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Abstract

Genetic studies in fruit flies have implicated the chromatin remodeling complex NURF in 

immunity, but it has yet to be studied in mammals. Here we show that its targeting in mice 

enhances antitumor immunity in two syngeneic models of cancer. NURF was disabled by 

silencing of BPTF, the largest and essential subunit of NURF. We found that both CD8+ and 

CD4+ T cells were necessary for enhanced antitumor activity, with elevated numbers of activated 

CD8+ T cells observed in BPTF-deficient tumors. Enhanced cytolytic activity was observed for 

CD8+ T cells cocultured with BPTF silenced cells. Similar effects were not produced with TCR 

transgenic CD8+ T cells, implicating the involvement of novel antigens. Accordingly, enhanced 

activity was observed for individual CD8+ T cell clones from mice bearing BPTF silenced tumors. 

Mechanistic investigations revealed that NURF directly regulated the expression of genes 

encoding immunoproteasome subunits Psmb8 and Psmb9 and the antigen transporter genes Tap1 

and Tap2. The PSMB8 inhibitor ONX-0914 reversed the effects of BPTF ablation, consistent with 

a critical role for the immunoproteasome in improving tumor immunogenicity. Thus, NURF 

normally suppresses tumor antigenicity and its depletion improves antigen processing, CD8 T cell 

cytotoxicity and antitumor immunity, identifying NURF as a candidate therapeutic target to 

enhance antitumor immunity.
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Introduction

Tumors which present in the clinic adapt to suppress antitumor immunity by reducing 

antigenicity, deregulating immune checkpoints, or amplifying immune suppressing cells (1). 

Immunotherapies block these adaptations and reestablish antitumor immunity for therapeutic 
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benefit. In rare cases immunotherapies have positive therapeutic outcomes, but in a majority 

of cases they do not have lasting antitumor effects due to tumor adaptation (2). There is hope 

that combination therapy may be more effective, but to achieve these outcomes, we must 

discover novel pathways and targets which can be exploited for therapeutic advantage.

Decades of research in epigenetics has characterized many protein complexes with important 

roles in regulating nuclear processes. These complexes largely operate on the nucleosome, 

which is the fundamental unit of chromatin structure (3). One class of complexes which 

modifies the position and structure of nucleosomes are the ATP-dependent chromatin 

remodeling complexes (4). These chromatin remodeling processes are frequently essential 

for development, but are not generally necessary for cell survival (5-7). In addition to roles 

in normal development, nucleosome remodeling complexes have prominent roles in cancer 

specific biology, including putative driver functions for a variety of human cancers (8).

One largely uncharacterized chromatin remodeling complex is the nucleosome remodeling 

factor (NURF)(9). Mammalian NURF is composed of three subunits which include the 

largest, essential and unique subunit bromodomain PHD-finger containing transcription 

factor (BPTF), the ATPase SNF2L and a WD repeat containing protein pRBAP46/48 

(10,11). These subunits recruit NURF to chromatin through interactions with sequence 

specific transcription factors or modified histones. Once recruited, NURF slides 

nucleosomes in cis to alter nucleosome positioning without histone eviction or exchange. 

These sliding reactions alter DNA accessibility to regulate transcription factor binding, and 

as a result gene expression (9).

Our previous studies demonstrate that BPTF preferentially regulates chromatin structure and 

the expression of the major histocompatibility locus (MHC) genes (5-7). These genes 

predominantly function to process and present antigens to immune cells. MHC genes with 

these functions include Psmb9 and Psmb8, which encode subunits of the 

immunoproteasome, and Tap1 and Tap2, which compose the transporter associated with 

antigen processing (TAP) complex (12). The immunoproteasome is a specialized proteasome 

which creates peptides with higher affinity to MHC I molecules, and are therefore more 

antigenic to CD8 T cells (12-14). Because genes located in the MHC are important for CD8 

T cell activity, they are frequently repressed by tumor cells to avoid antitumor immunity 

(15). In an attempt to improve the immunogenicity of tumor cells, we depleted BPTF in the 

well-established B16F10 and 4T1 tumor models and monitored for changes in MHC 

expression and antitumor immunity.

Materials and Methods

Mice

BALB/c, C57BL/6, NOD/SCID, Ifrg2r −/− (NSG), B6.Cg-Thy1a/Cy Tg(TcraTcrb)8Rest/J 

(Jackson Laboratories) and OT1 (Gift from Dr. Shawn Wang, VCU) female mice 6-8 weeks 

of age were housed under aseptic conditions. These studies have been approved by the 

Institutional Animal Care and Use Committee (IACUC) at Virginia Commonwealth 

University.
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Cell Culture

4T1 (Fred Miller, Wayne State University in 2010), B16F10 (ATCC in 2011) and HEK 293T 

(ATCC in 2010) were cultured in complete media (CM) (DMEM (Life Sciences), 10% FBS 

(Hyclone), 1% NEAA, 2 mM glutamine and 1% Pen/Strep (Life Technologies)). T cells 

were cultured in CM with 10 mM HEPES, 5×10−5 M ß-mercaptoethanol (Sigma) and 50 

U/ml IL-2 (R&D Systems). Hybridoma lines were cultured in RPMI-1640 (Life Sciences), 

10% FBS, 1% NEAA, 2 mM glutamine and 1% Pen/Strep. Population doubling times were 

calculated by standard methods. Cell lines were authenticated by ATCC prior to shipment by 

short tandem repeat (STR) profiling.

Short-hairpin RNAs (shRNA) were introduced into 4T1 and B16F10 cells using Moloney 

murine leukemia virus (MMLV) using the pSIREN-RetroQ (Clonetech) system. Transduced 

cells were selected with 0.5 μg/ml puromycin (Life Technologies) after 48 hours. B16F10 

cells were transfected with CMV-OVA along with a zeocin selectable marker and selected 

with 400 μg/ml zeocin (Invitrogen). Individual colonies were cloned and assayed for OVA 

expression, BPTF was then KD with a shRNA in OVA expressing lines. pSIREN plasmids 

Ctrl-sh1, Ctrl-sh2, Bptf-sh1 (4T1), Bptf-sh2 (4T1), Bptf-sh1 (B16F10), and Bptf-sh2 

(B16F10) are available at Addgene as stock numbers 73665, 73666, 73669, 73668, 73667 

and 73669, respectively.

Tumor Studies

1×104 4T1 cells were injected into the fourth mammary fat pad of BALB/c or NSG mice and 

tumors were analyzed at 21 days. 5×104 B16F10 cells were injected subcutaneously (S.C.) 

into the flank of C57BL/6 mice and tumors were analyzed at 18 days. For gemcitabine 

treated mice, 1×105 4T1 or 5×105 B16F10 cells were injected into BALB/c, NSG or 

C57BL/6 mice and 1.2 mg gemcitabine (Hospira) was injected intraperitoneously (I.P.) on 

day 5 and every 7 days following until tumors were analyzed on day 37 (4T1) or day 18 

(B16F10).

mAb Depletions

GK1.5 (anti-CD8), 2.43 (anti-CD4) (Gift from Dr. Mosoud Manjili, VCU in 2012) and 

SH-34 (anti-asialo GM1) (ATCC in 2013) mAbs were purified from ascites fluid by 

ammonium sulfate fractionation (16). 225 μg/mouse mAb was injected I.P. into BALB/c or 

C57BL/6 mice on day -2 and day -1 and mice were inoculated with 1×105 4T1 or 5×104 

B16F10 tumor cells on day 0. mAb was injected once every 5 days following tumor 

inoculation and 4T1 bearing mice were treated with gemcitabine as described previously. 

Hybridomas were authenticated by confirming antigen specific reactivity of produced 

antibodies by flow cytometry using commercial anti-CD8, anti-CD4, anti-asialo GM1 

antibody standards. Depletion of CD8, CD4 T cells and NK cells from mice were comfirmed 

by flow cytometry.

Western Blot

Protein from cell cultures or homogenized tumors was extracted by TRI Reagent (Sigma). 

Primary antibodies: anti-BPTF (Millipore), anti-OVALBUMIN, anti-PMEL17 (Santa Cruz 

Biotechnology), anti-CYCLOPHILIN B (Abcam), anti-PSMB9, anti-TAP2 (Thermo 
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Scientific), anti-PSMB8 and anti-TAP1 (Cell Signaling). Secondary antibody: horseradish 

peroxidase (HRP)-conjugated anti-rabbit or anti-mouse secondary antibody (Cell Signaling).

Metastasis Assay

Colony formation assay from the lungs of 4T1 tumor bearing mice were performed as 

previously described (17).

qRT-PCR

Total RNA was extracted from cultured cells with TRI Reagent and 5 μg RNA was reverse 

transcribed using Superscript II First-strand kit (Invitrogen). qPCR was performed using 

SYBR green PCR master mix (Biorad) with a 7900 HT fast real-time qPCR system (Applied 

Biosystems). The ddCt method was performed using normalization to Gapdh. Primer pairs 

are found in Supplementary DataSet S1.

Flow Cytometry

Cultured 4T1 and B16F10 cells were stained with H2K, H2D, Annexin V, OVA and 7AAD 

viability dye. Mean fluorescence intensity (MFI) was calculated using Cyflogic. To stain 

infiltrating lymphocytes, tumors were first digested with DNaseI and Collagenase and 

lymphocytes were purified using Percoll gradients as previously described (18). Purified 

lymphocytes were subsequently stained with CD8, CD69, TCRb, CD44, BTLA antibodies 

and 7AAD viability dye. All antibodies were purchased from BD Pharmingen.

Chromatin Immunoprecipitation

ChIP was performed as previously described (7). Briefly, cells were fixed in 1% 

paraformaldehyde for 15 min and chromatin was sheared to an average size of 300 bp by 

sonication. Lysates were incubated with 0.5 μg anti-BPTF (Millipore) or control rabbit IgG 

bound to Protein G Dyna beads (Life Technologies) overnight, subsequently washed with 

low and high salt buffers and eluted with 0.1 M NaHCO3 in 1% SDS. Primer pairs are found 

in Supplementary DataSet S1.

CTL Cytotoxicity Assay

CD8a+ cells were purified by negative selection using MACS Separation Columns. The 

purified CTLs were restimulated with mitomycin C-treated 4T1 or B16F10 tumor cells. 

CTLs were harvested, purified with by percoll gradient and cocultured with mitomycin C-

treated tumor cells in 96-well plates. For hyperactivation, purified splenic CD8a+ T cells 

were treated with 0.8 μM PMA, 0.35 μM Ionomycin and 500 U/ml IL-2 on mitomycin C-

treated tumor cells. For total splenocyte and OVA analysis, splenocytes from tumor bearing 

mice or naïve OT1 mice were restimulated in vitro as described. For ONX-0914 treatment, 

ONX-0914 was added to targets for 24 hours before incubation with splenocytes at a 50:1 

E:T ratio. For all assays, T cells/splenocytes were incubated on targets for 48 hours and cell 

death was measured using the CytoTox 96® Non-Radioactive Cytotoxicity Assay 

(Promega).
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ELISPOT Assay

2×106 B16F10 tumor infiltrating lymphocytes were cocultured with 1×106 splenocytes from 

naïve mice and stimulated with 1 μg/ml Gp10025–33 (KVPRNQDWL), TRP2180-188 

(SVYDFFVWL) or p15E604-611 (KSPWFTTL) and 50 U/ml IL-2 for 96 hours at 37°C in 

wells precoated with IFN-γ capture antibody. ELISPOT was performed as previously 

described (19).

Limited Dilution

T cell limited dilution was performed as previously described (20). Clones were assayed for 

activity against control and BPTF KD targets with the CytoTox 96® Non-Radioactive 

Cytotoxicity Assay (Promega).

Formaldehyde Assisted Isolation of Regulatory Elements (FAIRE)

FAIRE was performed essentially as described (21). FAIRE results were normalized to a 

control locus which does not have BPTF dependent FAIRE when normalized to equal DNA 

mass. Primer pairs are found in Supplementary DataSet S1.

Microarray

RNA extraction, microarray analysis and statistical analysis were performed as described 

(22,23). Briefly, necrotic tissue was selected out by macrodissection and total RNA was 

extracted from frozen tumor tissues with TRI reagent MagMAX-96 Total RNA Isolation Kit. 

Biotinylated cRNA was generated with the GeneChip 3’IVT Express kit and 10μg was 

applied to the GeneChip®Mouse Genome 430A 2.0 Array. Arrays were scanned using an 

Affymetrix GeneChip Scanner 3000 and data was processed as described as described in 

GEO accession GSE71864.

Results

BPTF Depletion Increases T Cell Antitumor Immunity to 4T1 Tumors

Consistent with previous work showing that subunits of the NURF complex (Fig. 1A) are 

frequently overexpressed in cancer cells (8), we found each of the NURF subunits is 

expressed in a variety of mouse and human breast cancer cell lines (Supplementary Fig. 

S1A). To discover functions of NURF in cancer cell biology, we repressed BPTF expression 

in mouse 4T1 cells by retroviral introduced shRNA knock-down (KD) (Fig. 1B). In vitro, 

BPTF KD cells show no significant differences in doubling time, cellular morphology or 

levels of apoptosis (Supplementary Fig. S1B-D).

To uncover functions for BPTF in tumor biology, we introduced BPTF KD 4T1 cells into the 

4th mammary fat pad of syngeneic BALB/c mice. As part of our studies, we inoculated the 

cells into both untreated and gemcitabine treated mice. Gemcitabine is a routinely used 

chemotherapeutic which inhibits DNA replication and induces apoptosis in tumors (16). We 

observed significantly reduced weights for BPTF KD tumors only in gemcitabine treated 

mice (Fig. 1C). We chose weight and not volume to monitor tumor growth because BPTF 

KD tumors are morphologically flat compared to controls, confounding a volume based 

measurement (Supplementary Fig. S2A,B).
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In addition to inducing cancer cell apoptosis, gemcitabine also inhibits the proliferation of 

several cells of the immune system, most prominently myeloid derived suppressor cells 

(MDSC) (16,24-27). MDSCs are dramatically amplified in mice bearing 4T1 tumors, which 

suppresses the antitumor immune response (25). To determine if the effect of gemcitabine on 

BPTF KD tumors is a result of enhanced antitumor immunity, we repeated our tumor studies 

in immune compromised NOD/SCID, Ifrg2r −/− (NSG) mice (28). In NSG mice, we 

observed similar growth of control and BPTF KD tumors with gemcitabine treatment (Fig. 

1D), demonstrating that the reduced tumor growth in BALB/c mice is not due to 

gemcitabine alone, but rather in combination with antitumor immunity.

To determine if BPTF KD cells are eliminated from tumors grown in immune competent 

mice, we measured BPTF levels in the primary tumors. We show that BPTF expression 

increases in tumors from BALB/c (Supplementary Fig. S2C) but not NSG mice 

(Supplementary Fig. S2D), suggesting that a functional immune system either directly or 

indirectly selects for cells which re-express BPTF.

To understand the immune response to gemcitabine treated BPTF KD 4T1 tumors, we 

selectively depleted CD8+ T cells, CD4+ T cells or NK cells by antibody dependent cellular 

cytotoxicity (ADCC). We observed a rescue of BPTF KD tumor growth when CD8+ or 

CD4+ cells were depleted (Fig. 1E), demonstrating that the antitumor response to BPTF KD 

4T1 tumors requires T cells.

MDSC Amplification and Tumor Metastasis are BPTF-Independent

4T1 tumors dramatically amplify MDSCs, resulting in splenomegaly with spleen size 

proportional to the degree of MDSC amplification (25). As previously reported, we observed 

a significant increase in spleen weight with introduction of 4T1 tumors into BALB/c mice 

(Supplementary Fig. S2E). The observed increase in spleen weight was proportional to 

tumor weight and was not affected by BPTF KD, demonstrating that splenomegaly is BPTF-

independent (Supplementary Fig. S2F).

The 4T1 model is also widely used to study breast cancer cell metastasis (17). To determine 

if BPTF regulates metastasis, we analyzed metastases to the lung of both untreated and 

gemcitabine treated BALB/c mice using a colony formation assay (17). We show that tumor 

size, but not BPTF KD, was significantly correlated with the number of colonies, suggesting 

that metastasis of 4T1 is BPTF-independent (Supplementary Fig. S2G,H).

BPTF Depletion Increases T Cell Antitumor Immunity to B16F10 Tumors

To further verify our findings, we used the B16F10 melanoma model which is syngeneic to 

C57BL/6 (29). First, we confirmed that each NURF subunit is expressed in B16F10 cells 

(Supplementary Fig. S3A). Additionally, BPTF KD (Fig. 2A) had no significant effect on 

doubling time, cellular morphology or apoptosis of B16F10 cells (Supplementary Fig. S3B-

D).

Consistent with 4T1, B16F10 KD tumors had a flattened morphology, preventing caliper 

measurements from accurately comparing tumor growth (Supplementary Fig. S3E,F). As 

with 4T1, we observed significant reductions in BPTF KD B16F10 tumor weights (Fig. 2B). 
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However, unlike in the 4T1 model, gemcitabine treatment did not selectively reduce BPTF 

KD B16F10 tumor growth (Supplementary Fig. S3G).

To determine if CD4 and CD8 T cells are required for reduced B16F10 BPTF KD tumor 

growth, we repeated our ADCC experiments. Consistent with an enhanced T cell response, 

we observed a rescue of BPTF KD tumor growth with CD4+ and CD8+ cell depletion, but 

not NK cell depletion (Fig. 2C). These results in combination support a model of an 

enhanced CD8 T cell cytotoxic response to BPTF KD tumors, which requires CD4 T helper 

cell activity.

CD8 T Cells are More Abundant and Activated in BPTF KD Tumors

We then measured the infiltration and activation status of intratumoral CD8 T cells by flow 

cytometry. As expected, we observed a greater number of CD8 T cells (CD8+, TCRb+) in 

the BPTF KD tumor microenvironment (Fig. 3A,B)(Supplementary Fig. S4). We next 

measured the abundance of activation markers CD69 and CD44 and the anergy marker 

BTLA on intratumoral CD8 T cells. We observed a greater percentage of CD69high CD8+ 

cells in both 4T1 and B16F10 BPTF KD tumors (Fig. 3C,D). In contrast, CD44 and BTLA 

expression differed significantly on CD8 T cells between control and BPTF KD B16F10, but 

not 4T1, tumors (Fig. 3E-H). This could be the result of differences in the tumor 

microenvironment between 4T1 and B16F10 (see Discussion). Together, these results 

indicate that the BPTF KD tumor microenvironment has a greater number of active CD8 T 

cells.

CD8 T Cells have Enhanced Cytotoxic Activity Toward BPTF KD Cells In Vitro

To investigate if BPTF KD 4T1 and B16F10 tumor cells are more efficiently targeted by 

CD8 T cells, we performed in vitro cytotoxicity assays. Coculture of purified splenic CD8 T 

cells isolated from BPTF KD tumor bearing mice with BPTF KD targets results in enhanced 

cytolytic activity compared to similar experiments using controls (Fig. 4A). We next 

determined if BPTF KD cells are more susceptible to T cell induced cell death. Toward this 

end, we used PMA + ionomycin activated naïve CD8 T cells and observed similar cytolytic 

activity between control and BPTF KD targets (Fig. 4B). These results demonstrate that 

enhanced CD8 T cell killing of BPTF KD target cells was not due to increased sensitivity to 

CD8 T cell mediated cell death.

To investigate if BPTF KD cells are more antigenic than control cells, we used the OT1 and 

pmel CD8 T cell TCR transgenic models (30,31). The pmel TCR recognizes peptides from 

the endogenously expressed Pmel, whereas the OT1 TCR recognizes peptides from chicken 

Ovalbumin (OVA) presented by H2-Kb, which is expressed on B16F10, but not 4T1 (30,31).

Coculture experiments show that neither pmel nor OT1 CD8 T cells had enhanced reactivity 

to BPTF KD B16F10 cells (Supplementary Fig. S5A,B) even though they expressed 

equivalent OVA and increased PMEL protein (Supplementary Fig. S5C,D). Consistent with 

BPTF-independent OVA antigen presentation, an antibody which recognizes the OVA 

peptide (SIINFEKL) in context with H2-Kb (32) equivalently stains control and BPTF KD 

B16F10 cells (Supplementary Fig. S5E). To further characterize the CD8 T cell response to 

known antigens, we quantified gp100, TRP2, and p15E reactive intratumoral CD8 T cells by 
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ELISPOT. From this we observed similar numbers of peptide reactive CD8 T cells between 

control and BPTF KD tumors (Supplementary Fig. S5F). Together, these results suggest that 

enhanced CD8 T cell activity to BPTF KD tumors occurs to novel antigens.

To investigate if BPTF KD cells present novel antigens, we cloned CD8 T cells from both 

BPTF KD and control tumor bearing mice. Coculture assays showed enhanced activity of 

CD8 T cell clones from BPTF KD tumor bearing mice to BPTF KD target cells compared to 

similar experiments using controls (Fig. 4C). Furthermore, this enhanced activity usually 

occurs only when cocultured with BPTF KD, but not control, target cells (5 of 9 assayed 

clones)(Fig. 4D). In contrast, we do not observe enhanced cytolytic activity when CD8 T 

cells isolated from control tumor bearing mice are cocultured with BPTF KD target cells (0 

of 4 assayed clones)(Fig. 4D). These results support the hypothesis that BPTF KD tumors 

express novel antigens.

BPTF Directly Regulates Antigen Processing

To identify BPTF-dependent genes which could alter tumor cell antigenicity, we performed 

genome wide expression arrays on 4T1 tumors harvested from NSG mice (Fig. 5A). We 

observed 115 upregulated genes and 199 down regulated genes (>1.5 fold change in 

expression, FDR<0.05)(Fig. 5A)(Supplementary DataSet S1, Supplementary Table S1). Of 

genes identified, we focused on Psmb9 because it regulates antigenicity as a subunit of the 

immunoproteasome (33). We confirmed Psmb9 upregulation in vitro, and observed elevated 

expression of the neighboring antigen processing genes Psmb8, Tap1 and Tap2 in both 

tumor models (Fig. 5B,C). The upregulation of these genes correlates with equivalent to 

slight increases in cell surface expression of H2K or H2D in BPTF KD cells as measured by 

MFI, which were not the result of increased gene expression (Fig. 5D-F). In addition, the 

expression of the interferon inducible genes Oas1a and Oas2 were not upregulated with 

BPTF KD, indicating that upregulation of Psmb8, Psmb9, Tap1 and Tap2 are not a result of 

a general interferon response (Supplementary Fig. S6A).

To determine if BPTF directly regulates the expression of Psmb8, Psmb9, Tap1 and Tap2, 

we measured BPTF occupancy by chromatin immunoprecipitation (ChIP) (34). Sites chosen 

for ChIP were guided by previously identified DNaseI hypersensitivity hotspots, and 

therefore possible regulatory elements, from genome wide studies done in the 3134 mouse 

mammary epithelial cell line (35) (Fig. 6A). The most consistent enrichment of BPTF 

between 4T1 and B16F10 was detected at the promoters, consistent with BPTF directly 

repressing these genes (Fig. 6B, Supplementary Fig. S6B,C). To determine if BPTF 

chromatin remodeling activity could be relevant to changes in gene expression, we focused 

on the well characterized Psmb9-Tap1 divergent promoter (36), using formaldehyde assisted 

isolation of regulatory elements (FAIRE) (21). With this technique, open chromatin is 

isolated from fixed cells using phenol extractions and quantified by qPCR relative to a BPTF 

independent reference site. FAIRE shows that BPTF maintains chromatin structure of the 

Psmb9-Tap1 promoter in both cell lines (Fig. 6C).

To verify that increased expression of the immunoproteasome subunits is responsible for the 

enhanced antigenicity of BPTF KD cells, we utilized the PSMB8 selective inhibitor 

ONX-0914 (37). Cytotoxicity assays show that enhanced CD8 T cell cytotoxicity to BPTF 
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KD targets is ablated after treatment with ONX-0914 (Fig. 6D). These results allow us to 

propose a model where BPTF depletion upregulates the antigen processing genes Psmb8, 

Psmb9, Tap1 and Tap2, which results in enhanced antigenicity and improved T cell 

antitumor immunity. As a corollary, we propose the BPTF normally suppresses antitumor 

immunity by repressing antigen processing in cancer cells.

Discussion

Using KD of BPTF as a means to deplete the NURF complex, we show that it suppresses T 

cell antitumor immunity in two mouse tumor models with different genetic backgrounds. 

Intratumor CD8 T cells are more active in BPTF KD tumors. Differences between the tumor 

models include CD44 and BTLA expression. This is partially the result of MDSC activity in 

4T1 tumors, which is known to suppress CD44, but not CD69, abundance on CD8 T cells 

(38). Differences in BTLA could result because the 4T1 tumor microenvironment has 

elevated costimulatory signals compared to B16F10, preventing T cell anergy (39). It is 

unlikely that BPTF regulates costimulatory molecules on the tumor because not all CD8 T 

cell clones are preferentially reactive to BPTF KD targets. Our in vitro assays reveal that 

BPTF protects tumor cells from direct CD8 T cell cytotoxic activity. Enhanced antitumor 

activity to BPTF KD cells is observed only when CD8 T cells are primed and activated with 

BPTF KD tumor cells, suggesting that BPTF suppresses antigen presentation. It is not likely 

that BPTF is a general regulator of antigen presentation because we observe approximately 

equivalent levels of cell surface H2K and H2D with BPTF KD. The degree to which an 

antigen stimulates T cell activity depends on both the number of an antigen:MHC complex 

presented and the quality of the antigen (40,41). We utilized OT1 and pmel transgenic CD8 

T cells to determine if BPTF suppresses the presentation of known antigens (30,31). Despite 

equal or enhanced expression of OVA or PMEL antigens, coculture experiments show that 

BPTF does not lend protection against OVA and pmel reactive CD8 T cells. These results 

indicate that BPTF represses the presentation of select antigens to CD8 T cells. Consistent 

with this, assay of CD8 T cell clones isolated from 4T1 BPTF KD tumor bearing mice 

identified many clones with enhanced reactivity specifically toward BPTF KD targets. The 

identity of these antigens is currently unknown, but they likely result from BPTF regulating 

presentation of tumor specific antigens (TSA) or tumor associated antigens (TAA)(42). Our 

microarray analysis of 4T1 tumors did not reveal any known TSA, but these results would 

not detect differences in expression of alloantigens. The 4T1 tumor line has a BALB/cfC3H 

hybrid genotype, and therefore presents alleles from the C3H background, which would be 

recognized as alloantigens in BALB/c mice (17).

In addition to the presentation of TAA and TSA, novel antigens can be created by changes in 

antigen processing. From our experiments, we observe that BPTF represses the expression 

of Psmb8, Psmb9, Tap1, and Tap2. Upregulation of the immunoproteasome subunits Psmb8 
and Psmb9 with BPTF depletion would result in increased immunoproteasome activity, 

generating more antigenic peptides (14,33,43). Peptides with greater antigenicity can more 

favorably bind to MHC molecules or promote higher affinity interactions with the TCR (40). 

In addition, upregulation of the TAPs alters the repertoire of peptides presented by changing 

the types of peptides transported into the ER for loading into MHC molecules (13). BPTF 

could directly regulate these genes because it is localized to the Psmb and Tap promoters in 

Mayes et al. Page 9

Cancer Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both cell lines. BPTF also occupies distal elements, most significantly in 4T1, which could 

also influence gene expression. BPTF, presumably through NURF, could remodel chromatin 

structure at either of these locations to repress gene expression. This is supported by an 

observed change in chromatin structure by FAIRE at the Psmb9-Tap1 promoter with BPTF 

KD. Psmb8, Psmb9, Tap1 and Tap2 promoters are regulated by interferon gamma through 

the STAT1 and IRF-1 transcription factors (44,45), and are repressed in tumor cells by DNA 

methylation and histone deacetylation (46-48). Our finding that BPTF represses their 

expression, presumably through the NURF complex, presents a novel epigenetic mechanism 

to suppress tumor cell antigenicity.

The NURF subunits are rarely deleted and frequently amplified or overexpressed in cancer 

cells, suggesting that a majority of tumor cells will have a NURF complex to inhibit (8,49). 

BPTF is not necessary for the viability of any primary cell type examined (5-7), suggesting 

that NURF inhibition may be tolerated in adults. Therefore, it is plausible that inhibiting 

NURF could be a viable strategy to improve tumor cell antigenicity. Further, NURF is an 

enzyme with several substrate binding sites (DNA, histones and ATP) and critical interaction 

surfaces with chromatin (transcription factors, DNA and modified histones), each of which 

could be targeted by small molecules (9).

As with most therapies, a NURF inhibitor would be more effective when used in 

combination with other chemo or immunotherapies. BPTF depletion improves antigenicity, 

but these effects are only relevant for antitumor immunity when MDSC abundance is low. 

Hence the need to use gemcitabine to deplete MDSCs in the 4T1 model. In contrast the 

B16F10 model has low levels of MDSC, not requiring the use of gemcitabine (50). The 

contrast between these two tumor models provides proof of principle for the utility of a 

NURF inhibitor in combinatorial therapeutic regimens.
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Figure 1. 
Depletion of BPTF reduces 4T1 tumor weights in mice with CD8+ and CD4+ T cells. A, 

cartoon of NURF (BPTF, 2L, 48) bound to chromatin. Grey circles: histone modifications, 

TF: transcription factor. B, BPTF Western blot analysis from control (Ctrl-sh1, Ctrl-sh2) and 

BPTF KD (Bptf-sh1, Bptf-sh2) 4T1 total cell extracts. Cyclophilin B loading control. C-D, 

weights of primary control and BPTF KD 4T1 tumors after growth in C, BALB/c mice (n ≥ 

12, * = ttest pvalue < 9.6×10−7) or D, NSG mice (n = 9). E, weights of 4T1 tumors after 

growth in undepleted, CD8+, CD4+ or asialo-GM1+ mAb depleted BALB/c mice. (n ≥ 5, * 

= ttest pvalue < 0.02).
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Figure 2. 
BPTF depletion reduces B16F10 tumor weights in mice with CD8+ and CD4+ T cells. A, 

BPTF Western blot analysis of control (Ctrl-sh1, Ctrl-sh2) and BPTF KD (Bptf-sh1, Bptf-

sh2) B16F10 total cell extracts. Cyclophilin B loading control. B, weights of primary control 

and BPTF KD B16F10 tumors after growth in C57BL/6 mice (n ≥ 9, * = ttest pvalue < 

1.4×10−7). C, weights of B16F10 tumors after growth in undepleted, CD8+, CD4+ or asialo-

GM1+ mAb depleted C57BL/6 mice. (n ≥ 5, * = ttest pvalue < 0.02).
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Figure 3. 
Enhanced presence and activity of CD8 T cells in BPTF KD tumors. A,C,E,G representative 

dot plots of live 4T1 tumor infiltrating lymphocytes stained for CD8 and TCRb, CD69, 

CD44 or BTLA, respectively. B, percentages of live intratumor CD8+,TCRb+ lymphocytes 

as a percent of all live lymphocytes from 4T1 and B16F10 tumors (n ≥ 7, * = ttest pvalue < 

0.05). D,F,H, percentages of intratumor CD8+ lymphocytes that are CD69high, CD44+ or 

BTLA+ from 4T1 and B16F10 tumors, respectively (n = 6, * = ttest pvalue < 0.05).
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Figure 4. 
BPTF depletion sensitizes tumor cells to CD8 T cell cytotoxicity in vitro. A-D, percent 

target cell cytotoxicity determined by LDH release. A, purified splenic CD8 T cells from 

control or BPTF KD tumor bearing mice were cocultured on control or BPTF KD targets, 

respectively, at the indicated effector to target (E:T) ratios. (n = 3, * = ttest pvalue < 0.05). B, 

coculture of naïve purified CD8 T cells treated with PMA + Ionomycin with 4T1 or B16F10 

targets at a 10:1 E:T ratio. C, CD8 T cell clones isolated from spleens of 4T1 control or 

BPTF KD tumor bearing mice were cocultured with 4T1 control or BPTF KD targets, 

respectively, at a 10:1 E:T ratio. Each dot represents one clone and is an average of 3 

biological replicates (* = ttest pvalue < 5.0×10−3). D, six representative CD8 T cell clones 

from panel C were cocultured with either control or BPTF KD 4T1 targets at a 10:1 E:T 

ratio. Results are representative of 3 biological replicates for each clone (* = ttest pvalue < 

0.04).
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Figure 5. 
BPTF regulates immunoproteasome and TAP subunit expression. A, microarray heat map of 

genes significantly deregulated in BPTF KD 4T1 tumors from NSG mice (n = 3). Scale 

represents +/− 3 fold expression change. Genes related to the immune response are 

highlighted. B, qRT-PCR analysis of Psmb8, Psmb9, Tap1 and Tap2 expression from control 

or BPTF KD 4T1 and B16F10 cells. (n = 3 biological replicates, * = ttest pvalue < 0.05). C, 

PSMB8, PSMB9, TAP1 and TAP2 Western blot analysis of 4T1 (top) and B16F10 (bottom) 

total cell extracts. D, representative flow cytometry histograms of 4T1 and B16F10 cells 

stained for the MHC class I molecules H2K and H2D. E, fold change in MFI of H2K and 

H2D (n ≥ 3 biological replicates, * = ttest pvalue < 0.05). F, qRT-PCR analysis of MHC 

class I gene expression from 4T1 and B16F10 cells (n = 3 biological replicates).
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Figure 6. 
BPTF occupies and regulates chromatin structure at Psmbs and TAPs. A, cartoon showing 

the position of PCR amplicons used for ChIP analysis and DNaseI hotspots from the mouse 

mammary epithelial line 3134 (35). B, BPTF ChIP at Psmb9, Psmb8, Tap1 and Tap2 
promoters (n = 3 biological replicates, * = ttest pvalue < 0.05). C, FAIRE at the divergent 

Psmb9-Tap1 promoter. Values are normalized to a BPTF-independent control site (n = 3 

biological replicates, * = ttest pvalue < 0.05). D, percent target cell cytotoxicity determined 

by LDH release for 4T1 splenocytes from control or BPTF KD tumor bearing mice 

stimulated at a 50:1 E:T ratio on control or BPTF KD targets, respectively, after treatment 

with 50-200nM ONX-0914 (n = 3 biological replicates, * = ttest pvalue < 0.04).
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