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Abstract

Polygenic score analysis of Bipolar Disorder
By Luxi Liang

Bipolar Disorder (BD) is a life-long mental disorder with a high heritability.
Although no single gene explains the disease, a great number of studies successfully
identified the combined effect of small genetic factors contributing to BD. Polygenic
risk score (PRS) is generated by counting and weighing these risk alleles among
target individuals. In this study, we examine whether PRS generated from Bipolar I
Disorder (BPI) is able to predict BPI status, age at onset of psychosis and
Schizophrenia (SZ) status. We first used the entire BPI and controls set to identify
associated SNPs at three inclusion thresholds (P<0.1, P<0.05, P< 0.001) and used
these variants to calculate PRS in the exact same population. Afterwards, we divided
the dataset evenly into a training set in which we obtained the genetic risk variants
and a replication set in which we generated the PRSs. Last, we tested the PRS from
the BPI in SZ patients. The results showed that the PRSs were significant higher
among BPI cases compared to controls, regardless of the threshold in the original
dataset (P<0.0001). The PRS from BD risk alleles were also higher among SZ cases
compared to controls at threshold P<0.05 (P=0.0003) and threshold P<0.001
(0.0222). Nonetheless, the PRSs did not differ significantly between BPI cases and
controls in the replication sample. Likewise, PRSs were unable to predict age at
onset of psychosis in both dataset.

Keyword: Bipolar Disorder, Polygenic risk score, age at onset, Schizophrenia,
predict
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Background

Bipolar disorder (BD) is a life-long disorder that is characterized by recurrence of
episodic, extreme changing mood from mania to depression[1]. According to the fifth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V), BD and
related disorders were placed as a bridge between Schizophrenia and depressive disorders
with respect to symptoms, family history and genetic factors. BD can be further divided
into two major subtypes, Bipolar I disorder (BPI) and Bipolar II disorder (BPII). A wide

spectrum of related disorders exists (DSM-V).

The diagnosis of Bipolar I disorder (BPI) requires at least one manic episode
during which the individual presents with perpetually and abnormally elevated mood,
increased energy and activity represented by inflated self-esteem, less need for sleep,
flight of ideas and excess involvement in either social or sexual activities (DSM-V). The
manic episode cannot be explained by other psychiatric disorders or effect of substance
and should last at least 1 week (DSM-V). A major depressive episode, in which an
individual suffers from one or more clinically significant symptoms of depression— such
as depressed mood, loss of interest, weight loss, insomnia and thoughts of death that
impair social functions— is common, but not necessary for a BPI diagnosis. Hypomanic
episode, a lesser form of manic episode is also common, but not required, for the
diagnosis of BPI (DSM-V). The 12-month prevalence of BPI is 0.6% in the US with a

male to female prevalence ratio approximately 1.1:1. It is significantly higher among



African Americans and Whites compared to Afro-Caribbeans. Mean age of onset is

around 18 years old (DSM-V).

For diagnosis of Bipolar II Disorder (BPII), a history of at least one hypomanic
episode or a current hypomanic episode, a milder form of manic episode that normally
does not cause impairment to social functioning, is needed in combination with
recurrence of periods of major depression which last at least 2 weeks. The 12 month
prevalence of BPII is estimated to be 0.8% in the US, slightly higher than BPI. The
average onset age is mid-20s (DSM-V). The major aspect differentiated BPI from BPII

is the presence of true mania (DSM-V).

The population suffering from BD was estimated to be 29.5 million worldwide in
2004 [2]. The lifetime prevalence of type I is approximately 0.6% and type 11 0.4%,
according to an eleven population-based survey [3]. Though females are at an increased
risk of depression, there was no evidence for a gender difference in BD prevalence [4].
Incidence rate (IR) of BD varies in different populations, ranging from 2.2/100,000
Person-Year in rural Irish populations [5] to 12.3/100,000 PY in Finland [6]. A cohort
study conducted in a practitioner research database with 800,000 patient records in the
Netherlands showed the overall IR of BD was 0.7/10,000 PY and IR of BPI and BPII are
0.43/10,000 PY and 0.19/10,000 PY, respectively. No statistically significant gender
differences of hypomania and mania IR were detected in the study (Male IR: 0.7/10,000;
Female IR: 0.68/10,000) [7]. The mean standardized mortality ratio (SMR), comparing

BD patients to the general population, as obtained from Danish populations, was 1.7. In



this study a noticeable cause of death was suicide [8]. While prevalence and incidence
rate appeared to be approximately equal in both genders, females are more likely to have

rapid cycling BD than males [9].

Some studies have found that early-onset BD is associated with worse prognosis
and response to treatment [10]. Age of onset (AAO) could serve as an alternative
characterization of BD by grouping patients into early intermediate and late-onset by
using 21 and 34 years old as cutoffs [10]. Evidence showed that age of onset matters in
prognosis and treatment of BD in terms of clinical courses and biological implications.
Early-onset BD patients often present worse outcomes compared with their late-onset
counterparts, and these outcomes include higher suicide risk (Odd Ratio: 1.407), Axis I
comorbidity (OR: 1.646), substance abuse (OR: 1.468) and rapid cycling course (OR:
2.082)[11]. A further study on age of onset indicated age might be a proxy for number of
mood episodes and illness duration. Early onset patients suffer from more episodes of
depressive or maniac mood, which reduced their response to psychosocial treatments for

depression and collaborative care and significantly prolonged their recovery time [12].

The result of assessment of quality of life (QOL) indicates that BD patients
performed far below the general population and worse than other mood disorder and
anxiety disorder patients in emotional or psychosocial realms, mainly due to the
depressive period [13]. Based on the Self-stigma Questionnaire (SSQ) results, BD
patients also suffer from self-stigmatization, which leads to diminished self-esteem and

self-efficacy [14]. The disease is also associated with increased morbidity and significant



impair to social functions, including occupation, education and ability to live
independently [13]. BD patients have a 15-fold increased risk of suicide, compared to the
general populations (DSM-V). In addition, a high BD recurrence risk of 70% was

detected in a previous study, indicating the disease’s chronicity [15].

The common treatments for BD include medication and psychotherapies, based
on the type and severity of disease. Medication mainly consists of mood stabilizers,
antidepressants and antipsychotics. Psychotherapies, including cognitive—behavioral
therapy, family-focus therapy, interpersonal social rhythm therapy and functional
remediation, are alternatives. Patient may also seek help from support groups [16]. The
combinations of treatments above may exert different influence on treating depression
and preventing possible relapses [17]. However, BD patients still have a significantly
high relapse risk of 37% within the first year and 60% in the second year, even with

treatment [16].

As one of the world’s 10 most disabling conditions, BD contributed to 7.3 million
years of healthy life lost through times spent in states of less than full health (YDL) in
males, which was 2.5% of total global YDL and 7.1 million YDL in females, which was
2.3% of total YDL [2]. BD also inflicts a financial burden on public health systems, with
cost per capita ranging from $16,500 to $35,000 for direct healthcare, mental healthcare
and BD-related care [18]. Health services for BD patients cost 1.5 times higher than that

of the general population matched with age and sex [19].



Risk Factors for BD

Environmental and other factors

Though BD has higher prevalence in high-income countries compared to low-
income countries [20], the incidence rate of BD is higher in deprived areas compared to
non-deprived areas. Early adulthood (age 15-24) is the peak age of onset [7]. Studies
have found the onset and recurrence of BD could be triggered by stressful and negative
events. Social support from family and friends is another environmental factor that
impact patients’ onset and recovery. BD individuals who have poor social support are
more likely to relapse and need more time to recover [21]. Cognitive style, including
person’s self worth, self-schemata and attitude, contributes to BD, based on the evidence
that BD patients exhibit a considerable degree of negative cognitive style. Parenting and
maltreatment during childhood might also be associated with BD, though studies have
inconsistent conclusions on these findings [21]. As for clinical risk factors, anxiety and

behavioral disorders serve as precursors of BD in some studies[22].

Genetic factors

Besides the factors above, genetic factors greatly affect predisposition to major
psychiatric disorders, including BD, according to findings from family and twin studies.
The heritability of BD is estimated to be approximately 70% [23]. The lifetime risk of
BD for a monozygotic co-twin of BD proband is 40-70% and for first-degree relative
lifetime risk is 5-10%;, suggesting that genetic factors affect BD susceptibility [1].
Segregation analysis, attempting to identify a mode of BD inheritance from family data,

could not account for Mendelian transmission of BD [24]. However, a study conducted



among Old Order Amish families detected an autosomal dominant inheritance model that
could explain the transmission of BPI in very closely related families and a polygenic
effect contributing to BD among distantly related families [25]. Linkage studies showed
certain chromosomes— 4p, 4q, 10p, 12q, 18q, 21q and Xq— were associated with BD in
extended families. Additionally, some chromosomal abnormality, including missing and
extra portion of DNA on chromosomes, or translocation were also associated with
development of psychiatric disorders, such as BD and Schizophrenia (SZ) in a few
families [26]. A recent study among Danish populations revealed a strong association
between family history and occurrence of BD by detecting a 13.63 (95% CI: 11.81 —
15.71) fold increased risk of BD for a person who has a first-degree relative diagnosed
with BD [27]. Consistent results found in another European population indicated that
76.9% of BD patients had at least one first-degree relative who had psychiatric disorders
and 25.6% of BD patients have at least one grandparent who had one or more psychiatric

disorders [28]. These studies supported the existence of the high inheritability of BD.

Candidate Gene Associations

A case-only study in South Africa demonstrated BD patients who possess the G
allele at the SNP rs6465084 (GRM3) have a 4 times greater risk of developing psychosis,
and the interaction between rs701567 (DAOA) and rs1019385 (GRIN2B) influenced the
number of hospitalizations for mania, supporting the previous finding that genetic
disposition affects the course and severity of BD [29]. As an important feature of BD,
recurrence is also found to be associated with genetic factors, demonstrated by an Italian

case-only study in which rs4680 genotype (COMT) was detected to significantly



influence the recurrence of mania (P=0.0395) (Recurrence risk ratio: Val/Val 0.0709;
Val/Met 0.0739; Met/Met 0.0446) [30]. Additionally, another study using the Italian
population showed that rs10861688 was significantly related to the number of depressive
events (P=0.048) with higher relapse in AA subjects (4.46 times) compared to AG (3.08
times) and GG (2.65 times) [31]. Although the possible biological mechanism of these
finding are not yet known, further studies on the relationship between genetic factors and
BD severity would be of great interest in terms of possible screening to early detect and

target high risk BD populations.

In the 1980s, linkage studies on BD were conducted after a number of large
pedigrees with high incidence of BD were found. No evidence supported the hypothesis
of single major locus transmission (autosomal and X chromosome) of BD in either
segregation studies or in linkage studies of 21 autosomal markers [24]. The first linkage
studies involved Old Order Amish families in large multi-generational pedigrees. There
was no evidence found of linkage between certain blood group antigen loci and serum
protein with BD [32]. However, a further study conducted by the same group reported the
Harvey-ras-1 (HRAS) and insulin (INS) loci on Chromosome 11 were linked to BD [33].
The latter study encouraged a series of linkage studies on the association between

Chromosome 11 and BD.

Nevertheless, follow-up studies among Old Order Amish families found no
significant linkage of BD to HRAS or INS in the pedigree [34], consistent with the finding

of a diminished association between BD and HRAS and INS in re-analysis of an Old



Order Amish pedigree [35]. Later on, a full-genome scan study among the same
population was unable to identify any significant LOD-score from 367 markers
throughout the genome [36], consistent with the previously found non-significant
markers on Chromosome 1 and 11 [37]. Significant linkage of BD to loci on
Chromosome 18 and evidence of parent of origin effect was detected and reproduced in
studies using other nuclear families [38, 39]. With the arising of linkage studies, a
combined analysis on 11 linkage studies, which had a stronger statistical power, reported
loci on chromosome 6 and 8 have genome-wide significance as well as loci on 9 and 20
met potential linkage pattern [40]. Nevertheless, linkage analysis did not reveal any

consistent associations in BD.

Emerging genome-wide association studies (GWAS) have enabled substantial and
replicable findings in genetic factors of BD [1]. The research of the genetics behind BD
has evolved from the search of Mendelian disease genes to population-based studies
detecting common risk variance to GWAS [1]. GWAS is a large-scale example of linkage
disequilibrium (LD) mapping [41] in which markers in genomes or sets of DNA of
individuals are scanned in order to detect association between diseases and genetic
variations, most of which are single nucleotide polymorphisms (SNPs). GWAS is able to
detect DNA sequence differences that influence genetic susceptibility using millions of
catalogued human DNA sequences and rapid, accurate DNA assay technologies. Large-
sample GWAS found associations between common SNPs and psychiatric disorders [41].
Copy number variants (CNVs), though they received little attention in BD studies before

2010, were believed to play an important role in susceptibility of diseases [42]. A study



analyzing rare CN'V burden among a BD and Schizophrenia (SZ) population, using the
genome-wide association data, generated by the Wellcome Trust Case Control
Consortium (WTCCC), failed to observe any significant increased burden in CN'V's
among BD patients[42]. However, another genome-wide copy-number scan of 788
subjects, in which there were 185 cases of BD, identified 23 de novo CNVs significantly
associated with BD ((p =0.009, OR =4.8 [1.4,16.0]) [43]. The combined GWAS
conducted by Psychiatric Genomics Consortium (PGC), in which 34 SNPs were tested in
4,496 BD cases, and 42,422 independent controls, identified 18 of those SNPs to be
statistically significant (P<0.05) [44]. Later on, the PGC did another BD GWAS study of
16,731 samples and 46,912 replication samples and found two significant loci,
CACNAIC and ODZ4 [45]. A final study combining GWAS analysis of SZ and BD
yielded a strong estimate of association of SNPs in CACNAIC and NEK4-ITIHI-ITIH3-
ITIH4 [44]. The above studies indicated that the increased sample sizes would be critical
to detect potential disease-related loci and yield statistically significant results. Thus, the

advent of GWAS made the searching for genetic predisposition of BD promising.

Overlap in genetics of Bipolar Disorder and Schizophrenia

Although defined as two distinct mental disorders, BD and SZ have similar
epidemiologic characteristic such as distribution of onset age, chronicity and even a
heritability of approximately 70% [23]. BD and SZ also share considerable
neurobiological features and genetic susceptibility [46]. Previous linkage studies
identified various loci within 18p11, 13932, 22q11, 10p14 and 8p22 that may be

associated with both BD and SZ [47], though further meta-analysis on the same
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population found no substantial overlap in the highest-ranking regions [48]. A 440 SNPs
Screen of candidate genes among a Ashkenazi Jewish population identified six genes,
namely DPYSL2, DTNBD1, G30/G72, GRIDI, GRM4 and NOS|I that indicated overlap in
BPI and SZ [49]. Considering that the findings above are subjected to small sample sizes
or chance, a Sweden population-based study of 9,009, 202 individuals was conducted and
the results showed relatives of BD probands were at elevated risk of SZ with a genetic
correlation of 0.60, consistent with previous findings of shared genetic susceptibility of
these two diseases [50]. Furthermore, a GWAS study in a European population with
3,322 cases and 3,587 controls revealed thousands of small effect alleles contributing to
SZ also had an impact on BD [51]. Some loci identified in SZ GWAS were also
associated with BD. All the evidence above suggested these two psychiatric disorders
share substantial genetic overlap [52, 53]. Recently, a Schizophrenia GWAS of 36,989
cases and 113,075 controls identified 108 statistically significant conservatively defined

loci associated with SZ, of which 75% include protein-coding genes [54].

Polygenic risk score

The polygenic risk score (PRS) is the weighted sum of the risk-related alleles [55].
Polygenicity, which means several small genetic risk factors contribute to the traits
instead of a single gene, is useful in studies of psychiatric diseases [1]. The most useful
application of PRS is to predict the level of risk for an individual by calculating the risk
alleles and weighting them based on their association to diseases [56]. For those complex
traits and diseases which cannot be explained by single genes, the ensemble of

insignificant markers obtained in GWAS, which were not individually linked to the
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disease of interest, could explain the diseases to some extent [55]. The application of PRS
in SZ and BD was proved to be successful, confirming that a polygenic component

involving a large number of alleles of small effect contributed to the risk of diseases [51].

The fact that SZ PRS has predictability for BD also implies the existence of
overlapping risk factors [53]. In the study consisting of 130 childhood onset
Schizophrenia patients and their 103 healthy siblings, COS patients have a higher PRS
based on 108 risk loci than those in the sibling group (P=0.025), suggesting higher PRS
was associated with earlier age at onset [57]. A plausible mechanism for high PRS in BD
patients could be the increased activation in limbic regions associated with these alleles
detected by fMRI [58]. The possibility of early detection and prediction for BD allows

for disease intervention, helping to reduce the burden of BD.



12

METHODS

Study Questions and Hypothesis

This study will analyze whether PRSs generated from the BPI samples are able to predict
BPI status, age at onset of psychosis and SZ status.

The specific aims of my thesis are given below:

1). To determine whether the polygenic risk score are increased in BPI cases compared to
controls. We hypothesize that PRS will be higher in BPI cases compared to controls.

2). To determine whether a higher PRS in BPI cases is associated with earlier age at onset.
We expect PRS to be higher in early onset cases compared to late onset cases.

3). To determine whether there are gender differences in the PRS for BPI cases. The
hypothesis is females would have increased PRS compared to males.

4). To determine whether BPI cases with psychosis have higher PRS than BPI cases
without psychosis or controls. The hypothesis is BPI cases with psychosis have elevated
PRS compared to both cases without psychosis and controls.

5). To determine whether the polygenic risk score are increased in SZ cases compared to

controls. We hypothesize that PRS will be higher in SZ cases compared to controls.

Material
Study Sample

The Ashkenazi Jewish [59] ethnic group is an isolated population, which
possesses useful characteristics for genetic studies because of the population bottleneck it

underwent [60]. Ascertainment of BD cases was limited to BPI because among BD



13

subtypes, BPI is more severe [20] and poses a burden to public health with a prevalence
of approximately 1% worldwide [13]. In the study, SZ and BPI cases were AJ descent
recruited through advertisement in Jewish newspapers and a research website managed
by The Johns Hopkins University School of Medicine, or through Jewish community
outreach. The subjects were interviewed by trained clinicians, using a revised edition of
the Diagnostic Interview for Genetic Studies [61]. Their blood samples were taken. The
diagnosis was made based on DSM-IV after two supervising clinicians reviewed the
interview results and other medical records. The subjects also went through a family
history interview to confirm their AJ ethnicity. The controls were psychiatric diseases-

free and of AJ descent [62, 63].

The dataset contained 446 BPI cases and 508 controls, among which 433 were
males (45.4%) and 521 (54.6%) were female. Gender ratio was close to 1 among cases
but female was slightly over-represented among controls (Female vs. Male: 56.1% vs.
43.9%). There were 600 SZ subjects included in the dataset for further analysis, among
which were 401 (66.8%) males and 199 (33.2%). Demographic [33] and clinical

characteristics including age at onset among BPI cases were also collected (Table 1).

Source of genetic data
Genotypes were obtained using the Affymetrix Human Genomewide SNP Array
6.0 on DNA isolated from the blood samples of cases and controls, and were adjusted for

batch effect. The SNPs demonstrating correlation with a specific batch were removed at
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the threshold of P<0.0001 to correct the bias results from the potential effect of different

batches used for genotyping cases and controls [62].

Method

Data cleaning

Genomic data were managed using PLINK 1.07 [64]. Quality control steps were
implemented, as described by [62]: Subject missing rate > 2%; Minor Allele frequency
(MAF) < 1%; SNPs missing rates > 2% and HWE P-Value < 1X107° to exclude
markers. Data cleaning in the BPI cases and controls resulted in removal of 1123 SNPs
due to departure from the MAF threshold and 1 marker in control because of HWE.
Among SZ cases, the data cleaning procedure removed 1,669 unqualified SNPs failing to
meet MAF threshold and 11 SNPs that failed the missing SNPs rate. 363,104 SNPs
remained in the BPI cases while 349,170 SNPs remained in the SZ cases for further

analysis.

GWAS and risk score calculation

After data cleaning, association analysis comparing allele frequencies between
446 BPI cases and 508 controls was performed in PLINK 1.07 [64]. Manhattan Plots
were created using the QQMAN package [65] in R. Odds ratios for all associations were
transformed to natural log scale in R Studio [Version 0.99.447] [66]. To create polygenic
risk scores [64] we used three p-value thresholds, in decreasing order of stringency: P-
value < 0.1, P-value <0.05 or P-value <0.001. This was done in two ways: First, we

used the log transformed ORs obtained in association analysis in all 446 BPI cases and
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508 controls to generate PRS in the same population by using SNP scoring function in
PLINK 1.07 [64]. The PRS for a subject is the sum of the numbers of the reference
alleles (0, 1 or 2) multiply by the weights we assigned to that SNP, in this case, the log

transformed ORs [64], which could be a predictors of diseases of interest.

However, we note that this method is biased because we obtained the initial
association results and the subsequent risk scores in the exact same population. To
alleviate this bias, we then decided to split the original sample into a training sample and
a replication sample. Previous study showed the greatest power in terms of testing
association of score would be achieved when the original sample was approximately
evenly split into two subsets [55]. Thus, we employed the survey function in SAS
Software Version [9.4] to randomly sample half of the cases (223 BPI individuals) and
controls (254 controls) from the entire sample as a training subset, in which we
performed an association analysis to obtain ORs as described previously. The identical
analysis procedures were done to obtain three score files based on different P-Value
thresholds. We then applied the score files to the replication sample in PLINK 1.07 [64]
using the scoring function. The score results as well as the demographic information of

individuals were imported into SAS 9.4 for further analysis.

Analysis of polygenic risk scores
We conduct this in analysis in two ways. First, we analyzed the PRSs gained from
the entire dataset. A descriptive analysis for variables including age at onset for

Psychosis, sex and PRS based on different P-value thresholds was performed. Data were
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visualized using box plots, histograms and scatter plots. Bivariate analysis between each
variable (PRSs vs. Sex, PRSs vs. Age at onset, PRSs vs. Phenotype, Sex vs. Phenotype)
was conducted. Association between age at onset and polygenic risk score was tested
using the correlation function. To test the hypothesis that gender may affect PRSs, the
association between sex and scores was tested with t-test function in in SAS software

Version [9.4].

To assess the hypothesis that the PRSs are higher among BPI cases compared to
controls, linear regression models were used with polygenic risk score as the outcome
and phenotype, sex and their interaction terms as predictors (PRS at P, = a + [; *
Phenotype + B, * Sex + &§; * (Phenotype * Sex) + ¢€,i = 1,2,3). Logistic regression
models were also used with phenotypes as outcome and sex, scores and their interactions
terms are predictors. (Logit (Phenotype) = a + ; * PRS at P, + B, * Sex + &; *
(PRS * Sex) + ¢,i = 1,2,3) to test the whether PRSs could predict BPI. In order to
further test the association between age at onset and scores, the linear regression models
with scores as outcomes and age at onset as predictor were built among BD individuals
who also had psychosis (PRS at P; = a + f; x Age at onset + ¢,i = 1,2,3). Then, the
identical analysis was performed with the newly acquired scores generated from the

replication sample and their demographic information.

Analysis of SZ samples
To test the hypothesis that the PRSs generated using ORs from BPI sample are

higher among SZ cases compared to controls, we also applied the score files to the SZ



individuals and generated PRS for them. Descriptive analysis and modeling were also

done using the PRS generated from SZ individuals.

17
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RESULTS

In the QC steps, all 446 BPI cases and 508 controls met the requirements.
Demographic characteristics of the individuals included in the study are shown in Table
1. Three score files produced from the entire datasets in the association analysis included
37,069 SNPs (P, = P-value<0.1), 18,757 SNPs (P, = P-value<0.05) and 367 SNPs (P, =
P-value<0.001), respectively (Figure 1). The score files produced from the training
dataset contained 37,064 SNPs (P-value<0.1), 18,463 SNPs (P-value<0.05) and 337

SNPs (P-value<0.001) (Figure 2).

The subsequent scoring procedure generated the files containing scores, which
were then combined into one SAS dataset with external demographics. The SAS dataset
contained Family ID, Individual ID, Phenotype, Sex, Age at onset of Psychosis (Only
among BD individuals who have psychosis, missing in all other individuals), PRS for that
individual under P,, PRS for that individual under P,, PRS for that individual under P;.
Sex was recoded as 1 (female) and O(male) comparing with the original PLINK output
2(female) and 1(male) in order to make the modeling more convenient. Phenotype was
also recoded as 1 (BD individual) and O(Control) comparing with the original PLINK

output 2(BD individual) and 1(Control).

In the entire dataset:
Selecting risk alleles with P, as threshold, the average PRS was -0.004 (Standard
Deviation: 0.0009) among controls and 0.0055 (Std Dev: 0.0009) among BPI individuals

(Figure 3). Using P, as threshold to include risk alleles, the mean of PRS was -0.0055
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(Std Dev: 0.0013) among controls and 0.0065 (Std Dev: 0.0013) among cases (Figure 4).
With P; as threshold, the average PRS was -0.0174 (Std Dev: 0.0114) among controls and
0.0097 (Std Dev: 0.0113) among BPI patients (Figure 5). The PRSs increased as the
threshold stringency decreased, regardless of phenotype. The PRSs were higher among
BPI individuals compared to controls based on the highly statistically significant t-test
results (P<0.001) regardless of the thresholds used. As the Pearson correlation statistics
suggested a linear relationship between PRSs and phenotype, the linear regression models
using three PRSs based on different thresholds as outcomes were built separately. After
eliminating the insignificant predictors sex, the models indicated the BPI individuals had
significant higher PRSs than the controls at threshold P, (P<0.0001, R’=0.9658),
threshold P, (P<0.0001, R*=0.9571) and threshold P; (P<0.0001, R*= 0.5909). The
correlation test results revealed no gender difference of PRS regardless of thresholds
(P=0.1575 when including risk alleles threshold was P;; P=0.1368 when threshold was

P,; P=0.2137 when threshold was P;).

In addition, in the logistic regression models we built using PRSs, sex and their
interaction terms as indicators and phenotype as outcome, sex was not associated with
phenotype at alleles inclusion threshold P, (OR=1.699, P=0.9116), P, (OR=1.949,
P=0.879), P, (OR=0.846, P=0.5187). The interaction terms of sex and scores were found
significant only at alleles inclusion threshold P, (P=0.0378) while no association were
found at inclusion threshold P, (P=0.9845) and inclusion threshold P, (P=0.9386). When
further testing the significance of the interaction terms of sex and PRS at threshold of P;,

likelihood ratio test yielded a none significant result (LR statistics= 4.649, Px?~df,
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=0.97). Given the fact that sex and its interaction terms with PRSs were not associated
with phenotype, they were eliminated from the models. After the elimination, PRSs were
all highly significant with a P-value of 0.0029 at inclusion threshold of P,, a P-value of
0.0026 at threshold of P, and a P-value less than 0.0001 at threshold of P, in models only
contained PRSs as indicators. Among BPI patients who also have psychosis, the average
age at onset of Psychosis was 23.72 (Std Dev: 7.96). The age at onset did not affect the
PRSs at threshold of P, (P=0.9074, R*= 0.0001), threshold of P, (P=0.7607, R* = 0.0004)

or threshold P, (P=0.7627, R>=0.0004) (Figure 9, 10 and 11).

In the replication dataset:

At threshold P, the mean PRS was 0.0014 (Std Dev: 0.0013) among controls and
0.0013 (Std Dev: 0.0013) among BPI individuals (Figure 6). Using P, as threshold, the
average PRS in the replication dataset was 0.000985 (Std Dev: 0.002) among controls
and 0.000991 (Std Dev: 0.0019) among cases (Figure 7). At P, threshold, the average
PRS was 0.0065 (Std Dev: 0.0139) among controls and 0.0068 (Std Dev: 0.0138) among
BPI patients (Figure 8). We did not detect significant differences of scores between BPI
individuals and controls at threshold of P, (P=0.8229), threshold of P, (P=0.9702) and
threshold of P, (P=0.7993), which was inconsistent with the finding in the entire dataset.
The linear regression models predicting PRSs with phenotype suggested phenotype failed
to be significant predictors at threshold P, (P=0.8229, R*=0.0001), threshold P,
(P=0.9702, R* =0) and threshold P, (P=0.7993, R* =0.0001), excluding the insignificant
predictors sex and interaction terms between sex and phenotype. Likewise, sex has no

correlation with PRSs at all thresholds (P,: P=0.5325; P,: P=0.6126; P;: 0.7923). The
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logistic regression models predicting phenotype with PRSs, sex and their interaction
terms revealed none of the predictors were associated with phenotypes regardless of
allele inclusion threshold. Meanwhile, the models contained only PRSs at different
thresholds also yielded non-significant results (P,: OR<0.001, P=0.8225; P,: OR=6.083,
P=0.9701; P,: OR=5.429,P=0.7988). The average age at onset of psychosis for BPI
individuals in the replication dataset was 24.13 (Std Dev: 8.52). No evidence supported
the hypothesis that scores increases as the age at onset decreases (P,: P=0.85, R*=0.0003;

P,: P=0.2503, R’>=0.01; P,: P=0.1281,R*=0.0175) (Figure 12, 13 and 14).

In SZ cases:

Applying the score files obtained from the BPI training dataset to 600 SZ cases,
the average PRSs were 0.00152 (Std Dev: 0.0014) at P,,0.00154 (Std Dev: 0.00137) at P,
and 0.009 (Std Dev: 0.00781) at P, respectively. The PRSs were significantly higher
among SZ cases than controls at threshold P, (P=0.0003) and P, (P=0.0222) at a=5 level.
Sex did not influence the PRSs at all thresholds (P,: P=0.1639; P,: P=0.1082; P;:
P=0.9968). Removing insignificant predictors sex and interaction terms from linear
models (PRS at P; = a + [3; * Phenotype + B, * Sex + &, * (Phenotype * Sex) +
g, 1 = 1,2,3), the final model (PRS at P, = a + [, * Phenotype + ¢,i = 1,2,3)
significantly explained 1.51% (P=0.0003) variance due to phenotype at threshold P, and
0.61% variance at threshold P;, although phenotype had no effect on PRS at P,
(P=0.1422). The logistic models containing no interaction term (Logit (Phenotype) =

a+ By *PRS at P; + B, x Sex + ¢,i = 1,2,3) demonstrated both PRSs and Sex were
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significant in terms of predicting SZ cases at threshold P, (Sex: OR=0.4045, P<0.0001;

PRS: P=0.0009) and P, (Sex: OR=0.3955, P<0.0001; PRS: P=0.0203).
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DISCUSSION

In this study, we initially conducted a GWAS in 446 BPI cases and 508 controls
of AJ descent and calculated the PRSs, with descending allele inclusion thresholds:
P<0.1, P<0.05 and P<0.001, in the same population. The results supported the hypothesis
that PRSs were higher among BPI cases comparing to controls regardless of thresholds
(P<0.0001). Nonetheless, we did not find any evidence of gender difference of PRSs. In
addition, PRSs was not affected by age at onset among BPI cases with psychosis at any

thresholds.

The limitation of this strategy was that the score profiles were applied to the
original sample in which they were generated from. The score profiles were likely to be
correlated with the phenotype in the original sample [64]. To address this issue, we then
created two independent samples from the original dataset. The PRSs of the replication
sample (BPI cases=223, Controls=254), using score profiles generated from the training
sample (BPI cases=223, Controls=254), found no association between phenotype and
PRSs at all threshold (P,: P=0.8229; P,: P=0.9702; P=0.7993). No gender differences of
PRSs were detected. Likewise, the results failed to support the hypothesis that PRSs were
higher among earlier onset psychosis among BPI cases at all thresholds (P,: P=0.85; P,:
P=0.2503; P,: P=0.1281). The results above demonstrated that the PRSs did not predict

the BPI status and age at onset of psychosis once we corrected the bias in this sample.

We observed an increased polygenic risk burden among BPI cases in the entire

sample, which we believe was biased. However, the non-significant results yielded from
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the corrected method might be correlated with a small sample sizes. Despite the AJ
sample we used might have higher number of common genetic variant because of
homogeneity, the sample size might be inadequate to produce genome-wide significant
results [62]. Previous simulation study showed that a reliable prediction of disease risk
using genetic markers primarily depended on a large sample sizes being genotyped
(>1,000 cases and 1,000 controls) and some even larger samples to perform replication
studies in [56]. In studies where a polygenic inheritance was detected, the training
samples and the replication samples were normally large. The International
Schizophrenia Consortium used 3,322 SZ cases and 4,687 controls in GWAS and found
polygenic components in SZ [67]. The polygenic markers used by Goes et el derived
from the Psychiatric GWAS Consortium 2 schizophrenia study[62], which was a field-
wide mega-analyses program. Thus, we might be able to achieve more accurate estimates

of PRSs and a stronger statistical power if we use a larger sample.

When we applied the BPI score profiles to obtain PRSs in 600 SZ cases of AJ
descent, we identified significantly higher PRSs among SZ cases compared to controls at
the more stringent thresholds: P<0.05 (P=0.0003) and P<0.001 (P=0.0222). PRSs along
with sex significantly predicted SZ phenotype at threshold P<0.05(Sex: OR=0.4045,

P<0.0001; PRS: P=0.0009) and P<0.001 (Sex: OR=0.3955, P<0.0001; PRS: P=0.0203).

The finding that the polygenic components to the risk of BPI also contributed to
the risk of SZ is similar to the finding of International Schizophrenia Consortium’s study,

in which they identified the shared polygenic variance between BD and SZ [67]. The
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evidence of overlap polygenic variance of BPI and SZ in our study was also consistent
with the finding of a high genetic correlation due to sharing SNPs in BD and SZ
(0.68+STD DEV 0.04) in a prior GWAS [68]. Additionally, a recent study demonstrated
that PRSs derived from SZ was able to predict BD case-control status [69]. Our results
not only consolidated the findings in these studies, but also confirmed the hypothesis that
the PRSs generated using ORs from BPI sample are able to predict SZ status. The
increasing evidence of shared genetic variance between BD and SZ encourages further
research of the common traits and shared underlying causes of these two diseases. These
findings might also shred light on developing treatments and therapies that are beneficial

to patients suffer from these two diseases.

Although we failed to observe any association between age at onset of psychosis
among BPI patients and their PRSs, the lack of data might explain the null results.
Another explanation could be that the association between PRSs and psychosis among
BPI individuals was not as strong as we expected, as the PRSs among BPI individual
failed to predict psychosis in a prior study[70]. However, our results do suggest a
decreasing stringent threshold could increase the R* of age at onset of psychosis

explained by PRSs.

The limitation of our study was primarily represented by the limited sample sizes.
The number of available training sample was small because we hoped to achieve a
relatively high statistical power by splitting the entire sample evenly. Meanwhile, the

limited number of BPI cases with psychosis along with the scarce age at onset data
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contributed to the weak statistical power of analysis on the association between age at
onset and PRSs. Additionally, we did not control for any ancestry based covariates in the
models, which might lead to bias.

The strength of the study is that we used a homogenous ethnic group, avoiding
false-positive results caused by allele frequency differences among different population

substructure [71].

Future Direction
As we speculate that the null result of the association between BPI status and

PRSs detected from our study was partially caused by a small sample size, further
analysis can be done using public available markers, such as the risk score training set
from the PGC, or similar set of markers obtained from larger samples, to generate score
files. We may find a more profound correlation between BPI status and PRSs with the
said score files.

Furthermore, the common variant shared by BD and SZ identified in our study
need replication study. To assess whether a shared genetic components between BD and
SZ exists in other populations, more studies are required to be done.

Meanwhile, the shared genetic components between BD and SZ encourage further
analysis on the effect of BD risk alleles on other psychiatric disorders, such as unipolar

disorder.
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TABLES

Table 1. Demographic characteristics of Bipolar I Disorder Subjects, Schizophrenia subjects
and controls

BPI Subjects SZ Subjects Controls
(n=446) (n=600) (n=508)
Female, n 236 (52.9%) 199 (33.2%) 285 (56.1%)

Age at onset of psychosis,
median (range) 22 (4-53) N/A N/A
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Figure 1. Manhattan plot showing three thresholds of P values of association (P<0.1,
P<0.05, P<0.001)
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Figure 2. Manhattan plot showing three thresholds of P values of association (P<0.1,
P<0.05, P<0.001) in the replication set
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Figure 5. Polygenic Risk Score Distribution at Threshold P<0.001
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Figure 7. Polygenic Risk Score Distribution at Threshold P<0.05 in Replication Set
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Figure 8. Polygenic Risk Score Distribution at Threshold P<0.001 in Replication Set
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Figure 9. The association between age at onset among BPI individuals with psychosis and
polygenic risk score at threshold P<0.1
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Figure 10. The association between age at onset among BPI individuals with psychosis
and polygenic risk score at threshold P<0.05
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Figure 11. The association between age at onset among BPI individuals with psychosis
and polygenic risk score at threshold P<0.001
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Figure 12. The association between age at onset among BPI individuals with psychosis
and polygenic risk score at threshold P<0.1 in the replication set
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Figure 13. The association between age at onset among BPI individuals with psychosis
and polygenic risk score at threshold P<0.05 in the replication set
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Figure 14. The association between age at onset among BPI individuals with psychosis
and polygenic risk score at threshold P<0.001 in the replication set



