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CELL BIOLOGY

PBRM1 and the glycosylphosphatidylinositol
biosynthetic pathway promote tumor killing mediated
by MHC-unrestricted cytotoxic lymphocytes

Bridget L. Menasche'*, Eric M. Davis'*, Shifeng Wang"z*, Yan 0uyang1, Suzhao Li3,

Haijia Yu'?, Jingshi Shen'"

Major histocompatibility complex (MHC)-unrestricted cytotoxic lymphocytes (CLs) such as natural killer (NK) cells
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can detect and destroy tumor and virus-infected cells resistant to T cell-mediated killing. Here, we performed
genome-wide genetic screens to identify tumor-intrinsic genes regulating killing by MHC-unrestricted CLs. A
group of genes identified in our screens encode enzymes for the biosynthesis of the glycosylphosphatidylinositol
(GPI) anchor, which is not involved in tumor response to T cell-mediated cytotoxicity. Another gene identified in
the screens was PBRM1, which encodes a subunit of the PBAF form of the SWI/SNF chromatin-remodeling complex.
PBRM1 mutations in tumor cells cause resistance to MHC-unrestricted killing, in contrast to their sensitizing ef-
fects on T cell-mediated killing. PBRM1 and the GPI biosynthetic pathway regulate the ligands of NK cell receptors
in tumor cells and promote cytolytic granule secretion in CLs. The regulators identified in this work represent

potential targets for cancer immunotherapy.

INTRODUCTION

Cytotoxic lymphocytes (CLs) are subtypes of immune cells capable
of detecting and killing tumor and virus-infected cells (1, 2). Current
cancer immunotherapy mainly harnesses the antitumor activities of
cytotoxic T cells, effectors of the adaptive immune system (2-5).
T cells detect transformed cells by using their T cell receptors to
recognize tumor neoantigens displayed on the major histocompatibility
complex (MHC) class I proteins of tumor cells (6-8). T cell-based
therapies such as checkpoint inhibitors substantially extend the sur-
vival of a subset of patients with cancer (3-5, 9). Many tumors,
however, are unresponsive to checkpoint therapies, possibly because
of defects in presentation of tumor antigens on MHC class I (2).
Moreover, tumor cells that initially respond to checkpoint inhibitor
therapies often develop acquired resistance, resulting in tumor re-
lapses (2, 4). Therefore, additional immunotherapeutic strategies
are needed to achieve sustained clinical benefits in a larger patient
population.

Another class of tumor-killing CLs are MHC-unrestricted CLs,
which include natural killer (NK) cells, effectors of the innate im-
mune system, and NK-like cell lines (10-14). Unlike T cells, MHC-
unrestricted CLs kill tumor or virally infected cells without requiring
prior activation by MHC-presented antigens (6, 15, 16). The absence
of MHC class I on target cells serves as a strong activation signal for
MHC-unrestricted CLs (1, 6, 10, 12, 17). As a result, MHC-unrestricted
CLs are capable of detecting and destroying tumor cells resistant to
T cell-mediated attack, holding great promise as mono or combina-
tion immunotherapies (18, 19). However, the antitumor activities
of MHC-unrestricted CLs have not been translated into significant
clinical benefits to patients, likely because of escape mechanisms
evolved by tumor cells to circumvent killing (19, 20). To improve the
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efficacy of MHC-unrestricted CLs in immunotherapy, it is critical
to identify genes controlling the response of tumor cells to cytotoxicity.

In this work, we performed genome-wide genetic screens to
uncover tumor-intrinsic genes that regulate tumor killing by MHC-
unrestricted CLs. Our screens identified a large number of regula-
tors that either promote or inhibit the response of tumor cells to
killing. The screens isolated known mediators of NK cell-mediated
killing, but most of the identified genes were not previously linked
to tumor killing. Multiple top-ranking genes in the screens belong
to the glycosylphosphatidylinositol (GPI) anchor biosynthetic
pathway, which is not involved in T cell-mediated killing. Further
analyses revealed that the GPI biosynthetic pathway is required for
the activation and cytolytic granule secretion of CLs. Another critical
regulator identified in the screens was PBRM1, a component of the
SWI/SNF chromatin-remodeling complex. Notably, PBRM1 promotes
the killing of tumor cells by MHC-unrestricted CLs, in contrast to
its inhibitory activity in T cell-mediated killing. Thus, PBRM1 plays
opposite roles in MHC-restricted and MHC-unrestricted cytotoxicity.
Like the GPI biosynthetic pathway, PBRM1 promotes cytolytic
granule secretion in CLs. The factors identified in this work could
represent potential targets for cancer immunotherapy.

RESULTS

Identification of positive regulators of TALL-104-mediated
tumor killing

We developed a tumor-killing platform using TALL-104 cells, a
clinically relevant CL cell line exhibiting robust MHC-unrestricted
cytotoxicity against human tumors (14, 18, 21-23). Despite the T cell
origin of this cell line, TALL-104 cells express NK cell receptors and
closely resemble NK cells in recognizing and destroying tumors
without prior sensitization (fig. S1) (14). Previously, TALL-104 cells
have been used in clinical trials to treat patients with cancer
(14, 18, 21-24). A major advantage of TALL-104 cells is that they
can be readily expanded into large homogeneous populations to
meet the demands of genome-wide genetic screens. We observed
that TALL-104 cells efficiently killed HAP1 cells (Fig. 1A and fig. S2A),
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a haploid human cell line derived from chronic myeloid leukemia
cells (25-27). By contrast, primary human cells, including peripheral
blood mononuclear cells (PBMCs) and adipose stem cells (ASCs),
were resistant to TALL-104-mediated killing (Fig. 1A and fig. S2B),
consistent with the ability of CLs to distinguish between tumor and
normal cells (6-8).

To systematically identify tumor-intrinsic genes required for
TALL-104-mediated killing, pooled HAP1 cells were randomly
mutagenized using retroviral gene-trap insertions (27-29). The
mutagenized HAP1 cells were incubated with TALL-104 cells for
four consecutive rounds, in which approximately 50% of the HAP1
cells were killed during each round (Fig. 1B). After the final round
of killing, the TALL-104-resistant HAP1 population was harvested,
and their gene-trap retroviral insertions were mapped by deep se-
quencing. The gene-trap insertions were then compared to those of
an untreated control HAP1 population to identify significant hits
on the basis of the enrichment of inactivating gene-trap insertions.

The haploid genetic screen identified a number of genes that
promote TALL-104-mediated killing (Fig. 1C and table S1). Mutations
of these genes in target cells caused resistance to TALL-104-mediated
cytotoxicity. One gene identified in the screen was NCR3LG1/B7H6,
which encodes an activating ligand for the NK cell receptor NKp30
(Fig. 1C) (30). Another hit from the screen was PVR/CD155, which
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encodes a ligand for DNAX accessory molecule 1 (DNAM-1), another
activating receptor on NK cells (Fig. 1C) (10-12). Our screen also recov-
ered IFNGR2, which encodes the interferon-y (IFN-y) receptor critical to NK
cell-mediated cytotoxicity (10-12). Recovery of these known mediators
of NK cell cytotoxicity strongly supports the physiological relevance of
the screen and further demonstrates that TALL-104 cells resemble NK
cells in tumor killing. Most of the hits, however, were not previously
linked to CL-mediated killing.

Multiple genes identified in the screen, including PIGP, PIGS,
PIGL, and GPAA1, encode enzymes responsible for the biosynthesis
of the GPI moiety of GPI-anchored proteins (GPI-APs) (Fig. 1C)
(28). Thus, the GPI anchor biosynthetic pathway is required for tumor
cell sensitivity to TALL-104-mediated cytotoxicity. Another top-
ranking hit was PBRM1/BAF180, which encodes a subunit of the
PBAF form of the SWI/SNF chromatin-remodeling complex (Fig. 1C)
(31, 32). Other genes isolated in the screen encode factors involved
in a range of cellular processes including membrane trafficking and
gene expression (fig. S3).

Discovery of additional positive regulators of
TALL-104-mediated killing in a modifier screen

Since a large fraction of the inactivating gene-trap insertions in the
primary screen were within the GPI anchor biosynthetic genes
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Fig. 1. Identification of positive regulators of TALL-104-mediated tumor killing in a genome-wide haploid genetic screen. (A) TALL-104 cells (CLs) kill HAP1 cells
(tumor cells) but not normal cells. HAP1 cells and human PBMCs grown on a 24-well plate were treated with the indicated ratios of TALL-104 cells for 8 hours. The cells
were stained with propidium iodide (Pl) and measured by flow cytometry. Error bars indicate SD (n = 3). P values were calculated using Student’s t test. ***P <0.001. n.s.,
P> 0.05. (B) lllustration of the genome-wide haploid genetic screen aiming to identify tumor-intrinsic genes required for TALL-104 cytotoxicity. (C) Bubble graph showing
significant hits from the haploid genetic screen. The y axis depicts the —logyo of P values for the gene hits in the TALL-104-selected population as compared to a published
unselected control (62) using Fisher's exact test. Dashed line indicates the cutoff of significance. We set a P value cutoff of 1 x 10~ to account for multiple hypothesis
testing. In addition, for genes with P values less than 1 x 107'%, we considered a gene as a hit only if it also had strong enrichment for sense-strand intron insertions based
on the binomial test (P value cutoff: 1 x 107°). The x axis depicts the chromosomal positions of the genes. The size of a circle is scaled according to the number of unique
inactivating gene-trap insertions within the gene. Circles are colored according to the annotated or predicted functions of the gene products. Genes that did not reach
the cutoff are shown in gray. Full datasets of the screen are included in table S1.
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(table S1), additional regulators might have been masked. To this
end, we next performed a genome-scale modifier screen using
GPI-deficient HAP1 cells. We used CRISPR-Cas9 genome editing
to delete PIGP, a key gene in GPI anchor biosynthesis (28). Surface
expression of the GPI-AP CD59 was abolished (Fig. 2A), confirm-
ing the loss of the GPI anchor in PIGP knockout (KO) cells. GPI
anchor-deficient HAP1 cells were still killed by TALL-104 cells,
albeit with a significantly lower efficiency.

The modifier screen using GPI anchor-deficient cells recovered
most of the hits from the primary screen including NCR3LGI, PVR,
and IFNGR?2 (Fig. 2, B and C), validating the critical roles of these
genes in TALL-104-mediated killing. As expected, none of the genes
involved in GPI anchor biosynthesis were recovered in the modifier
screen (Fig. 2, B and C; figs. S3 and S4; and table S2). The modifier
screen identified many additional genes including TNFRSF10A and
TNFRSF10B (Fig. 2, B and C), which encode TRAIL death receptors
known to mediate CL-mediated killing (6, 10). These findings are
consistent with roles of death receptors in NK cell-mediated killing.

Other genes identified in the modifier screen were not previously
linked to tumor killing. Notably, a subset of the genes identified in
the primary screen including PBRM1 were not recovered in the
modifier screen (Fig. 2, B and C, and fig. S4), suggesting that these
genes might be linked to the GPI biosynthetic pathway in TALL-
104-mediated killing.

Previous genetic screens dissected MHC-restricted tumor killing
mediated by cytotoxic T lymphocytes (33-35). Next, we compared
the hits from our screens with those from T cell-based screens. The
IFN-y receptor was also recovered in T cell screens (33-35), in agreement
with the role of the IFN-y pathway in both MHC-restricted and
MHC-unrestricted cytotoxicity (8, 10, 12). However, most of the
hits from our genetic screens, including the GPI biosynthetic genes,
were notisolated in T cell-based screens (33-35). Likewise, most genes
identified in T cell-based screens were not recovered in our screens.
In particular, a large portion of genes identified in T cell-based
screens encode regulators of the MHC class I and PD-L1 (programmed
cell death 1 ligand 1) pathways (33-35). As expected, these genes
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Fig. 2. Discovery of additional positive regulators of TALL-104-mediated killing in a modifier screen. (A) Flow cytometry measurements of the surface levels of
CD59, a GPI-AP used as a marker for the GPI pathway (CD59 is not involved in CL-mediated killing). PIGP KO HAP1 cells were generated using CRISPR-Cas9 genome editing.
A lack of surface CD59 in pooled PIGP KO cells indicates that the GPI pathway was abolished. WT, wild-type. (B) Screen hits from the modifier haploid genetic screen using
the PIGP KO HAP1 cells. The screen was performed as described in Fig. 1. The y axis depicts the —logso of P values for the gene hits in the TALL-104 selected population
compared to the unselected control using Fisher's exact test. We set a P value cutoff of 1 x 107° to account for multiple hypothesis testing. In addition, we considered a
gene as a hit only if it also had strong enrichment for sense-strand intron insertions based on the binomial test (P value cutoff: 1 x 107%). The x axis depicts the chromo-
somal positions of the genes. The size of the circle is scaled according to the number of unique inactivating gene-trap insertions with the gene. Circles are colored accord-
ing to the annotated or predicted functions of the gene products. Dashed line indicates the cutoff of significance. Genes that did not reach the cutoff are shown in gray.
Full datasets are included in table S2. (C) Lists of genes identified in the primary and modifier screens. Genes linked to cancer or CL killing are highlighted in bold. Cancer
association is based on the COSMIC database.
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were not recovered in our MHC-unrestricted screens (Fig. 2C and fig. $4).
Notably, although PBRM1I was also isolated in T cell-based screens
of tumor killing (35), its function is distinct: PBRM1 inhibits T cell-
mediated cytotoxicity but promotes TALL-104-mediated killing
(Fig. 1C) (35). Thus, PBRM1 plays both positive and negative roles
in tumor killing. Together, these findings demonstrate differences
between the regulatory networks underlying MHC-restricted and
MHC-unrestricted cytotoxicity.

According to gene set enrichment analysis (GSEA) (36), the factors
identified in our screens belong to multiple KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways and form physical or functional networks
(figs. S5 and S6 and table S3). Approximately half of the hits identified in
our screens were mutated in human cancers according to the Catalogue
of Somatic Mutations in Cancer (COSMIC) database (Fig. 2C). Since
these genes do not regulate cell growth (table S4), our data suggest
that cancer-linked mutations in these genes may promote tumori-
genesis by preventing NK cell-mediated tumor killing.

Identification of negative regulators of TALL-104-mediated
tumor killing
Next, we sought to identify tumor-intrinsic genes encoding negative
regulators of TALL-104-mediated killing on the basis of depletion of
inactivating gene-trap insertions. To accurately calculate gene-trap
depletion from a large mutant cell population, we developed gene-
trap strand profile (GSP), a scoring metric based on the numbers of
unique inactivating (sense) or neutral (antisense) gene-trap insertions
within the introns of a candidate gene. A negative GSP score rep-
resents the depletion of inactivating gene-trap insertions in a gene,
corresponding to a detrimental effect of the gene KO on cell viability
(fig. S7, A to C). As a proof of concept, we used the GSP scoring
metric to identify the genes essential to the viability or growth of
HAP1 cells in the absence of TALL-104 cells. Approximately 1788
essential genes were identified, encompassing all known essential
pathways such as translation, transcription, and RNA splicing
(fig. S7, D and E, and table S4). This list included virtually all the
essential genes identified in previous genetic studies (26, 37), sug-
gesting that GSP scores accurately quantify gene-trap depletions.
Subsequently, we identified genes with significantly negative
GSP scores in TALL-104-selected HAP1 cells but not in the passage
control population. Mutations of these genes sensitize the tumor
cells to TALL-104-mediated killing, leading to the depletion of in-
activating gene-trap insertions. Thus, these genes encode negative
regulators of tumor killing by TALL-104 cells. One of the negative
factors identified in both the primary and modifier screens was
CFLAR (CASP8 and Fas-associated death domain protein (FADD)-like
apoptosis regulator) (Fig. 3A), a known inhibitor of TRAIL-mediated
apoptosis (38, 39). Another negative factor identified in both the
primary and modifier screens was MGA, a transcription factor not
previously linked to CL-mediated cytotoxicity (Fig. 3A). The ratio
of inactivating and neutral gene-trap insertions in CFLAR and
MGA genes was approximately 1:1 in the absence of TALL-104
selection, indicating that CFLAR and MGA are not essential to cell
growth (Fig. 3A). However, their inactivating gene-trap insertions
were strongly depleted after TALL-104 selection (Fig. 3A), reflecting
the inhibitory roles of these genes in TALL-104-mediated killing.
Other negative regulators identified in the screens encompass a range
of biological pathways such as TRAIL signaling, transcriptional reg-
ulation, and membrane trafficking (Fig. 3, B and C). A group of nega-
tive regulators identified in the primary screen were also recovered

Menasche et al., Sci. Adv. 2020; 6 : eabc3243 27 November 2020

in the modifier screen (Fig. 3B and fig. S8). Many others, however,
were not isolated in the modifier screen (fig. S8 and tables S5 and
S6). While a subset of the negative regulators such as CFLAR were
also involved in T cell-mediated killing (33-35), most of the factors
were not recovered in T cell-based screens of tumor killing, again
highlighting the fundamental differences between MHC-unrestricted
and MHC-restricted cytotoxicity.

The GPI biosynthetic pathway is required for the activation
and cytolytic granule secretion of MHC-unrestricted CLs
Next, we sought to determine the molecular mechanism of the GPI
anchor biosynthetic pathway in tumor killing. Deletion of the PIGP
gene in HAP1 cells abrogated surface expression of GPI-APs (Figs. 2A
and 4A and fig. S9A). We mixed the PIGP KO cells with wild-type
(WT) HAP1 cells and examined their sensitivity to TALL-104-
mediated cytotoxicity in a competition assay, which accurately
measures the proliferation and death of cell populations (40). We
observed that the ratio of WT and PIGP KO cells did not change
significantly during passage in the absence of TALL-104 cells
(Fig. 4, A and B), confirming that PIGP mutations do not affect cell
growth. By contrast, PIGP KO cells were strongly enriched after two
rounds of TALL-104 treatment (Fig. 4, A and B). These data demon-
strate that mutation of the GPI biosynthetic pathway in HAP1 cells
causes resistance to TALL-104-mediated killing, validating the result
of our genetic screens. Likewise, mutation of PIGP in 786-0O cells, a
human renal cancer cell line (41), caused resistance of the cells to
TALL-104-mediated killing (Fig. 4C). Thus, the role of the GPI bio-
synthetic pathway in tumor killing is not limited to HAP1 cells.

TALL-104-mediated killing closely resembles NK cell-mediated
cytotoxicity (Figs. 1 and 2) (42). Next, we directly examined how
PIGP KO cells respond to NK cell-mediated cytotoxicity. Using a
propidium jodide (PI) uptake assay, we observed that PIGP KO cells
were substantially more resistant to killing by primary human NK
cells (fig. S9B). Thus, mutation of the GPI biosynthetic pathway in
target cells also impairs NK cell-mediated cytotoxicity.

We then tested how the GPI biosynthetic pathway regulates
tumor surface molecules required for MHC-unrestricted cytotoxicity.
Both TRAIL receptor and PVR (Poliovirus receptor) regulate TALL-104-
mediated killing (Fig. 2) (15, 16). However, surface levels of these
molecules were not reduced in PIGP KO cells (Fig. 4D), indicating
that their functions are independent of the GPI biosynthetic
pathway. We then examined UL16-binding proteins (ULBPs), ligands
for the activating NK cell receptor NKG2D (19). Since multiple
ULBP genes were simultaneously expressed in HAP1 cells (Fig. 4D),
ULBPs were not recovered in our screens because of functional re-
dundancy. ULBPs are GPI-APs containing a C-terminal GPI anchor,
although a subset of ULBPs also have a transmembrane domain
(43, 44). It has been suggested that the GPI anchor and transmem-
brane domain play redundant roles in ULBP surface localization
and activation of NKG2D (43). However, we observed that surface
expression of ULBPs was completely lost in PIGP KO cells (Fig. 4D).
Thus, despite the presence of transmembrane domains, the GPI an-
chor is essential to surface expression of ULBPs.

Next, we examined how the GPI biosynthetic pathway in tumor
cells influences the function of CLs after cell-cell interaction. A major
route of CL-mediated killing involves the secretion of the cytolytic
molecules granzyme and perforin (7, 10, 11), which occurs when cyto-
lytic granules fuse with the plasma membrane of a CL (8, 45). To mea-
sure cytolytic granule secretion, we used a flow cytometry-based
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Fig. 3. Identification of negative regulators of TALL-104-mediated tumor killing. (A) Visual representations of gene-trap insertions in CFLAR and MGA in the passage
control (no TALL-104 selection), the primary screen, and the modifier screen. The gray boxes indicate exons, while the gray lines indicate introns. The gray arrows depict
the directions of transcription. Chromosomal locations of inactivating, sense gene-trap insertions are shown in red, while chromosomal locations of neutral, antisense
insertions are shown in blue. GSP is a new scoring metric based on the numbers of unique sense (inactivating) or antisense (neutral) gene-trap insertion within the introns
of a candidate gene. GSP =[log,(S/A) x 10og1o(S X A)], where “S”and “A” represent the numbers of sense and antisense gene-trap insertions, respectively. (B) Top: Color key
of the heatmap. Bottom: Heatmap showing the genes with significantly negative GSP scores in both the primary and modifier screens but not in the passage control. The
complete lists of genes are included in fig. S8 and tables S5 and S6. The GSP scores of the genes were quantile-normalized. Genes with significantly negative GSP scores
in both screens were clustered using the Euclidean distance metric. Dashed gray lines represent the sample mean, while the solid gray lines represent each hit’s GSP score
relative to the sample mean. The color of each bar represents the GSP score. Genes associated with cancer or CL killing are highlighted in bold. Cancer association is based
on the COSMIC database. (C) Summary of the negative regulators identified in the primary and modifier screens based on annotated or predicted gene function. Full

datasets are shown in tables S5 and S6.

degranulation assay to quantify surface levels of lysosomal-associated
membrane protein 1 (LAMPI; also known as CD107a), a cytolytic
granule protein that is exposed to the cell surface after cytolytic
granules fuse with the plasma membrane (Fig. 4E) (45, 46). LAMP1
is a specific marker for degranulation as the lysosome-like cytolytic
granule is not involved in the trafficking of other cytotoxic mole-
cules such as IFN-y and death receptor ligands (47-50). Using this
degranulation assay, we observed that TALL-104 cells exhibited little
surface LAMP1 expression in the absence of HAP1 cells (Fig. 4E),
consistent with a lack of cytolytic granule secretion in unstimulated
CLs. Incubation with HAP1 cells, however, strongly increased the
surface levels of LAMP1 on TALL-104 cells (Fig. 4E). Notably, PIGP
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KO HAPI1 cells induced minimal LAMP1 externalization on TALL-
104 cells (Fig. 4E), demonstrating that these mutant cells were de-
fective in triggering the secretion of cytolytic molecules.

Besides cytolytic molecules, death ligands such as TRAIL are also
used by CLs to kill tumor cells (10, 51). Our screens recovered TRAIL
receptors (TNFRSF10A and TNFRSF10B) as hits (Fig. 2, B and C).
In the absence of target cells, TALL-104 cells exhibited low surface
levels of TRAIL (Fig. 4F). Incubation with WT HAP1 cells strongly
elevated surface TRAIL on TALL-104 cells, while PIGP KO HAP1
cells were largely defective in inducing TRAIL surface expression
(Fig. 4F). We also examined IFN-y, a cytokine released by CLs to
promote tumor killing. We observed that similar amounts of IFN-y
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were released from NK cells when they were incubated with WT or
PIGP KO HAP1 cells (fig. S10). Thus, IFN-y release is not depen-
dent on the GPI biosynthetic pathway of tumor cells.

We then determined whether the GPI biosynthetic pathway reg-
ulates CL activation. We examined the surface expression of CD69,
an activation marker of NK cells (52, 53). We observed that TALL-
104 cells displayed low surface CD69 expression in the absence of
HAP1 cells (Fig. 4G). Addition of WT HAP1 cells strongly elevated
surface levels of CD69 on TALL-104 cells (Fig. 4G). By contrast,
PIGP KO HAPI cells were largely defective in inducing CD69
expression (Fig. 4G). Thus, PIGP is essential to the activation of
TALL-104 cells by tumor cells, consistent with its roles in cytolytic
granule secretion and TRAIL expression. Together, these data indi-
cate that the GPI biosynthetic pathway of tumor cells is required for
the activation and cytotoxic functions of MHC-unrestricted CLs,
providing a molecular explanation for its activating role in MHC-
unrestricted cytotoxicity.
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PBRM1 regulates ULBP expression in target cells

and promotes cytolytic granule secretion in
MHC-unrestricted CLs

We next characterized PBRM1, a subunit of the PBAF chromatin-
remodeling complex mutated in a large number of human cancers
(Figs. 2 and 5A) (31, 32, 54). To validate the functional role of
PBRM1 in TALL-104-mediated cytotoxicity, we deleted the PBRM1
gene in HAP1 cells using CRISPR-Cas9 (Fig. 5B). WT and PBRMI
KO HAPI cells were mixed and subjected to multiple rounds of
TALL-104 treatment in a competition assay. We observed that
PBRM1 KO cells were significantly enriched after three rounds of
TALL-104 treatment (Fig. 5, C and D). By contrast, the ratio of WT
and PBRM1 KO cells did not change significantly during passage in
the absence of TALL-104 selection (Fig. 5, C and D), confirming
that PBRM1 KO did not affect cell growth (32, 55). These results
demonstrate that deletion of the PBRM1 gene in target cells caused
resistance to TALL-104-mediated killing, validating the finding of
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our genetic screen. Next, we examined the sensitivity of the cells to
primary human NK cells. While WT HAP1 cells were efficiently
killed by NK cells, PBRM1 KO cells were substantially more resistant
to killing (Fig. 5E), confirming the critical role of PBRM1 in NK
cell-mediated cytotoxicity.

Next, we further examined how PBRM1 regulates the response
of tumor cells to killing. Since loss of MHC class I promotes killing
by MHC-unrestricted CLs (19), the resistance of PBRM1 KO cells to
killing could be due to up-regulation of MHC class I. However, we
observed that surface levels of MHC class I molecules were moderately
reduced in PBRM1 KO cells (fig. S11), indicating that the resistance
of the KO cells to killing was not caused by up-regulation of MHC
class I. Surface levels of TRAIL receptor and PVR were not signifi-
cantly reduced in the KO cells (Fig. 5F). Mutation of PBRM1 markedly
decreased surface expression of ULBPs in HAP1 cells (Fig. 5F). Thus,
like PIGP, PBRM1 broadly regulates surface expression of ULBPs in
target cells. The overall similarity of PIGP and PBRM1 KO pheno-
types prompted us to examine whether PBRMI regulates cytolytic
granule secretion. Using the flow cytometry-based degranulation
assay, we observed that HAP1-triggered externalization of LAMP1 in
TALL-104 cells was markedly reduced when PBRM1I was mutated
(Fig. 5G). Likewise, KO of PBRM1I diminished the ability of HAP1
cells to induce LAMP1 externalization in NK cells (Fig. 5H). Thus,
PBRM1 is required for triggering cytolytic granule secretion from
MHC-unrestricted CLs. We also tested other molecules of CLs in-
volved in target cell killing. We observed that target cell-induced
surface expression of TRAIL in TALL-104 cells was reduced when
PBRM1 was mutated in HAP1 cells (fig. S12). By contrast, target
cell-induced IFN-y release was not affected by PBRM1 KO in HAP1
cells (fig. S10). Together, these results demonstrate that PBRM1
regulates ULBP expression in tumor cells and promotes cytolytic
granule secretion from MHC-unrestricted CLs.

DISCUSSION

This work revealed a complex network of tumor-intrinsic factors
that positively or negatively regulate the response of tumor cells to
NK cells and other clinically significant MHC-unrestricted CLs.
Mutations of these factors either cause resistance or enhance sensi-
tivity to killing. The screens identified known genes involved in NK
cell-mediated killing such as ligands of NK cell receptors. Most of
the genes isolated in the screens, however, were not previously
linked to tumor killing. Notably, most of our hits including PBRM1
and GPI biosynthetic genes were not recovered in previous attempts to
genetically dissect NK cell-mediated killing (56-58), likely because
of the unique genetic screening platform used in this work. The advantages
of this platform include homogeneous populations of CLs with con-
sistent tumor-killing activities and a multiround selection procedure
that can identify genes with a wide range of KO phenotypes.

A large portion of the genes identified in the screens were mutated
in human cancers. Most of these genes do not regulate cell prolifer-
ation or response to T cell-mediated cytotoxicity, suggesting that
their mutations promote cancer progression by impairing NK cell-
mediated killing of tumor cells. These findings will be valuable for
personalized evaluation of cancer genomes and immunotherapeu-
tic strategies. An unexpected discovery of this study is that the genes
regulating tumor response to killing are fundamentally distinct be-
tween MHC-unrestricted and MHC-restricted CLs. While a subset
of our hits including the IFN-y receptor and CFLAR are also in-
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volved in T cell-mediated killing (33-35), the vast majority of the
genes identified in our screens are unique to tumor response to
MHC-unrestricted cytotoxicity. Likewise, most of the genes identi-
fied in previous T cell-based screens were not involved in tumor
response to killing by MHC-unrestricted CLs. Knowledge of tumor
responses to MHC-unrestricted CLs is integral to understanding how
tumor cells interact with the immune system and how they evade cancer
immunosurveillance to develop into metastatic malignancies.

A major group of genes identified in our screens encode enzymes
involved in the biosynthesis of the GPI anchor. We found that mu-
tation of GPI biosynthetic pathway abolishes the surface expression
of all ULBPs. This finding indicates that, although certain ULBPs
also have transmembrane domains besides the GPI anchor, the GPI
anchor is essential for their surface localization. Thus, manipulation
of the GPI biosynthetic pathway has the potential to simultaneously
target the entire ULBP family of proteins. It is possible that ULBP
deficiency fully accounts for the defects of activation and cytotoxic
functions of CLs caused by mutations of GPI biosynthesis. However,
since cells express nearly 200 GPI-APs (59), it remains possible that
additional GPI-APs other than ULBPs are also involved in tumor
cells’ response to killing.

An unexpected finding of this study is that PBRM1 plays oppo-
site roles in MHC-restricted and MHC-unrestricted tumor killing.
A tumor suppressor mutated in a number of tumors including
clear-cell renal cell carcinoma (31, 32, 35, 54), PBRMI negatively
regulates T cell-mediated tumor killing by modulating the expres-
sion of cytotoxic signaling molecules (32, 35). While this inhibitory
activity correlates well with the clinical benefits of PBRM1 mutations
in checkpoint therapies (32, 35), it cannot fully explain the tumor
suppressor role of PBRM1. Our findings suggest that PBRMI muta-
tions promote tumorigenesis by impairing NK cell-mediated clearance
of tumor cells. PBRM1 regulates surface expression of ULBPs, which
are NKG2D ligands. The overall KO phenotype of PBRM1 is remarkably
similar to that of PIGP, suggesting that PBRM1 may control the ex-
pression, maturation, or localization of a GPI biosynthetic gene(s)
rather than individual ULBPs. Further research using human samples
and mouse models will be needed to test this possibility.

Both the innate and adaptive immune systems are involved in
cancer immunosurveillance, and cancer arises when both systems fail
(7, 12). Given the complementary nature of MHC-restricted and
MHC-unrestricted CLs in tumor killing, it is conceivable that com-
binatorial therapies using both types of CLs would achieve the best
therapeutic outcomes. NK cells are capable of detecting and elimi-
nating tumor cells refractory to T cell-mediated cytotoxicity and
are particularly powerful in eradicating metastatic tumor cells and
cancer stem cells (11-13). To be effective, cancer immunotherapies
must overcome resistance to CL-mediated cytotoxicity. The large
number of tumor-intrinsic factors identified in this work provides a
rich source of potential targets to enhance and maintain the response
of tumor cells to endogenous NK cells or engineered NK cells and
NK-like cell lines in adoptive transfer therapies.

MATERIALS AND METHODS

Cell culture and reagents

HAP1 cells were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM) supplemented with 10% fetal bovine serum (FBS), 1-glutamine,
and penicillin/streptomycin. 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% FBS,
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L-glutamine, and penicillin/streptomycin. 786-O cells [American Type
Culture Collection (ATCC), no. CRL-1932] were cultured in RPMI
1640 supplemented with 10% FBS, r-glutamine, and penicillin/
streptomycin. NK-92 cells (ATCC, no. CRL-2407) were cultured
in minimum essential medium Eagle, alpha modification supplemented
with 12.5% FBS, 12.5% Donor Equine Serum, 2 mM 1-glutamine, 0.2 mM
myo-inositol (Acros Organics, no. 122261000), 0.1 mM 2-mercaptoethanol,
0.02mM folic acid (Acros Organics, no. 216630100), and recombinant
human interleukin-1 (IL-2) (100 U/ml) (PeproTech, no.200-02). TALL-104
cells (ATCC, no. CRL-11386) were cultured in IMDM supplemented
with 20% FBS, human albumin (2.5 ug/ml) (Sigma-Aldrich, no. A9731),
p-mannitol (0.5 pg/ml) (Acros Organics, no. 125345000), and re-
combinant human IL-2 (100 U/ml). Primary NK cells (ZenBio,
no. SER-PBCD56 + NK-F) were cultured in RPMI 1640 supplemented
with 10% FBS, L-glutamine, penicillin/streptomycin, sodium pyru-
vate, MEM nonessential amino acids, recombinant human IL-2
(100 U/ml), and recombinant human IL-15 (10 U/ml) (PeproTech,
no. 200-15). PBMCs (ZenBio, no. SER-PBMC-200) were cultured in RPMI
1640 supplemented with 10% FBS, 1-glutamine, penicillin/streptomycin,
sodium pyruvate, and MEM nonessential amino acids. Human ASCs
(ZenBio, no. ASC-F) were grown in DMEM/Ham’s F-12 (1:1) media
supplemented with 10% FBS and penicillin/streptomycin.

Generation of mutant HAP1 cell libraries

Mutant HAP1 libraries were produced using a previously described
procedure (28). Briefly, gene-trap retroviruses were generated by
transfecting six T175 flasks of 293T cells with a cocktail of plasmids
including pGT-GFPO, pGT-GFP1, pGT-GFP2, pAdVAntage
(Promega, no. E1711), pGAL, and pCMV-VSVG using TurboFectin
8.0 (OriGene, no. TF81001). The retroviruses were collected 40 hours
after transfection, and again 50 hours after transfection. The retro-
viruses were concentrated in a Beckman SW 28 rotor at 25,000 rpm
for 1.5 hours. Viral pellets were resuspended in 500 pl of phosphate-
buffered saline (PBS) overnight at 4°C. HAP1 cells (1.5 x 10%) were
spin-infected twice at 12-hour intervals with 1.5x viral concentrate
(by flask surface area) in the presence of protamine sulfate (8 ug/ml).
After mixture with virus, cells were plated in 12-well plates at 1.5 x 10°
cells per well and centrifuged at 900g for 1.5 hours at room tem-
perature in a Thermo Fisher Scientific Legend RT" centrifuge. The
multiplicity of infection was kept below 1.0 on the basis of green
fluorescent protein (GFP) fluorescence. The GPI-deficient library
used in the modifier screen was generated using the above protocol.
To produce a mutant library in GPI-AP-deficient HAP1 cells,
unaltered HAPI cells were spin-infected with lentiCRISPR virus
targeting PIGP (see the “Genome editing using CRISPR-Cas9” sec-
tion). Infected cells were stained for surface CD59 by incubation
with anti-CD59 (eBioscience, no. 17-0596) antibodies followed by in-
cubation with allophycocyanin (APC)-conjugated anti-mouse sec-
ondary antibodies (eBioscience, no. 17-4015) (see the “Flow cytometry
measurements” section). HAP1 cells with low cell size (forward
scatter) and lack of surface CD59 protein (APC) were collected by
fluorescence-activated cell sorting (MoFlo, Beckman Coulter) to
isolate a haploid GPI-AP deficient population. This population was
used to produce an additional gene-trap library as described above.

Genome-wide haploid genetic dissection of
TALL-104-mediated tumor killing

A HAP1 cell library consisting of ~1.5 x 10® mutagenized cells was
thawed and allowed to recover for 3 days. The cells were plated at a
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density of 5 x 10° cells per 100-mm plate. One population of 1.5 x 10° cells
was plated for selection, and another population of 1.5 x 10° cells
was plated for passage throughout the duration of the screen. HAP1
cells were incubated with approximately equal numbers of TALL-
104 cells in the presence of IL-2 (100 U/ml) and the following inhib-
itor cocktail: soluble TRAIL-R2-Fc chimera at a final concentration
of 20 ng/ml (R&D Systems, no. 631-T2-100), soluble TNFR1p55 at a
final concentration of 100 ng/ml (a gift of C. Edwards, University of
Colorado School of Medicine), soluble tumor necrosis factor receptor 1
(TNFR1)-Fc at a final concentration of 5 ng/ml (R&D Systems,
no. 372-RI-050), soluble Fas-Fc chimera at a final concentration
of 100 ng/ml (R&D Systems, no. 326-FS-050), and LEAF purified anti-
human Fas-L at a final concentration of 50 ng/ml (BioLegend,
no. 306409). This inhibitor cocktail was intended to partially inhibit
the fast-acting death-receptor killing pathways such that the slower
granzyme/perforin cytotoxic pathway could also be reflected in the
screen.

The killing and detachment of HAPI cells were periodically
examined until ~50% of the HAP1 cells detached from the plate,
which usually took 8 to 12 hours. After treatment, the HAP1 cells
were washed once with PBS to remove free TALL-104 cells, and
fresh media were added. After 24 hours, the HAP1 cells were disso-
ciated using Accutase (Innovative Cell Technologies, #AT 104),
counted, and replated at ~5 x 10° cells per 100-mm plate for the
next round of TALL-104 treatment on the following day. The un-
treated control cells were split, counted, and replated at a similar
total cell number and density as the TALL-104-treated HAP1 pop-
ulation. After four rounds of TALL-104 treatment, HAP1 cells were
expanded and 5 x 107 cells were used for genomic DNA extraction
and linear polymerase chain reaction (PCR) reactions. The modifi-
er screen using PIGP KO HAPI1 cells was completed using a similar
protocol as the primary screen, except that HAP1 cells were plated
at a density of ~4 x 10° cells per 100-mm plate and the ratio of
TALL-104 to HAPI cells was approximately 2:1 during treatment.

Deep sequencing of retroviral gene-trap insertions

Genomic DNA was extracted from HAP1 cells using a genomic DNA
purification kit (Thermo Fisher Scientific, no. K0721). Linear PCR was
performed using 2 ug of genomic DNA as template and the follow-
ing primer: [5'-Biotin-GGTCTCCAAATCTCGGTGGAAC-3'].
After 125 cycles of amplification, the linear PCR products were pu-
rified using biotin-binding Dynabeads (Thermo Fisher Scientific,
no. 11047). On-bead ligation of a 5'phosphorylated, 3’-ddC linker was
performed using CircLigase II (Epicentre, no. CL9021K). The product
was purified and used as a template for PCR to add Illumina adapter
sequences I (5-AATGATACGGCGACCACCGAGATCTGATG-
GTTCTCTAGCTTGCC-3") and II (5'-CAAGCAGAAGACG-
GCATACGA-3’). PCR products from 8 to 30 individual PCR reactions
were extracted from a 1% tris-acetate-EDTA-agarose gel, pooled
over a Qiagen Spin column (Qiagen, no. 28706), and sequenced in a
lane of the Illumina HiSeq 2000 using a custom primer recognizing
the 5’end of the LTR (5'-CTAGCTTGCCAAACCTACAGGTGG-
GGTCTTTCA-3').

Bioinformatic analysis of retroviral gene-trap insertions

FASTAQ files from Illumina sequencing were preprocessed to filter
duplicate reads using custom scripts. FASTQ files containing
unique sequences were aligned to the human genome (hg19) using
the Bowtie software v0.12.08 (60). The 50-base pair (bp) FASTQ
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sequences were trimmed from their 3’ ends to a length of 35 bp, and
were aligned in “—best mode” allowing one mismatch. Reads with
more than one genomic alignment were suppressed. Aligned sequences
were intersected with gene tables obtained from the University of
California, Santa Cruz Genome Browser (hgl9) containing either
exons or introns using BEDTools software v2.17.0 (61). Unique in-
sertions per gene were counted for exons and for introns. The total
numbers of unique sense and antisense insertions within introns
were counted for each gene. Fisher’s exact test was calculated using
previously published passage control data (28, 62). We developed
custom scripts in Python using NumPy, Pandas, SciPy, and
matplotlib modules for downstream data analysis, statistics, and
visualization. Heatmaps were generated by normalizing unique in-
sertion counts per gene using the quantile method in R. Normalized
values were used as input for heatmap.2 (package “gplots”) run in
R. Insertion plots were produced using the package “Gviz” in R
(www.r-project.org/). GSEA was performed using GSEA from the
Broad Institute (36).

Genome editing using CRISPR-Cas9

Guide sequences were designed according to previously published
protocols (63). Double-stranded oligonucleotides containing the guide
sequences were individually subcloned into pLentiCRISPR V2-puro
vectors as previously described (28, 64). The PIGP gene was mutated
using one guide, while the PBRM1 gene was mutated by simultaneous
introduction of two independent guide sequences. The following
guide sequences were used in this study. The protospacer adjacent
motifs are underlined: PIGP: 5'-TACAGTACTTTACCTCGT-
GTGGG-3'; PBRM1 exon 1: 5'-GAAACCACTTCATAATAGTCT-
GG-3'; PBRM1 exon4:5'-TTGCAAGCGGCTTTATATTCAGG-3'.

Flow cytometry measurements

Adherent cells were detached from culture plates using Accutase to
preserve surface antigens for flow cytometry measurements (64-66).
Cells were labeled using the indicated mouse monoclonal primary
antibodies and APC-conjugated anti-mouse secondary antibodies
(eBioscience, no. 17-4015) or Alexa Fluor 488-conjugated anti-mouse
immunoglobulin G2a secondary antibodies (Invitrogen, #A-21131).
Exceptions were phycoerythrin (PE)-conjugated anti-CD55 anti-
bodies (eBioscience, no. 12-0559-42), APC-conjugated anti-CD45
antibodies (eBioscience, no. 17-0459-42), APC-conjugated anti-HLA-
A/B/C antibodies (BioLegend, no. 311409), APC-conjugated anti-p2-
microglobulin antibodies (BioLegend, no. 395711), and eFluor 450-
conjugated anti-CD69 antibodies (eBioscience, no. 48-0699-41). The
following unconjugated primary antibodies were used in this study:
anti-CD3 antibodies (eBioscience, no. 14-0038-82), anti-CD56 anti-
bodies (eBioscience, no. 14-0567-82), anti-CD314/NKG2D antibodies
(BioLegend, no. 320802), anti-CD337/NKp30 antibodies (BioLegend,
no. 325202), anti-PrP antibodies (eBioscience, no. 14-9230), anti-CD59
antibodies (eBioscience, no. 17-0596), anti-CD261/TRAIL-R1 antibodies
(eBioscience, no. 14-6644-80), anti-CD262/TRAIL-R2 antibodies
(eBioscience, no. 14-9909-82), anti-CD155/PVR antibodies (BioLegend,
no. 337602), anti-ULBP1 antibodies (R&D Systems, no. MAB1380), anti-
ULBP2/5/6 antibodies (R&D Systems, no. MAB1298), anti-ULBP3
antibodies (R&D Systems, no. MAB1517), anti-LAMP1/CD107a
antibodies (eBioscience, no. 14-1079-80), and anti-CD253/TRAIL anti-
bodies (eBioscience, no. 16-9927-82). Flow cytometry data were
collected on the CyAn ADP Analyzer (Beckman Coulter). Data
from populations of approximately 10,000 cells were analyzed using
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FlowJo 10.1. All flow cytometry experiments were run in biological
triplicate to calculate statistical significance.

Immunoblotting

Cells were lysed in an SDS sample buffer, and the samples were
resolved on 8% bis-tris SDS-polyacrylamide gel electrophoresis.
PIGP and PBRM1 were detected using rabbit polyclonal anti-PIGP
antibodies (Sino Biological, #204171-T36) and rabbit polyclonal
anti-PBRM1/BAF180 antibodies (Bethyl Laboratories, no. A301-
591A-T), respectively, and horseradish peroxidase—conjugated anti-
rabbit secondary antibodies (Sigma-Aldrich, no. A6154). o-Tubulin
was probed using mouse monoclonal anti-o-tubulin antibodies
(eBioscience, no. 14-4502-82) and horseradish peroxidase—conjugated
anti-mouse secondary antibodies (Sigma-Aldrich, no. A6782).

TALL-104-mediated killing assay

WT and mutant target cells were mixed at a 1:1 ratio and plated in
six-well plates in six replicates at a density of 3.5 x 10° cells per well.
After 24 hours, TALL-104 cells were added to three replicates of
target cells at a 1:1 ratio. An additional three replicates were passage
controls. After 8 hours, the TALL-104 cells were removed by aspira-
tion and washing with PBS. Target cells attached to the plates were
allowed to recover overnight. Subsequently, target cells were col-
lected using Accutase digestion. Approximately half of the collected
target cells were plated for an additional round of TALL-104 treat-
ment, while the remaining cells were prepared for flow cytometry
measurements. Flow cytometry was used to measure the ratio of
WT to mutant target cells in each population.

Primary NK cell-mediated killing assay

Target cells were plated at ~10° cells per well in a 24-well plate. After
24 hours, primary human NK cells were stained with APC-conjugated
anti-CD45 antibodies and added to target cells at a 1:1 ratio in the
presence of IL-2, IL-15, and the inhibitor cocktail. After incubation,
both nonadherent and adherent cells were collected using Accutase
digestion. The cells were stained with propidium iodide and assayed
by flow cytometry.

CL degranulation assay

Target cells were plated at ~10° cells per well in a 24-well plate. After
24 hours, CLs (TALL-104 or NK cells) were added to the target cells
ata 1:1 ratio in the presence of IL-2 and the inhibitor cocktail. After
incubation for 4 hours, both nonadherent and adherent cells were
collected using Accutase digestion. The cells were stained with anti-
LAMP]1 antibodies (eBioscience, no. 14-1079-80) and PE-conjugated
anti-mouse secondary antibodies (BioLegend, no. 406608), as
well as APC-conjugated anti-CD45 antibodies (eBioscience, no. 17-
0459-42). Only CD45" CLs were included in the analysis (target cells
were CD457). CL degranulation was quantified as the fold change of
mean LAMPI1 protein surface staining normalized to a CL-only
control.

Measurement of TRAIL surface levels on CLs

Target cells were plated at ~10° cells per well in a 24-well plate. After
24 hours, CLs (TALL-104 or NK cells) were added to the target cells
at a 1:1 ratio in the presence of IL-2. After incubation for 24 hours,
both nonadherent and adherent cells were collected using Accutase
digestion. The cells were stained with anti-CD253/TRAIL antibodies
(eBioscience, no. 16-9927-82), PE-conjugated anti-mouse secondary
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antibodies, and APC-conjugated anti-CD45 antibodies. TRAIL sur-
face levels on CD45" CLs were quantified using flow cytometry.

Measurement of the CL activation marker CD69

Target cells were plated at ~10° cells per well in a 24-well plate. After
24 hours, CLs were added to the target cells at a 1:1 ratio in the presence
of IL-2 and the inhibitor cocktail. After incubation for 48 hours,
both nonadherent and adherent cells were collected using Accutase
digestion. The cells were stained with eFluor 450-conjugated anti-
CD69 antibodies (eBioscience, no. 48-0699-41) and APC-conjugated
anti-CD45 antibodies. Surface levels of CD69 in CD45" CLs were
quantified using flow cytometry.

Real-time quantitative reverse transcription PCR
Total RNAs were isolated using the RNeasy Mini Kit (Qiagen,
no. 74104), followed by treatment with ezDNAse (Thermo Fisher
Scientific, no. 18091150). First strand complementary DNA synthesis
was performed using a SuperScript IV kit (Thermo Fisher Scientific,
no. 18091050). Gene expression was determined by quantitative re-
verse transcription PCR on a Bio-Rad CFX384 Real-time PCR De-
tection System using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, no. 172-5272) with gene-specific primer sets. The cycle
threshold values of a candidate gene were normalized to those of
GAPDH, a reference gene, and the Acycle threshold values were cal-
culated. The results were plotted as fold changes relative to the WT
sample.

PCR primers for PBRM1 were as follows: CGGGTGTGAT-
GAACCAAGGA (forward) and

TTGGCTGCTGTATGACAGGG (reverse). PCR primers for
GAPDH were as follows: GACAGTCAGCCGCATCTTCT (forward)
and GCGCCCAATACGACCAAATC (reverse).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/48/eabc3243/DC1

View/request a protocol for this paper from Bio-protocol.
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