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Balanced Epigenetic Regulation of MHC Class I Expression in
Tumor Cells by the Histone Ubiquitin Modifiers BAP1 and PCGF1

Ruud H. Wijdeven,*,†,‡ Sietse J. Luk,§,1 Tom A. W. Schoufour,*,1 Sabina Y. van der Zanden,*
Marta Cabezuelo,* Mirjam H. M. Heemskerk,§ and Jacques Neefjes*

MHC class I (MHC-I) molecules are critical for CD8+ T cell responses to viral infections and malignant cells, and tumors can downregulate
MHC-I expression to promote immune evasion. In this study, using a genome-wide CRISPR screen on a human melanoma cell line, we
identified the polycomb repressive complex 1 (PRC1) subunit PCGF1 and the deubiquitinating enzyme BAP1 as opposite regulators of
MHC-I transcription. PCGF1 facilitates deposition of ubiquitin at H2AK119 at the MHC-I promoters to silence MHC-I, whereas BAP1
removes this modification to restore MHC-I expression. PCGF1 is widely expressed in tumors and its depletion increased MHC-I
expression in multiple tumor lines, including MHC-Ilow tumors. In cells characterized by poor MHC-I expression, PRC1 and
PRC2 act in parallel to impinge low transcription. However, PCGF1 depletion was sufficient to increase MHC-I expression and restore
T cell�mediated killing of the tumor cells. Taken together, our data provide an additional layer of regulation of MHC-I expression in
tumors: epigenetic silencing by PRC1 subunit PCGF1. The Journal of Immunology, 2024, 212: 446�454.

Major histocompatibility class I (MHC-I) molecules are
critical initiators of the adaptive immune response against
infected or malignant cells. These molecules, expressed

on the surface of all nucleated cells, continuously present endogenous
peptides to CD81 T cells, allowing specific detection of aberrant
Ags and subsequent cytotoxic elimination of cells. In the MHC-I Ag
presentation and processing (APP) pathway, intracellular proteins,
including those of tumor, viral, and bacterial origin, are degraded by
the proteasome, and the peptides that survive destruction by cytosolic
peptidases are translocated into the endoplasmic reticulum by TAP1/
TAP2, where they can be loaded onto MHC-I heterodimers consist-
ing of HLA-I H chains with b2-microglobulin (B2M). Peptide bind-
ing allows MHC-I molecules to be released from their endoplasmic
reticulum chaperones and the peptide loading complex for transport
to the plasma membrane, where antigenic peptides are displayed to
CD81 T cells (1�3).
Given their importance in the recognition of intracellular patho-

genic peptides, the expression of MHC-I is critically regulated, for
example by IFNs. However, even though all nucleated cells express
MHC-I, tissue expression varies widely, with low expression in, for
example, brain cells and high expression in immune cells, especially
dendritic cells (4, 5). In addition, MHC-I levels are modulated by
pathogenic triggers. Viruses manipulate the APP pathway to down-
regulate MHC-I expression for their own survival (6). Also, tumor
cells downregulate MHC-I expression to escape immune control or
cancer immunotherapy (7�9). Modulation of MHC-I expression
occurs at the transcriptional, epigenetic, as well as posttranscrip-
tional level (9, 10). Recently, several genome-wide screens have

been performed to identify novel regulators of MHC-I expression
on (tumor) cells originating from the hematopoietic lineage to under-
stand differences in MHC-I expression (11�13). These screens
confirmed the relevance of the known factors in the APP pathway
for MHC-I expression, and, among others, identified the polycomb
repressive complex 2 (PRC2) as a major epigenetic regulator of MHC-I
expression (12�14).
Because checkpoint inhibitors that activate the immune system

are especially successful in the treatment of melanoma, and MHC-I
expression can be downregulated as a form of immune escape
(8, 15�17), we aimed to identify factors in control of MHC-I
expression in melanoma cells. Using a genome-wide CRISPR screen
in Mel526 cells, we identified two epigenetic transcriptional regulators
of MHC-I: BAP1 as a positive regulator and PCGF1 as a suppressor.
PCGF1 and BAP1 act antagonistically in a wide range of tumor types,
where PCGF1 facilitates deposition of ubiquitin at the H2AK119 site
and BAP1 removes this histone modification. PCGF1 suppresses
MHC-I expression in several MHC-Ilow tumor lines and mediates
escape from T cell�mediated killing. This illustrates a broad role for
PCGF1 and thus the polycomb repressive complex 1 (PRC1) complex
in suppression of MHC-I expression.

Materials and Methods
Cell culture, transfections, transductions, and Abs

Mel526, Mel AKR, and HEK 293T cells were cultured in DMEM, K562 cells
in RPMI 1640, and SK-N-BE, A673, and SK-ES1 cells in DMEM/F-12 (Life
Technologies), all supplemented with 8% FCS. To generate viral particles for
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the transductions, HEK 293T cells were transfected using polyethylenimine
(Polysciences) with packaging plasmids pRSVrev, pHCMV-G VSV-G, and
pMDLg/pRRE in combination with the lentiviral construct. Virus was har-
vested, filtered, and target cells were transduced in the presence of 8 mg/ml
Polybrene (Millipore).

Abs used for flow cytometry were as follows: PE and FITC anti-human
HLA-ABC (311405, BioLegend), PE anti�HLA-A2 (BB7.2, BD Biosciences),
and allophycocyanin anti�HLA-BC (B1.23.2, Thermo Fisher Scientific). Abs
for Western blot and chromatin immunoprecipitation (ChIP) experiments were
as follows: mouse anti-BAP1 (sc-28383 [C-4], Santa Cruz), mouse anti-PCGF1
(sc-515371 [E-8], Santa Cruz), mouse anti-actin (A5441, Sigma-Aldrich), rabbit
anti-H3K27me3 (07-449, Millipore), rabbit anti�histone H2A in lysine 119
(H2AK119ub) (8240, Cell Signaling Technology), rabbit anti-H3K4me3 (9751,
Cell Signaling Technology), mouse anti-B2M (A16041A, BioLegend) TAP-1,
TAP-2, HC-10, and HCA-2 (18, 19).

CRISPR knockout screening

The human CRISPR Brunello genome-wide knockout library, containing four
guide RNAs (gRNAs) per gene for a total of >19,000 genes, was a gift from
David Root and John Doench (Addgene, no. 73178). After generating virus,
150 million Mel526 cells were infected at a multiplicity of infection of 0.3, and
transduced cells were selected by puromycin (1 mg/ml). Six days after trans-
duction, cells were stained for MHC-I and the 5% MHClow, but not negative,
population was sorted. Cells were expanded and 1 wk later sorted again
using the same gating settings. After this sort, cells were lysed, genomic DNA
was isolated, and gDNAs were amplified using the established protocol (20).
gRNAs were sequenced using the Illumina NovaSeq 6000 and inserts were
mapped to the reference. gRNA enrichment compared with the unsorted cell
population was performed using PinAPL-Py (21).

Hit validation

For hit validation of the knockout screen, two individual guides per gene were
cloned into the lentiCRISPR v2 vector (a gift from Feng Zhang, Addgene
plasmid no. 52961) and cells were stably transduced with these guides or with
the empty lentiCRISPR as a control. Cells were selected using puromycin, and
pooled knockout cells were used for the analysis. Guide sequences were as
follows: BAP1-1, 59-CACGGACGTATCATCCACCA-39; BAP1-2, 59-TCTA
CCCCATTGACCATGGT-39; PCGF1-1, 59-CCACGAAGTAGCCGGCG-
CAT-39; PCGF1-2, 59-GCTCATCATAGCGATAGTAG-39; EED1, 59-AA
GAGAATGATCCATACCAC-39.

Flow cytometry

Cells were trypsinized and stained for the indicated Abs in 2% FCS/PBS for
30 min. After washing, cells were analyzed by the BD LSR II, and data were
analyzed using FlowJo. For all experiments, mean fluorescence intensity was
determined.

cDNA synthesis and quantitative PCR

RNA isolation (Bioline) and cDNA synthesis (Roche) were performed according
to the manufacturers’ instructions. SYBR Green (Bioline) signal was detected
on the Bio-Rad analyzer and normalized to GAPDH using the Pfaffl formula.
Primers used for detection of signals were as follows: HLA-A forward,
59-TGTGTTCGTGTAGGCATA-39, reverse, 59-TTGAGACAGAGATGGA
GAC-39, HLA-B forward, 59-CTCCATCTCTGTCTCAACTT-39, reverse,
59-CATCAACCTCTCATAGCA-39, HLA-C forward 59-GCTTCATCTCAG
TGGGCTAC-39, reverse, 59-CCTGGCGCTTGTACTTCTG-39; B2M forward,
59-GAGGCTATCCAGCGTACTCCA-39, reverse, 59-CGGCAGGCATACT-
CATCTTTT-39; TAP1 forward, 59-TGCCCCGCATATTCTCCCT-39, reverse,
59-CACCTGCGTTTTCGCTCTTG-39; TAP2 forward, 59-GTTGGTGATGCT
TTGTTCCA-39, reverse, 59-AGTGCCCTAGATGTGCAGTG-39; GAPDH
forward, 59-TGTTGCCATCAATGACCCCTT-39, reverse, 59-CTCCAC-
GACGTACTCAGCG-39.

Western blotting

Cells were lysed directly in SDS sample buffer (2% SDS, 10% glycerol, 5%
2-ME, 60 mM Tris-HCl [pH 6.8], and 0.01% bromophenol blue). Samples
were boiled before loading and proteins were separated by SDS-PAGE and
transferred to Western blot filters. Blocking of the filter and Ab incubations
were done in PBS supplemented with 0.1% (v/v) Tween 20 and 5% (w/v)
milk powder. Blots were imaged using the Odyssey imaging system (LI-COR
Biosciences) or Amersham Imager (uncropped Western blots can be found in
Supplemental Fig. 3).

ChIP�quantitative PCR

For ChIP, the DNA of 5 million cells per primer pair was crosslinked using
1% paraformaldehyde, quenched with glycine and washed with LB1, LB2

and LB3 as described in Schmidt et al. (22). Chromatin was fragmented
using sonication and subjected to immunoprecipitation using the indicated
Abs overnight. After extensive washing, DNA was reverse crosslinked,
isolated, and amplified using the following primers covering the HLA-A
and HLA-B promoter sites: HLA-A forward, 59-TCCGCAGTTTCTTTT
CTCCC-39, reverse, 59-GGAGAATCTGAGTCCCGGTGG-39, HLA-B
forward, 59-TTGTGTAGGGAAACTGAGCACG-39, reverse, 59-TGTCTCTA-
CACCTCCATTCCCAG-39. Data were related to input signal to obtain relative
DNA occupancy.

T cell killing experiments

For generation of tumor-reactive T cells, T cell medium consisted of IMDM
(Life Technologies, no. 21980-032)) supplemented with 5% heat-inactivated
FCS (Sigma-Aldrich, no. F7524), 5% human serum (Sanquin), 100 IU/ml
IL-2 (Novartis), L-glutamine (Life Technologies, no. 25030-024), and penicillin/
streptomycin (Life Technologies, no. 15141-122). Primary CD8 T cells were
isolated from PBMCs using MACS beads (Miltenyi Biotec, no. 130-045-201)
according to the manufacturer’s instructions. CD81 T cells were subsequently
stimulated with 0.8 mg/ml PHA and autologous total PBMCs as feeder cells,
which were irradiated at 3500 rad. The ratio of CD81 T cells/feeder cells was
1:3. On day 2 after stimulation, CD81 T cells were retrovirally transduced with
a clinically relevant TCR that recognizes the SLL peptide of PRAME that is
presented in HLA-A 02:01 or HLA-B 07:02 (23, 24). As a negative control,
T cells were transduced with a TCR that recognizes the NLV peptide of the
pp65 protein from CMV (CMV TCR). In both TCR constructs, the constant
domain was murinized for enrichment purposes. At day 7 after stimulation,
TCR-transduced T cells were enriched using an allophycocyanin-labeled
anti-murine TCR Ab (BD Biosciences, no. 553174) and anti-allophycocyanin
beads (Miltenyi Biotec, no. 130-090-855) according to the manufacturers’
instructions. Cell purity was >90% as measured by murine TCR expression.
T cells were used in coculture assays on day 15 after stimulation. For cocul-
ture, SK-ES-1 cells were plated at a density of 30,000 cells in 50 ml of
medium per well in a 96-well plate to form a near-confluent layer overnight.
After visual confirmation of correct monolayers, 150 ml of T cell medium
containing 5,000 or 15,000 T cells was added per well. A final concentration
of 1 mM propidium iodide was added for quantification of cell death in
live-cell imaging. Plates were imaged overnight using an Incucyte S3
(Sartorius) for phase contrast and red signal that detected death cells by
propidium iodide. Incucyte software (Sartorius) was used for quantifying cell
death in each well. For analysis of IFN-g secretion by the TCR-transduced
T cells, supernatants were harvested after overnight coculture and IFN-g was
measured using an ELISA kit (Diaclone, no. 851 560 020) according to the
manufacturer’s instructions. For analysis of CD137 expression on T cells,
T cells were harvested after overnight coculture and stained using CD8�
Pacific Blue (BD Biosciences, no. 558207) and CD137-allophycocyanin
(BD Biosciences, no. 15816428). Cells were measured by an LSR II flow
cytometer (BD Biosciences).

Results
Genome-wide screening identifies BAP1 and PCGF1 as opposite
regulators of MHC-I expression

Given the importance of MHC-I in cancer immunotherapy, we
searched for regulators of MHC-I expression in the context of mela-
noma, a major target of checkpoint inhibitor�based immunotherapy.
To do so, we performed a genome-wide CRISPR knockout screen
in HLA-A21 Mel526 melanoma cells, sorting for cells with low
(but not negative) or high MHC-I expression after gene knockout
(Fig. 1A). Cells were sorted twice and enrichment of genes was
compared with the input. As expected, the peptide-loading complex
genes TAP1, TAP2, and TAPBP were identified in the low MHC-I�
expressing population, followed by deubiquitinating enzyme BAP1
(Fig. 1B, Supplemental Table I). In the high MHC-I�expressing
population, PRC1 member PCGF1 was the main enriched gene.
Interestingly, PRC1 drives polycomb gene repression by spreading
ubiquitylation of H2AK119ub1, a mark that is removed by BAP1
(25�27). PRC1 consists of several subcomplexes, in which the PCGF
subunits 1�6 demarcate locus specificity and function, whereas the
catalytic subunits RNF1 (RING1A) and RNF2 (RING1B) catalyze
H2AK119ub1 deposition (28, 29). Interestingly, several tumor types
are characterized by loss of BAP1, while other tumors have increased
PCGF1 activity (30�32).
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To validate the results from the screen, BAP1 and PCGF1 were
removed from Mel526 cells using two different gRNAs, and MHC-I
surface levels were analyzed. Indeed, BAP1 removal decreased MHC-I
expression by ∼50%, whereas PCGF1 removal increased MHC-I sur-
face levels (Fig. 1C). This was further confirmed by directly evaluat-
ing MHC-I expression by Western blot (Fig. 1D). To assess whether
these hits were also operational in MHC-I expression control in other
cells, another melanoma line, MelAKR, was transduced with the
same gRNAs, yielding similar results (Fig. 1E). We thus identified
the ubiquitin hydrolysis and ligase pair BAP1 and PCGF1 as positive
and negative regulators of MHC-I expression, respectively.

PCGF1 controls MHC-I repression in multiple MHC-Ilow tumors

Several tumor types are known for their ability to strongly repress
MHC-I expression, such as neuroblastoma and Ewing sarcoma
(33, 34). This repression can be mediated by PRC2-dependent tri-
methylation of H3K27, and it contributes to immune escape (13).
Recently, it has been shown that PRC1 and PRC2 activities can be
linked, in combination silencing the expression of particular target
genes (35�37). Because PCGF1 is a member of the PRC1 complex,
this suggests that PCGF1 could also be involved in transcriptional
repression of MHC-I in MHC-Ilow tumors. Indeed, genetic depletion
of PCGF1 in K562 myelogenous leukemia cells (a model system
often used to mimic MHC-Ilow tumor cells) robustly induced MHC-I
expression (Fig. 2A, 2B). While these cells have very low MHC-I
levels, BAP1 depletion still decreased the levels of MHC-I, suggest-
ing that also in K562 cells the expression of MHC-I is dictated by
the balance between the writing complex (PCGF1) and eraser (BAP1).
When MHC-I was induced by exposure to IFN-g, the same balance

existed, indicating that PCGF1 and BAP1 also influenced IFN-g�
mediated MHC-I levels (Fig. 2A). IFN-g did itself not affect BAP1
and PCGF1 expression, arguing for two independent modes of regula-
tion (Fig. 2C, 2D).
To test the breadth of PCGF1-dependent regulation of MHC-I in

MHC-Ilow tumors, we also tested neuroblastoma and Ewing sarcoma
cell lines that are characterized by low MHC-I expression (33, 34).
In all cell lines tested, depletion of PCGF1 robustly increased
MHC-I expression (Fig. 2E), suggesting that PCGF1 is involved in
the repression of MHC-I in various MHC-Ilow tumor cells.

General and HLA-B and HLA-C loci preferred regulation of MHC-I
transcription by BAP1 and PCGF1

Epigenetic modifiers generally regulate transcription of genes, so we
next tested whether BAP1 and PCGF1 affected expression of the
different HLA loci. Depletion of BAP1 reduced expression of all
three HLA locus products (HLA-A, HLA-B, and HLA-C) in both
MHC-Inormal and MHC-Ilow tumor cells, to an extent comparable to
the surface levels (Fig. 3A, 3B). In contrast, depletion of PCGF1
increased transcription of HLA-B and HLA-C, whereas HLA-A lev-
els were unaffected in MHC-Inormal cells. In a MHC-Ilow cell line,
SK-ES-1, an increase of HLA-A mRNA was detected by PCGF1
depletion, but this was considerably smaller compared with HLA-B
and HLA-C. To further evaluate the HLA locus specific effects,
Mel526 cells depleted for BAP1 and PCGF1 were stained with
HLA-A2� and HLA-B/C�specific Abs and analyzed by flow
cytometry. Whereas depletion of BAP1 decreased both surface
HLA-A2 and HLA-B/C expression levels, PCGF1 depletion only
increased HLA-B/C expression (Fig. 3C). This suggests that HLA-C
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FIGURE 1. CRISPR screen identifies PCGF1 and BAP1 as opposite regulators of MHC-I expression in melanoma cells. (A) Schematic setup of the screen.
Mel526 melanoma cells were transduced by a pooled CRISPR gRNA library and FACS sorted twice for cells displaying low (but not negative) or high
MHC-I surface levels. (B) Fc scores for the different genes in the MHC-Ilow and MHC-Ihigh populations as calculated using PinAPL-py. (C) Mel526 cells
were transduced with the indicated gRNAs and pooled knockout clones were analyzed for surface MHC-I expression using flow cytometry. (D) Cells transduced as
in (C) were lysed and expression of the indicated proteins were analyzed by SDS-PAGE and Western blot. b-Actin was probed as a loading control. (E) MelAKR
cells were transduced with the indicated gRNAs and pooled clones were stained for surface MHC-I expression and analyzed by flow cytometry. For (C) and (D),
data represent three to six independent experiments (±SD). Statistical significance was determined by a paired Student t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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and especially HLA-B loci are under stricter control of PRC1 subunit
PCGF1 than HLA-A. This regulation is reflected in the H2AK119ub
levels at the promoter of these loci, because with ChIPs using
H2AK119ub Abs the HLA-B promoter was consistently found to be
modified more intensively than the HLA-A promoter (Fig. 3D). This
modification was increased by depletion of BAP1, both at the HLA-A
and HLA-B promoters, whereas depletion of PCGF1 decreased, but
did not abrogate, H2AK119ub levels at HLA-B promotors (Fig. 3E).
The remaining H2AK119ub modification at the promoter is possibly
from one of the other PCGF subunits that can form a catalytic PRC1
complex. We then tested other histone modifications. Active histone
mark H3K4me3 was not altered between the conditions, probably
because the region is still heavily transcribed and almost all of the
promoters were immunoprecipitated. However, PRC2-derived repres-
sive mark H3K27me3 was significantly decreased after depletion of
PCGF1 (Fig. 3F).
When other APP genes were tested for their control by PCGF1

modification of their promotors, a profile similar to HLA was found.
TAP1 was very sensitive to loss of PCGF1, whereas the nearby gene
TAP2 was affected to a more limited manner and B2M remained
unchanged (Fig. 3G). Gene expression differences resulted in almost
similar effects at the protein level, with the exception of B2M
(Fig. 3H). B2M was slightly higher in the PCGF1 knockout and
lower in the BAP1 knockout, probably because B2M that fails to
associate to HLA molecules will be secreted as a free protein.
Taken together, these data show that PCGF1 promotes H2AK119ub
modifications to repress a selected number of APP genes, including
HLA-B and HLA-C genes, whereas BAP1 functions more generally
in the derepression of most of the APP genes.

PCGF1 and PRC2 in assembly repress MHC-I in MHC-Ilow tumors

Given the coupling between PCGF1/PRC1 and PRC2 and the reduc-
tion in H3K27me3 after PCGF1 depletion, we wondered whether
PRC1 and PRC2 activities are linked, or whether they act indepen-
dently from each other. To test the contribution of PRC2 to MHC-I
suppression in our MHC-Inormal and MHC-Ilow cells, Mel526 cells
deficient for PRC2 core component EED were generated and pheno-
typically validated by their complete loss of H3K27me3 histone
modifications (Fig. 4A). K562 cells, in line with other studies (13),
strongly upregulated MHC-I following the loss of EED, but MHC-I
expression on Mel526 cells was not affected by EED loss. Thus,
PCGF1 apparently acted independently from PRC2 in Mel526 cells.
Codepletion of EED and PCGF1 in K562 cells showed that the effect
of the individual depletions is cumulative (Fig. 4B), again arguing for
two separately regulated gene expression control pathways.
To further test this hypothesis, K562 cells were treated with the

EZH2 inhibitor tazemetostat, which also abrogates H3K27me3 modi-
fications by inhibiting the catalytic activity of EZH2. Under these
conditions, MHC-I was upregulated more strongly than by genetic
EED depletion, in line with previous results (13). Interestingly, the
absence of PCGF1 in these cells hardly affected the levels of MHC-I
(Fig. 4C), suggesting that when PRC2 is inhibited catalytically, PCGF1
is not functional anymore. This is in line with the concept that PRC1
and PRC2 act in assembly to impinge strong suppression of target
genes. Taken together, our data suggest that in MHC-I normal cells,
PCGF1 mediates H2AK119ub and facilitates mild suppression of
MHC-I. However, when PRC2 is also active at the MHC-I pro-
moter, this results in a higher suppression of MHC-I expression,
yielding cells with a MHC-Ilow phenotype. In line with this notion

FIGURE 2. PCGF1 mediates suppression of MHC-I expression in MHC-Ilow tumor cells. (A) K562 cells were transduced with the indicated gRNAs and
surface MHC-I expression on the pooled knockout cells were detected by flow cytometry. Cells were stimulated for 24 h with 100 ng/ml IFN-g when indi-
cated; histograms are recorded with the same settings. Right, Quantification of surface MHC-I expression, relative to the untreated gCtrl cells, scaled as log2.
Significance was determined by an ANOVA multiple comparison test (*p < 0.05) and compared with the corresponding gCtrl sample. (B) K562 cells were
lysed as in (A) and analyzed by SDS-PAGE and Western blot for the indicated proteins. (C) K562 cells were stimulated for 24 h with IFN-g, and expression
of BAP1 and PCGF1 mRNA was analyzed using quantitative RT-PCR and normalized to GAPDH. (D) K562 cells were stimulated for the indicated time
points with IFN-g and BAP1, and PCGF1 expression levels were determined using Western blot. (E) SK-N-BE neuroblastoma and A673 and SK-ES-1 Ewing
sarcoma cells were transduced with the indicated gRNAs, and surface MHC-I expression on the pooled knockout cells was detected by flow cytometry. All
data represent at least three independent experiments.
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that PCGF1 is essential but not sufficient for creating an MHC-Ilow

phenotype, the expression levels of BAP1 and PCGF1 were compa-
rable between MHC-Inormal cells and the MHC-Ilow cells (Fig. 4D).

BAP1 and PCGF1 control T cell�mediated killing

Regulation of MHC-I expression by PCGF1 and BAP1 suggests that
they influence evasion of CTL recognition and target cell killing.
To test whether cells lacking PCGF1 or BAP1 have different sen-
sitivities to CTLs, we used the SK-ES-1 cell line, which expresses
HLA-A2 and the PRAME Ag. Wheras melanoma cells did not
upregulate HLA-A2 after PCGF1 depletion, SK-ES-1 cells robustly
increased HLA-A2 upon PCGF1 depletion, albeit not as much as
total MHC-I levels (Figs. 3B, 5A). We subsequently exposed these
SK-ES-1 cells to PRAME/A2-specific T cells and imaged the cells

in the presence of propidium Iodide to label dying cells (Fig. 5B).
At both E:T ratios, gRNA PCGF1 (gPCGF1) cells were more sensi-
tive to the T cells than gRNA control (gCtrl) cells, and the killing
started much faster (Fig. 5C, 5D). gRNA BAP1 (gBAP1) cells, in
contrast, were considerably less sensitive to T cell�mediated killing,
in line with their decreased MHC-I levels. At the highest T cell con-
centration, all of the tumor cells in the gPCGF1 background were
dead after 21 h, whereas the gCtrl cells still formed a viable mono-
layer and the gBAP1 cells were still mostly alive. When cells were
first exposed to IFN-g to induce MHC-I expression, all of the target
cells were rapidly killed (Fig. 5E), suggesting that above a certain
threshold of MHC-I expression differences in CTL activity could
not be detected. Because depletion of PCGF1 increased HLA-B and
HLA-C expression even more, we repeated the assay with T cells

FIGURE 3. Locus-specific regulation of MHC-I transcription by PCGF1. (A) mRNA levels of the indicated genes were analyzed in Mel526, MelAKR.
and K562 cells transduced with the indicated gRNAs by quantitative RT-PCR. Expression was normalized to GAPDH; HLA-A expression in K562 was too
low to reliably detect. (B) SK-ES-1 cells transduced with the indicated gRNAs were used for mRNA expression analysis using quantitative RT-PCR. Expres-
sion was normalized to GAPDH. (C) Mel526 cells transduced with the indicated gRNAs were stained for surface HLA-A2 levels and HLA-B/C levels using
allele- or locus-specific Abs and analyzed by flow cytometry. (D) H2AK119ub levels at the HLA-A and HLA-B promoters in Mel526 cells determined using
ChIP experiments using an H2AK119ub Ab. Signal was detected using quantitative PCR (qPCR) and normalized to input levels and subsequently to the sig-
nal at the HLA-A promoter. (E) H2AK119ub-modified HLA-A and HLA-B promoters were isolated by ChIP from Mel526 cells transduced with the indi-
cated gRNAs and quantified by qPCR. Signals were normalized to input DNA and divided by gCtrl signal levels. ChIP with an anti-GFP was used as control
Ab. (F) ChIP-qPCR for H3K9me3 and H3K27me3 modification of the HLA-A and HLA-B promoter in cells depleted or not for BAP1 and PCGF1. Signals
were normalized to input DNA and GFP Ab was used for the IP Ctrl. (G) mRNA level of the indicated genes were analyzed in Mel526 cells transduced with
the indicated gRNAs using quantitative RT-PCR. Expression was normalized to GAPDH. (H) The cells as in (G) were analyzed for the expression of TAP1,
TAP2, and B2M using Western blot. Actin was used as a loading control, and the molecular mass standards are indicated. All data represent means of at least
three independent experiments (±SD). Statistical significance was determined by a paired Student t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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recognizing PRAME presented by HLA-B7, another HLA allele
expressed in SK-ES-1. Also in this study, PCGF1-depleted cells
were sensitized to T cell�mediated killing (Fig. 5F). Between the
gCtrl and gBAP1 cells no difference in killing was observed,
probably because the tumor cells were able to overgrow the effect
of the T cell killing, which was much less efficient due to the lower
affinity of the TCR for its target.
The altered sensitivity to CTL-mediated target cell killing was

accompanied by a corresponding alteration in T cell activation,
because both the percentage of T cells expressing activation marker
CD137 as well as the amount of IFN-g secreted by these T cells
were higher in the PCGF1-depleted cells and lower in the BAP1-
depleted cells (Fig. 5G, 5H). Thus, PCGF1-mediated suppression of
MHC-I expression facilitates immune evasion, whereas BAP1-mediated
silencing of MHC-I reduces immune recognition.
Next, we compared HLA-A/B/C expression levels in melanoma

(skin cutaneous melanoma) to BAP1 and PCGF1 using The Cancer
Genome Atlas database. No correlation between expression of these
genes was observed (Supplemental Fig. 1A), likely because BAP1 and
PCGF1 expression levels were significantly correlated (Supplemental
Fig. 1B), a phenotype also observed in our cell lines (Fig. 4D). Fur-
thermore, loss of BAP1 is known to increase M2 macrophage infiltra-
tion (38�40), observed in this study by an inverse correlation between
BAP1 expression and HLA-DRa (MHC class II) (Supplemental
Fig. 1C). MHC class II expression is highly correlated with MHC-I
expression (Supplemental Fig. 1D), blurring a potential effect. However,
expression of catalytic PRC1 subunit RNF2 did correlate inversely
with HLA-A/B/C expression (Supplemental Fig. 1E), in contrast to
other known transcriptional repressors of MHC-I (Supplemental Fig. 1F).
Similar data were obtained in sarcoma (Supplemental Fig. 1G), where
high expression of RNF2 strongly abrogated HLA-A/B/C expression.
In line with this, high expression of RNF2 correlated with a poor

survival in both melanoma and sarcoma (Supplemental Fig. 2). High
BAP1 levels in melanoma also associated with shorter survival rates,
suggesting that BAP1 influences the tumor in multiple ways.

Discussion
CD81 T cells recognize antigenic peptides in the context of MHC-I
on tumor or pathogen-infected cells and thereby control disease. Con-
sequently, tumor cells and pathogens have developed ways to inter-
fere with expression of almost all components of the Ag presentation
pathway, ultimately limiting MHC-I cell surface expression. In this
study, we used genome-wide CRISPR knockout screening to identify
an additional regulatory aspect of MHCI expression and subsequent
T cell�mediated killing: epigenetic silencing by PCGF1-mediated
deposition of H2AK119ub, which is counteracted by BAP1.
Our data highlight an important role for PCGF1 in suppressing

MHC-I expression at the transcriptional level, both in MHC-Inormal

and MHC-Ilow tumor cells. In several tumor lines derived from tumors
known to have low MHC-I expression, such as neuroblastoma and
Ewing sarcoma, depletion of PCGF1 increased MHC-I expression,
even in cells where MHC-I was almost absent. However, the notion
that PCGF1 depletion also increased MHC-I in MHC-Inormal tumor
cells suggests a more general role for PCGF1 in maintaining proper
MHC-I levels. In line with this, a CRISPR screen in B cell lympho-
mas also identified PCGF1 as a regulator of MHC-I expression (12),
and overexpression of PCGF1 is observed in multiple tumor types,
including melanoma (31, 32). PCGF1 is part of the variant PRC1,
which ligates ubiquitin onto histone H2AK119. We confirmed this
H2AK119ub modification at the promoters of MHC-I. We tried to
demonstrate that PCGF1 regulates MHC-I as part of PRC1, but
depletion of the catalytic subunits RNF1 and RNF2 was lethal for
the cells, as previously observed in other cells as well (41). Yet,

FIGURE 4. PCGF1.PRC1 and PRC2 suppresses MHC-I in MHC-Ilow tumors. (A) Mel526 and K562 cells were transduced with the indicated gRNAs, and
the effects on MHC-I expression were determined by SDS-PAGE and Western blot (left) and flow cytometry (right). Surface MHC-I expression was normalized
to the respective gCtrl cells. (B) K562 cells were depleted for PCGF1, EED, or both, and surface MHC-I expression was analyzed by flow cytometry. (C) K562
cells transduced with gCtrl, gBAP1, or gPCGF1 were treated with 2 mM tazemetostat for 7 d and the effect on surface MHC-I expression was determined by
flow cytometry. (D) Mel526 and the different MHC-Ilow cell lines were analyzed for BAP1 and PCGF1 expression using Western blot. Actin was used as a
loading control, and the position of the molecular mass standards is indicated. Data represent three independent experiments (±SD). Statistical significance
was determined by a paired Student t test. **p < 0.01, ***p < 0.001.
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there are additional arguments why PCGF1 controls MHC-I expression
as part of the PRC1 complex. First, the amount of H2AK119ub at the
HLA-B promoter is reduced following PCGF1 depletion. Second, BAP1,
which removes the ubiquitin deposited by PRC1 on H2AK119ub,
has the opposite effect on MHC-I expression. Surprisingly, in several
cell types HLA-C and especially HLA-B expression levels were

sensitive to PCGF1 depletion, whereas HLA-A remained unaffected
or was upregulated to a lesser extent. In contrast, depletion of BAP1
decreased expression of all alleles, arguing that at least in some cell
types PCGF1 has a preference for HLA-B and HLA-C, and HLA-A
is only targeted when the balance is shifted toward higher PRC1
activity.

A

C

G

B

FE

D

H

FIGURE 5. PCGF1 mediates escape from T cell�mediated cytotoxicity. (A) SK-ES-1 cells transduced with the indicated gRNAs were stained for surface
HLA-A2 or surface HLA-ABC and analyzed by flow cytometry. Data represent mean ± SD of three independent experiments. (B) Schematic setup of the T cell
assays. SK-ES-1 cells are HLA-A21, HLA-B71, and PRAME1 and are recognized by T cells transduced with an A2/PRAME- or B7/PRAME-specific TCR.
(C) SK-ES-1 cells were seeded and 24 h later, A2/PRAME T cells were added at the indicated E:T ratio. Cells were imaged every 3 h using the Incucyte, and
dead cells were detected by propidium iodide (PI) staining (original magnification ×60). (D) Quantification of T cell�mediated killing experiment from (C). The
percentage of dead cells was quantified over three wells, with four images taken from every well, by dividing the PI-stained area by the cell-covered area.
(E) Experiment as in (C), but SK-ES-1 cells were cultured with IFN-g for 24 h to induce MHC-I expression before addition of the T cells. (F) Experiment as
in (C), but here B7/PRAME T cells were added to the SK-ES-1 cells and killing was monitored. (G) T cells exposed to the indicated SK-ES-1 cell lines were
stained for CD137 surface marker expression 24 h after exposure to the indicated SK-ES-1 cells. Flow cytometry plot represents a merged image of the three
analyzed wells, which are quantified on the right. (H) T cells were exposed to the indicated SK-ES-1 cells, and 24 h later supernatants were analyzed for the
presence of IFN-g using ELISA. Data from (C)�(H) represent three technical replicates (±SD), and the experiments have been biologically replicated with
similar results. *p < 0.05, **p < 0.01, ***p < 0.001.
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The polycomb repressor complexes PRC1 and PRC2 control the
epigenome and their activities are linked. Ubiquitination of H2AK119
by PCGF1 facilitates PRC2 binding and subsequent local modification
to H3K27me3 and gene silencing (37). However, they can also func-
tion as two independent pathways to facilitate gene silencing (42). Our
data placing PRC1 in control of MHC-I expression are in line with
findings that PRC2 suppresses MHC-I in MHC-Ilow tumors, and
PRC2 depletion also affected primarily HLA-B and HLA-C expres-
sion (13). However, in MHC-Inormal cells, PRC2 depletion had no
effect on MHC-I expression, suggesting two modes of operation. In
mode one only PCGF1-PRC1 is active, leading to mild suppression
of MHC-I expression. In mode two, when PRC2 is also active,
MHC-I is more strongly suppressed, resulting in MHC-Ilow tumors.
Surprisingly, when PRC2 is inhibited chemically and not genetically,
MHC-I is more strongly upregulated, and PCGF1-PRC1 depletion
does not further increase MHC-I expression. This could arise from
the inactive PRC2 occupying PCGF1-PRC1 binding sites, or because
there are components of PRC1 used by the inactive PRC2 complex
(43). Taken together, our observations in combination with previous
findings support the model where PCGF1-PRC1 inflicts mild MHC-I
suppression, whereas PCGF1-PRC1 in combination with PRC2 results
in strong reduction of MHC-I expression.
To counteract H2AK119ub modifications and corresponding epige-

netic silencing, the deubiquitinase BAP1 functions as the eraser and
catalyzes H2AK119 deubiquitination. In line with this model, BAP1
depletion was found to decrease MHC-I expression by enhancing
H2AK119ub at the HLA-A and HLA-B promoters. BAP1 decreased
MHC-I on MHC-Inormal and MHC-Ilow cells, as well as IFN-g�
induced MHC-I expression. Given that BAP1 is depleted in several
tumors, most prominently in uveal melanoma and mesothelioma, we
reintroduced BAP1 in some of these cell lines to upregulate MHC-I.
In two out of four lines (one uveal melanoma and one mesotheli-
oma) MHC-I expression was indeed increased, but not in the other
lines. This could be because cells often rewire their epigenetic land-
scape to accommodate BAP1 loss, or because in some cells PCGF1
might not be active (44, 45). The definitive impact of BAP1 on tumor
progression is mixed, and highly context- and tumor-dependent, given
its role in the repression of apoptotic factors (46) as well as immune
infiltration (38�40). In a B16/F10 mouse melanoma model, deletion
of BAP1 strongly reduced tumor growth (47), whereas in uveal mela-
noma reduced BAP1 levels are associated with shortened survival
(48). Interestingly, the remaining B16/F10 mouse melanoma tumors
in the BAP1 knockout situation expressed reduced H2-D1 transcript
levels, although other APP genes were not (significantly) affected
(47). Supporting an in vivo role for BAP1 in derepression of MHC-I
genes, in a mouse trophoblast model expression of BAP1 strongly
increased expression of H2-D1, H2-K1, TAP1, and TAP2 (49). Taken
together, although a direct effect of BAP1 loss on tumor cells is
reduced MHC-I expression, this effect might be negated or masked
by an increased influx of immune cells.
Collectively, we identified and verified an additional layer of regula-

tion of MHC-I expression: epigenetic silencing by H2AK119ub. Many
tumor cells use this pathway to downregulate MHC-I expression, pre-
dominantly the HLA-B and HLA-C loci, and when combined with
increased PRC2 activity, this leads to significant reduction of MHC-I
expression and potential immune escape. Thus, targeting PCGF1 in the
context of PRC1 would be an attractive mechanism to correct MHC-I
expression and stimulate immune reactivity of tumor cells.
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10. Dersh, D., J. Hollý, and J. W. Yewdell. 2021. A few good peptides: MHC class
I-based cancer immunosurveillance and immunoevasion. [Published erratum appears
in 2020 Nat. Rev. Immunol. 20: 644.] Nat. Rev. Immunol. 21: 116�128.

11. Jongsma, M. L. M., A. A. de Waard, M. Raaben, T. Zhang, B. Cabukusta, R. Platzer,
V. A. Blomen, A. Xagara, T. Verkerk, S. Bliss, et al. 2021. The SPPL3-defined gly-
cosphingolipid repertoire orchestrates HLA class I-mediated immune responses.
[Published erratum appears in 2021 Immunity 54: 387.] Immunity 54: 132�150.e9.

12. Dersh, D., J. D. Phelan, M. E. Gumina, B. Wang, J. H. Arbuckle, J. Holly, R. J.
Kishton, T. E. Markowitz, M. O. Seedhom, N. Fridlyand, et al. 2021. Genome-wide
screens identify lineage- and tumor-specific genes modulating MHC-I- and MHC-II-
restricted immunosurveillance of human lymphomas. Immunity 54: 116�131.e10.

13. Burr, M. L., C. E. Sparbier, K. L. Chan, Y. C. Chan, A. Kersbergen, E. Y. N. Lam,
E. Azidis-Yates, D. Vassiliadis, C. C. Bell, O. Gilan, et al. 2019. An evolutionarily
conserved function of polycomb silences the MHC class I antigen presentation path-
way and enables immune evasion in cancer. Cancer Cell 36: 385�401.e8.

14. Ennishi, D., K. Takata, W. Béguelin, G. Duns, A. Mottok, P. Farinha, A. Bashashati,
S. Saberi, M. Boyle, B. Meissner, et al. 2019. Molecular and genetic characterization
of MHC deficiency identifies EZH2 as therapeutic target for enhancing immune
recognition. Cancer Discov. 9: 546�563.

15. Sade-Feldman, M., Y. J. Jiao, J. H. Chen, M. S. Rooney, M. Barzily-Rokni, J. P.
Eliane, S. L. Bjorgaard, M. R. Hammond, H. Vitzthum, S. M. Blackmon, et al.
2017. Resistance to checkpoint blockade therapy through inactivation of antigen
presentation. Nat. Commun. 8: 1136.

16. Lazaridou, M. F., E. Gonschorek, C. Massa, M. Friedrich, D. Handke, A. Mueller,
S. Jasinski-Bergner, R. Dummer, P. Koelblinger, and B. Seliger. 2020. Identifica-
tion of miR-200a-5p targeting the peptide transporter TAP1 and its association with
the clinical outcome of melanoma patients. OncoImmunology 9: 1774323.

17. Lee, J. H., E. Shklovskaya, S. Y. Lim, M. S. Carlino, A. M. Menzies, A. Stewart,
B. Pedersen, M. Irvine, S. Alavi, J. Y. H. Yang, et al. 2020. Transcriptional
downregulation of MHC class I and melanoma de- differentiation in resistance to
PD-1 inhibition. Nat. Commun. 11: 1897.

18. Neefjes, J. J., and H. L. Ploegh. 1988. Allele and locus-specific differences in cell
surface expression and the association of HLA class I heavy chain with b2-microglobulin:
differential effects of inhibition of glycosylation on class I subunit association. Eur.
J. Immunol. 18: 801�810.

19. Stam, N. J., T. M. Vroom, P. J. Peters, E. B. Pastoors, and H. L. Ploegh. 1990. HLA-A-
and HLA-B-specific monoclonal antibodies reactive with free heavy chains in Western
blots, in formalin-fixed, paraffin-embedded tissue sections and in cryo-immuno-electron
microscopy. Int. Immunol. 2: 113�125.

20. Joung, J., S. Konermann, J. S. Gootenberg, O. O. Abudayyeh, R. J. Platt, M. D. Brigham,
N. E. Sanjana, and F. Zhang. 2017. Genome-scale CRISPR-Cas9 knockout and
transcriptional activation screening. [Published erratum appears in 2019 Nat. Protoc.
14: 2259.] Nat. Protoc. 12: 828�863.

21. Spahn, P. N., T. Bath, R. J. Weiss, J. Kim, J. D. Esko, N. E. Lewis, and O. Harismendy.
2017. PinAPL-Py: a comprehensive web-application for the analysis of CRISPR/Cas9
screens. Sci. Rep. 7: 15854.

22. Schmidt, D., M. D. Wilson, C. Spyrou, G. D. Brown, J. Hadfield, and D. T. Odom.
2009. ChIP-seq: using high-throughput sequencing to discover protein-DNA interac-
tions.Methods 48: 240�248.

23. Amir, A. L., D. M. van der Steen, M. M. van Loenen, R. S. Hagedoorn, R. de Boer,
M. D. Kester, A. H. de Ru, G. J. Lugthart, C. van Kooten, P. S. Hiemstra, et al. 2011.
PRAME-specific allo-HLA-restricted T cells with potent antitumor reactivity useful
for therapeutic T-cell receptor gene transfer. Clin. Cancer Res. 17: 5615�5625.

24. van Amerongen, R. A., S. Tuit, A. K. Wouters, M. van de Meent, S. L. Siekman,
M. H. Meeuwsen, T. L. A. Wachsmann, D. F. G. Remst, R. S. Hagedoorn, D. M.

The Journal of Immunology 453
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/212/3/446/1651461/ji2300263.pdf by W
alaeus Library LU

M
C

 user on 10 O
ctober 2024



van der Steen, et al. 2023. PRAME and CTCFL-reactive TCRs for the treatment
of ovarian cancer. Front. Immunol. 14: 1121973.

25. de Napoles, M., J. E. Mermoud, R. Wakao, Y. A. Tang, M. Endoh, R. Appanah,
T. B. Nesterova, J. Silva, A. P. Otte, M. Vidal, et al. 2004. Polycomb group pro-
teins Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing
and X inactivation. Dev. Cell 7: 663�676.

26. Fursova, N. A., N. P. Blackledge, M. Nakayama, S. Ito, Y. Koseki, A. M.
Farcas, H. W. King, H. Koseki, and R. J. Klose. 2019. Synergy between variant
PRC1 complexes defines polycomb-mediated gene repression. Mol. Cell 74:
1020�1036.e8.

27. Scheuermann, J. C., A. G. de Ayala Alonso, K. Oktaba, N. Ly-Hartig, R. K.
McGinty, S. Fraterman, M. Wilm, T. W. Muir, and J. Müller. 2010. Histone
H2A deubiquitinase activity of the Polycomb repressive complex PR-DUB. Nature
465: 243�247.
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