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Objective: To identify modifying genes that explains the risk of fragile X-associated primary 

ovarian insufficiency (FXPOI).

Design: Gene-based, case/control association study, followed by a functional screen of highly 

ranked genes using a Drosophila model.

Setting: Participants were recruited from academic and clinical settings.

Patient(s): Women with a premutation (PM) who experienced FXPOI at the age of 35 years or 

younger (n = 63) and women with a PM who experienced menopause at the age of 50 years or 

older (n = 51) provided clinical information and a deoxyribonucleic acid sample for whole genome 

sequencing. The functional screen was on the basis of Drosophila TRiP lines.

Intervention(s): Clinical information and a DNA sample were collected for whole genome 

sequencing.

Main Outcome Measures: A polygenic risk score derived from common variants associated 

with natural age at menopause was calculated and associated with the risk of FXPOI. Genes 

associated with the risk of FXPOI were identified on the basis of the P-value from gene-based 

association test and an altered level of fecundity when knocked down in the Drosophila PM model.

Results: The polygenic risk score on the basis of common variants associated with natural age 

at menopause explained approximately 8% of the variance in the risk of FXPOI. Further, SUMO1 
and KRR1 were identified as possible modifying genes associated with the risk of FXPOI on the 

basis of an untargeted gene analysis of rare variants.

Conclusions: In addition to the large genetic effect of a PM on ovarian function, the additive 

effects of common variants associated with natural age at menopause and the effect of rare 

modifying variants appear to play a role in FXPOI risk.
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Fragile X-associated primary ovarian insufficiency (FXPOI [MIM: 311360]) is one of the 

disorders associated with the fragile X premutation (PM) size repeat expansions (55–200 

unmethylated CGG repeats, PM) located in the 5′ untranslated region of the X-linked FMR1 
gene (FMR1 [MIM: 309550]). On average, women in the general population experience 

natural menopause around the age of 51 years with 1% of women experiencing symptoms 

of menopause prematurely, a hallmark of primary ovarian insufficiency (POI) (1). Primary 

ovarian insufficiency is characterized by amenorrhea for at least 4–6 months before the age 

of 40 years in a setting of a high follicle-stimulating hormone level (2, 3). On average, 

women with a PM experience symptoms of menopause 5 years earlier than the general 

population, leading to a lifetime risk of approximately 20% for FXPOI (3–6). However, not 

all women with a PM suffer from POI. The identification of risk factors for FXPOI, and POI 

in general, can help predict the potential of a shortened reproductive window and provide 

possible interventions to help achieve family building plans and reduce the risk of untreated 

early hypogonadism.
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Genetic factors that have been investigated in women with a PM to explain the incomplete 

penetrance of POI include PM CGG repeat structure (repeat length and AGG interruptions), 

skewing of X-chromosome inactivation, and genetic background. In women with a PM, 

repeat size is nonlinearly associated with FXPOI, with the greatest risk incurred at 80–100 

repeats rather than with the largest PM alleles (4, 6–8). The AGG interrupt pattern among 

the CGG repeats within a PM allele does not appear to be associated with FXPOI risk (9). In 

addition, neither skewed X-chromosome inactivation nor the increased percentage of active 

X chromosomes harboring a PM has been associated with a higher risk of FXPOI (10–13). 

Two studies have provided indirect evidence for a genetic component being involved in 

explaining the risk of FXPOI. First, evidence for an additive genetic component, adjusting 

for repeat size, was identified in a large sample of PM carriers and noncarriers (14). Second, 

the average age of menopause among first-degree relatives of PM carriers was found to 

be associated with the risk of FXPOI (7). These findings suggest a significant polygenic 

component that explains the age of onset of FXPOI. Indeed, evidence for common genetic 

variants that explain, in part, the wide distribution of natural age at menopause comes from 

studies in the general population of women and natural age at menopause (15–17). For 

example, the large genome-wide association study (GWAS) of approximately 70,000 women 

presented by Day et al. (15) identified over 50 common variants associated with natural age 

of menopause.

With respect to the molecular consequences of carrying a PM, it is known that increased 

repeat size within the PM range is associated with increased transcription of FMR1 
mRNA, although fragile X mental retardation protein levels are the same or reduced (18–

23). Unlike the full mutation (>200 methylated CGG repeats) where the FMR1 gene is 

transcriptionally silenced leading to fragile X syndrome, the protein encoded by FMR1 
(fragile X mental retardation protein) is still produced by a PM allele (24). Much has been 

learned about potential PM-associated molecular mechanisms from fragile X-associated 

tremor/ataxia syndrome (FXTAS), the other well-established PM-associated disorder (25). 

For this neurodegenerative disorder, the toxic effect of the PM is found to be related to 

the long PM repeat tract in the FMR1 mRNA. This repeat tract has the potential to form 

secondary structures, such as hairpins, that alter subsequent processes (26, 27). Evidence 

for at least two mechanisms has been identified. First, increased FMR1 mRNA containing 

hairpin loops and other structures formed within the PM-size CGG repeats has been shown 

to sequester specific RNA-binding proteins, altering their normal functions (28–31). Second, 

repeat-associated non-ATG (RAN) translation, caused by translation machinery becoming 

stalled on a structure like the hairpins that form in CGG mRNA, produces small potentially 

toxic polypeptides, in this case alanine or glutamine polymers (32). Evidence for these two 

mechanisms playing a role in FXPOI, as well as in FXTAS, has been mounting (33, 34).

In addition, much has been gained from the Drosophila PM model with respect to 

mechanism. For example, Jin et al. (35) showed that the CGG repeat itself was sufficient 

to cause neuronal phenotypes associated with FXTAS [MIM: 300623]. In addition, this 

model clearly showed that specific CGG RNA-binding proteins, including hnRNP A2/A1 
[MIM: 600124], CUGPB1 [MIM: 601074], DROSHA [MIM: 608828], DGCR8 [MIM: 

609030], SAM68 [MIM: 602489], and Pur-alpha [MIM: 600473], alter neuronal function 
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via sequestration of these proteins (28–30, 34). On the basis of this, we hypothesize that 

these six RNA-binding proteins may be involved in ovarian dysfunction related to FXPOI.

This study aimed to identify modifying genes that explain the incomplete penetrance, or 

risk, of FXPOI. To perform this, we assessed the contribution of a polygenic component and 

common and rare variants.

MATERIALS AND METHODS

Overview of Approach

We tested the hypothesis that genetic modifiers interact with the FMR1 PM or are additive 

to the PM to explain the incomplete penetrance of FXPOI. We garnered the power of whole 

genome sequencing (WGS), comparing genetic variants among women with a PM who 

experienced FXPOI or menopause at “extreme” ages. We used an “extreme phenotype” 

case/control approach vs. using family members (e.g., trios) to maximize the power, given 

the limitation of sample size because of the high cost of WGS. Although we could not 

identify whether variants were de novo, as could be performed with trios, we did not predict 

an excess of de novo deleterious variants of large effect. We chose the age of 35 years as 

an extreme lower limit for POI, which is 5 years earlier than the defined clinical diagnosis 

of the age of 40 years (cases, n = 63), and the age of 50 years as an extreme upper limit, 

which is 5 years older than the average for a PM carrier (controls, n = 51). For analysis of 

rare variation from the WGS data, we used gene-based approaches to aggregate information 

on such variation across a gene for inference and ranked top genes for screening. In addition 

to this untargeted approach, we used a candidate gene approach that focused on the six 

RNA-binding proteins known to bind to the FMR1 PM mRNA. Highly ranked genes were 

then screened using Drosophila as a whole-organism reporter assay for evidence of a role in 

ovarian function.

Participants

Participants were identified through existing infrastructures that were established to recruit 

fragile X PM carriers, primarily through families who have a member diagnosed with 

fragile X syndrome. Recruitment and sample acquisition were coordinated through the 

National Fragile X Center at Emory University (Supplemental Methods and Materials). 

Once a participant provided consent, a blood or saliva sample was collected, and all women 

completed a standardized reproductive and health history questionnaire (Supplemental 

Methods). In addition, most women with a diagnosis an early-onset FXPOI, our 

reproductive endocrinologist (H.S.H.) conducted follow-up telephone interviews to review 

their reproductive history and capture the woman’s diagnostic and treatment experience 

(36). Protocols and consent forms were approved by the Emory University Institutional 

Review Board, and informed consent was obtained from all participants.

For this study, all cases and controls comprised women who carried a PM, defined as an 

FMR1 repeat allele with 55–200 unmethylated CGG repeats. Cases were further defined 

as unrelated PM carriers who had amenorrhea for at least 4–6 months at the age of ≤35 

years because of FXPOI. Controls were unrelated PM carriers who went through natural 
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menopause or cessation of menses for 1 year at the age of ≥50 years. We excluded women 

whose age at menopause could have been affected by FXPOI-unrelated medical conditions, 

including chemotherapy or radiation therapy, gynecologic surgery (e.g., oophorectomy, 

hysterectomy, endometrial ablation), or an eating disorder.

Statistical and Bioinformatic Analysis

Whole genome sequencing was performed on 68 cases and 55 controls for this preliminary 

analysis by HudsonAlpha (Huntsville, AL). FASTQ files from paired-end WGS reads 

were mapped, and variants were called with PEMapper and PECaller (37), respectively. 

Variants were annotated using Bystro (http://bystro.io) (38). The mean coverage depth ± 

standard deviation (SD) of WGS was 30.783 ± 7.090 for samples, and the mean transition/

transversion ratio ± SD was 2.056 ± 0.008.

After standard quality control (QC) measures were conducted, we performed principal 

component analysis, using PLINK1.9 (39) to identify population stratification, a property 

that may lead to spurious associations. We identified a total of nine outlier samples 

for removal. The final dataset included 63 cases and 51 controls and 13,663,751 single 

nucleotide variants for analysis. As none of the principal components were significant after 

QC in the regression model nor changed the overall results as evaluated by the Q–Q plot, 

they were not included as covariates for parsimony (Supplemental Methods).

Common variant analysis.—Common single nucleotide polymorphisms (SNPs) were 

defined as having a minor allele frequency (MAF) > 0.05, as documented in gnomAD (40). 

A total of 3,055,728 such SNPs were identified and tested for association with FXPOI 

case/control status using logistic regression, adjusting for PM repeat and repeat size squared.

Rare variant analysis.—Rare variants were defined as having an MAF < 0.05 from 

gnomAD genomes data (40). Variants in which the reference allele was the minor 

allele were excluded. We used the optimal unified test implemented in SKAT-O (41) 

that maximizes the advantages of the gene-based burden tests and the sequence kernel 

association test (SKAT) (42). SKAT-O testing was performed using the SKAT package 

in R. Genes with the lowest P-value were evaluated as candidate genes. As expected, no 

genes reached Bonferroni correction for the untargeted approach (P<10e-6) in any of the 

rare variant tests given the small sample size. We prioritized those for further screening 

on the basis of having a P-value <.001, a fly ortholog, and literature references to ovarian 

phenotypes. For the candidate RNA-binding gene approach, statistical significance was 

evaluated at a Bonferroni correction of P<.008.

Polygenic risk score.—A polygenic component associated with the risk of FXPOI was 

assessed by combining the information from common genetic variants into a polygenic 

risk score (PRS). The discovery dataset used to calculate the PRS was on the basis of a 

large meta-analysis GWAS comprising 33 studies that included 69,360 women of European 

ancestry who experienced natural age at menopause. Natural age at menopause for this 

study was defined as age at last naturally occurring menstrual period followed by at least 12 

consecutive months of amenorrhea starting between the ages of 40 and 60 years (15). All 
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studies used the full imputed set of HapMap Phase 2 autosomal SNPs, run with an additive 

model, including top principal components and study specific covariates. Single nucleotide 

polymorphisms with an MAF < 0.01 or with low imputation quality were excluded.

Our target dataset for which we calculated the PRS was the same as that used for the 

WGS studies—63 early-onset PM cases and 51 PM controls. The same standard QC 

measures described earlier were used before analyzing this dataset as well as removing 

the major histocompatibility complex region (Chr6: 25–34 Mb, hg19), a region of extended 

high linkage disequilibrium that can overly influence PRS results. The final target dataset 

included 724,760 total variants that overlap with the variants from the Day et al. (15) study.

PRSice-2 software (43) was used to measure the proportion of variance in FXPOI case–

control status explained (measured by Nagelkerke’s R2) by the PRS, using associated SNPs 

on the basis of different P-value thresholds derived from the GWAS of Day et al. (15) 

(Supplemental Methods).

Drosophila Model Generation and Fecundity Analyses

Generation of a stable line expressing 90 CGG in the Drosophila germline.
—Drosophila with the PM repeat (90 CGG repeats) inserted on chromosome 2, as 

described by Jin et al. (35), were obtained from the laboratory of Dr. Peng Jin. The 

progeny of PM repeat flies and a germline-expressing nanos>Gal4 line (Bloomington 

Stock #4442) were generated and crossed to a Sp/CyO stock to allow for capture of 

PM, nanos>Gal4 recombinant chromosomes. Recombinant males were confirmed through 

polymerase chain reaction genotyping. Then, nanos>Gal4,90CGG/Sp males were crossed 

with a Sp/CyO, tubulin>Gal80 stock to obtain a stable, balanced line nanos>Gal4, 90CGG/

CyO,tubulin>Gal80. On the basis of candidate gene selection guided by the human WGS 

rare variant analysis and from previously identified candidate RNA-binding proteins, 

Drosophila TRiP lines expressing RNA interference constructs against candidate genes 

were obtained from the Bloomington Drosophila Stock Center (Supplemental Table 1). 

Stocks carrying these RNAi constructs were then crossed with both germline-expressing 

nanos>Gal4 alone and the nanos>Gal4, 90CGG PM recombinant for fecundity experiments.

Fecundity testing.—The level of fecundity was chosen as a reporter of ovarian 

dysfunction, as it is a widely used, relatively straightforward mid-throughput screen (44, 

45) and eliminates aspects related to survival that would be associated with a phenotype 

such as the number of offspring. The detail protocol is provided in Supplemental Methods. 

Control stocks and the stable 90 CGG PM alone were both crossed with RNAi background 

stocks to establish baseline fecundity. Each candidate gene knockdown (KD) was compared 

with the baseline fecundity values established with controls crossed with Bloomington 

TRiP background lines (Bloomington Stocks #36303 or #36304). The initial screen was 

on the basis of three replicates, each including results from five flies per cage. To further 

examine top candidates from the initial screen, a follow-up screen was conducted with at 

least 10 replicates to increase sample size to ensure robust results. The outcome fecundity 

measure analyzed in subsequent regression models was the 10-day total egg count per cage. 

Any alternation in fecundity level relative to controls was considered a reporter of ovarian 
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dysfunction. Owing to the over-dispersion observed in the data, a quasi-Poisson regression 

was used to test for altered fecundity compared with controls on the basis of the main 

predictors of the presence of the candidate gene KD, presence of the 90 CGG repeats, and 

interaction term between those two genotypes.

RESULTS

Description of Study Cohort

Whole genome sequencing from 63 cases and 51 controls were analyzed. All self-identified 

as Caucasian. The mean onset of FXPOI was 29.7 years (SD, 4.9; range, 16–35) for cases, 

and the mean age at menopause was 51.6 years (SD, 1.8; range, 50–57) for controls (Fig. 1). 

The mean PM repeat size was not significantly different between cases (88.9 repeats; SD, 

11.3; range, 56–117) and controls (88.7 repeats; SD, 21.1; range, 57–130) (P>.10), although 

the sd was significantly larger for controls (F-test; P<.001). As shown in Figure 1, cases 

more often had alleles in the mid-range of 80–100, reflecting the FXPOI high-risk repeat 

range (4, 6–8).

Analysis of Common Variants

GWAS of common variants.—We conducted a GWAS primarily as an overall QC 

measure, as we could only detect a common variant with a large effect size in our case/

control dataset. The Q–Q plot of the logistic regression results indicated that there was no 

population stratification or other oddities of the data. No SNP exceeded Bonferroni-adjusted 

genome-wide significance as expected (Supplemental Fig. 1).

Age at menopause PRS analysis and its association with FXPOI.—We calculated 

a PRS to test the hypothesis that the polygenic component associated with natural age at 

menopause explains, in part, the variation in the risk of FXPOI (Methods). The training 

set used to derive the PRS for age at natural menopause was composed of 69,360 women 

of European ancestry (15). In that study, 54 SNPs across 44 regions were found to be 

genome-wide significant, with effect sizes ranging from 0.07 to 0.88 years/allele.

Using PRSice software (46), we calculated a PRS for our PM cases and controls using SNPs 

with P-value threshold sets for association with age at menopause, adjusting for the first 

five principal components and PM repeat size and repeat size squared. In this analysis, the 

maximum variance in the risk of FXPOI explained by the PRS was 7.9%. (Nagelkerke’s R2; 

P =.01; Fig. 2). This maximum was on the basis of the PRS calculated from associated SNPs 

that had a P-value <.0021 in the training GWAS dataset analyses (n = 1,099 of the 2,407,374 

total SNPs). We estimated the odds ratio for case/control status for each quartile of PRS and 

found that the odds ratio for the highest quartile of PRS scores was statistically significant 

(odds ratio, 7.89; 95% confidence limit, 2.12–29.35; Supplemental Table 2).

Gene-Based Analyses of Rare Variants On the Basis of WGS Data

For the rare variant analysis, we examined variants at an MAF < 0.05 and used the kernel

based approach SKAT-O that optimizes between burden testing and SKAT models. We 

adjusted for PM repeat size and repeat size squared. For the untargeted gene approach, 
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we interrogated 6,752,810 variants in 25,404 genes. There were no genes that exceeded 

Bonferroni-adjusted statistical significance (adjusted for the number of genes tested). Thirty

four genes passed a threshold of nominal significance at P<.001 (Supplemental Table 3).

Two additional analyses were conducted on subsets of variants. First, SKAT-O analyses were 

performed filtering on variants located in exon–untranslated regions with an MAF < 0.05; 

this included 281,828 variants in 18,975 genes. Second, we filtered on rarer variants at an 

MAF < 0.01; these analyses were on the basis of 4,784,690 variants and 25,346 genes. 

Sixteen and 31 genes, respectively, passed the nominal statistical significance threshold of 

P<.001 (Supplemental Table 3).

Taking out the overlap from these three analyses, the resulting 75 genes with a P<.001 

were then ranked on the basis of the literature with respect to roles in ovarian function or 

fertility and having a fly ortholog and TRiP line stock available. Out of these, 13 genes 

that met these criteria were chosen for further screening using the Drosophila PM model 

(Supplemental Table 4).

In addition, we conducted a candidate gene approach, interrogating the six RNA-binding 

genes that were previously identified in studies of the PM sequestration model. None of 

the gene-set analyses exceeded Bonferroni-adjusted statistical significance of P-value <.008 

(Supplemental Table 6). Because these were strong candidate genes involved in etiology 

of FXTAS and because of the literature showing their involvement in ovarian function 

(Supplemental Table 5), we decided to include them in the Drosophila PM model screen.

Drosophila Fecundity as a Whole-Organism Functional Screen

Screening prioritized genes ranked from the WGS case/control study.—We 

first examined whether fecundity was altered in the 90-CGG-repeat model compared 

with controls (Supplemental Fig. 2). The controls that were examined included wild type 

(OregonR) alone as well as the cross progeny with the nanos>Gal4 alone and with the 

90 CGG repeats and the cross progeny of the two Bloomington TRiP background lines 

(Bloomington Stocks #36303 and #36304) with the nanos>Gal4 alone and with the 90 CGG 

repeats (Supplemental Fig. 2). There were no differences in the observed level of fecundity 

between the control flies and the respective 90-CGG-repeat flies on the same background (P 
= .22) (Supplemental Fig. 2).

The 18 TRiP lines available for KD of the 13 WGS case/control prioritized genes along 

with their gene function in Drosophila are provided in Supplemental Table 1; four genes 

did not have lines that produced viable progeny when crossed with the germline-expressing 

nanos>Gal4 line and were excluded from further studies. For the remaining nine genes 

(represented by 12 lines), four genotypes per prioritized gene were tested: background 

control with nanos>Gal4 alone, background control with 90 CGG repeats, KD of the 

prioritized gene alone, and the double mutant (90 CGG and KD). An initial genetic screen 

with at least three replicate cages for each genotype, each containing five female flies, was 

performed, and the total number of eggs laid was measured over 10 days (Methods). Out of 

nine genes that were screened, we ranked the top three that showed the greatest difference 

between the KD alone and double mutant (Supplemental Fig. 3)—SUMO1, KRR1, and 

Trevino et al. Page 8

Fertil Steril. Author manuscript; available in PMC 2021 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PDHA2. In each case, increased levels of fecundity were observed for the double mutation 

flies.

To confirm the apparent differences observed in the initial screen, follow-up experiments 

were conducted to increase the sample size (results from at least 10 cages) for SUMO1, 

KRR1, and PDHA2. For the SUMO1, we confirmed a significant increase in fecundity 

for the double mutant compared with each of the other genotypes (Fig. 3). Using a quasi

Poisson regression model, we found no evidence for an effect of 90 CGG repeats alone 

or the SUMO1 KD alone compared with the respective control; however, the interaction 

term related to the effect of both mutant genotypes together was statistically significant 

(P<.05) (Table 1). This same pattern was observed for KRR1, where the interaction term 

associated with the effect of the double mutant was statistically significant (P<.03) (Table 

1). For PDHA2, a different pattern was observed. In this case, the effect of the KD itself 

significantly increased fecundity compared with the control genotype (P<.0001). There was 

no evidence for an interaction between the PDHA2 KD and 90 CGG (P>.10) (Table 1).

Screening RNA-binding protein candidate genes drawn from the PM 
sequestration model.—We tested six RNA-binding genes that are reported to play a 

role in the PM sequestration mechanism as candidates (Supplemental Table 4) (28–30, 34). 

Effects on fecundity levels appeared to be more pronounced in a subset of these candidate 

genes. For example, for CUGBP1 KD and one of two DROSHA KD models, total and 

near-total loss of fecundity, respectively, resulted. This was observed for both KD alone 

and the corresponding double mutant (Supplemental Fig. 4). Because this was a preliminary 

screen, we combined fecundity data from all RNA-binding protein genes and tested for 

differences between genotypes using a quasi-Poisson regression model. Fecundity in the 

group of KDs alone was significantly different from that in controls (P = 2.38e−6), and the 

interaction term for KD/90CGG was not significant.

DISCUSSION

In this study, we took the first step to identify genetic variants that play a role in the variable 

expression of ovarian insufficiency among the women who carry a fragile X PM. Previous 

work suggested that modifying genetic risk factors do influence age at onset of FXPOI. 

Hunter et al. (14) showed a statistically significant contribution of an additive genetic 

component to explain the risk of FXPOI, and Spath et al. (7) showed an association of the 

average age of menopause among first-degree relatives of women with a PM and the risk 

of FXPOI. Both studies adjusted for the known large effect of PM repeat size on the risk 

of FXPOI. These findings, combined with studies showing associations of genetic variants 

for natural age at menopause (15–17) and for idiopathic POI in the general population (47, 

48), motivated us to take a novel strategy that combined WGS and Drosophila genetics 

to identify highly ranked candidate genes that are primed for further study in mammalian 

systems. We based our studies on women who carried a PM and experienced FXPOI/age at 

menopause at the extreme tails of the onset distribution: ≤35 years (cases) and ≥50 years 

(controls) of age.
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On the basis of studies that show a significant genetic component related to age at natural 

menopause, we first examined a PRS derived from common variants associated with lower 

age at natural menopause identified through a large GWAS of Day et al. (15). In that study, 

21% of the variance in age at menopause was explained overall using 30,000 SNPs with 

P<.05. We found that the PRS explained approximately 7.9% of the variance in the risk 

for case/control status related to early FXPOI, adjusting for PM repeat size and repeat 

size squared. This result is consistent with our previous findings of an additive genetic 

component involved in the onset of FXPOI (7, 14). Further studies on the basis of a larger 

sample of PM carriers using age at FXPOI/menopause as the outcome are warranted to 

determine the predictive value of this PRS. Irrespective, our finding suggests that, even 

on the background of a large, single gene effect, the combined effect of common genetic 

variants is significant as a modifier of severity of FXPOI.

To examine rare variants as modifiers of the age of onset of FXPOI, we took an untargeted 

approach and compared WGS variants using several different filtering criteria. Thirteen 

genes were highly ranked using gene-set analyses (SKAT-O) and the literature (i.e., those 

with a role in ovarian function). On the basis of a Drosophila genetic screen using altered 

fecundity as an indicator of possible ovarian dysfunction, the germline KDs of SUMO1 and 

KRR1 were identified as interacting with the PM. In addition, the germline KD of PDHA2 
alone was shown to have an impact on fecundity, irrespective of the 90 CGG repeats.

Of these three highly ranked genes, SUMO1 may be the most interesting. It plays a role 

in regulating granulosa cell apoptosis via sumoylation. Phenotype studies of the fragile X 

PM mouse models have all shown traits associated with reduced ovarian function. Overall, 

it appears that the original follicular pool is not disturbed but there is an increased rate 

of atresia/apoptosis (reviewed in Sherman et al. (49)). Buijsen et al. (33) characterized the 

Dutch exCGG-KI mouse model and found that the number of atretic large antral follicles 

was increased by almost ninefold in the older PM females (40-week-old assessment) and 

that recent ovulations had reduced the number of fresh corpora lutea. Conca Dioguardi et al. 

(50) found a similar phenotype in the 130-CGG-repeat knock-in FX PM mouse model. They 

further characterized the mitochondrial state of the granulosa cells and oocytes and found 

that the mice had decreased mitochondrial content, structurally abnormal mitochondria, and 

reduced expression of critical mitochondrial genes. Because SUMO1 is knocked down in 

our fecundity experiment, it is possible that apoptosis is dysregulated in the fly ovaries, 

resulting in increased egg laying. This could be consistent with what is known about the 

Drosophila ortholog to SUMO1, smt3; smt3 is expressed in the germline and plays a role 

in ovarian follicle cells (51, 52). However, this is only speculation as we applied this fly 

model system strictly as a nonspecific reporter of ovarian function, not as an indicator of 

mechanism.

KRR1 (Ca2+/calmodulin-dependent protein kinase) belongs to the family of RNA-binding 

proteins containing KH domains. It encodes a ribosome assembly factor and is associated 

with 90S particles and involved in 35S pre-rRNA processing (53, 54). It has been identified 

as a susceptibility locus for polycystic ovary syndrome (PCOS) through GWAS (reviewed 

by Jones et al. [55]), although its function related to PCOS is not understood. Expression 

studies in whole ovaries collected from bovine fetuses show that KRR1 is expressed 
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throughout ovarian development (56). Its mRNA levels are found to be high in early stages 

of ovarian development and declined significantly at the later stages. A study by Pau et al. 

(57) examined the expression pattern of KRR1 using a subcutaneous adipose tissue biopsy 

in 38 women with PCOS. The expression pattern suggested that KRR1 confers the risk 

of PCOS through a metabolic or development mechanism. Expression levels at the KRR1 
locus were associated with increased expression of GLIPR1 and PHLDA1. PHLDA1 is a 

nuclear protein that plays a role in the antiapoptotic effects of insulin-like growth factor-1 

(58). GLIPR1 has proapoptotic activity in prostate cancer cells and is expressed in the testes 

and may have a role in sperm-oocyte interactions (59). In our data, we saw no effect of the 

KRR1 KD on the levels of fecundity; only when combined with the 90-CGG genotype were 

fecundity levels increased compared with controls and the KD. Given that KRR1 encodes 

an RNA-binding protein, perhaps, it recognizes the secondary structure resulting from the 

long 90-CGG-repeat tract, altering its ability to carry out its normal function in ovarian 

development. This would require more investigation in a mammalian system.

In addition to taking an untargeted approach, we tested RNA-binding proteins that had 

previously been associated with the sequestration mechanism associated with FXTAS (28–

30, 34). Although we found no evidence that the variation in these genes play a modifying 

role the penetrance of FXPOI, the fecundity screen showed that several of these genes 

altered ovarian function. Results showed lower fecundity in the germline KD and the 

double mutant candidate KD and 90-CGG-repeat flies compared with controls, especially 

for CUGBP1 (Supplemental Fig. 4). All of these RNA-binding proteins have canonical roles 

in the ovary (Supplemental Table 4); such roles appeared to be altered in the KD lines 

tested. The total loss of fecundity resulted for the CUGBP1 KD as well as the corresponding 

KD/90CGG double mutant; however, it is unclear whether there is a genetic interaction 

between the KD and 90 CGG given the total loss of fecundity for the KD. The ovarian 

dysfunction observed for these RNA-binding proteins may not be directly involved in the 

PM sequestration method. Further research would be necessary to fully understand the 

associated mechanisms.

Our study has several limitations. First, age at onset for FXPOI or age at menopause is a 

phenotype that transitions over time and is sometimes difficult to accurately define. For this 

study, most cases were interviewed by a gynecologist (H.S.H.) to help better define onset 

of FXPOI (36). For controls, most were on the basis of self-report. However, because we 

took the extremes and did not depend on the specific age for this study, we believe that 

the phenotype is accurately classified. Next, we recognize that the sample size was small, 

both because of the rarity of the disorder and the limited resources available for WGS. To 

maximize power, we took the approach of drawing from the extreme tails of the onset of 

FXPOI/age at menopause distribution. A significant limitation of the genetic results, both 

the PRS and susceptibility gene identification, is that our study only included women who 

self-identified as Caucasian. Thus, the translation of these findings to other populations is 

compromised. Limitations for prioritizing genes from the WGS study include the following: 

relying on gene annotation to determine to which genes or pathways the variants belong, 

as well as information on whether these genes are expressed in ovarian tissues; basing our 

ranking on current literature to define a role in ovarian function, reducing the potential 

to identify novel genes; and limiting ranked genes to those with Drosophila ortholog and 
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available RNAi lines. Nonetheless, our results provide the first set of possible modifying 

genes for further study.

Two avenues for future studies naturally follow our findings. First, it will be significant 

to test the specific variants identified in the prioritized genes in the Drosophila model or 

in mammalian model systems to understand their role in disrupting gene function. Again, 

using model systems, it will be significant to understand each gene’s role in ovarian function 

and how the altered gene product interacts with the PM. The other avenue of research 

relates to determining the predictive value of the identified genetic variation. Conducting 

studies in larger cohorts of women of different ethnicities who carry a PM along with their 

relatives will begin to determine the level of penetrance related to the specific genetic variant 

or to the PRS. Investigating whether the identified genetic factors are associated with the 

full spectrum of the disorder (e.g., age at FXPOI/menopause), not just the extremes, is 

additionally a significant next step. Lastly, examining these prioritized genes in cohorts of 

women diagnosed with idiopathic POI is warranted. Such studies may begin to identify 

subgroups of individuals with these particular disrupted pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Distribution of cohort before quality control (QC). (A) Distribution of premutation repeat 

size alleles among cases (women with a diagnosis of fragile X-associated primary ovarian 

insufficiency before the age of 35 years; n = 63) and controls (women with a premutation 

who experienced menopause after the age of 50 years; n = 51). (B) Distribution of age 

(years) at diagnosis of fragile X-associated primary ovarian insufficiency (cases) and age of 

menopause (controls).
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FIGURE 2. 
Polygenic risk score analysis reveals a maximum Nagelkerke’s R2 of 7.9% at a threshold of 

P-values <.0021 in the discovery GWAS set (15). On the X-axis, from left to right, P-value 

thresholds generated from the discovery GWAS represent the most stringent to the most 

liberal and, thus, include the smallest number to the largest number of single nucleotide 

polymorphisms, respectively, used in the polygenic risk score calculation. The P-values 

above the bars represent the statistical significance of the polygenic risk score explaining the 

risk variance in fragile X-associated primary ovarian insufficiency case/control status on the 

basis of the related Nagelkerke’s R2 value.
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FIGURE 3. 
Follow-up fecundity testing on top three candidates drawn from the whole genome 

sequencing analyses. Controls included here are the cross progeny of the corresponding 

Bloomington TRiP background line (Bloomington Stocks # 36303 and # 36304) with the 

nanos>Gal4 alone and with the 90 CGG repeat. The number of cage replicates for each 

genotype is indicated by “n.”
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