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Abstract

Identification of Modifying Genes Associated with Fragile X Disorders Using TWAS
By Jing Huang

Fragile X disorders are a group of genetic conditions that include a neurodegenerative disorder of
FXTAS, a fertility disorder of FXPOI, and an epileptic disorder of FXS seizures. To identify the
potential genetic modifiers of Fragile X disorders, we proposed to leverage the framework of
Transcriptome-Wide Association Studies (TWAS) that integrates transcriptomics data with genetic
data to increase the power of identifying genes related to a disorder through gene regulation. Even
though only 530 individuals were collected, our study successfully identified 68 genes
significantly associated with Fragile X disorders by utilizing reference data of the brain cortex,
cerebellum, cerebellar hemisphere, and ovary tissues from the Genotype-Tissue Expression
Consortium V8. Many TWAS identifications, such as RGL2, PPPIRI2C, and SYNGAPI, were
supported by previous studies as they have been found to be associated with relevant clinical
features of Fragile X disorders. Moreover, we further validated two genes (CFB and AIFI) for
FXPOI in independent TWAS studies of age at menopause from the UK Biobank. These identified
significant genes are worthy of further functional validations under the Drosophila or mice model
to elucidate their underlying molecular mechanisms.
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1 Introduction

Fragile X disorders are a group of genetic conditions that include a neurodegenerative disorder,
Fragile X-associated tremor/ataxia syndrome (FXTAS), a fertility disorder, Fragile X-associated
primary ovarian insufficiency (FXPOI), and an epileptic disorder, Fragile X syndrome related
seizures (FXS-Seizure). The pathology of Fragile X disorders is related to an expansion of the
CGG triplet repeat within the Fragile X mental retardation 1 (FMR1) gene on the X chromosome.!!]
Normal individuals have on average less than 55 CGG repeats in the FMRI gene. Individuals who
carry between 55-200 repeats are classified as premutation carriers, while full mutation individuals
carry more than 200 CGG repeats. Expanded CGG repeats differentially impact mRNA and protein
levels based on the size of the repeat. The premutation leads to increased levels of mRNA and
slightly decreased levels of proteins, while the full mutation leads to defective transcription and
translation.[?! These differential molecular changes of FMRI premutation and full mutation result
in different clinical phenotypes. Specifically, full mutation carriers develop Fragile X syndrome
(FXS) and some of the patients also experience a comorbid health condition of seizures (FXS-
Seizure), while premutation carriers are at increased risk of ataxia (FXTAS) and ovarian
insufficiency (FXPOI).[>*3 However, CGG repeat length at the FMRI locus cannot explain all the
increased risk of Fragile X disorders since incomplete penetrance was observed among
premutation carriers. Some premutation carriers develop FXTAS or FXPOI very early on, while
others do not develop any relevant symptoms in their lifetime.!%! Based on such phenomenon, we
hypothesize that additional modifier genes exist that influence variable expression of clinical
phenotypes of Fragile X disorder.

Given the limited sample size collected for rare genetic diseases, conventional genome-wide

association studies (GWAS) on Fragile X disorders may suffer from insufficient statistical power.



Recent studies have shown that GWAS associations were enriched for expression quantitative trait
loci (eQTLs), suggesting that integrating genetic and transcriptomic data could help identify key
molecular mechanisms underlying complex traits.[”! One such integrative method is transcriptome-
wide association study (TWAS), which leverages a reference panel with profiled transcriptomic
and genetic data from the same individuals to boost identification power. In this study, we proposed
to perform a TWAS on Fragile X disorders using a combination of whole-sequenced subjects and
reference data of the brain cortex, cerebellum, hemisphere cerebellum, and ovary tissues from the
Genotype-Tissue Expression (GTEx) consortium.®! Even though only a small sample size of 530
individuals was collected, we successfully identified 68 genes significantly associated with Fragile
X disorders. Among these genes, many identifications were found to associate with relevant
clinical features of Fragile X disorders from previous studies collected in Open Targets Genetics,
which collects existing SNP-gene-trait associations from UK Biobank (UKB), GWAS catalog, and
many other resources.”1% Moreover, two genes (CFB and AIFI) for FXPOI were validated in
independent TWAS studies of age at menopause and thus are worthy of further functional

validations to elucidate their underlying biological mechanisms.



2 Methods

2.1 Datasets

In this study, participant recruitment and sample acquisition were coordinated through the
National Fragile X Center at Emory University. Once a participant was screened for eligibility and
provided consent, a blood or saliva sample was collected, and a general medical history and
standardized reproductive questionnaire were completed. 530 participants were recruited in total,
and the criteria used to define cases and controls of Fragile X disorders are summarized as follows.
As for FXS-Seizure, cases are FXS individuals who have a history of seizures, which involve
recurrent and spontaneous episodes of abnormal electrical discharges in neural networks, before
age 50 (N=67), while controls are those with no history of seizures before age 17 (N=82). As for
FXTAS, cases are subjects with onset of FXTAS motor symptoms, which include Parkinsonism
and progressive intention tremor, before age 65 (N=94), while controls are the ones without
symptoms of FXTAS by age 68 (N=56). As for FXPOI, cases are women who have amenorrhea
for at least 4-6 months before age 35 because of FXPOI (N=95), while controls are the ones who
go through natural menopause for 1 year after age 50 (N=95). Patients with FXPOI normally
experience irregular menstrual cycles, premature menopause, reduced fertility, or even infertility.

For initial risk genes identified in our FXS sample, we subsequently attempted to validate our
findings in independent studies of related phenotypes. For FXS-Seizure, we utilized GWAS
summary statistics of epilepsy from the Epilepsy Genetic Association Database, which includes
about 4.9 million quality-controlled SNPs and a sample size of 82,482 individuals of European
ancestry.[''l Since many FXTAS patients develop movement problems of Parkinsonism, we
utilized GWAS summary statistics of Parkinson’s disease from the International Parkinson’s

Disease Genomics Consortium (IPDGC), System Genomics of Parkinson’s Disease (SGPD), and



UKB, which includes about 17.5 million SNPs and a sample size of 482,730 individuals of
European ancestry.l'”) For FXPOI, we utilized GWAS summary statistics of age at natural
menopause from UKB, which includes about 12 million SNPs and a sample size of 143,025

women of European ancestry.[!*]

2.2 Statistical Analysis

We performed whole genome sequencing (WGS) on recruited participants. Sequence
alignment and variant calling were conducted using PEMapper/PECaller.l'#! After standard quality
control measures, we performed principal component analysis on a set of 567,720 independent
SNPs using PLINK 1.9 to help correct for confounding due to ancestry or batch effects.[!S] Based
on a scree plot, the top 2 principal components were retained for covariate adjustment in
subsequent analyses.

We used the TIGAR-V2 software package to perform TWAS.['®) TIGAR-V2 first trains
prediction models of gene expression using reference transcriptomic data and genetic data from
various tissues collected by the GTEx project V8.181 Given the neurological and ovarian nature of
Fragile X disorders, we focused on expression prediction models derived from the brain cortex
(N=184), cerebellum (N=189), cerebellar hemisphere tissues (N=158) for FXTAS and FXS-
Seizures, and ovary tissue (N=140) for FXPOI. For each tissue, TIGAR-V2 started by performing
preprocessing of the tissue expression and genetic data from GTEx using standard QC pipelines.
Specifically, TIGAR-V2 considered only genes with gene expression of transcripts per million
(TPM) >0.1 in >10 samples and variants with minor allele frequencies >0.01, missing rates
<20%, and Hardy-Weinberg equilibrium p values >10- for fitting gene expression prediction

models. For each gene, TIGAR-V2 adjusted gene expression for age, body mass index, top five



genotype principal components, and top probabilistic estimation of expression residuals factors.
TIGAR-V2 then fit prediction models on the adjusted gene expression data treating cis-SNPs
(within £1 Mb region of transcription start sites of the target gene) as predictors. Assuming an
additive genetic model for the expression quantitative trait (E,) of target gene g, the prediction
model can be represented as follows

E; = Gepw + & e~N(0, ) (1)
where G,.s represents the vector of cis-SNP genotypes for gene g in the GTEx data with

corresponding effect sizes w. Within the model, TIGAR-V2 estimates w for each gene using a
popular nonparametric Bayesian Dirichlet process regression (DPR) procedure.!!”]

Using estimates of cis-eQTL effect sizes W from each tissue, we then applied TIGAR-V2 to
impute the genetically regulated gene expression (GReX) of gene g in our Fragile X sample as
GReX = G;,5;W, Where G, represents the corresponding cis-SNP genotypes for gene g in the
Fragile X dataset. We finally tested for association between GReX and Fragile X case/control
status using a logistic regression model that further adjusts for the covariates of FMRI repeat
length (both linear and quadratic terms) as well as the top 2 principal components of ancestry.

With summary-level GWAS data available, we further applied TIGAR-V2 to construct S-

PrediXcan test statistics (shown in Equation 2) for the gene-based association test.

i (W67 —
7 _ M,af =Var(6Go1),V = Cov(Gy). @)

9,SPredix - NPT
rediXcan W’VW

where Z; denotes the Z-score statistic value of genetic variant [ by single-variant GWAS test and
V denotes linkage disequilibrium (LD) covariance matrix obtained from the GTEx project V8 for
the cis-SNPs tested.[¥! Additionally, the genotype matrix of test cis-SNPs is also obtained from the

GTEx project V8.8



3 Results

3.1 FXTAS

We provide Manhattan plots of our TWAS analyses of FXTAS based on brain cortex,
cerebellum, and cerebellar hemisphere tissues in Figures 1, 2, and 3, respectively. As shown in
Supplementary Figures S1, S2, and S3, QQ plots for each TWAS present negligible systematic
inflation. Even though only a small sample size of 530 individuals was collected, we observed that
35 genes reached a Bonferroni-corrected genome-wide threshold of 2.1 x 10 and additional 31
genes reached a more liberal significance threshold of 10 in total. For these identified risk genes
of FXTAS, none of these genes were validated with Parkinson’s disease in independent summary-
level TWAS analyses. Nevertheless, we further checked whether the risk genes we identified were
previously associated with related traits using the Open Targets Genetics database.[>!?] Many
TWAS identifications, such as LSM2, CLICI, and DXO, were supported by previous studies as
they have been found to associate with some relevant clinical features of FXTAS, e.g.,
Parkinsonism, multiple sclerosis, brain region volumes, mental disorder, and cognitive decline.

Details of identified risk genes are shown in Table 1.

3.2 FXPOI

We provide Manhattan plots of our TWAS analyses of FXPOI based on ovary tissue in Figure
4. As shown in Supplementary Figure S4, the QQ plot presents negligible systematic inflation.
Despite the limited sample size of 530 individuals recruited, we observed that 21 genes reached a
Bonferroni-corrected genome-wide threshold of 2.2 x 10-% and additional 25 genes reached a more
liberal significance threshold of 10 in total. Among these identified risk genes of FXPOI, CFB

reached the genome-wide significance threshold and A/F] reached the replication significance



threshold (0.05 divided by the number of identified risk genes of FXPOI) for association with age
at menopause in summary-level TWAS analyses in an independent GWAS dataset. We further
checked risk genes’ associated traits from previous studies in the Open Targets Genetics
database.[>!%) Many TWAS identifications, such as RGL2, PPPIRI2C, and SYNGAPI, were
supported by previous studies as they have been found to associate with some relevant clinical
features of FXPOI, e.g., age at menopause (or last menstrual period), sex hormone-binding

globulin levels, and total testosterone levels. Details of identified risk genes are shown in Table 2.

3.3 FXS-Seizure

We provide Manhattan plots of our TWAS analyses of FXS-Seizure based on brain cortex
tissue in Figure 5. As shown in Supplementary Figure S5, the QQ plot presents negligible
systematic inflation. Even though only a small sample size of 530 individuals was collected, we
observed that 12 genes reached a Bonferroni-corrected genome-wide threshold of 2.2 x 107 and
additional 11 genes reached a more liberal significance threshold of 10 in total. For these
identified risk genes of FXS-Seizure, none of these genes were validated with epilepsy in
independent summary-level TWAS analyses. However, we further checked whether the risk genes
identified were previously associated with related traits using the Open Targets Genetics
database.l”1% Several TWAS identifications, such as HLA-E, EHMT?, and RGL2, turned out to be
pleiotropy genes of Autism spectrum disorder (ASD), which supports the finding that FXS patients
with seizures are more likely to have ASD than those without seizures.!!8] Details of identified risk

genes are shown in Table 3.
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Figure 1. Manhattan plot for FXTAS TWAS analyses based on brain cortex tissue.
Each dot denotes the -log10(p-value) per gene by TWAS. The red line indicates the genome-wide
significance threshold of 2.1 x 1076, 10 genes reach the significance threshold.
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Figure 2. Manhattan plot for FXTAS TWAS analyses based on brain cerebellum tissue.
Each dot denotes the -log10(p-value) per gene by TWAS. The red line indicates the genome-wide
significance threshold of 2.1 x 10, 15 genes reach the significance threshold.
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Table 1. TWAS risk genes of FXTAS (genome-wide significance threshold)

11

Gene Chromosome Tissue Associated traits in Open Targets Genetics P value
TMEM94 17 Brain cerebellar hemisphere (1) Multiple and sytemic sclerosis. 4.25E-10
PPPIR7 2 Brain cerebellum 1.40E-09
SLIT3 5 Brain cortex 2.48E-09
RXRB 6 Brain cortex (1) Multiple and sytemic sclerosis. 4.32E-09
PRKCG 19 Brain cerebellum 9.71E-09
LSM2 6 Brain cortex (1) Parkinson's disease, 1.57E-08
(2) Systemic sclerosis.
TTYHI 19 Brain cerebellar hemisphere 2.36E-08
CTB-50L17.10 19 Brain cerebellum 3.88E-08
Cé6orf47 6 Brain cerebellar hemisphere (1) Parkinson's disease. 4.32E-08
SYNGAPI 6 Brain cerebellar hemisphere (1) Multiple and sytemic sclerosis. 5.42E-08
TMEM132D 12 Brain cortex 5.68E-08
TFPT 19 Brain cerebellar hemisphere 6.71E-08
BRSK1 19 Brain cerebellum 7.79E-08
RP11-289110.2 1 Brain cerebellum 8.95E-08
GNRHR2 1 Brain cerebellum 1.21E-07
DLGAPI 18 Brain cortex 1.24E-07
TLK1 2 Brain cortex 1.33E-07
RBM8A 1 Brain cerebellar hemisphere 1.39E-07
FAM72D 1 Brain cerebellar hemisphere 1.52E-07
CLICI 6 Brain cerebellum (1) Parkinson's disease. 2.05E-07
DXO 6 Brain cerebellum (L) Parkl.nson's dlsea.tse, 2.76E-07
(2) Multiple sclerosis.
VARS 6 Brain cerebellar hemisphere 3.56E-07
PBX2 6 Brain cerebellum (1) Parkl_nson's disease, . . 4.00E-07
(2) Multiple and systemic sclerosis.
RGL?2 6 Brain cortex (1) Systemic sclerosis. 4.30E-07
PRRC24 6 Brain cerebellum (1) Parkinson's disease. 5.05E-07
GPR89A4 1 Brain cortex 5.39E-07
NBPF25P 1 Brain cerebellum 5.98E-07
VPS52 6 Brain cerebellar hemisphere (1) Multiple and sytemic sclerosis. 6.44E-07
DPP6 7 Brain cortex 7.39E-07
RP11-89F3.2 1 Brain cerebellum 8.21E-07
GNLI 6 Brain cerebellar hemisphere (1) Parkinson's disease. 9.12E-07
TMEM141 9 Brain cerebellar hemisphere 9.82E-07
GPSM3 6 Brain cortex (1) Parkl.nson's dlsease,. . 1.40E-06
(2) Multiple and systemic sclerosis.
U24F2 19 Brain cerebellum 1.81E-06
PFNIP3 1 Brain cerebellum 1.93E-06

The 'Tissue' column indicates which tissue the TWAS p value of each gene is based on.




Table 2. TWAS risk genes of FXPOI (genome-wide significance threshold)

Gene Chromosome Associated traits in Open Targets Genetics P value
RPI11-403113.8 1 2.07E-11
(1) Total testosterone levels,

L.C394 - . S9E-11
SLC3947 0 (2) Sex hormone-binding globulin levels. 359
CFB 6 (1) Total testosterone levels. 8.92E-11

(1) Total testosterone levels,
DDAH?2 - . 1.09E-10
0 (2) Sex hormone-binding globulin levels. 09
AGPATI 6 (1) Total testosterone levels. 2.56E-10
DXO 6 (1) Sex hormone-binding globulin levels. 2.87E-10
ANKRD 344 1 2.89E-10
POLR3C 1 6.64E-10
LENGS-AS1 19 1.62E-09
PRRT1 6 (1) Total testosterone levels. 1.81E-09
(1) Total testosterone levels,
MSH - . 1.92E-
SH> 0 (2) Sex hormone-binding globulin levels. 92E-09
(1) Total testosterone levels,
AIF] 0 (2) Sex hormone-binding globulin levels. 6.27E-09
CNOT3 19 1.90E-08
TNXB 6 (1) Total testosterone levels. 2.61E-08
TCAMIP 17 2.18E-07
(1) Total testosterone levels,
Corf47 0 (2) Sex hormone-binding globulin levels. 314E-07
RPI11-289110.2 1 5.07E-07
LIXIL-AS1 1 6.01E-07
(1) Age at menopause,

RGL2 . . 14E-07
G 0 (2) Sex hormone-binding globulin levels. o 0
PPPIRI2C 19 (1) Age at menopause (last menstrual period). 1.90E-06

(1) Age at menopause,
SYNGAPI 6 (2) Total testosterone levels, 2.21E-06

(3) Sex hormone-binding globulin levels.

12



Table 3. TWAS risk genes of FXS-Seizure (genome-wide significance threshold)

Gene Chromosome Associated traits in Open Targets Genetics P value

CD160 1 4.11E-09
LIXIL 1 7.69E-09
RPI11-289110.2 1 9.07E-09
ABHD16A4 6 1.23E-08
RGL2 6 Autism spectrum disorder (pleiotropy). 1.14E-07
CHI17-195P21.2 1 Autism spectrum disorder or schizophrenia.  1.21E-07
ATPOVIG2 6 Autism spectrum disorder or schizophrenia.  2.01E-07
TMEM132D 12 2.22E-07
LSM2 6 3.74E-07
EHMT? 6 Autism spectrum disorder (pleiotropy). 7.71E-07
HLA-E 6 Autism spectrum disorder (pleiotropy). 1.39E-06
POLR3GL 1 1.94E-06

13
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4 Discussion

By leveraging the TWAS framework, this study has successfully identified 68 genes
significantly associated with Fragile X disorders. Many TWAS identifications, such as RGL2,
PPPIRI2C, and SYNGAPI, were supported by previous studies as they were found to associate
with relevant clinical features of Fragile X disorder in Open Targets Genetics. Moreover, CFB and
AIF1 for FXPOI were validated in independent studies of age at menopause and thus are worthy
of further functional investigations (e.g., utilizing Drosophila or mice model) to elucidate the
underlying biological mechanisms.[!”]

With the high costs of WGS, the power to detect potential genetic modifiers was greatly limited
by the sample size collected. Several approaches could be taken to increase the detection power of
the TWAS framework. To begin with, we currently only utilized cis-eQTL information in our
TWAS analyses, whereas trans-eQTL are equally important and explain a significant proportion
of variation for most expression quantitative traits.[>"] Therefore, other TWAS frameworks such as
Bayesian Genome-wide TWAS method that incorporates both cis- and trans-eQTL can also be
used to identify genetic modifiers of Fragile X disorders.l?!! Furthermore, with emerging reference
summary-level eQTL data generated by the eQTLGen and CommonMind consortia, TWAS
frameworks that can utilize summary-level reference data to increase sample size and enhance

power (e.g., OTTERS) are also worthy of future application.[22-23-24]
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Figure S1. QQ plot for FXTAS TWAS analyses based on brain cortex tissue.
The genomic inflation factor A is close to 1 indicating no obvious evidence of inflation.
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Figure S2. QQ plot for FXTAS TWAS analyses based on brain cerebellum tissue.
The genomic inflation factor A is close to 1 indicating no obvious evidence of inflation.
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Figure S3. QQ plot for FXTAS TWAS analyses based on brain cerebellar hemisphere tissue.
The genomic inflation factor A is close to 1 indicating no obvious evidence of inflation.
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Figure S4. QQ plot for FXPOI TWAS analyses based on ovary tissue.
The genomic inflation factor A is close to 1 indicating no obvious evidence of inflation.
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Figure S5. QQ plot for FXS-Seizure TWAS analyses based on brain cortex tissue.
The genomic inflation factor A is close to 1 indicating no obvious evidence of inflation.
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