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CGG repeat length and AGG interruptions as indicators of
fragile X-associated diminished ovarian reserve
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Purpose: Fragile X premutation (PM) carriers may experience
difficulties conceiving a child probably due to fragile X-associated
diminished ovarian reserve (FXDOR). We investigated which
subgroups of carriers with a PM are at higher risk of FXDOR,
and whether the number of AGG interruptions within the repeat
sequence further ameliorates the risk.

Methods: We compared markers of ovarian reserve, including anti-
Miillerian hormone, antral follicle count, and number of oocytes
retrieved between different subgroups of patients with a PM.

Results: We found that carriers with midrange repeats size (70-90
CGG) demonstrate significantly lower ovarian reserve. Additionally,
the number of AGG interruptions directly correlated with parameters
of ovarian reserve. Patients with longer uninterrupted CGG repeats
post-AGG interruptions had the lowest ovarian reserve.

INTRODUCTION

Fragile X syndrome (FXS) (OMIM #300624) is the most
common cause of heritable intellectual disability and is the
leading single-gene defect associated with autism, affecting
approximately 1:4,000 males and 1:8,000 females.! FXS is caused
by a CGG repeat expansion in the 5'UTR of the fragile X mental
retardation (FMRI) gene on the X chromosome.! Besides FXS,
expansion of CGG repeats within the FMRI gene is also
associated with other disorders: fragile X-associated primary
ovarian insufficiency (FXPOI)? and fragile X-associated tremor
ataxia syndrome.> Whereas FXS is caused by CGG repeat length
of over 200 (full mutation (FM)) and FMRI gene silencing, it has
been proposed that FXPOI and fragile X-associated tremor
ataxia syndrome are caused by toxic FMRI messenger RNA
(mRNA)*® and/or expression of an aberrant FMRpolyG protein
in premutation (PM) patients with 55-200 repeats.®

FXPOI is characterized by amenorrhea (or oligomenorrhea)
and menopausal follicle-stimulating hormone (FSH) levels
(>40 mIU/ml) before the age of 40,7 affecting 13-20% of
female carriers with a PM.%? Several studies have found a
relatively high prevalence of PM in the general population: ~ 1
in 150-300 females and ~ 1 in 400-850 males.! This suggests
that all physicians are likely to see patients with this
condition. In addition, patients with a PM may also present

Conclusion: This study connects AGG interruptions and certain
CGG repeat length to reduced ovarian reserve in carriers with a PM. A
possible explanation for our findings is the proposed gonadotoxicity of
the FMRI transcripts. Reduction of AGG interruptions could increase
the likelihood that secondary RNA structures in the FMRI messenger
RNA are formed, which could cause cell dysfunction within the
ovaries. These findings may provide women with guidance regarding
their fertility potential and accordingly assist with their family
planning.
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with sub/infertility associated with fragile X-associated
diminished ovarian reserve (FXDOR). Unless caused by an
abrupt, usually iatrogenic factor (such as oophorectomy,
gonadotoxic chemotherapy, radiation, or ovarian surgery),
POI would logically be preceded by diminished ovarian
reserve (DOR). However, not all women with ovarian
dysfunction and DOR develop POIL For that reason, we
would assume that DOR is a much more common feature
associated with FMRI PM than FXPOI specifically.
Although women with a PM tend to have higher cycle day 3
serum FSH levels when compared with healthy, age-matched
controls, so far there has been no stratification of the level of
DOR among carriers with a PM based on the repeat length.® It
was, however, shown that carriers with a PM with <100 CGG
repeats demonstrate a lower response to controlled ovarian
hyperstimulation and decreased fertilization rates compared
with those with >100 CGG repeats.!? Also using question-
naires it has been previously reported that some carriers with
a PM with the midrange repeat size (80-100 repeats)
demonstrate lower fertility.!! Today, in addition to day 3
FSH and surveys, there are several more accurate parameters
of ovarian reserve in our armamentarium, such as antral
follicle count (AFC) and anti-Miillerian hormone (AMH).1213
So far no correlation has been found between the AFC and
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CGG repeat number.'* One study showed that carriers with a
PM whose FMRI gene contains more than 70 repeats
demonstrate poorer ovarian reserve (reduced AMH level)
compared with their counterparts with <70 CGG repeats.
However, it was not reported whether patients with midrange
repeat length demonstrated lower ovarian reserve.!*> Another
group found that having midsize and high CGG repeat (80-
120 repeats) was associated with lower number of retrieved
oocytes.!> Nevertheless, due to discrepancies between the
repeat sizes as well as markers of ovarian reserve used in these
different studies, further studies are needed to tease out the
exact repeat length range that represents the highest risk for
FXDOR and subfertility or infertility.

The presence of AGG interruptions within the CGG repeat
sequence could indicate a better fertility outcome for patients
carrying a PM. It is known that CGG repeats in the FMRI
mRNA form stable secondary structures such as hairpins.!® It
was observed that women with a PM and at least one AGG
interruption within the CGG repeat sequence are less likely to
have an expansion of CGG repeat length into a FM and
consequently are less likely to have a child with FXS in the
next generation.!”"!? This could potentially be explained by
inhibition of the formation of secondary structures at the
DNA level, which in turn would diminish the chance of DNA
polymerase stalling and slippage,?~2? otherwise responsible
for repeat expansions. It has also been shown that RNA
containing the FMRI CGG repeats is also able to form
secondary hairpin structures in vitro.!'® Secondary structures
in the FMRI mRNA have the ability to sequester cellular
RNA-binding proteins, leading to the loss of their function.
Disruptions of the formation of these hairpins in the FMRI
mRNA by AGG sequences could destabilize hairpin
formation'® and thus alleviate the severity of PM-associated
disorders. So far, a correlation between the number of AGG
interruptions within the CGG repeat sequence and outcome
of fragile X-associated PM diseases has not been evaluated.

Here, we studied whether the repeat size and AGG
interruptions influence the ovarian reserve in women carrying
a PM. We found that carriers with a PM of 70-90 CGG
repeats demonstrated the lowest AMH levels and AFC when
compared with those carriers with <70 or >90 repeats as
well as unaffected controls. In addition, we found that having
AGG interruptions within the repeat sequence was correlated
with improved ovarian reserve. These results suggest that
AGG interruptions in the CGG repeat sequence might indeed
lower the propensity of formation of secondary structures in
FMR1 mRNA, thus preventing its gonadotoxic effect,
otherwise responsible for ovarian dysfunction in these
patients. Furthermore, our results show that women with a
PM in the midrange repeat length have the highest risk for
DOR. These results shed light on the mechanisms responsible
for reduced ovarian reserve in patients carrying a PM, and can
contribute to genetic and clinical counseling of women who
are at risk for fragile X-associated ovarian dysfunction.
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MATERIALS AND METHODS

Patient inclusion criteria

All patients who were diagnosed with a fragile X PM (55-200
CGG repeats within FMRI gene) between 2009 and 2015,
either at our institution or referred to us after being diagnosed
at an outside institution, were assessed for potential inclusion.
At our institution, Next Step pan-ethnic carrier screening is
utilized to screen for FMRI PM or a FM, among other 280
genetic diseases. Since 2009, all incoming patients at the
Center for Reproductive Medicine at Weill Cornell Medicine
are routinely tested for CGG repeat length within the FMRI
gene and parameters of ovarian reserve (cycle day 2 FSH level,
AMH level, and cycle day 2/3 ultrasound for AFC
determination). Patients included in our study are patients
seeking care for either infertility or for already known genetic
abnormalities or both. Patients are treated using in vitro
fertilization (IVF) to help to conceive a child and IVF with
preimplantation genetic diagnosis to avoid propagation of
genetic abnormalities to the offspring. All of the women in the
study were still menstruating with normal levels of cycle day 2
FSH level.

Once a PM has been detected, the patient was referred to
genetic counseling, during which the option of risk-reducing
preimplantation genetic diagnosis is discussed, among other
interventions. All the carriers with a PM who had at least one
parameter of ovarian reserve (AFC or AMH) determined, and
for whom the information about the number of CGG repeats
was available, were included in the final analysis. Two patients
had a PM on both alleles. As a control group, we used age-
and body mass index-matched healthy women who were
treated due to male factor (sub/infertility because of low
sperm counts) at our facility during the study period
(Supplementary Table 2 online). In 2013, we started testing
for the number of AGG interruptions within the CGG repeat
sequence for patients with <100 repeats?® to further stratify
the risk of expansion into a FM in the next generation. This
testing was performed at Asuragen (Austin, TX) by
polymerase chain reaction. The primary outcomes included
mean AMH serum level, mean AFC, and the mean number of
oocytes retrieved. If a patient had multiple IVF cycles, the
mean number of retrieved oocytes was used. Secondary
outcomes included correlations between the number of CGG
repeats and parameters of ovarian reserve, and correlations
between the number of AGG interruptions and parameters of
ovarian reserve.

Serum AMH levels were determined using Access2 ELISA
kit (Beckman Coulter, Jersey City, NJ). A standard curve was
generated in parallel to the assay and utilized to convert the
absorbance values to ng/ml. The lower limit of sensitivity was
0.16 ng/ml. The coefficient of variation was <10% across the
standard curve for both intra- and interassay variability. AFC
represents the sum of antral follicles (5-10 mm) in both
ovaries that was determined using transvaginal ultrasound on
cycle day 2 of a menstrual cycle.
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Clinical protocols

Protocols for controlled ovarian hyperstimulation, oocyte
retrieval, in vitro fertilization, and embryo transfer were
conducted according to the previously outlined practice.?*
Briefly, the patients were either downregulated with the use of
gonadotropin-releasing hormone agonist (Lupron, Abbott
Pharmaceuticals, Worcester, MA, USA) followed by stimula-
tion with gonadotropins (Follistim, Merck, Whitehouse
Station, NJ, USA; Gonal-F, EMD-Serono, Rockland, MA,
USA; and/or Menopur, Ferring, Parsippany, NJ, USA) or were
treated with gonadotropins until criteria for pituitary
suppression with a gonadotropin-releasing hormone antago-
nist (0.25 mg Ganirelix acetate, Organon) were met.>> Human
chorionic gonadotropin (Pregnyl, Merck) or a combination of
human chorionic gonadotropin and gonadotropin-releasing
hormone agonist was used as the ovulatory trigger when the
two lead follicles reached a mean diameter >17 mm.
Ultrasound-guided transvaginal oocyte retrieval was per-
formed after 35-37 hours following the ovulatory trigger
based on our standard practice.?*

Statistical analysis

STATA Statistical Software version 11 (StataCorp LP, College
Station, TX) was utilized for data analysis. Continuous
variables were analyzed using Student’s t-test as the data
was normally distributed. Categorical variables were analyzed
by chi-square and Fisher’s exact test. A P < 0.05 was
considered statistically significant for all tests indicated.
Multiple linear regression was used to examine the relation-
ship between two independent continuous variables: (i) the 3’
uninterrupted CGG repeats after determination of AGG
interruption location within the affected allele and parameters
of ovarian reserve (AMH and AFC), and (ii) the number of
AGG interruptions within the affected allele and the
parameters of ovarian reserve while controlling for confoun-
der (patients” age) and predictor variable (repeat size length).
Because age is inversely linearly correlated to log odds of the
outcome (parameters of ovarian reserve (AMH and AFC)),
age was included in the linear model as a continuous variable
to control for age in this model. To calculate the multivariate
linear regression we used STATA Statistical Software version
11. We used then the R® (the coefficient of multiple
determination for multiple regression) as statistical measure
of how close the data are to the fitted regression line, which
was also calculated with STATA. The Institutional Review
Board of Weill Cornell Medicine approved the current study.

RESULTS
Carriers with a PM and a midrange number of CGG repeats
have been found to have a higher risk of FEXPOI.2® We were
interested to test whether women with a PM and the midsize
repeat length are at a higher risk for FXDOR than women
with a PM with lower and higher repeat number. A total of 96
patients with a PM and 86 healthy controls were included in
the final analysis (Table 1). Carriers with a PM were further
divided into 2 groups based on the number of CGG repeats:
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24 patients with 70-90 CGG repeats constituted the
“midrange group,” while 72 of those with lower or higher
number of CGG repeats were included in the “<70 & >90
group.” All groups, women with PM and controls, were
matched for age and body mass index (Table 1). To test for
ovarian reserve we compared the AMH level, AFC, and
number of retrieved oocytes between those groups. We found
that the AMH levels were decreased in women carrying a PM
in comparison with the control group. In particular, the
ovarian reserve parameters of ovarian reserve were
significantly lower for midrange carriers with a PM in
comparison with carriers with a PM with lower or higher
repeat number (Table 1 and Figure 1). Midrange carriers
with a PM demonstrated significantly lower AFC (Figure 1a)
as well as mean serum AMH levels (Figure 1b) in comparison
with patients with a PM with <70 and >90 CGG repeats.
Furthermore, 62 of 96 patients with a PM underwent
controlled ovarian hyperstimulation and oocyte retrieval,
and again, the midrange group demonstrated significantly
lower number of oocytes retrieved when compared with
carriers with a PM with lower or higher repeat number
(Figure 1c). These results show that carriers with a PM and
70 to 90 CGG repeats have the lowest ovarian reserve and the
highest risk for FXDOR.

AMH is produced by the granulosa cells of growing ovarian
follicles. Decreased AMH levels could be indicative of
granulosa cell dysfunction and/or an overall decreased
number of growing follicles. It has been suggested that the
increased FMRI mRNA in granulosa cells of patients with a
PM could result in cellular gonadotoxicity by the formation of
secondary RNA structures. These secondary structures could
sequester cellular proteins, thus contributing to loss of their
function in the cells'® and leading to cellular toxicity resulting
in ovarian dysfunction. We hypothesize that AGG interrup-
tions could prevent the formation of these secondary
structures in the FMRI mRNA, and cellular toxicity as well
as ovarian dysfunction. To test this hypothesis, we sought to
determine if AGG interruptions within the CGG repeat
sequence correlates with ovarian reserve as reflected by the
AMH level, AFC, and the number of oocytes retrieved.
Starting in 2013 a total of 32 patients with a PM and fewer
than 100 CGG repeats were tested for AGG interruptions in
our center. The purpose of the testing was the emerging
relevance of these interruptions for CGG repeat expansion to
the FM range in the next generation, when the women are PM
carriers'”~1° (Table 2). When analyzing all carriers with a PM
of age 35 or younger (19 patients), we found that the AMH of
those with 2 AGG interruptions within the CGG repeat
sequence was higher than those carriers with none or 1 AGG
interruption (Figure 2a). Similar results were obtained for all
carriers with a PM at all ages (32 patients, Supplementary
Figure 2). Furthermore, using multiple linear regression
analysis to control for age and repeat length, we observed in
carriers with a PM and of all ages, whose AGG number has
been determined (n = 32), a correlation between the number
of AGG interruptions and AFC, and a trend in the correlation
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between the number of AGG interruptions and AMH when
controlled for age and the number of CGG repeats
(Supplementary Table 1). Although the number of patients
with a PM and 0 AGG interruptions was small (only 3
patients) we detected a considerably higher ovarian reserve in
patients with a PM and two AGG interruptions in contrast to
one or no AGG interruptions.

Interestingly, we also found that the AMH levels and AFC
tended to be lower in those carriers with a PM with longer 3’
uninterrupted CGG-repeat fragments post-AGG interrup-
tions (Figure 2b, Supplementary Figure 1). Accordingly, the
number of retrieved oocytes was also lower in these patients,
who underwent controlled ovarian hyperstimulation and
oocyte retrieval (Figure 2c). Consistent with these results
we found that while controlling for age, there was an inverse
correlation between the 3’ uninterrupted CGG-fragment
length post-AGG interruptions and AMH, and AFC
(Supplementary Table 1). These results indicate that the
number of the AGG interruptions within the CGG repeat
sequence and the remaining repeat length after AGG
interruptions (3’ uninterrupted CGG repeat-fragment) have
an impact on the ovarian reserve in women with a PM.

DISCUSSION

We were interested in investigating which PM repeat size, and
whether the absence of AGG interruptions within the repeat
sequence, ameliorates the risk of FXDOR. Our results
demonstrate for the first time that AGG interruptions in the
CGG repeat sequence have an effect on the fragile X-
associated ovarian dysfunction in patients carrying a PM. It
has been previously shown that the expansion to FM is
reduced by AGG interruptions within the premutated
allele.!”' AGG interruptions are generally at the 5 end of
the CGG repeat sequence?’~% and it was suggested that these
interruptions stabilize the repeats! probably by preventing the
formation of secondary repeat DNA structures within the cell.
AGG interruptions alter and destabilize the structures formed
by the repeats in vitro.>” However, secondary repeat structures
could also form within the FMRI RNA, as shown in vitro.'6
These secondary RNA structures could interfere with normal
cellular processes, further leading to ovarian dysfunction.
AGG interruptions could decrease the chance or even
completely inhibit the formation of these noncanonical
structures in the FMRI RNA, thus ensuring normal cellular
and tissue functioning. Indeed, we found that reduced
number of AGG interruptions, from 2 to 1 or none, was
associated with increased risk of DOR in patients carrying a
PM. In addition, women with a PM and AGG interruptions at
the 5 end of the CGG repeat leaving a longer 3’
uninterrupted CGG repeat fragment have a lower ovarian
reserve. It seems that the repeat structure (AGG interruptions
and 3’ uninterrupted repeat length) has an effect on the
ovarian reserve regardless of age (Figure 2). Nevertheless,
because our patient group was small (32 patients) it will be
interesting to see whether this will be the case in a larger
study group.
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Figure 1 Lower ovarian reserve in women with a PM with midrange repeat size. Carriers with a PM in the midrange group have (a) lower
antral follicle count (AFC) and (b) lower anti-Mdllerian hormone (AMH) level when compared with carriers with a PM with a lower or higher repeat
number (56-70 or >90 CGG repeats). (¢) In addition, fewer oocytes were retrieved from these patients. The number of patients is indicated in the

diagram.

The PM is associated with increased FMRI gene transcrip-
tion but decreased translation, resulting in low to regular
levels of the fragile X mental retardation protein (FMRP).3!:32
Although one study showed that AGG interruptions seem not
to influence translation efficiency of FMRP?? they might have
an effect on the expression of a homopolymeric polyglycine-
containing peptide (FMRpolyG). Repeat-associated non-
UTG-initiated translation was suggested to lead to expression
of FMRpolyG proteins in the brain of fragile X-associated
tremor ataxia syndrome patients, which could explain certain
symptoms of the PM pathogenesis.® Recently, FMRpolyG

GENETICS in MEDICINE | Volume 00 | Number | Month

proteins were also found in ubiquitin-positive inclusions in
ovarian stromal cells of a women with a PM.>* While the
mechanisms triggering repeat-associated non-UTG transla-
tion are unknown, it has been proposed that the scanning 43S
ribosomal preinitiation complex stalls at the CGG repeats,
allowing for usage of an alternated initiation codon, which
leads to translation of FMRpolyG proteins.® AGG interrup-
tions could prevent stalling of the translation machinery at the
repeats and lead to lower, or an absence of, FMRpolyG
protein production. This could avoid cell toxicity in ovarian
tissues and ovarian dysfunction.
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Table 2 Patients with a PM analyzed for AGG interruptions
Number of AGG Patient’s age CGG 3’ uninterrupted

interruptions Repeat CGG repeat
length fragment
0 33 55 55
31 59 59
36 78 78
1 41 55 45
33 56 46
44 56 34
38 57 47
41 58 47
34 58 47
40 59 45
32 60 49
32 60 50
32 62 52
40 65 48
34 65 55
34 66 55
29 69 59
37 86 66
23 86 76
27 86 75
2 30 55 38
35 55 35
37 55 33
39 56 36
34 57 36
40 58 28
29 60 40
37 63 42
26 63 43
34 65 45
37 68 48
40 74 56

At the beginning of 2013, 32 women with a PM that had fewer than 100 CGG
repeats were tested for AGG interruptions in our center. Summarized are the
repeat lengths, AGG interruptions, age, and the 3’ uninterrupted CGG repeat
fragment after AGG interruptions.

PM, premutation.

It has been previously shown that carriers with a PM and
midrange number of CGG repeats are at higher risk of
developing FXPOI* (reviewed in 26). It was also reported that
carriers with a PM might suffer from sub- or infertility, even
without developing FXPOI later in life.!!> Although DOR
precedes FXPOI, additional factors such as lifestyle, genetic
background, and skewed X chromosome inactivation were
suggested to contribute to the development of FXPOI in
female FMRI carriers.?® To determine the ovarian reserve in
patients with a PM we analyzed three different parameters of
ovarian reserve: AMH level, AFC, and the number of
retrieved oocytes. Our results are consistent with previously
published data, showing that carriers with a PM and
midrange repeat size (70-90) have a significantly lower
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Figure 2 Improved ovarian reserve in women with a PM with
increased number of AGG interruptions. (a) Three patients with a
premutation (PM) with no AGG interruptions, 10 patients with a PM with
one AGG interruption, and 6 patients with a PM with two AGG
interruptions were in the study section. The anti-Mdllerian hormone
(AMH) levels were increased with the number of AGG interruptions in
patients with a PM and age of 35 and younger. (b) AMH level and (c)
the number of retrieved oocytes decreased with the length of longest
remaining uninterrupted CGG repeat in patients with a PM, indicating
that women with AGG interruptions have a higher ovarian reserve in
comparison with carriers without AGG interruptions in the CGG repeat
sequence (see Figure 3).

ovarian reserve in comparison with carriers with a PM and
lower or higher CGG repeat number, as well as age-matched
controls. We also compared the ovarian reserve between
women with a PM and 80-100 CGG repeats with women with
lower and higher CGG repeat numbers and did not find a
significant difference between those groups. Skewed X-chro-
mosome inactivation of the expanded allele could explain the
decreased incidence of FXDOR and FXPOI in patients with a
PM and more than 100 CGG repeats.>® Additionally, it could

Volume 00 | Number | Month | GENETICS in MEDICINE
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Figure 3 Model for diminished ovarian reserve in FMR1 patients
with a premutation (PM). Uninterrupted CGG repeats (yellow) could
form secondary structures within ovarian cells such as granulosa cells.
These RNA structures could cause binding and sequestering of RNA-
binding proteins (red balls), whose function would be lost in the cells
causing cell toxicity. AGG interruptions (purple) in the repeat sequence
could prevent the formation of these secondary repeat structures, and
thus lower the sequestering of proteins in the cell. This in turn could
result in less accumulation of proteins in the cells, and could prevent cell
dysfunction in the ovary in women «carrying a PM. mRNA,
messenger RNA.

also explain why female carriers with a PM have a lower risk
of developing fragile X-associated tremor ataxia syndrome in
contrast to male carriers. However, it has been also reported
that either no evidence or only in limited number of patients
with a PM skewed X-chromosome inactivation of the normal
length repeat might be a risk factor for the development of the
PM pathology.’’ %0 Nevertheless, our results suggest that
similar to FXPOI, carriers with a PM and midrange CGG
repeats are also at a higher risk of developing FXDOR.

An increased FMRI mRNA level was detected in ovarian
granulosa cells of female carriers with a PM.!® Since the CGG
repeats in FMRI mRNA are able to form unusually secondary
structures in vitro,'® we propose a model where disruption of
the formation of these structures by AGG interruptions could
result in lower probability of the formation of secondary
repeat structure in the FMRI RNA and decreased sequester-
ing of RNA-binding proteins (Figure 3), which could inhibit
cellular processes in the ovaries of women carrying a PM. In
support of this model, our results show that women with a
PM and AGG interruptions have higher ovarian reserve. To
summarize, this study reveals that analysis of the CGG repeat
length and AGG interruptions identifies women with a
greater risk for FXDOR and infertility among carriers with a
PM. However, because our sample size was limited, further
studies with larger sample size would be desirable. Our results
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illuminate the importance of testing women for CGG repeat
length along with AGG interruptions, especially in women of
reproductive age who consider childbearing. If diagnosed
early, women with a PM and midrange repeats and one or no
AGG interruption could make an informed decision about
their fertility and try to conceive earlier in life, with or without
IVF, or peruse options of fertility preservation.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http:/www.nature.com/gim
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