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Increased chemotherapy-induced
ovarian reserve loss in women with
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Objective: To assess whether woman who have BRCA mutations (WBM) experience more declines in ovarian reserve after chemo-
therapy treatment, as it induces oocyte death by deoxyribonucleic acid (DNA) damage, and BRCA mutations result in DNA damage
repair deficiency.

Design: Longitudinal cohort study.

Setting: Academic centers.

Patient(s): The 108 evaluable women with breast cancer were stratified into those never tested (negative family history; n = 35) and
those negative (n = 59) or positive (n = 14) for a pathogenic BRCA mutation.

Intervention(s): Sera were longitudinally obtained before and 12-24 months after chemotherapy treatment, assayed for antimiillerian
hormone (AMH), and adjusted for age at sample collection.

Main Outcome Measure(s): Ovarian recovery, defined as the geometric mean of the after chemotherapy age-adjusted AMH levels
compared with baseline levels.

Result(s): Compared with the controls, the before chemotherapy treatment AMH levels were 24% and 349% lower in those negative or
positive for BRCA mutations, consistent with accelerated ovarian aging in WBM. The WBM had a threefold difference in AMH recovery
after chemotherapy treatment (1.6%), when compared with BRCA negative (3.7%) and untested/low risk controls (5.2%). Limiting the
analysis to the most common regimen, doxorubicin and cyclophosphamide followed by paclitaxel, showed similar results. These find-
ings were mechanistically confirmed in an in vitro mouse oocyte BRCA knockdown bioassay, which showed that BRCA deficiency re-
sults in increased oocyte susceptibility to doxorubicin.

Conclusion(s): Women who have pathogenic BRCA mutations are more likely to lose ovarian reserve after chemotherapy treatment,
suggesting an emphasis on fertility preservation. Furthermore, our findings generate the hypothesis that DNA repair deficiency is a
shared mechanism between aging, infertility, and cancer.
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Medicine.)
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nase ataxia-telangiectasia mutated (ATM)-mediated

deoxyribonucleic acid (DNA) double-strand break
(DSB) repair pathway. Mutations in these genes are associated
with an increased risk of breast, ovarian, and other types of
cancers (1). While developing ovarian stimulation protocols
with aromatase inhibitors in women with breast cancer we
observed that those with BRCA1 mutations produced fewer
oocytes compared with those who tested negative for these
mutations (2). In subsequent studies (3-6), we and other
investigators have shown that women with BRCA1
mutations have lower antiMiillerian hormone (AMH) levels,
which is the most reliable serum marker of ovarian reserve (7).

We also completed laboratory and animal studies (3, 8, 9),
which indicated for the first time, that age-related decline in
oocyte DNA DSB repair capacity may be the root cause of
ovarian aging and that the lower ovarian reserve in women
with BRCA mutations is due to accelerated ovarian aging
caused by deficient oocyte DNA repair. In other studies (10,
11), we showed that gonadotoxic chemotherapy induces
DNA DSBs in human primordial follicle oocytes, which in
turn activates apoptotic pathways and thereby cause
chemotherapy-induced loss of ovarian reserve. Our studies
suggested that the DNA repair mechanisms may also be
important in shielding oocytes against chemotherapy-
induced DNA damage.

Serum AMH is produced from replicating granulosa cells
of developing follicles, which are destroyed by chemotherapy.
Ovarian reserve is made up of quiescent primordial follicles,
which do not produce AMH (12, 13). Because the size of the
population of developing follicles is directly proportional to
the number of primordial follicles, AMH is a biomarker of
ovarian reserve (14-16). Although that there is no perfect
marker to quantifying primordial follicles in human ovary
noninvasively, AMH measurement provides the best
accuracy for identifying damage to the ovarian reserve after
chemotherapy treatment (7). Although the acute decline in
circulating AMH after chemotherapy reflects the loss of
developing follicles, those recovery levels would reflect the
surviving primordial follicle reserve, if any. Considering our
unpublished observations and limited published data, we
estimated that it may take 3-6 months to repopulate the
developing follicle pool to a level where AMH is measurable
in the circulation. Hence, AMH levels measured using a
sensitive measurement method serum should reach a steady
level by 1 year, reflective of chemotherapy-induced ovarian
damage (5, 6, 8, 9).

Whether women who are DNA DSB repair deficient
because of pathogenic BRCA mutations would be more likely
to lose their ovarian reserve as a side effect of chemotherapy
has never been studied. These previous mechanistic findings
suggest that chemotherapy accelerates ovarian aging and
the mechanisms involved in age- and chemotherapy-
induced ovarian aging seem to be shared. We therefore hy-
pothesized that breast cancer chemotherapy would result in
a larger loss of ovarian reserve, as determined by serum
AMH levels, among reproductive age women with BRCA
mutations compared with those who do not carry, or at low
risk for carrying, such mutations (negative family history).

T he BRCA1 and BRCA?2 genes are key members of the ki-

These differences would be due to deficient DNA repair in
their oocytes and result in lowering of AMH levels beyond
what would be expected after chemotherapy, based on each
woman'’s age at sampling.

If our hypothesis is confirmed, it would have strong im-
plications in the fields of cancer and aging. If women with
BRCA mutations are more likely to lose their ovarian reserve
and hence become infertile after chemotherapy, they may
have to be preferentially counseled on fertility preservation
methods. Furthermore, if ovarian aging, as determined by
faster loss of ovarian reserve in response to a genotoxic stress,
such as chemotherapy, is accelerated in DNA repair-deficient
individuals, it further establishes the critical role of intact
DNA repair mechanisms in reproductive aging. Such a revela-
tion may also suggest failing DNA repair as a connection
among aging, infertility, and cancer.

MATERIALS AND METHODS
Patient enrollment, collection of family history,
and BRCA mutation testing

This study was approved by the institutional review boards at
all participating institutions. Enrollment began in January
2009, as part of a National Institutes of Health-funded parent
translational research project to assess the impact of breast
cancer chemotherapy on ovarian reserve. Women who had
previous chemotherapy or ovarian surgery and those who
did not have regular periods did not qualify for enrollment
in the study. Enrollees provided blood samples before and af-
ter treatment. Our primary end point of serum AMH recovery
was originally intended to be 12 months. However, due to
lower than expected 12-month samples we modified the
design to include the 18- and 24-month time points from
the parent study, and combine these measurements using
the geometric mean.

Information on treatment type (chemotherapy, hormonal
therapy), age, and body mass index, as well as their family
history of breast/ovarian cancer and other information rele-
vant to assessing their risk of having a BRCA mutation
(e.g., Jewish ancestry, relative with a known BRCA mutation)
was recorded. Family history was collected at first visit with a
medical oncologist and the National Comprehensive Cancer
Network Guideline (version 1.2018) was followed for BRCA
mutation testing decision (17).

Collection and testing of blood samples

Resulting sera were aliquoted and stored first at -80°C, then
long term at -273°C. Frozen aliquots were sent on dry ice
for testing at Ansh Labs where serum AMH was measured us-
ing a two-site enzyme-linked immunoassay (picoAMH
ELISA) following the manufacturer’s instructions. The AMH
levels were expressed in nanograms per milliliter and all as-
says were performed within 3 days in mid-August 2017
with a single lot of reagents. Samples were initially diluted
1:10. The reportable range was 0.003-23 ng/mL. Initial values
<0.03 ng/mL were retested without dilution and any samples
with initial values >11.5 ng/mL were retested at a 1:20
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dilution. All final optical densities were within the standard
curve. The coefficient of variation for the four levels of pooled
serum quality controls tested along with study specimens
were all <79%.

Inclusion and exclusion criteria

Among all women enrolled, we excluded those that were aged
>43 years as they may be approaching menopause during
follow-up. Women who had recurrence and needed additional
chemotherapy were also excluded. Also excluded were those
women with a baseline AMH of <0.5 ng/mL, as these low
baseline levels could limit the understanding of the magni-
tude of the impact of chemotherapy on the ovarian reserve,
causing a dilution effect on the study findings. Levels <0.5
ng/mL were excluded according to the minimum AMH levels
stipulated by the Bologna criteria (18). Also excluded were
those women who did not have at least one observation at
12, 18, or 24 months and those who only received endocrine
therapy (tamoxifen). The remaining patients were stratified
into a study and two control groups: BRCA-mutation-posi-
tive (study), BRCA-mutation-negative and those that did
not receive BRCA testing, generally due to a negative family
history (low risk). To account for the possibility of breast can-
cer independently affecting ovarian reserve, both BRCA
negative and low-risk untested women were combined to
serve as controls.

Mouse bioassay

Three-month-old Friend Virus B (FVB) mice (N = 8) were
superovulated to obtain supernumerary oocytes for the assay.
For superovulation, mice aged 12-15 weeks were given an
intraperitoneal injection of 5.0 IU pregnant mare’s serum
gonadotropin. Germinal vesicle oocytes were collected and
were randomly assigned to BRCA small interfering ribonu-
cleic acid (siRNA) (N = 128), scrambled siRNA (N = 118), or
sham (N = 110) microinjections. After the microinjection,
the oocytes were exposed to doxorubicin (100 wug/ml)
in vitro for 1 hour in human tubal fluid media (Irvine Scien-
tific California) (3, 11). After which time, the oocytes were
transferred to fresh human tubal fluid media and evaluated
for survival 8 hours later. An oocyte was considered to not
have survived if it had a condensed nucleus dissociated
from the zona pellucida.

The choice of doxorubicin (Adriamycin) was because this
chemotherapeutic agent is one of the main components of the
most common chemotherapy regimen (doxorubicin [Adria-
mycin] plus cyclophosphamide plus paclitaxel [Taxol] or
AC+HT) used in our study. In addition, cyclophosphamide is
not bioactive in vitro. Furthermore, in previous in vivo human
xenograft and in vitro human ovarian cortical culture studies
we showed that doxorubicin induces oocyte death by DNA
DSBs and that it activates the kinase ataxia-telangiectasia
mutated-mediated repair pathway, in some cases resulting
in repair and rescue from apoptosis (11). Hence doxorubicin
is a suitable drug to test the role of impaired BRCA function
on the chemotherapy sensitivity of oocytes.

Fertility and Sterility®

Statistical analyses

Regression and inference testing was always performed on
the log-transformed adjusted AMH values, percentages, or ra-
tios. The AMH levels are dependent on the woman'’s age. A
univariate log-linear regression analysis was performed on
the referent population (those not tested for BRCA mutations)
resulting in an expected AMH level given a woman’s age. The
AMH results at baseline (before cancer treatment) for all
women were divided by their expected level based on age,
to produce an “adjusted” AMH result with an expected me-
dian of 1.00 in the referent group. The adjusted baseline
AMH levels were then compared between the three groups
of women with breast cancer using analysis of variance (AN-
OVA) and t-tests, after a logarithmic transformation (AMH
levels can vary by more than a factor of 1,000).

Adjusting AMH results for the woman’s age at sample
collection reduces variability and improves comparability in
two ways. Each woman’s results over time could be compared
to her initial result without accounting for age. However, do-
ing so would make it appear as though a ratio of 1.00 in one
woman is the same as 1.00 in another woman, which would
not be true if they were of different ages when enrolled. Ac-
counting for age, a major covariate of AMH makes a direct
comparison between women possible. In addition, accounting
for age ensures that the observed levels of AMH 1 or 2 years
later are not simply due to aging. The reductions we shown are
independent of the women’s age or time of sampling.

To estimate ovarian “recovery,” the longitudinal AMH
observations at 12, 18, and 24 months were also adjusted
for the woman'’s age at the time of collection, as described
earlier. The geometric mean adjusted AMH value during
this time period was then computed for each woman and a
ratio between this value and her baseline AMH was
computed and reported as the percentage recovery. For
example, if the recovery was to be <100% (average adjusted
12- to 24-month AMH levels equal that at baseline), it would
indicate that woman’s ovarian reserve had not completely
recovered. These percentage recovery estimates were then
compared between the three BRCA groups of women with
breast cancer using ANOVA and t-tests, after a logarithmic
transformation.

Statistical significance was two-tailed at the 0.05 level.
Analyses and methods were specified by a formal analytic
plan, but slightly modified as described. The original outcome
measure was 12-month after chemotherapy AMH level recov-
ery compared between the BRCA-mutation-positive study
group and the two control groups (negative and untested).
We planned to combine the control groups if they had similar
AMH levels, as we have done in our previous studies (2).

Our initial power analysis based on expected 30% differ-
ence in serum AMH recovery estimated that approximately 40
subjects were needed in each of the three groups to have 80%
power to detect these differences at a P = .05 level of signif-
icance. Oocyte survival in in vitro chemotoxicity assay was
analyzed with contingency tables. Based on our previous
publication (3), we determined that a minimum of 50 oocytes
was needed in each group to detect 30% difference in survival
with 90% power. Analyses were performed using BMDP
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(Statsols US) with figures produced using GraphPad Software,
Prism v7.04.

RESULTS
Patient population

Enrollment ended in November 2017. Among the 164 women
who had a baseline sample and were followed, 21 were aged
43-45 years at enrollment, 16 had baseline AMH values under
0.5 ng/mL (0.02 to 0.48 ng/mL) and 19 had no blood samples
in the 12- to 24-month time period used to define AMH recov-
ery and were not eligible for the study. (Fig. 1). The remaining
108 evaluable women were stratified into three groups: 13
with a pathogenic or likely pathogenic BRCA mutation and
1 with a variant of unknown significance, 59 with no BRCA
pathogenic mutations (including 2 with likely benign poly-
morphisms), and 35 with no BRCA mutation testing per-
formed after breast cancer risk assessment. Table 1 shows
demographic, raw AMH test results, estrogen receptor status,
and treatments for the 108 included women, stratified by
BRCA mutation status. Those with an identified mutation
were somewhat younger (33.7 years) compared with the other
groups (36.3 and 36.1 years), but the difference did not reach
statistically significance (P = .10). There were no significant
differences in body mass index, estrogen receptor status, or
mean baseline unadjusted AMH result. The lowest average
AMH levels occurred in those with an identified pathogenic
BRCA mutation, despite their younger age, in concordance
with earlier reported association of lower ovarian reserve in
BRCA mutation carriers.

The 19 women who were excluded due to lack of a 12- to
24-month follow-up sample were similar to those included in
terms of the type of chemotherapy used (doxorubicin and
cyclophosphamide followed by paclitaxel use 84% vs. 77%
in the study group; P = .56) and BRCA mutation status
(16% vs. 13% in the study group; P = .72). However, they
were older than those who completed the follow-up (39.8 +
3.0 vs. 35.8 £+ 4.0; P<.001). The latter could be explained
because older women are more likely to experience meno-
pause after chemotherapy and not see a need for continued
follow-up.

Adjusted baseline AMH levels by BRCA mutation
testing status

To account for the known dependence of AMH levels on the
woman'’s age, a univariate linear regression on the log trans-
formed AMH was performed for the 35 women without a
known BRCA mutation (Supplemental Fig. 1, available on-
line). The correlation was -0.28 (P = .10). For example, a
25-year-old referent woman (BRCA untested, low risk by Na-
tional Comprehensive Cancer Network guidelines) has an ex-
pected AMH level of 5.87 ng/mL, whereas a 40-year-old
woman has an expected AMH level of 2.82 ng/mL; a 52%
reduction during the 15 years. The baseline AMH results in
all 108 women were then adjusted by dividing by the expected
AMH level according to each woman’s age. The results are
shown in Figure 2. The geometric mean ratios of observed

FIGURE 1

207 women
Consented to the
Parent study
13 - no baseline sample
5 - no follow-up
25 -t ifen only
164
Baseline and

at least 1 follow up

21 - age 243 years
16 - Baseline AMH < 0.5 ng/ml
19 - no blood @ 12-24 months

108 women
Eligible for the
“BRCA” study
35 women 59 women 14 women
No BRCA mutation No pathogenic BRCA Pathogenic BRCA
testing mutations mutations

Patient selection flow chart. From the parent study, 43 women did not
qualify because they did not follow up after the initial encounter or
received tamoxifen only. In the remaining 164 with at least one
follow up, 19 did not have a sample 12-24 months after
chemotherapy, 16 had a very low baseline AMH, and 21 were aged
>43 years at baseline. The remaining 108 women were eligible to
participate.

Oktay. BRCA and chemotherapy-induced ovarian damage. Fertil Steril 2020.

to expected AMH for the BRCA-negative and BRCA-positive
groups in relation to the referent untested group were 0.76
and 0.66, respectively. Thus, after accounting for age, women
negative or positive for a BRCA mutation have adjusted base-
line AMH levels that are 24% and 34% lower levels than in
women who were not tested. Analysis of variance with a
linear contrast (-1, 0, 1) showed that these differences ap-
proached statistical significance (P = .07). Although this
was not the primary aim of this study and the study was
not powered to assess this, the tendency for lower AMH levels
in women with BRCA mutations is consistent with the recent
data showing accelerated ovarian aging in these women.

As shown in Figure 2A, the baseline AMH levels are
lower in those with a mutation, therefore it is possible
that smaller ovarian reserves might correlate with height-
ened effect of chemotherapy. To explore this possibility
further, we analyzed the relationship between the adjusted
baseline AMH levels with the raw AMH levels found at end
of the chemotherapy treatment in the 42 control women
receiving doxorubicin and cyclophosphamide followed by
paclitaxel (AC-T). Among the 21 women with the lowest
AMH adjusted levels (0.21-0.91 ng/mL), 16 women (71%)
had undetectable AMH levels and the median in the re-
maining 5 women was 0.024 ng/mL. Among the 21 women
with the highest AMH adjusted levels (0.95-3.25 ng/mL),
12 women (57%) had undetectable AMH levels and the me-
dian in the remaining 9 was 0.025 ng/mL (P = .52, Fisher’s
exact, two-tailed test). Although this is not a large dataset,
it presents relatively strong evidence that most of all con-
trols, regardless of their initial AMH levels, are reduced to
very low and essentially equivalent levels with a standard-
ized chemotherapy.
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TABLE 1

Demographic information and unadjusted antiMiillerian hormone (AMH) results, stratified by BRCA mutation testing status.

Not tested Negative
Number 35 59
Age (y)P 36.3 (4.1) 36.1 (4.0)
BMI (kg/mz) 23.6 (4.2) 23.3(4.8)
AMH (ng/mL)"
Baseline 3.4(0.31) 2.6 (0.34)
N =35 N =59
12 months after therapy 0.10 (0.78) 0.11 (0.87)
N =33 N =52
18 months after therapy 0.11 (0.91) 0.12 (0.88)
N =30 N =47
24 months after therapy 0.20 (0.83) 0.16 (0.86)
N =24 N = 41
ER + 30 (86%) 49 (83%)
Treatments®
AC-T 25 (72%) 46 (78%)
CMF-g2-3w 6 (17%) 5 (8%)
Taxol only 4(11%) 5 (8%)
Other’ 0 (0) 3(5%)

BRCA mutation status

Positive All P value®
14 108
33.7 (3.7) 35.8 (4.0) .10
25.0 (4.6) 23.6 (4.5) 49
2.5 (0.35) 2.8 (0.45) 22
N=14 N =108
0.053 (0.95) 0.098 (0.85) 44
N=14 N =99
0.029 (0.99) 0.10(0.91) 16
N=9 N =86
0.045 (0.90) 0.15 (0.86) 18
N=28 N=73
11 (79%) 90 (83%) .82
12 (86%) 83 (71%) .54¢
0 (0%) 11 (10%)
1(7%) 10 (9%)
1(7%) 4 (4%)

AC-T = doxorubicin + cyclophosphamide followed by paclitaxel; BMI = body mass index; CMF-g2-3w = cyclophosphamide + methotrexate + fluorouracil dosed every 2 or 3 weeks;

EC-T = epirubicin + cyclophosphamide followed by docetaxel; ER = estrogen receptor.
@ Comparing the three BRCA mutation status groups.
b Reported as mean (standard deviation).

€ Reported as geometric mean (logarithmic standard deviation), number of observations. Note that these are unadjusted cross-sectional means and P values do not represent the final analysis. For

comparison of adjusted values, please see Figure 2.

9 Reported as N and column percent.

€ x? test of AC-T versus other treatments for the three groups.
fIncludes EC-T / vineralbine.

Oktay. BRCA and chemotherapy-induced ovarian damage. Fertil Steril 2020.

Ovarian recovery at 12-24 months by BRCA
mutation testing status

Among the 108 women, 63 (58%), 33 (31%), and 12 (11%)
provided all three, two, or only one follow-up sample. The
most commonly provided sample was at 12 months (99 of
108 women), whereas 86 and 79 provided samples at 18
and 24 months, respectively. Figure 2B shows the result-
ing distributions of percent AMH recovery, stratified by
the three BRCA mutation testing groups (35 not tested,
59 BRCA negative, and 14 BRCA positive). Women with
BRCA mutations lost significantly larger ovarian reserve
than the BRCA mutation negative or untested (low risk)
control groups. The geometric mean recoveries were
3.7%, 5.2%, and 1.6%, respectively. Stated differently,
the mean recovery in the BRCA mutation positive group
was about one-third the 4.6% recovery in the other two
control groups combined (two-group ANOVA, P = .03, F
= 4.89). A log-linear regression on all women with three
AMH observations over time showed a slight tendency
for the levels to increase but not sufficiently large or
consistent to warrant adjustment. By that analysis, the
geometric mean of the multiple measurements appeared
to be a reliable indicator of ovarian recovery after chemo-
therapy treatment.

Given that the ovarian damage and recovery are depen-
dent on the type and dose of chemotherapy, the data were re-
analyzed after restriction to those treated with AC-T. Of the
108 women in the previous analysis, 83 (77%) were treated
with AC-T; 25, 46, and 12 women in the three groups,
respectively. The geometric mean AMH recoveries for these

new groups were 3.2%, 4.7%, and 1.3% (Fig. 2C). When the
BRCA mutation positive group was compared with other
two groups, the former had significantly worse recovery of
serum AMH levels (ANOVA, P = .04, F = 4.2). These data
show increased liability to chemotherapy-induced ovarian
reserve loss in women carrying pathogenic germline BRCA
mutations.

Confirmation of biological basis in an in vitro
mouse oocyte chemotoxicity assay

We have previously shown that an FVB mouse model repli-
cates chemotherapy-induced DNA damage and repair mech-
anisms in human (3). We have also shown that doxorubicin
induces DNA DSBs and activates BRCA-mediated DNA
repair mechanisms in FVB mouse and human oocytes (10,
11). To demonstrate the biological basis of increased loss
of ovarian reserve in women with BRCA mutations after
chemotherapy, FVB mice oocytes were treated with doxoru-
bicin (100 ug/mL) for 1 hour after sham, scrambled small
interfering RNA, or small interfering RNA microinjection
to silence BRCA1 in the oocytes. A significantly higher per-
centage of oocytes died in response to chemotherapy in the
BRCA silenced group (58.59%; 75/128 injected) when
compared with the sham (43.64%; 48/110 injected) and
scrambled-siRNA-injected controls (40.68%; 48/118) (P =
.003) (Fig. 3). These findings confirmed the biological basis
of our clinical finding that the women with BRCA mutations
are more susceptible of losing their ovarian reserve after
chemotherapy treatment.
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Adjusted baseline antiMdllerian hormone (AMH) and ovarian recovery in women with breast cancer after receiving gonadotoxic chemotherapy, as
defined by the geometric mean AMH adjusted levels at 12—24 months, stratified by BRCA mutation testing status. (A) Each woman’s AMH level was
divided by the expected level based on her age at baseline testing. The expected value in the not tested group that were used for the regression
analysis will, by definition, have an expected geometric mean ratio of 1.00 (dotted line). The solid horizontal lines indicate the geometric mean
values for not tested and negative controls and the BRCA mutation positive group (1.00, 0.76, and 0.66). Analysis of variance with a linear
contrast (-1, 0, 1) showed that these differences approached statistical significance (P = .07). (B) 108 women with all included chemotherapy
regimens. Each woman's AMH levels at 12, 18, and 24 months (when available) were divided by the expected level based on her age at
sample collection and plotted on the vertical logarithmic axis. The solid horizontal lines indicate the geometric mean values for the not tested
and negative controls and the BRCA mutation positive group (3.7%, 5.2%, and 1.6%). The dashed line at 4.6% shows the geometric mean
for the not tested and BRCA negative groups combined, which is significantly different from the recovery in women with an identified
deleterious BRCA1 and/or BRCA2 mutation (two-group analysis of variance, F = 4.89, P = .03). (C) Same data with restriction to doxorubicin +
cyclophosphamide + paclitaxel treatment, reducing the numbers from 108-83. The solid horizontal lines indicate the geometric mean values
for the not tested and negative controls and the BRCA positive group (3.2%, 4.7%, and 1.3%). The dashed line shows the geometric mean for
the not tested and negative groups combined (4.1%), which is significantly different from the recovery in women with an identified deleterious
BRCA1 and/or BRCA2 mutation (two-group analysis of variance, F = 4.2, P = .04).

Oktay. BRCA and chemotherapy-induced ovarian damage. Fertil Steril 2020.

DISCUSSION

In this 8-year prospective longitudinal study, we have shown,
for the first time, that women treated for breast cancer who
carry pathogenic BRCA mutations lose significantly larger
ovarian reserve than similarly identified women who do not
carry or are at low risk for carrying such mutations. The
loss of ovarian reserve was quantified using adjusted AMH
levels between 12 and 24 months after chemotherapy treat-
ment compared with baseline levels before chemotherapy
treatment. Women with BRCA mutations lost significantly
larger ovarian reserve than the BRCA mutation negative or

untested (low risk) control groups. The mean recovery in the
BRCA mutation positive group was about one-third the re-
covery in the other two groups combined (two-group AN-
OVA, P = .03, F = 4.89). Restriction of the analysis to
single chemotherapy regimen (AC-T) did not change the re-
sults (ANOVA, P = .04, F = 4.2). AC-T tends to be the more
commonly used chemotherapy regimen for BRCA mutation
carriers and young women with breast cancer. That regimen
contains two gonadotoxic drugs: doxorubicin (Adriamycin)
and cyclophosphamide, both inducing DNA DSBs in primor-
dial follicle oocytes as we have previously shown (10, 11).
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FIGURE 3
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BRCA1 deficiency results in oocyte sensitivity to chemotherapy in a mouse bioassay. FVB mice oocytes were treated with doxorubicin (100 ug/mL)
for 1 hour after sham, scrambled small interfering ribonucleic acid (siRNA), or sSiRNA microinjection to silence BRCA1 in the oocytes. Oocyte survival
was assessed 8 hours later. (A) Significant increase (P = .003) in the percentage of oocyte death was observed in the BRCA silenced group (128
oocytes from 8 mice) when compared to the sham (110 oocytes from 8 mice) and scrambled-siRNA-injected group (118 oocytes from 8 mice).
Representative differential interference contrast images of the sham (B), scrambled siRNA (C) and BRCA1 siRNA-treated (D) oocytes are shown
after doxorubicin exposure. White arrows point to representative viable and red arrows point to nonviable oocytes.

Oktay. BRCA and chemotherapy-induced ovarian damage. Fertil Steril 2020.

Although doxorubicin is not included in the second most
common regimen (cyclophosphamide, methotrexate, and
fluorouracil), its gonadotoxicity appears to be similar to the
AC-T regimen because of the higher cumulative doses of
cyclophosphamide used in the former (19). To strengthen
our clinical findings and conclusion that BRCA deficiency re-
sults in increased ovarian reserve loss after chemotherapy
treatment, we also performed a previously validated mouse
bioassay. In that assay, interference with BRCA1 function re-
sulted in significantly increased oocyte death after exposure
to doxorubicin in vitro, confirming the biological basis of
our clinical findings. These results show, for the first time,
that women with pathogenic BRCA mutations have increased
liability to chemotherapy-induced ovarian damage.

Our findings may have clinically significant implications
for young women with BRCA mutations. Greater decline or

lower recovery of AMH levels after chemotherapy treatment
among women with BRCA mutations indicate that women
with BRCA mutations may be more likely to lose their ovarian
reserve after breast cancer treatment. In fact, we have previ-
ously shown that women with BRCA mutations may have
accelerated ovarian aging. Compared with controls, they
have lower serum AMH levels (3-6), fewer primordial
follicles in their ovaries (8), and increased age-related DNA
damage in their oocytes (9), as well as experiencing natural
menopause at earlier age (20-22). Taken collectively with
these data, our current findings warrant special attention to
reproductive function of women with BRCA mutations.
Having accelerated ovarian aging and increased liability to
chemotherapy-induced ovarian reserve loss is a double
whammy and underscores the importance of early interven-
tion for fertility preservation. Women with BRCA mutations
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can undergo oocyte or embryo cryopreservation with the aid
of aromatase inhibitor supplemented ovarian stimulation
protocols, as we have shown previously (23). Ovarian cryo-
preservation is no longer considered experimental by many
professional societies in several countries. The American So-
ciety for Reproductive Medicine has also recently removed the
ovarian tissue cryopreservation from the experimental cate-
gory (24). However, the safety of early oophorectomy fol-
lowed by ovarian cryopreservation for future ovarian
autotransplantation as another fertility preservation strategy
remains to be determined among women with pathogenic
BRCA mutations (25, 26).

The strengths of our study include its novelty, prospective
longitudinal nature, uniformity of treatments and relatively
long term follow up post chemotherapy as well the mecha-
nistic confirmation with a mouse bioassay. By showing in a
mouse chemo-sensitivity assay that knock down of BRCA1
gene function results in significantly increased chemo-
induced oocyte death, we provided the biological basis and
mechanistic confirmation for our clinical findings.

Our study had some limitations. We had lower than ex-
pected accrual in the BRCA mutation-positive group. Our
original power analysis indicated that approximately 40 sub-
jects would be needed in each group; this was essentially met
for two groups, but fell short for the group with deleterious
BRCA mutations. However, because of the larger than ex-
pected difference between the ovarian recovery of women
with BRCA mutations and controls, the results were still sta-
tistically significant. Although the low accrual did not have
an impact on the primary outcome measure of serum AMH
level recovery, it did affect the comparison of baseline serum
AMH levels between the groups, which was not a primary
outcome measure. Qur baseline AMH values in mutation car-
riers were lower than the controls groups, approaching statis-
tical significance (P = .07). Previous studies showed that the
ovarian reserve is lower primarily in women with BRCA1 mu-
tations (3, 9). Because we analyzed women who had BRCA1
and BRCA2 mutations together due to insufficient power
for subgroup analysis in this study, the impact of BRCA1 mu-
tations on ovarian reserve may have been underestimated.
However, the finding of lower ovarian reserve in BRCA muta-
tion carriers is strongly supported when these results are com-
bined with our earlier work (3) and those of other
investigators (4-6). Similarly, we did not have the power to
analyze whether women who had BRCA1 mutations would
be more susceptible to chemotherapy-induced ovarian reserve
loss than those with BRCA2 mutations. It is also possible that
we might have underestimated the impact of chemotherapy
on ovarian reserve in women who had BRCA1 mutations.

This study was unique with its longitudinal nature. Not
having every time point for each participant may have intro-
duced additional variability. This was addressed by using age-
adjusted geometric means of all available time points from
each patient. We compared the geometric mean AMH levels
at 12, 18, and 24 months after treatment. This had two advan-
tages: it increased the effective sample size by about 11% and
by providing multiple samples from the same individual, pro-
vided us with a more stable measure of ovarian reserve.
Finally, although AMH levels strongly predict age at

menopause (7, 27-29) and long-term ovarian function
after chemotherapy treatment for early stage breast cancer
(30-32), additional follow-up and/or larger cohort will be
needed to determine whether women who have BRCA muta-
tions are more likely to be infertile and menopausal after
chemotherapy treatment. However, such studies may take de-
cades to complete due to the challenges in obtaining pro-
tracted longitudinal follow-up in affected women with
BRCA mutations. At present, a sharper decline in serum
AMH levels after chemotherapy treatment is strongly sugges-
tive of a shortened reproductive lifespan among women car-
rying BRCA mutations. Supporting this conclusion, limited
published data, and the unpublished data from our reference
laboratory (Ansh) indicates that serum AMH levels of <0.01
ng/mL is indicative of menopause (27, 31-33). Using this
cutoff point, although this was not a preplanned analysis, a
larger percentage of women with BRCA mutations were at
risk for menopause versus those negative and untested
controls combined (29% vs. 12.7%), but this difference did
not reach statistical significance (P = .12, Fisher’s exact test).
In conclusion, we showed that the presence of pathogenic
BRCA mutations might put women at reproductive disadvan-
tage when exposed to genotoxic stress such as the breast can-
cer chemotherapy treatment. These findings have significant
bearing for fertility preservation counseling in women with
BRCA mutations and the improved understanding of the
mechanisms connecting aging, infertility, and cancer.
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Pérdida de reserva ovarica inducida por la quimioterapia incrementada en mujeres con mutaciones de la linea germinal BRCA debido a
deficiencia en la reparacion del acido desoxirribonucleico de doble cadena en el ovocito

Objetivo: Evaluar si las mujeres con mutaciones BRCA (WBM) experimentan una mayor disminucion en la reserva ovarica después de
tratamiento con quimioterapia, debido a que este provoca la muerte ovocitaria debido a dafo del dcido desoxirribonucleico (DNA), y las
mutaciones BRCA resultan en deficiencia en la reparacion de danos en el DNA.

Diseno: Estudio longitudinal de cohorte.
Ubicacion: Centros académicos.

Paciente(s): Las 108 mujeres con cancer de mama evaluables fueron estratificadas en aquellas que nunca habian sido testadas para
mutacion BRCA patogénica (historia familiar negativa; (n=35) y aquellas negativas (n=59) o positivas (n=14).

Intervencion(es): Se obtuvo suero longitudinalmente antes y 12-24 meses después de tratamiento con quimioterapia, utilizado para
medir hormona antimiilleriana (AMH), y ajustado para la edad en el momento de la obtencién de la muestra.

Principales Medidas de Resultados: Recuperacion ovarica, definida como la media geométrica de los niveles de AMH ajustados a la
edad después de la quimioterapia comparados con los basales.

Resultado(s): En comparacion con los controles, los niveles de AMH antes del tratamiento de quimioterapia fueron 24% y 34% mas
bajos en aquellos negativos o positivos para mutaciones BRCA, consistente con el envejecimiento ovarico acelerado en WBM. El WBM
tuvo una diferencia del triple en la recuperacion de AMH después del tratamiento de quimioterapia (1.6%), en comparacién con los con-
troles BRCA negativos (3.7%) y no testados/ bajo riesgo (5.2%). Al limitar el analisis al régimen mas comun, doxorubicina y ciclofos-
famida seguido de paclitaxel, se observaron resultados similares. Estos hallazgos se confirmaron mecanicamente en un bioensayo de
eliminacion de BRCA de ovocitos de ratén in vitro, que mostré que la deficiencia de BRCA resulta en un aumento de la susceptibilidad de
los ovocitos a la doxorubicina.

Conclusion(es): Las mujeres que tienen mutaciones BRCA patogénicas tienen mas probabilidades de perder reserva ovarica después del
tratamiento de quimioterapia, sugiriendo un énfasis en la preservacion de la fertilidad. Ademas, nuestros hallazgos generan la hipotesis
de que la deficiencia de reparacion del ADN es un mecanismo compartido entre envejecimiento, infertilidad y cancer.
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SUPPLEMENTAL FIGURE 1
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Log-linear regression of adjusted baseline antiMullerian hormone
versus age, among the 35 referent women not tested for BRCA
mutations who had a negative family history. The slope of the line
is -0.0212 (P = .07) with an intercept of 1.30 and correlation of
-0.28 (P = .10). The expected antiMdillerian hormone baseline value
for a 25-year-old referent woman is 5.87 ng/mL; 2.82 ng/mL for a
40-year-old referent woman. AMH = antiMillerian hormone.
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