamida de agentes alquilantes, la edad en el
momento del diagnéstico, y la edad en el momento del estudio en la cohorte PanCareLIFE. Sobre la base del efecto de la frecuencia
alélica (EAF) (>0.01 si no es significativo para el genoma completo) y la relevancia bioldgica, se seleccionaron 15 polimorfismos de
un solo nucleétido para su replicacién. Ninguno de los polimorfismos de un solo nucledtido se asocié de forma estadisticamente sig-
nificativa con los niveles de AMH. Un metaanalisis indicé que rs78861946 estaba asociado con una significatividad estadistica limite en
el genoma completo (alelo de referencia/efecto: C/T; frecuencia del alelo de efecto: 0.04, beta (SE): —0.484 (0.091).

Conclusion(es): Este estudio no encontré variantes genéticas asociadas con una reserva ovérica mas baja después del tratamiento go-
nadotéxico, ya que los hallazgos de este estudio de asociacién de genoma completo no fueron reproducidos de forma estadisticamente
significativa en la cohorte de replicacion. Se discute brevemente la evidencia sugestiva de la potencial importancia de una variante, pero
la falta de significacion estadistica requiere tamanos de cohorte mas grandes. Debido a que la poblacién de supervivientes de cancer
infantil esta aumentando, se necesita investigacion sistematica y a gran escala para identificar variantes genéticas que puedan ayudar
alos modelos de riesgo predictivo de gonadotoxicidad, asi como a las opciones de preservacion de la fertilidad para los supervivientes de
cancer infantil.
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