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Abstract

Although previous studies identified numerous single nucleotide polymorphisms (SNPs) and their target genes predisposed to
prostate cancer (PrCa) risks, SNP-related splicing associations are rarely reported. In this study, we applied distance-based sQTL
analysis (sQTLseekeR) using RNA-seq and SNP genotype data from benign prostate tissue (n=467) and identified significant
associations in 3344 SNP-transcript pairs (P <0.05) at PrCa risk loci. We characterized a common SNP (rs7247241) and its target gene
(PPP1R14A) located in chr19q13, an sQTL with risk allele T associated with upregulation of long isoform (P =9.99E—7). We confirmed
the associations in both TCGA (P=2.42E—24) and GTEX prostate cohorts (P=9.08E-78). To functionally characterize this SNP, we
performed chromatin immunoprecipitation gPCR and confirmed stronger CTCF and PLAGL2 binding in rs7247241 C than T allele. We
found that CTCF binding enrichment was negatively associated with methylation level at the SNP site in human cell lines (r = —0.58).
Bisulfite sequencing showed consistent association of rs7247241-T allele with nearby sequence CpG hypermethylation in prostate cell
lines and tissues. Moreover, the methylation level at CpG sites nearest to the CTCF binding and first exon splice-in (/) of PPP1R14A was
significantly associated with aggressive phenotype in the TCGA PrCa cohort. Meanwhile, the long isoform of the gene also promoted
cell proliferation. Taken together, with the most updated gene annotations, we reported a set of sQTL associated with multiple traits

related to human prostate diseases and revealed a unique role of PrCa risk SNP rs7247241 on PPP1R14A isoform transition.

Introduction

Since 2005, approximately 4000 GWASs have been pub-
lished, identifying ~136 287 SNPs associated with suscep-
tibility to over 1000 unique traits and common diseases.
Among these findings, over 700 SNPs were recognized to
be associated with an increased risk to prostate cancer
(PrCa) (1,2). Thus far, as most of these risk SNPs have been
found in non-coding regions of the genome, with many
residing some distance from nearby annotated genes, it
is believed that many of these (or their closely linked
causal SNPs) will be located in regulatory domains of
the genome that control gene expression rather than in
coding regions that directly affect protein function (3,4).
Additionally, a small fraction of these SNPs is located in
the exon-intron junction region that determines allele-
specific RNA splicing, which may serve as an important
driving force for tumorigenesis (5,6). However, due to
the weak effect of each SNP, there has been a signifi-
cant knowledge gap between GWAS findings and their
underlying biological mechanisms. This issue has been

challenging both population and basic scientists since
the first GWAS report.

In the past decades, expression quantitative trait
loci (eQTL) analysis has been widely applied to identify
numerous PrCa risk SNP gene associations by integrating
gene expression and genotype information. However,
only a few of these associations have been validated by
low-throughput function assays (7,8). Despite providing
insights into the biological significance of risk SNPs,
eQTL analysis showed several constraints in determining
the causal variants. Because of linkage disequilibrium
(LD), eQTL analysis can identify significant associ-
ations between one certain gene and many highly
correlated SNPs but is not able to determine causal
SNPs. Additionally, allele-dependent isoform change may
only reflect subtle fluctuations at the gene level, thus
resulting in weak eQTL signals. Therefore, there is a
need to expand eQTL analysis from the whole gene
to transcription levels, leading to splicing quantitative
trait loci (sQTL) (9-11). This approach utilizes isoform
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percentages within each gene to dissect genotypes that
can exactly categorize different isoform distributions,
thereby linking variants with isoform transitions (9).

Previously, we had performed RNA sequencing and
germline genotyping on a large number of normal
prostate tissues (12). In this study, we performed isoform
percentage-based sQTL analysis (9) to identify allelic
transcript alterations on risk SNPs related to PrCa risk.
This analysis identified a set of novel sQTL reveal-
ing transcript transitions between different germline
variants. Furthermore, we characterized a PrCa risk
variant rs7247241 for its allelic transcription factor
(TF) binding and differential methylation, as well as its
target gene protein phosphatase 1 regulatory subunit
14A (PPP1R14A), which encodes a small protein with
phosphatase activities, and has been reported to be rele-
vant to pancreatic cancer (13), melanoma (14), colorectal
cancer and prostate cancer (15). Additionally, we further
characterized the unique role of CCCTC-binding factor
(CTCF) in regulating DNA CpG methylation. The data
from this study will provide insight about cross talk
between TF binding and epigenetic changes and help fill
the knowledge gap between phenotypical associations
and PrCa etiology.

Results

sQTL analysis identified risk SNP-related
isoform alterations

To identify the PrCa-related sQTL, we first performed a
two-phase population-based imputation analysis using
our PrCa cohort including 467 germline genotype data
from Infinium Omni2.5-8 BeadChip array. After removing
SNPs by Hardy-Weinberg Equilibrium P-value (<10E-6)
and missing rate (=5%), we converted Illumina kgp
identifiers into rsID according to [llumina manifest file.
After imputation against the 1000G European population
reference, we received genotype data for a total of
17 076 866 SNPs. By applying filtering criteria of MAF > 1%
and imputation quality (R?>0.3), a total of 9256807
high-quality SNPs were kept as the final genotype source.

To identify PrCa-related SNPs, we queried GWAS-
catalog and retrieved 766 PrCa risk SNPs by keywords
‘prostate carcinoma’ (EFO_0001663), 68 PSA risk SNPs by
‘prostate-specific antigen measurement’ (EFO_0004264)
and 30 BPH risk SNPs by ‘benign prostatic hyperplasia’
(EFO_0000284). These SNPs were further batch queried
in LDproxy to generate 21986 for PrCa, 2252 for PSA and
1497 for BPH risk-associated SNPs (based on R? > 0.4) in
the European population. Genotypes were obtained from
imputation results to run the downstream analysis.

To quantify isoform expression from RNA-seq data,
we used the RSEM program and ENSEMBL gene anno-
tations. To find cis sQTL, we applied the sQTLseekeR
package to index the genotype table, transform isoform
expression and perform association analysis within
each chromosome. The sQTLseekeR implemented a
unique svQTL P-value in the output, which identifies
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false-positive sQTL through testing variance heterogene-
ity of transcript relative expression between genotypes
(9). For PrCa sQTL, we were able to identify a total of 3344
associations between risk-associated SNPs and isoform
transitions with a P-value below 0.05 or 1549 associations
with an svQTL P-value below 0.1. For PSA sQTL, we found
a total of 645 associations with a P-value below 0.05 or
78 associations with an svQTL P-value below 0.1. For
BPH sQTL, we found a total of 170 associations with a
P-value below 0.05 or 34 associations with an svQTL P-
value below 0.1. Three representative PrCa-related sQTL
were shown with sashimi plots for merged sample reads
from each genotype, including BABAM1-rs10424178
(Supplementary Material, Fig. S1A and B, P=9.99E-7,
svQTL P-value =0.070), LILRB2-1rs443874 (Supplementary
Material, Fig. S1C and D, P=3E-5, svQTL P-value = 0.046)
and FAM118A-rs1569414 (Supplementary Material, Fig.
S1E and F, P=9.99E-7, svQTL P-value = 9.9E-5). For PSA
and BPH sQTL, only a small fraction was intersected
with PrCa sQTL (Supplementary Material, Fig. S2A). We
also showed two additional sQTL, including WDR11-
rs35980300 (Supplementary Material, Fig. S2B and C,
P=209E-5, svQTL P-value=0.077) and RNASEH2BAS1-
151870839 (Supplementary Material, Fig. S2D and E,
P=9.99E-7, svQTL P-value=9.9E-5). The detailed list
and boxplot for each association can be found in
Supplementary Material, Table S1 and Materials and
Methods.

rs7247241 T allele is associated with PPP1R14A
long isoform

Following the sQTL analysis pipeline (Fig. 1A), we found
a significant association of SNP rs7247241 with long
isoforms of PPP1R14A gene (Fig. 1B, P=9.99E-7, svQTL
P-value =0.089). rs7247241 is a common SNP located in
PPP1R14A 5UTR region, with 60.78% of T and 39.22%
of C allele in the European population. Sashimi plot in
PPP1R14A region showed clear difference between T_T
and C_C genotype (Fig. 2A). The percentage of splice-
in (PSI, ¢) demonstrated more PPPIR14A first exon
usage in the T_T genotype (Fig. 2B and C). In TCGA and
GTEX eQTL data, T_T genotype samples also exhibited
higher PPP1R14A gene expression (Fig.2D andE). In
GWAS meta-analysis, 1s7247241 T allele conferred a 10%
higher PrCa risk in the European population (Fig. 2F). It’s
worth mentioning that rs7247241 showed a statistical
advantage in the sQTL analysis. Among its LD SNPs, the
gene-level eQTL analysis (Fig. 2G) at the PPP1R14A locus
demonstrated a significant but not the most significant
signal for rs7247241. However, sQTL analysis showed the
smallest svQTL P-value for rs7247241 (Fig. 2H).

Transcription factor binding at rs7247241 locus
is allele-specific

To characterize biological function around the 157247241
locus, we inspected the SNP region within the ChIP-
Atlas database (16). As expected, we found variable
CTCF occupancies in multiple prostate cell lines (Fig. 3A)
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Figure 1. Study design and representative sQTL associated with PrCa risk. (A) The current study consists of two major parts: sQTL analysis (raw data
analysis) and functional validation (experimental). (B) The circos plot demonstrated main findings from sQTL analysis with PrCa risk SNPs. Inside circle
denotes negative log base 10 of sQTL P-value, while outside circle denotes the maximum difference in splicing ratios between genotype groups (md).

near the SNP, centered on a highly confident CTCF
binding motif according to JASPAR TF prediction (Fig. 3B,
score =16.4). Additionally, rs7247241 was also residing
in a PLAGL2 factor binding site (Fig.3B). To confirm
their regulatory role, we knocked down CTCF and
PLAGL2 and observed increased PPP1R14A expression
in primary prostate epithelial cells (PrEC, Fig. 3C). Wi
further performed correlation analysis using primary
tumor tissue RNA profiling datasets and found a neg-
ative correlation between CTCF/PLAGL2 and PPPIR14A
expression in ICGC (Fig. 3D), TCGA (Fig. 3E) and Broad
Cornell (Fig. 3F) prostate cancer cohorts. To ascertain
the TF binding at rs7247241, we performed chromatin
immunoprecipitation (ChIP) reactions with antibodies
against CTCF and PLAGL2, which could bind around
157247241 (rs7247241-TFBS) in 22Rv1l and RWPE-1 cell
lines. We found that this genomic locus was significantly
enriched by both antibodies used to capture 22Rv1 chro-
matins (Fig. 3G), although only enriched CTCF binding in
RWPE-1 cells (Fig. 3H). Compared with negative control,
the enrichment at rs7247241-containing region was 15.7-
fold higherin 22Rv1 and 6-fold higher in RWPE-1 for CTCF
binding.

To confirm the allele-specific TF binding, we sequenced
this region from each ChIP-enriched chromatin and input
control DNA. We found that rs7247241 C allele was
significantly enriched than T allele in both antibody-
captured chromatins in 22Rv1 (Fig. 31). For RWPE-1 cells,

157247241 C allele count was also higher than T allele
in CTCF-captured chromatins (Fig. 3]). To independently
validate our finding, we retrieved ChIP-seq (Supplemen-
tary Material, Table S3) reads covering rs7247241 from
heterozygote cells and summarized allele percentages
for both alleles. As expected, the rs7247241 C allele
showed higher read counts than T alleles, especially in
those cell lines with higher ChIP-seq coverages (Fig. 3K).
Additionally, similar tendencies were also present in
immortalized lymphocyte cell lines (Supplementary
Material, Fig. S3A and B). Since the variant resided in the
promoter region, we performed luciferase reporter assay
and confirmed higher transcription potential of T allele
than C allele in both 22Rv1 (Fig. 3L) and PC3 (Fig. 3M)
cells. Since CTCF binding was reported to increase nearby
genome CpG methylation viability (17,18), we further
examined methyl-CpG-binding domain (MBD) sequenc-
ing datasets (PRJNA300503, Supplementary Material,
Table S3) and observed a significant hypermethylation
for rs7247241 T compared with C allele in 22Rv1 cells
(Fig. 3N). Interestingly, the methylation status around
the 157247241 locus was negatively correlated with CTCF
occupancy (Fig. 30) in ENCODE cell lines.

CpG methylation at rs7247241 locus

is allele-specific

Due to distinct cytosine methylation between rs7247241
alleles in 22Rv1 MBD-seq, we further investigated the
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Figure 2. Associations between rs7247241 T allele and PPP1R14A long isoform. (A) Sashimi plot of PPP1R14A gene coverages between rs7247241 genotypes
in benign prostate tissues. (B, C) Relative expressions of long (ENST00000301242) (B) and short (ENST00000591585) (C) PPP1IR14A isoform in three
157247241 genotypes. (D, E) Association between PPP1R14A gene expressions and rs7247241 genotypes in TCGA prostate cancer (D) and GTEX prostate
(E) cohorts. (F, G) Prostate cancer GWAS signals (F) and PPP1R14A eQTL signals (G) at rs7247241 locus. (H) Top-ranked svQTL P-value for PPP1R14A gene

eQTL and isoform sQTL at rs7247241 locus.

effect of CTCF binding on CpG methylation. To confirm
this allele-specific methylation at single-base resolution,
we designed a primer pair that specifically amplified
a 241 bp crick strand. The base content of rs7247241
comprises A and G in the Crick strand, allowing tracing
allele-specific CpG methylation after bisulfite conversion
(Fig. 4A). High-throughput sequencing analysis showed
an overall reduction of methylation near CTCF and
PLAGL2 binding sites in prostate cell lines (Fig.4B)
and tissues (Fig. 4C). To determine the allelic effect on
the methylation, we first counted the total number of
methylated CpGs per sequence read and normalized
the methylated read counts to the total read count of
T and C alleles. We then calculated the methylated CpG
count ratios between normalized T-containing and C-
containing reads. This analysis showed that T allele-
containing sequences tended to be hypermethylated
in heterozygote prostate cell lines (Fig. 4D) and tissues
(Fig. 4E). The lollipop plot showed an example of
the allele-specific methylation pattern in 22Rv1 cells
(Fig. 4F).

CTCF binding is crucial for CpG methylation near
157247241 site
Since CTCF loss may cause localized DNA hyperme-
thylation in human cancers (18), we thus explored the
relationships between rs7247241 locus methylation and
CTCF motif integrities. As CTCF binding is sensitive to
the methylation of two CpG sites within its motif (CpG1
and CpG2), we first analyzed read pairs with designated
patterns in bisulfite-converted DNA (Fig. 4G) and calcu-
lated the methylation ratio for each subgroup. In pri-
mary prostate epithelial PrEC cells, compared with non-
methylated reads, methylated CpG1l (mCpG1) fragment
showed higher methylation level in a nearby CpG clus-
ter (Fig. 4H left). In prostate cancer 22Rv1 cells, mCpG1
and mCpG2 led to a 10% methylation gain at the same
nearby CpG cluster (Fig. 4H right). In benign prostate tis-
sue pools, DNA fragments with mCpG1 or mCpG2 tended
to be hypermethylated in the same CpG cluster region
(Fig. 41).

To further investigate the causal effect of CTCF bind-
ing on DNA methylation at this risk locus, we designed
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Figure 3. Allele-specific transcription factor binding at rs7247241. (A) rs7247241 is located in the PPP1R14A promoter region with CTCF binding across
human prostate cell lines. (B) JASPAR prediction of rs7247241 flanking sequences with allele difference. (C) Western blot analysis of CTCF, PLAGL2
and PPP1R14A protein expressions after stably knocking down CTCF and PLAGL2 in PrEC cells. (D-F) mRNA correlation between a putative regulatory
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base editing guide RNA with a crucial A in the edit-  gene along with common clinicopathological features
ing window, aiming to change it into a disruptive G  related to prostate tumors (Fig.5A). We found that
using the xCas9-ABE system (Fig. 4]). Intriguingly, the  only the CpG site nearest to CTCF binding motif
base switch from A to G increased methylation level at  (cg22730305) showed a clear trend of hypermethylation
the two CpG sites in the same cluster region in PrEC and as Gleason score and clinical T stages increased in
22Rv1 cells (Fig. 4K and L). To rule out potential sequenc-  primary tumors. Expectedly, higher methylation of
ing error, we also examined methylation results from  ¢g22730305 in primary tumor tissues was associated
non-transfection control A (NTCA) and G (NTCG) and did =~ with worse progression-free survival (Fig. 5B and C). For
not observe methylation changes. RNA expression, we analyzed PPP1R14A abundance

from UCSC Xena, PPP1IR14A first/second exon RPKM
Long isoform of PPP1R14A implicates aggressive from the Broad GDAC Firehose repository (https://gdac.
phenotype and promoted prostate cell broadinstitute.org) and PPP1R14A first exon y from TCGA
proliferation SpliceSeq database (https://bioinformatics.mdanderson.
To determine if the methylation status near CTCF  org/TCGASpliceSeq/). We found that first exon ¢ showed
binding sites can be validated by other techniques positive associations with Gleason score and clinical
measuring CpG methylation, we retrieved methyla- T stages (Fig. 5D). We also found that the read count
tion data of TCGA prostate cohorts from the UCSC  ratio between exon 1 and exon 2 (Fig. 5E) and the first
Xena data browser (https://xena.ucsc.edu/). We plotted ~ exon ¢ (Fig. 5F) was both negatively associated with
methylation percentages associated with PPPIR14A  progression-free survival. At the same time, gene-level
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Figure 4. Allele-specific methylation at rs7247241. (A) Bisulfite PCR design for retaining original allele in the amplicon. (B, C) Overall methylation

status in sequencing amplicon from prostate cells (B) and tissues (C). (D, E)

Normalized count ratios between rs7247241 T and C fragments within

different cumulative methylated CpG count in prostate cell lines (D) and tissues (E). (F) Lollipop plot showing the top five abundant methylation pattern
surrounding rs7247241 locus in 22Rv1 cells. Each circle denotes a CpG site. Dashed boxes indicated the two CpG sites located in the CTCF motif, and
dashed lines indicated rs7247241 location. (G) Strategy of dissecting DNA reads with CpG methylation in CTCF binding motif. (H, I) CpG methylation
based on nearby CTCF motif methylation status in prostate cells (H) and tissues (I). (J) Strategy of disrupting crucial adenine (A) in CTCF binding motif
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strategy in PrEC (K) and 22Rv1 (L) cells. NTC, non-transfected control.

or exonic expression didn’t show any association (Fig. 5G
and Supplementary Material, Fig. S4E, F).

To evaluate the role of the splicing variants, we sub-
sequently overexpressed the PPP1R14A long and short
isoforms in 22Rv1 and PC3 cells. We found that only
long isoform produced an expected protein product. Cell
proliferation analysis in these stable cell lines showed
an accelerated cell growth by PPPIR1I4A long isoform
upregulation (Fig. 5H and I). To identify pathways that
were associated with PPP1R14A gene expression and its
first exon v, we performed GSEA analysis in whole tran-
scriptome data of TCGA prostate cancer with HALLMARK
gene set collection. Distinct pathways such as MYC tar-
gets, DNA repair and G2M checkpoint were enriched with
PPP1R14A first exon ¢. In contrast, the myogenesis path-
way, a well-known function of PPP1IR14A, was enriched
with its gene expression in prostate cancer. Top five

pathways significantly enriched with either PPP1IR14A
gene expression or first exon  were listed in Figure 5]
and X, respectively. When ranking samples according to
respective phenotypes (PPP1R14A gene expression or first
exon y), heatmap analysis showed a consistent enriched
pattern of myogenesis (Fig. 5L) and MYC target (Fig. 5M)
genes in TCGA RNA data.

Discussion

Given matched genotyping and transcriptome infor-
mation, large-scale eQTL analysis has provided a
valuable resource for investigating genetic regulation
and deciphering disease etiology (19). Despite providing
insights into the biological significance of risk SNPs,
allele-dependent isoform change may only reflect subtle
fluctuation at the gene level, thus resulting in weak
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Figure 5. Functional characterization of PPP1R14A in prostate cancer. (A) Methylation status of probes near CTCF binding site in TCGA prostate cancer
cohorts. ‘Normal’ indicated normal prostate tissues. P-value indicates testing for linear trend between means and subgroups in primary cancer tissues.
(B) Probe-based methylation status in TCGA prostate cancer cohorts (Upper, error bars represent standard error of the mean of beta value) and
progression hazard ratio for each probe (Lower, bars represent 95% confidence interval of HR). (C) Kaplan-Meier curve of progression-free survival
stratified by median cg22730305 percentages. (D) RNA expression of PPP1R14A gene expression, exon quantification and first exon y in TCGA prostate
cancer cohorts. Normal indicated normal prostate tissues. P-value indicates testing for linear trend between means and subgroups in primary cancer
tissues. (E, G) Kaplan-Meier curve of progression-free survival stratified by first/second exon ratio (E), first exon  (F) and PPP1R14A gene expression (G).
(H, I) Western blotting for stably overexpressing PPP1R14A isoform constructs, followed by proliferation assays in 22Rv1 (H) and PC3 (I) cells. (J, K) Top five
HALLMARK gene sets positively enriched with PPP1R14A expression (J) and exon one  ratio (K) in TCGA prostate cancer cohort. (L) Heatmap showing
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target gene profiling in TCGA prostate cancer column-wise ordered by ascending first exon .

eQTL signals. To address this issue, sQTL analysis has
been used to directly correlate the normalized gene
isoform expressions with genotypes (11). In this study, we
applied a novel approach (9) that associates genotypes
with distinct relative isoform expression distributions.
With the most updated gene annotations, we reported
a set of sQTL associated with multiple traits related to
human prostate diseases. We also reported functional
characterization of a PrCa risk SNP rs7247241 and its
regulatory role on the target gene PPP1R14A.

The association between rs7247241 and PrCa was
newly reported in a European cohort (20) (n=421142).
Another variant rs8102476 at chr19q13, highly linked
with rs7247241 (EUR population: R?=0.7992, D’ =0.9956),
is also associated with prostate cancer risk in large
cohorts (21,22). Based on sashimi plots, risk allele (T)-
driven PPP1R14A expression, mainly from the long iso-
form, is attributable to increased first exon expressions.
ChIP-seq data showed allele-dependent CTCF binding
at the 157247241 site, supporting a critical role of CTCF



in regulating PPPIR14A. In fact, previous studies have
demonstrated that CTCF may function as a ‘splicing’
factor at the DNA level (23-25), further supporting our
observation. Meanwhile, we also examined the JASPAR
database and found the potential effect of this SNP
on another TF PLAGL2. The anti-correlation between
CTCF/PLAGL2 and PPP1R14A in primary PrCa tissues
suggests the presence of negative regulations, which is
supported by an elevated PPP1R14A expression followed
by CTCE/PLAGL2 knockdown in primary prostate cell
lines. However, this observation is not consistent in
metastatic PrCa (Supplementary Material, Fig. S4A and
B) and in another two immortalized cell lines 22Rv1
and RWPE-1 (Supplementary Material, Fig. S4C and D).
These results suggested the complexity of disrupted gene
regulation under malignant context and raised a similar
challenge by using transformed cell lines for functionally
validating germline variants (19,26). Additionally, we
only used one shRNA to knock down each transcription
factor (CTCF and PLAGL2) in multiple cell lines. Further
proteome investigations regarding the rs7247241 locus
will be warranted in our future experiments.

The core CTCF motif includes two CpG sites (27).
The pre-existed methylation at these CpG sites has
been reported to attenuate CTCF binding (28-30). In
a previous work, by fluorescence-based DNA binding
assay (31), Hideharu et al. revealed that CTCF binding
was more sensitive to CpG methylation at core motif
position 2 (corresponding to CpG sitel) than the one
at core motif position 12 (corresponding to CpG site?2).
This is consistent with our observation that CTCF motif
methylation is associated with CpG methylation in the
nearby sequence in prostate cells and normal tissues.
Recent work also demonstrated that inducible CTCF fac-
tor silencing conferred localized DNA hypermethylation
(18). In another study, the CTCF core motif position 6
adenine (A) was identified to be more affinitive with
the CTCF ZN4-7 domain than guanine (G) or thymidine
(T) (31). To confirm the effect of CTCF binding on
nearby DNA methylation, we disrupted the binding
site by CRISPR base editing and validated the relations
between the CTCF binding site integrities and nearby
genome methylation. Although disruptive G at this
crucial position was not enough to increase overall
methylation in the DNA sequence, two consistent CpG
sites were highly methylated. We thus concluded that
CTCF binding played an important role in maintaining
its nearby genome hypomethylation status.

The important role of CTCF in DNA methylation was
also supported by our analysis using TCGA prostate
datasets, a decreased methylation level near the CTCF
binding site. Our data showed a significant positive
association of methylation level in the most adjacent
probeset (cg22730305) and PPP1R14A first exon v with
Gleason score, clinical T stage and progression-free
survival in primary tumor tissue. Our data also showed
that PPP1IR14A first exon ¢ was positively correlated
with a series of oncogenic HALLMARK pathways.
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These results suggest the potential use of genetic and
epigenetic changes at this locus as a biomarker for
PrCa risk assessment and outcome prediction. Our
results also suggest the potential use of sQTL analysis
to uncover the most biologically relevant splicing event
to the phenotypes of interest. PPP1IR14A encodes a
17 kDa protein with phosphatase activities reported in
smooth muscle and cancer cells (32,33). Studies have
demonstrated that PPP1IR14A is crucial to the oncogenic
potential of pancreatic cancer (13) and melanoma
cells (14). Furthermore, a large-scale transcriptome-
wide association study (15) showed that PPP1R14A gene
expression was associated with PrCa risk in trans-ethnic
meta-analysis. Our study further confirmed the pro-
proliferation effect of PPPIR14A and determined the
critical role of its long isoform. Taken together, our
data strongly support that the long isoform of PPP1R14A
plays an important role in driving prostate initiation and
progression.

The svQTL nominal P-value implemented in the
sQTLseekeR package was originally provided as an
additional approach to exclude false-positive sQTL
based on transcript relative expression variance het-
erogeneity between genotypes. Notably, the variance
heterogeneity may originate from multiple sources,
including inaccurate isoform ratios calculated from
inadequate RNA sequencing depth, biased variance
estimation from wunbalanced genotype groups and
biological differences reflecting causal variants splicing
effect. In our case, we did observe suspicious svQTLs such
as 1s12486932-POUIF1 (Supplementary Material, Fig.
S5A) and rs72646967-TBX1 (Supplementary Material, Fig.
S5B), exhibiting random isoform ratio changes between
genotypes. However, for isoforms with reliable quantifi-
cation, svQTL testing within linked SNPs could determine
the variants with the greatest splicing fluctuation and
thus help prioritize causal candidates. For example, we
confirmed previously reported variants (rs10424178-
BABAM1 and 1s4072037-MUC1, see Supplementary
Material, Figs S1A, B and S5C) involved in splicing sites
disruption (6,34). A recent study also demonstrated the
same benefit of using the svQTL P-value in finding causal
variants in breast cancer (35). Based on these facts, we
believe that the svQTL P-value has great potential in
refining causal variants.

In summary, we performed sQTL analysis in our
prostate cohort and identified the association between
risk SNP 1s7247241 and its target gene PPPIR14A.
We further characterized the novel regulatory role
of 157247241 on PPP1R14A expression through allelic
TF binding and the nearby genome methylation and
revealed the functional potential of PPP1R14A isoform
to the aggressive phenotype of prostate cancer. This
study demonstrates the feasibility of sQTL analysis in
identifying critical risk SNP-splicing transcript asso-
ciations, which may be missed in eQTL analysis, and
further broadens our knowledge on the complicated
regulation caused by cancer risk SNPs. Understanding
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the biological effect of these sQTLs will eventually be
translated into clinical practice and further benefit
patients with prostate cancer.

Materials and Methods

Population-based genotype imputation and PrCa
risk SNP genotype preparation

The genotyping data used for this study have been
deposited in the dbGaP database under accession
phs000985.v1.p1, which originates from a total of 467
prostate normal tissue genomic DNA. To perform
imputation, we first input per chromosomal genotype
data to MACH1 (36) to generate estimated phased
haplotypes. The estimated haplotype data were further
used by minimac to impute SNP based on 1000G phase
1 European population reference (n=379). To identify
high-quality SNPs, we applied minor allele frequency
(MAF > 1%) and imputation quality (R? > 0.3) as a filter to
determine the final genotype source.

Isoform expression quantification

From the same prostate normal tissue cohort (phs000-
985.v1.pl), we analyzed the raw sequence reads using the
RSEM package (37) to quantify gene and isoform expres-
sion from ENSEMBL GRCh38 human gene annotation,
which catalogued 58 884 genes and 208527 transcripts.
The raw RNA-seq reads were trimmed with universal
illumina adaptor sequence before being sent to RSEM
package for quantification. RSEM outputs were merged
into sample-gene matrix for downstream sQTL analysis.

sQTL analysis and visualization

To perform sQTL analysis, we used the sQTLseekeR pack-
age (9) to integrate risk-associated SNP genotype and
transcript percentage. After removing transcripts with
low expression (relative transcript expression >1%, the
relative transcription expression was calculated by divid-
ing the transcript FPKM by entire gene-level FPKM) and
genes with only one expressed transcript, we identified
a total of 12627 genes, including 114670 transcripts, in
the sQTL analysis. For candidate sQTL, we merged align-
ments in the gene region of interest in each homozygote
genotype and visualized coverages in sashimi plots with
the miso package (38). In addition, boxplots representing
isoform transitions were generated with an in-house R
script and can be found in Supplementary Information
(Boxplot of significant sQTLs).

ChIP analysis

For candidate SNP rs7247241, we queried ChIP-Atlas
and ENCODE for possible peak signals at the loci of
interest. Independent ChlIP-seq experiments and avail-
able controls were downloaded from source repositories
(Supplementary Material, Table S3). Raw reads were
aligned to the hg38 human genome using bowtie2.
Unique alignments were sorted and indexed. Integrative
Genomics Viewer was used to visualize ChIP peaks. To

further verify transcription factor binding and histone
modification in prostate cells, we performed ChIP-qPCR
in RWPE-1 and 22Rv1 cells. Chromatin was prepared
from these cell lines with ChIP-IT High Sensitivity kit
(Active Motif, 53040) and used for three independent
ChIP reactions. To assess TF occupancies around the
157247241 locus, we designed primers to amplify the
SNP containing (rs7247241-TFBS, TF binding site) and
an upstream negative control (rs7247241-upstream-NC)
region. We performed quantification reactions with input
or ChIPed DNA by PowerUp SYBR Green Master Mix on
CFX96 gPCR instrument (Bio-Rad). Enrichment at each
region (primer) was calculated by normalizing to the
respective input control. The primers used are listed in
Supplementary Material, Table S2.

Allele-specific methylation quantification

To determine allele-dependent methylation surrounding
157247241 locus, we designed bisulfite PCR primers
according to SNP strand with A or G alleles, which will
retain the original genotypes. We chose heterozygous
cell lines, RWPE-1, RWPE-2, 22Rv1 and PrEC to extract
RNA-free genomic DNA. We used EZ DNA Methylation-
Lightning Kits (D5030, Zymo Research) to prepare
bisulfite PCR template from 500 ng genomic DNA and
EpiMark® Hot Start Taq DNA Polymerase (M0490S, New
England Biolabs) to amplify 157247241 regions. We
individually amplified the target region and combined
the amplicons from genomic DNA sample from 192
prostate tissue into two separate pools. The pooled
amplicons were further ligated with adapters and
submitted for sequencing. We used the Bismark bisulfite
mapper (39) to align these reads to the human genome
and separate aligned reads by allele contents at the
157247241 loci. We counted methylated (non-converted)
CpG sites from reads for both alleles and plotted the read
count according to the CpG site number.

Plasmid construction and lentivirus production

For investigation of PPPIR14A gene overexpression, we
retrieved the open reading frame and corresponding
five prime UTR sequences from ENSEMBL GRCh38
build for both isoforms (Long: ENST00000301242; Short:
ENST00000587515). These sequences were cloned into
pLV vector with C-terminal 3xFLAG fusion. The transfer
plasmids were co-transfected with pMD2G and pxPAX2
into 293FT cells to generate lentiviral particles. When
stably overexpressing PPP1R14A isoforms, we aimed
for a low multiplicity of infection (MOI <0.5) to ensure
the majority of the cells only received one copy of
corresponding ORF, which mimicked the gradual gene
expression changes related to QTL changes. For knocking
down CTCF and PLAGL?2, we cloned one shRNA sequence
for each TF (see Supplementary Material, Table S2) into
pLV vector with hU6 promoter and generated lentiviral
particles with the same packaging plasmids. For the
luciferase reporter assay, we cloned a 223 bp promoter
surrounding rs7247241 locus from 22Rv1l cells (C_T
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genotype) into pGL3-basic vectors for the luciferase
reporter assay between Nhel and Xhol restriction sites.
Promoters with C or T alleles were selected according to
Sanger sequencing results from subclones.

Reagents and cell culture

The antibodies against PPP1R14A (ab32213) and PLAGL2
(ab139509) were purchased from Abcam. Antibodies
against B-actin (4970) were purchased from Cell Signal-
ing Technology. Antibodies against CTCF (61311) were
purchased from Active Motif. PC3 (RRID: CVCL_0035),
22Rv1 (RRID: CVCL_1045), RWPE-1 (RRID: CVCL_3791),
RWPE-2 (RRID: CVCL_3792) and PrEC (RRID: CVCL_0061)
cells were obtained from the ATCC. 293FT cells (R70007)
were purchased from Thermo Fisher Scientific. All cell
lines were verified with short tandem repeat (STR)
profiling before use. Cell lines were disposed of and
replaced with low passage aliquots after being subcul-
tured 15 times. Unless specified otherwise, all cell culture
reagents were obtained from Thermo Fisher Scientific.
PC3 and 22Rv1 cells were grown in RPMI1640 medium
supplemented with 10% fetal bovine serum (FBS). 293FT
cells were grown in DMEM medium supplemented with
10% FBS and 500 ug/ml Geneticin selective antibiotics.
RWPE-1 and RWPE-2 cells were grown in Keratinocyte
Serum-Free Medium. PrEC cells were grown in Prostate
Epithelial Cell Growth Kit (PCS-440-040, ATCC). All cell
lines were examined for mycoplasma contamination
with Venor GeM Mycoplasma Detection Kit (Sigma-
Aldrich) and were confirmed to be mycoplasma-free
before experiments.

Western blot analysis

Total protein was extracted and electrophoresed as
described previously (40), with minor modification
of using Tricine Sample Buffer and Mini-PROTEAN®
Tris/Tricine Precast Gels (BioRad). SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific)
produced luminescent signals on the LICOR imaging
system. Captured images were aligned in Photoshop and
assembled in Illustrator.

Luciferase reporter assay

The cells were seeded into a 24-well plate one day before
500 ng of pGL3 reporter plasmids were transfected per-
well using Lipofectamine 3000. The media were replaced
24 h after transfection. After 48 h of transfection, the
cells were lysed for the luciferase assay according to the
Dual-Luciferase” Reporter Assay (E1960, Promega) proto-
col. The GlowMax plate reader measured luminescence.
After normalization to Renilla luciferase readout, rela-
tive firefly luciferase activities driven by corresponding
promoters were represented by luminescence unit fold
changes.

CRISPR base editing

To change the CTCF motif A allele to G allele, we created
a GFP labeled xCas9(3.7)-ABE(7.10) plasmid based on the

Human Molecular Genetics, 2022, Vol. 31, No. 10 | 1619

backbone from David Liu’s lab (41). Guide RNA template
was synthesized in a gblock fragment with an hU6
promoter and a scaffold (https://benchling.com/rrm38/
f/h4fdYFOi-protocols/prt-10T3UWFo-detailed-gblocks-
based-crispr-protocol/edit) (Guide RNA sequence can
be found in Supplementary Material, Table S2). We co-
transfected 2.5 ug of xCas9(3.7)-(ABE7.10) plasmid and
1.2 ug of guide RNA gblock into cells 80% confluent in
each well of a 6-well plate. After 48 h, GFP-positive cells
were sorted by flow cytometry and collected for DNA
extraction and downstream bisulfite PCR analysis.

Clinical association analysis

The PPP1R14A promoter CpG methylation microarray
data were retrieved from UCSC Xena data browser
(https://xena.ucsc.edu/). The PPPIR14A exon RPKM
data were retrieved from Broad GDAC Firehose repos-
itory (https://gdac.broadinstitute.org). The PPP1R14A
first exon v, i.e. the percentage-splice-in of alterna-
tive promoter was downloaded from TCGA Splice-
Seq database (https://bioinformatics.mdanderson.org/
TCGASpliceSeq/).
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Supplementary Material is available at HMGJ online.
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