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Abstract

A prostate cancer risk single nucleotide polymorphism (SNP), rs13426236, is significantly
associated with melanophilin (MLPH) expression. To functionally characterize role of the
rs13426236 in prostate cancer, we first performed splicing-specific expression Quantitative Trait
Loci (eQTL) analysis and refined the significant association of rs13426236 allele G with an
increased expression of MLPH splicing transcript variant 4 (V4) (P= 7.61E-5) but not other
protein-coding variants (V1-V3) (P>0.05). We then performed an allele-specific reporter assay to
determine if SNP-containing sequences functioned as active enhancer. Compared to allele A, allele
G of rs13426236 showed significantly higher luciferase activity on the promoter of the splicing
transcript V4 (P <0.03) but not on promoter of transcript V1 (P>0.05) in two prostate cancer cell
lines (DU145 and 22Rv1). Cell transfection assays showed stronger effect of transcript V4 than
V1 on promoting cell proliferation, invasion and anti-apoptotic activities. RNA profiling analysis
demonstrated that transcript V4 overexpression caused significant expression changes in
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glycosylation/glycoprotein and metal-binding gene ontology pathways (FDR<0.01). We also
found that both transcripts V4 and V1 were significantly up-regulated in prostate adenocarcinoma
(P<2.49E-6) but only transcript V4 up-regulation was associated with poor recurrence free survival
(P=0.028, HR=1.63, 95%CI=1.05-2.42) in The Cancer Genome Atlas (TCGA) data. This study
provides strong evidence showing that prostate cancer risk SNP rs13426236 up-regulates
expression of MLPH transcript V4, which may function as a candidate oncogene in prostate
cancer.
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1 INTRODUCTION

Prostate cancer is the most common non-skin cancer and second leading cause of cancer-
related death in American men 1. The 2018 National Comprehensive Cancer Network
Prostate Cancer Guidelines recommend baseline screening for prostate cancer beginning at
age 45. Although surgery and radiation therapy are effective for early and localized tumors 2,
a significant number of prostate cancer patients eventually progress to advanced stages.
Previous epidemiologic and twin studies have shown that genetics play an important role in
the development of prostate cancer 34. To elucidate the genetic causes of prostate cancer,
genome-wide association studies (GWASSs) have been performed and reported over 170 risk
loci showing prostate cancer association 6. However, more work is needed to understand
molecular mechanisms of prostate cancer etiology.

It is well known that most disease risk single nucleotide polymorphisms (SNPs) are located
in non-coding regions of the genome, many residing with some distance from nearby
annotated genes. This result suggests that many of these SNPs (or their closely linked causal
SNPs) likely reside in regulatory domains of the genome that control gene expression rather
than in coding regions that directly affect protein function 78. To identify causal SNPs in
regulatory regions of the genome, epigenomic projects such as ENCODE ° and REMC 10.11
have been initiated. These projects have applied high-throughput methods that detect open
chromatin, specific histone modifications, and transcription factor (TF) binding sites and
produced genome-wide maps of epigenomic events in a variety of cell types. These valuable
databases have provided rich resources for molecularly characterizing cancer-associated
regulatory SNPs. Additionally, to facilitate regulatory SNP discovery, several computational
programs have been developed to integrate epigenomic landscapes with GWAS risk SNPs
12-18 These databases and computational programs have been widely used and help identify
functional SNPs for a given phenotype. However, functional validation of the knowledge-
based SNP prediction remains a significant challenge.

Currently, to experimentally characterize functional SNPs for regulatory potential, the
widely used assays include electrophoretic mobility shift assays (EMSA) and reporter
assays. EMSA is applied to identify SNPs that had the potential to alter DNA—protein
interactions 19. A gene reporter assay can analyze the effect of a SNP on promoter or
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enhancer activity 20, Additionally, DNA editing strategies involving CRISPR/Cas9-based
methods has also been used to evaluate the effect of a variant in cell lines or animal model
21-23 pye to low throughput nature, these assays are not practical to screen hundreds to
thousands of candidate SNP sites. To address this issue, we have developed single-
nucleotide polymorphisms sequencing (SNPs-seq) technology to examine potential
functional SNPs. In combination with prostate-specific expression quantitative trait loci
(eQTL) dataset 8, we have reported 20 candidate functional SNPs and their associated genes
at prostate cancer GWAS loci 24. Among these SNP-gene association pairs, however, little is
known about functional role of risk SNP rs13426236 and its target gene MLPH in prostate
cancer. In this study, we performed functional analysis of the SNP-gene pair and molecularly
characterized regulatory role of the rs13426236 in controlling MLPH expression. We also
demonstrated a functional role of MLPH in prostate cancer proliferation and reported an
association of its expression with clinical outcomes.

2 MATERIALS AND METHODS

2.1 MLPH transcript-specific eQTL analysis

Based on RefSeq gene database, the MLPH has four protein-coding splicing variants,
denoted as transcript V1 (NM_024101), V2 (NM_001042467), V3 (NM_001281473) and
V4 (NM_001281474), respectively. To associate the candidate SNP with each of the four
transcripts, we designed transcript-specific TagMan-based quantitative PCR assays. The
transcript-specific primers and reference control GAPDH primers are listed in Table 1.

2.2 Cell lines and cell culture

Cell culture dishes and plates were purchased from Corning Inc (Corning, NY, USA).
Human prostate cancer cell lines 22Rv1 and DU145 were purchased from American Type
Culture Collection (Manassas, VA, USA). 22Rv1 was cultured in RPMI 1640 media and
DU145 was in DMEM at 37°C and 5% CO2. All media contain 10% fetal bovine and 1%
penicillin and streptomycin (Gibco, Carlsbad, CA, USA). The genotypes of rs13426236 in
DU145 and 22Rv1 are A/G and A/A, respectively.

2.3 MLPH promoter-containing plasmid construction and allele-specific reporter assay

Promoter sequences of transcripts V1 and V4 were derived from Genecopoeia
(www.genecopoeia.com). The transcript V1 promoter is located at chr2 from 238394621 to
238396015 (1395bp) and transcript V4 promoter is located at chr2 from 238393618 to
238395238 (1621bp) (hgl9). The two promoters have 618bp overlap. We designed two
separate PCR primer pairs to amplify the two promoters. Transcript V1 promoter sequence
was amplified using primer pair F/R:

AGACACTAGAGGGTAGGGCCTGAAATACCCTGATT/
CCATGGTGGCTTTACGGGGCAAGGCTGGATAAT. Transcript V4 promoter sequence
was amplified using primer pair F/R:
AGACACTAGAGGGTACAGACGTTGCAGTAAGCCGAGATCA/CCATGGTGGCTTTAC
GGTGGTTCCAGGACCGAGGACGC. At 5’ end of each primer, we added 15bp long tail
homologous to plasmid sequence for Gibson-based vector construction. We inserted these
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amplified promoter sequences into pGL4 plasmid (Promega, Madison, W1, USA) by
replacing the minimal promoter.

We also inserted the predicted enhancer sequences containing SNP rs13426236 with either
allele A or G into the plasmids containing either AMLPH promoter transcripts V1 or V4. The
primer sequences were CTGTCTAAGGTCAAGTGTTGC (forward) and
GGCAGGCTTTAACTGTTGTG (reverse). A diagram illustrating the constructed plasmid
along with locations of MLPH promoter and SNP-dependent enhancer sequence was shown
in Supplementary Figure 1. To determine allele-dependent enhancer activity on transcript-
specific promoters, we applied dual-luciferase reporter assay by co-transfecting cell lines
with Renilla luciferase control vector (Promega) and MLPH promoter-containing plasmid in
96-well plates. After 48h transfection, we measured firefly luciferase activity on a bio-
luminometer. All reading measurements were obtained from at least three replicates.
Statistical significance was determined by two tailed Student’s t test using GraphPad Prism
6.

2.4 MLPH transcript-specific plasmid construction

To clone transcript V1 coding sequence, we designed forward primer
CCCAAGCTTCAAGAAGCAGAAATGGGGAAG (with Hindlll cutting site) and reverse
primer GCTCTAGACTGTCCCGTTAGGACTGGTG (with Xbal cutting site). This pair of
primers were used to amplify full length coding sequence of MLPH transcript V1. By
double digestion using Hind 111 and Xbal, the digested PCR product and pGL4 vector were
ligated with T4 DNA ligase for subsequent bacterial transformation. To obtain full length
transcript V4 coding sequence, we took advantage of previously amplified transcript V1
coding sequence and used Gibson Assembly assay to knock out exons 7-9. Specifically, we
designed internal primer A: CCTAGACCCTGTGGGCTGTCCCTGGCCTCA and internal
primer B: CCCACAGGGTCTAGGTGCTGGAGTGCGCACGGAGG. The primers A and B
had 15 bp overlap at 5’ end (underlined) to facilitate Gibson-based assembly. We used
primer A and transcript V1 forward primer to amplify exons 1-6 while primer B and
transcript V1 reverse primer to amplify exons 10-16. We performed Sanger sequencing to
confirm that the final assembly of transcript V4 had excluded internal exons 7-9 (429bp).

2.5 Cell transfection and MLPH expression quantification

For transient transfection, 2.5 ug MLPH transcript V1 or V4 was used to transfect DU145
and 22Rv1 through Lipofectamine 3000 reagent (ThermoFisher Scientific, Waltham, MA,
USA) following the manufacturer’s protocol. After incubating at 37°C for 6 h, the medium
was replaced with culture medium and continued growth for 48 h. For RT-gPCR assay,
transfected cellular RNA was isolated through TRIzol reagent (Zymo Research, Irvine, CA,
USA) and its quantity was determined by NanoDrop (ThermoFisher Scientific). 100ng of
total RNA was reverse-transcribed to cDNA by superscript VILO cDNA synthesis kit
(ThermoFisher Scientific). PCR was performed in PikoReal real-time PCR system in 20 uL
solution containing 10 pL 2x Gene Expression Master Mix (ThermoFisher Scientific), 1 uL
each of appropriate primer and probe, and 1 uL cDNA. The primer and probe sequences
were the same as described in eQTL analysis.
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For Western blot analysis, cells were lysed in RIPA buffer after 48h transfection. Protein
concentration was tested by Pierce BCA Protein Assay Kit. 20ug of total protein was applied
to SDS-PAGE in 1x running buffer for 120 min in 80 volts and transferred to nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA). The membrane was incubated with MLPH
antibody (LSBio, Seattle, WA, USA) overnight after blocked in 3% bovine serum albumin
(BSA) in TBST (Tris-buffered saline, 0.1% Tween 20). After 30 minutes washing, the
membrane was incubated with secondary anti-rabbit IgG (LSBio) for 1 hour. Protein was
detected through an electrochemiluminescent system using a chemiluminescent detection kit
(Thermofisher Scientific).

2.6 Cell proliferation and apoptosis assays

To determine effect of MLPH transcripts V1 and V4 on cell proliferation, we applied MTS
cell proliferation assay in prostate cancer cell lines DU145 and 22Rv1. We seeded 100uL
cells into 96-well plates at the density of 2.5*10° /mL with three technical repeats. After 48
hours transfection, we pipetted 20ul of CellTiter 96 AQueous One Solution Reagent
(Promega) into each well and incubated the mixture for 4h. OD values at 490nm was
recorded using a microplate reader. To determine cell apoptosis after transfection, we
applied Annexin V-APC detection kit (ThermoFishier Scientific). 48 hours after transfection,
cells were detached through trypsinization and resuspended in 100ul 1xBinding Buffer. By
adding 5 pl Annexin V-APC, we incubated cells for 15 minutes at room temperature and
then washed cells in 1xBinding Buffer. Immediately before flow cytometry analysis, we
added 5 pl Propidium lodide Staining Solution and put the cell solution on ice in the dark.
The experiment was repeated three times.

2.7 Cell migration and invasion assays

We utilized a wound healing assay with live-cell imaging to test cell migration in 96-well
ImageLock tissue culture plate (Essen BioScience, Ann Arbor, MI, USA). Cells were first
incubated in a standard cell incubator. When grown to confluence, cells were then
transfected with 100 ng MLPH transcript V1 or V4 plasmid for 48h. The confluent
monolayer was wounded by a WoundMaker tool (Essen Bioscience) to create consistent
wound areas in each well. Culture media was used to wash culture plate twice to prevent
cells from setting and reattaching. After adding 100 pl media, the assay plate was placed into
IncuCyte (Essen BioScience). Cell migration was recorded every 3h for 3 days. Relative
Wound Density (%) were calculated by the IncuCyte software.

We also tested cell invasion on Essen ImagelLock plates using live imaging. Wells were
coated with a thin layer of Matrigel (BD Bioscience, San Jose, CA, USA) overnight at 37°C.
Prostate cancer cells were seeded into 96-well ImageLock tissue culture plate and incubated
in a standard cell incubator. When grown to confluence, cells were transfected with 100 ng
MLPH transcript 1 or transcript 4 for 48h, followed use of WoundMaker to create precise
and reproducible wounds. Fifty microliters of 80% Matrigel:20% culture medium was added
to each well and the assay plate was placed in a 37°C incubator for 30 min. After adding 100
ul additional culture media to each well, the assay plate was placed into IncuCyte for 3 days
with repeat scanning every 3h. Relative Wound Density (%) was calculated by the IncuCyte
software.
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2.8 RNA sequencing

To determine effect of MLPH on signaling pathways, we transfected 22Rv1 cells with 20 ug
plasmid containing MLPH transcripts V1 or V4 for 48 h. Total RNA was isolated using total
RNA extraction kit (Zymo Research). The RNA concentration was determined by measuring
the absorbance at 260 nm using a NanoDrop. High quality RNA samples (1 pg each) were
sent to Novogene (Chula Vista, CA, USA) for RNA library preparation and sequencing.
150bp pair-end sequencing was performed in a HiSeq2500. DNASTAR Genomics Suite
(Madison, WI) was used for RNA mapping and read count calculation. A greater than or
equal to 8-fold change in expression was considered as differential gene expression. Online
DAVID functional microarray analysis tool (https://david.ncifcrf.gov/summary.jsp) was used
for pathway enrichment analysis. FDR adjustment was applied for multiple testing
correction.

2.9 Clinical association analysis for MLPH expression

To estimate clinical relevance of MLPH, we examined the association of the gene expression
with prostate cancer and clinicopathological features using RNA profiling data from TCGA.
Normalized expression levels of MLPH splicing transcripts were downloaded from TCGA
SpliceSeq (https://bioinformatics.mdanderson.org/TCGASpliceSeq/index.jsp). MLPH gene
expression level in 52 normal and 497 prostate cancer tissues were included. Samples were
stratified into two groups based on the tissue types (normal vs tumor) for differential
analysis or median MLPH expression in tumor tissues for survival analysis. Graphpad Prism
(version 6) was used to perform statistical analyses.

3 RESULTS
3.1 Allele-dependent regulation of MLPH transcript V4

Our previous study has shown significant eQTL signals at prostate cancer risk locus of
2037.3 8. For all eQTL signals in the linkage equilibrium block, the association of
rs13426236 with MLPH expression was among the most significant (p= 8.49E-09) (Figure
1A). The SNP rs13426236, which demonstrated allele-dependent protein binding difference,
was selected from our previous study 24. Full-length gene has a total of 16 exons (transcript
V1, NM_024101), while alternative splicing generates three additional protein-coding
transcripts. One of the alternative transcripts is transcript V4 (NM_001281474), which
excludes exons 7-9. Additionally, transcript VV4 has a unique transcription start site, which is
significantly different from the other three transcripts (Figure 1B). Interestingly, about half
of the genomic region covering the entire ML/PH gene resides in a super enhancer region 2°.
Furthermore, we checked MLPH RNA expression in the Genotype-Tissue Expression
(GTEX) database and found that the gene had the highest expression level in prostate tissue
among 53 tissues tested (Figure 1C). In addition to prostate tissue (eQTL p=8.30E-06), the
GTEXx data also showed significant association between rs13426236 and MLPH mRNA
expression in thyroid tissue (p=1.50E-08) and esophagus-mucosa (p=7.40E-09).

To determine potential effect of rs13426236 genotypes on MLPH alternative splicing, we
performed splicing variant-specific qPCRs in 87 benign prostate tissues. This analysis
revealed a significant association of the allele G with increased expression of MLPH
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transcript V4 (P= 7.60E-5). The same analyses of the other three transcripts did not show
any statistical association (Figure 2A-B). To determine if rs13426236 regulated the target
MLPH in an allele-dependent manner, we replaced the pGL4.28 minimal promoter with
either MLPH transcript V1 or V4 promoter. Luciferase assays showed that allele G had
significantly higher enhancer activity than allele A in regulating MLPH transcript V4
promoter, either in cell line DU145 (P =0.003) or in 22Rv1 (p=0.0005) (Figure 2C-D).
However, alleles A and G had no significant difference when using transcript V1 promoter
in the two cell lines. This result suggests that MLPH transcript 4 is a direct target of the SNP
rs13426236.

3.2 MLPH transcript V4 promotes cell growth and anti-apoptosis

To evaluate the effect of MLPH overexpression on cell growth characteristics, we transfected
pGL4 vector containing the full coding region of either transcript V1 or V4 into two prostate
cancer cell lines. We performed gPCR and Western blot assays to determine transfection
efficiency. Both cell lines (DU145 and 22Rv1) showed low level baseline expression of
transcript V1 and V4. Transfection of the two variant transcripts significantly increased their
expression at mMRNA and protein levels (Figure 3A-B). After confirming successful
transfection, we first performed MTS assays to determine the effect of these two transcripts
on cell viability. We seeded an equal number of cells for each group of control, transcript V1
and transcript V4. Compared to baseline controls, cell viability was significantly higher in
transcript V4-overexpressing cells than in controls (p=0.01) (Figure 3C). Although transcript
1-overexpressing cells also showed an increased cell viability, it did not show statistical
significance. We then performed flow cytometry to evaluate effect of the two transcripts on
cell death. We found that apoptotic cells were significantly reduced in transcript V4-
overexpressing cells than in the baseline controls and in transcript VV1-overexpressing cells
(p<0.005) (Figure 4). Those results suggest an increased cell viability and a decreased
apoptosis by overexpressing the transcript V4.

3.3 MLPH transcript V4 increases cell migration and invasion

To evaluate effect of MLPH transcripts on cell migration and invasion, we performed wound
healing assays using an IncuCyte live imaging system. Compared to control-transfected
cells, relative wound healing was significantly higher in both transcript V4 and V1-
overexprssing DU145 cells across a 72-hour culture period (Figure 5A, C). Furthermore, the
transcript V4-overexpressing cells showed higher relative wound density than transcript V1
overexpressing cells. We then performed Matrigel invasion assays to test the effect of
transcript variant overexpression on cell invasiveness. Relative invasion through the Matrigel
matrix was significantly higher in transcript VV4-overexpressing cells than in controls and
transcript 1-overexpressing cells (Figure 5B, D). These results indicate that both transcripts
V4 and V1 have significant effect on cell migration and invasion. However, this effect is
stronger in transcript V4 than transcript V1. Additionally, since the effect of transcript V4 on
cell migration was similar regardless of Matrigel, the effect is most likely related to
migration, rather than a direct effect on invasiveness.
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3.4 MLPH transcript V4 causes over-representation of metal-binding and glycoprotein-
related categories

To evaluate genes that were significantly affected by overexpressing transcripts V4 and V1,
we performed RNA-seq profiling analysis in 22Rv1 cell line. Three RNA-seq samples
included baseline (empty vector) control, transcript VV1-transfected cells and transcript V4-
transfected cells. Overall, we received over 49.4 million raw reads (45.3-55.9 million) per
sample and 94.1% (93.2-94.7%) reads were mapped to human genes (hg19). We applied
log2-transformed RPKM as gene expression values for data analysis. When compared to the
baseline RNA profile, we identified 390 genes and 314 genes showing =8-fold change of
expression in transcript V4-overexpressing cells and in transcript VV1-overexpressing cells,
respectively. Among those, 252 genes were common, meaning that these genes
demonstrated significant difference of expression in transfected cells (both V4 and V1)
compared to vector control (Figure 6). Interestingly, all of the 252 shared genes were up-
regulated by MLPH variant over-expression. Noticeably, the two splicing variants induced
over 56, 36 and 29-fold increases in expression of the genes METTL15, SELIL and
GNA13, respectively. Enrichment analysis from these up-regulated genes demonstrated
over-representation in metal-binding and glycoprotein-related categories. Supplementary
Tables list all statistics regarding the RNA-seq, MLPH-induced genes and fold changes, and
over-representation categories by enrichment analysis.

3.5 Up-regulation of MLPH transcript V4 in tumor tissues is common and predicts
recurrence-free survival

To associate expression of splicing variants with clinical outcomes, we first compared
expression differences between normal tissues (N=52) and tumor tissues (N=496) from the
TCGA prostate adenocarcinoma dataset. The average read count (normalized) in 52 normal
prostate tissues is 1005 for transcript V1 and 56 for transcript V4 with VV1/V4 ratio being 19.
Compared to normal controls, tumor tissues demonstrated significant upregulation in
transcript V4 (P=2.49E-6) and V1 (P=2.17E-7) (Figure 7A). We then tested the transcript
abundance for their potential association with disease outcomes. Although there was no
association with overall survival, we observed a significant association between transcript
V4 and recurrence-free survival. Kaplan-Meier analysis showed that higher expression of the
transcript V4 was correlated with poor biochemical recurrence-free survival (p=0.028,
HR=1.63, 95%CI=1.05-2.42) (Figure 7B). However, transcript V1 did not show such an
association (Figure 7C).

4 DISCUSSION

Previous GWAS has identified a significant association of 2937.3 locus with increased risk
to prostate cancer 26, Further eQTL analysis has revealed MLPH as one candidate gene
since SNPs at this locus are associated with the gene expression in prostate tissues 824, In
this study, we performed detail functional analysis of the SNP-gene association, elucidated
the genetic control of MLPH expression and determined functional role of the gene in cell
growth and migration. In particular, this study focused on transcript level analysis, which not
only characterized differential genetic regulation of MLPH splicing variants but also
associated these splicing variants with clinical outcomes. From cell lines-based functional
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assays to clinical correlative analysis, this study provided strong evidence showing that
splicing variant V4 of MLPH protein-coding transcripts is a candidate responsible for the
increased risk to prostate cancer.

ML PH is an essential member of the melanosome trafficking complex, which can work as a
Rab effector protein involved in intracellular melanosome transport 27 and acting as a link
between Rab27a and myosin Va 28. A study has shown that Rab family and their effector
proteins often have abnormal expression in tumors, which may drive tumor aggressiveness
29 Mutations altering GTP/GDP-binding of Rabs involvement with effectors may reduce the
efficiency and specificity in membrane traffic that are involved in disease development such
as cancer 30, Interestingly, MLPH has multiple splicing transcript variants. Based on
reference gene database, transcript V1 is the longest protein-coding transcript while V4 is
the shortest protein-coding transcript. From InterPro protein domain search, the V1 shows
only one Rab effector domain while V4 has two Rab effectors. We hypothesize that the extra
Rab effector in transcript V4 may contribute to the enhanced activity of MLPH gene on cell
proliferation and migration. Although our study has provided some evidence to support the
hypothesis, more detail analysis is needed to fully elucidate functional role of transcript V4.

Genetic control and functional role of MLPH in prostate cancer is not clear. By integrating
ChIP-seq and microarray expression profiling with GWAS risk SNPs, a study identified a
SNP rs11891426 in an intron of MLPH that T—G change attenuated the transcriptional
activity of the ARBS in an AR reporter gene assay 31. The study also reported that the
expression of MLPH in primary prostate tumors was significantly lower in those with the
risk allele G compared to the wildtype allele T, suggesting tumor suppressive role of the
gene. This result, however, seems contradictory to the observation in our study. Instead of
gene-level analysis, we performed transcript-level analysis. We show significant up-
regulation of MLPH transcripts in prostate cancer tissues from TCGA dataset. We also
demonstrate that risk allele G of rs13426236 increases MLPH transcript V4 expression. Our
cell lines-based analyses further reveal that the transcript V4 enhances anti-apoptotic effect,
promotes cell growth and invasion. Importantly, the increased transcript V4 is associated
with PSA-based biochemical progression. All these results support oncogenic role of MLPH
transcript V4 (if not other transcripts) in prostate cancer.

Oncogenic function of MLPH (at least transcript V4) also has significant effect on genes
critical for prostate cancer. We found that METTL 15 was significantly increased in MLPH-
transfected cells. A genome-wide CRISPR screen has identified METTL15(HNRNPL) as a
prostate cancer dependency regulating RNA splicing. METTL 15 has ability to directly
regulates the alternative splicing of a set of RNAs, including those encoding AR, the key
lineage-specific prostate cancer oncogene 32. In another study, bayesian network modelling
of microarray and mass spectrometry data have identified an N-terminal SELL sequence as
a putative serum biomarker of prostate cancer 33, which is supported by our finding that the
SEL1L is up-regulated in prostate cancer cells transfected with MLPH. Our study also
showed significant increase of GNA13 expression in MLPH-overexpression cells. It is
believed that GN/A13 s an important mediator of prostate cancer cell invasion 34,
Knockdown of GNA13 in highly invasive PC3 cells has revealed that these cells depend on
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GNA13expression for their invasion, migration, and Rho activation. These results suggest
MLPH as a potential key driver for prostate cancer initiation and progression.

It is worth mentioning that exact role of rs13426236 in regulating MLPH expression requires
further investigation. The regulatory SNP is over 51kb from its target promoter region. A
chromosome conformation capture (3C) test may be needed to demonstrate allele-dependent
long-range chromatin interaction in prostate-originated cell lines. Nevertheless, our
functional analysis shows that rs13426236 is a regulatory SNP that specifically controls
MLPH transcript V4 expression. Variant allele G of rs13426236 increases transcript V4
expression. The splicing variant V4 has shown an enhanced ability to promote cell growth
and anti-apoptosis, and to increase cell migration and invasion. Up-regulation of the
transcript V4 in tumor tissues is common and predicts biochemical recurrence-free survival.
Therefore, MLPH transcript V4 plays an oncogenic role in prostate cancer. Further study is
needed to evaluate ML PH and its transcript variants as potential biomarker for prostate
cancer detection and outcome prediction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MLPH melanophilin

SNP single nucleotide polymorphism

eQTL expression Quantitative Trait Loci

TCGA The Cancer Genome Atlas

GTEx Genotype-tissue expression

GWAS Genome-wide association studies

TF Transcription factor

EMSA Electrophoretic mobility shift assay

SNPs-seq Single-nucleotide polymorphisms sequencing

RPKM Read per kilobase per million sequences
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Figure 1. Functional SNP rs13426236 and itstarget gene MLPH.

A. eQTL analysis shows that rs13426236 has one of the most significant association signals
in the linkage disequilibrium (LD) block. Each black dot represents a SNP with its height
being -1og10 eQTL p value. B. Four major MLPH protein-coding transcripts in reference
gene database. Transcript V4 has unique transcription start site. The SNP rs13426236 is in
intron 9 of transcript 1 (V1). C. Genotype-Tissue Expression (GTEX) dataset shows the
highest expression of MLPH in prostate tissue (circled) among 53 tested human tissues.
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Figure 2. Splicing-specific eQTL analysis and lucifer ase assay.
A-B. RT-gPCR shows significant association of rs13426236 genotypes with MLPH
transcript V4 (A) but not transcript V1 (B). Allele G of the rs13426236 is associated with an
increased expression of transcript V4. C-D. Luciferase assay shows that allele G-containing
fragment has stronger enhancer effect on transcript V4 promoter than allele A-containing
fragment. However, both allele G and allele A have no significant effect on transcript V1

promoter. C. DU145 cell line. D. 22Rv1 cell line.
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Figure 3. Cell viability test by transfection of MLPH transcript V1 and V4.
A. RT-gPCR shows a significant increase of MLPH RNA transcripts after 48h transfection.

B. Western blot analysis shows a significant increase of MLPH protein after 48h
transfection. Asterisk (*) indicates that a single beta-actin band was split in sample DU145
control due to broken gel during membrane transfer. C. Cell viability test shows significantly
higher live cell population in transcript VV4-transfected cells than vector control. However,
transcript VV1-transfected cells did not show significant increase in live cell population when
compared to vector control.
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Figure 4. Different effect of MLPH transcriptson programed cell death.
Flow cytometry analysis shows that overexpression of transcript V4 confers anti-apoptotic

activity. V4-transfected cell lines have significantly less apoptotic cells than V1-transfected
cell lines and vector controls. A-D: Flow cytometry analysis for DU145. E-H: Flow
cytometry analysis for 22Rv1.
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Figure5. Different effect of MLPH transcripts on migration and invasion.
DU145 and 22Rv1 cells were transfected with MLPH transcripts V1 and V4. Cell migration

and invasion via wound-healing assay with or without Matrigel were measured by IncuCyte
Live Cell Analysis system during 72hr period after transfection. Compared to controls and
transcript V1-transfected cells, the transcript VV4-transfected cells show higher migration rate
(A-DU145, C-22Rv1) and more invasive growth (B-DU145, D-22Rv1).
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Figure 6. RNA profiling analysis of MLPH variants-induced genes.
RNA sequencing was performed in a prostate cancer cell line (22Rv1) transfected with

either MLPH transcript V4 or V1. A. Vann diagram shows numbers of genes with =8-fold
changes in either transcript V1 or V4 transfected cells. B. Scatter plot shows significant
correlation in expression levels of 252 shared genes that were induced by overexpressing V1
and V4 transcripts.
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Figure 7. Association of MLPH expression levelswith clinical outcomes.
A. TCGA prostate cancer dataset shows significant up-regulation of MLPH transcript V4

and V1 in tumor tissues. B. Kaplan-Meier analysis shows that higher expression of MLPH
transcript V4 is associated with poor biochemical recurrence-free survival. C. MLPH
transcript V1 is not associated with biochemical recurrence-free survival.
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Primers and probes for quantification of MLPH transcripts

Page 20

Forward Primer (5'-->3") Reverse Primer (5'-->3") Note
Transcript V1 AATGCCTGCTGACCTACCTG (exon 9) TCCTGTTGTACTGGACGGG (exon 11) 315bp
Transcript V2 GAGAGTCAGGGTCTAGGTGC (exon 8-10 junction) GTCACTGCCACTCTGTCCTC (exon1l)  320bp
Transcript V3 CTGAGAGTCAGGGTCTAGGT (exon 810 junction) LEL%E?AAACCTCCGGGT (exon10-12 570,
Transcript V4 GGACAGCCCACAGGGTCTA (exon 6-10 junction) ~ GTCTGTTGGTTTGATGGGCAG (exon 11)  230bp
V1-V4 common FAM
b AGAGCCCAACAGGGACAAATCAGT (exon 10) e
GADPH CACCAGGGCTGTTTTAACTC GAAGATGGTGATGGGATTTC 178bp
GADPH Probe GTCAAGGCTGAGAACGGGAAGCT Eggfle g
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