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Immune evasion is a significant contributor to tumor evolution,
and the immunoinhibitory axis PD-1/PD-L1 is a frequent mecha-
nism employed to escape tumor immune surveillance. To identify
cancer drivers involved in immune evasion, we performed a
CRISPR-Cas9 screen of tumor suppressor genes regulating the
basal and interferon (IFN)-inducible cell surface levels of PD-L1.
Multiple regulators of PD-L1 were identified, including IRF2,
ARID2, KMT2D, and AAMP. We also identified CTCF and the cohe-
sin complex proteins, known regulators of chromatin architecture
and transcription, among the most potent negative regulators of
PD-L1 cell surface expression. Additionally, loss of the cohesin sub-
unit RAD21 was shown to up-regulate PD-L2 and MHC-l surface
expression. PD-L1 and MHC-I suppression by cohesin were shown
to be conserved in mammary epithelial and myeloid cells. Compre-
hensive examination of the transcriptional effect of STAG2 defi-
ciency in epithelial and myeloid cells revealed an activation of
strong IFN and NF-xB expression signatures. Inhibition of JAK-
STAT or NF-xB pathways did not result in rescue of PD-L1 up-
regulation in RAD21-deficient cells, suggesting more complex or
combinatorial mechanisms at play. Discovery of the PD-L1 and IFN
up-regulation in cohesin-mutant cells expands our understanding
of the biology of cohesin-deficient cells as well as molecular regu-
lation of the PD-L1 molecule.
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ancer cells acquire genetic and epigenetic changes that pro-

mote escape from normal tissue homeostasis and enable
uncontrolled growth. In addition to impaired differentiation,
increased proliferation, and prosurvival properties, cancer cells
can acquire the ability to evade the immune system (1). Mecha-
nisms of immune evasion commonly acquired by cancer cells
include but are not limited to suppression of T-cell function
and infiltration, down-regulation of antigen presentation,
recruitment of immunosuppressive cell types, and release of
immunosuppressive cytokines (2). Detection of virally infected
and cancerous cells by CD8+ T cells occurs through the interac-
tion between the T-cell receptor and antigens presented on
MHC molecules on the surface of target cells. Antigen recogni-
tion leading to activation of CD8+ T cells is accompanied by
up-regulation of inhibitory receptors such as PD-1 (pro-
grammed death-1), which, when engaged by cognate ligands
such as PD-L1 (programmed death-ligand 1) on target cells,
prevents immune overreaction by limiting the activity of CD8+
T cells. In this way, inhibitory receptors, also known as check-
point molecules, prevent tissue damage and help maintain self-
tolerance (3, 4).

CD8+ T cells secrete type II interferon, interferon gamma
(IFN-y), and regulate antigen presentation as well as expression
of immunoinhibitory ligands. These opposing responses are
thought to have differential kinetics that allow an appropriate
modulation of response during infection. IFN-y is the most potent
PD-L1 inducer in the cancer microenvironment (5, 6). Activation
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of JAK-STAT signaling downstream of the IFN receptor IFNGR2
results in up-regulation of IRF1, which binds directly to the
PD-L1 promoter inducing its expression (6). IRF2 is a basally
expressed competitive repressor of IRF1, which negatively regu-
lates PD-L1 (7, 8). PD-L1 expression can also be induced by type
I interferons, IFN-a and IFN-B, albeit to a lesser degree (6). Can-
cer cells exploit this off switch by up-regulating expression of
immunoinhibitory molecules such as PD-L1 and PD-L2. Expres-
sion of PD-L1 on cancer cells and immune infiltrates drives
immune escape in a context-dependent manner (9-11). PD-L1/
PD-1 checkpoint blockade has been shown to be a highly effective
treatment strategy in a specific subset of tumor types, and PD-L1
levels and presence of immune infiltrates act as predictors of
response to PD-L1/PD-1 checkpoint blockade therapies in certain
contexts (12, 13).

Understanding how cancers activate immune evasion could
provide additional insights into new therapeutic strategies to
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circumvent cancer-mediated immune evasion along with bio-
markers that could aid application of those therapeutic strategies.
Some of the mechanisms by which tumor cells may activate
immune evasion are likely driven by cancer driver mutations
themselves. Here, we perform an unbiased CRISPR-Cas9 screen
of basal and inducible PD-L1 expression levels using human
mammary epithelial cells (HMECs) with a curated single-guide
(sgRNA) library targeting 500 tumor suppressor genes. We iden-
tify the cohesin complex-related components and CTCE, known
regulators of three-dimensional chromatin organization and gene
expression, as negative regulators of PD-L1 cell surface expres-
sion. Our comprehensive analysis of gene expression changes
induced by deficiency of the cohesin subunit STAG2 reveals an
induction of strong IFN and NF-kB responses. Our findings thus
have significant implications for understanding genetic regulators
of PD-L1 expression as well as biology of cohesin-mutant cells.

Results

Genetic Screen Identifies Subunits of the Cohesin Complex and
CTCF as Strong Negative Regulators of PD-L1. Given the role of
the immune system in shaping cancer evolution, we hypothe-
sized that mutations in a subset of frequently mutated cancer
drivers would promote immune evasion. Therefore, to identify
regulators of basal and IFN-y-inducible PD-L1 expression in
cancer, we performed a CRISPR-Cas9 genetic screen utilizing a
tumor suppressor gene (TSG) sgRNA library. This library con-
tains 10 sgRNAs targeting each of the top 500 genes whose
mutational patterns in tumors are suggestive of a possible role
as a TSG by the Tumor Suppressor and Oncogene Explorer
(TUSON) algorithm (14). We used HMECs expressing hTERT,
given their high basal level of PD-L1 expression inducible by
IFN-y treatment (SI Appendix, Fig. S14) in our screen. HMECs
infected with the TSG CRISPR library were stained with an
anti-PD-L1 antibody and sorted into three bins based on
PD-L1 expression (PD-L1 low [bottom 7%], PD-L1 middle,
and PD-L1 high [top 7%]) (Fig. 1 A and B). To identify regula-
tors of inducible IFN-y expression, we also performed the
screen in the presence of IFN-y, where we treated HMECs
infected with the TSG library with IFN-y for 24 h (Fig. 1C). We
hypothesized that sgRNAs targeting negative regulators of
PD-L1 expression, such as IRF2, would be enriched in the
PD-L1 high-expressing cells while sgRNAs targeting positive
regulators of PD-L1 expression, such as components of the
JAK-STAT pathway, would be enriched in the PD-L1 low-
expressing cells.

We identified known positive and negative regulators of
PD-L1 basal and inducible cell surface expression. Components
of the JAK-STAT signaling pathway present in the TSG library,
including the IFN-y receptor IFNGR2 and JAK1 kinase, were
depleted in the PD-L1 high bin compared to the PD-L1 middle
bin only in the presence of exogenous IFN-y (Fig. 1 B and C).
We also identified that IRF2 is the most potent suppressor of
PD-L1 in the TSG library in both the presence and absence of
IFN-y (Fig. 1 B and C). Moreover, IRF2BP2, a negative regula-
tor of IRF2, was found to positively regulate PD-L1 expression
(Fig. 1 B and C). The screen thus revealed components of the
IFN-y signaling pathway and known regulators of PD-L1 down-
stream of IFN-y signaling as the most significant regulators of
basal and inducible PD-L1 cell surface expression, as previously
reported. Several previously unknown negative regulators of
PD-L1 expression were identified, including the extracellular
protein AAMP, subunit of the PBAF chromatin remodeling
complex ARID2, and histone methyltransferase KMT2D (Fig.
1B and C).

Among the previously unappreciated genes scoring in this
screen were all three cohesin complex-related proteins present
in the TSG library, including the cohesin ring subunits STAG2
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and RAD?21 and the cohesin-loading protein NIPBL, as well as
CTCEF, which marks the boundaries of cohesin-mediated loop
extrusion. The cohesin ring is a multimeric protein complex
formed by SMC3, SMC1, RAD21, and the partially redundant
STAG2 and STAG1 proteins that play several essential cellular
functions, including sister chromatid cohesion, chromatin orga-
nization, transcriptional regulation, and DNA damage repair
(15, 16). NIPBL and MAU?2 are components of the cohesin-
loading complex necessary for cohesin loading onto DNA (15).
Mutations in cohesin ring subunits and modulators have been
found to be recurrent genetic drivers across multiple cancer
types, including myeloid malignancies and breast cancer (17).

Cohesin and CTCEF genes all behaved as potent negative reg-
ulators of PD-L1 surface levels in the presence and absence of
IFN-y (Fig. 1 B-E and SI Appendix, Fig. S1B). RAD21, NIPBL,
STAG?2, and CTCEF all scored among top 15 hits in the presence
of IFN-y (Fig. 1 B and C). As RAD21, NIPBL, and CTCF are
essential genes, hypomorphic alleles of these genes were likely
generated by CRISPR. This is consistent with the fact that
cohesin subunits in tumors are generally heterozygous pre-
dicted loss-of-function mutations exhibiting haploinsufficiency,
except for STAG2, which is an X-linked gene and has a partially
redundant paralog STAG! (17, 18). Altogether, our CRISPR-
Cas9 screen of basal and inducible regulators of PD-L1 cell sur-
face expression utilizing a TSG library has identified multiple
TSGs which regulate PD-L1 cell surface expression. Interest-
ingly, we identify an unexpected role of CTCF and the cohesin
complex proteins as some of the most significant suppressors of
PD-L1 cell surface expression.

Loss of the Cohesin Subunits and CTCF Results in Up-regulation of
PD-L1 Cell Surface Expression. To validate negative regulation of
PD-L1 by the components of the cohesin ring and CTCE, we
generated loss-of-function mutations of individual cohesin ring
subunits STAG2 and RAD21, as well as CTCF, using CRISPR-
Cas9 in HMEC cells. Efficacy of CRISPR-Cas9-mediated
reduction of CTCE, RAD21, and STAG2 protein levels was
confirmed via Western blot analysis (SI Appendix, Fig. S24).
Mutation of STAG2, RAD2I, and CTCF resulted in
up-regulation of PD-L1 surface expression relative to the nega-
tive control sgRNA targeting the AAVS1 locus (Fig. 24). Since
CTCF and RAD?2I are essential genes, we also utilized short
interfering RNA (siRNA)-mediated depletion to transiently
deplete CTCF, STAG2, and RAD2I messenger RNA (mRNA).
siRNA-mediated depletion of RAD21, STAG2, and CTCF reca-
pitulated the findings of CRISPR-mediated knockout (KO) in
HMEC:s (Fig. 2 B-E and SI Appendix, Fig. S2 B and C). The
increase in PD-L1 cell surface expression in cohesin-depleted
cells was accompanied by PD-L1 protein up-regulation (Fig.
2G). CTCF depletion had a weaker PD-L1 up-regulation phe-
notype than STAG2 or RAD2I depletion in both CRISPR-
Cas9-mediated mutation and siRNA-mediated depletion
experiments, suggesting that the cohesin ring may play a more
important role in PD-L1 regulation than CTCE.

The STAG?2 subunit of the cohesin complex is the most fre-
quently mutated subunit of cohesin, while mutations in its
paralog, STAG1, are not frequently found in cancer (17, 18).
STAG1- and STAG2-bound cohesin have many overlapping
functions including sister chromatid cohesion and a few distinct
roles (16, 19). We were thus interested in whether STAG2 and
STAGI1 share the function of suppressing PD-L1 expression.
Interestingly, STAG! deficiency did not result in up-regulation
of PD-L1 (Fig. 2F). PD-L1 up-regulation by STAG?2 deficiency,
but not STAG1 deficiency, suggests that PD-L1 suppression is a
selective function of STAG2-bound cohesin in these cells.

To determine whether this regulatory circuit is conserved in
other tissue types, we next examined different models of myeloid
malignancies in which cohesin mutations are common genetic
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Fig. 1.

log2 fold change PD-L1 high vs. middle

CRISPR-Cas9 screen of basal and inducible regulators of PD-L1 cell surface expression. (A) Graphical representation of the FACS-based PD-L1 screen

with the TSG CRISPR-Cas9 library. (B and C) Log2 fold-changes (log2FC) and —log10(P values) for the top 25 genes with the lowest P value enriched in the
high (top 7%) versus middle PD-L1 sort (middle ~80%) in the presence and absence of IFN-y. Volcano plots of the CRISPR-Cas9 screen of PD-L1 negative
regulators in the absence and presence of IFN-y. Log2FC and P values calculated with MAGeCK of high- versus middle-bin HMECs infected with TSG
CRISPR-Cas9 library. Cohesin and CTCF genes are depicted in red, and IFN pathway genes are depicted in blue. (D) Diagram of the components of the
cohesin complex and CTCF DNA-binding proteins, which were present in the TSG library (red) and scored in the FACS-based CRISPR-Cas9 screen. Created
with BioRender. (E) Frequency histograms of enrichment or depletion (log2 fold-change PD-L1 sort high versus middle) of all sgRNAs in gray, IFN-y path-

way sgRNAs in blue, and cohesin and CTCF pathway sgRNAs in red.

drivers of transformation (20). Mutations in the components
of the cohesin complex and its modulators occur in ~13% of
patients with de novo acute myeloid leukemia (AML) and 20% of
patients with high-risk myelodysplastic syndromes (MDS) and sec-
ondary AML (17-22). We examined the levels of PD-L1 expres-
sion in two different AML cell lines that were engineered with
CRISPR-Cas9 technology with heterozygous mutations in SMC3
and RAD2I and homozygous mutations in STAG2 (SI Appendix,
Fig. S2 D and E) (19). Unlike HMECs, which have a relatively
high basal level of PD-L1 expression, U937 and K562 cell lines
express PD-L1 at very low basal levels. However, treatment with
IFN-y resulted in significant up-regulation of PD-L1 expression of
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both cell lines (Fig. 2 H and I and SI Appendix, Fig. S2 F and G).
Similar to what we observed in HMECsS, loss-of-function muta-
tions in STAG2 and SMC3 led to up-regulation of PD-L1 cell sur-
face expression in the absence and presence of IFN-y treatment
in AML cell lines (Fig. 2 H and I and SI Appendix, Fig. S2 F and
G). Next, we explored the effects of cohesin mutations in addi-
tional cell line models. Analysis of a published whole-genome
CRISPR screen that identified regulators of PD-L1 cell surface
expression in human near-haploid HAP1 cells (23) revealed that
cohesin components STAG2 and RAD21 and cohesin-loading
complex components NIPBL and MAU?2 scored among the most
potent negative regulators of PD-L1 expression (SI Appendix, Fig.
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Fig. 2. CTCF and cohesin suppress PD-L1 expression levels. (A) FACS analysis of PD-L1 cell surface expression after CRISPR-Cas9 mutation of CTCF, STAG2,
and RAD21 in HMECs compared to cells treated with targeting sgAAVS1 sgRNA control (sgCtrl). (B) Western blot demonstrating successful generation of
RAD21-depleted HMECs using four different siRNAs compared to cells infected with negative control scrambled siRNA and no siRNA control. (C) FACS
analysis of PD-L1 expression in control and RAD21 siRNA-depleted HMECs cultured in the presence and absence of 20 ng/mL IFN-y for 24 h prior to FACS
analysis. (D) MFI of PD-L1 staining in siRAD21-treated HMECs from three biological replicates. One-way ANOVA with Dunnett’s correction was used to cal-
culate differences between means (****P value < 0.0001) of each group and no siRNA control for each condition (untreated, +IFN-y). Data are repre-
sented as the means + SD. (E) FACS analysis of cell surface PD-L1 expression in control and STAG2 siRNA-depleted HMEGCs. (F) FACS analysis of cell
surface PD-L1 expression in control and STAG7 siRNA-depleted HMECs. (G) Western blot analysis of RAD21, PD-L1, and GAPDH protein expression in con-
trol and RAD21 siRNA-depleted HMECs in the presence and absence of 20 ng/mL IFN-y. (H) FACS analysis of PD-L1 cell surface expression in WT, STAG2-
mutant (STAG2 KO1-1,2,3, STAG2 KO2-1,2) and SMC3 heterozygous (SMC3-het) U937 cells cultured in the presence or absence of 2,000 IU/mL IFN-y for 72
h. (/) MFI of PD-L1 staining in STAG2-mutant, SMC3-het, and WT control cells quantified from replicates shown in H. Kruskal-Wallis H test (P = 0.013) with
post hoc analysis was used to determine significance between groups.
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S2H). Mutation of STAG! did not influence PD-L1 expression in
this screen, which is consistent with our results for STAGI deple-
tion in HMECs (Fig. 2F). Altogether, these data suggest that the
STAG2—cohesin complex acts as a negative regulator of basal and
inducible PD-L1 expression in different tissue types.

Loss-of-Function Cohesin Mutations Result in Up-regulation of IFN
Response Gene Signatures in Breast and Myeloid Cells. To compre-
hensively examine the transcriptional response to loss of cohesin
proteins, we performed RNA-sequencing (RNA-seq) analysis on
wild-type (WT) and STAG2-mutant U937 and STAG2 siRNA-
depleted HMECs. Hundreds of differentially expressed genes
were identified (Fig. 34). Gene set enrichment analysis (GSEA)
of the Hallmark gene sets revealed multiple up-regulated path-
ways in both cell lines (Fig. 3B). Several Hallmark gene sets
involved in immune-related functions were identified (Fig. 3B).
IFN-a and IFN-y signatures were the top two most significantly
enriched gene sets in both cell types (Fig. 3 B—F and SI Appendix,
Fig. S3 A and B). Several components of the IFN-signaling path-
way, IFN response factors (IRFs), and IFN-stimulated genes
(ISGs) were found to be up-regulated in STAG2-deficient
HMECs and STAG2-mutant U937 cells (Fig. 3D). Several ISGs
were found to be shared between STAG2-deficient epithelial and
myeloid cells, but there were also tissue-specific differences in
IRF utilization and ISG induction (Fig. 3F).

PD-L1 was found to be transcriptionally up-regulated in the
RNA-seq analysis of STAG2-deficient HMECs (Fig. 3G), sug-
gesting that PD-L1 up-regulation in cohesin-deficient cells is at
least partially transcriptional. Although the levels of PD-L1
expression in IFN-y—untreated U937 cells are very low, loss of
STAG?2 resulted in transcriptional PD-L1 up-regulation (Fig.
3H). Similarly, PD-L1 mRNA levels are up-regulated in
RAD2I-depleted HMECs (SI Appendix, Fig. S3C). These
results suggest that PD-L1 is regulated by cohesin deficiency in
at least a partially transcriptional manner. The degree of tran-
scriptional up-regulation of PD-L1 likely does not account for
the total protein-level and cell surface-level up-regulation, and
we suspect that there are other nontranscriptional mechanisms
of PD-L1 up-regulation in cohesin-deficient cells.

Up-regulation of ISGs has many protective roles against
pathogens and tumorigenesis. One of the key roles of IFN stim-
ulation is up-regulation of class I histocompatibility gene
(MHC-I) expression to enhance antigen presentation and T-cell
killing of target cells. We were therefore interested to see if
cohesin-mutant cells up-regulate MHC-I. HLA genes were
found to be transcriptionally up-regulated in RNA-seq of
STAG2-deficient HMEC and STAG2-mutant U937 cells (Fig.
37). We examined cell surface levels of MHC-I in U937 and
K562 AML cells in the presence and absence of IFN-y in WT,
SCM3, or STAG2-mutant cells. While we observed mild effects
of cohesin mutations on basal MHC-I expression, there was a
significant increase of MHC-I expression in cohesin-mutant
cells in the presence of IFN-y (Fig. 3 J and K and SI Appendix,
Fig. S3 D and E). We similarly observed MHC-I up-regulation
in RAD21-depleted HMECs (SI Appendix, Fig. S3F). Further-
more, loss of RAD21 and STAG2 in the presence of IFN-y led
to increased expression of PD-L2, a second immunoinhibitory
ligand of PD-1 (SI Appendix, Fig. S3G). We thus identified
up-regulation of the IFN-a signaling pathway in cohesin-
mutant cell lines as well as up-regulation of several key targets
of IFN signaling, including PD-L1, MHC-I, and PD-L2.

STAG2-Deficient Cells Activate JAK-STAT and NF-xB Pathways,
Which Do Not Contribute to PD-L1 Up-regulation. We next
explored possible regulators of transcriptional activation of
immune genes in cohesin-deficient cells. RNA-seq analysis in
STAG2-deficient cells revealed activation of the hallmark
NF-kB transcriptional targets (Fig. 3B). This was corroborated
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by activation of the NF-kB pathway as assessed by p65 phos-
phorylation and activation of the NF-kB luciferase reporter
(consisting of a minimal promoter containing five NF-kB bind-
ing motifs upstream from firefly luciferase) in RAD2I-
siRNA-depleted HMECs (Fig. 4 A and B) as well as STAG2-
and SMC3-mutant U937 cells (Fig. 4D). NF-xB pathway activa-
tion has been reported to result in transcriptional and post-
translational PD-L1 up-regulation in several cell types (24, 25).
To determine if the NF-«xB pathway is required for PD-L1 up-
regulation in response to cohesin deficiency, we inhibited the
pathway by expressing the mutant “superrepressor” IkBa allele in
HMECG:. The IxBa superrepressor harbors two amino acid substi-
tutions (S32A/S36A), which prevent its phosphorylation and deg-
radation and thus inhibit nuclear translocation of NF-kB. We con-
firmed that expression of the mutant IxkBa superrepressor
prevented nuclear translocation of NF-kB upon TNF-« treatment
(81 Appendix, Fig. S44). However, mutant IxkBa did not suppress
PD-L1 up-regulation in R4D2]-deficient HMECs (Fig. 4C), sug-
gesting that activation of the NF-kB pathway in RAD21-deficient
HMECG:s does not contribute to PD-L1 up-regulation.

We next examined the role of the JAK-STAT signaling pathway
in activating IFN-stimulated gene expression. Cohesin-mutant
AML cells significantly up-regulate p-STAT1 levels, consistent
with activation of the JAK-STAT pathway (Fig. 4D). We con-
firmed protein up-regulation of several IFN-inducible factors
including IRF7 and ISG15 in STAG2- and SMC3-mutant U937
cells (Fig. 4D). RNA-seq analysis revealed increased transcrip-
tional levels of IFN-f transcripts in STAG2-mutant U937 cells, a
potential source for the activation of JAK-STAT signaling (S/
Appendix, Fig. S4B). Additionally, we utilized an interferon-
stimulated response element (ISRE) luciferase reporter, consist-
ing of a minimal promoter with five ISRE motifs upstream of the
luciferase gene, to measure activation of interferon response fac-
tors in HMECs (Fig. 4E). ISRE motifs are recognized by inter-
feron response factors whose transcription is induced by activation
of JAK-STAT signaling downstream of the IFN receptor. We
detected increased reporter activity in RAD21-deficient HMECs
stably expressing the ISRE luciferase reporter, confirming activa-
tion of IRFs in cohesin-deficient HMECs (Fig. 4E).

Type I and type II IFNs and downstream activation of JAK-
STAT signaling are known positive regulators of PD-L1 expres-
sion. To test whether activation of JAK-STAT signaling is
responsible for PD-L1 up-regulation in STAG2-deficient cells,
we treated RAD21-depleted cells with the JAK inhibitor ruxoli-
tinib. Treatment with ruxolitinib suppressed induction of
PD-L1 expression in the presence of IFN-y, but it did not pre-
vent PD-L1 up-regulation in R4D2I-deficient HMECs (Fig.
4F). These data suggest that activation of JAK-STAT signaling
does not drive up-regulation of PD-L1 expression in RAD2I-
deficient HMECs. Consistent with this observation, we did not
observe up-regulation of the key downstream PD-L1 regulator
IRF1 (6) or IRF8 in cohesin-deficient HMECs or cohesin-
mutant AML cells (SI Appendix, Fig. S4C). We suspect that the
failure to induce IRF1 might explain why strong IFN response
does not seem to contribute to PD-L1 up-regulation across our
cohesin-deficient AML and HMEC models.

Altogether, our data demonstrate strong activation of JAK-
STAT and NF-xB signaling in STAG2-deficient and RAD2I-
deficient breast epithelial and myeloid cell lines. Intriguingly,
inhibition of the JAK/STAT or NF-kB pathways does not rescue
PD-L1 up-regulation in RAD21-deficient cells, suggesting that
PD-L1 induction might be independent of IFN and NF-«B acti-
vation in the context of RAD21 deficiency.

Discussion

In this study, we performed a CRISPR-Cas9 screen with a curated
sgRNA library targeting tumor suppressor genes to identify
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Fig. 3. Cohesin deficiency results in up-regulation of IFN transcriptional signature. (A) Volcano plots of the RNA-seq analysis in STAG2 siRNA-depleted
and control HMEGs, and STAG2-mutant and WT U937 cells. Log2FC and P values calculated with DESeq2. Down-regulated and up-regulated genes (abso-
lute value of log2FC > 1 and P value < 0.05) depicted in purple. (B) GSEA hallmark gene sets enriched or depleted in the RNA-seq analysis of STAG2-
mutant and WT control U937 cells and control and siSTAG2-treated HMECs (FDR < 0.05). Immune-related pathways are highlighted in red. (C) Top two
enriched GSEA hallmark gene sets in the RNA-seq analysis of STAG2-mutant and WT control U937 cells showing up-regulation of IFN-a and IFN-y pathway
in STAG2-mutant cells. (D) Heatmap of gene expression (TPM values in purple and log2FC values in red-blue) for genes in the IFN-a expression signature
with absolute value of log2FC >1 between the STAG2-mutant and WT U937 control cells. Log2FC changes in siSTAG2 HMECs compared to controls
depicted in green-pink. (E) Gene expression [Average Log2(TPM)] of STAG2-mutant and WT control cells with genes present in IFN-a gene set highlighted
in red and all other genes colored in gray. (F) Overlap between the genes in the IFN-a hallmark gene set enriched in the RNA-seq analysis of STAG2-
mutant U937 and STAG2-deficient HMECs (log2FC > 0.2 and P value < 0.05). (G) TPM values of PD-L1 in RNA-seq analysis of STAG2-deficient and control
HMEGs. Student’s t test was used to calculate differences between means. (H) TPM values of PD-L1 in RNA-seq analysis of STAG2-mutant and control
U937 cells. Student’s t test was used to calculate differences between means. (/) Heatmap showing the log2FC of mRNA expression levels of HLA genes in
STAG2-mutant U937 and STAG2 HMECs determined by RNA-seq analysis. (J) Flow cytometry analysis of MHC-I expression in WT, STAG2-mutant (STAG2
KO1-1,2,3, STAG2 KO2-1,2), and SMC3-heterozygous (SMC3-het) U937 cells in the presence and absence of IFN-y treatment (2,000 IU/mL for 72 h). Staining
with the isotype antibody shown as a control. (K) Quantification of MFI of MHC-I expression in J. Kruskal-Wallis H test (P = 0.016) with post hoc analysis
was used to determine significance between groups.
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Fig. 4. Cohesin mutations result in activation of JAK-STAT signaling and NF-xB. (A) Western blot analysis of p-p65, p65, and GAPDH loading control in siRAD21
or control HMECs. (B) Firefly luciferase quantification of NF-kB luciferase reporter normalized to Renilla luciferase in control and siRAD21-treated HMECs. One-
way ANOVA with Dunnett’s correction analysis was used to calculate differences between means of each group and no siRNA control. (C) FACS analysis of
PD-L1 cell surface levels in IxBa superrepressor mutant-expressing cells or IkBa WT-expressing HMECs treated with siRAD21 or control siRNA. (D) Western blot
analysis of components of the NF-kB (p-p65 and total p65) and IFN response (p-STAT1, STAT1, IRF7, and ISG15) pathways in STAG2-mutant and SMC3-
heterozygous U937 cells. () Firefly luciferase quantification of ISRE luciferase reporter normalized to Renilla luciferase in control and siRAD21-treated HMECs.
One-way ANOVA with Dunnett’s correction analysis was used to calculate differences between means of each group and no siRNA control. (F) FACS analysis of
PD-L1 cell surface levels in control or siRAD21-treated HMECs treated with JAK; (0.5 uM for 48 h), IFN-y (20 ng/mL for 24 h), or combination of JAK; and IFN-y

treatment. MFI of PD-L1 surface staining is plotted on the y-axis. Data are represented as the means + SD in all panels.

negative regulators of PD-L1 expression. Unexpectedly, we identi-
fied CTCF and multiple cohesin genes, STAG2, RAD21, and
NIPBL, as the top negative regulators of IFN-y—inducible PD-L1
up-regulation within the library of the 500 most frequently
mutated tumor suppressor genes. STAG2 deficiency was previ-
ously reported to up-regulate PD-L1 levels in U20S cells (26),
although whether this was due to its role in cohesion or a distinct
function of STAG2 had not been clear. Here, we identify addi-
tional subunits of the cohesin complex and CTCF as negative reg-
ulators of PD-L1 through unbiased screening and strongly impli-
cate the cohesin complex in regulating PD-L1 expression levels.
PD-L1 regulation by the cohesin complex is at least in part
transcriptional. The ability of the cohesin ring to extrude
loops of DNA has been found to play an important role in
shaping the three-dimensional organization of the genome
(27, 28). The cohesin complex and CTCF play an essential
role in the generation and maintenance of topologically asso-
ciated domains that regulate gene expression by facilitating
pairing between promoters and their cognate enhancers (15,
29). CTCF has no known role in sister chromatid cohesion
but phenocopies regulation of PD-L1 expression by cohesin,
which suggests that their shared roles in chromatin organiza-
tion and regulation of gene expression likely affect PD-L1
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regulation. It remains to be elucidated whether cohesin and
CTCEF loss directly impacts the transcriptional regulation of
PD-L1 locus or whether it has an indirect effect on transcrip-
tion of a PD-L1 regulator.

Deficiency of individual cohesin ring subunits has previously
been reported to up-regulate or down-regulate IFN signaling in
different cellular models (30, 31).We comprehensively analyzed
the transcriptional impact of STAG?2 deficiency in primary breast
and myeloid cancer cell lines and detected up-regulation of type
I IFN response genes. However, several canonical IFN response
genes were instead found to be down-regulated by cohesin defi-
ciency despite a strong activation of IFN signature. These down-
regulated factors include IRFS8 and IRF1, key positive regulators
of IFN-inducible transcriptional programs. Down-regulation of a
number of IFN response genes could perhaps be explained by
the previously reported necessity of the cohesin complex for
transcriptional activation of certain IFN-inducible genes.
Recently, loss of Rad21 in primary mouse macrophages was
shown to lead to rapid transcriptional down-regulation of IFN
response genes, suggesting a necessity for the cohesin complex
for the transcriptional activation of certain subsets of ISGs (31).
Based on these observations, we hypothesize that cohesin defi-
ciency results in IFN response induction in epithelial and
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myeloid human cell lines, but the necessity of the cohesin com-
plex for transcriptional up-regulation of certain IFN response
genes, such as IRF1 and IRFS, results in their down-regulation.
We speculate that this might result in a “noncanonical” IFN
response phenotype with unique consequences on the tumor
microenvironment of cohesin-deficient cells.

Recurrent somatic mutations in genes encoding cohesin subu-
nits and modulators have been identified across a wide spectrum
of human malignancies, and STAG?2 is one of only a dozen
human genes found to be significantly mutated in four or more
distinct cancer types (32). Our previous analysis of mutations in
PanCancer The Cancer Genome Atlas (TCGA) datasets revealed
that there is a strong selective pressure for loss-of-function muta-
tions in CTCF and STAG?2 (14). CTCF ranked as the 20th, and
STAG?2 as the 29th, most potent TSG based on distortion of the
mutational signature toward loss-of-function mutations. In sup-
port of our observations that CTCF and cohesin play roles in reg-
ulating immune-related phenotypes, we have recently identified
CTCF as one of the most potent regulators of immune evasion in
both triple-negative breast cancer and colon cancer cell lines
using in vivo CRISPR screening in WT and immunodeficient
mice (33). Future studies will be needed to confirm the role of
loss of CTCF and cohesin components in cancer immune evasion
in vivo, but we speculate that up-regulation of JAK-STAT signal-
ing, NF-kB pathway, and PD-L1 expression will play a key role.
While these mechanisms remain to be elucidated, the discovery
of the PD-L1 and IFN up-regulation in cohesin-mutant cells
expands our understanding of transcriptional regulation of
PD-L1 as well as the biology of cohesin-deficient cells, both of
which may have important implications for our understanding
of biology and treatment of cohesin-deficient tumors.

Materials and Methods

Cell Lines. HMECs (Lonza catalog no. CC-2551) were immortalized with hTERT
as previously reported and were maintained in HUMEC media (Thermo Fisher
Scientific). The 293T cells were maintained in Dulbecco's Modified Eagle's
Medium (DMEM) (Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS) (HyClone), 100 units/mL penicillin, and 0.1 mg/mL strepto-
mycin (Invitrogen, Thermo Fisher Scientific).

U937 cells were obtained from ATCC. STAG2- and SMC3-mutant U937 sin-
gle cell-derived clones were generated as previously reported (19). Genotypes
of STAG2- and SMC3-mutant U937 single cell-derived clones are available in S/
Appendix, Table S1. The cells were grown in Roswell Park Memorial Institute
(RPMI) Medium (Invitrogen, Thermo Fisher Scientific) supplemented with 10%
fetal calf serum (MilliporeSigma), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (Invitrogen, Thermo Fisher Scientific).

CRISPR-Cas9 Screen of Regulators of PD-L1 Cell Surface Expression. A library
of ~5,000 sgRNAs targeting the top 500 TSGs with 3,000 sgRNA controls was
designed as previously described (35). Cells were transduced with lentivirus
containing the CRISPR TSG library in duplicate at multiplicity of infection (MOI)
of 0.2 and representation of 1,000 cellular integrations per sgRNA. After selec-
tion in 3 pg/mL puromycin for 3 d and expansion for 2 d, cells were treated
with 10 ng/mL IFN-y (Invitrogen no. PHC4031) or phosphate buffered saline
(PBS) for 24 h, followed by an additional treatment with 10 ng/mL IFN-y or PBS
1 h prior to harvesting cells. Cells were then stained with an allophycocyanin
(APC)-conjugated CD274 monoclonal antibody (eBioscience, clone MIH1) at
final concentration of 1.5 pg/million cells, fixed with BD Cytofix Fixation Buffer
(Fisher catalog no. 554655), subjected to fluorescence activated cell sorting
(FACS) at FACSAria Flow Cytometer (BD Biosciences), and pelleted for analysis.
Gates were set so that the PD-L1"9" and PD-L1"°" populations received ~7% of
stained cells each. For the PD-L1 + IFN-y screen, four populations were col-
lected from sorting: PD-L1"9", PD-L1™e, PD-L1'°%, and PD-L1"*V'°%, Gates were
again set so that the PD-L1"9" and PD-L1'"°" populations received ~7% of
stained cells each. The PD-L1'¥'*" contained ~3% of cells and was excluded
from further analysis.

Analysis of Screen Results. Genomic DNA was isolated from cell pellets by
four rounds of phenol:chloroform extraction using Phaselock tubes (5 PRIME)
and three rounds of chloroform extraction. A total of 25 pg/mL Rnase A (Qia-
gen catalog no. 19101) was added and incubated for 4 h at 37°C. DNA was
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ethanol precipitated, recovered by centrifugation, washed three times with
70% ethanol, and resuspended in 10 mM Tris-Cl pH 8.5.

sgRNA barcode sequences were PCR amplified from resuspended genomic
DNA and adapted for Illumina NextSeq500 sequencing. Reads were aligned to
the reference library using Bowtie (36). CRISPR read counts were analyzed by
Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK) to
calculate gene rank lists, P values, and false discovery rates (FDRs) for each gene
(37). Results of MAGeCK analysis of the high versus middle bin in the PD-L1-IFN-
y screen are available in Dataset S1. Results of MAGeCK analysis of the high
versus middle bin in the presence of IFN-y screen are available in Dataset S2.

Plasmid Construction. sgRNAs targeting human CTCF, STAG2, and RAD21
were cloned into lentiCRISPR version 2 puro vector (Addgene catalog no.
52961). The sequences of sgRNAs utilized are available as S/ Appendix,
Table S2.

To construct luciferase reporter plasmids, the complementary DNA (cDNA)
for Renilla luciferase followed by a T2A was synthesized as a gene block (Inte-
grated DNA Technologies). The Renilla-T2A sequence was cloned into pHAGE
DEST PGK Blast (38) via Gibson assembly to yield pHAGE DEST PGK Renilla-T2A-
Blast. Next, the NF-kB-TA-firefly luciferase sequence, a gift from DarrellKotton,
Boston University, Boston, Massachusetts (Addgene plasmid catalog no. 49343)
(39), was cloned into pHAGE DEST PGK Renilla-T2A-Blast via Gibson assembly
to generate the NF-xB reporter pHAGE NF-kB-TA-firefly luciferase PGK Renilla-
T2A-Blast. The IFN-stimulated response element (ISRE) reporter was made by
annealing complementary oligos containing five ISRE motifs flanked by Nhel
and Ncol sites followed by ligation into the pHAGE NF-kB reporter backbone
digested with Nhel and Ncol. Plasmids were verified by Sanger sequencing.

WT (Addgene plasmid catalog no. 15290) and superrepressor lkBa (Addg-
ene plasmid catalog no. 15291) plasmids were a gift from William Hahn, Har-
vard Medical School, Boston, Massachusetts (40). lkBa WT and superrepressor
genes were then cloned into pHAGE-EF 1a-DEST-mAmetrine vector.

Lentiviral Transduction and CRISPR-Cas9-Mediated Knockout in HMECs. Virus
was prepared by transfecting 293T cells with the sgRNA lentiCRISPR version 2
plasmid and psPax2 and pMD2.G lentiviral packaging vectors. Viral superna-
tants were harvested at 48 h posttransfection. The amount of virus that
resulted in ~30% cell viability (MOI ~0.3) following puromycin selection was
used for infection to ensure low MOL. Since knockouts of CTCF and RAD21 are
lethal, cell pellets were harvested 48 h after selection. Efficacy of CRISPR-
Cas9-mediated mutation for reducing protein levels was confirmed via West-
ern blotting.

The same methodology was used for lentiviral production and transduc-
tion of ISRE and NF-kB luciferase reporters and WT and superrepressor IkBo
constructs. After transduction with IkBa constructs, mAmetrine positive cells
were FACS sorted.

siRNA-Mediated Depletion. RAD21, STAG2, CTCF, and STAG1 depletion was
performed using siRNA technology. Four siRNAs were tested per gene, and
the siRNA with the highest levels of knockdown as determined by Western
blotting was utilized for downstream analysis. Approximately 600,000 HMECs
were transfected with 5 uL per 6-well plate of Lipofectamine RNAIMAX Trans-
fection Reagent (Thermo catalog no. 13778075) and 40 nM siRNA duplex.
Four siRNAs were tested per gene utilizing siRNA from Dharmacon (CTCF tar-
geting: LQ-020165-00-0002, RAD21 targeting: catalog no. LQ-021351-00-0002,
STAG2 targeting: LQ-021351-00-0002, STAG1 targeting: LQ-010638-01-0002).
Catalog numbers for individual siRNAs are available in S/ Appendix, Table S3.
The degree of siRNA-mediated depletion was confirmed via Western blot
analysis. The cells were split after 24 h and treated with 20 ng/mL IFN-y (Pepro-
tech catalog no. 300-02) the same day (for RAD21) or the second day (for
STAG2, STAG1, and CTCF). The cells were harvested 2 d after transfection (for
RAD21) or 3 d after transfection (for STAG2, STAG1, and CTCF) and utilized for
downstream analysis.

Western Blotting. All cells were lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer with protease and phosphatase inhibitors (Thermo catalog
no. 78441). Protein was quantified by Bradford assay (Bio-Rad). Protein lysates
were separated on 4 to 12% Bis-Tris gels (Invitrogen catalog no. NP0335BOX)
and transferred to nitrocellulose membranes (Bio-Rad). Membranes were
blocked with 5% milk in Tris-buffered saline with Tween 20 (TBS-T) (Cell Sig-
naling catalog no. 9975) and incubated with the following antibodies over-
night at 4°C at 1:1,000 dilution unless indicated otherwise: Vinculin (1:10,000,
catalog no. V9131) from Sigma, STAG1 (catalog no. 14015-1-AP) from Protein-
tech and RAD21 (catalog no. 4321), CTCF (catalog no. 2899S), STAG2 (catalog
no. 4239), PD-L1 (catalog no. 29122), p-p65 (catalog no. 3033T), and p65 (cata-
log no. 8242), all from Cell Signaling. Antibodies used in U937 and K562
lysates were incubated at 4°C overnight at 1:1,000 dilution unless indicated
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otherwise: STAG1 (catalog no. 4455) from Abcam, and STAG2 (catalog no.
5882), SMC3 (catalog no. 5696), actin (1:10,000, catalog no. 8H10D10), p-p65
(catalog no. 3033T), p65 (catalog no. 8242), p-STAT1 (catalog no. 8183), STAT1
(catalog no. 9172), IRF7 (catalog no. 4290), and ISG15 (catalog no. 2743) all
from Cell Signaling.

RNA-seq Library Preparation and Sequencing. For U937 cells, total RNA was
isolated from 1 million cells using the RNeasy Plus Isolation Kit (Qiagen) fol-
lowing the manufacturer instructions. The library was prepared using the Tru-
Seq mRNA kit (Illumina) according to the standard protocol. Sequencing was
performed on HiSeq 4000 using 100-bp paired-end reads, and 50 million reads
were obtained per sample. For HMECs, total RNA was isolated from ~1 million
cells using the RNeasy Plus Isolation Kit (Qiagen) following the manufacturer
instructions. RNA-seq was performed on two replicates of cells treated with
no siRNA, two replicates treated with control siRNA #1, two replicates with
control siRNA #2 and three replicates each of cells treated with siRNA STAG2
#2 and siRNA STAG2 #3. The library was prepared using the NEBnext Ultra Il
Directional RNA Library kit according to the standard protocol from 1 ug iso-
lated RNA. Barcoded libraries were pooled at molar ratios, and 86-bp single-
end sequencing was performed using llumina NextSeq 500.

RNA-seq Data Processing. For U937, RNA-seq reads were mapped using STAR
version 2.4.2a. The STAR genome index was generated from human reference
sequence hg19 (FASTA downloaded from the University of California, Santa
Cruz genome browser) and coding transcripts from GENCODE Release 19 (GTF
downloaded from https:/Awww.gencodegenes.org/). Reads mapping to genes
were quantified with featureCounts from the R package Subread (version
2.0.1). Transcripts per million (TPM) were quantified from the count data.
The sequencing reads and processed TPM are available on Gene Expression
Omnibus (GEO) (accession no. GSE189818). For HMECs, RNA-seq reads were
mapped using STAR version 2.7.0a to the hg19 genome (41). Reads map-
ping to genes were quantified with featureCounts. Raw read counts were
analyzed using DESeq2 (42)

GSEA. A matrix of TPM values was used as the input for GSEA with three repli-
cates per genotype for U937 cells and six replicates for HMECs. Pathway
enrichment in the STAG2-mutant U937 and STAG2-deficient HMECs was
determined for the Hallmark (C1) gene sets. A summary table of the normal-
ized enrichment score and FDR for each of the hallmark gene sets is included
in Datasets S3 and S4.

HMEC IFN-y Treatment and Flow Cytometry. Approximately 1 million RAD21
siRNA-, STAG2 siRNA-, and siRNA-treated control cells were harvested. Cells
were washed with Cell Staining Buffer (BioLegend catalog no. 420201) and
stained for 20 min with the relevant antibody: APC anti-human CD274 (BioLe-
gend catalog on. 329708), PE anti-human CD273 (BioLegend catalog no.
329605), and Brilliant Violet 421 anti-human HLA-A2 Antibody (BioLegend
catalog no. 343326). The cells were then washed twice with Cell Staining
Buffer and analyzed on a BD LSR Il fluorescent cell analyzer. Analysis of cell
populations and mean fluorescence intensity (MFI) was performed in FlowJo.

U937 and K562 Cell IFN-y Treatment and Flow Cytometry. U937 and K562 cells
were treated with 2,000 IU/mL of human IFN-y for 72 h (PeproTech catalog no.
300-02). A total of 500,000 cells were collected per condition and washed with
FCS buffer (PBS + 2% FBS). Staining was performed with 1:100 anti-PDL1 (PE)
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(BioLegend catalog no. 329706) and 1:100 anti-MHC1 (FITC) (BioLegend cata-
log no. 311404). Isotype controls used were mouse IgG2b, k-PE (BioLegend cat-
alog no. 400313), and mouse 1gG2a, k-FITC (BioLegend catalog no. 400208).
Cells were washed twice after staining and analyzed immediately on a BD LSR
Fortessa. Analysis of cell populations and MFI calculation were performed
in FlowJo.

RT-PCR. RNA from RAD21 and control siRNA-treated cells was isolated using
the RNeasy Plus Mini Kit (Qiagen catalog no. 74134). The ¢cDNA was synthe-
sized from 1 ug total RNA using SuperScript IV Reverse Transcriptase (Invitro-
gen catalog no. 18090050). A total of 1 uL RT reaction product was used for
RT-PCR analysis using SYBR Green PCR Master Mix (Thermo Fisher catalog
no. 4344463) with the following primers: p-actin (Forward: 5'-CACCATTGGC
AATGAGCGGTTC-3, Reverse: 5'-AGGTCTTTGCGGATGTCCACGT-3') and PD-L1
(Forward: 5'-GGTGCCGACTACAAGCGAAT-3' Reverse: 5'-AGCCCTCAGCCTGA-
CATGTC-3'). Each sample was run with three technical replicates.

Immunofluorescence and Microscopy. Approximately 20,000 HMECs express-
ing IkBa WT or IkBa superrepressor were grown in tissue culture chamber
slides. Cells were treated with 20 ng/mL TNF-a (PreproTech catalog no. 300-
01A) for 20 min prior to fixation. Cells were then washed twice with PBS and
fixed for 15 min at room temperature in 4% paraformaldehyde (PFA) (Elec-
tron Microscopy Science catalog no. 15713). Cells were permeabilized with
0.5% Triton-X for 10 min at room temperature. Cells were blocked in 3%
bovine serum albumin (BSA) (Amresco catalog no. 0332). Primary antibody
against p65 (Cell Signaling catalog no. 8242) was diluted 1:200 in 3% BSA and
incubated for 1 h at room temperature. Secondary antibody was diluted 1:500
in 3% BSA and incubated for 1 h at room temperature. Slides were mounted
with DAPI Fluoromount-G (Southern Biotech catalog no. 0100-20). Slides were
imaged on a wide-field Nikon Ti inverted microscope.

Luciferase Reporter Assays. Approximately 1 million HMEC cells expressing
ISRE and NF-kB reporters were passively lysed, and Firefly luciferase and
Renilla luciferase activity was analyzed using the Dual-Luciferase Reporter
Assay System (Promega catalog no. E1960) following the manufacturer’s
instructions. Each sample was run with three technical replicates. Firefly lucif-
erase activity was normalized to Renilla luciferase activity, which is driven by
the PGK constitutive promoter.

Statistical Analysis. The significance was analyzed using one-way ANOVA
with post hoc test or Student’s t test. Differences were considered significant
when P <0.05.

Data Availability. RNA-seq data are available on the Gene Expression Omnibus
(GEO), https//www.ncbi.nlm.nih.gov/geo/ (accession: GSE189818) (43). All
other study data are included in the article and/or supporting information.
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