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Abstract

Tumor cells subvert immune surveillance by harnessing signals from
immune checkpoints to acquire immune resistance. The protein PD-
L1 is an important component in this process, and inhibition of PD-
L1 elicits durable anti-tumor responses in a broad spectrum of
cancers. However, immune checkpoint inhibition that target known
pathways is not universally effective. A better understanding of the
genetic repertoire underlying these processes is necessary to
expand our knowledge in tumor immunity and to facilitate identifi-
cation of alternative targets. Here, we present a CRISPR/Cas9 screen
in human cancer cells to identify genes that confer tumors with the
ability to evade the cytotoxic effects of the immune system. We
show that the transcriptional regulator MLLT6 (AF17) is required for
efficient PD-L1 protein expression and cell surface presentation in
cancer cells. MLLT6 depletion alleviates suppression of CD8* cyto-
toxic T cell-mediated cytolysis. Furthermore, cancer cells lacking
MLLT6 exhibit impaired STAT1 signaling and are insensitive to inter-
feron-y-induced stimulation of IDO1, GBP5, CD74, and MHC class Il
genes. Collectively, our findings establish MLLT6 as a regulator of
oncogenic and interferon-y-associated immune resistance.
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Introduction

Tumor cells evade immune destruction by exploiting immune-
modulatory pathways such as immune checkpoints (Ribas &
Wolchok, 2018) that are responsible for maintaining peripheral
tolerance under physiological conditions (Chen & Mellman, 2013).
The interaction between the proteins, programmed cell death 1 (PD-
1) expressed on T lymphocytes, and programmed cell death 1 ligand
1 (PD-L1) on tumor cells inhibits the effector function of antigen-
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specific CD8™ cytotoxic T cells (CTLs) and is an integral part of an
important immune checkpoint (Sun et al, 2018). Therapeutic block-
ade of the PD-1-PD-L1 interaction has led to unprecedented
response rates in patients with different tumors and has brought
about a new class of cancer therapy (Ribas & Wolchok, 2018). PD-
L1 (CD274) expression levels and T cell infiltration in tumor tissues
are established prognostic markers and are predictive of the efficacy
of checkpoint inhibition therapy (Sun et al, 2018; Havel et al,
2019). Nevertheless, many tumors fulfilling these criteria exhibit
primary resistance to therapy (Sharma et al, 2017) or patients who
initially respond subsequently relapse despite continuous treatment
(Sharma et al, 2017). Oncogenic mechanisms in tumor cells, for
instance, amplification of the PD-LI genomic locus (Green et al,
2010) or mutations in genes such as PTEN (Parsa et al, 2007), TP53
(Wieser et al, 2018), MYC (Casey et al, 2016), or JAK/STAT (Ikeda
et al, 2016) alter PD-L1 expression levels and confer immune resis-
tance. In addition, inflammatory cytokines such as interferon-y
(IFN-y), often present in the tumor microenvironment, stimulate
PD-L1 expression (Ni & Lu, 2018) in concert with other immune-
related genes, e.g. IDOI (Gomes et al, 2018), to grant tumor cells an
escape from immune attack (Gomes et al, 2018). Besides these pro-
tumorigenic effects of IFN-y, anti-tumorigenic activities have been
reported such as upregulation of MHC class I molecules (Seliger
et al, 2008) or induction of chemokines leading to increased recruit-
ment of CTLs to the tumor mass (Kunz et al, 1999). Therefore, a
better understanding of the immune-inhibitory mechanisms that are
prevalent in individual tumor types and a deeper knowledge of PD-
L1 regulation and IFN-y signaling may facilitate improved tumor
stratification and assist in optimizing immune checkpoint therapy.

Loss-of-function genetic screens utilizing the CRISPR/Cas9
system have been successfully employed to study genotype-
immunophenotype correlations and to identify novel molecules that
affect immune resistance (Zhu et al, 2016; Burr et al, 2017;
Manguso et al, 2017; Mezzadra et al, 2017; Patel et al, 2017).
However, our knowledge of the genetic repertoire modulating the
PD-1-PD-L1 immune checkpoint is still incomplete. Therefore, we
set up a CRISPR/Cas9 loss-of-function screen to identify and charac-
terize additional genes implicated in cancer immune resistance and
PD-L] regulation.
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Results
CRISPR/Cas9 screen identifies regulators of PD-L1

To identify new regulators of both oncogenic and immune-asso-
ciated PD-L1 expression, we performed pooled genetic screens in
the absence and presence of IFN-v, respectively, utilizing an sgRNA
library targeting 1,572 human genes (Dataset EV1). To select a suit-
able cell line for the screens, we analyzed PD-LI transcript levels in
675 different cancer cell lines (Klijn et al, 2015) and chose the
human colon carcinoma cell line RKO owing to its high expression
levels of PD-L1 (Dataset EV2, Fig EV1A). In order to monitor PD-LI
expression in RKO cells, we generated a reporter line by knocking in
eGFP into the endogenous PD-LI genomic locus (Fig EV1B). Precise
tagging was confirmed by sequencing the insertion site, which
revealed an eGFP tagged PD-L1 gene (Fig EV1C). To rule out that
the eGFP-tag interferes with the localization of the PD-L1 protein,
we performed immunofluorescence microscopy and observed that
the PD-L1-eGFP fusion protein localizes at the plasma membrane
(Fig EV1D). Furthermore, to ensure that PD-LI expression can be
stimulated, we treated the cells with increasing doses of IFN-y. We
observed a dose-dependent induction of PD-L1-eGFP by IFN-y with
an ECsy of 600 pg/ml (Fig EV1E and F), demonstrating the suitabil-
ity of the reporter cell line for screening oncogenic and immune-
associated PD-LI expression.

Both screens (with and without IFN-y, Fig 1A) were performed
by transducing the reporter cells with the lentiviral sgRNA library
(Dataset EV1, Fig 1A) and enriching PD-L1-eGFP'V cells to
>99.8% purity by FACS (Fig EV2). Sequencing the sgRNAs
expressed in the PD-L1-eGFP'°" cells revealed that the positive
controls targeting the genes PD-LI (log, fold = 1.2-6.3) or eGFP
(log, fold = 6.2-9.6) (Dataset EV3) were among the most substan-
tially enriched sgRNAs in both screens (Fig 1B). Notably, multiple
gRNAs targeting the positive control genes PD-LI1 and eGFP were
enriched. In contrast, we did not observe enrichment of more than
one gRNA for any other gene. Strikingly, an sgRNA targeting the
signal transducer and activator of transcription 1 (STATI), a well-
characterized mediator of IFN-y signaling upstream of PD-L1 (Gar-
cia-Diaz et al, 2017), was enriched in the presence of IFN-y (log,
fold = 4.7) but not in its absence (log, fold = —3.4; Fig 1B, Dataset
EV3). These results corroborate the potential of the screening setup
to identify genes modulating PD-LI expression via the oncogenic or
immune-associated pathway.

To monitor the screening procedure and identify genes impli-
cated in basic cellular processes such as cell growth and division,
we spiked control sgRNAs into the initial library, targeting essen-
tial, and non-essential genes (Evers et al, 2016). The sgRNA
library composition was analyzed after culturing cells but without
sorting for cells based on PD-LI expression. We observed that 44
(97.8%) out of 45 essential genes were depleted by more than
two-fold (log, fold < —1) (Fig 1C), whereas 37 (78.7%) out of 47
non-essential genes were unaltered or mildly changed (log,
fold > —1 and < 1) (Fig 1C, Dataset EV3). Strikingly, both PD-L1
screens (with and without IFN-y) identified the gene MLLT6 (log,
fold = 4.4 (—IFN-y), 6.6 (+IFN-y)) (Fig 1B) as required for effi-
cient PD-L1 expression. Notably, MLLT6 did not score in the
viability screen (log, fold = —0.1; Fig 1C) in accordance with find-
ings of Zhang et al (2010). In summary, the screen identified
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MLLT6 as a putative regulator of PD-LI that is not essential for
cell growth and division.

MLLTE is required for PD-L1 expression

Mpyeloid/lymphoid or mixed-lineage leukemia translocated to 6
(MLLT®6, also referred to as AF17) encodes a 112 kDa protein that
has been reported to exhibit transcriptional regulator activity
(Prasad et al, 1994; Saha et al, 1995). Analyzing the Cancer Cell
Line Encyclopedia (CCLE) transcriptome database revealed that
MLLT6 is widely expressed in diverse cancer types (Fig EV3A).
Interestingly, a dataset from Szasz et al, 2016 shows a statistically
significant correlation (P = 4.7e-6) between poor overall survival of
patients with gastric cancer and high expression levels of MLLT6
(Fig EV3B). Strikingly, the prognostic power of MLLT6 was compa-
rable to that of HER-2 (P = 6.7e-5) (Szasz et al, 2016), a well-estab-
lished biomarker in several types of cancers, including gastric
cancer (Boku, 2014; Fig EV3B).

To validate MLLT6 as a regulator of PD-L1 and to exclude
possible effects of tagging PD-L1 with eGFP in the reporter line,
we depleted MLLT6 by CRISPR/Cas9-mediated genome editing in
RKO wild-type cells. After confirming successful MLLT6 knockout
in a monoclonal cell line (Appendix Fig S1B) and MLLT6 mRNA
depletion (Fig EV4D), we measured PD-LI expression by flow
cytometry and detected a significant decrease (P < 0.01, MFI
MLLT6 KO = 397, MFI control = 423) in PD-L1 abundance on the
cell surface (Fig 2A). To confirm these findings in a cancer type
other than colon carcinoma (RKO), we generated polyclonal
MLLT6 knockout cells of the human osteosarcoma cell line U20S
(Appendix Fig S1C), the cervical carcinoma cell line HeLa
(Appendix Fig S2A and B), and the colon carcinoma cell line
SW480 (Appendix Fig S2D and E). As observed in RKO cells, flow
cytometry analysis revealed a significant decrease in the number
of cells with high PD-L1 surface presentation in the U20S (Fig 2B)
and HeLa (Appendix Fig S2C) knockout cells but not in SW480
(Appendix Fig S2F). Hence, efficient PD-L1 surface presentation
depends on MLLT6 in diverse cell lines from different cancer
types.

To exclude possible Cas9 off-target effects, we investigated if PD-
L1 surface presentation can be restored by exogenous expression of
LAP-tagged (Poser et al, 2008) MLLT6 encoded on a bacterial artifi-
cial chromosome (BAC) in an MLLT6 knockout line (Appendix Fig
S3A). Correct localization and expression of MLLT6-LAP fusion
protein was confirmed by immunofluorescence (Appendix Fig S3B),
and we observed that PD-L1 surface presentation was largely
restored in the MLLT6 knockout lines (Fig 2B, MFI control = 369,
MFI MLLT6 KO = 290, MFI MLLT6 KO + BAC = 313). Therefore,
MLLT6-LAP expression can substitute for endogenously encoded
MLLTG, rescuing the loss-of-function phenotype and validating the
functional importance of MLLT6 on PD-L1 plasma membrane
expression.

These results prompted us to investigate whether the loss of
PD-L1 cell surface expression after MLLT6 knockout is a result of
reduced cellular levels. Quantification of total cellular PD-L1 by
immunoblotting revealed a significant reduction in the levels of
PD-L1 in multiple monoclonal MLLT6 knockout lines in RKO cells
(Figs 2C and EV4A-C), and this phenotype was rescued by
MLLT6-LAP expression (Fig 2C). To exclude sgRNA dependent
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Figure 1. CRISPR screen identifies MLLT6 as a regulator of PD-L1.

A Schematic of the screen for PD-L1 regulators in the presence and absence of IFN-y. RKO reporter cells expressing PD-L1-eGFP fusion protein (blue) were mutagenized
with an sgRNA/Cas9 library. PD-L1"* cells were enriched by FACS, and sgRNA target genes were identified by deep sequencing. An enrichment analysis determined

frequencies of different sgRNAs and their target genes.

B sgRNA frequencies (log, of fold change) in PD-L1" cells unstimulated (left) or IFN-y stimulated (right). Enriched sgRNAs (dashed line) are highlighted; hit genes

(black, red) and controls (green, yellow or purple) are shown and labeled with target gene names.
C sgRNA frequencies (log, of fold change) in viability screen. sgRNAs targeting controls are highlighted; essential (orange), non-essential (blue). Genes attributed to PD-

L1 modulation are shown in different colors (red, yellow and purple).

effects, we repeated this experiment with three additional sgRNAs
targeting different sites of the MLLT6 genomic locus (Appendix Fig
S4). All sgRNAs reduced MLLT6 mRNA expression (Appendix Fig
S4A) and concomitantly reduced PD-L1 expression levels
(Appendix Fig S4B).

To investigate whether MLLT6-dependent PD-L1 protein expres-
sion is associated with PD-L1 transcription, we performed qRT-PCR
and observed a 42% reduction in PD-L1 mRNA levels in U20S
MLLT6 knockout cells (Fig 2D). Similarly, MLLT6 knockout in RKO

© 2020 The Authors

cells showed reduction in PD-LI mRNA levels and MLLT6-LAP
expression replenished the levels of PD-L1 (Fig EV4D). These results
imply that the reduced PD-L1 level in MLLT6-depleted cells is at
least, in part, due to transcriptional regulation of the PD-L1 gene by
MLLTG.

MLLT6 also scored as a hit in the screen where cells were
treated with IFN-y to modulate PD-L1 expression (Fig 1B). To
investigate the role of MLLT6 in IFN-y-stimulated expression of
PD-L1, we analyzed the cell surface expression of PD-L1
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Figure 2. MLLT6 regulates expression of PD-L1.

A PD-L1 cell surface presentation (percentage £ SD) in RKO mock control (black) or monoclonal MLLT6 knockout cells (gray) (Student’s t-test; **P < 0.01; n = 3

biological replicates; degrees of freedom (df) = 2).

B MLLT6 BAC mediated rescue in U20S cells (left) showing percentage + SD of PD-L1 cell surface presentation in mock control (black), MLLT6 polyclonal knockout (light
gray) and MLLT6 knockout + BAC cells (dark gray) (Student’s t-test; *P < 0.05; n = 3 biological replicates; df = 2). Representative flow cytometry plots (right) of PD-L1
cell surface presentation after staining with anti-PD-L1 antibody (top right, bottom left, bottom right) and isotype control (top left). Percentages of cells in the PD-L1*

gate as indicated.

C Total cellular protein levels of PD-L1 (top) and GAPDH (bottom) in monoclonal RKO MLLT6 knockout, mock control or MLLT6 knockout + BAC cells visualized by
immunoblotting. Numbers indicate relative band intensities of PD-L1 protein normalized to GAPDH.

D PD-L1 transcript levels in U20S mock (black) and polyclonal MLLT6 knockout lines (gray) treated with and without IFN-y normalized to expression in mock U20S cells
without IFN-y treatment (ANOVA; **P < 0.01; n = 4 biological replicates; df = 12).

E Representative flow cytometry plots of PD-L1 cell surface presentation in the presence and absence of IFN-y in mock, polyclonal MLLT6 knockout and PD-L1 knockout
cells. Percentages of cells in the PD-L1* gate after staining with anti-PD-L1 antibody or isotype control as indicated.

F Total cellular protein levels of PD-L1 (top) and GAPDH (bottom) in U20S polyclonal MLLT6 knockout or mock control cells with and without IFN-y stimulation.
Numbers indicate relative band intensities of PD-L1 protein normalized to GAPDH.

Source data are available online for this figure.

protein. In control cells, we observed PD-L1 cell surface
expression induced by IFN-y (76.0%, Fig 2E) in agreement
with previous findings (Garcia-Diaz et al, 2017). In contrast,
we observed a strongly reduced sensitivity to IFN-y in MLLT6
knockout cells (13.1%) (Fig 2E). To further characterize the
role of MLLT6 on the immune-associated induction of PD-LI,
we analyzed protein and mRNA expression upon IFN-y treat-
ment. We observed PD-L1 protein and transcript levels induced
by IFN-y in control cells (Fig 2D and F). However, no upregu-
lation of PD-LI was observed in MLLT6 knockout cells upon
IFN-y stimulation (Fig 2D and F). Taken together, these find-
ings establish MLLT6 as a modulator of oncogenic and IFN-y-
associated PD-LI expression in colon and cervical carcinoma
and osteosarcoma cells.
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MLLT6 mediates tumor immune resistance

Tumors are often infiltrated with CD8" cytotoxic T lymphocytes
(CTLs) that present T cell receptors (TCRs) to recognize cancer anti-
gens (Sharma et al, 2017). Inactivating these CTLs can be a prereq-
uisite for neoplasms to grow to full malignancy (Sharma et al, 2017)
and is a hallmark of immune resistance (Sun et al, 2018). To inves-
tigate whether the depletion of MLLT6 changes the susceptibility of
tumor cells to T cell-mediated cytolysis, we measured cell survival
of knockout and control cells in the presence of CTLs and an anti-
EpCAM-CD3 bi-specific T cell engager (EpCAM-CD3 BiTE) (Fig 3A).
We first compared the cell surface presentation of EpCAM antigen
on MLLT6 knockout and control U20S cells and observed increased
levels of EpCAM surface expression in cells devoid of MLLT6

© 2020 The Authors
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(Appendix Fig S5). Next, CD8" T cells were isolated from human
blood and activated using CD3/CD28 beads followed by assessing
the CD8™ T cell purity and activation status. We achieved > 96%
CD8™ T cell purity (Appendix Fig S6A) and confirmed expression of
activation markers on more than 91% of the cells (Appendix Fig
S6B). MLLT6 knockout and control cells were mixed and cocultured
in the presence or absence of activated T cells and varying amounts
of EpCAM-CD3 BiTE. Strikingly, we found that MLLT6 knockout cell
numbers were significantly reduced in comparison with control cells
(Fig 3B) when treated with increasing doses of EpCAM-CD3 BiTE
(0.25, 0.5, 1 ug/ml) (Fig 3B). Furthermore, no reduction in knock-
out or control cell numbers was observed in the presence of the
BiTE or activated T cells alone (Fig 3B), excluding non-specific
effects. This finding indicates that MLLT6 expression in tumor cells
is necessary for suppression of CTL-mediated cytolysis and for
maintenance of immune resistance.

To measure the Kinetics of T cell-mediated tumor cell lysis, we
stably integrated eGFP and mCherry reporter genes in control and
MLLTG6 knockout cells, respectively, and followed cell survival by
fluorescence time-lapse microscopy after coculturing equal propor-
tions of control and MLLT6 knockout cells with T cells and EpCAM-
CD3 BiTE. As before, we observed no change in tumor cell survival
comparing MLLT6 knockout and control cells when treated with
CTLs only (Appendix Fig S6C). In contrast, a significant difference
(P = 5.5e-31) between MLLT6 knockout and control cell numbers
was observed when treated with both CTLs and BiTE (Fig 3C,
Movie EV1). Differences in cell numbers started to be apparent five
hours after addition of T cells and EpCAM-CD3 BiTE to tumor cells
and progressed until 9.5 h where the number of MLLT6 knockout
cells was reduced to 30% compared to control cells (65%, Fig 3C,
Movie EV1).

To exclude effects that can be attributed to the BiTE technology
or the target epitope, we investigated cytotoxicity of CTLs employ-
ing bi-specific antibodies that recognize epidermal growth factor
receptor (EGFR) or Erb-B2 receptor tyrosine kinase 2 (HER-2) and
CD3. We first measured cell surface presentation of both receptors
in MLLT6 knockout and control cells and found HER-2 expression
unaltered but EGFR expression increased in cells devoid of MLLT6
(Appendix Fig S5). We then treated MLLT6 knockout cells with
HER-2-CD3 or EGFR-CD3 bi-specific antibodies and CTLs and
measured cell viability. Both bi-specific antibodies showed a signifi-
cant reduction (P < 0.01) in MLLT6 knockout cell numbers
compared to controls (Fig 3D), corroborating results generated with
the BiTE.

The observation that MLLT6 depletion leads to reduced PD-L1
levels (Fig 2) prompted us to compare MLLT6 and PD-LI1 knockout
cells in more detail. We engaged CTLs with PD-L1 and MLLT6
knockout cells employing bi-specific antibodies and followed cell
survival. Strikingly, MLLT6 knockout cells exhibited an increased
vulnerability to CTL-mediated cytolysis compared to PD-L1 knock-
out cells (Fig 3E). These results corroborate the efficacy of MLLT6
depletion on reducing tumor cell immune resistance and imply that
other factors in addition to PD-L1 regulation may be involved.

IFN-y, a cytokine frequently present in the tumor microenviron-
ment (Zaidi & Merlino, 2011), has been shown to induce the expres-
sion of PD-LI (Garcia-Diaz et al, 2017). To investigate the
consequences of cytokine stimulation on immune resistance in PD-
L1 and MLLT6 knockout cells, we examined T cell-mediated
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cytotoxicity in the presence of IFN-y. Interestingly, we observed that
IFN-y increases CTL-mediated cytolysis in PD-LI1 and MLLT6 knock-
out cells in comparison with control cells (Fig 3E). In summary,
these findings show that MLLT6 depletion alleviates the suppression
of cytotoxic T cells in the presence and absence of IFN-y.

IFN-y signaling and MLLT6

The decreased sensitivity to IFN-y in absence of MLLT6 (Fig 2)
prompted us to hypothesize that MLLT6 might play a role in IFN-y
signal transduction and that other genes in addition to PD-L1 may
be affected. To investigate this hypothesis, we systematically
analyzed transcriptome changes after IFN-y stimulation in MLLT6
knockout and control cells by RNA-Seq. We first determined the
transcriptome changes resulting from IFN-y stimulation in U20S
cells and found 168 genes that showed at least a four-fold induction
(FDR < 0.05; Fig 4A, Dataset EV4). As expected, a gene ontology
enrichment analysis of these genes showed an association with
IFN-y processes (GO: 0034341; P=1.911e-9; GO: 0060333;
P =5.542e-14; GO: 0071346; P =7.167e-16; GO: 0019221;
P =4.280e-18) confirming our experimental setup. Interestingly,
MLLTG6 transcript levels were unaltered after IFN-y treatment (log,
fold = 0.28, FDR = 0.06), whereas PD-LI and STATI were induced
3.6 (FDR =0.002) and 7.7 fold (FDR = 3.1e-241), respectively
(Fig 4A, Dataset EV4). Notably, the strongest induction was
observed for transcripts of the genes IDOI (log, fold = 12.2) and
MHC class II molecules CD74 (log, fold = 13.9) and HLA-DRA (log,
fold = 13.5; Fig 4A, Dataset EV4).

Next, we investigated whether MLLT6 knockout leads to changes
in the cellular response to IFN-y stimulation. Interestingly, 118 out
of 168 transcripts were now insensitive to IFN-y (Fig 4A, Dataset
EV4, Appendix Fig S7), namely PD-LI (log, fold=-1.0,
FDR = 0.05), STATI (log, fold = —1.0, FDR = 1.6e-29), CD74 (log,
fold = —7.9, FDR < 1.0e-100), and IDOI (log, fold = —8.1, FDR =
2.0e-83). Remarkably, these genes where mildly reduced (log, fold
PD-L1 = —0.6; STAT1 = —0.9; IDO1 = —0.8) or even induced (log,
fold CD74 = 2.8) in MLLT6 knockout cells without IFN-y stimula-
tion (Dataset EV4, Appendix Fig S8). Of note, MLLT6 knockout
reduced MHC class I gene expression in the presence of IFN-y (log,
fold HLA-A = —0.6; HLA-B = —1.4; HLA-C = —0.2) but left it unal-
tered or induced in its absence (log, fold HLA-A = 0.8; HLA-
B = —0.3; HLA-C = 0.7) (Dataset EV4). However, the IFN-y induced
expression of the immunoproteasome components PSMB8 and
PSMB9 were reduced in MLLT6 knockout cells (log, fold
PSMB8 = —6.4, PSMB9 = —1.8) which might adversely affect MHC
I peptide generation (Dataset EV4). In summary, these results
present a set of genes that are insensitive to IFN-y stimulation in
cells lacking MLLT6 expression.

To corroborate these findings, we nominated 86 genes from the
list for validation by employing NanoString technology (Goytain &
Ng, 2020). The NanoString technology quantifies gene expression
by utilizing probes containing molecular barcodes that hybridize to
transcripts, generating data comparable to qRT-PCR (Goytain & Ng,
2020). This dataset confirms the observations made from RNA-Seq
and presents a gene set that changes significantly in the presence of
IFN-vy in tumor cells devoid of MLLT6 (Fig 4B, Dataset EV5). Strik-
ingly, many genes in this set namely HLA-DRA (Matern et al, 2019),
HLA-DRBI (Matern et al, 2019), CD74 (Imaoka et al, 2019), IDOI
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Figure 3. Knockout of MLLT6 alleviates suppression of CTLs.

A Schematic of the assay measuring CD8" T cell-mediated cytotoxicity. Cancer cells (gray) with or without genetic modifications were mixed with BiTE or bi-specific
antibodies with or without IFN-y and cytotoxic T lymphocytes (CTLs). Altered tumor cell numbers were determined after allowing for T cell engagement.

B Relative cell numbers (+ SD; n = 3; biological replicates) of U20S mock (black) or polyclonal MLLT6 knockout (gray) cells treated with varying amounts of EpCAM-CD3
BiTE and CTLs (Student’s t-test; **P < 0.01; degrees of freedom (df) = 4).

C Kaplan—Meier survival plot (left) showing changes in survival (percent) of mock (gray) and MLLT6 knockout (red) cells treated with CTLs and EpCAM-CD3 BiTE over a
course of 9.5 h. Representative images (right) of time-lapse fluorescence microscopy following U20S mock (eGFP tagged, green) and MLLT6 knockout (mCherry tagged,
red) cells immediately (top left and bottom left) after adding CTLs and EpCAM-CD3 BiTE and 9.5 h later (top right and bottom right) (scale bars = 100 pum).

D Relative cell numbers (left) (= SD; n = 3; biological replicates) of mock (black), PD-L1 (dark gray) or MLLT6 (light gray) knockout cells treated with BiTE or bi-specific
antibodies and CTLs as indicated (Student’s t-test; **P < 0.01; df = 4). Representative images (right) from bright field microscopy of polyclonal U20S mock (top), PD-
L1 (middle) or MLLT6 (bottom) knockout cells treated without or with EpCAM-CD3 BITE or bi-specific antibodies.

E Relative normalized cell numbers (& SD; n = 3; biological replicates) of U20S mock (left), MLLT6 (middle) or PD-L1 (right) knockout cells treated with EpCAM-CD3 BiTE
and CTLs in the presence (gray) or absence (black) of IFN-y (Student’s t-test; **P < 0.01; df = 4).
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(Kiyozumi et al, 2018), GBP5 (Tretina et al, 2019), CXCL9 (Zhang
et al, 2018), and CXCLI1 (Zhang et al, 2018) had well-known
immune-related functions.

Next, we explored whether transcriptional changes observed in
the RNA-Seq and NanoString experiments reflect on protein expres-
sion. To this end, we nominated five genes and quantified protein
expression by immunoblotting in the presence and absence of
MLLT6 and IFN-y (Fig 4C). We first determined whether protein
levels increase upon IFN-y stimulation in MLLT6 wild-type cells
(Fig 4C). In accordance with what was observed on transcript level,
we found induction of IDO1, HLA-DRBI1, GBPS5, and CD74 by IFN-y.
In sharp contrast, this induction was abolished in MLLT6 knockout
cells (Fig 4C). Collectively, these results establish MLLTG6 as a criti-
cal factor for IFN-y signaling.

To further characterize the role of MLLT6 in IFN-vy signaling, we
examined the effects of MLLTG6 depletion on members of the IFN-y
signal transduction pathway (Fig 5A). IFN-y binds to two receptors
(IFNGR1 and -2) that convey signals via Janus kinases 1 and 2
(JAK1 and JAK2), which in turn phosphorylate and activate STAT
proteins (Zhang & Liu, 2017). Upon activation, STAT proteins
dimerize and alter the expression of a series of interferon response
genes (Zhang & Liu, 2017). To study changes in the components of
the IFN-y pathway, we first examined whether IFNGR1 and -2
expression differ upon MLLT6 knockout and this may thereby
explain the reduced sensitivity. We observed that expression of
IFNGR1 and -2 was largely unaltered or even increased (IFNGRI:
2.9; IFNGR2: 1.4; Fig 5A). These results demonstrate that the
observed insensitivity to IFN-y stimulation after MLLT6 knockout is
not due to aberrant expression of IFNGRs. We then investigated
changes in the components downstream of the IFN-y receptor that
mainly involve JAK/STAT proteins (Zhang & Liu, 2017).
Immunoblotting did not show any significant differences in the
levels of JAK1 or JAK2 expression in mock and MLLT6 knockout
samples treated with and without IFN-y (Fig 5A). In contrast, a clear
difference between MLLT6 wild-type and knockout cells was
observed for STAT1 (Fig 5A). While expression level of STAT1 is
increased by IFN-y stimulation in MLLT6 knockout and wild-type
cells, total levels stay lower in knockout cells (Fig 5A).

The STATI gene encodes two isoforms, STAT1a and STATI1,
that are typically expressed conjointly (Zhang & Liu, 2017) and
become phosphorylated upon activation (Zhang & Liu, 2017). Inter-
estingly, it has been shown that the gene sets regulated by the two
isoforms are not identical (Zakharova et al, 2003), and therefore,
changes in the activation status of STAT1a or —f influence the tran-
scriptional outcome. To investigate the activation status of STAT1
isoforms, we measured phosphorylation by immunoblotting. As
reported in the literature (Zhang & Liu, 2017), we observed an
induction of tyrosine 701 phosphorylation by IFN-y (1.6) on both
isoforms in wild-type cells. In contrast, loss of MLLT6 expression
resulted in a more pronounced STATIP activation compared to
STAT1a (Fig 5A) skewing the ratio between both isoforms.
Although STATI1( is transcriptionally active in response to IFN-y
(Semper et al, 2014), it is considered the inhibitory form of STAT1
lacking most of the transactivation domain (Zakharova et al, 2003)
and competes with STATla for binding to promoter regions
(Zakharova et al, 2003; Baran-Marszak et al, 2004; Zhang & Liu,
2017). To validate the functional roles of the STAT1 isoforms in our
cellular system, we specifically depleted STAT1a and STATI1P by
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Figure 4. Role of MLLT6 in gene expression.
A Scatter plots of pairwise comparisons of transcript expression in U20S cells.

Plots describe log, fold change in transcript expression in mock and
polyclonal MLLT6 knockout cells treated with and without IFN-y as
indicated. Horizontal axis shows log, fold change in transcript expression
and vertical axis represents statistical significance (log, of P-value, n = 3)
with candidates nominated for further validation (red).

Correlation plots describing log, fold change of transcripts in RNA
sequencing (x-axis) and NanoString (y-axis) measurements in mock

cells £ IFN-vy (left) and MLLT6 knockout cells with IFN-vy (right). Transcripts
previously described to have a role in tumor immunity (red) and PD-L1
(blue) are represented on the plots as indicated.

Changes (log, fold) in transcript expression (left) of select immune-related
genes in U20S mock or MLLT6 knockout cells treated with or without IFN-y
and total protein levels measured by immunoblotting (right). Numbers
indicate band intensities normalized to GAPDH.

Source data are available online for this figure.
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Figure 5. Function of MLLT6 in IFN-y signaling.

&

A Immunoblot expression analysis of proteins implicated in IFN-vy signal transduction in U20S mock or polyclonal MLLT6 knockout cells treated with or without IFN-y.

Numbers indicate band intensities normalized to GAPDH.

B Immunoblot showing total protein levels of STAT1 isoforms (o and B), IDO1, GBP5, and CD74 in wild-type U20S cells transfected with esiRNAs targeting Renilla
luciferase (Rluc, negative control), total STAT1, STAT1a, and STAT1p treated with and without IFN-y.

C Schematic model of MLLT6 function in IFN-y signaling.

Source data are available online for this figure.

esiRNA-mediated RNAi (Kittler et al, 2007) (Fig 5B) and measured
expression of IDOI1, GBPS, and CD74 before and after stimulation by
IFN-y. We observed that the depletion of STATIP induced the
expression of these three proteins, whereas knockdown of STAT1a
downregulated their expression (Fig 5B). The data corroborate our
model of STAT1 regulation by MLLT6 (Fig 5C) and indicate a func-
tional role of STAT1a as a transcriptional activator and of STAT1
as a transcriptional repressor. Hence, the observed differences in the
phosphorylation of STAT1 isoforms in the absence of MLLTG,
concomitantly with a general reduction in total STATI expression
level, may explain the reduced sensitivity to IFN-y (Fig 5C).

Discussion

Harnessing the immune system has emerged as an important part of
cancer therapy (Chen & Mellman, 2013). A prerequisite to this
success has been the development of strategies that release the
constraints of immune checkpoints (Ribas & Wolchok, 2018) and
insights into the molecular regulation of essential checkpoint mole-
cules offer unique opportunities for innovative therapies (Ribas &
Wolchok, 2018). Our genetic CRISPR/Cas9 knockout screen,
designed for enrichment of sgRNAs with high efficiency and pheno-
typic strength, identified previously unclassified genes implicated in
cancer immune resistance. Although less suited for relative compar-
isons, the screen delivered genes implicated in the regulation of PD-
L1 expression. In particular, the screen identified the gene MLLT6 as
a regulator of factors required for tumor immune evasion.
Mpyeloid/lymphoid or mixed-lineage leukemia translocated to 6
(MLLTG6) encodes a protein containing a leucine zipper and a PHD
finger motif both associated with transcriptional regulation (Prasad
et al, 1994; Saha et al, 1995) and displays pronounced similarities
to MLLT10 (Marschalek, 2011). As observed with its paralog, a gene
fusion of MLLT6 to the histone H3 lysine 4 (H3K4)
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methyltransferase MLL (KMT2a) has been reported in diverse
cancer types (Prasad et al, 1994), including leukemia (Meyer et al,
2018; Chen et al, 2019). Myeloid/lymphoid or mixed-lineage
leukemia (MLL) proteins are known to associate with DOTI1L
H3K79-methyltransferase (Bernt et al, 2011), a well-known epige-
netic modifier controlling transcription of genes with strong implica-
tions in carcinogenesis (Bernt et al, 2011; Wang et al, 2016). While
the molecular mechanism of the MLL gene in the fusion proteins in
cancer transformation is well established (Marschalek, 2011), the
role of the fusion partners is often less well understood. Our data
suggest that MLLT6 as a fusion partner might contribute to the
transformation process by conveying a cancer immune editing strat-
egy. Future work on cells harboring an MLLT6-MLL fusion could
reveal if these cells are indeed compromised in immune checkpoint
regulation.

T cell activation and inactivation requires the coordination of
various costimulatory and coinhibitory signals (Ribas & Wolchok,
2018), and binding of PD-1 to its ligand PD-L1 is one such signal
that negatively regulates the immune response (Sun et al, 2018).
Unfortunately, the mechanisms governing immune escape in
tumors are often similar, if not identical, to those governing self-
tolerance (Sanmamed & Chen, 2018). Therefore, cancer patients
receiving immune checkpoint inhibitors as part of their therapy
exhibit immune-related adverse effects (irAEs; Mellati et al, 2015;
Johnson et al, 2016). In addition, primary or acquired resistance
to therapy provides a major challenge (Topalian et al, 2012;
Ribas et al, 2016). Consequently, novel routes for tumor immune
modulation are required. Our results demonstrate that depletion
of MLLT6 in tumor cells alleviates suppression of T cell-mediated
cytolysis and reduces expression of immune resistance factors. In
gastric cancer, increased levels of MLLT6 correlates with a nega-
tive prognosis (Szasz et al, 2016), and in leukemia, activating
mutations of MLLT6 have been observed at a frequency higher
than expected from random mutations (Meyer et al, 2018). Our
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results suggest that these findings should be considered in light
of MLLT6 as a regulator of tumor immune evasion. Furthermore,
an in vivo RNAi screen in immune competent mice has recently
identified MLLT6 as a physiological regulator of oncogenic
growth (Beronja et al, 2013). Our data indicate that MLLT6 was
identified in this screen due to its crucial role in cancer immune
resistance. We speculate that Hras®'?V transformed cells lacking
MLLT6 were eliminated by the host immune cells, while cells
expressing MLLT6 evaded the immune system and proliferated in
this environment. Based on our results, we propose to re-
examine the involvement of immune cells in this interesting
in vivo system (Zhang et al, 2010; Beronja et al, 2013).

In addition to immunotherapies based on immune checkpoint
blockade, other strategies evoking anti-cancer immunity have been
developed, such as bi-specific antibodies (bsAbs) (Runcie et al,
2018) or BiTEs (Huehls et al, 2015). These molecules work by bind-
ing to T cell receptor (TCR) complex proteins such as CD3 and a
common tumor antigen, thus engaging tumor and T cells (Huehls
et al, 2015). Although these agents efficiently elicit an immune
response against cancer cells in vitro (Deisting et al, 2015) and
in vivo (Zhao et al, 2019), their clinical application is often limited
due to the expression of immune repressors such as PD-L1 (Feucht
et al, 2016) or IDO1 (Deisting et al, 2015). Our findings show that
BiTE or bsAbs-mediated T cell cytolysis is augmented when MLLT6
activity is inhibited. Hence, MLLT6 inhibition can possibly reduce
tumor-associated immune suppression and concurrently foster the
efficacy of BiTEs or bsAbs. Therefore, a combination of MLLTG6 inhi-
bition and T cell engagers is likely to improve clinical outcomes of
therapy.

Besides oncogenic expression by cancer-associated signaling
(Sharma et al, 2017), cytokine-induced immune resistance has
also been reported (Zaidi & Merlino, 2011). IFN-y is one such
cytokine, typically secreted by lymphocytes, that convey both
anti- and pro-tumorigenic signals (Zaidi & Merlino, 2011). IFN-y
plays an ambivalent role by stimulating the immune system but
at the same time promoting factors that negatively affect the
immune response (Garcia-Diaz et al, 2017). Its pronounced anti-
tumorigenic activities include the upregulation of MHC class I
molecules augmenting T-cell activation (Chang et al, 1992;
Manguso et al, 2017), production of chemokines (Hu et al, 2008)
recruiting immune effector cells (Pan et al, 2018) for eliminating
tumor cells (Alspach et al, 2019). The loss of IFN-y signaling
reduces the efficacy of adoptive cell transfer and checkpoint
blockade immunotherapy (Patel et al, 2017) but IFN-y also
promotes the development of regulatory T cells (Tregs) (Agnello
et al, 2003) and upregulates the expression of PD-LI and IDOI to
convey pro-tumorigenic effects (Zaidi & Merlino, 2011). Concomi-
tantly, intratumoral IFN-y was shown to be associated with
expression of MHC class II molecules (Alspach et al, 2019), which
in turn correlates with a more aggressive phenotype in human
melanomas (Tsujisaki et al, 1987; Brocker et al, 1988; Hemon
et al, 2011). Thus, a compelling interest in identifying modulators
of IFN-y signaling in tumors has emerged. Our data demonstrate
that MLLT6 is required for signal transduction of IFN-y by modu-
lating STAT1 activation. Although it is unclear whether such
modulation occurs due to a direct or indirect interaction, our data
show that loss of MLLT6 in tumor cells reduces MHC class I
expression in the presence of IFN-y but induces the expression in

© 2020 The Authors

EMBO reports

its absence, while MHC class II components are downregulated.
However, the expression of the immunoproteasome components
PSMB8 and PSMB9 reduces in MLLT6 knockout cells and may
therefore adversely affect MHC I peptide generation. Additionally,
we show that MLLTG6 is required for IFN-y stimulation of genes
associated with immune evasion in tumor cells such as IDOI,
CD74, and GBPS. Indoleamine 2,3-dioxygenase 1 (IDO1) is
frequently found in the tumor microenvironment (Komiya &
Huang, 2018), and high expression correlates with negative prog-
nosis (Kiyozumi et al, 2018; Komiya & Huang, 2018). IDO1
expression leads to increased T cell anergy and enhanced Treg
function (Komiya & Huang, 2018) increasing the capacity of
tumors to attenuate immune response. Consequently, IDO1 inhibi-
tion alone or in combination with antibodies for PD-L1 is
currently in clinical trials to enhance anti-tumor immunity
(Komiya & Huang, 2018). CD74 is the invariant chain of the MHC
class II complex and plays an important role in antigen presenta-
tion (Imaoka et al, 2019). Inhibition of CD74 signaling has been
shown to restore anti-tumor immune response (Figueiredo et al,
2018) and reduce expression of PD-L1 (Imaoka et al, 2019),
making it an interesting molecule for therapeutic targeting (Stein
et al, 2007). Guanylate binding protein 5 (GBP5) belongs to a
class of GTPases that have recently emerged as central orchestra-
tors of host defense against a wide variety of pathogens and
neoplastic diseases (Tretina et al, 2019). GBPs are induced by
IFN-y, and increased tissue levels have been found associated
with unfavorable outcomes in lung adenocarcinoma (Yamakita
et al, 2019). Based on our results tumor cells devoid of MLLT6
concomitantly lose expression of these proteins in the presence of
IFN-vy, therefore, we speculate that the inhibition of MLLT6 may
potentiate the effects of immunotherapies that invoke IFN-y
responses and thus boost their anti-tumorigenic effects. Addition-
ally, combining MLLT6 inhibition with bsAbs, BiTEs or adoptive
T cell therapies such as CAR T cells is conceivable.

Taken together, our data establish MLLT6 as a regulator of
immune-related genes that operate via the oncogenic and immune-
associated signaling network. Although our conclusions are limited
to bsAbs or BiTEs used in vitro, we are convinced that exploiting a
tumor’s dependency on MLLT6 may open an alternative route to re-
establish immune responses against cancer in patients resistant to
current treatments.

Materials and Methods

Cell culture

The RKO, SW480 (colon carcinoma), HeLa (cervical carcinoma),
and U20S (osteosarcoma) cell lines were purchased from ATCC and
maintained in DMEM (Gibco, ref: 31966-021) supplemented with
10% fetal bovine serum (Gibco, 10270-106) and 100 units/ml of
penicillin and 0.1 mg/ml of streptomycin (Gibco, 15140-122) at
37°C and 5% CO,. Whole blood samples were collected from four
healthy donors in EDTA, and peripheral blood mononuclear cells
(PBMCs) were isolated by density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare). Subsequently, CD8" T cells
were subjected to negative selection using the CD8* T cell isolation
kit (MACS, Miltenyi Biotec), expanded, and activated using
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Dynabeads human T-Activator CD3/CD28 (Gibco) in ImmunoCult-
XF T-cell expansion medium (Stemcell Technologies). Activation
beads were removed after 72 h, and CD8" T cells were kept in
culture for 24 h before functional tests were performed.

Reporter cell line

The RKO reporter cell line expressing PD-L1-eGFP was generated by
homology-directed repair (HDR) after Cas9 cleavage of the genomic
PD-L1 locus. The HDR template was cloned into the vector pC-
Goldy-TALEN (Addgene, 38143) via Esp3I containing an eGFP-P2A-
bsr sequence flanked by 501 bp and 664 bp left and right homology
arms, respectively (Fig EV1B). The HDR-vector was cotransfected
with the vector pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene,
62988) encoding Streptococcus pyogenes Cas9 and an sgRNA target-
ing the genomic PD-LI locus close to the stop codon (gRNA PD-
L1_HDR, 5-GAGGAGACGTAATCCAGCAT-3') by using Effectene
(Qiagen) transfection reagent according to the manufacture’s proto-
col. After transfection, the cells were selected by blasticidin for HDR
integration. Single cells with blasticidin resistance and eGFP fluores-
cence were sorted by flow cytometry. Genomic DNA was extracted
(QIAamp DNA blood kit, Qiagen) and probed for proper insertion of
the reporter construct by PCR and Sanger sequencing (primers: P1,
5-TCTCAGCAGGATCTGGAGCT-3'; P2, 5'-AGCTAAACAAGTTGCCC
CC-3’; P3, 5-TCTCAGCAGGATCTGGAGCT-3’; P4, 5-ATTGTATTA
TAAAAGGACAGTGGGTGG-3'; PS5, 5-TGGAGAGGCACTAAGAGGG
A-3'; P6, 5'-ACTTTTGATCAGTTTTCTGGCAAG-3'). For IFN-y stimu-
lation, cells were treated with varying amounts (0.5-50 ng/ml) of
IFN-y (BD PharMingen, 554617) in DMEM supplemented with 10%
FBS, Pen/Strep and 2 mg/ml of bovine serum albumin (BSA)
(Sigma-Aldrich, A7906) for 24 h. Media was then replaced with
normal DMEM and various measurements were carried out.

CRISPR library

A sgRNA library was designed systematically to cover six protein
classes, which include Kkinases, nuclear receptors, cell surface
proteins (Bausch-Fluck et al, 2015), epigenetic factors, transcription
factors, and uncharacterized genes. Genes with low expression
(FPKM < 2) in RKO cells (Klijn et al, 2015) were excluded, and 3-7
different sgRNAs were designed to either target the first exon, an
early splicing site or the functional domain of the protein. All
sgRNAs were chosen to fulfill sequence features associated with
high efficacy as previously described (Doench et al, 2016). The total
library was composed of 10,722 sgRNA targeting 1,572 genes. 671
sgRNAs targeting control genes were divided into three categories:
(i) 45 essential genes as general positive controls, (ii) assay controls,
such as PD-L1, eGFP, or STATI, and (iii) 47 non-essential genes as
negative controls with no known function in PD-L1 signaling.
Oligonucleotides with sgRNA sequences were ordered as arrayed
synthesis (CustomArray Inc.) and PCR-amplified (primer, forward
5'-GATATTGCAACGTCTCACACC-3’, reverse 5-GTCGCGTACGTCT
CGAAAC-3'). The PCR product was cloned via Esp3I in the lentiviral
vector pL.CRISPR.EFS.tRFP (#57819, Addgene) containing the modi-
fied tracr sequence (5-GTTTAAGAGCTATGCTGGAAACAGCATAG
CAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA
CCGAGTCGGTGCTTTTTTT-3’) as previously described (Chen et al,
2013).
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Lentiviral production and CRISPR screen

Lentivirus was produced by transfection of HEK293T cells with the
lentiviral vectors pL.CRISPR.EFS.tRFP (Addgene, 57818) and the
packaging plasmids psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) at a mass ratio of 1.0:0.6:0.3. Transfection was
performed using 45 pg polyethylenimine (Sigma-Aldrich) per 16 pg
DNA. The supernatant containing the virus was collected 72 h after
transfection, filtered through a 0.45-um filter, diluted with cell
culture medium in a ratio of 1:2, and added to the cells for 14 h
incubation after centrifugation at 1,000 g for 30 min. For the screen,
PD-L1-eGFP reporter cells were transduced with the sgRNA library
at a multiplicity of infection of 0.15 with a tRFP expression vector
that encodes for Streptococcus pyogenes Cas9 and sgRNA. Cells were
subjected to FACS on a BD FACSATrialll cell sorter, and 0.85 x 10°
tRFP* cells were collected 5 days after infection. After sorting for
tRFP " cells, they were incubated for 8 days and split into two
flasks, which were left untreated or treated with 1.0 ng/ml IFN-y for
48 h. Cells expressing low levels of PD-L1 were enriched by three
rounds of FACS on a BD FACSArialll cell sorter 15, 27 and 41 days
after lentiviral transduction (Fig EV2). Genomic DNA was extracted
(QIAamp DNA blood kit, Qiagen) from unsorted cells 13 days post-
transduction and after three rounds of sorting from sorted cells,
48 days post-transduction. sgRNA sequences were amplified by two
rounds of PCR, with the second round primers containing adaptors
for Illumina sequencing (PCR 1, forward 5-GTAATAATTTCTTGGG
TAGTTTGCA-3', reverse 5-ATTGTGGATGAATACTGCCATTTG-3';
PCR 2, forward 5-ACACTCTTTCCCTACACGACGCTCTTCCGATCTG
GCTTTATATATCTTGTGGAAAGG-3', reverse 5- GTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCTCAAGTTGATAACGGACTAGCC-3').
The resulting libraries were sequenced with single-end reads on a
NextSeq 500. In brief, after targeted PCR amplification, the samples
were indexed for NGS sequencing in a successive PCR enrichment
followed by purification and capillary electrophoresis (Fragment
Analyzer, Agilent). The sequence reads were mapped to sgRNA
sequences with the aid of PatMaN (Prufer et al, 2008), a rapid short
sequence aligner. As a set of query patterns, we used sgRNA
sequences flanked by 5-GACGAAACACCG-3' and 5-GTTTAA-
GAGCTA-3’ on the termini, respectively, and allowed two
mismatches during the alignment step. For each read, the best
matching gRNA sequence was picked, and in case of ties, the read
was discarded as ambiguous. Finally, for each sequenced sample,
counts of reads mapped to each sgRNA from the library were calcu-
lated.

CRISPR/Cas9 and BAC experiments

Synthetic oligonucleotides (Sigma-Aldrich) containing the sgRNA
target site were phosphorylated, annealed, and cloned via BbsI into
the vectors pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene, 62988)
or pSpCas9(BB)-2A-GFP (PX458) (Addgene, 48138). For CRISPR/
Cas9-mediated gene disruption, RKO, SW480, HeLa, or U20S cells
were transfected with Cas9/sgRNA expression vectors using Invitro-
gen Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) or
Fugene HD (Promega, E2311) and sorted for eGFP expression or
selected by puromycin, respectively. RKO MLLT6 knockout cells
were identified after single cell sorting utilizing flow cytometry and
genotyped. In brief, regions targeted by Cas9 were amplified by PCR
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(primer, forward 5-ATGAAGGAGATGGTAGGAGG-3/, reverse 5'-
CGTGCCCATCGCAGTAGA-3’) and cloned into the vector pCR2.1
using the TA Cloning Kit (Thermo Fisher Scientific, 450046). E. coli
strain DHSo was transformed with the TA cloned product, and
single colonies were picked after blue-white screening for sequenc-
ing of the inserted PCR products. In case of U20S, HeLa, and SW480
cells, a polyclonal MLLT6 knockout line was created by flow cytom-
etry analysis for cell surface PD-L1 (only U20S) followed by PCR,
TA cloning, and sequencing as described above. A bacterial artificial
chromosome (BAC) harboring MLLT6 genomic locus was obtained
from Eupheria Biotech. The BAC contained a localization and affin-
ity purification (LAP) cassette (Cheeseman & Desai, 2005) inserted
as a carboxy-terminal fusion to MLLT6. Isolated BAC DNA was
transfected and selected for stable integration as described (Poser
et al, 2008).

esiRNA transfection

U20S wild-type cells were seeded onto a six-well plate in DMEM
supplemented with 10% FBS and Pen/Strep 24 h prior to transfec-
tion. 840 ng of various esiRNAs with 10 pl Oligofectamine diluted
in OptiMEM were combined incubated at room temperature for
20 min and pipetted onto the cells. 48 h post-transfection, cells were
treated with IFN-y for another 24 h and subjected to protein extrac-
tion for Western blotting.

CTL assay

U20S wild-type and MLLT6 knockout cells were seeded onto a 96-
well plate in DMEM supplemented with 10% FBS and Pen/Strep.
After 24 h preactivated CD8" T cells, at varying ratios to cancer
cells, in ImmunoCult-XF T Cell Expansion Medium with different
amounts of EpCAM-CD3 BiTE or EGFR-CD3 or HER2-CD3 bi-specific
antibodies were added onto control and knockout cells. Cells were
incubated for 12-15 h and were fixed with 4% paraformaldehyde
for 10 minutes at room temperature followed by washes with PBS
and were subsequently permeabilized and stained with a mixture of
0.1% Triton X-100 (Serva, 37240) and 1 pg/ml of DAPI (AppliChem,
A1001) in PBS for seven minutes at room temperature. Plates were
subjected to fluorescent image based automated cell counting on a
Celigo Imaging Cytometer (Nexcelom Bioscience). Statistical signifi-
cance was determined using Student’s two-tailed t-test by GraphPad
Prism (version 6.04).

Time-lapse microscopy

U20S wild-type and MLLT6 knockout cells were transfected with
pEGFP-C1 EGFP-3XNLS (Addgene, 58468) and pmCherry-Cl
mCherry-NLS (Addgene, 58476) plasmids, respectively, to generate
eGFP and mCherry expressing stable lines. A 50:50 mixture of
30,000 WT-eGFP and MLLT6-KO-mCherry cells were seeded into a
p-Slide 8 well-chambered coverslip slide (ibidi) containing 100 pl of
DMEM supplemented with 10% FBS and Pen/Strep. The media was
replaced with 300 pl of FluoroBrite DMEM (Gibco) containing T
cells in the ratio of 3:1 to cancer cells and 0.2 pg of anti-EpCAM-
CD3 bi-specific antibodies (Creative Biolabs). Time-lapse micro-
scopy-based imaging was performed employing the Deltavision Elite
deconvolution microscope. Images were acquired on FITC and
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Alexa 594 channels every 10 min for 10 hours using a 20%/1.00
plan-Apochromat objective at 37°C with 5% CO,. Subsequently,
images were deconvolved and z-projected using image processing
and analysis software, Fiji (Schindelin et al, 2012). Wild-type and
MLLT6 KO cell numbers were determined by manually counting
cells on every image captured at 30-min intervals to generate a
Kaplan—Meier curve.

Immunofluorescence

Cells were grown on coverslips overnight, fixed in methanol at
—20°C for 10 min, quenched in acetone for 1 min, and blocked
with 0.2% gelatin from cold-water fish skin (Sigma-Aldrich) in
PBS (PBS/FSG) for 20 min. Cells were stained by incubation
with primary antibodies for 1 h in PBS/FSG and washed with
PBS/FSG. The cells were then incubated with fluorescent-dye
conjugated secondary antibodies for 1 h at room temperature.
After washing with PBS/FSG, coverslips were mounted on glass
slides containing 4',6-diamidino-2-phenylindole (DAPI; ProLong
Gold anti-fade; Thermo Fisher Scientific). Images were acquired
on an Olympus IX71 equipped with the DeltaVision Elite imaging
system using 40%/0.95 plan apo objective, deconvolved, and
projected using softWoRx software (Applied Precision). Acquired
images were cropped and contrast adjusted using Fiji (Schindelin
et al, 2012).

Antibodies

Immunofluorescence: goat anti-eGFP (MPI-CBG, Antibody Facility),
mouse anti-a-tubulin (MPI-CBG, Antibody Facility), donkey anti-
mouse Alexa594 (Thermo Fisher Scientific, 13497317), donkey anti-
goat FITC (Thermo Fisher Scientific, 15343856). Flow cytometry: PE
mouse IgG1, « isotype control (BD PharMingen, 555749), PE mouse
anti-human CD274 (BD PharMingen, 557924), FITC mouse anti-
human EpCAM (BD PharMingen, 347197), FITC mouse IgG1l, «
isotype control (BD PharMingen, 349041), APC anti-human EGFR
antibody (BioLegend, 352906), APC mouse IgG1, k isotype control
(FC) antibody (BioLegend, 400122), PE anti-human EGFR antibody
(BioLegend, 352903), PE mouse IgGl, « isotype control (FC) anti-
body (BioLegend, 400113), FITC anti-human CD340 (erbB2/HER-2)
antibody (BioLegend, 324404), FITC mouse IgG1, « isotype control
antibody (Biolegend, 400108). Western Blot: rabbit anti-PD-L1
(E1L3N) XP (Cell Signaling Technology, 13684), rabbit anti-PD-L1
(Thermo Fisher scientific, PA5-28115), goat anti-GAPDH (Acris
Antibodies, AP16240PU-N), rabbit anti-IFNGR1 (Cell Signaling
Technology, 34808), rabbit anti-IFNGR2, C-term (Gene Tex,
GTX81601), rabbit anti-JAK1(6G4) (Cell Signaling Technology,
3344), rabbit anti-JAK2 (D2E12) (Cell Signaling Technology, 3230),
rabbit anti-IDO1 (Gene Tex, GTX113753), rabbit anti-HLA-DRB1
(N1C3) (Gene Tex, GTX104919), rabbit anti-HLA-DRA (N2C3)
(Gene Tex, GTX113732), rabbit anti-CD74 (Gene Tex, GTX110477),
rabbit anti-GBP5 (Gene Tex, GTX106994), rabbit anti-STAT1 (Cell
Signaling Technology, 9172), rabbit anti-phospho-STAT1 (Tyr701)
(D4A7) (Cell Signaling Technology, 7649), IRDye 680LT donkey
anti-goat IgG (LI-COR Biosciences, 926-68024), IRDye 800 CW
donkey anti-rabbit IgG (LI-COR Biosciences, 926-32213). T cell acti-
vation: APC mouse anti-human CD3 (BD PharMingen, 555342),
APC-Cy7 CD8 (BD PharMingen, 348813), PE-Cy7 mouse anti-human
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CD25 (BD PharMingen 557741), FITC mouse anti-human CD69 (BD
PharMingen, 557049). Bi-specific Antibodies: Recombinant anti-
EpCAM-CD3 bi-specific T cell engagers were from Creative Biolabs
(BITE-L022). Recombinant anti-HER2 x anti-CD3 and anti-EGFR x
anti-CD3 tetravalent bi-specific (scFv-hlgG1Fc-scFv), antibodies
were cloned and produced by the DKFZ (Heidelberg).

Flow cytometry

Cells were trypsinized, and 250,000 cells were centrifuged at
2,000 g for 3 min and washed in PBS. Cells were stained with
phycoerythrin (PE) mouse isotype control or PE mouse anti-PD-L1
antibody (1 pl in 100 pl PBS), FITC (fluorescein isothiocyanate)
mouse IgG1, k isotype control or FITC mouse anti-human EpCAM
antibody (5 pl in 100 ul PBS), APC (allophycocyanin) mouse IgG1,
K isotype control or APC anti-human EGFR antibody, PE mouse
IgG1, k isotype control or PE anti-human EGFR antibody and FITC
mouse IgGl, k isotype control, or FITC anti-human CD340 (erbB2/
HER-2) antibody (1 pl in 100 pl PBS) and incubated for 30 min at
4°C and 30 min at room temperature. Cells were then washed with
PBS twice and resuspended in 250 pl of PBS and analyzed on BD
FACSCalibur, Canto II or MACS Quant VYB flow cytometers. CD8 ™"
T cell activation status was confirmed by staining with antibodies
against CD3, CD8, CD25, and CD69 (BD Pharmingen) followed by
flow cytometry analysis on a BD LSR II flow cytometer. Statistical
significance was determined using Student’s two-tailed t-test by
GraphPad Prism (version 6.04).

Western blotting

Protein extracts were prepared from RKO and U20S cell lines by
isolating four million cells washing with 500 pl PBS and treatment
with 200 pl lysis buffer (280 mM NaCl, 0.5% Igepal, 5 mM MgCl,-
hexahydrate, 10% glycerol, and 50 mM Tris-HCl) containing Halt
protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific,
1861281) and 5 pl of 25 U/pl benzonase (Novagen, 70664) for 10 min
on ice. Nine pl of samples was then mixed with 3 pl of 4x loading dye
(62.5 mM Tris-HCl pH 6.8, 10% glycerol, 1% LDS, 0.005%
bromophenol blue, and 50 mM DTT). Samples were then heated at
50°C for 5 min, centrifuged for 1 min at 18,400 g and loaded onto a
NuPAGE 4-12% Bis-Tris protein gel (Invitrogen), electrophoresed and
transferred to a nitrocellulose membrane. Subsequently, membranes
were blocked in 5% non-fat dry milk, probed with indicated primary
(overnight 4°C) and secondary (1 h at room temperature) antibodies
and imaged on LI-COR Odyssey imaging system. Quantification of
bands was performed using Image Studio Lite.

RNA sequencing

U20S wild-type and MLLT6 knockout lines were plated on 10 cm
dishes for 24 h and then treated with 1.5 ng/ml of recombinant
human IFN-y and 20 mg/ml of bovine serum albumin for 24 h.
RNA was isolated as per manufacturer’s instructions using the
RNeasy kit (Qiagen, 74104). Samples were run on an agarose gel to
check RNA integrity, and 2 pg of total RNA from each sample was
submitted for Illumina deep sequencing. Transcript expression
levels were quantified with Salmon (Patro et al, 2017) using
GENCODE release 28 (Patro et al, 2017) as a transcriptome
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annotation database. Differential expression analysis was performed
in R (https://www.R-project.org, version 3.5) using tximport
(Soneson et al, 2015) and DESeq2 (Love et al, 2014) packages.

NanoString

U20S wild-type and MLLT6 knockout cell lines treated with and
without IFN-y were subjected to RNA isolation as mentioned above.
Samples were checked for RNA integrity, and 150 ng of total RNA
was added to a master mix containing buffer, gene-specific pool of
probes, reporter tags, and universal capture tags and hybridized at
67°C for 20 h. Gene-specific probes and reporter tags were designed
by NanoString Technologies Inc. Sequences for the probes and tags
are provided in the Dataset EV6. Samples were transferred to an
nCounter cartridge and then loaded into the Prep Station for
hybridization and immobilization onto the sample cartridge for 3 h.
Subsequently, the cartridge was transferred to the nCounter digital
analyzer for scanning immobilized fluorescent reporters. Quality
checks and data analysis were performed on the nSolver software as
per manufacturer’s instructions.

sgRNA and esiRNA sequences

A list of the sgRNA and esiRNA sequences and target genes used for
screening is provided in the Dataset EV1. The esiRNAs were
purchased from Eupheria Biotech. The targeting regions of the
sgRNAs used for validation and characterization were MLLT6_sg
RNA-1, 5-CTGCGTATGTTCGGACGAGA-3’; MLLT6_sgRNA-2, 5'-
AGGCACGTACTGCAGCACGA-3'; MLLT6_sgRNA-3, 5-GCCTCATGA
TCGCTTCAACA-3'; MLLT6_sgRNA-4, 5-TCGACATCCATGGCGGT
TAC-3'; negative control, 5-GGCCAGCCGGCAATTCGC-3'.

gRT-PCR

Cells were trypsinized, and 1 million cells were isolated and
subjected to RNA extraction using the RNeasy kit (Qiagen) as per
manufacturer’s protocol. Total RNA (2.5 pg) was annealed with
oligo dT at 65°C for 5 minutes, and cDNA was synthesized using
SuperScript III Reverse Transcriptase (Thermo Fisher Scientific,
18080085). Quantitative real-time PCR was performed using ABso-
lute QPCR Mix, Sybr Green, no-ROX (Thermo Fisher Scientific,
AB1158). qPCR primers used: TBP, forward 5-AGGTTAGAA
GGCCTTGTGCTC-3', reverse 5-GGAGAACAATTCTGGGTTTGAT
CA-3’; MLLT6, forward 5-GGTGCCTTCATTCCCCTTTG-3/, reverse
5'-GCAGGGGTGAGGTCTCCAGT-3’; PD-L1, forward 5'-TCATGACC
TACTGGCATTTGC-3', reverse 5-TTGTCCAGATGACTTCGGCC-3'.
Expression levels of genes were determined by 22 method; C,
values of gene of interest were normalized to respective TATA-box
binding protein (TBP) transcript C; values and normalized to control
samples.

Statistical analysis

Statistical analysis was carried out with GraphPad Prism (version
6.04). Typically, for two-way comparison Student’s two-tailed t-test
(degree of freedom as indicated) was used. P-values of < 0.05 were
considered significant. One-way ANOVA was employed to ascertain
statistically significant differences between more than two groups.
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Testing for differential expression of genes between RNA-Seq
samples was performed using the standard workflow of R package
DESeq2 (Love et al, 2014), with P-values calculated using a Wald
test, followed by an FDR adjustment according to a Benjamini and
Hochberg method. MFI values were calculated by building the arith-
metic average of the fluorescence intensities.

Data availability

The DeepSeq data from this publication have been deposited to the
NIH Gene Expression Omnibus (GEO) database and assigned the
identifier GSE144484 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgilacc = GSE144484).

Expanded View for this article is available online.
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