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Summary

Our study investigated the underlying mechanism for the 14q24 renal cell carcinoma (RCC) susceptibility risk locus identified by a
genome-wide association study (GWAS). The sentinel single-nucleotide polymorphism (SNP), rs4903064, at 14q24 confers an allele-spe-
cific effect on expression of the double PHD fingers 3 (DPF3) of the BAF SWI/SNF complex as assessed by massively parallel reporter assay,
confirmatory luciferase assays, and eQTL analyses. Overexpression of DPF3 in renal cell lines increases growth rates and alters chromatin
accessibility and gene expression, leading to inhibition of apoptosis and activation of oncogenic pathways. siRNA interference of mul-
tiple DPF3-deregulated genes reduces growth. Our results indicate that germline variation in DPF3, a component of the BAF complex,
part of the SWI/SNF complexes, can lead to reduced apoptosis and activation of the STAT3 pathway, both critical in RCC carcinogenesis.
In addition, we show that altered DPF3 expression in the 14q24 RCC locus could influence the effectiveness of immunotherapy treat-

ment for RCC by regulating tumor cytokine secretion and immune cell activation.

Introduction

Annually, more than 300,000 new cases of renal cell carci-
noma (RCC [MIM: 144700]) are diagnosed worldwide and
approximately one-fifth are in the United States." Clear cell
renal cell carcinoma (ccRCC), the most common RCC sub-
type, is characterized by the somatic bi-allelic loss of VHL
(MIM: 608537),> which increases the pleotropic effects of
the hypoxia-inducible factor (HIF),** leading to dysregu-
lated cellular metabolism and enhanced cell survival.’
Although loss of VHL is an early ccRCC event, both mouse
models® and tumor evolution analyses’ indicate additional
gene mutations and epigenetic events are required.
Landscape analyses of somatic alterations in RCC have re-
vealed important features of renal cell carcinogenesis,®'”
such as driver mutations in chromatin modification
genes, including PBRM1 (MIM: 606083),"* BAPI (MIM:
603089),'* and SETD2 (MIM: 612778)."* PBRM1, a compo-
nent of the SWI/SNF complexes, is mutated in 40% of
ccRCC" and, when mutated, complements the effects of
VHL deficiency on hypoxia as well as mTOR pathway dereg-
ulation,'® suggesting a key role of SWI/SNF components in
ccRCC development.

Genome-wide association studies (GWASs) have success-
fully identified common cancer susceptibility alleles;'® to
date, over 1,000 independent loci have been established
for more than 30 cancers.'” For RCC, thirteen RCC suscep-

tibility regions have achieved statistical significance at the
genome-wide threshold: 1p32, 2p21, 2q22, 3p22, 3q26,
8p21, 8924, 10924, 11ql13, 11922, 12pl12, 12924, and
14q24.'%2* Investigation of three RCC risk loci has re-
vealed new insights into RCC biology. At 11q13, HIF bind-
ing to the common risk-associated haplotype increases
CCND1 (MIM: 168461) expression, leading to cell cycle
deregulation.”* At the 12p12 locus, common risk alleles in-
crease binding of c-MYC and HIF, thus enhancing expres-
sion of BHLHE41 (MIM: 606200)*>*° and leading to
increased tumor growth for the latter in a mouse
model.”” At 8q24, a multi-cancer risk region, the risk
SNP, 1s35252396, creates a HIF-binding motif leading to
increased MYC (MIM: 190080) and PVT1 (MIM: 165140)
expression.?’

The present study reports on the germline allele-specific
effects of the 14924 locus sentinel SNP, 154903064, located
in an enhancer of double PHD fingers 3 (DPF3) (MIM:
601672), a member of one of the SWI/SNF complexes.
DPF3 is an important regulator of gene expression that
acts through nucleosome repositioning”® and has two
common isoforms: DPF3a, which has a truncated PHD
finger, and DPF3b, which has two PHD fingers®’ that can
bind to acetylated histones (H3K14ac) that influence regu-
latory networks.”” Somatic alteration in components of
SWI/SNF, such as common PBRM1 mutations, can be an
important molecular event in ccRCC.'*'> SWI/SNF is
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comprised of at least 29 genes, arranged in three com-
plexes: canonical BAF, polybromo-associated BAF (PBAF),
and non-canonical BAF (ncBAF).>!"*> Overall, SWI/SNF
genes have been reported to be somatically mutated in
20% of surveyed tumors (range of 6% to 75% depending
on cancer type”®>?); notably, somatically mutated SWI/
SNF members can act as either oncogenes or tumor sup-
pressor genes.** Herein, we identified germline allele-spe-
cific effects of a component of one of the SWI/SNF com-
plexes, more specifically the BAF complex, pinpointing
the role of DPF3 on RCC oncogenesis and elucidating the
biological mechanism for the 14924 RCC risk region.

Material and methods

Screen with massively parallel reporter assay (MPRA)

As a part of a larger MPRA screening assay, we evaluated 39 variants
across the 14q24 region, one of nineteen regions we evaluated via
MPRA in which the lead variant had an association p value less
than 107¢ in our published RCC GWAS.?” For each region, we
included correlated variants in linkage disequilibrium (LD) with
the lead signal that were either r* > 0.2 (1000G EUR) or D' > 0.5
for minor allele frequency (MAF) < 0.05. We performed subsequent
filtering of these correlated variants to assay the subset of variants
with existing functional evidence in silico, namely a Regulo-
meDB*® score < 4 or reported as significant in a previously pub-
lished unsupervised genome-wide study integrating several func-
tional annotations into one measure of functional importance in
silico.*® Those variants were incorporated in the MPRA library
design. In addition, the ten SNPs with the highest degree of LD
with the lead SNP for each locus irrespective of this in silico analysis
were also included, and for 14q24, five of these overlapped with the
in silico screen above. In total, 774 variants were selected from 20 re-
gions with the following oligonucleotide design: 201 bp sequence
for each variant in which 16 bp were for vector cloning, 72 bp flank-
ing each side of the SNP, 12 bp for insertion of the reporter open
reading frame (ORF), aunique 10 bp barcode, and 17 bp for 3’ vector
cloning. For each allele of each SNP, ten sequences in the forward
direction and ten sequences in the reverse direction were generated;
each had a unique random barcode as per MPRA protocol.>”** Ten
unique forward and ten unique reverse scrambled sequences per
SNP served as controls. We used the mean value of the scrambles
for normalization, therefore reducing the chance of creating a false
positive signal. In total, 47,460 sequences were synthesized by Agi-
lent Technologies and the MPRA library construction as per pub-
lished protocols.***’

Transfections were performed in one renal cell cancer cell line
(ACHN) and a non-cancer renal cell line (HEK293T, an embryonic
renal cell line) after plating to 60%-70% confluence in 10 cm
dishes via Lipofectamine 3000 (Thermo Fisher): 14,000 ng of
MPRA vector/dish, P3000 28 pL/dish, and LF3000 32 pL/dish.
We transfected one extra dish with GFP in parallel to confirm
transfection efficiency (>70%). Cell culture media was changed
5 h after the transfection, and RNA was extracted 48 h later. We ex-
tracted RNA with the RNeasy Mini QIAcube Kit (QIAGEN) on the
QIAcube with DNase treatment to remove cell DNA and MPRA
vectors. The DNase treatment efficiency was checked by PCR
(see below) and no sample showed DNA contamination. The sam-
ples were Poly-A enriched with the Ambion Poly(A)Purist MAG
Kit, and subsequently, cDNA was generated with Invitrogen Super-

Script III Reverse Transcriptase. PCR products were resolved on a
2% agarose gel, and the 0.25 kb band was excised and purified sub-
sequently (QIAquick Gel Extraction Kit). On the basis of power
calculation (R package “pwr”), at least five transfections (replica-
tions) provided 82.2% power for detecting alleles that explain
50% of the variance.

Because of the importance of the hypoxia pathway to RCC,* ef-
fects on candidate variants within RCC susceptibility loci were also
evaluated under hypoxia conditions in which, after media change,
the cells were incubated in 1% oxygen hypoxia with an incubator
chamber (Stemcell Technologies). We used a HIF-1 immunoblot
with protein extract (RIPA buffer) from an extra dish to confirm in-
duction of hypoxia. We sequenced the MPRA libraries twice on an
[llumina HiSeq 2500, which had a read length of 150 nt configured
for paired-end sequencing, and from the FASTQ files, we mapped
the first 10 base pairs to the designed barcode sequences and the
next 10 base pairs to the MPRA vector to confirm barcode expres-
sion. The analytical approach was performed as per two published
reports.*®*? Briefly, the total number of barcodes was counted and
normalized per 1,000,000 total reads, followed by counts of DNA
vector sequence. Each barcode was normalized to the median of
specific scramble controls. Each SNP was tested with logistic regres-
sion including allele, direction, cell type, and condition. p values
were corrected by Bonferroni (774 comparisons).

Cell culture

Cell lines were grown in media supplemented with 10% FBS and
maintained in a 37°C incubator with 5% CO,. Because the re-
ported RCC GWAS?” included a combination of affected individ-
uals with clear cell (~90%) and papillary subtypes (<10%), the
following cell lines were investigated: HK2 (ATCC CRL-2190),
HEK293T (ATCC CRL-3216), ACHN (ATCC CRL-1611), SN12C,
UO-31, and UOK-121 (kindly provided by Dr. W. Marston Line-
han, NCI), which were grown in DMEM, and 786-O (ATCC CRL-
1932), which was grown in RPMI. For hypoxia conditions, dishes
were placed in an airtight chamber and flushed with 1% O, and
5% CO, daily and placed in a 37°C incubator. Via the MycoAlert
Mycoplasma Detection Kit (Lonza), all cultures tested negative
every 3 months. Cells were authenticated with the AmpFLSTR
Identifiler PCR Amplification Kit (Thermo Fisher) and compared
with ATCC reference.

RNA extraction

RNA extraction from cell lines was done with the RNeasy Plus Mini
Kit (QIAGEN) on an automatic extraction system (QIAcube,
QIAGEN). RNA was quantified and quality was checked with the
Fragment Analyzer Systems (Agilent).

Rapid amplification of cDNA ends (RACE)

RACE was done with the SMARTer RACE 5'/3’ Kit (Takara Bio USA).
Total RNA extracted from renal cancer cell lines (SN12C and UO-
31) was used for constructing cDNA for 5'-RACE and 3’-RACE
with kit primers and unique primers listed in Table S1. PCR prod-
ucts were purified from agarose gel via In-Fusion (Takara Bio USA)
and cloned into the pRACE vector. Following transfection, indi-
vidual colonies were picked for Sanger sequencing and compared
to known DPF3 isoforms via BLAST.

Individual luciferase reporter assays
28 bp oligos for each tested SNP for each allele in both forward and
reverse orientation (sequences are provided in Table S1; IDT DNA)
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were cloned into the pGL4.23[luc2/minP] vector (Promega) via
In-Fusion (Takara Bio) and verified by Sanger sequencing. Transfec-
tions were performed using Lipofectamine 3000 (Life Technologies)
according to the manufacturer’s instructions. After 48 h, lysates
were collected and luciferase activity was measured via the Dual-
Luciferase Reporter Assay System (Promega). Experiments were car-
ried out in quadruplicate and 5-18 biological replicates were done
foreach SNP. Linear regression was used for evaluation of allele effect
in a model that included cell line and replicate.

Eletromobility shift assays (EMSAs)

Nuclear extracts were prepared with the Nuclear Extract Kit (Active
Motif). Complementary 30 bp biotinylated oligos (sequences in
Table S1; IDT DNA) were annealed for creation of substrates for
EMSA via the LightShift Chemiluminescent EMSA Kit (Thermo
Fisher). Reactions contained 240 ng of biotinylated probe, 1x
binding buffer, 15 mg nuclear extract, 0.5 pg poly dIdC, 100 nM
MgCl2, and 2% glycerol. Competitive assays were performed by
addition of 1- to 40-fold excess of non-biotinylated probes. Images
were captured on the ChemiDoc Gel Imaging System (Bio-Rad).

Dox-inducible DPF3-stable cell lines

In order to evaluate the effects of altered DPF3 levels on cell pheno-
type and perform molecular studies, we created DPF3a (GenBank:
NM_012074.5), DPF3b (GenBank: NM_001280542.3), and empty
vector stable cell lines by using lentivirus to achieve DPF3 overex-
pression by doxycycline (dox) treatment. We designed and cloned
DPF3a and DPF3b in a vector with IRES-GFP. Cells were transduced
first with neomycin-resistant Tet transactivator lentivirus and
selected with antibiotics. Tet expression was checked by immuno-
blot (TetR Monoclonal Antibody, Clone 9G9, catalog number
631132, Takara Bio USA). DPF3a, DPF3b, or empty vector were
transduced in HK2, ACHN, 786-0, and UOK-121 cell lines. After
antibiotic selection, cell lines were tested for expression via qPCR
(PrimeTime Predesigned qPCR Assays, catalog number
Hs.PT.58.19404383, IDT DNA), immunoblot (Anti-FLAG antibody,
catalog number F1804-50UG, Sigma) and GFP by flow cytometry.

Real-time quantitative PCR (qPCR)

We evaluated gene expression by using qPCR with RNA extracted by
the RNeasy Plus Mini Kit (QIAGEN) with the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher). qPCR reactions were
done on a QuantStudio 7 (Thermo Fisher) in a 10 pL reaction: 5 pL
of MasterMix (TagMan Fast Advanced Master Mix, Thermo Fisher),
0.5 puL probe, 2.5 pL of cDNA diluted 1:5, and 2 pL of H,O. Reactions
were done in triplicate. Quantification was done via the 224¢T
method with ACTB (MIM: 102630) (Hs99999903_m1, Thermo
Fisher), PPIA (MIM: 123840) (Hs99999904_m1, Thermo Fisher),
and GAPDH (MIM: 138400) (Hs99999905_m1, Thermo Fisher)
as endogenous controls. qPCR probes were purchased from
IDT DNA: DPF3 (Hs.PT.58.19404383), CEMIP (MIM: 608366)
(Hs.PT.58.28305095), IL23R (MIM: 607562) (Hs.PT.58.2858675),
and STAT3 (MIM: 102582) (Hs.PT.58.3750282).

Small interfering RNA (siRNA) gene knockdown

SMARTpool ON-TARGETplus Human siRNAs for DPF3 (L-012798-
03-0005), CEMIP (L-022291-00-0005), IL23R (L-007976-00-0005),
and N-TARGETplus non-targeting controls (D-001810-01-05)
were obtained from Dharmacon. Transfections were performed
with Lipofectamine RNAIMAX (Life Technologies) in which
5,000 cells were seeded in each well of a 96-well dish and, on

the next day, transfected with siRNA (10 uM/0.5 pL of siRNA
and 0.44 pL of RNAIMAX per well). For 6-well dishes, 300,000 cells
were seeded and transfected with 5 uL of siRNA and 10 uM and
11 uL of RNAIMAX the day after. Cells were collected after 48 h
for RNA extraction. Control qPCRs and/or immunoblot were
done for verification of gene knockdown by siRNA.

Cell growth assays

Cell growth assays were performed in real time with impedance-
based technology (xCELLigence system, ACEA Biosciences). Stable
inducible DPF3 cell lines were counted and plated (5,000 cells/well
for all cell lines except ACHN, which was seeded at 10,000 cells/
well) in an E-Plate 16, and when indicated after 4 h, doxycycline
100-1000 ng/uL or DPBS were added to individual wells in quadru-
plicate. Impedance was measured every 10 min for 3 to 5 days. Each
experiment was repeated at least three times. Growth rate was cali-
brated for the point just before adding dox or PBS to the cell lines.

PBMC (peripheral blood mononuclear cell)-cytotoxicity
assay

PBMC-cytotoxicity assays were performed with impedance-based
technologies (xCELLigence system, ACEA Biosciences). Stable
inducible DPF3 cell lines were treated with dox for 48 h while
PBMCs from healthy normal human donors were stimulated with
25 puL/mL CD3/CD28/CD2 (ImmunoCult Human CD3/CD28/
CD2 T Cell Activator, catalog number 10970, StemCell Technolo-
gies) and 100 UI/mL IL-2 (catalog number 10799068001, Sigma-Al-
drich) for 48 h. Afterward, PBMCs were washed in PBS and 100,000
cells were added to DPF3-overexpressing cells. Impedance was
measured every 10 min for 2 to 3 days. Experiments were repeated
two to three times per PBMC donor and were recovered for flow
cytometry analysis while media recovered for cytokine ELISA
(enzyme-linked immunosorbent assay) quantification.

Flow cytometry

Apoptosis was assessed in renal cell lines by staining with the PE An-
nexin VApoptosis Detection Kit I (BD Biosciences, San Jose, Califor-
nia, USA, catalog number 559763). Approximately 10° cells
(100 pL) in a 5 mL round-bottom tube with cell-strainer cap (Fal-
con/Corning, Corning, New York, USA, catalog number 352235)
were tested with 5 uL each of PE Annexin V and 7-AAD (7-amino-
actinomycin D) viability staining dye (BioLegend, San Diego, Cali-
fornia, USA, catalog number 420404) and incubated for 15 min at
room temperature, protected from light. 400 uL of 1X Binding
Buffer was added, and the tube was immediately analyzed on a
BD Accuri C6 flow cytometer. All experiments for each cell line
tested were run in triplicate.

Transfection efficiency was evaluated in three renal cell lines
(786-O, ACHN, HK2) that separately stably expressed both DFP3
isoforms, DPF3a and DPF3b. Cells were analyzed on a BD
FACSAria IIT with BD FACSDiva Software version 7.0. We used for-
ward scatter and side scatter parameters to eliminate debris, dead
cells, and doublets from the analysis. GFP was excited with the
blue 488 nm laser and fluorescence was detected via a 530/
30 nm bandpass filter in the FITC channel. Untransfected cells
were used as negative controls.

Motif analysis for 14924 variants

To identify putative transcription factor (TF) binding sites,
we performed motif analysis for 14q24 variants by using the
motifbreakR*' R package and HOCOMOCO™*? positional weight
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matrices with default parameters. The p value threshold was set
at 1.0 x 107%.

eQTL analyses and colocalization of GWAS signals

We analyzed The Cancer Genome Atlas (TCGA) KIRC (kidney renal
clear cell carcinoma) RNA sequencing (RNA-seq) and genotype data
by using FastQTL*® to identify deregulated genes and associated
SNPs + 2 Mb around the GWAS tag SNP, with TCGA-KIRC tumor
(n = 486) and normal tissue (n = 72) data analyzed separately,
with a significance threshold corrected for multiple testing of p <
4.7 x 107>, Colocalization analysis for the 14924 RCC region based
on GWAS meta-analysis®* used eCAVIAR** as implemented in
vQTL. Both GWAS and TCGA-KIRC eQTL summary statistics of var-
iants in that locus were extracted as the input for eCAVIAR. We
selected 50 flanking SNPs of 154903064. We computed the colocal-
ization posterior probability (CLPP) score with a maximum number
of two causal SNPs in the locus. LocusCompare*® colocalization
plots were generated with the vQTL website.

Fine-mapping with PAINTOR

Bayesian fine-mapping of the original summary data”® for the
14924 RCC risk region was performed with PAINTOR 3.0*® with
default parameters of window size of 100 kb and maximum num-
ber of causals set to two, filtering out all the SNPs with p value >
0.5 for computational efficiency. The pairwise LD between all
SNPs in the window was computed with 1000 Genomes EUR
data. No functional annotations were used in this analysis because
the prioritization was done with in-house high-throughput assays.
Note, although 154903064 was only the fourth most significant
variant in these summary data (p = 1.06 x 10~'%), subsequent
replication genotyping and meta-analysis of select SNPs from
this region in a set of 3,182 independent cases and 6,301 indepen-
dent controls showed 1s4903064 as the most significant SNP at the
locus and similar in significance to set variants (rs4903064 p =
2.19 x 10724 152109794 p = 2.50 x 1072%),

Immunoblotting

The following antibodies were used: anti-FLAG M2 (catalog num-
ber F1804-50UG, Sigma-Aldrich; 1:5,000), anti-HIF-1a (clone 54;
BD Transduction Laboratories; 1:1,000), anti-B-actin (NB600-
505, Novus Biologicals, Littleton, CO; 1:5,000), anti-IL23R (cata-
log number NB600-114, Novus; 1:1,000), anti-CEMIP (catalog
number 21129-1-AP, Proteintech; 1:500), anti-caspase-3 (catalog
number 9662, Cell Signal; 1:1,000), anti-STAT3 (catalog number
4904S, Cell Signaling; 1:2,000), anti-p-STAT3 (catalog number
D3A7, Cell Signaling; 1:2,000), anti-PARP (catalog number 9531,
Cell Signaling; 1:1,000), anti-p-actin (catalog number NB600-
505, Novus Biologicals; 1:5,000), goat anti-mouse HRP (NB7511,
Novus Biologicals; 1:5,000), goat anti-rabbit HRP (NB7160, Novus
Biologicals; 1:5,000), and donkey anti-goat HRP (sc-2020, Santa
Cruz Biotechnology; 1:1,000). Whole-cell extracts were prepared
in RIPA buffer with protease inhibitors (cOmplete Protease Inhib-
itor, Roche) or phosphatase inhibitors (PhosSTOP, Roche). Sam-
ples were quantified with the DC Protein Assay (Bio-Rad) and
electrophoresed on 4%-12% Bis Tris Plus Bolt gels in MES buffer
(Invitrogen). Proteins were transferred to nitrocellulose via an
iBlot2 (Invitrogen). Blots were blocked with 5% non-fat dry
milk in Tris-buffered saline with 0.1% Tween-20 (TBST). Primary
and secondary antibodies were diluted in 5% milk in TBST, and
all washes were performed with TBST. Blots were rinsed briefly
with PBS before the addition of ECL Prime Western Blotting

Detection Reagent (Amersham). Images were captured on Chem-
iDoc Gel Imaging System (Bio-Rad).

Multiplex immunoassays

Mutliplex immunoassays were used for quantifying apoptosis pro-
teins in stable DPF3-inducible cell lines and quantifying cytokines
in media from PBMC-cytotoxic assays. For apoptosis protein quan-
tification, cytosolic and nuclear+mitochondrial fractions were ex-
tracted from inducible DPF3 cell lines treated with and without
dox, according to the Bio-Plex Pro RBM Multiplex Apoptosis As-
says manual (Bio-Rad). We analyzed Bak, Bax, Lamin B, Smac,
Bad, Bax/Bcl-2 dimer, Bcl-xL, Bim, Mcl-1, active caspase-3, Bcl-
xL/Bak dimer, Mcl-1/Bak dimer, and Survivin. Plates were read
with Bio-Plex MAGPIX Multiplex Reader (Bio-Rad). Analysis was
done via a linear regression model (protein ~ cell line + DPF3 iso-
form + dox/control + replication), and p values were corrected for
multiple comparisons via false discovery rate (FDR).

For cytokine assays, we quantified 40 cytokines in the media
collected after PBMC-cytotoxic assay: IFN-,, TNF-a, IL-1B, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-16, MIF, GM-CSE, CCL1, CCL2, CCL3,
CCL7, CCL8, CCL11, CCL15, CCL17, CCL19, CCL20, CCL21,
CCL22, CCL23, CCL24, CCL25, CCL26, CCL27, CXCL1,
CXCL2, CXCL6, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13,
CXCL16, and CX3CL1. Reactions were done following manufac-
turer’s instructions (Bio-Plex Pro Human Chemokine Assays, Bio-
Rad). Analysis was done via a linear regression model (cytokine
~ cell line + dox/control + replication), and p values were cor-
rected for multiple comparisons via FDR.

Whole-exome sequencing

200 ng genomic DNA was purified with Agencourt AMPure XP Re-
agent (Beckman Coulter, Brea, CA, USA), and an adaptor-ligated li-
brary was prepared with the KAPA HyperPlus Kit (KAPA Bio-
systems, Wilmington, MA) with Bioo Scientific NEXTflex DNA
Barcoded Adapters (Bioo Scientific, Austin, TX, USA). Genomic
DNA sample libraries were amplified pre-hybridization by liga-
tion-mediated PCR consisting of one reaction containing 20 uL li-
brary DNA, 25 uL 2x KAPA HiFi HotStart ReadyMix, and 5 pL 10%
Library Amplification Primer Mix with PCR cycling conditions as
follows: 98°C for 45 s, followed by five cycles of 98°C for 15 s,
60°C for 30 s, 72°C for 30 s plus an extension at 72°C for 1 min
and cleaned with Agencourt AMPure XP Reagent (Beckman
Coulter, Brea, CA, USA). Amplified sample libraries with unique
barcoded adapters were combined in equal amounts into 1.1 pg
pools for multiplex sequence capture, and exome sequence cap-
ture was performed with NimbleGen'’s SeqCap EZ Human Exome
Library v.3.0 (64 Mb targeted exonic sequence) or Exome+UTR
(96 Mb targeted; Roche NimbleGen, Madison, W1, USA). Washing
and recovery of captured DNA were performed as described in
NimbleGen SeqCap EZ Library SR protocol. Pools of captured
DNA were amplified by ligation-mediated PCR consisting of one
reaction for each pool containing 20 pL captured library DNA,
25 pL 2x KAPA HiFi HotStart ReadyMix, and 5 pL 10X Library
Amplification Primer Mix. PCR cycling conditions were as follows:
98°C for 45 s, followed by eight cycles of 98°C for 15 s, 60°C for 30
s, 72°C for 30 s with an extension at 72°C for 1 min, and amplified
material was cleaned with Agencourt AMPure XP Reagent (Beck-
man Coulter, Brea, CA, USA). Pools of amplified captured DNA
were quantified with Kapa’s Library Quantification Kit (Kapa Bio-
systems, Woburn, MA, USA) on a LightCycler 480 (Roche,
Indianapolis, IN, USA). The resulting post-capture enriched
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multiplexed sequencing libraries were used in cluster formation
on an Illumina cBOT (Illumina, San Diego, CA, USA), and
paired-end sequencing was performed with an Illumina HiSeq
following Ilumina-provided protocols for 2 x 125 bp (HiSeq
2500) or 2 x 150 bp (HiSeq 4000) paired-end sequencing. We
sequenced each exome to high depth to achieve a minimum
threshold of 80% of coding sequence (CDS) bases covered with
at least 15 reads, based on the UCSC hgl19 “known gene” tran-
scripts. An average CDS coverage of over 35-fold was required for
analyses.

Analysis was done with a previously published pipeline.*” The
Trimmomatic*® program was used for sequence trimming, and
then these sequences were aligned to the GRCh37 reference genome
with the Novoalign software. Variant calling was performed with the
UnifiedGenotyper and HaplotypeCaller modules from GATK as well
as the FreeBayes*® variant caller, and all three calls were then inte-
grated via an Ensemble variant calling pipeline. We used R package
maftools*® to plot TCGA-KIRC genes and SWI/SNF genes.

RNA sequencing

We performed RNA sequencing on stable DPF3-inducible cell lines
to evaluate gene expression deregulation by DPF3 overexpression
in two biological replicates per condition. DPF3-stable cell lines
were treated with dox for 48 h, followed by RNA extraction with
the RNeasy Mini QIAcube Kit (QIAGEN) with DNase treatment
(QIAGEN) on a QIAGEN QIAcube. Ribosomal RNA was removed
with Epicenter’s Ribo-Zero Gold (human/mouse/rat), followed by
RNACIlean XP purification. Barcoded sequencing library prepara-
tion was performed with the Kapa Stranded RNA-Seq Library Prep-
aration Kit (Kapa Biosystems). Libraries were quantitated for
sequencing on the Agilent Bioanalyzer with the High Sensitivity
DNA Kit. Sequencing was performed on the NextSeq 500 (2 x
151 bp paired-end, v.2 chemistry; eight samples were run across
two sequencing runs). Analysis was done with a pseudo-alignment
approach (Kallisto and Sleth pipelines).*>°

Capture HiC

We employed a high-throughput method, Capture-C, to quantify
chromatin spatial organization interactions between genes and
MPRA SNPs in the cell lines used for MPRA (ACHN and HEK293T).
HiC libraries were prepared with the 4-base cutter, DpnlIL.>" We de-
signed an Agilent SureSelect library to specifically target risk-associ-
ated SNPs within restriction fragments harboring SNPs with an LD
of R? > 0.2 to the lead SNP from each of the 20 GWAS regions. For
14924 region, baits included 26 out 39 MPRA variants, while 13
could not be designed (rs80189309, rs185825120, 156574106,
15145441531, 1511629006, 1517122159, rs12587742, rs148614085,
15144565870, 1575701277, 1512588830, 1568132241, and 1s141
451882). Two biological replicates were performed per cell line and
sequenced on Illumina NextSeq or HiSeq 4000. When we performed
technical replicates to increase read depth, FASTQ files were merged.
We used Bowtie 2° to remove phiX reads, and we used Trimmo-
matic*® for quality trimming. After trimming and filtering, we map-
ped 595 million pair-end reads for HEK293T and 681.5 million for
ACHN by using HiCUP*? (Bowtie 2 to hg19) and we analyzed HiC
contacts by using CHiCAGO>? with the following settings: minFra-
glen = 25, maxFraglen = 5,000, binsize = 2,500, minNPerBait =
85, tlb.minProxOEPerBin = 150, tlb.minProxB2BPerBin = 15, and
techNoise.minBaitsPerBin = 150. Using a CHiCAGO signal cutoff
of at least 5, we noted a total of 445,773 interactions in HEK293T
and 809,142 in ACHN.

Integrated System for Motif Activity Response Analysis
(ISMARA)

We used the ISMARA™ package to identify the key TFs driving
expression/chromatin changes by using RNA-seq data from DPF3
dox-inducible cell lines. FASTQ files were submitted to the ISMARA
online tool. ISMARA activity reports for each sample were aggre-
gated and a t test was used for comparison of inferred TF activity
for each cell line and DPF3 isoform. All TFs that have the DPF3
gene as one of the genes for activity were flagged and not further
considered because their activity measurement would be artificially
inflated because of manipulated DPF3 overexpression.

Accessible chromatin with high-throughput sequencing
(ATAC-seq)

We performed ATAC-seq to evaluate chromatin accessibility
comparing DFP3-overexpressing cell lines to controls, following
a published protocol.>* After testing several starting cell numbers
(10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000,
90,000, and 100,000 cells) for fragment size distribution and
PCR amplification cycle needed, we established 30,000 starting
cells for the cell lines used on this study. ATAC-seq was done in
duplicate for HK2 DPF3a, HK2 DPF3b, UOK-121 DPF3a, and
UOK-121 DPF3b. ATAC-seq libraries were sequenced on HiSeq
4000, and peak calling was performed with the ENCODE pipeline.
For enhancer analyses of ACHN and HEK293T, the ENCODE pipe-
line was employed (web resources). Files were rimmed and aligned
with Bowtie 2. ATAC-seq signal was generated via BEDTools,”” and
peak calling was done with MACS.>® Peaks on the replicates were
evaluated with IDR (irreproducibility discovery rate).

For differential peak analysis between DPF3 and control sam-
ples, the analysis was done with the ALTRE package.® To compare
genes deregulated in RNA-seq to peaks of ATAC-seq, we mapped
peaks up to 2 Mb each direction from each deregulated gene. Sta-
tistical analysis was done via chi-square test on a 2 x 2 table of
mapping DPF3 RNA-seq deregulated genes and random genes
not deregulated by DPF3.

H3K27ac chromatin immunoprecipitation sequencing
(ChiIP-seq)

H3K27ac ChIP-seq was performed with ACHN and UO31 cells at
70%-90% confluence in 15 cm dishes, rinsed twice with DPBS
(Quality Biological) and crosslinked with 10 mL 0.75% MeOH-
free formaldehyde (Thermo Fisher) for 10 min. Formaldehyde was
quenched by the addition of 600 pL of 2.5 M glycine. Cells from
2 x 15 cm dishes were scraped into a conical tube, centrifuged at
200 x g for 5 min at 4°C and washed twice with ice cold DPBS +
protease inhibitors (Roche cOmplete tablets) and resuspended in
5 mL ice-cold cell lysis buffer (5 mM PIPES [pH 8], 85 mM K(lJ,
0.5% NP-40) + protease inhibitors for 10 min. To facilitate lysis,
cells were passed thru a 20G needle ten times and centrifuged at
1,250 x g for 3 min at 4°C. Pellets were resuspended in 600 pL
nuclei lysis buffer (50 mM Tris [pH 8], 10 mM EDTA, 1% SDS) + pro-
tease inhibitors and split into two microcentrifuge tubes for soni-
cation in a Bioruptor, and cellular debris was removed by centrifu-
gation. Sheared chromatin was confirmed on a Bioanalyzer
(Agilent) and 30 pg of sheared chromatin was diluted 1:10 with
dilution buffer (16.7 mM Tris [pH 8], 167 mM NaCl, 1.2 mM
EDTA, 0.01% SDS, 1.1% Triton X-100) + protease inhibitors and
mixed with 4 pg of anti-H3K27Ac (ab4729, lot GR254707-1) and
60 pL of prepared magnetic protein A/G beads (Thermo Fisher)
and rotated overnight at 4°C. Beads were collected with a magnet
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Figure 1. Functional characterization of the 14g24 renal cancer risk loci

(A) Visualization of 14q24 RCC GWAS results; each point is a SNP; the red point is the tag SNP rs4903064; the y axis is the —1og10 of
GWAS discovery phase p value.

(B) Volcano plot for MPRA analysis of 14924 SNPs identifies the tag SNP rs4903064 as the top functional candidate for the region; p
values and beta values are for allelic effect of MPRA signal correcting for direction, cell lines (ACHN and HEK293T), and condition (hyp-
oxia and normoxia). Yellow circles represent variants with significant allele difference (q value < 0.05) and beta value < 0.2; blue circles
represent variants with significant allele difference (q value < 0.05) and beta value > 0.2; and black circles represent non-significant
variants.

(C) Boxplot for 26 MPRA biological replicates (ACHN and HEK293T; 40 data points per replication) for each allele of rs4903064 in each
direction shows the C risk allele has higher signal in both directions compared to the T protective allele; the black line in the center of
boxes represents the median, whiskers extend to the minimum of either the data range or 1.5 times the interquartile range, and statistical

(legend continued on next page)
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and washed four times with high salt wash buffer (50 mM HEPES
[pH 7.9], 500 mM NaCl, 1 mM EDTA, 1% Trix-100, 0.1% Deoxycho-
late) followed by two washings with Tris-EDTA (pH 8) and eluted
with 200 pL of buffer (50 mM Tris [pH 8], 10 mM EDTA, 1% SDS)
at 37°C for 2 min. Crosslinks were reversed by addition of RNase
A and proteinase K overnight at 65°C, followed by cleaning with
1.8x AmpureXP (Beckman Coulter) and elution in 50 pL 0.5x%
TE. Fragmented DNA was prepared for Illumina paired-end
sequencing with the NEBNext Ultra DNA Library Prep Kit for Illu-
mina (NEB). Libraries were then quantified with the NEBNext Li-
brary Quant Kit for Illumina (NEB) and sequenced with the MiSeq
Reagent Kit v.3 150 cycle PE. Reads were aligned to hg19 via BWA
MEM (Burrows-Wheeler aligner) and peaks were called with
MACS2*° callpeak with the broad flag.

Results

Characterization of functional activity of RCC GWAS
sentinel SNP, rs4903064, at 14924
We used an integrated approach to prioritize putative func-
tional cis-regulatory SNPs from 20 RCC GWAS regions (n =
11 loci achieving genome-wide significance and n = 9
marginally significant regions, 5 x 1078 < Passoc < S X
10°) and screened with 774 variants with a massively par-
allel reporter assay (MPRA).*® Herein, we focused on vari-
ants from the 14q24 RCC susceptibility region, tagged by
1s4903064%% (Figure 1A, Figure S1); 39 SNPs in LD to
the sentinel SNP (R? > 0.2, 1000G EUR or D’ > 0.5 and
MAF < 0.05) and lying within putative cis-regulatory ele-
ments were screened via MPRA on both a renal cell cancer
cell line (ACHN) and embryonic renal cell line (HEK293T)
under both normoxic and hypoxic conditions. 14
displayed a significant allele-specific effect (q for allelic ef-
fect < 0.05), and three of these were not consistent across
both cell lines (p for cell type < 0.05), yielding 11 high-in-
terest variants (Figure 1B, Table S2) that were advanced.
Notably, rs4903064 displayed the most significant allelic
effect (Q value=1.2 x 10722, beta = —0.21; Figure 1B, Table
S2); the C risk allele displayed higher reporter expression
than the T protective allele when cloned in both forward
and reverse orientations (Figure 1C). Under hypoxic condi-
tions, there was a stronger allelic difference for rs4903064
(q value = 5.9 x 10~'7; beta = 0.33) compared to normoxic
conditions (q value = 1.6 x 10~°; beta = 0.14; Figure S2).
A series of studies confirmed rs4903064 maps to a plau-
sible cis-regulatory element in kidney tumors. Nine of 39
MPRA variants also fell under ATAC-seq peaks from either

of the lines used for MPRA (ACHN and HEK293T; Table S3).
Kidney tumor ATAC-seq data from TCGA (KIRC and KIRP
[kidney renal papillary cell carcinoma]) indicated that
seven variants, including rs4903064, were in regions of
chromatin accessibility (Figures S1 and S3, Table S3); 12
of 39 variants were located in regions marked by
H3K27ac in either ACHN or U0131 cells (Table S4,
Figure S3). Renal ENCODE data also supported our obser-
vations, as 1s4903064 is located in a region of open
chromatin as defined by peaks for DNase hypersensitivity
(Table S3, Figure S4; ENCODE kidney samples HRGEC,
RPTEC, and HEK293) and FAIRE (formaldehyde-assisted
isolation of regulatory elements; Figure S4). Finally, we
evaluated predicted allelic TF binding across the 14q24
MPRA SNPs in the HOCOMOCO database;’” nine variants,
including rs4903064, showed allele-specific binding sites
(Figure 1D, Table S5).

rs4903064-C risk-increasing allele is associated with
higher DPF3 expression

To investigate downstream effects of the allele-specific regu-
latory activity of rs4903064, we analyzed cis-expression
quantitative trait loci (cis-eQTL) for genes within 1 Mb on
either side of rs4903064 in two RCC tumor datasets
(TCGA-KIRC® and International Agency for Research on
Cancer [IARC]??). Both sets identified DPF3 as the strongest
signal surpassing genome-wide significance and as an eQTL
target gene for 154903064.%* In a re-analysis of both TCGA-
KIRC tumor and normal data with the GTEx eQTL pipe-
line,** the rs4903064-C risk-increasing allele was associated
with higher DPF3 expression specifically in tumors (Peqr. =
1.6 x 107'%, q value = 6 x 107'°, and beta = 66.6; n = 486;
Figure 1E, Table S6), consistent in direction with the MPRA
results. Although rs4903064 was the top eQTL variant for
DPF3, 73 total variants in total revealed a significant eQTL
with DPF3 in tumors (p < 4.7 X 107>; Table S6); there was
no significant eQTL for other genes in TCGA-KIRC tumors
nor TCGA-KIRC normal kidney tissue (n = 72; Table S6).
In an eQTL derived from normal kidney tissue,’® the same
allelic effect was observed for DPF3 expression with a
high-LD surrogate (1s4903074, D' = 0.82, p = 1.1 x 10°%;
Figure S5). Although kidney tissue has low representation
in GTEx data, the rs4903064-C allele was associated with
higher DPF3 expression across a range of normal tissues by
eQTL meta-analysis (Pmeta-analysis = 3-0 X 10727; Figure S6).
The lead SNP, 1549030704, is not a splice QTL (sQTL) in
GTEx, further supporting a cis-regulatory mechanism.

outliers are plotted as points. The p value is for analysis of both directions. Direction specific analysis: forward direction p value =
2 x 1072 and beta = —0.22; reverse p value = 1 x 10~® and beta —0.17.

(D) 154903064 T and C allele sequence contexts create binding sites for IRX2/IRXS5 and HIF-1a, respectively.

(E) eQTL analysis of the TCGA-KIRC dataset via FastQTL shows that the 1s4903064-C risk allele is associated with higher DPF3 expression
relative to the T protective allele; the black line in the center of boxes represents the median, whiskers extend to the minimum of either
the data range or 1.5 times the interquartile range, and statistical outliers are plotted as points.

(F) Plot for chromatin looping between the Capture HiC-baited restriction fragment that includes rs4903064 and a region close to the
DPF3 promoter for two cell lines (ACHC in blue and HEK293T in red). Among 14q24 MPRA SNPs, only rs4903064 was present on this
plotted bait; the y axis indicates Capture-C score from CHiCAGO analysis, which is the —log(weighted p value); the region is character-

ized with 25 chromatin states data from Roadmap fetal kidney.
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Figure 2. Summary of prioritization of 14q24 renal cancer risk loci variants

(A) UpSet plot for 14q24 variants summarizing evidence for each one’s being a potential functional cis-regulatory variant. ATAC, variants
within ATAC-seq peaks; eQTL, variants with a significant eQTL with a gene in the region; MPRA, variants presenting allele-specific MPRA
signal in both tested cell lines; H3K27ac, variants located within H3K27ac ChIP-seq peaks; TF, variants with predicted allele-specific tran-
scription factor binding; Capture HiC, presence of a loop to a gene from the restriction fragment harboring the variant; Cap.eQTL, Cap-
ture HiC loop is from the variant to an eQTL gene; DNase, variant present within a DNase accessible peak; *, rs2332922, rs72730353, and
1s11629434; **, 1511158980 and rs68132241.

(B) Boxplot for individual luciferase reporter assay results (combination of ACHN, HEK293T, HK2 cell lines; six replicates each; four data
points per replicate) confirms the rs4903064-C allele has higher signal compared to the T protective allele; the black line in the center of
boxes represents the median, whiskers extend to the minimum of either the data range or 1.5 times the interquartile range, and statistical
outliers are plotted as points. The p value is for all three cell lines and both forward and reverse orientations analyzed together. The anal-
ysis was done with linear regression for evaluation of allele effect in a model that included cell line, direction, and replicate with both
forward and reverse results.

(C) EMSA for 154903064 alleles shows a higher protein binding activity for the T protective allele compared to the C risk allele with nu-
clear extract from HEK293T; lanes represents different conditions (#1, T allele without nuclear protein extract; #2, T allele with nuclear
protein extract; #3-6, T allele competed with increasing amounts of non-labeled C allele probe; #7-10, T allele competed with increasing
amounts of non-labeled T allele probe; #11, T allele with nuclear protein extract; #12, C allele with nuclear protein extract.

(D) Comparison of DPF3 expression and hypoxia score in TCGA-KIRC samples. Grouping samples by rs4903064 genotype shows that
higher hypoxia score is associated with increasing DPF3 expression, mainly in samples homozygous for the C risk allele. Linear
regression analysis was conducted with the following model: DPF3 ~1s4903064.73279420.T.C + hypoxia + 1s4903064.73279420.T.C
x hypoxia + IRX2 + IRX5 + IRX2 x IRXS5. p value (hypoxia X rs4903064) = 0.07.

Finally, colocalization with GWAS summary statistics and
the TCGA-KIRC tumor eQTL data was confirmed by
eCAVIAR* (Figure S7); rs4903064 displayed the highest co-
localization posterior probability (CLPP) score (CLPP =0.13;
cutoff for colocalization at CLPP > 0.01; Table S7). Because
154903064 is intronic, we performed RACE to search for
novel DPF3 isoforms as well as confirmation of known iso-
forms DPF3a and DPE3b, but we identified no new isoforms
(Figure S8). Our results indicate the rs4903064-Crisk allele is
associated with higher DPF3 levels in both normal and
tumor samples, consistent with the pattern of allelic cis-reg-
ulatory activity we observed for 1s4903064 in vitro.

Physical interaction between rs4903064 and DPF3 was
investigated by Capture HiC (CHiC) assay’’ in both
ACHN and HEK293T cells; we designed capture baits to
specifically target Dpnll restriction fragments harboring
risk-associated SNPs, including 26 out 39 variants tested
by MPRA. We observed evidence for physical interactions
between the restriction fragment harboring rs4903064
and regions downstream of the DPF3 transcriptional start
site in both cell lines (Figure 1F, Table S8). The region inter-
acting with 154903064 is classified as “transcribed and reg-
ulatory (promoter/enhancer)” in fetal kidney chromatin
state data of the Roadmap.°” For the other 25 baited
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MPRA variants on other baited restriction fragments, there
was evidence of interaction with the body of DPF3 and
other genes (Table S8). Together with the high-throughput
assays, namely MPRA, ATAC-seq, H327ac ChIP-seq, Cap-
ture HiC, and eQTL (Figure 2A, Figure S9), the observed
physical link between 154903064 and DPF3°'~%* transcrip-
tional machinery further supports that 154903064 acts as
an enhancer of DPF3 expression.

Validation of rs4903064 allelic enhancer activity by
luciferase assay

Allelic enhancer activity of 154903064 was confirmed by
individual luciferase assay analysis in the same cell lines
used in the MPRA (Figure S10). Further analysis in a
third cell line, HK2 (kidney proximal tubule cell line),
confirmed the allele-specific effect (p = 1.1 x 10~ for
HK2, Figure S10; p = 1.2 x 1072 for all cells analyzed
together for both forward and reverse orientation;
Figure 2B), an effect that was more consistent in the for-
ward orientation (Figure S10).

Six other SNPs (rs8015833, rs141505485, rs140262543,
15740977, 16574106, and rs72730353) were investigated
further on the basis of allelic difference p value, direction
of effect, and cell line specificity in the MPRA. Only two,
1572730353 (D' = 0.87, R? = 0.49 with rs4903064; EUR,**
Figure 2A) and 15140262543 (D' = 1, R? = 0.01; EUR,
Figure 2A), confirmed allele-specific enhancer activity in in-
dividual reporter assays (Figures S11A-S11F). Finally,
although rs4903064 is a member of the 99% credible causal
variant set as assessed via PAINTOR-*based analysis of RCC
GWAS summary data, neither of these two variants were,
nor were any of the other variants assessed via MPRA (Table
S9). Our subsequent work thus focused on rs4903064 but
with knowledge that other variants could contribute to
the net effect of the germline RCC risk locus (Figure 2A).2°

Allele-specific protein binding to rs4903064

An allele-specific pattern of protein binding to rs4903064
(Figure 2C, Figure S12) was observed with nuclear extract
from both HEK293T and ACHN cells by EMSAs. The pro-
tective rs4903064-T allele displayed stronger competition
from unlabeled T-probe versus C-probe, and when unla-
beled rs4903046-C is present at 10-fold excess, the specific
protein-DNA complex with the labeled T protective
allele remains (Figure 2C, lane 6). In motif analyses,
1s4903064-T creates a binding site for IRX2/IRXS5, while
the C risk allele creates a binding site for HIF (Figure 1D).
IRX2 and IRXS are known transcriptional repressors,®
while HIF can be an activator, which is consistent with
the observed stronger allelic effect under hypoxia
(Figure S2). We examined IRX2 and IRX5 gene expression
against DPF3 expression in normal and tumor samples
(TCGA-KIRC, n = 538 tumor and 71 normal tissue
analyzed together), and IRX2 and IRXS levels correlate
inversely with DPF3 expression (pgx2 = 1.2 X 107* and
Pirxs = 3.1 x 1077, respectively), suggesting transcrip-
tional repression by IRX2 and IRXS (Figure S13). HIF

expression is not necessarily a robust surrogate for hypox-
ia, but application of a reported hypoxia score®® revealed a
trend of correlation between higher hypoxia levels and
increased DPF3 expression with the rs4903064-C allele,
particularly for CC homozygotes (Figure 2D; interaction
between 154903064 and hypoxia score on DPF3, p =
0.07); the effect progressively diminished for TC and TT ge-
notypes. Previously published HIF1A ChIP-seq data pro-
vided evidence of HIF1A binding spanning rs4903064 in
the T-47D breast cancer cell line (Figure $14).%” Collec-
tively, these results suggest that IRX2/IRXS could bind to
154903064-T to decrease enhancer activity, as observed in
the MPRA, even under normoxic conditions. Thus,
154903064 is located within a multifunctional binding
site: in normal tissue under normoxic conditions, the T
protective allele could be a binding site for a transcrip-
tional repressor, possibly IRX2/5, whereas in tumor tissue
after loss of VHL leading to stabilization of HIF and activa-
tion of HIF-controlled transcriptional programs, HIF could
bind the rs4903064-C risk-increasing allele, increasing the
signal difference between the two alleles.

DPF3 overexpression increases growth rate in RCC-
stable cell lines

Because higher DPF3 expression is correlated with the
renal-cancer-risk-increasing C allele of rs4903064, we
investigated the effects of increased DPF3 levels on kidney
cell growth. We generated doxycycline (dox)-inducible
DPF3 cell lines to evaluate the effects of modulating
DPF3 levels by real-time growth by using assays that mea-
sure bio-impedance as a measure of cell density every
10 min in a 96-well format (5,000 cells/well, 4-8 replicates)
treated after 4 or 22 h of plating the cells with dox. Each of
the two common DPF3 isoforms, DPF3a or DPF3b, were
separately introduced into four cell lines: ACHN (papillary
RCC origin), UOK-121 and 786-O (clear cell RCC origin),
and HK2 (Figures S15 and S16). Cell lines representing
papillary and clear cell subtypes were selected because
the reported RCC GWAS?* included both clear cell
(~90% of cases) and papillary subtypes (<10%).

To characterize the genomic background of the RCC cell
lines given the known importance of mutations in the
SWI/SNF complexes in RCC,"'**3*** we performed exome
sequencing on UOK-121, ACHN, 786-0O, and HK2 cell lines
and revealed mutations in seven of the 50 most commonly
mutated genes in the KIRC-TCGA database: TP53 (UOK-
121 and 786-0), PBRM1 (UOK-121 and ACHN), MAGEC1
(UOK-121), ATM (786-0), DST (786-0), VHL (786-0O), and
PTEN (786-O) (Figure S17A). The HK2 immortalized
normal renal cell line lacked mutations in the top 50
mutated genes in KIRC-TCGA. In addition to PBRM1, mu-
tations were observed in other mSWI/SNF genes but not
DPFE3; these included a missense mutation in DPF2
(ACHN cell line) and nonsense mutation in $§18 (HK2
cell line) (Figure S17B).

Increased expression of DPF3 mRNA and protein was
confirmed at 12, 24, and 48 h after dox treatment by
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Figure 3. Effect of DPF3 overexpression on renal cancer cell lines

(A) Real time impedance growth assay for the UOK-121-stable dox-inducible DPF3a cell line showing DPF3 increasing growth rate.
10,000 cells were plated in 96-well plates and treated with dox or control for 4 or 22 h following plating (arrows); data are combined
from three technical replicates and mean and confidence interval for each sample/condition are shown.

(B) Volcano plot for genomic regions showing changes in chromatin accessibility after DPF3 overexpression via dox treatment. Data
were combined for HK2 DPF3a, HK2 DPF3b, UOK-121 DPF3a, and UOK-121 DPF3b and analyzed with the R ALTRE package. DESeq2
was used for comparison of peak intensities between conditions, adjusting for cell line, DPF3 isoform, and experimental replicate.
The x axis shows the log2 fold change of chromatin accessibility due to DPF3 overexpression.

(legend continued on next page)
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quantitative PCR (QPCR) and immunoblot; more than 95%
of the cells were GFP+ and expressing DPF3 (Figures S16A-
S16C). Overexpression of either DPF3 isoform increased
the growth rate in UOK-121, ACHN, and HK2 (Figure 3A,
Figures §18, S19, and S20) but not in 786-O (Figure S21).
There was no difference in growth curves between nor-
moxic (Figures S19 and S20) and hypoxic conditions (Fig-
ures S22 and S23).

DPF3 overexpression leads to changes in chromatin
accessibility

Mutations in mSWI/SNF complex genes have been well
described, and differential gene loss results in distinct
expression and cellular phenotypes.** To date, residual
mSWI/SNF complexes have only been reported to harbor
somatically mutated members, but our reported findings
suggest that differential levels of DPF3 expression, driven
by germline variation, could alter chromatin accessibility.
In ATAC-seq analysis of dox-inducible DPF3 cell lines at
48 h after treatment as compared to dox naive cells,*® 86
regions were identified with significant changes in chro-
matin accessibility following DPF3 overexpression of
either a and/or b isoforms: seven showed increased accessi-
bility, while 79 showed decreased accessibility (Figure 3B,
Table S10).

To identify genes deregulated by DPF3 overexpression,
we performed RNA-seq on viable cells 48 h following dox
treatment in four stable cell lines (two replicates for each
cell line/isoform). In an analysis of differential gene expres-
sion with a pseudo-alignment approach,*’°" we combined
data from both isoforms across cell lines because DPF3a
and DPF3b displayed similar effects (R* = 0.99;
Figure S24). Overexpression of DPF3 led to a significant in-
crease in expression of 263 genes, while 230 genes were
downregulated (Figure 3C, Table S11). The top two deregu-
lated genes (CEMIP and IL23R) were confirmed by qPCR
(Figure S25), and protein levels were similarly confirmed
by immunoblot (Figure 3D, Figure S26). Using the Reac-
tome database for pathway analysis of differentially
expressed genes,”” we observed enrichment for seven path-
ways (Figure S27), including “estrogen-dependent gene
expression” and “ESR-mediated signaling,” which could
contribute to the reported difference in RCC signal at
14q24 when stratified by sex.*

RNA-seq expression data was further analyzed with
ISMARA,>* which identifies upstream TFs likely to drive

observed gene expression changes by comparing gene
expression to regulatory circuitry to address expression/
chromatin state changes.’® TFs known to directly regu-
late DPF3 were flagged following ISMARA analysis and
not further considered because their activity measure-
ment would be artificially inflated because of dox-induc-
ible DPF3 overexpression. The subsequent analysis
identified 48 TFs likely displaying differential activity
(Table S12). SMARCC2, a member of BAF and PBAF
complexes, was one of the top two deregulated TFs:
overexpression of either isoform resulted in higher
inferred SMARCC2 transcriptional activity (Figure 3E)
as measured by changes in SMARCC2-targeted genes.
These results suggest the effect of DPF3 on gene expres-
sion is at least partially mediated through the mSWI/
SNF complexes (BAF and/or PBAF), perhaps through
disrupting those complexes and leading to increased
activity of SMARCC2. High activity was also observed
for CTCF/CTCFL (Figure S28), which is important for
mSWI/SNF complex recruitment to topologically associ-
ated domain (TAD) boundaries.”’ Tt is plausible that re-
sidual mSWI/SNF activity due to DPF3 overexpression
could reduce CTCF/CTCFL activity and deregulation of
gene expression could lead to RCC development.

DPF3 changes chromatin accessibility, leading to altered
gene expression

In an integrated analysis of ATAC-seq data generated from
DPF3-overexpressing cells with corresponding RNA-seq
data, ATAC-seq peaks related to DPF3 overexpression
were investigated within 2 Mb of DPF3-deregulated genes
(as identified by RNA-seq) and compared with ATAC-seq
peaks of random genes not deregulated by DPF3 in the
RNA-seq. 12% of deregulated genes have altered chromatin
accessibility (pcni-square = 0.008, compared to random non-
DPF3 target gene ATAC-seq peaks; Figure S29), underscor-
ing the effect of DPF3 on chromatin accessibility and
consequential gene deregulation. The CEMIP promoter re-
gion showed one of the highest increases in accessibility
following DPF3 overexpression (Figure 3F), which is
notable because CEMIP was the top deregulated gene and
has previously been implicated in cancer proliferation”’
and apoptosis.”>’* The DPF3 effect on cell growth is at
least partially mediated through CEMIP overexpression
based on siRNA knockdown of CEMIP (>90% CEMIP
knockdown from baseline; Figure S30A); the growth rates

(C) Volcano plot for DPF3-deregulated genes in DPF3-stable cell lines (HK2 DPF3a and DPE3b, UOK-121 DPF3a and DPF3b, 786-O DPF3a
and DPF3b, ACHN DPF3a and DPF3b). RNA-seq was performed for two samples of each DPF3-isoform-stable cell line and analyzed via a
regression model (gene ~DPF3 (dox or control) + isoform + cell line + replication). p values reported on the plot are DPF3 overexpression
across all cell lines. The x axis shows the beta value for change of gene expression due to DPF3 overexpression.

(D) Immunoblot confirming increasing CEMP and IL-23R protein expression following DPF3 overexpression in UOK-121 and HK2

DPF3a cell lines, respectively. Full gels are included in Figure S25.

(E) ISMARA analysis for each replicate of DPF3-stable cell line RNA-seq data comparing inferred SMARCC2 transcription factor activity in
control and DPF3 overexpression states. Statistical test was performed via combination of replicates of control or doxycycline (dox) for

each cell line in a t test.

(F) ATAC-seq peaks showing increasing accessibility in the promoter region of CEMIP after DPF3 expression. Data combined from HK2
DPF3a, HK2 DPF3b, UOK-121 DPF3a, and UOK-121 DPF3b were analyzed with the R ALTRE package. The x axis shows peak intensity for
change of chromatin accessibility at the CEMIP promoter due to DPF3 overexpression.
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Figure 4. DPF3 effect on renal cancer is partially mediated by apoptosis

(A) Real-time impedance growth assay for HK2-stable dox-inducible DPF3a cell line with CEMIP siRNA or control treatment. Cell lines
were plated and, after 4 h, treated with doxycycline (dox) or PBS (control) + siRNA against CEMIP for evaluation of the growth effect of
DPF3 overexpression with CEMIP knockdown.

(B) Flow cytometry (Anexin V and 7-AAD) analysis of the HK2 DPF3a-stable cell line treated with dox or control for 48 h. Camptothecin
(CPT) was used for induction of apoptosis in the cell lines. FL2-A was the detector for Anexin V and FL3-A for 7-AAD.

(C) Apoptosis proteins were evaluated by immunoblot: PARP, Caspase-3, DPF3-FLAG, and ActinB. HK2 DPF3a and DPF3b cell lines were
treated with dox for 48 h, followed by cisplatin (CDDP) treatment for 12 h. Full gels are included in Figure S32.

(legend continued on next page)

The American Journal of Human Genetics 708, 1590-1610, September 2, 2021 1601



of two DPF3-overexpressing cell lines (HK2 and ACHN)
were substantially reduced when CEMIP was targeted
compared to scrambled control siRNA (Figure 4A,
Figure S31A). Depletion of CEMIP without DPF3 overex-
pression (stable cell lines without dox) also reduced RCC
cell line growth rates (Figures S31B and S31C).

Because CEMIP has an established role in apoptosis, we
evaluated the effect of DPF3 overexpression by flow cytom-
etry (Annexin V and 7-AAD) after exposure to two agents
capable of inducing apoptosis in kidney cancer cells
in vitro: cisplatin, an alkylating agent, and camptothecin,
a topoisomerase inhibitor. DPF3 overexpression resulted
in a lower fraction of apoptotic cells compared to controls
when treated with camptothecin (Figure 4B): the percent-
age of apoptotic cells was reduced from 57% to 28%
following DPF3 overexpression. To confirm that the
DPF3 effect was independent of a specific agent, we evalu-
ated apoptosis-related proteins by immunoblot following
exposure to cisplatin. DPF3 overexpression led to a reduc-
tion in cleavage of caspase-3 and PARP both in the pres-
ence and absence of cisplatin (Figure 4C, Figure S32). Thir-
teen important proteins involved in apoptosis were
evaluated via multiplex immunoassays in cytosolic and
nuclear/mitochondrial fractions (Figure S33). Overexpres-
sion of DPF3 led to a reduction of cleaved caspase-3
(Figure 4D) as well as a reduction of BAX in the nuclear/
mitochondrial fraction (Figure 4E), which is known to
trigger intrinsic apoptosis pathways.”*

IL23R, a subunit of the IL23 receptor and part of the JAK-
STAT signaling pathway, was upregulated following DPF3
overexpression’® as confirmed by RNA-seq, qPCR, and
immunoblot (Figures 3C and 3D, Figures S25 and S26B).
Because STAT3 activation is an important pathway for
RCC and is activated by VHL loss and/or enhanced after
PBMRI mutation,'> we examined whether DPF3-depen-
dent IL23R overexpression could lead to STAT3 activation.
Transfection of siRNA targeting IL23R (si-IL23R efficiency
in Figure S30B) in RCC cells overexpressing DPF3 resulted
in reduced growth (Figure 5A), suggesting that, in addition
to CEMIP, the DPF3 growth effect can be in part attributed
to IL23R overexpression. Consistent with the known role
of IL23 binding to IL23R’s resulting in phosphorylation
of STAT3 through JAK,”® a higher level of STAT3 phosphor-
ylation was observed by immunoblot in each of the two
cell lines tested overexpressing DPF3a and DPF3b (HK2
and UOK-121; Figure 5B, Figures S34, S35A, and S35B),
yet total STAT3 protein and mRNA expression remained
stable as measured by immunoblot (Figure 5B, Figures
S34, S35A, and S35B), qPCR (Figure S36), and RNA-seq
(STAT3 p = 0.14). To confirm STAT3 pathway activation
by DPF3 overexpression, we performed gene set enrich-
ment analysis (GSEA) pathway analysis on our RNA-seq

data and found that the IL6-JAK-STAT3 pathway was en-
riched in cell lines that overexpressed DPF3 (Figure 5C).
Notably, this DPF3-dependent STAT3 activation is similar
to the IL6-JAK-STAT3 pathway activation in RCC cell lines,
particularly in those cell lines with mutated PBRM1'>"7
(Figure S37). Together, these results suggest that the
allele-specific effect of rs4903064 could be partially medi-
ated through STAT3 activation, comparable to the effect
of select PBRM1 somatic mutations."”

DPF3 effect on T-cell-mediated cytotoxic and
immunotherapy response

Previous studies have suggested that mutations within the
SWI/SNF complexes, particularly in PBRMI1, could
contribute to response to immune checkpoint inhibitor
therapy in RCC affected individuals,””-”® but other studies
could not find this association;”°~®! confirmation studies
are needed.®” Ex vivo data suggest that PBRM1 mutations
are associated with enhanced sensitization to killing by
T cells,*” an effect most likely mediated through mSW1/
SNF complex regulation of chromatin accessibility for
INF-y target genes.® Accordingly, we tested whether
DPF3, through activation of the STAT3 pathway, could in-
crease T-cell-mediated killing. PBMCs from healthy donors
were stimulated with CD3, CD28, CD2, and IL-2 for 48 h,
followed by co-culture with confluent DPF3-overexpress-
ing RCC cell lines (HK2 and UOK-121) or controls. In a
bio-impedance growth assay, DPF3-overexpressing cells
showed higher T-cell-mediated cytotoxicity than controls
(Figure 6A, Figure S38), mimicking the above observations
in both PBRM1-mutated cells and affected individuals.””-**
PBMCs were characterized by flow cytometry; PBMCs co-
cultured with DPF3-overexpressing cells had a higher
fraction of CD8+ T cells (Figure 6B) compared to PBMCs
co-cultured with RCC control cells. Further, there was an
increase in [FN-y+ CD8+ T cells (Figures S39A and S39B).
To test whether DPF3-overexpressing cells altered expres-
sion of cytokines that stimulate CD8+ T cells, we quanti-
fied 40 secreted cytokines and chemokines, which showed
a significant reduction of secreted IL-6 and IFN-y in the
media following DPF3 overexpression (Figure 6C,
Figure S40). Notably, IL6 was also previously seen to be
downregulated by DPF3 in RNA-seq in renal cell lines
(HK2 DPF3a, HK2 DPF3b, UOK-121 DPF3a, UOK-121
DPF3b, 786-O DPF3a, 786-O DPF3b, ACHN DPF3a, and
ACHN DPF3b; Table S11), and there was a reduction of
secreted IL-10 in media after co-culture of RCC cell lines
and PBMC (Figure S41).

Lower levels of IL-6 and IL-10 have been associated
with a positive response to immunotherapy.®*®’
Although IL-10 can limit CD8+ T cell proliferation and
survival, reduction of IL-6 in mouse models has increased

(D and E) Immunoassay was used for quantification of cleaved caspase-3 (D) and BAX (E) in cytosolic (green) and nuclear+mitochondrial
(orange) fractions of inducible HK2 DPF3a (green circle) and DPF3b (red circle) cell lines with and without DPF3 overexpression (dox).
The black line in the center of boxes represents the median, whiskers extend to the minimum of either the data range or 1.5 times the

interquartile range, and statistical outliers are plotted as points.
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Figure 5. DPF3 effect on renal cancer is
partially mediated by STAT3 pathway acti-
vation

(A) Real-time impedance growth assay for
UOK-121-stable dox-inducible DPF3a cell
line with si-IL23R or control treatment.
Cell lines were plated and treated with doxy-
cycline (dox) or PBS (control) = siRNA
against IL23R after 4 h for evaluation of
the growth effect of DPF3 overexpression
without IL23R overexpression.

(B) Immunoblot showing STAT3 phosphor-
ylation after DPF3 overexpression in the
HK2 DPF3a cell line. Full gels are shown in

Figure S34.

(C) Enrichment plot for pathway analysis
shows activation of the STAT3 pathway in
four DPF3-stable cell lines (expressing both
DPF3 isoforms) with RNA-seq data on gene

set enrichment analysis (GSEA).

locus, altering DPF3 expression and

most likely leading to changes in chro-
matin accessibility and gene expression
as well as inhibition of apoptosis and
activation of oncogenic pathways in
‘ kidney cells. In studies of overexpres-
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checkpoint inhibitor efficacy by increasing cytotoxic
T cells®® through PD-1 reduction of CD8+ T cell
activity.®” Reduction of IL-6 with monoclonal antibodies
has emerged as a plausible single or combination therapy
with a checkpoint inhibitor.”” In an exploratory analysis
of published RNA-seq data from RCC-affected individuals
treated with checkpoint inhibitors,”” we observed a posi-
tive but non-significant trend between clinical benefit of
checkpoint inhibitors and increased expression of DPF3
(Figure S42) on PBRM1 wild-type samples. Together, these
data suggest that DPF3-dependent reduction of IL-10
and IL-6 could increase CD8+ T activity, enhancing
PBMC-mediated cytotoxicity as a potential mechanism
for improved response to checkpoint inhibitor therapy.
Furthermore, it is plausible that the actual common
154903064 allele could contribute to the discrepancies
in the preliminary reports and merits further investiga-
tion.”” %!

Discussion

Our study provides insight into the underlying mechanism
for the 1424 RCC susceptibility risk locus and offers proof-
of-concept for applying high-throughput methods for accel-
eration of post-GWAS functional studies. We have shown
that the allele-specific effect of rs4903064 is mediated
through an enhancer within the 14q24 RCC susceptibility

the top deregulated genes are CEMIP

and IL23R, which are notable because

CEMIP inhibits apoptosis by reducing
BAX translocation to the mitochondrial membrane, while
IL23R enhances growth by activating the oncogenic STAT3
pathway, important in RCC oncogenesis (Figure 7).

In this study, we specifically show that rs4903064,
located in an intron of DPF3, displays an allele-specific ef-
fect on DPF3 expression on the basis of MPRAs, luciferase
assays, and EMSAs, together with a significant eQTL be-
tween 154903064 and DPF3 in multiple tissues. The
154903064-C RCC risk allele creates a HIF-binding site
and would be predicted to enhance gene expression,
whereas the rs4903064-T protective allele is predicted to
increase the affinity for the IRX2/IRXS binding, which re-
presses DPF3 transcription. Increased expression of DPF3
confers a growth advantage to cells by at least two path-
ways: inhibition of apoptosis via CEMIP and activation of
STAT3 via IL23R. Notably, the CEMIP promoter is more
accessible after DPF3 overexpression, suggesting that
allele-differential effects in germline DPF3 could influence
this pathway, particularly because CEMIP overexpression is
associated with reduction of apoptosis.

STAT3 pathway activation provides an important clue
for connecting germline variation in 14q24 with RCC
oncogenesis. VHL loss can activate HIF and STAT3 path-
ways, but PBRM1 represses oncogenesis by reducing the
activation of key pathways. For example, when PBRM1
function is lost, together with mTORC1 activation, modi-
fied SWI/SNF can drive RCC development.'> Here, we

The American Journal of Human Genetics 7108, 1590-1610, September 2, 2021

1603



Figure 6. DPF3 effect on T cell cytotoxicity
on renal cancer cell lines
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(A) Real-time impedance T cell cytotoxicity
assay for the HK2-stable dox-inducible
DPF3a cell line with or without activated
PBMC:s. Cell lines were plated and treated
with doxycycline (dox) or PBS (control). Af-
ter 48 h, activated PMBCs in 1:2.5 and 1:5
ratios relative to initial tumor cells were
added to each well. T cell cytotoxicity is
quantified as the difference between control
(no PBMC) and PBMC samples.

(B) Flow cytometry analysis of PBMCs recov-
ered after the T cell cytotoxicity assay for the
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(C) Immunoassay shows a reduction of IL-6
in media after DPF3 overexpression in HK2
DPF3a and UOK-121 DPF3a cells. Cells
were plated in 6 wells, treated with dox or
control, and after 48 h, media was recovered
for immunoassay. Analysis was done via
regression, including cell line and replicate
in the model.
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show the importance of DPF3-dependent activation of the
STAT3 pathway, which could represent an additional
mechanism by which SWI/SNF complexes could enhance
the effect of VHL loss on RCC."> Our model suggests
that, in part, the 14q24 susceptibility risk locus could be
attributed to DPF3-dependent STAT3 pathway activation
after VHL loss, simulating PBRM1 loss consistent with a
multi-step model for RCC development.'> STAT3 activa-
tion is also an important antitumor immune response sup-
pressor,”’"?> and thus, DPF3-dependent STAT3 activation
could increase RCC risk through immune evasion as a sec-
ond mechanism, although we did not test DPF3 effect on
immune evasion. Notably, a rare coding variant in IL23R,
1511209026, was one of the first GWAS loci found to be
associated with inflammatory bowel disease,”” and its ef-
fect is mediated through STAT3 signaling in T cells.””

Our investigation of the functional underpinnings of
the 14q24 susceptibility locus points toward overexpres-
sion of DPF3 as a disruptive contribution to mSWI/SNF
complexes, leading to alterations in nucleosome posi-
tioning and downstream gene regulation. DPF3 is a
component of the BAF nucleosome-remodeling com-
plex,*! which plays a critical role in controlling cell ho-
meostasis, and its impairment contributes to cancer
development.'>**3* Loss of mSWI/SNF complex mem-

Control
UOK-
121

DOX
UOK-
121
bers can be present in up to 20% of

cancer cases’’ and create residual

mSWI/SNF complexes that lead to
gene deregulation and cancer. Approximately 40% of
ccRCC cases show somatic loss of PBRM1,*® a member
of the PBAF SWI/SNF complex, underscoring its role in
RCC biology'® as well as treatment response.”” Moreover,
rare familial germline PBRM1 mutations leading to renal
cancer have been described.”” Given the role of DPF3 in
the BAF SWI/SNF complex, our work raises the possibility
that DPF3 overexpression could potentially lead to
possible enhanced activity. Consistent with this hypoth-
esis, ATAC-seq data show that DPF3 overexpression
changes accessibility of chromatin regions, which are en-
riched near DPF3-deregulated genes. Pathway analyses
with the Reactome database® revealed enrichment of
seven pathways (Figure S4), including “estrogen-depen-
dent gene expression” and “ESR-mediated signaling,”
which could contribute to the reported difference in
RCC signal at 1424 when stratified by sex.?”

Because SWI/SNF complexes can regulate enhancer ef-
fects, perhaps through DPF3-driven chromatin accessi-
bility changes, changes in gene expression patterns due
to DPF3 could contribute to RCC. Our data suggest that
changes in DPF3 regulation plausibly could have an
impact on BAF function, however the specifics of how
this might influence function requires further investiga-
tion. We surmise that germline variation could lead to
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Figure 7. Model for the biology underlying the 14924 RCC susceptibility locus

The risk-associated rs49030674-C allele creates a binding site for HIF1 and acts as an enhancer, while the protective T allele creates a bind-
ing site for IRX2/5 and acts as transcriptional repressor. Therefore, the rs4903064-C risk allele is associated with increasing expression of
DPF3, which is a member of the BAF SWI/SNF complex. DPF3 overexpression changes chromatin accessibility, leading to changes in
gene expression profile, including overexpression of CEMIP and IL-23R. CEMIP is an anti-apoptosis gene and IL-23R is part of the
STAT3 pathway. Downstream, the reduction of apoptosis and activation of the STAT3 pathway, a vital step on RCC oncogenesis, in-

creases the probability of developing renal cancer.

overexpression of DPF3, which in turn, replaces DPF1/2 in
the BAF complex and could change both chromatin acces-
sibility and gene expression; DPF3 has recently been
shown to be important in kidney development.”* In
RCC, increased DPF3 could either displace or supplement
DPF2, the most common DPF in the BAF complex,®'~**
and in turn reactivate kidney stem-cell characteristics,
leading to RCC, possibly through STAT3 activation and
reduced apoptosis. Notably. DPF3 overexpression activates
a similar gene expression pattern to that of PBRM1 muta-
tion (Figure S37). Nonetheless, we cannot exclude the pos-
sibility that DPF3 could work directly or through another
mechanism; further work investigating the mechanistic ef-
fects of DPF3 is warranted.

We note that a large proportion of ccRCC tumors, partic-
ularly in metastatic disease, have been shown to have copy-
number loss of the 14q24 region,® and loss is thought to
drive more aggressive disease at least in part because of
loss of HIFIA on chromosome band 14q23.2.° Most
common germline variants influencing risk, such as
154903064, have relatively small effect sizes, and somatic al-
terations have a more substantial effect on tumor progres-
sion. We hypothesize that this common germline variant

exerts its effect(s) at a relatively early stage, before cancer
onset and/or initial cancer development, and additional so-
matic events, including loss of 14q/HIF1A, provide a far
greater growth advantage than the effect of this variant.
Our study is not without limitations. We have provided
data on the oncogenic effect of DPF3 on RCC susceptibility
through changes in chromatic accessibility, but we could
not fully evaluate whether this effect is directly due to
only DPF3 or mediated through BAF or other changes in
SWI/SNF complexes.”* Tissue-specific analyses have
shown that DPF3 is part of BAF in muscle and heart tissue
and also present during embryonic kidney development.”'
% Consequently, how DPF3 overexpression effects BAF in
renal tissue remains an important line of investigation. In
addition, although the cell line 786-O showed a number of
effects downstream of DPF3 gene expression upon DPF3
overexpression (CEMIP and IL-23R overexpression; activa-
tion of SMARCC2 targets), this cell line did not display the
DPF3-dependent growth effect observed in three other cell
lines. 786-0O is known to have chromosomal loss of 14q,
and we speculate that this cell line may have developed so-
matic alterations that activate pathways that are normally
DPF3 dependent. Notably, exome sequence analysis
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showed that 786-O harbors a PTEN mutation, which could
provide both a mitochondria-dependent reduction of
apoptosis,”® separate from DPF3/CEMIP, as well as STAT3
pathway activation independent of DPF3/IL-23R.7*7
Therefore, PTEN mutation in 786-O could have activated
the same targets of DPF3 and limited DPF3 phenotype
effect.

In pursuit of understanding the biological basis of the
1424 RCC locus, additional studies have shed light on
how this locus could have implications for RCC treat-
ment. The combination of two checkpoint inhibitors
(anti-CTL4 ipilimumab and anti-PD1 nivolumab) showed
better overall survival compared to the standard sunitinib
(receptor tyrosine kinase inhibitor) treatment,’® leading
to FDA approval for this immunotherapy combination
as the first line of treatment for RCC. Two studies identi-
fied mutations in the mSWI/SNF complex, particularly
PBRM]1, associated with a favorable response to immuno-
therapy in RCC.””"** Herein, we observed that DPF3 over-
expression enhanced CD8+ T cytotoxic effect on tumor
cells, perhaps through reduction of secreted IL-6 and IL-
10 by tumor cells. Further mechanistic studies as well as
larger clinical trials are required for exploration of this
intriguing hypothesis. It is notable that the underlying
mechanism for susceptibility risk might also be associated
with response to a specific checkpoint treatment, thus
opening a new avenue for evaluating DPF3 expression
as a biomarker for immunotherapy response in RCC
studies.
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