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Abstract
Objective

Thyrotoxic periodic paralysis (TPP) is a rare and potentially fatal complication of
hyperthyroidism. By meta-analysis of genome-wide association studies, we aim to
discover novel susceptibility loci and understand the pathogenesis of TPP.

Methods

This meta-analysis comprised 319 TPP cases and 3,516 healthy controls from three
independent cohorts (two from Hong Kong; one from Shanghai). Genetic variants in
each cohort were separately genotyped, imputed and analyzed for association with TPP.
Fixed-effect meta-analysis was performed to combine the data. Using the three
independent genome-wide significant variants, a weighted genetic risk score (GRS)
was developed.

Results

Of 7,077,246 variants tested for association with TPP, 260 variants reached genome-
wide significance and were represented by independent variants from four distinct
genomic loci, but a risk locus for Graves’ disease at 6p21.33-p21.22 was excluded from
subsequent analyses. Two novel loci near TRIM2 (4931.3; rs6827197:
OR=4.075;P=3.46x10"°) and AC140912.1 (16q22.3; rs6420387: OR=1.861;P=2.66x10"
8 were identified. Together with previously reported KCNJ2 (17024.3; rs312743:
OR=2.564;P=1.15x10"%), the three susceptibility variants explained 4.36% of the
genetic liability. Expression quantitative trait loci analyses showed the variants altered
expression of TRIM2 in nerve and KCNJ2 in skeletal muscle. The weighted GRS had
an area under curve of 0.827 and 0.682 in the derivation and validation cohorts in Hong
Kong.

Conclusions
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We identified two novel TPP risk loci near TRIM2 and AC140912.1. While rare
mutations in TRIM2 and KCNJ2 were implicated in monogenic disorders characterized
by muscle paralysis, our study suggested common variants near these genes might

dysregulate gene expression and lead to milder phenotypes.
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Introduction

Thyrotoxic periodic paralysis (TPP) is a rare and potentially fatal complication of
hyperthyroidism characterized by recurrent hypokalemia, episodic muscle weakness
and paralysis (1). In serious attacks, life-threatening cardiopulmonary complications,
such as ventricular arrhythmia, total paralysis of respiratory and bulbar muscles, may
also occur (1). While it mainly affects males in Asians with a prevalence of 13% among
male patients with thyrotoxicosis in Chinese, the overall incidence of TPP in Chinese
is 1.8% (1). Despite the predominance in male, the ratio of male to female with TPP
varied from 17:1 to 76:1 (2). Following migration and increased awareness of the
condition, more TPP cases have been observed in various populations in Western

countries (3).

As episodic muscle weakness and paralysis in TPP are similar to known
channelopathies like hypokalemia periodic paralysis and Andersen-Tawil syndrome
(ATS), TPP was recognized to be a channelopathy. We previously identified mutations
in an unreported gene, potassium inwardly rectifying channel subfamily J member 18
(KCNJ18) encoding the inwardly rectifying potassium (KIR) channel KIR2.6, were
present in approximately one-third of TPP patients (4). On the other hand, using
genome-wide association study (GWAS), we identified another member of KIR
channels, KCNJ2, as a susceptibility gene of TPP, and significant association with
KCNJ2 was consistently observed in other GWAS of TPP (5-7). In the latest single-
cohort GWAS, a novel genome-wide significant TPP locus unrelated to ion channel
was revealed in dachsous cadherin-related 2 (DCHS2) (7). In addition to the loci near
KCNJ2 and a suggestive locus near C11orf67, the three susceptibility loci contributed

to 3.1% heritability of the disease (7) but they could not fully explain the genetic
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liability of TPP.

In the present study, we aimed to dissect the genetics of TPP by firstly performing an
additional GWAS in a southern Chinese cohort in Hong Kong with 92 TPP cases and
2,077 controls, then conducted a meta-analysis with two published GWAS (7, 8),
totaling 319 TPP cases and 3,516 healthy controls. To enhance early identification of
the disease, the TPP-associated genetic variants derived from the meta-analysis were
employed to develop a weighted genetic risk score (GRS). Functionality of the

susceptibility genetic variants were investigated.

Methods

Ethics statement

The study was approved by the Institutional Review Board of the University of Hong

Kong/Hospital Authority Hong Kong West Cluster.

Study design

Data from three study cohorts were used in the present meta-analysis. One cohort was
the latest study conducted by the China Consortium for the Genetics of Autoimmune
Thyroid Disease (7) (Shanghai Cohort). While another published cohort was our
previous GWAS with study participants recruited from the Southern Chinese
population in Hong Kong (8) (HK Cohort A), a new dataset, namely HK Cohort B, was
also recruited in Hong Kong using the same selection criteria. Participants in all the
study cohorts gave informed consent and ethics approval was obtained from the
respective institutional review board. Details of individual cohorts were described

elsewhere and in Supplementary Methods 1 (https://osf.io/y9pvr/ (9)). In brief,
5



https://osf.io/y9pvr/

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

individuals with TPP presented with thyrotoxicosis and paralysis were recruited as
cases while healthy subjects were recruited as controls . The same quality control
criteria were applied to the genotype data of the three individual cohorts

(Supplementary Methods 2, https://osf.io/y9pvr/ (9)). They were uniformly imputed

with reference to Haplotype Reference Consortium (HRC) reference panel

(Supplementary Methods 3, https://osf.io/y9pvr/ (9)). After conducting logistic

regression analysis in each cohort, the data was combined by fixed-effect meta-analyses

(Supplementary Methods 4, https://osf.io/y9pvr/ (9)).

Joint and conditional association analysis

To identify independent TPP-associated variants reaching the genome-wide
significance threshold of p<5x10® GCTA-COJO (10) was applied to perform a
genome-wide stepwise selection procedure in the meta-analysis data, with correction
of linkage disequilibrium (LD) structure derived from the genotypes of the cohorts. The
joint effects of all selected SNPs were estimated after the model has been optimized.
Conditional analysis was performed to assess the independence of association signals
within TPP loci. Conditional on the independent TPP-associated variants identified
from the stepwise selection procedure, single-SNP association analysis was conducted
per risk locus. Restricted maximum likelihood (REML) method was employed to

compute the phenotypic variance explained by the independent SNPs (11).

Prediction of TPP risk based on the genotypes of independent SNPs
With the genotypes of the genome-wide independent TPP-associated SNPs, weighted
GRS were computed for all individuals in the cohorts. The GRS were weighted based

on the beta estimates derived from HK Cohort A, and they were calculated using the
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allelic scoring command (--score) in PLINK1.9 (12). Accuracy of TPP prediction was
validated in independent cohorts (HK Cohort B and Shanghai Cohort) and evaluated by
the area under the receiver operating characteristic curves (AUC). The optimal cut-off
value for TPP risk classification was determined by the Youden’s index, corresponding
to a point on receiver operating curve (ROC) with the highest vertical distance from the
diagonal line of the ROC, which intends to maximize overall correct classification rates
and minimize misclassification rates. The positive predictive value (PPV) and negative
predictive value (NPV) of the prediction models were evaluated for each cohort based

on the sensitivity, specificity, as well as prevalence of TPP.

Functional annotation of TPP-associated SNPs

An integrative web-based tool, Functional Mapping and Annotation (FUMA) (13)
version 1.3.6, was employed to annotate the TPP-associated SNPs. In FUMA,
combined annotation-dependent depletion (CADD) score (14), RegulomeDB score (15)
and ChromHMM-derived chromatin state (16) were computed for the candidate SNPs
in LD with the independent SNPs (r>>0.1), which are also included in 1000 Genome.
SNPs with CADD score greater than the threshold of 12.37 are considered as
deleterious (17). SNPs having low RegulomeDB scores imply more likely regulatory
roles: score of 1 indicate the SNPs are likely to affect binding and linked to expression
of a gene target; score of 2 indicate the SNPs are likely to affect binding(15). Whereas,
chromatin states of 1 to 7 derived by ChromHMM imply the openness of chromatin
and thus higher accessibility(16). To prioritize SNPs for further functional analysis,
candidate SNPs meeting at least two out of the three aforementioned criteria [(i) CADD
score>12.37, (ii) RegulomeDB score<2; (iii) chromatin states 1 to 7] are further

investigated. In case none of the candidate SNPs within the same risk locus met the
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above criteria, the independent SNP itself would be investigated. Further functional
investigations included expression quantitative trait loci (eQTL) analysis by current
release (V8) of Genotype-Tissue Expression (GTEXx) portal (18). Significant eQTL
were defined as those having false discovery rate (FDR) <0.05. Three-dimensional
DNA-DNA interactions between genomic region containing the candidate SNPs and
genes (enhancer or promotor of genes, which may be outside the disease risk loci) were
also examined using Hi-C data from a comprehensive survey of chromatin organization
in human tissues conducted by the Roadmap Eigenomics Consortium (GSE87112 in
Gene Expression Omnibus) (19). Only interactions with FDR<1x10® were considered
as significant. With the summary statistics from GWAS the meta-analysis, FUMA also
performed a gene-set enrichment analysis using the built-in MAGMA tool (20),
providing insights regarding the pathways or cellular functions involved in the genetic
etiology of TPP. In MAGMA v1.07, individual genes were aggregated to 15,496 sets
of genes with shared biological, functional, or other characteristics [from MsigDB v7.0,
including 5,500 curated gene sets / canonical pathways and 9,996 Gene Ontology terms
(biological processes, cellular components and molecular functions)]. A gene-set is
considered significantly enriched if it can pass the threshold of multiple-testing

(p<0.05/15496=3.227x10°9),

Results
Meta-analysis of GWAS

Imputation and quality control criteria (Supplementary Table 1, https://osf.io/y9pvr/ (9))

were applied to the three individual cohorts. To account for population stratification,
HK Cohort A, HK Cohort B and Shanghai Cohort were adjusted for the first one, three

and one principal components respectively. A total of 3,835 individuals (319 cases and
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3,516 controls) and 7,077,246 SNPs were included in the genome-wide meta-analysis.
Among the cases, 306 individuals (95.92%) are male (Table 1). The QQ plot (Figure
1a) demonstrated a substantial number of SNPs were observed to have p-values lower
than expected under the null hypothesis. The genomic inflation factor ( A ) was 1.012,
suggesting unmodeled population structure was unlikely. There were 260 SNPs which

reached genome-wide significance (p<5x10®) in the meta-analysis (Supplementary

Table 2, https://osf.io/y9pvr/ (9)), represented by four independent SNPs (Table 2) in

four distinct genomic loci at 4q31.3, 6p21.33-p21.22, 16¢g22.3 and 17924.3

(Supplementary Table 3, https://osf.io/y9pvr/ (9)) as shown in the Manhattan Plot

(Figure 1b). These SNPs could no longer reach the genome-wide significance level
when the association analysis was conditioned on the independent SNP on the same

chromosome (Supplementary Table 2, https://osf.io/y9pvr/ (9)), indicating that each of

the four genetic loci represented a single independent signal for TPP. The four

independent SNPs explained 5.69% of genetic liability of TPP in REML analysis.

A joint association analysis was performed for the four independent TPP-associated
SNPs (Table 2). The SNP with the strongest association signal was rs312743 (C-allele:
OR=2.564; 95% Cl: 2.107-3.119; P=4.82x102%) near KCNJ2 at chromosomal region
17qg24.3, which was also reported by us and others (5-8). Although rs112723370 was
associated with TPP risk (T-allele: OR=2.558; 95% ClI: 1.897-3.482; P=1.11x107), it
was downstream of HLA Complex P5 (HCP5) at 6p21.33-p21.32 and within the major
histocompatibility complex (MHC). Both HCP5 and MHC are known locus for GD (21,
22). Thus, it might represent a risk locus for GD instead of TPP and was excluded from
subsequent functional annotation and TPP prediction model. The remaining two
independent SNPs were located at novel susceptibility loci. The rs6827197 SNP (T-
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allele: OR=4.074; 95% CI: 2.553-6.504; P=3.90x10°) at 4q31.3 was 37kb upstream of
the gene tripartite motif containing 2 (TRIM2). The rs6420387 SNP (T-allele:
OR=1.861; 95% CI: 1.494-2.319; P=2.97x10®) was near AC140912.1 at 16g22.3. After
excluding rs112723370 at the GD locus, the remaining three independent SNPs
accounted for 4.36% of genetic liability of TPP. Regional association plots of SNPs

within 250kb centering on the independent SNPs are shown in Figure 2.

Meta-analysis comprising male cases and all healthy controls

Due to the higher prevalence of TPP in male, meta-analysis was also conducted in male
cases and all healthy controls. A total of 3,822 individuals (306 male TPP cases and
3,516 healthy controls) and 7,076,963 SNPs were included in this meta-analysis. The

QQ and Manhattan plots were generated (Supplementary Figure 1, https://osf.io/y9pvr/

(9)), with A of 1.016. There were 369 genome-wide significant SNPs (Supplementary

Table 4, https://osf.io/ly9pvr/ (9)), represented by three independent SNPs

(Supplementary Table 5, https://osf.io/y9pvr/ (9)) at 4931.3, 6p21.33 and 17924.3.

Moreover, two loci at 10922.3 [downstream of C100rfl11 or Leucine Rich Melanocyte
Differentiation Associated (LRMDA)] and 16922.3 almost reached genome-wide
significance (T-allele of rs144097453 at 100922.3: OR=4.233; 95% CI: 2.499-7.170;
P=8.08x10%; T-allele of rs6420387 at 16022.3: OR=1.822; 95% Cl: 1.462-2.271;

P=9.23x10%; Supplementary Table 6, https://osf.io/y9pvr/ (9)).

Functional annotation
Functions of the genetic variants were annotated using FUMA (Supplementary Table

7, https://osf.io/y9pvr/ (9)). Out of the 469 SNPs available in 1000 Genome and in LD

with the three independent SNPs at 4qg31.3, 160922.3 or 17g24.3, majority of them
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(99.15%) were intergenic or intronic (Supplementary Figure 2a, https://osf.io/y9pvr/

(9)). Fifteen of the candidate SNPs (3.2%) obtained a CADD score greater than the

deleteriousness threshold of 12.37(17) (Supplementary Figure 2b, https://osf.io/y9pvr/

(9)). Although relatively small portion of the SNPs have a low RegulomeDB score
(which imply a more likely regulatory role) (Supplementary Figure 2c,

https://osf.io/y9pvr/ (9)), 74.41% of the SNPs had a chromatin state of 1 to 7, implying

the openness of chromatin and thus higher accessibility (Supplementary Figure 2d,

https://osf.io/y9pvr/ (9)). Two and eleven SNPs at 16g22.3 and 17924.3 respectively

met two out of the three criteria of having potential functional role. Together with the
independent SNP rs6827197 at 4g31.3, eQTL analyses were performed for a total of 14
SNPs and the significant QTL with FDR<0.05 were identified (Supplementary Table 8,

https://osf.io/y9pvr/ (9)). The TPP-risk increasing alleles of candidate SNPs at 4931.3

and 17q24.3 were associated with increased and reduced expression of TRIM2 and
KCNJ2 in nerve and skeletal muscle respectively. There were 1,702 reported pairs of
DNA-DNA interactions between genomic region containing the candidate SNPs and
97 nearby/distant genes (including KCNJ2) in various tissues (such as neural progenitor
cells, hippocampus and dorsolateral prefrontal cortex) (Supplementary Table 9,

https://osf.io/y9pvr/ (9)). MAGMA showed that the top two enriched gene-sets were

related to plasma lipoprotein remodeling, and assembly of active lipoprotein lipase and
hepatic triacylglyceral lipase complexes. However, they could not pass the threshold of
multiple testing in the enrichment analysis (Supplementary Table 10,

https://osf.io/y9pvr/ (9)).

Prediction of TPP

The three genome-wide independent SNPs identified from the whole study population

11
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were used to develop a GRS weighted on the beta estimates derived from HK Cohort
A. Performance of the prediction model was evaluated (Figures 3a and b). The AUC in
the original HK Cohort A was 0.827. In HK Cohort A, the Youden index identified the
optimal cut-off at 0.119, with a sensitivity, specificity, PPV and NPV of 71.014%,
77.415%, 32.966% and 90.573%, respectively. To avoid overfitting, we evaluated the
accuracy of TPP prediction in two independent cohorts. In general, AUCs in HK Cohort
B (0.682) and Shanghai Cohort (0.643) were not as high as that of HK Cohort A
(Figures 3a and b). As candidate SNPs at 4g31.3 and 17q24.3 were associated with
altered gene expression, an additional weighted GRS was computed using rs6827197
and rs312743 only. The resulting prediction model had a generally lower AUC (HK
Cohort A: 0.815; HK Cohort B: 0.660; Shanghai Cohort: 0.617) than the GRS with all

the three SNPs (Figure 3c).

Discussion

To our knowledge, this GWAS meta-analysis of TPP comprising 319 cases and 3,516
controls is the largest GWAS of TPP to-date. Out of the three susceptibility loci
identified, two loci near TRIM2 at 49g31.3 and AC140912.1 at 16g22.3 were novel. We
also replicated the TPP susceptibility genetic variants near KCNJ2 at 17924.3. A
weighted GRS using the independent SNPs was developed to predict risk of TPP. The
AUC in the original HK Cohort A was >0.8, while it was validated in HK Cohort B and
the Shanghai Cohort with AUC of 0.682 and 0.643 respectively. Functional analyses
suggested that genetic variants at the risk loci might contribute to disease pathogenesis
by increasing and reducing expression of TRIM2 in nerve and KCNJ2 in skeletal

muscles respectively.

12



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

The genome-wide independent SNP rs6827197 at 4931.3 was intergenic and it was
around 37Kb upstream of TRIM2. Approximately 1.2Mb upstream of the previously
reported locus of rs1352714 at DCHS2 (7), these two SNPs were independent
(r?=0.003), suggesting that rs6827197 near TRIM2 was a novel risk locus of TPP. In
the present study, the risk-increasing T-allele had a relatively low allele frequency
(0.025). The SNP had a RegulomeDB score of 5 and chromatin state of 2, indicating its

potential regulatory role (Supplementary Table 7, https://osf.io/y9pvr/ (9)). Based on

eQTL analysis (GTEXx/v8), the T-allele was significantly associated with the increased
expression of TRIM2 in nerve (FDR=8.28x10%), while TRIM2 was broadly expressed
in brain and thyroid. Clinically, mutations in TRIM2 have been implicated in bilateral
vocal cord paralysis (23), early onset of Charcot-Marie-Tooth disease (CMT) (23) and
childhood-onset axonal neuropathy (24). Meanwhile, a SNP in TRIMZ2 was significantly
associated with multiple sclerosis (25) characterized by weakness in limbs, tremor, lack
of coordination or unsteady gait. Mice deficient in TRIM2 protein experienced
intention tremor, followed by gait ataxia, and episodes of generalized seizures (26).
Over-expression of TRIM2 in cultured hippocampal neurons of mouse embryos induced
neuron hyperpolarization (27). These studies indicate a strong functional relevance of
TRIM2 in TPP pathogenesis. Moreover, TRIM2 was reported to be a target gene of the
bioactive form of vitamin D (1,25(0H)2D3), and TRIM2 has a vitamin D response
element in its promoter region (28). Vitamin D metabolism was shown to be over-
represented (ranked 3™ among all gene-sets; p=1.58x10"*: Supplementary Table 10,

https://osf.io/y9pvr/ (9)) in the gene-set enrichment analysis, although it could not pass

the multiple testing criteria. Given that vitamin D deficiency is known to be associated
with Graves’ disease (29) and it may contribute to muscle weakness (30), further studies

are warranted to examine if vitamin D metabolism and TRIM2 regulation were involved
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in the pathogenesis of TPP.

The candidate gene AC140912.1 at 16g22.3 was broadly expressed in brain, with the
highest expression in basal ganglia (GTEx/v8). The risk-increasing T-allele of
rs6420387 is significantly associated with increased expression of AC140912.1 in basal
ganglia (P=0.02), which may be involved in voluntary control of body movement. The
candidate gene LRMDA at 10g22.3 that approached genome-wide significance in the
meta-analysis of male cases and all controls had ubiquitous expression in adrenal gland,
thyroid and spleen (GTEx/v8). Nonsense mutation in the gene was associated with
nystagmus (31), a visual condition when the eyes make involuntary, uncontrolled and
repetitive movement. Yet, further investigation on the relationship between TPP and

these candidate genes are warranted.

TPP is widely recognized as a channelopathy. This is well-supported by the identified
susceptibility/candidate genes of TPP in human, such as KCNJ2(5-8), KCNJ18(4),
voltage-dependent calcium channel (Cay1.1) (32), and voltage-gated sodium channel
(Nav1.4) (33). Although a study identified a susceptibility variant located in non-coding
RNA CTD-2378E21.1, it is downstream of KCNJ2 (6). To the best of our knowledge,
the only reported genome-wide significant TPP-associated variant that was unrelated
to ion channel genes was a variant in DCHS2 identified in a single Cohort, without
much functional relevance with TPP (7). However, the locus did not reach genome-
wide significance in the current meta-analysis. Taken together, our study has identified
two novel and robust genome-wide significant TPP loci near TRIM2 and AC140912.1
which are unrelated to ion channels, providing evidence that TPP may not be solely a

channelopathy.
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Notably, among the TPP susceptibility genes, mutations near TRIM2 and KCNJ2 were
implicated in monogenic disorders, namely CMT and ATS, respectively. Our study
provides an insight that common variants in proximity of genes implicated in
monogenic muscular paralysis disorders, such as CMT and ATS, might dysregulate the
expression of these genes, leading to milder phenotypes observed in TPP. In addition,
environmental exposures, such as strenuous exercise, intake of carbohydrate-rich meals
or alcohol, are precipitating factors of TPP attack (1). Since the three genome-wide
independent TPP-associated SNPs accounted for only 4.36% of genetic liability, the
gene-environment interaction might explain a large portion of the “missing heritability”

of TPP.

As early detection of TPP might prevent life-threatening complications, a weighted
GRS was developed based on the three genome-wide independent SNPs identified. A
prediction model with AUC>0.7 was considered clinically useful (34). The weighted
GRS in the original HK Cohort A had an AUC of 0.827, indicating that this GRS is
potentially clinically useful. However, as the model was evaluated in the cohort from
which the model is developed, there was overfitting problem, leading to a higher AUC.
We therefore evaluated the accuracy of TPP prediction in two independent cohorts.
AUCs of HK Cohort B and Shanghai Cohort were not as high as that of HK Cohort A.
Nevertheless, the post-test probability of TPP was improved (PPVs>20.807% and
NPV>90.047%), given that the pre-test probability of having TPP and not having TPP
is 13% and 87% respectively (based on the prevalence of 13% among male patients
with thyrotoxicosis in Chinese (1)). Notably, the GRS was developed and validated in

cohorts with TPP cases and healthy controls where the prevalence of TPP was lower
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than that among individuals with thyrotoxicosis. It is expected that the prediction
accuracy was underestimated in the cohorts under investigation. Improvement in the
accuracy is anticipated if the prediction is conducted among individuals with
thyrotoxicosis. On the other hand, the AUC, PPV and NPV of the Shanghai Cohort
were the lowest among the tested cohorts, which might be explained by the slight
heterogeneity of the genetic architecture between the northern and southern Chinese
population in Shanghai and Hong Kong (35). An additional GRS was developed based
on the two independent SNPs at 4931.3 and 17g24.3 which altered the expression of
TRIM2 and KCNJ2 (rs6827197 and rs312743). Only slightly lower AUC was observed
for all the three cohorts in this prediction model, implying that the accuracy of TPP risk
prediction was mainly contributed by the two SNPs located within the risk loci

implicated in changes of gene expression.

This study has several strengths. It was the largest GWAS meta-analysis to-date, with
TPP cases more than double of the latest GWAS (7), leading to the increase in power.
Moreover, individual GWAS were imputed again with reference to the HRC panel such
that a more comprehensive set of genetic variants were tested, enabling discovery of
new risk loci and refining of causal loci (36). One limitation of the present study was
that the controls in our study were healthy individuals, while TPP patients also had GD.
It may be possible that the risk loci identified were susceptible to GD instead of TPP.
Nevertheless, by checking against the published GWAS of GD in different populations,
including Han Chinese (21, 37), Japanese (7) and Europeans (38), we confirmed that
the TPP risk loci identified in the present study were not GD susceptibility loci.
Furthermore, the relatively low prevalence of TPP resulted in difficulties in the

recruitment of cases. The relatively small number of cases in the study may lead to
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false-positive findings. Moreover, the GWAS meta-analysis included subjects of
Chinese ethnicity only, implying that the identified susceptibility loci for TPP may be
ethnic-specific. Due to the difference in LD patterns, association studies conducted in
other ethnicities may not be able to retrieve the same susceptibility variants as identified
in the current study. Generalization of the current findings to other ethnicities should
be cautious. Replication of the present findings in independent cohorts would be
required when such cohorts become available. In addition, due to the higher prevalence
of TPP in male and the limited number of healthy male participants available in the
cohorts, there was a skewed distribution of gender in the current meta-analysis: more
male as cases and more female as controls, respectively. Inclusion of female samples
in the controls would underestimate instead of overestimating the association, leading
to false negative rather than false positive findings. Gender-specific GWAS meta-
analysis might explain how genetics might contribute to the higher prevalence of TPP
in male. However, with HK Cohort B and Shanghai Cohort, a male-specific GWAS
meta-analysis of TPP using only 237 cases and 1037 controls of male participants was
not desirable due to the relatively small sample size and low power. The power to detect
an association with OR<1.5 is less than 0.07 if the risk allele frequency is within a wide
range from 0.01 to 0.95, based on the calculation using QUANTO (39) (Supplementary

Table 11, https://osf.io/y9pvr/ (9)).

In conclusion, the present study reports the first GWAS meta-analysis of TPP with the
largest sample size to-date, identifies novel genome-wide significant TPP susceptibility
genes at 4931.3 and 16g22.3 which are unrelated to ion channel. The TPP susceptibility
locus near TRIM2 at 4931.3 might play a role in the disease pathogenesis by altering

the expression of TRIMZ2 in nerve. Whereas, the function of the locus at 16922.3 is yet
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to be determined. In addition to the previously reported variant near KCNJ2, this meta-
analysis identified common variants which altered the expression of genes implicated
in monogenic disorder characterized by muscle paralysis, resulting in the milder
phenotype of TPP. The weighted GRS had an area under curve of 0.827 and 0.682 in
the derivation and validation cohorts in Hong Kong. Including larger sample in future

studies are warranted to further refine the causal risk loci.
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Figure legends

Figure 1. Quantile-quantile (QQ) plot and Manhattan plot of meta-analysis of genome-
wide association studies of TPP.

(@) The QQ plot showed the deviation of the observed p-values from the null hypothesis,
with the diagonal representing the expected distribution of p-values under the null
hypothesis.

(b) The Manhattan plot displayed the association of each SNP, with their genomic
position on the x-axis and strength of association on the y-axis. The upper and lower
horizontal lines represent the threshold of genome-wide (p=5x10®) and suggestive
(p=1x10") significance, respectively.

Figure 2. Regional association plots for the TPP risk loci. The left y-axis indicates-log
P-value of each SNP within 250kb upstream / downstream of the independent SNP. The
right y-axis indicates the recombination rates estimated from the 1000 genome project
(hg19). The annotated genes are indicated at the bottom of the figure.

(@) Regional association plot for Chr4q31.3 centering on the independent SNP,
rs6827197 (purple diamond).

(b) Regional association plot for Chrl6g22.3 centering on the independent SNP,
rs6420387 (purple diamond).

(c) Regional association plot for Chrl7g24.3 centering on the independent SNP,
rs312743 (purple diamond).

Figure 3. Performance of TPP prediction in the three cohorts by weighted genetic risk
score.

(a) Comparison of AUC in the three cohorts by weighted genetic risk score.
(b) Performance metrics of prediction model in the three cohorts.

(c) Comparison of AUC in the three cohorts by weighted genetic risk score with two
independent SNPs that altered expression of TRIM2 and KCNJ2.
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