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The data presented in this article are companion materials
to our manuscript titled “BAP1 maintains HIF-dependent in-
terferon beta induction to suppress tumor growth in clear
cell renal cell carcinoma” (Langbein et al., 2022), where
we investigated the downstream effects of BAP1 (BRCA1-
associated protein 1) expression in clear cell renal cell carci-
noma (ccRCC) cell lines and mouse xenograft models. In the
manuscript, we showed that BAP1 upregulates STING (stim-
ulator of interferon genes) expression and activity in ccRCC
cells, leading to IFN-8 transcription and activation of inter-
feron stimulated gene factor 3 (ISGF3), the transcription fac-
tor that mediates the effects of type I interferons (IFNs).
Here, we suppressed additional components of the type I
IFN pathway, including IRF9 (a component of ISGF3), IFNAR1
(the type I IFN receptor), and STING (a stimulator of IFN pro-
duction) by shRNA to investigate their involvement in BAP1-
mediated upregulation of ISGF3 activity. We also inhibited
extracellular IFN-8 via neutralizing antibody treatment in
BAP1-expressing cells to ascertain the role of the secreted cy-
tokine in this pathway. ISGF3 activity was assessed by west-
ern blot analysis and qPCR measurement of its transcriptional
targets. To examine the relevance of our observations in an-
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other model system, we characterized primary kidney cells
from WT and Bap1%® mice by cytokeratin 8 immunohisto-
chemistry and examined the effect of Bap1 knockout on Sting
protein expression. Finally, we treated mice bearing BAP1
knockdown xenografted tumors with diABZI, a STING agonist,
and measured immune cell recruitment via CD45 immuno-
histochemistry. These data can serve as a starting point for
further investigation on the roles of BAP1 and other tumor
suppressor genes in interferon pathway regulation.
© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Type of data
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Description of data collection

Data source location

Data accessibility

Related research article

Cancer Research

Type I interferon pathway stimulation by BAP1 in clear cell renal cell
carcinoma

Image

Graph

Figure

Western blots: ImageQuant LAS 4000

qPCR: StepOnePlus or QuantStudio 3 Real-Time PCR System

[HC: IntelliPATH FLX Autostainer

Raw

Analyzed

Stable ccRCC cell lines were generated to genetically manipulate factors of
interest. Cells were treated with the indicated compounds. Protein lysates were
harvested from cells and used in western blots to investigate pathway activity.
RNA was extracted from cells, reverse transcribed, and used in qPCR for ISGF3
target genes. Gene expression was calculated using the AACt method.
Immunohistochemistry was performed on cultured cells derived from WT or
Bap1"M mouse kidneys or Ren-02 xenografted tumors. Experiments were
performed a minimum of two times.
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Value of the Data

+ These data can aid in deciphering the molecular mechanisms of tumor suppression by
BAP1 in ccRCC and possibly other cancers.

» Researchers and clinicians working to understand the mechanisms underlying ccRCC
pathology and tumor progression can benefit from these data.

» These data can be used to support the development of type I interferon pathway thera-
peutics for BAP1-deficient ccRCC.
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1. Objective

The objective of these data is to expand and strengthen the findings in our primary research
article, BAP1 maintains HIF-dependent interferon beta induction to suppress tumor growth in
clear cell renal cell carcinoma, published in Cancer Letters. These data provide additional molec-
ular insight into the mechanism of type I IFN pathway activation by BAP1, a tumor suppressor
gene implicated in ccRCC and other cancers. Data presented here investigate the involvement of
other components in this pathway, including: ISGF3, a heterotrimeric transcription factor that
promotes interferon stimulated gene expression; the interferon « receptor (IFNAR), which binds
type I IFN to initiate signaling in target cells; secreted IFN-3, a type I IFN cytokine produced in
response to pathogens and abnormal host nucleic acids; and STING, an upstream stimulator of
type I IFN production.

2. Data Description
2.1. ISGF3 activity is elevated in BAP1-expressing cells

We have previously shown that BAP1 increases the expression of ISGF3 target genes in ccRCC
cell lines [1,2]. We wanted to see whether the upregulation of these interferon sensitive genes
(i.e. ISGF3 targets) is ISGF3-dependent in cells that express BAP1. We generated UMRC6 ccRCC
cells, which lack endogenous BAP1, that express a control vector (GFP) or BAP1. We then knocked
down the expression of IRF9, an essential component of ISGF3, using two shRNAs in these cell
lines. BAP1, IRF9, and ISGF3 target expression was examined by western blotting. While BAP1
expression increased the abundance of ISGF3 targets STAT2, OAS1, and PLSCR1, IRF9 knockdown
reduced this effect in these cells (Fig. 1A). Minimal differences in ISGF3 target levels were seen
in the GFP-expressing cells.

Our previous work suggests BAP1 enhances STAT2 phosphorylation in ccRCC cells. Typically,
both STAT1 and STAT2 are phosphorylated by Janus kinases (JAK) on the cytoplasmic side of the
IFNAR upon IFN binding. To examine whether STAT2 phosphorylation was related to JAK activity,
UMRCS6 cells expressing GFP or BAP1 were treated with increasing doses of ruxolitinib, a JAK1/2
inhibitor, or IFN-« as a positive control. IFN-« treated cells had high levels of phosphorylated
STAT1 and STAT2. BAP1-expressing cells demonstrated increased STAT1 and STAT2 phosphoryla-
tion compared to GFP-expressing cells in untreated conditions. Ruxolitinib treatment abolished
the elevated phosphorylation of STAT1 and STAT2 in BAP1-expressing cells (Fig. 1B).

2.2. IFN-B treatment increases ISGF3 target levels in IFNB1 knockdown cells

Our previous data show that IFN-B knockdown reduces ISGF3 target levels in BAP1-
expressing cells [1]. We examined whether this was indeed due to IFNB1 suppression, and not
an off-target effect of the shRNA. Control (scrambled shRNA, SCR) and [FNB1 knockdown cells
were generated using Ren-02 (ccRCC, BAP1") and UMRC6 GFP- and BAP1-expressing cells. The
cells were treated with increasing doses of exogenous recombinant human IFN-8, and ISGF3
target levels were measured by qPCR. IFNB1 shRNA led to decreased expression of various ISGF3
target genes, including OAS2, IFI44L, IRF9, OAS1, and EPSTI1 in both cell lines. IFN-f treatment in-
creased ISGF3 target expression in both SCR and IFNB1 knockdown cells in Ren-02 (Fig. 2A) and
UMRC6 cells (Fig. 2B, C). Thus, the reduced expression of ISGF3 targets after IFNB1 suppression
was reversed by exogenous IFN-p.
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Fig. 1. ISGF3 activity is elevated in BAP1-expressing cells. (A) SDS-solubilized whole cell lysates of UMRC6 cells ex-
pressing GFP or a BAP1 construct and control (SCR) or IRF9 shRNAs and blotted with the indicated antibodies (n=3). (B)
SDS-solubilized whole cell lysates of UMRC6 cells expressing GFP or a BAP1 construct, treated with the indicated concen-
trations of ruxolitinib or IFN-a2 (2000 IU/ml) for 24 h, and blotted with the indicated antibodies (n=3). For ruxolitinib:
+, 0.1 pM; ++, 0.3 pM; +++, 1 pM.
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Fig. 2. IFN-f treatment increases ISGF3 target levels in IFNB1 knockdown cells. (A) RT-qPCR measurement of the indi-
cated transcripts in Ren-02 shSCR and shIFNB1-01 cells treated with CTRL (PBS) or IFN-g for 24 h (n=2). (B) RT-qPCR
measurement of the indicated transcripts in UMRC6 GFP shSCR, BAP1 shSCR, and BAP1 shIFNB1-01 cells treated with
CTRL (PBS) or IFN-g for 24 h (n=2). (C) RT-qPCR measurement of the indicated transcripts in UMRC6 GFP shSCR, BAP1
shSCR, and BAP1 shIFNB1-01 cells treated with CTRL (PBS) or IFN-8 for 24 h (n=2). In all panels, t-tests were performed
comparing the control to the IFN-treated within each cell line, and only comparisons with p<0.1 are shown. IFN +, 25
pg/ml; IFN ++, 100 pg/ml.

2.3. IFNAR1 knockdown reduces ISGF3 target expression

Secreted IFN-B will need to bind to its receptor, IFNAR, at the plasma membrane to activate
ISGF3. To further investigate the role of secreted IFN-f in BAP1-mediated ISGF3 activation, IF-
NAR1, a component of the interferon receptor, was suppressed by two shRNAs in UMRC6 GFP-
and BAP1-expressing cells. IFNAR1 knockdown was confirmed by western blotting (Fig. 3A). In
BAP1-expressing UMRC6 cells, IFNAR1 knockdown decreased ISGF3 target levels, as shown by
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Fig. 3. IFNAR1 knockdown reduces ISGF3 target expression. (A) SDS-solubilized whole cell lysates of UMRC6 cells ex-
pressing control (GFP) or BAP1 constructs and control (SCR) or IFNAR1 shRNAs and blotted with the indicated antibodies
(n=2). (B) SDS-solubilized whole cell lysates of UMRC6 cells expressing the indicated constructs and blotted with the
indicated antibodies. (C, D) RT-qPCR measurement of the indicated transcripts in UMRC6 cells expressing control (GFP)
or BAP1 constructs and control (SCR) or IFNAR1 shRNAs (n=3, n=4 for OAS1, IFI44L, IFIT1).

western blots of IRF9, OAS1, PLSCR1, MDAS5, and RIG-I (Fig. 3B) and by qPCR of OAS2, EPSTI],
OAS1, IFI44L, IFIT1, ISG15, and IFIT3 (Fig. 3C, D).

2.4. An IFN- neutralizing antibody decreases ISGF3 target expression in BAP1-expressing cells

Our previous data suggest BAP1 enhances IFNB1 expression to activate ISGF3 in ccRCC cells
[1]. To assess whether secreted IFN-£ leads to ISGF3 upregulation in these cells, BAP1-expressing
cells were treated with increasing doses of an IFN-8 neutralizing antibody, which binds secreted
IFN-$ in the media and prevents its binding to the IFNAR. After treatment, ISGF3 target expres-
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Fig. 4. An IFN-8 neutralizing antibody decreases ISGF3 target expression in BAP1-expressing cells. (A) UMRC6 BAP1-
expressing cells were treated with CTRL (PBS), anti-goat IgG (mock antibody treatment), or increasing doses of anti-IFN-
B antibody for 5 days, and qPCR was performed on the indicated transcripts (n=3). (B) Ren-02 cells were treated with
CTRL, anti-goat IgG, or increasing doses of anti-IFN-S antibody for 3 days, and qPCR was performed on the indicated
transcripts (n=3). +, 0.1 pg/ml; ++, 0.2 pg/ml.

sion was measured by qPCR. Relative to untreated and control antibody-treated cells, anti-IFN-8
treated cells had decreased expression of ISGF3 targets OAS1, IFI44L, EPSTI1, and others in UMRC6
BAP1-expressing cells (Fig. 4A) and Ren-02 cells (Fig. 4B).

2.5. Bap1 knockout reduces Sting levels in primary kidney cells from Bap1#! mice

We previously observed that BAP1 expression is associated with the expression of STING,
an upstream stimulator of IFN production, in ccRCC cells. We sought to examine the impact of
acute Bapl knockout on Sting protein levels in a different system using primary mouse kidney
cells. Cells were isolated from the kidneys of WT and Bap1f/f mice to form primary cultures.
To characterize the cells, morphology was examined and immunohistochemistry was performed
for cytokeratin 8, a marker of epithelial cells [3]. Many of the cultures had the morphology of
epithelial cells (Fig. 5A). A cytokeratin 8 antibody stained epithelial cells in the normal mouse
kidney, normal human kidney, human ccRCC, and the primary mouse cultured cells (Fig. 5B). To
knock out Bap1, primary kidney cells from both WT and Bap1%/fl mice were treated with control
virus or adeno-Cre virus. Western blot analyses of the protein lysates showed that Cre treatment
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Fig. 5. Bap1 knockout reduces STING protein levels in primary kidney cells from Bap1/! mice. (A) Phase contrast images
of WT and Bap1" mouse primary kidney cells. (B) Cytokeratin 8 immunohistochemistry performed on normal mouse
kidney, normal human kidney, ccRCC and WT mouse primary kidney cells. (C) EBC-solubilized lysates of primary kidney
cells from WT or Bap1" mice treated with control or Cre adenovirus and blotted with the indicated antibodies.

reduced Bap1 protein levels specifically in the Bap19/f cells. Further, Sting protein expression was
decreased only in the Cre-treated Bap1/fl cells (Fig. 5C).

2.6. STING knockdown reduces ISGF3 target expression

To determine the impact of STING expression on ISGF3 activity in ccRCC cells, STING was
suppressed by shRNA in Ren-02 and UMRC6 GFP- and BAP1-expressing cells. Cells infected with
STING shRNA demonstrated reduced STING protein levels. In Ren-02 cells, STING knockdown re-
duced the levels of ISGF3 targets IRF9, OAS1, PLSCR1, and RIG-I (Fig. 6A). In UMRCG6 cells, BAP1
re-expression increased the levels of ISGF3 targets IRF9 and OAS1, and STING knockdown re-
versed this upregulation (Fig. 6B).
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Fig. 6. STING knockdown reduces ISGF3 target expression. (A) EBC-solubilized lysates from Ren-02 cells expressing con-
trol or STING shRNA and blotted with the indicated antibodies (n=3). (B) EBC-solubilized lysates from UMRC6 cells
expressing GFP or BAP1 and control or STING shRNA and blotted with the indicated antibodies (n=2).

2.7. A STING agonist increases CD45% immune cells in BAP1-deficient xenografted tumors

As STING promotes ISGF3 activity, we sought to identify the biological impact of STING ac-
tivation on tumor vasculature and tumor infiltrating immune cells in a ccRCC xenograft model.
Ren-02 BAP1 knockdown cells were implanted subcutaneously in nude mice. Following tumor
formation, mice were treated with vehicle or diABZI, a STING agonist, twice weekly via intraperi-
toneal injection. Immunohistochemistry was performed on the excised tumors from two pairs
of mice. No major differences in CD31 staining (marker of tumor vasculature) were observed
between conditions. CD45 staining (marker of tumor infiltrating immune cells), however, was
elevated in the diABZI treated tumors (Fig. 7).

3. Experimental Design, Materials and Methods
3.1. Cell culture

UMRC6 cells were a gift from Qing Zhang. Ren-02 cells were a gift from Daniel Lindner.
ccRCC cell lines were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin
and maintained in 37 °C incubators with 5% CO,. Stable cell lines were generated by lentiviral
transduction. For knockdown cells, HEK293T cells were transfected with 2 pg AR8.9 packaging
plasmid, 200 ng VSV-G envelope plasmid, and 2 pg pLKO shRNA plasmid using lipofectamine
2000. Viral supernatant was filtered and used to infect target cells overnight with 8 pg/ml
polybrene. Infected cells were expanded and selected with 2 pg/ml puromycin for 4-7 days,
until cells in an uninfected control plate died. For the STING knockdown cells, shSTING lentiviral
particles were purchased from Santa Cruz (sc-92042-V) and used to infect cells following the
manufacturer’s protocol. The shRNA sequences are as follows: SCR: GCGCGCUUUGUAGGAU-
UCGTT, IRF9-69: GCCATACTCCACAGAATCTTA, IRF9-215: CTCAGTAGTTGTCCGTGATAA, IFNB1-01:
CCTACAAAGAAGCAGCAATTT, IFNAR1-13: GCCAAGATTCAGGAAATTATT, IFNAR1-17: GTTGACTCATT-
TACACCATTT. For overexpression cells, phoenix cells were transfected with 2 pg pLNCX plasmid
and lipofectamine 2000. The subcloning of BAP1 into pLNCX is described in our primary
manuscript [1]. Viral supernatant was filtered and used to infect target cells overnight with 8
pg/ml polybrene. Infected cells were expanded and selected with 1 mg/ml G418 for 7-14 days,
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Fig. 7. A STING agonist increases CD45* immune cell presence in BAP1-deficient xenografted tumors. H&E and IHC stain-

ing of tumor tissue from representative mice bearing Ren-02 shBAP1-74 xenografted tumors and treated with vehicle
(control) or diABZI.

until cells in an uninfected control plate died. The generation of mouse primary kidney cells is
described in detail in our primary manuscript [1].

3.2. Reagents

Antibodies for IFN-8 and goat IgG were purchased from R&D Systems (AG814-SP and AB-
108-C, respectively). Ruxolitinib was purchased from LC Laboratories (R-6688), IFN-S from R&D

Systems (8499-IF), IFN-«2B from R&D Systems (11013-IF), and diABZI from Med Chem Express
(2138299-34-8).

3.3. Western blot analysis

Protein lysates were prepared using EBC buffer (120 mM NacCl, 50 mM Tris-HCI pH 8.0, 0.5%
NP-40) or 1% SDS with 3 x 15 s sonication at 20 A. Lysates were boiled with 5X loading
buffer for 10 min. Proteins were resolved by SDS-PAGE, transferred onto nitrocellulose mem-
branes, blocked with 5% milk, and incubated with primary antibodies overnight. Membranes
were washed 3 x 10 min with TBS-T, incubated with secondary antibodies, washed again with
TBS-T, and developed on the ImageQuant LAS 4000 using Immobilon Western Chemilumines-
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cent HRP substrates (Millipore Sigma, WBKLS0500). The antibodies and dilutions used are as fol-
lows: BAP1 (Santa Cruz sc-28383, 1:200), STAT1 (Cell Signaling Technology 9172S, 1:1000), STAT2
(Bethyl A303-512-A, 1:1000), IRF9 (Cell Signaling Technology 76684S, 1:1000), OAS1 (Cell Signal-
ing Technology 14498S, 1:1000), PLSCR1 (Santa Cruz sc-59645, 1:200), p-STAT1 (Cell Signaling
Technology 9171L, 1:1000), p-STAT2 (Cell Signaling Technology 88410, 1:1000), Vinculin (Santa
Cruz sc-73614, 1:1000), IFNAR1 (Bethyl A304-290A-T, 1:1000), MDAS5 (Cell Signaling Technology
5321S, 1:1000), RIG-I (Cell Signaling Technology 3743S, 1:1000), B-actin (Santa Cruz sc-8432,
1:200), STING (Cell Signaling Technology 13647S, 1:1000), anti-mouse IgG (Invitrogen 62-6520,
1:5000), and anti-rabbit IgG (Invitrogen 31460, 1:5000) [1].

3.4. gPCR

RNA was isolated from cells using the Qiagen RNeasy Mini Kit with QIAshredder columns
and reverse transcribed using the Invitrogen SuperScript IV VILO master mix or Origene
First Strand cDNA synthesis kit, all according to manufacturers’ protocols. cDNA was di-
luted 1:10 and qPCR was performed using Power Track SYBR Green Master Mix on the
StepOnePlus or QuantStudio 3 Real-Time PCR System. Initial denaturation was performed at
95 °C for 10 min followed by 40 cycles of 95 °C denaturation (15 s) and 60 °C anneal-
ing (60 s). The AACt method was used to calculate relative gene expression. The follow-
ing primers were used: IRF9-F: GCCCTACAAGGTGTATCAGTTG, IRF9-R: TGCTGTCGCTTTGATG-
GTACT, IFIT1-F: AGAAGCAGGCAATCACAGAAAA, TFIT1-R: CTGAAACCGACCATAGTGGAAAT, ISG15-
F: CGCAGATCACCCAGAAGATCG, ISG15-R: TTCGTCGCATTTGTCCACCA, IFIT3-F: AAAAGCCCAACAAC-
CCAGAAT, IFIT3-R: CGTATTGGTTATCAGGACTCAGC, OAS2-F: CAGTCCTGGTGAGTTTGCAGT, OAS2-R:
ACAGCGAGGGTAAATCCTTGA, OAS1-F: TGTCCAAGGTGGTAAAGGGTG, OAS1-R: CCGGCGATTTAACT-
GATCCTG, IFI44L-F: GAGCACAGAAATAGGCTTCTAGC, IFI44L-R: TGGTATCAGACCCCACTACGG, IFI6-
F: GGTCTGCGATCCTGAATGGG, IFI6-R: TCACTATCGAGATACTTGTGGGT, EPSTI1-F: ACCCGCAATA-
GAGTGGTGAAC, EPSTI1-R: GCTATCAAGGTGTATGCACTTGT, GAPDH-F: ACCCACTCCTCCACCTTTGA,
GAPDH-R: CTGTTGCTGTAGCCAAATTCGT.

3.5. Immunohistochemistry

Xenografted Ren-02 BAP1 knockdown tumors were excised from mice treated with vehicle
(40% PEG-400, 0.9% NacCl, 10% DMSO, filtered) or diABZI (3 mg/kg) twice weekly for 3.5-5 weeks
via intraperitoneal injection. Tumors were formalin-fixed and paraffin-embedded, and immuno-
histochemistry was performed as described in our primary manuscript using the IntelliPATH FLX
Autostainer and DAB substrate (DAKO, K3468) [1]. The following antibodies were used at the
indicated dilutions: CD31 (Santa Cruz sc-1506, 1:500), CD45 (BD Pharmingen 550539, 1:200),
Cytokeratin 8 (Abcam ab53280, 1:100), biotinylated anti-rabbit (Vector Laboratories BA-1000),
biotinylated anti-rat (Vector Laboratories BA-4001).

3.6. Statistical analysis
Data are plotted as mean + SEM. Comparisons between conditions were performed using the

two-tailed Student’s t-test. Statistical significance is denoted in the figures as follows: * p<0.05;
** p<0.01; *** p<0.001. Experiments were performed a minimum of two times.
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