1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Mol Cell. Author manuscript; available in PMC 2021 June 18.

Published in final edited form as:
Mol Cell. 2020 June 18; 78(6): 1207-1223.€8. doi:10.1016/j.molcel.2020.05.015.

Tumor interferon signaling is regulated by a IncRNA INCR1
transcribed from the PD-L1 locus

Marco Mineol*, Shawn M. LyonsZ2, Mykola Zdioruk?!, Niklas von Spreckelsen:3, Ruben
Ferrer-Luna®®, Hirotaka Itol, Quazim A. Alayol, Prakash Kharel®, Alexandra Giantini
Larsen?, William Y. Fanl, Sophia Auduong?, Korneel Grauwet!, Carmela Passaro!, Jasneet
K. Khalsa’, Khalid Shah’, David A. Reardon8, Keith L. Ligon®?, Rameen Beroukhim#538,
Hiroshi Nakashimal, Pavel lvanov®19, Paul J. Anderson®19, Sean E. Lawler?, E. Antonio
Chioccal:11*

IHarvey W. Cushing Neuro-oncology Laboratories (HCNL), Department of Neurosurgery, Harvard
Medical School and Brigham and Women'’s Hospital, Boston, MA, 02115, USA

2Department of Biochemistry, Boston University School of Medicine, Boston, MA, 02118, USA

SDepartment of Neurosurgery, Center for Neurosurgery, Faculty of Medicine and University
Hospital, University of Cologne, 50937 Cologne, Germany

‘Department of Cancer Biology, Dana-Farber Cancer Institute, Harvard Medical School, Boston,
MA, 02115, USA

SCancer Program, The Broad Institute of MIT and Harvard, Cambridge, MA, 02142, USA

6Division of Rheumatology, Inflammation, and Immunity, Brigham and Women'’s Hospital, and
Department of Medicine, Harvard Medical School, Boston, MA, 02115, USA

’Center for Stem Cell Therapeutics and Imaging, Department of Neurosurgery, Brigham and
Women'’s Hospital, Boston, MA, 02115, USA

8Center for Neuro-Oncology, Dana-Farber Cancer Institute, and Brigham and Women’s Hospital,
Boston, MA 02115, USA

°Department of Oncologic Pathology, Dana-Farber Cancer Institute, Harvard Medical School,
Boston Children’s Hospital and Brigham and Women’s Hospital, Boston, MA 02115, USA

"Correspondence: mmineo@bwh.harvard.edu or eachiocca@bwh.harvard.edu.

AUTHOR CONTRIBUTIONS

M.M. conceived the project, interpreted data, wrote the manuscript; designed and performed the majority of the experiments, with
contributions from M.Z., N.vS., Q. A A, AG.L., W.Y.F, S.A., K.G. and C.P.. S.M.L. designed and performed RACE experiments,
IncRNA binding site validation and binding competition assays. R.F-L. performed bioinformatic analysis. P.K. performed binding
affinity experiments. H.l. performed in vivo experiments. J.K.K. and K.S. generated EGFRvlIII-directed CAR T cells. D.A.R. helped
with manuscript drafting. K.L.L. generated patient derived cell lines and supervised bioinformatic analysis. R.B. supervised
bioinformatic analysis. P.J.A., P.I., H.N. and S.E.L. helped with experimental design and data interpretation. E.A.C. supervised the
study, interpreted data and co-wrote the manuscript. All authors commented on the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS
M.M. and E.A.C. are inventors on a patent application covering the use of /NCR1 as therapeutic and diagnostic target.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mineo et al. Page 2

OHarvard Initiative for RNA Medicine, Boston, MA, 02115, USA

11| ead Contact

SUMMARY

Tumor interferon signaling promotes PD-L1 expression to suppress T cell-mediated
immunosurveillance. We identify the interferon- (IFN)-stimulated non-coding RNA 1 (/NCRI) as
a long noncoding RNA (IncRNA) transcribed from the PD-L 1 locus and show that /NCR1 controls
IFNy signaling in multiple tumor types. Silencing /NCRI decreases the expression of PD-L1,
JAK2 and several other IFNy-stimulated genes. /NCR1 knockdown sensitizes tumor cells to
cytotoxic T cell-mediated killing, improving CAR T cell therapy. We discover that PD-/L 7 and
JAKZtranscripts are negatively regulated by binding to HNRNPH1, a nuclear ribonucleoprotein.
INCRZI’s primary transcript binds HNRNPHL1 to block its inhibitory effects on the neighboring
genes PD-L 1and JAKZenabling their expression. Together, these findings introduce a mechanism
of tumor IFN-y signaling regulation mediated by the IncRNA /NCRI and suggest a therapeutic
target for cancer immunotherapy.
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Mineo et al. investigate the role of InNcRNAs in tumor immune evasion. They show that /NCR1, a
IncRNA expressed in response to interferon stimulation, regulates the expression of several
immunosuppressive molecules to promote tumor escape from T cell attack.
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INTRODUCTION

Immune checkpoint inhibitors have revolutionized cancer treatment (Pardoll, 2012; Sharma
and Allison, 2015). These therapies have been developed based on the ability of cancers to
evade anti-tumor immunity by up-regulation of immune checkpoint molecules, such as
programmed cell death 1 ligand 1 (PD-L1), in response to stimuli, such as interferon-y
(IFNvy) (Beatty and Gladney, 2015; Garcia-Diaz et al., 2017). Expression of PD-L1 within
the tumor microenvironment inhibits the anti-tumor immune response through the binding of
the immune checkpoint receptor PD-1 expressed on T cells (Freeman et al., 2000). Immune
checkpoint inhibitors that target the PD-1/PD-L1 pathway have been shown to be less toxic
than standard chemotherapy and to produce durable tumor regression and overall survival
benefits in several tumors including non-small cell lung cancer (NSCLC) and melanoma
(Antonia et al., 2017; Larkin et al., 2015; Topalian et al., 2012). However, only a small group
of patients respond to these therapies and some of the responders develop acquired
resistance (Jenkins et al., 2018). Moreover, immune checkpoint inhibitors have not produced
significant benefits in tumors characterized by a highly immunosuppressive
microenvironment, such as glioblastoma (GBM) (Jackson et al., 2019). Resistance to
immune checkpoint blockade is partly caused by constitutive expression of interferon-
stimulated genes (ISGs) in tumors, as a result of a persistent IFN-y signaling (Benci et al.,
2016). Therefore, a better understanding of the molecular mechanisms that control IFNy
signaling and PD-L1 expression will benefit the development of alternative and more
effective strategies to overcome present therapeutic limitations.

Long noncoding RNAs (IncRNAS), transcripts longer than 200 nucleotides that lack protein
coding potential, have emerged as major regulators of a wide range of cellular processes
(Geisler and Coller, 2013; Rinn and Chang, 2012). Several thousand IncRNAS are encoded
by the human genome, but the function of the large majority of these transcripts remains
unexplored (Derrien et al., 2012). Some IncRNAs promote c/sor trans regulation of gene
expression through transcriptional and post-transcriptional mechanisms via interactions with
key regulatory proteins (Atianand et al., 2016; Carpenter et al., 2013; Ramos et al., 2015;
Wang et al., 2008; Willingham et al., 2005). It has been challenging to determine the
biologic function of several IncRNAs due to mechanisms of action that are not mediated by
the IncRNA transcripts themselves. This has led to the concept that many of these transcripts
may not be functional (Struhl, 2007). However, more detailed studies have shown that the
process of INcCRNA transcription itself can promote chromatin accessibility and enhancement
of the activity of coding gene promoters (Canzio et al., 2019; Engreitz et al., 2016a; Mowel
etal., 2017). Thus, understanding the function of InNcRNAs requires a detailed analysis of the
mechanisms through which a nascent noncoding transcript can affect proximal genes.

In cancer, aberrant expression of InNcRNAs has been associated with tumor development and
progression (Gutschner et al., 2013; Kim and Croce, 2018; Prensner and Chinnaiyan, 2011;
Prensner et al., 2011; Wu et al., 2018). The IncRNA H/IF1A-AS2Z, for example, was shown to
modulate gene expression in response to low oxygen tension, thus promoting cell survival
and proliferation in the hypoxic regions of the tumor (Mineo et al., 2016). LncRNA
expression can be tissue and cancer-specific, and expression pattern can also distinguish

Mol Cell. Author manuscript; available in PMC 2021 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mineo et al.

RESULTS

Page 4

between tumor stage and subtypes, suggesting potential roles as biomarkers (Du et al.,
2013). Moreover, the introduction in the clinic of chemically modified antisense
oligonucleotide-based therapies renders the targeting of INcRNAs feasible in cancer therapy
(Levin, 2019). Although the functional importance of IncRNAs in tumor progression and
growth has now been clearly established, their role in immune evasion remains unknown.

In this study, we identify a poorly characterized IncRNA, which we named Interferon-
stimulated Non-Coding RNA 1 (/NCRI), as a major regulator of IFN-y signaling in tumors
by post-transcriptional modulation of PD-L1 and JAK2 expression. /NCR1 is transcribed as
an antisense RNA from the PD-L 1/ PD-L2locus and its expression strongly correlates with
PD-L 1but not PD-L2expression. INCR1 is expressed in human patients and across multiple
tumor types, and its levels increase after IFN-y stimulation. We show that silencing /NCR1
represses the expression of 1ISGs, including PD-L1, in both unstimulated and IFNy-
stimulated cells. Furthermore, /NCR1 knockdown cells are more susceptible to cytotoxic T
cell-mediated killing compared to control cells. /n vivo, silencing /INCR1 resulted in
increased susceptibility to CAR T cell therapy in an experimental tumor model. Finally, we
demonstrate that the primary /NCR1 transcript, and not the mature IncRNA, modulates the
activity of an RNA binding protein, HNRNPH1, to affect PD-L1 and JAK2 levels. This does
not occur in frans but “locally”. Together, our data reveal a mechanism of interferon
signaling regulation mediated by the IncRNA /NCR1.

INCR1 is a IncRNA expressed in tumor cells exposed to IFNy

To identify tumor IncRNAs with immunomodulatory functions, we performed whole-
transcriptome analysis (RNA-seq) of patient-derived glioblastoma (GBM) cell lines
(PDGCLs) stimulated with IFNvy (Figure 1A). IFN+y stimulated the transcription of 113
IncRNAs (p<0.01, fold change >2, Table S1) including BANCR, a IncRNA previously
shown to be upregulated by IFN+y (Kutty et al., 2018), validating the approach. Among the
most upregulated InNcRNAs was a poorly characterized INcCRNA expressed from the opposite
DNA strand of the PD-L1/PD-L21ocus (Figure 1B). Due to its IFN-dependent expression,
we named this IncRNA Interferon-stimulated Non-Coding RNA 1 (/NCRI1). INCR1
expression positively correlated with the expression of 237 other IncRNAs (FDR<0.25,
Figure 1C and Table S2), several of which were transcribed from loci of protein-coding
genes known to be IFN regulated (Figure 1D and Table S3). Annotated in Ensembl as
ENSG00000286162, the /INCR1 gene was predicted to span a genomic region of 172.5
kilobases (kb) located in chr9p24.1 that produces a spliced IncRNA of about 2 kb. Using 5’
and 3’ rapid amplification of cDNA ends (RACE), we identified the 5’ and 3’ ends of the
INCR1 transcript (Figure S1A and S1B). RACE sequencing data demonstrated that /NCR1
has a canonical polyadenylation signal at the 3’ end whose coordinates are chr9:5,629,748—
5,457,434 (Figure S1C and S1D). Moreover, we performed PCR amplification to obtain the
full sequence of the /NCR1 transcript. Sequencing PCR products from 3 different cell lines
revealed that /NVCR1 is a 2,030 nt long IncRNA, composed of 3 exons (Figure S1E and S1F).
The 5’ end of the /NCRI transcript consists of a 182 nt exon located within the first intron of
the R/CI gene. This is followed by a short 94 nt long exon located in the antisense
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orientation of the second intron of the PD-L2gene and finally a 3’ end exon of 1,754 nt
found in an antisense direction of the third intron of the PD-L1 gene (Figure S1G). Analysis
of the /INCR1 sequence using PhyloCSF showed the low coding potential of this transcript
(Figure 1E). We also confirmed that /NVCR1 was not translated into protein, using an /in vitro
transcription/translation assay (Figure 1F). Furthermore, qPCR analysis of cellular fractions
showed that /NCR1 localized mostly in the nucleus (Figure 1G). Finally, analysis of the
INCRI locus, and the nearby 9p21 cytoband that includes the CDKNZA/B genes, in 32
PDGCLs and 43 long-term GBM cell lines (LTGCLSs) revealed a pattern of copy number
alterations similar to GBM tumors from the TCGA cohort, suggesting that our experimental
cell line models reflected the human disease (Figure 1H).

INCR1 expression correlates with PD-L1 levels in different cancer cells and patient tumors

To validate the RNA-seq data, we performed gPCR analysis using a select number of
PDGCLs (n=7; Table S4). In all lines, /NCR1 was up-regulated in response to IFNy
stimulation (Figure 2A). IFNvy-treated PDGCLS also expressed high levels of PD-L1 mRNA
and protein (Figure 2B and S2A), with only minor differences in RNA copy number
compared to /NCR1 (Figure S2B). Notably, we observed a highly significant correlation
between /NCRI and PD-L1 mRNA and protein (Figure 2C and S2C). Consistent with these
findings, /INCR1 expression was positively correlated with PD-L1 mRNA levels in patient
GBMs, with /INCRI-high tumors also expressing higher PD-L 1 levels (Figure 2D-F). We
also observed up-regulation of PD-L2in PDGCLs stimulated with IFNy (Figure S2D).
However, there was no significant correlation between PD-L2and /INCRI expression, in
either PDGCLs or GBM patient tumors (Figure S2E-G). In addition, no correlation in
expression was observed between /NCRZ1 and its third overlapping gene R/C1 (Figure S1G
and S2H). To determine if the correlation between /NCR1 and PD-L 1 expression extended
beyond our PDGCL model, we analyzed the response to IFN-y treatment in cells from other
cancers. Our panel included 6 cell lines representing GBM, melanoma, non-small cell lung
cancer (NSCLC) and breast cancer (BC). All showed increased expression of /NCRI after
IFN+y stimulation (Figure 2G) that also correlated with PD-L1 expression (Figure 2H and
21). Furthermore, to test if /NCR1 expression could be stimulated by other types of
interferons, we treated two different PDGCLs with IFNB and analyzed gene expression. We
showed that stimulation with IFNf was also able to induce the expression of both /NCR1
and PD-L1 (Figure S2I). Finally, since it has been shown that STAT1 regulates PD-L1
expression in response to IFN+y (Garcia-Diaz et al., 2017), we analyzed if STAT1 could also
regulate transcription of /NCR1. Silencing STAT1 resulted in reduced /NCR1 levels,
suggesting STAT1 dependent regulation of /NCRZ1 expression (Figure S2J). Thus, we have
identified a novel IncRNA whose expression is stimulated by interferon and whose
expression positively correlates with AD-L 1 in tumors and tissue culture cells.

INCR1 regulates tumor IFNy signaling

Since several IncRNAs act as major modulators of gene expression in response to stimuli
(Atianand et al., 2016; Mineo et al., 2016), we hypothesized that /NCRZ would regulate the
expression of its neighboring genes and the tumor response to IFNvy stimulation. Because
primary tumor cells showed low efficiency in maintaining expression of short hairpin RNAs
(shRNASs), to test our hypothesis, we first generated stable knockdown of /NCRZ in the
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U251 GBM cell line, and we assessed the impact of /NCRZ silencing on global gene
expression by RNA-seq. Performing nuclear/cytoplasmic fractionation we validated
knockdown of both nuclear and cytoplasmic /NCR1 (Figure S3A), whose downregulation
did not affect cell viability (Figure S3B). Silencing /NCRI reduced the expression of 938
genes, of which 451 genes were commonly downregulated in unstimulated and IFNy-
stimulated cells (p<0.01, fold change >2, Figure 3A and Table S5). Gene ontology (GO)
enrichment analysis showed downregulation of genes involved in immune-related functions,
such as IFNy response, innate immune response and defense response to virus (Figure 3B).
Moreover, /INCRI knockdown resulted in reduced expression of 124 ISGs (Figure 3C).
Among those genes were important components of the IFN+y signaling pathway (JAKZ and
STATI), as well as major immunosuppressive molecules (PD-L1 and /DOI). We further
validated the deregulated expression of selected genes by gPCR. Our data confirmed that
silencing /NCRI resulted in reduced mRNA levels of its overlapping genes PD-L 1 and PD-
L2 both at basal level and in response to IFN-y (Figure 3D-F). Notably, the mRNA of
JAKZ, whose gene is in the same locus as /NCR1 and PD-L 1, was significantly
downregulated (Figure 3G), along with ISGs from different genomic regions, such as S7TA71
and /DO1 (Figure 3H and 3I). Moreover, we showed that silencing /NCR resulted in
downregulation of PD-L1, JAK2, STAT1 and IDO1 protein levels (Figure 3J).
Downregulation of total STAT1 was associated with its decreased phosphorylation and
nuclear localization in response to IFNvy stimulation (Figure 3J and S3C). In addition, we
showed that silencing /NCR1 reduced both total PD-L1 protein and the levels of cell surface
PD-L1 (Figure 3K). To test if /NCRZ could regulate signaling of other cytokines, we treated
control and /NCR1-knockdown U251 cells with TNFa and analyzed gene expression by
gPCR. Our data showed that /NCR1 was not significantly induced by TNFa treatment and
silencing /NCR1 did not affect the expression of TNFa stimulated genes (Figure S3D).
Finally, to validate /NCRI regulation of IFN+y signaling in patient derived cells, we targeted
INCR1 in BT333 cells using gapmer antisense oligonucleotides (ASO). Gene expression
analysis showed that silencing /NCRZ1 in BT333 cells resulted in a response similar to that
observed in U251 (Figure S3E), further validating our results.

Since PD-L1 expression significantly contributes to cancer-associated immunosuppression
(Beatty and Gladney, 2015), to assess whether /NCRZ is able to regulate PD-L1 expression
in tumors other than GBM, we selected two non-GBM cell lines with different basal levels
of PD-L1 to generate stable /NVCR1 knockdowns; the A375 melanoma cell line, which
showed no detectable basal levels of PD-L1 by immunoblot, and the MDA-MB-231 breast
cancer cell line, which exhibited the highest basal levels of PD-L1 among the cell lines
analyzed. /NCR1 knockdown in A375 cells led to a significant reduction of IFNy-mediated
PD-L1 expression compared to control cells (Figure S3F-H). Silencing /NCR1 in MDA-
MB-231 cells resulted in a significant decrease of PD-L1 basal levels and a strongly
attenuated response to IFN-y stimulation (Figure S3J-L). Moreover, both cell lines showed
reduced levels of PD-L1 at their surface when /NCR1 was silenced (Fig. S3I and S3M). To
further validate the ability of /NCR1 to regulate PD-L1 expression, we designed SgRNA
targeting the promoter region of /NCRI (that also overlaps the RIC1 gene) to evaluate
knockdown in patient-derived cells using CRISPRi. /NCR silencing caused by the designed
SgRNA resulted in reduction of PD-L1 expression, with no effect on R/CI levels (Figure
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S3N). Together, these results indicate that /NVCRZ modulates tumor response to IFN-y
treatment by regulation of multiple ISGs in GBM and in other cancer types.

Silencing INCR1 leads to increased T cell-mediated cytotoxicity in vitro and improves CAR
T cell efficacy in vivo

CD8™ cytotoxic T lymphocytes (CTLs) act as important effectors of cancer immunoediting
(Mittal et al., 2014). Activation of CD8* CTLs induces the secretion of cytokines, such as
IFNy, which promotes their proliferation and anti-tumor activity (Bhat et al., 2017; Zhang
and Bevan, 2011). Because /NCR1 silencing reduced the expression of major IFN-y-
regulated immune inhibitory molecules in tumor cells, we tested whether silencing /INCR1
would increase CD8* CTL activity. Using a 2D culture system, we found that co-culture of
tumor cells with CD8* CTLs, activated with beads covalently coupled to anti-CD3 and anti-
CD28 antibodies, resulted in increased cytotoxicity of /NCRI knockdown cells compared to
control, with no significant change in viability of activated T cells (Figure 4A and S4A). We
confirmed the greater activity of CD8* CTLs in killing U251, A375 and MDA-MB-231 cells
with silenced /NCR1 using live/dead staining and FACS analysis (Figure S4B).
Furthermore, using a 3D culture system, we found a significant reduction in the size of
INCR1 knockdown tumor spheres compared to control tumor spheres when these were co-
incubated with activated CD8" CTLs (Figure 4B). This was associated with increased IFNy
secretion by CD8* CTLs, co-cultured with /NCR1 knockdown cells compared to CD8*
CTLs co-cultured with control cells (Figure 4C).

T cells engineered to express a Chimeric Antigen Receptor (CAR) against a specific tumor
antigen are a potential curative therapy for different cancer types, but has produced only
modest success in solid tumors mainly due to the highly immunosuppressive
microenvironment (D’Aloia et al., 2018). To test if silencing /NCR1 could improve CAR T
cell function /n vivo, U251-EGFRVIII control and /NCR1 knockdown tumors were
implanted subcutaneously. Seven days after implantation, human T cells expressing GFP
alone (control) or the EGFRvIII-directed CAR were injected with a single intravenous dose
that is about 1/10 of the dose that is standard (Hillerdal et al., 2014; Song et al., 2015; Wing
et al., 2018; Zhang et al., 2019). Under these conditions, mice with control tumors showed
no significant response to the CAR T cell therapy. In contrast, CAR T cells significantly
reduced tumor growth in mice bearing /NCR1 knockdown tumors (Figure 4D). At the end of
the study, twenty-one days after T cell injection, tumors were analyzed for the presence of
CAR T cells. INCR1 knockdown tumors presented infiltrates of both CD4* and CD8* T
cells with a predominance of CD8" T cells. In contrast, no CD4* T cell infiltrates were
observed in control tumors (Figure 4E and 4F). Furthermore, CD8* T cells in control tumors
expressed a significantly higher level of PD-1 compared to those infiltrating tumors with
silenced /NCR1 (Figure 4G). Taken together, these results show that /NCR1 plays a
functional role in controlling tumor IFNy signaling, and that its knockdown leads to
increased susceptibility of human tumor cells to T cell-mediated killing.

HNRNPHL1 is a binding partner of INCR1

Most IncRNAs have been shown to function through their interaction with proteins, such as
transcription factors or heterogeneous nuclear ribonucleoproteins (hnnRNPs) (Atianand et al.,
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2016; Carpenter et al., 2013). To identify the mechanism through which /NCRI regulates
PD-L1 expression, we first used RNA Antisense Purification (RAP) to purify proteins in
direct contact with endogenous /NVCRI in IFN-y-stimulated PDGCLs. We designed probes
covering the entire /NCR1 sequence, crosslinked RNA-protein complexes by UV irradiation
and performed RAP in denaturing conditions to maximize the recovery of specific RNA-
protein interactions. We observed greater than 80-fold enrichment in /NCRZ RNA compared
to control purification (Figure 5A). Mass spectrometry analysis showed HNRNPH1 as the
top hit among the proteins identified only in the /NCRI RAP but not in the control RAP
(Figure 5B and Table S6). We then validated the interaction between /NCR1 and HNRNPH1
by in vivo RNA-immunoprecipitation of UV-crosslinked samples (CLIP). To increase the
strength of our validation, we included two IncRNAs previously demonstrated to be binding
partners of HNRNPH1 (MALATI and NORAD) and one IncRNA known to not bind
HNRNPH1 (RMRP) (Uren et al., 2016). We showed that all the tested InNcRNAs were highly
expressed (Figure S5A) and their localization was mostly nuclear (Figure S5B). gPCR
analysis of RNA co-purified with HNRNPH21 confirmed binding of HNRNPH1 to MALAT1
and NORAD and the absence of interaction with RKMRPand 18S (Figure SS5C-F). Moreover,
HNRNPH1 showed significant binding to /NVCRZ in IFN+y-stimulated cells compared to
untreated cells and isotype control (Figure 5C). To identify /NCRI regions bound by
HNRNPH1, we first mapped HNRNPH1 binding sites /7 vivo by enhanced CLIP sequencing
(eCLIP-seq). We identified a cluster of peaks in the proximal intron of /NCR1 (Figure 5D).
To validate sequencing data /n vitro, we cloned an /NCRI minigene containing the 5’ and 3’
region of the first intron and used it to generate 7 different /n vitro transcribed biotinylated
RNA fragments. RNA pull-down assays showed that HNRNPH1 interacted strongly with
two RNA fragments (F4 and F6) containing the sequences of the major peaks found in the
eCLIP-seq (Figure 5E). We further proved HNRNPH1 binding to the sequence with
strongest eCLIP signal by electrophoretic mobility shift assay (EMSA) (Figure S5H). The
two fragments bound by HNRNPH1 were enriched in G-stretches, and this motif was found
in more than 80% of the HNRNPH1 RNA targets (Figure 5F and Table S7). Gene ontology
(GO) enrichment analysis of all the genes identified by eCLIP-seq showed that HNRNPH1,
other than bound to /NCR1, was also bound to several genes involved in immune system
processes, including several IFN-y-stimulated genes, such as PD-L1, JAKZand STAT,
which expression we showed to be regulated by /NCRI (Figure 5G). However,
overexpression of an INCR1 minigene in #rans did not produce any significant effect on
global ISG expression (Figure S51), suggesting that /VCRZ regulates only genes that are in
close proximity (“locally™), and therefore /NCRI effects on the tumor interferon signaling
may be mediated by local regulation of the neighboring genes PD-L 1 and JAKZ. We next
validated by RIP HNRNPH1 binding to the ISGs expressed nearby /NCRI. Our data showed
that HNRNPH1 bound PD-L1and JAKZ mRNA (Figure 5H and 51) but did not bind PD-L2
MRNA (Figure S5G). Moreover, to assess if /INCRI was bound to HNRNPH1 in complex
with PD-L1 and/or JAKZ mRNA, we performed RAP-RNA analysis to identify RNA-RNA
interactions. Using this approach, we did not detect direct or indirect binding between
INCRI1and PD-L1or JAKZmRNA (Figure S5J). Taken together, these results indicate that
INCR1 binding to HNRNPH1 was independent of PD-L1and JAKZ mRNA binding.
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INCR1 functions as a negative regulator of HNRNPH1 activity

The observed absence of /NCR1 binding to PD-L1 and JAKZtranscripts coupled with the
observed binding of /INCR1, PD-L1and JAKZtranscripts to HNRNPH1 led us to
hypothesize that /NCR1 acted as a decoy RNA that competitively inhibits HNRNPH1
function on PD-L1and JAKZtranscripts. To test our hypothesis, we first investigated the
effects of modulating HNRNPHZ1 levels. Silencing HNRNPH1 increased PD-L1and JAK2
MRNA levels in both A375 cells (Figure 6A) and patient derived BT139 cells treated with
IFNy (Figure S6A). This was associated with a significant increase in PD-L1 and JAK2
protein in response to IFNy stimulation (Figure 6B). These data suggested that HNRNPH1
is a negative regulator of PD-L1 and JAK2 expression and that binding of /NCR1 is required
to prevent HNRNPH1 function. This hypothesis was supported by an inverse correlation
observed between HNRNPHI levels and PD-L 1 expression in GBM tumors (TCGA) (Figure
6C). To further prove our hypothesis, we conducted knockdown experiments to silence
HNRNPH1 expression in /NCR1 knockdown cells. As expected /NCRI knockdown resulted
in reduced PD-L1 expression in IFNvy-treated cells. However, silencing HNRNPHL1 in those
knockdown cells rescued PD-L1 expression (Figure 6D). To confirm that the interaction
between /NCR1 and HNRNPH1 mediates the regulation of PD-L1 and JAK2, we first
evaluated the binding affinity of HNRNPHL1 to /NCR1 by microscale thermophoresis (MST)
and compared it with the binding affinity to PD-L 1 and to JAKZ. RNA fragments
corresponding to the major eCLIP peaks found in the intron 5 of PD-L1 and intron 2 of
JAK2 were used to measure binding affinity (Figure S6B). INCR1 RNA fragment showed
higher binding affinity to HNRNPH1 compared to PD-L1 and JAK2 RNA fragments (Figure
6E). These data suggest that HNRNPHZ1 binding to /NVCRI may reduce its ability to interact
with PD-L 1 and JAKZand thus silencing /NCRI should increase PD-L1and JAKZ
colocalization with HNRNPHZ1. However, since /NCR1 locus is in close proximity to the
PD-L1and JAKZlocus, in situ hybridization studies to analyze PD-L1and JAK2RNA
colocalization with HNRNPH1 may generate results difficult to interpret because
modulation of /NCR1 expression is unlikely to change HNRNPH1’s local concentration.
Therefore, we compared the affinity of /INCRI with PD-L1and JAKZto bind HNRNPH1 in
an EMSA competition assay. Using y—32P-radiolabeled PD-L1 and JAK2 RNA fragments
we observed a shift in the RNA:HNRNPH1 complex, confirming the ability of these two
sequences to bind HNRNPH1 (Figure 6F). Addition of non-labeled INCR1 RNA fragment
ata INCR1:PD-L1 and INCR1:JAK2 ratio of 1:1 efficiently decreased the formation of PD-
L1:HNRNPH1 and JAK2:HNRNPH1 complexes (Figure 6F). Competition with JAK2 was
more efficient in agreement with MST measurements of dissociation constants that
demonstrated weaker affinity between HNRNPH1 and JAK2 than between HNRNPH1 and
PD-L1. Increasing the molar ratio to 1:5 and 1:10 led to complete dissociation of the
complexes (Figure 6F). Taken together, these results suggest that the affinity of /INCR1 to
HNRNPHL1 is stronger than that to PD-L1 or JAKZ, and that /NCR1 inhibits HNRNPH1’s
interaction with PD-L 1 and JAKZ.

To further evaluate how changes in /NCR1 interaction with HNRNPH1 can affect PD-L1
and JAK2 expression, we designed an antisense oligonucleotide fully modified with 2’-
OMethoxyethyl (2’-MOE) to target the HNRNPH1 binding site (ASO H1B) in the /INCR1
RNA. 2’-MOE fully modified ASO, unlike gapmer ASO, do not support RNase H activity
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thus affecting RNA-protein interaction without inducing RNA cleavage (Khvorova and
Watts, 2017). Using ASO H1B we could reduce /NCRI interaction to HNRNPH1 /n vitro
(Figure 6G), in a dose-dependent manner (Figure S6C). On the contrary, no effect on
binding ability was observed using a control ASO (Figure 6G). To study the effect of ASO
H1B J/n vivo, we transfected BT333 patient derived cells and A375 melanoma cells with
ASO H1B or control ASO. In both cell lines ASO H1B significantly reduced IFNvy-
stimulated PD-L1 and JAK2 protein expression (Figure 6H and_S6D). These results indicate
that /NCR1 specifically interacts with HNRNPHZ1 and that blocking this interaction affects
PD-L1 and JAK2 expression.

DISCUSSION

IFNy is a cytokine, mostly secreted by activated T cells, with important roles in regulating
immune responses against tumor cells (Ikeda et al., 2002). IFN+y induces MHC class |
expression, promotes activation of CTL and inhibits regulatory T cell development.
However, in response to increased levels of IFNy, cancer cells tend to express immune
inhibitory molecules (Beatty and Gladney, 2015; Garcia-Diaz et al., 2017; Zaidi and
Merlino, 2011). Among them, PD-L1 plays a major role in CTL inhibition within the tumor
microenvironment (Freeman et al., 2000). Thus, suppression of IFNy-mediated tumor
resistance is essential for an effective immune response against cancer. Although the
molecular mechanisms of interferon signaling in tumors is now emerging, the role of
IncRNAs is still poorly understood. Here, we performed IncRNA expression profiling of
patient-derived tumor cells stimulated with IFN~y. We showed that treatment of cells with
IFNy (100 units/ml corresponding to a concentration of 5 ng/ml, concentrations comparable
to those produced by activated T cells within the tumor microenvironment (Brown et al.,
2018; Chiocca et al., 2019; Choi et al., 2019; Johnson et al., 2015), induced the expression
of several IncRNAs. The most significantly induced IncRNAs were transcribed from loci of
IFNy-regulated coding genes, suggesting that these genes are co-regulated. Most
importantly, among the most up-regulated INcRNAs, we identified /NCRI as a InCRNA
transcribed from the PD-L 1 locus and we demonstrated that this IncRNA plays an important
role in the regulation of PD-L1 expression and IFN-y signaling in tumors. Notably, /NCR1
was expressed in all human tumor cell types tested, including patient tumors, suggesting
INCR1 expression as a broad mechanism of tumor immune evasion. Due to poor
conservation of INcRNAs across species (Marques and Ponting, 2009; Necsulea et al., 2014),
we could not test /NCR1 expression in mouse cell lines. Therefore, further studies will be
required to identify the sequence of the mouse /NVCR1 and to analyze its expression in
mouse derived tumors.

We primarily studied GBM in this study, a tumor reported to express immune checkpoint
signaling (such as PD-L1) (Berghoff et al., 2015; Garber et al., 2016; Wilmotte et al., 2005;
Wintterle et al., 2003). Escape from immunotherapy in GBM is also characterized by
significant elevation in PD-L1 and immune checkpoint signaling (Chiocca et al., 2019;
O’Rourke et al., 2017; Speranza et al., 2018) and recent clinical trials of immune checkpoint
inhibition in GBM appear to show some encouraging data related to responses (Cloughesy et
al., 2019). Therefore, our experimental paradigm of IFN-y stimulation in GBM leading to
increased PD-L1 even in GBM is relevant.
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INCR1 expression was mostly confined to the nucleus. Nuclear INcRNAs generally are
involved in regulation of gene expression by in ¢isand in trans mechanisms. Cisacting
IncRNASs control the expression of one or more genes within the same allelic locus from
which they are transcribed (Mowel et al., 2017). In contrast, INcRNAs with in rans function
usually control groups of genes involved in a specific biological process (Atianand et al.,
2016; Mineo et al., 2016). Analysis of /NCR1 expression, compared to genes within its
same locus, revealed a strong correlation between /NCRI expression and PD-L1 levels, both
in vitro and in patient tumors. This, other than suggesting a common mechanism of
regulation between the two genes, led us to hypothesize that /NVCRI could play an important
role in the regulation of gene expression in response to IFN+y stimulation. Using loss-of-
function experiments, we demonstrated /NCR1 is a key regulator of PD-L1 expression.
Silencing /NCR1 in several tumor cell types resulted in reduced levels of PD-L1 both at the
mRNA and protein levels. Most importantly, /NCR1 knockdown reduced the levels of PD-
L1 exposed on the cancer cell surface, thus reducing the possibility of its interaction with
PD-1 expressed on immune cells. Silencing /NCR1 also reduced the expression of its
neighboring gene JAKZ and several other 1SGs, including immune inhibitory molecules,
such as IDO1 (Liu et al., 2010). Surprisingly, we noticed that, although /NVCR1 knockdown
resulted in reduced JAKZ mRNA levels both in unstimulated and IFNvy-stimulated cells,
JAK2 protein levels were only decreased in IFNvy-stimulated cells. This may be because in
unstimulated cells /NCR1 silencing affected the expression of JAKZtranscript variants
which produce protein isoforms not recognized by the antibody used in this study. JAK2 is
an important mediator of the response to IFN-y stimulation (Watling et al., 1993). Activated
JAK2 phosphorylates the signal transducer and activator of transcription (STAT), which
promotes the expression of several 1SGs, including immune inhibitory molecules that
inactivate antitumor T cell activity (Garcia-Diaz et al., 2017; Schneider et al., 2014). In trans
expression of /NCRZ did not produce any significant increase in tumor response to IFNy
stimulation, which suggests that global effects of /NCR1 on ISG expression are due to a
common local mechanism of regulation of PD-L1and JAKZ. Regulation of JAKZin turn
leads to an indirect effect on STAT1 and the global interferon response. Together, these
results provide evidence for a key role of /NCRI in the regulation of tumor IFN-y signaling.

Our T cell cytotoxicity studies showed that modulation of /NCRI expression on tumor cells
also affects T cell functionality. Stimulation of CD8* T cells co-cultured with a monolayer
of INCR1 knockdown tumor cells resulted in increased secretion of IFNy by T cells
compared to CD8* T cells co-cultured with control tumor cells, suggesting a more robust T
cell activation. This was associated with an increased killing of /NCR1 knockdown cells,
compared to controls, by activated CD8* T cells in multiple tumor cell types. One limitation
may be the use of tumor cells growing in monolayer, which may not be reflective of
physiological cell behavior. In fact, three-dimensional tumor cell cultures were shown to
better mimic tumor biology in terms of signaling (Edmondson et al., 2014; Weiswald et al.,
2015). Moreover, tumor cell response to therapy changes if cells are grown as tumor spheres
compared to monolayer (Breslin and O’Driscoll, 2016; Mathews Griner et al., 2016).
Therefore, we validated our results using a 3D system in which CD8* T cell activity was
evaluated when those cells were co-cultured with tumor spheres. We found that, compared to
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controls, /INCR1 knockdown tumor spheres were more susceptible to CD8* T cell mediated
killing.

Inhibition of tumor immune evasion by targeting the IFNy signaling is also associated with
reduced expression of genes important for antitumor immunity, such as antigen presenting
molecule MHC I, which in turn can potentially reduce immune cell function (Castro et al.,
2018; Manguso et al., 2017). Although further studies will be required to determine the
effect of /NCR1 targeting as single agent on tumor immune composition and function /in
vivo, it has been shown that blocking tumor interferon signaling in combination with
immunotherapy produces durable tumor response (Benci et al., 2016). Using a subcutaneous
tumor model, we showed improved efficacy of CAR T cell therapy in tumors with
knockdown of /INCR1. CAR T cell therapy has demonstrated efficacy in different
hematologic cancers but has had modest success in solid tumors (D’Aloia et al., 2018; Park
et al., 2016). This is mostly due to immunosuppression and poor tumor penetration by T
cells. Researchers have been trying different approaches to enhance the efficacy of CAR T
therapy for solid tumors, including local delivery and multiple rounds of CAR T injection
(Brown et al., 2016). However, the most commons side effect of CAR T cells is cytokine
release syndrome (CRS), a systemic inflammation response caused by cytokines released by
infused CAR T cells (Brudno and Kochenderfer, 2016). It has been shown that higher levels
of CAR T cells in blood were associated with increased CRS grade (Hay et al., 2017; Lee et
al., 2015; Porter et al., 2015). Thus, injection of a high dose of CAR T cells or multiple
injections of low doses may produce increased toxicity. In our animal studies, the use of a
single intravenous injection of a low dose of CAR T cells did not produce a significant effect
on control tumors. However, the same low dose of CAR T cells significantly inhibited the
growth of /NCRI knockdown tumors. Notably, analysis of CAR T cells in tumors showed
higher PD-1 expression on CAR T cells infiltrating control tumors compared to those in
tumors with silenced /NCRI, suggesting a more exhausted phenotype (Freeman et al.,
2006). Moreover, only CD8* infiltrates were found in control tumors compared to /NCR1
knockdown tumors in which both CD4* and CD8* infiltrates were detected. These results
suggest that the observed increased CAR T cell efficacy is due to a more permissive
microenvironment in /NVCRI knockdown tumors, in which coexistence of CD4* and CD8*
CAR T populations is important for long-term antitumor activity (Turtle et al., 2016; Wang
etal., 2018).

In addition, our findings provide insights on the molecular mechanism through which
INCRI regulates 1SG expression. Most IncRNAs with known functions have been shown to
act through the binding of protein partners (Engreitz et al., 2016b; Ramos et al., 2015).
Several of these INcRNAs interact with heterogeneous nuclear ribonucleoproteins (hnnRNPs)
to modulate different biological processes, including gene expression and RNA metabolism.
For example, it has been shown that lincRNA-EPS interacts with HNRNPL to control
inflammatory responses by suppressing the transcription of immune genes (Atianand et al.,
2016). On the contrary, lincRNA-Cox2 activates gene expression after TLR signaling trough
the binding of HNRNPA/B or A2/B1 (Carpenter et al., 2013). Our results identify
HNRNPHL1 as the protein partner of /NCR1. This protein is mostly involved in pre-mRNA
splicing and stability. Interestingly, we found that HNRNPH1 was also able to bind PD-L1
and JAKZ mRNA and it functions as a negative regulator of their expression. In response to
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IFNy treatment, HNRNPHZ1 knockdown cells showed increased levels of PD-L1 and JAK2
mRNA and protein compared to control cells. This was in accordance with TCGA data from
GBM patients showing an inverse correlation between HNRNPH1 and PD-L 1 expression.
These findings suggest that binding of HNRNPHL1 to PD-L1and JAKZ transcripts may
result in changes in gene splicing and/or reduced mRNA stability, that in turn impairs
protein production. Further studies will be required to determine the exact mechanisms
through which HNRNPH1 counteracts PD-L1 and JAK2 expression. One possibility is that
HNRNPHJ1 binding to those genes alter the proper pre-mRNA splicing thus promoting
MRNA decay. It has been previously reported that HNRNPH1 can act as a splicing
suppressing factor. For instance, HNRNPH1 binding to exon 7 of the 7RF2pre-mRNA
suppresses splicing of this exon, thus preventing the production of the short isoform of 7FR2
MRNA, that in turn results in the inhibition of neuronal differentiation (Grammatikakis et
al., 2016). Moreover, HNRNPH1 binding to COLQ pre-mRNA antagonizes SRSF1 ability to
splice exon 16. This produces a mutated form of COLQ that promotes acetylcholinesterase
(AChE) deficiency in patients (Rahman et al., 2015). Finally, it has been shown that
HNRNPHZ1 can also bind the pre-mRNA of U11-48K promoting the formation of an
unstable splice variant and mRNA decay (Turunen et al., 2013).

Our results show that binding of /NCR1, PD-L1and JAKZtranscripts to HNRNPH1 was
mutually exclusive. Moreover, silencing HNRNPH1 in /NCR1 knockdown cells was
sufficient to rescue PD-L1 expression levels in response to IFN+y treatment. These data
suggested that /NVCR1 could bind HNRNPHL1 to impair its interaction with PD-L1 and
JAKZ. As shown by Denzler and colleagues, this model of action would be plausible if
INCR1 binding site abundance was similar to HNRNPH1 copy number (Denzler et al.,
2014; Denzler et al., 2016). However, since /NCRI acts by regulating the neighboring genes
PD-L 1and JAKZ, measuring local concentration of HNRNPH1 at the /NCRZ locus would
be challenging due to the ubiquitous expression of HNRNPH1 in the nucleus. CLIP-seq
analysis identified multiple HNRNPH1 binding sites in the proximal intron of /NCR1
containing poly-G runs of varying length. We validated /7 vitro the presence of two main
HNRNPH1 binding sites in the /NCR1 transcript, whose binding affinity to HNRNPH1 was
higher compared to PD-L1 and JAKZ. Moreover, our binding competition experiment
showed that /NCR1 could affect the ability of HNRNPHL to interact with APD-L 1 and JAKZ.
Blocking the interaction between /NCRI and HNRNPH1 /n vivo using chemically modified
antisense oligonucleotides resulted in reduced PD-L1 and JAK2 protein levels. Thus, our
studies identified the /NCR1 primary transcript and its sequence that binds HNRNPH1 in
response to IFNy. /NCR1 is co-transcribed with PD-L 1 to impair HNRNPH1 function and
allow PD-L1 and JAK2 expression (Figure 7). Therefore, /NCRI acts as a critical
component of the tumor interferon signaling circuit with important implications in the
modulation of immune checkpoints and tumor immune evasion.
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STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, E. Antonio Chiocca
(eachiocca@bwh.harvard.edu)

Materials Availability—All unique reagents generated in this study are available from the
corresponding authors with a completed Material Transfer Agreement.

Data and Code Availability—The datasets generated during this study are available at
Gene Expression Omnibus (GEO) GSE137489

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Male and female mice aged 6 to 8 weeks were used for all the experiments.
NOD.Cg-PrkdcScid B2mm1unc j[orgtmIWjiiSz) mice were purchased from The Jackson
Laboratory. Animals were bred and maintained under pathogen-free condition at the BWH
Center for Comparative Medicine, Brigham and Women’s Hospital. Mice studies were
conducted according to the protocols approved by the Institutional Animal Care and Use
Committee (IACUC).

Cell Lines—Patient-derived primary GBM cells (PDGCLs, BT cell lines) were generated
as previously described (Stevens et al., 2016). U251 cells were obtained from the NCI-DTP.
U1242 cells were obtained from James Van Brocklyn (Ohio State University). A375 cells
were obtained from Frank Stephen Hodi (Dana-Farber Cancer Institute). H2122 and H1703
cells were obtained from Sandro Santagata (Brigham and Women’s Hospital). MDA-
MB-231 cells were obtained from David Walt (Brigham and Women’s Hospital). BT cell
lines were cultured as neurospheres in stem cell conditions using Neurobasal (Thermo
Fisher Scientific) supplemented with Glutamine (Thermo Fisher Scientific), B27 (Thermo
Fisher Scientific), 20 ng/ml epidermal growth factor (EGF) and fibroblast growth factor
(FGF)-2 (PrepoTech). U251, U1242, A375, H2122 and H1703 cells were cultured in
DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich) and 100 U/ml penicillin-streptomycin (Thermo Fisher Scientific). MDA-
MB-231 cells were cultured in RPMI (Thermo Fisher Scientific) supplemented with 10%
FBS and 100 U/ml penicillin-streptomycin. All cell lines were maintained in humidified 5%
CO2 incubator at 37°C.

METHOD DETAILS

Cell culture and transfection—Unless otherwise specified, IFNy (PeproTech)
stimulation was performed at 100 U/ml IFN+y for a period of 24 h. IFNP and TNFa were
obtained from PeproTech. Stable U251, A375 and MDAMB-231 knockdown were obtained
by infecting cells with shRNA 1 (clone: CS-SH128T-3-LVRUG6GP; target sequence:
GCCATTGCAGGAAATATAAGA, GeneCopoeia) and shRNA 2 (clone: CS-SH128T-6-
LVRUGGP; target sequence: CAGCTCTCAATTCTGTGAAACTCAA, GeneCopoeia). LAN
GapmeRs (Exiqon) knockdown experiments were performed transfecting BT cells with 50
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nM of GapmeR (TTACATGATGACCTTT) using Lipofectamine 2000 (Thermo Fisher
Scientific). CRISPRI experiments were performed by transfecting dCAS9-KRAB expressing
patient-derived cells with sgRNA control or sgRNA targeting the /NCRI promoter. Stable
U251-EGFRvIII were obtained by infecting cells with pLV-IRES-mCherry-EGFRvII|
vector. STAT1 and HNRNPH1 knockdown was performed transfecting 50 pmol/well of
Duplex siRNAs (hs.Ri.STAT1.13.1 and hs.Ri.STAT1.13.2; hs.Ri.HNRNPH1.13.1 and
hs.Ri.HNRNPH1.13.2, Integrated DNA Technologies) for 6 well plate using Lipofectamine
RNAIMAX (Thermo Fisher Scientific). HNRNPH1 binding site blocking experiments were
performed transfecting cells with 100 nM of fully 2’-O-Methoxyethyl (2’-MOE) and
phosphorothioate bond modified antisense oligonucleotide control (ASO NC,
GCGACTATACGCGCAATATG) or targeting HNRNPH1 binding site on the /NCRI gene
(ASO H1B, CTCCAGCTCCCCCCGGCAAC) (Integrated DNA Technologies).

Human specimens—Tumor tissue samples were obtained as approved by the
Institutional Review Board (IRB) at the Dana-Farber Cancer Institute. Patient samples were
processed for extraction of total RNA.

RNA-Seq and analysis of RNA-Seq data—BT333, U251 shControl and U251
ShINCR1 cells were stimulated with IFN-y for 24 h. RNA was extracted using RNeasy kit
(QIAGEN). RNA sequencing on BT333 patient derived cell lines was performed by Admera
Health. 1ug of total RNA from unstimulated and IFN-y-stimulated cells was used and
ribosomal RNA was removed using Ribo-Zero rRNA Removal kit (Illumina). RNA libraries
were prepared using NEBNext Ultra I RNA Library Prep Kit for [llumina (New England
BioLabs). Paired-end reads were sequences on a HiSeq System (Illumina) to achieve at least
40 million reads per sample. RNA sequencing on /NCR1 knockdown U251 cells was
performed by Psomagen. 1ug of total RNA from unstimulated and IFN-y-stimulated cells
was used to prepare RNA libraries using TruSeq Stranded mRNA Library Kit (lllumina).
Paired-end reads were sequences on a NovaSeg6000 System (Illumina) to achieve at least 40
million reads per sample. Libraries prepared from three independent experiments were
analyzed. Raw reads were examined for quality issues using FastQC. Trimmed reads were
aligned to the UCSC build 38 of the human genome (h38), augmented with transcript
information from Ensembl release GRCh38 using STAR. Count of reads aligning known
genes was generated by HT-Seq. Differential expression at the gene level was calculated
with DESeq. To identify IncCRNAs associated with /NCR1 expression, we used PARIS
algorithm, a Genepattern module that uses a mutual information-based metric (RNMI) to
rank genetic features based on the degree of correlation to the target profile (/NCR1).

5’ Rapid amplification of cDNA ends—b5 ug of total RNA was incubated with 1 pl of
50 ng/pl GSP-RT primer in a total volume of 12 pl. The mixture was incubated at 80°C for 3
minutes and then placed on ice. To this mixture, 4 pl of 5x buffer, 1 ul of 10 mM dNTPs, 2
plof 0.1 M DTT and 1 pl of superscript 111 (Invitrogen) was added. This mixture was
incubated at 42°C for 1 hour and then at 50°C for 10 minutes. The reverse transcriptase was
inactivated by heating at 70°C for 15 minutes and then the RNA template was destroyed by
adding 0.75 pl of RNAse H (NEB) for 20 minutes at 37°C. This reaction mixture was diluted
to 400 pl with TE and then purified using QiaQuick PCR cleanup column (Qiagen). A
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polyadenosine tail was added using terminal deoxytransferase (NEB) by mixing 30 ul of
cDNA with 5 pl of 10X buffer, 2.5 pl of CoCI2 (2.5 M), 1 ul of dATP (10 mM) and 1 pl of
Tdt, 10.5 pl of dH,0 and incubating at 37°C for 5 minutes. The reaction was inactivated by
heating to 65°C for 10 minutes. The reaction was diluted to 500 pul with TE. For
amplification by PCR, 1 ul of tailed cDNA was mixed with 25 pmol of 5’GSP1 primer, QO
primer and QT primer and amplified with Accuprime G-C rich Polymerase (Invitrogen).
Upon completion, the PCR reaction was diluted 1:20 and 1 pl was used in a PCR reaction
using 25 pmol of 5’GSP2 and QI primers with Accuprime G-C Rich polymerase. PCR
amplicons were cleaned up with Qiagen PCR cleanup kit and were directly sequenced. The
primers used for 5’ Rapid amplification of cDNA ends are listed in Table S8.

3’ Rapid amplification of cDNA ends—cDNA was generated from 5 pg of RNA
according to manufacturer’s instructions using Superscript 111 (Invitrogen) and QT primer.
RNA template was destroyed by adding 0.75 ul of RNAse H (NEB) for 10 minutes at 37°C.
The reaction mixture was diluted to 500 pl. For amplification of /NCR1 3’ end, PCR
reactions were carried out with 1 ul of cDNA using 25 pmol of 3°’GSP1 and QO primer with
Accuprime G-C Rich polymerase (Invitrogen). Upon completion, this reaction mixture was
diluted 1:20 and 1 pl was used for a second round of amplification with 3’GSP2 and QI
Primer. The resultant amplicons were cleaned up with Qiagen PCR cleanup kit and directly
sequenced. The primers used for 3’ Rapid amplification of cDNA ends are listed in Table
S8.

Determination of Somatic Copy Number Alterations—Somatic copy-number
alterations (SCNAs) were determined from whole-exome sequencing data (PDGCLs) and
SNP 6.0 Affymetrix microarray data (LTGCLs and TCGA samples) using Genomic
Identification of Significant Targets in Cancer (GISTIC 2.0) (Mermel et al., 2011). Copy
number calls for GBM cell lines (PDGCLs and LTGCLSs) are described in Ferrer-Luna R. et
al. manuscript under preparation. In brief, SNP array data from the LTGCLs and 187 normal
control samples were downloaded from the CCLE data portal (http://
www.broadinstitute.org/ccle/data) on 29 September 2012 and analyzed using the
GenePattern Copy Number Inference pipeline (Beroukhim et al., 2010) to generate raw
copy-number estimates. These estimates were further refined using Tangent normalization
(Beroukhim et al., 2010) against 3,000 normal samples profiled by TCGA. Copy-number
calls were made using circular binary segmentation (CBS) (Snijders et al., 2001). Copy-
number calls for TCGA samples were generated as previously described (Brennan et al.,
2013; Zack et al., 2013). Copy-number calls were made from PDGCLs using ReCapSeg
(https://gatkforums.broadinstitute.org/gatk/categories/recapseg-documentation). For cell
lines (PDGCLs and LTGCLs), GISTIC 2.0 algorithm was calculated at gene level using next
parameters: Amplification/Deletion threshold = 0.3, joint segment size = 10, Significance
threshold (g-value) = 0.25. For each gene, GISTIC provided the following SCNA calls: High
Level Gain (Amplifications), Low Level Gains, Low Level Loss, and High Level Loss
(Homozygous Deletions). Amplifications and Low Level Gains represent copy-number
log2ratios of >0.9 and between 0.9 and 0.3, respectively; Homozygous Deletions and Low
Level Losses represent copy-number ratios of <—1.3 and between —1.3 and 0.3, respectively.
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Quantitative Real-Time PCR analysis—Total RNA from cell lines and patients’ tissues
was extracted using TRIzol (Thermo Fisher Scientific). Nuclear/cytoplasmic fractionation
was performed as previously described (Mineo et al., 2016). RNA was reverse-transcribed
using iScript cDNA Synthesis Kit (BioRad) and quantitative real-time PCR was performed
using SYBR Green Master Mix (Applied Biosystem). 18S expression levels were used as
control. For copy number analysis, absolute quantification of /INCRI and PD-L1 RNA was
performed using the standard-curve method. The primers used in this study are listed in
Table S8.

Immunoblot analysis and antibodies—Immunoblotting was performed as previously
described (Mineo et al., 2016). The following antibodies were used: anti-PD-L1, anti-1DO,
anti-JAK2, anti-STAT1, anti-phospho-STAT1 and anti-B-Actin (13684, 86630, 3230, 9172,
9167 and 3700, respectively, Cell Signaling Technology); anti-hnRNP-H (A300-511A,
Bethyl Laboratories).

In vitro transcription/translation assay—/n vitro transcription and translation was
performed using TnT Quick Coupled Transcription/Translation System and Transcend Non-
Radioactive Translation Detection System (Promega) following the manufacturer’s
instructions. The INcCRNA was transcribed from a T7 promoter of a pcDNA3.1 plasmid
(Thermo Fisher Scientific). The pSP64-Luciferase plasmid supplied with the TnT Quick
Coupled Transcription/Translation System and a GFP cloned in pcDNA3.1 plasmid were
used as a positive control.

Immunofluorescence—Cells were starved overnight and treated with 100 U/ml IFN+y for
3 h. Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized for 5 min with
0.3% Triton-X100, blocked with 2% BSA for 1 h. Cells were incubated with STAT1
antibody (14994, Cell Signaling Technology) overnight after which they were incubated for
1 h at RT to secondary anti-rabbit AlexaFluor 488 (Jackson ImmunoResearch), followed by
incubation with Hoechst 33342 (Thermo Fisher Scientific) for 30 min. Confocal images
were acquired with ZEN software on a Zeiss LSM 710 Confocal system (Carl Zeiss Inc.).

CD8* T cell isolation—Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy human donors as approved by the IRB at the Brigham and Women’s Hospital.
PBMCs were isolated using Ficoll Paque Plus (GE Healthcare Life Sciences) following the
manufacturer’s instructions. CD8* T cells were isolated by negative selection using the
CD8* T Cell Isolation Kit (Miltenyi Biotec). Isolation was performed according to the
manufacturer’s recommendations.

Flow cytometry—Cells were harvested at the indicated time-points and washed with
FACS buffer (PBS supplemented with 2% FBS). Cells were stained incubating with the
indicated antibodies diluted in FACS buffer. After staining cells were fixed 2%
paraformaldehyde (PFA). Flow cytometry was performed on a BD LSR Il (BD Biosciences)
and data analyzed using FlowJo. The following antibodies were used: anti-CD274, anti-PD1,
anti-CD8, anti-CD4, anti-CD3 (329706, 329919, 344710, 317442, 300407 BioLegend);
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (L10119, Thermo Fisher Scientific).
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ELISA assay—Control and /NCR1 knockdown tumor cells were co-cultured at a 1:1 ratio
with non-stimulated CD8* T cells or CD8* T cells stimulated with Dynabeads Human T-
Activator CD3/CD28 (Thermo Fisher Scientific). Culture media was collected and secreted
levels of IFNy were analyzed at 48 h using Human IFNy ELISA MAX Deluxe
(BioLegend). The absorbance was read at 450 nm using a microplate reader. Secreted IFNy
was quantified based on the standard curve

T cell cytotoxicity assay—For 2D assays, control or /NCR1 knockdown tumor cells
were co-cultured for 96 h at a 1:1 ratio with non-stimulated CD8* T cells or CD8* T cells
stimulated with Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific) and
10 ng/ml interleukin-2 (PeproTech). T cells were then removed washing with PBS. Cell
viability was determined using Muse count and viability kit (Millipore). Alternatively, after
incubation, tumor cells were harvested and stained using LIVE/DEAD staining. Percent of
dead cells was determined by flow cytometry. For 3D assays, 750 GFP positive control or
INCRI-knockdown tumor cells were seeded in a round bottom low-attachment 96 well
plate. Cells were allowed to form tumorspheres for 72h. After tumorspheres were formed,
two thousand non-stimulated CD8* T cells or CD8" T cells stimulated with Dynabeads
Human T-Activator CD3/CD28 and 10 ng/ml interleukin-2 were added. Tumorspheres and
CD8* T cells were co-cultured for 96 h and changes in GFP intensity were measured using
Imagel.

In vitro T cells transduction—Generation of T cells expressing chimeric antigen
receptor (CAR) against EGFRVIII is described in Khalsa JK et al., manuscript under
preparation. In brief, the EGFRvIII CAR was constructed as described previously (Johnson
et al., 2015) using the self-inactivating lentiviral transfer vector pRRL.PPT.EFS bearing an
IRS-GFP cassette and packaged as described previously (Shah et al., 2008). pRRL.PPT.EFS-
GFP vector served as control. T cells were isolated from PBMCs by EasySep Human T cell
isolation kit (Stem Cell Technology). Isolated T cells were counted and cultured at 1:1 ratio
with Dynabeads human T activator CD3/CD28 (Thermo Fisher Scientific) in X-vivol5
medium supplemented with 30U/ml IL-2. Next day, 1.5 million T cells/ml were transduced
with EGFRVIII-CAR or control lentivirus at MOI 10 and 6pg/ml polybrene in 6 well plates.
Medium was replaced next morning and GFP expression was checked 48 hours post-
infection. Before injecting T cells in mice, the ability of EGFRvIII-specific CAR T cells to
kill target cells was tested /n vitroby 3D T cell cytotoxicity assay.

In vivo studies—2.5 x 108 U251 EGFRuvIII shControl or shINCR1 were injected
subcutaneously into 6- to 8-week-old male and female NSG mice (Jackson), with 6 mice per
group (n=2 males and n=4 females). Seven days after tumor implantation, 1 x 108 CAR T
cells or GFP transduced T cells were injected intravenously via tail vein in 200 ul of PBS.
Tumor size was measured by calipers in three dimensions, LxWxH, for the duration of the
experiments. Tumor growth was followed for 4 weeks, or until predetermined IACUC-
approved endpoint was reached. Twenty-one days post CAR T cell injection, tumors were
resected and tissues digested using Tumor Dissociation Kit (Miltenyi Biotec) according to
the manufacturer protocol. Tumor single cell suspension was then processed immediately to
isolate tumor infiltrating CAR T cells using Percoll density gradient medium (GE
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Healthcare). Tumor cell suspension was mixed with 70% Percoll solution, then a layer of
37% Percoll was added on top of the suspension. Samples were centrifugated at 500 g for 40
min at room temperature. Mononuclear cell layer was transferred to a separate tube and
washed with PBS. Cells were used immediately for flow cytometry analysis.

RNA antisense purification (RAP)—RAP was performed as previously described with
some modifications (McHugh et al., 2015). For RAP-MS (Mass Spectrometry), BT cells
were stimulated with IFNy and nuclear extracts incubated with biotinylated probes against
INCRI (see Table S8) at 67°C for 2 h. Scrambled biotinylated probe was used as control.
RNA was purified using streptavidin agarose beads (Thermo Fisher Scientific). Co-purified
proteins were analyzed by Mass Spectrometry as previously described (Mineo et al., 2016).
For RAP-RNA, proteins were digested using Proteinase K (Thermo Fisher Scientific) and
RNA was extracted using TRIzol.

UV-crosslink RNA immunoprecipitation—UV-crosslink RNA immunoprecipitation
assay was performed as previously described with some modifications (Mineo et al., 2016).
Briefly, cells were UV irradiated at 400 mJ/cm2 and nuclear extracts were prepared by
incubating cells in RLN Buffer (50 mM Tris, 1.5 mM MgCI2, 150 mM NaCl, 0.5% NP-40,
protease inhibitors) for 5 min. Nuclei were pelleted by centrifuging at 1,450 x g for 2 min
and lysed for 10 min in CLIP Buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.1% Sodium
Deoxycholate, phosphatase and protease inhibitors, 100 U/ml RNase inhibitor [New
England BioLabs]). Samples were sonicated with microtip, 5 watts power (25% duty) for 60
seconds total in pulses of 1 second on followed by 3 seconds off. DNA was digested
incubating samples for 15 min at 37°C in 1X DNase salt solution (2.5 mM MgCI2, 0.5 mM
CaCl2) with 30 U TurboDNase. EDTA was added to the samples to a final concentration of
4 mM and samples centrifuged at 16,000 x g for 10 min. Nuclear extracts were precleared
with Protein A/G Plus Agarose beads (Thermo Fisher Scientific) and incubated with primary
antibody (anti-hnRNP-H) or rabbit IgG control (Bethyl Laboratories) overnight at 4°C.
Protein/RNA complexes were precipitated using Protein A/G Plus Agarose beads (Thermo
Fisher Scientific). Beads were washed and incubated with Proteinase K (Thermo Fisher
Scientific) and RNA was extracted using TRIzol.

Enhanced CLIP (eCLIP)—A375 cells were stimulated with IFNy for 6 h and UV
irradiated at 400 mJ/cm2. eCLIP was performed by EclipseBiolnnovations as previously
described (Van Nostrand et al., 2016).

Expression and purification of HNRNPH1—HNRNPH1 isoform A was cloned in
pET21-His-Smt3 and protein expressed by transformation of Rosetta-2 (DE3) pLys(S) E.
coli (EMD Millipore). Cells were lysed in 20 ml of 50 mM Tris [pH 8.0], 300 mM KCl,
0.02% NP-40, 10 mM Imidazol, 10% Glycerol, 0.1 mM EDTA, 0.1 mM DTT, 0.1 pg/ul
lysozyme. Re-suspended cells were incubated on ice for 20 min. Cells were further disrupted
and DNA was sheared by sonication (3, 20 second bursts with 20 seconds rests). Insoluble
material was pelleted by centrifugation (30 min at 20,000 x g at 4°C). Soluble material was
decanted. Insoluble pellet was resolubilized in 50 mM Tris [pH 8.0], 300 mM KCI, 0.02%
NP-40, 10 mM Imidazol, 10% Glycerol, 0.1 mM EDTA 0.1 mM DTT, 6 M Urea followed

Mol Cell. Author manuscript; available in PMC 2021 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mineo et al.

Page 20

by sonication. Remaining insoluble material was pelleted by centrifugation (30 min at
20,000 x g at 4°C). Soluble material was decanted to new tube. Expression was analyzed by
Coomassie staining. 1 ml of TALON resin (Clontech) was equilibrated in respective lysis
buffers and added to lysates. Beads and lysates were tumbled at 4°C for 2 h. Beads were
washed 2 times in 50 ml lysis buffer and loaded onto column. Column was washed with 10
ml of lysis buffer and then eluted in Lysis buffer containing 300 mM Imidazole. 10 fractions
of 1.5 mL were collected and analyzed by Coomassie staining. Protein purified under
denaturing conditions was dialyzed against 50 mM Tris [pH 8.0], 300 mM KClI, 0.02%
NP-40, 10 mM Imidazole, 10% Glycerol, 0.1 mM EDTA 0.1 mM DTT, 4 M Urea overnight.
The following day, protein was dialyzed against 50 mM Tris [pH 8.0], 300 mM KCI, 0.02%
NP-40, 10 mM Imidazole, 10% Glycerol, 0.1 mM EDTA 0.1 mM DTT, 2 M Urea for 4 h
and then 50 mM Tris pH 8.0, 300 mM KCI, 0.02% NP-40, 10 mM Imidazole, 10% Glycerol,
0.1 mM EDTA 0.1 mM DTT, 1 M Urea for 4 h. Finally, the protein was dialyzed against 50
mM Tris [pH 8.0], 300 mM KClI, 0.02% NP-40, 10% Glycerol, 0.1 mM EDTA 0.1 mM
DTT, 0 M Urea overnight. Dialyzed protein was clarified by centrifugation (30 min at
20,000 x g at 4°C). Purity of protein was analyzed by Coomassie staining.

Biotinylated RNA pulldown assay—Genomic DNA was extracted from cell cultures to
generate amplicons corresponding the 5’ and 3’ ends of the INCR1 intron 1. PCR products
were cloned in pCR2.1-TOPO (Thermo Fisher Scientific) to generate pCR2.1-INCR1 Intron
1 (5 half) and pCR2.1-INCR1 Intron 1 (3’ half). PCR products from pCR2.1-INCR1 Intron
1 (3’ half) were generated to add HindlIl linkers to the 3’ end and this fragment was cloned
between Spel and Hindlll in pCR2.1-INCR1 Intronl (5’ half) to generate a pCR2.1-INCR1
minigene. /n vitro transcripts of biotinylated RNA were generated by PCR and numbered
fragment 1 — 7 in a 5’ to 3’ direction. Each fragment allowed for transcription of a 300
nucleotide RNA, each with a 50 nucleotide overlap to the adjacent fragment. T7 promoter
sequence was added by PCR. /n vitro transcription reactions were performed using T7
HiScribe (New England Biolabs) according to manufacturer’s instructions, except the final
concentration of UTP was reduced to 7.5 uM and instead supplemented with 2.5 uM
Biotin-16-UTP (Sigma Aldrich). Transcribed RNAs were extracted by acidic phenol
chloroform extraction (Thermo Fisher Scientific) and precipitated with ammonium acetate.
Unincorporated nucleotides from resuspended RNAs were removed by gel filtration
chromatography through Illustra Microspin G-25 columns (GE Healthcare). Concentrations
of each RNA was brought to 4 pM with DEPC-treated H20 (Thermo Fisher Scientific). 1 pl
of 4 uM biotinylated /n vitrotranscribed RNA was added to cell lysates and protein
complexes allowed to assemble for 2 h at 4°C. After incubation, 10 pl of streptavidin-
agarose (Thermo Fisher Scientific) were added and tumbled for an additional hour. Beads
were washed 4 times with lysis buffer and complexes were eluted with 2x SDS loading
buffer. Eluted proteins were resolved on 4 — 20% gradient gel (Bio-Rad) and assayed by
western blotting. For RNA pulldown assays with blocking oligos, prior to preforming
pulldown assay, 4 pmol of biotinylated RNA was incubated with indicated amount of
blocking oligo in 20 pl of binding buffer (10 mM Tris [pH 7.9], 50 mM NaCl, 10 mM
MgCI2 1 mM DTT). RNA/oligo mixture was incubated at 90°C for 5 minutes and allowed
to cool to room temperature for 30 minutes to facilitate annealing. The primers used in this
assay are listed in Table S8.
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RNA electrophoretic mobility shift assay—Synthetic RNA was obtained from IDT
and radiolabeled with y—32P ATP (6000 Ci/mmol, Perkin-Elmer) using T4 Polynucleotide
Kinase (New England Biolabs). Unincorporated nucleotides were removed by gel filtration
chromatography through Illustra Microspin G-25 columns (GE Healthcare). RNA/protein
complexes were allowed to form at room temperature by adding indicated amount of protein
to 1 pmol of radiolabeled RNA in 20 pl reaction containing 50 mM Tris [pH 8.0], 300 mM
KCI, 0.02% NP-40, 10% Glycerol, 0.5 pg/ul Heparin for 10 minutes. Complexes were
loaded onto native polyacrylamide gels and ran for 3 h at 150 V. Gels were dried and
visualized by autoradiography. The synthetic RNAs used in this assay are listed in Table S8.

Microscale thermophoresis—MicroScale Thermophoresis experiments were performed
according to the NanoTemper technologies protocol in a Monolith NT.115Pico (red/blue)
instrument (NanoTemper Technologies). Serial dilutions of HNRNPHZ1 were done using a
buffer containing 50 mM Tris [pH 8.0], 300 mM KClI, 0.02% NP-40, 10% Glycerol, and 0.5
mg/ml Heparin. RNA oligos were labelled with a FAM moiety at their 3’ ends (IDT). The
RNA concentration was kept constant at 20 nM throughout the experiments. The RNA-
protein mixture was incubated at room temperature for 15 mins before running into the MST
instrument. The experiments were performed using 40% and 60% MST power and between
20-80% LED power at 22 °C. The MST traces were recorded using the standard parameters:
5 s MST power off, 30 s medium MST power on and 5 s MST power off. The reported
measurement values are the combination of two effects: the fast, local environment
dependent responses of the fluorophore to the temperature jump and the slower diffusive
thermophoresis fluorescence changes. The data presented here are the average of 3
independent experiments. Average normalized fluorescence (%) was plotted against
HNRNPH1 concentration to determine the binding constant (Kg). Ligand depletion model
with one binding site was used (Using GraphPad Prism 8) to fit the binding which follows
the following model:

Y = Bmax*X/(Kq + X). The synthetic RNAs used in this assay are listed in Table S8.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs were generated and statistical analysis was performed using Prism (GraphPad).
Statistical details of experiments, including number of experiments, statistical test and
statistical significance (p value) are reported in the figure legends. Independent experiments
were performed to define the reproducibility of the results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
INCR1 is expressed from the PD-L 1 locus in interferon stimulated tumor cells
INCR1 regulates tumor interferon signaling
Silencing /NCRI sensitizes tumor cells to T cell-mediated killing

INCR1 binds HNRNPHL1 to promote PD-L1 and JAK2 expression
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Figure 1. INCRL1 is a IncCRNA expressed in tumor cells exposed to IFNy
(A) Volcano plot of differentially expressed InNcRNAs (RNA-seq) between unstimulated

patient-derived GBM cell lines (PDGCLs) and PDGCLs stimulated with 100 U/ml IFNy for
24 h (n=3 biological replicates). A set of the most up-regulated InNcRNAs is annotated.

15,768 IncRNAs were surveyed in the analysis.

(B) Schematic representation of the /NCRI gene and the genes within the same locus but

transcribed from the opposite strand.
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(C) Approximately 237 IncRNAs were positively correlated and 1,188 negatively correlated
(p-value <0.05, FDR<0.25, green color) with /NCRI expression. A set of the correlated
IncRNAs is annotated.

(D) The Venn diagram shows the number of coding genes, transcribed from the same loci of
IncRNAs correlated with /NCR1, whose expression is regulated by one or more IFN types
(Type I, 11 or I11). Venn diagram was generated using the Interferome database
(www.interferome.org).

(E) PhyloCSF analysis of the maximum CSF score of /NCRZ1 and other known coding (blue)
and non-coding (red) genes.

(F) INCR1 was in vitro transcribed and translated and reaction product was analyzed by
Western blot (lane 4). Absence of protein product confirms /NCRI as a non-coding RNA.
pSP64-Luciferase and pcDNA3.1-GFP vectors were used as positive control (lanes 2 and 5
respectively). No template reaction was used as negative control (NC, lane 3).

(G) gRT-PCR analysis of RNAs extracted from cytoplasmic and nuclear compartments of
IFNy-stimulated patient derived BT333 cells. MALAT1and GAPDH were used to assess
fractionation efficiency.

(H) Heat-map showing copy number losses (blue) and gains (red) in GBM tumors (n=573)
and cell lines models (43 LTGCLs and 32 PDGCLSs). Horizontal-axis represents genetic
markers along cytobands 9p24.1 to 9p21.1 while vertical-axis includes specimens (rows)
stratified by groups.
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Figure 2. INCR1 expression correlates with PD-L1 levels in different cancer cells and patient

tumors

(A-C) gRT-PCR analysis of /INCRI1 (A) and PD-L1 (B) expression in 7 unstimulated or
IFN-y-stimulated (100 U/ml for 24 h) PDGCLs, and correlation of /NCR1 expression with
PD-L 1 expression in IFN+y-stimulated PDGCLs (C). R2=0.9991 calculated using linear

regression analysis.

(D-F) Expression of /NCR1 (D) and PD-L1 (E) in 18 GBM patient tumor specimens, and
correlation of /NCR1 expression with PD-L 1 expression (F). R2=0.4751 calculated using

linear regression analysis.

(G-I) gRT-PCR analysis of /INCR1 (G) and PD-L1 (H) expression in 6 unstimulated or
IFN-y-stimulated (100 U/ml for 24 h) long term cell lines from different tumor types and
correlation of /NCR1 expression with PD-L 1 expression (1). Tumor cell types include
glioblastoma (GBM), melanoma, non-small cell lung cancer (NSCLC) and breast cancer
(BC). R2=0.9277 calculated using linear regression analysis.
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Data shown as mean + SD of three biological replicates (A, B, C, G, H and I) and as mean +
SD of three technical replicates (D, E and F). Data were analyzed by unpaired t-test: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. INCRL1 regulates tumor IFN<y signaling
(A) The Venn diagram shows the number of genes (RNA-seq) downregulated in /INCR1

knockdown cells relative to control cells unstimulated (Control) or stimulated with 100 U/ml
IFNy for 24 h (n=3 biological replicates).
(B) Gene ontology analysis of genes downregulated in IFNy-treated /NCR1 knockdown
cells compared to control cells. Analysis was performed using DAVID 6.8 Tool.

(C) Heatmap of the expression levels of IFN-y-stimulated genes that were significantly
downregulated in /NCR1 knockdown cells compared to control (n=3 biological replicates).
(D-1) gRT-PCR analysis of /INCR1 (D), PD-L1(E), PD-L2 (F), JAKZ(G), STAT1 (H) and

IDO1 (1) expression in control or two independent /NCRI-knockdown U251 cells
unstimulated or stimulated with 100 U/ml IFN-y for 24 h.
(J) Western blot analysis of PD-L1, JAK2, STAT1, phospho-STAT1 and IDO1 expression in
control or two independent /NCR1-knockdown U251 cells unstimulated or stimulated with

100 U/ml IFNy for 24 h.
(K) Flow cytometry analysis of cell surface levels of PD-L1 in control or two independent
INCR1-knockdown U251 cells unstimulated or stimulated with 100 U/ml IFNy for 24 h.
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Data are representative of three (D, E, F, G, H, I) or two (J and K) independent experiments.
Data shown as mean + SD of at least three replicates. Data were analyzed by unpaired t-test:
***p < 0.001, ****p < 0.0001.
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Figure 4. Silencing INCR1 leads to increased T cell-mediated cytotoxicity in vitro and improves
CAR T cell efficacy in vivo

(A) Cell viability analysis of control and two independent /NVCR1-knockdown U251 cells
co-cultured with non-activated and activated CD8* T cells for 96 h. Cell viability was
determined by Muse Cell Analyzer. Shown are representative plots of live and dead cells
(left) and number of dead cells (right)

(B) GFP-positive control and two independent /NVCRI-knockdown U251 tumor spheres were
co-cultured with non-activated or activated CD8" T cells and T cell cytotoxic activity was
evaluated at 96 h. Shown are representative fluorescent microscopy pictures (left) and
relative tumor sphere area (right).
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(C) ELISA analysis of IFN+y secretion from non-activated or activated CD8" T cells co-
cultured with control or two independent /NCR1-knockdown U251 cells for 48 h.

(D) NSG mice (n=6 per group) were injected with 2.5 x 106 U251-EGFRvIII shControl
(black and green lines) or shINCR1 (blue and red lines) subcutaneously on day 0 and with 1
x 108 T cells intravenously on day 7 (black arrow). Tumor volume was measured over time.
Tumor volume data were analyzed by two-way ANOVA: ****p < 0.001.

(E) Flow cytometry analysis of CD4/CD8 composition of EGFRVIII specific CAR T cells
infiltrating control (left) and /NVCRI-knockdown (right) tumors.

(F) Flow cytometry analysis of the number of CD4* (left) and CD8* (right) CAR T cells in
control and /NCR1-knockdown tumors 21 days post intravenous injection of T cells.

(G) Flow cytometry analysis of PD-1 levels in CD8* CAR T cells isolated from control and
INCRI-knockdown tumors.

Data are representative of three (A, B, C) independent experiments. Data shown as mean +
SD of at least three replicates. Data were analyzed by unpaired t-test: *p < 0.05, **p < 0.01,
***p < 0.001.
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Figure 5. HNRNPHL1 is a binding partner of INCR1

(A) Patient derived BT333 cells were stimulated with 100 U/ml IFN+y for 24 h and RNA
captured using biotinylated probes antisense to /NCRI (yellow) or scramble control probe

(green) was analyzed by qRT-PCR.

(B) Top 10 proteins co-purified with /NVCRI from RNA antisense purification (RAP).
(C) HNRPNHL1 RIP (RNA immunoprecipitation) followed by gRT-PCR analysis of co-
purified /NCRI in UV-crosslinked patient derived BT164 cells unstimulated or stimulated

with 100 U/ml IFN+y for 24 h.
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(D) Identification of HNRNPH1 binding sites by eCLIP in A375 cells stimulated with 100
U/ml IFN-y for 6 h. Read density in reads per million (RPM) are shown for HNRNPH1, IgG
and input.

(E) Schematic representation of INCR1 minigene with eCLIP reads (red) and RNA
fragments (F1-7) covering the 5’ (blue) and 3’ (green) regions of the /NCRI first intron
(top); and RNA pull-down validation of /NVCR1 interaction with HNRNPH1 using the 7
different biotinylated RNA fragments (bottom).

(F) Top motifs identified by de novo motif finding around HNRNPH1 eCLIP sites.

(G) Gene ontology analysis of the genes bound to HNRNPH1 identified by eCLIP. Analysis
was performed using PANTHER Classification System.

(H and 1) HNRPNH1 RIP followed by qRT-PCR analysis of co-purified PD-L1 (H) and
JAKZ (1) in UV-crosslinked patient derived BT164 cells unstimulated or stimulated with 100
U/ml IFN-y for 24 h.

Data are representative of three (C, E, H, I) or two (A, B) independent experiments. Data
shown as mean + SD of at least three replicates. Data were analyzed by unpaired t-test:
****p < 0.0001.
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Figure 6. INCR1 functions as a negative regulator of HNRNPH1 activity
(A) gRT-PCR analysis of HNRNPH1 (left), PD-L1 (center) and JAKZ (right) expression in

unstimulated or IFN-y-stimulated (100 U/ml for 24 h) A375 cells transfected with sSiRNA
control or two different siRNAs targeting HNRNPH1.

(B) Western blot analysis of PD-L1, JAK2 and HNRNPH1 expression in control or two
independent HNRNPH1-knockdown A375 cells unstimulated or stimulated with 100 U/ml
IFNy for 24 h.

(C) Correlation of HNRNPHI expression with PD-L 1 expression in GBM tumors (n=206).
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(D) Control and /NCR1-knockdown (shINCR1-2) A375 cells were transfected with SIRNA
control or two independent siRNAs targeting HNRNPHI. Cells were stimulated with 100
U/ml IFN+y for 24 h and expression of HNRNPH1 and PD-L1 was analyzed by Western blot.
(E) Binding curves of HNRNPHL1 interaction with a 50 nucleotide RNA oligonucleotide
whose sequence represents the major eCLIP peak of /NCR1 (top), PD-L1 (middle) and
JAKZ (bottom), demonstrating a specific binding of HNRNPH1 with a Kd of 0.76 pM, 1.34
UM and 3.7 UM respectively.

(F) EMSA analysis of the effect of INCR1 RNA fragment on HNRNPH1 ability to bind to
radiolabeled PD-L1 (left) or JAK2 (right) RNA fragments (50 nM). No protein was added to
the lane 1 and 8. HNRNPH1 was added at the concentration of 0.65 uM (lane 2 and 9), 3.25
UM (lane 3 and 10) and 6.5 UM (lanes 4—7 and 11-14). INCR1 was added at molar ratio of
1:1 (lane 5 and 12), 1:5 (lane 6 and 13) and 1:10 (lane 7 and 14).

(G) RNA pull-down assay with biotinylated /NCR1 fragment 4 (F4) in the presence of
antisense oligonucleotide control (ASO NC) or targeting HNRNPH1 binding site (ASO
H1B).

(H) Western blot analysis of PD-L1 and JAK2 expression in ASO NC or ASO H1B
transfected patient derived BT333 cells unstimulated or stimulated with 100 U/ml IFN-y for
24 h.

Data are representative of three (A, F, G) or two (B, D, H) independent experiments. Data
shown as mean + SD of at least three replicates. Data were analyzed by unpaired t-test:
****p < 0.0001.

Mol Cell. Author manuscript; available in PMC 2021 June 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Mineo et al. Page 40

A B
- IFNy @

PD-L1
\‘J\/‘P’V\J\J\/\/\/‘J’\f\/\/ TAVAVAVAVAVAYA

JAK2
®

. | l
v

+ IFNy D)

o

' “ /PDL1

Figure 7. INCR1 interaction with HNRNPH1 regulates PD-L1 expression and IFN+y signaling.
(A) In cells not stimulated with IFN-y, HNRNPH1 (H1) binds PD-L1 (blue) and JAKZ

(green) transcripts to negatively regulate their expression.

(B) In response to IFNy stimulation, /NVCR1 is transcribed from the PD-L1 locus. INCR1
binds HNRNPHL to enable PD-L1 (blue) and JAK2 (green) expression and promote IFNy-
mediated immunosuppression.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-PD-L1 Cell Signaling Technology Cat# 13684; RRID: AB_2687655
Anti-IDO Cell Signaling Technology Cat# 86630; RRID: AB_2636818
Anti-JAK2 Cell Signaling Technology Cat# 3230; RRID: AB_2128522

Anti-STAT1 (WB)

Cell Signaling Technology

Cat# 9172; RRID: AB_2198300

Anti-STAT1 (IF)

Cell Signaling Technology

Cat# 14994; RRID: AB_2737027

Anti-STAT1, phospho (Tyr701)

Cell Signaling Technology

Cat# 9167, RRID: AB_561284

Anti-B-Actin Cell Signaling Technology Cat# 3700; RRID: AB_2242334
Anti-hnRNP-H Bethyl Cat# A300-511A; RRID: AB_203269
PE anti-human CD274 BioLegend Cat# 329706; RRID: AB_940368
Brilliant Violet 421™ anti-human CD279 BioLegend Cat# 329919; RRID: AB_10900818
PerCP/Cyanine5.5 anti-human CD8 BioLegend Cat# 344710; RRID: AB_2044010
Brilliant Violet 785™ anti-human CD4 BioLegend Cat# 317442; RRID: AB_2563242
PE anti-human CD3 BioLegend Cat# 300407; RRID: AB_314061

Sheep Anti-Mouse

GE Healthcare

Cat# NA931; RRID: AB_772210

Donkey Anti-Rabbit

GE Healthcare

Cat# NA934; RRID: AB_772206

Alexa Fluor 488 AffiniPure Donkey Anti-
Rabbit 1gG

Jackson ImmunoResearch

Cat# 711-545-152; RRID: AB_2313584

Bacterial and Virus Strains

One Shot™ TOP10 Chemically Competent
E. coli

Thermo Fisher Scientific

Cat# C404010

Rosetta 2(DE3) pLysS Competent Cells

Millipore

Cat# 71403-M

Biological Samples

Human brain tumor tissues Brigham and Women’s Biorepository N/A

Core
Chemicals, Peptides, and Recombinant Proteins
Recombinant Human IFN-y PeproTech Cat# 300-02
Recombinant Human IFN-B PeproTech Cat# 300-02BC
Recombinant Human TNF-a PeproTech Cat# 300-01A
Recombinant Human IL-2 PeproTech Cat# 200-02
Trizol Thermo Fisher Scientific Cat# 15596018
Critical Commercial Assays
Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668019
Lipofectamine RNAIMAX Thermo Fisher Scientific Cat# 13778500
iScript cDNA Synthesis kit Bio-Rad Cat# 1708891
Power SYBR Green PCR Master Mix Thermo Fisher Scientific Cat# 4368577
RNeasy Mini Kit Qiagen Cat# 74104
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REAGENT or RESOURCE SOURCE IDENTIFIER
TnT Quick Coupled Transcription/ Promega Cat# L1171
Translation System

LIVE/DEAD Fixable Near-IR Dead Cell Thermo Fisher Scientific Cat# L10119
Stain Kit

Dynabeads Human T-Activator CD3/CD28 Thermo Fisher Scientific Cat# 11161D
Muse Count & Viability Kit Millipore Cat# MCH100102

DsiRNA STAT1-1

Integrated DNA Technologies

hs.Ri.STAT1.13.1

DsiRNA STAT1-2

Integrated DNA Technologies

hs.Ri.STAT1.13.2

DsiRNA HNRNPH1-1

Integrated DNA Technologies

hs.Ri.HNRNPH1.13.1

DsiRNA HNRNPH1-2

Integrated DNA Technologies

hs.Ri.HNRNPH1.13.2

SuperScript 111 Reverse Transcriptase

Thermo Fisher Scientific

Cat# 18080044

QIAquick PCR Purification Kit

Qiagen

Cat# 28104

Ficoll Paque Plus

GE Healthcare

Cat# 17-1440-02

CD8+ T Cell Isolation Kit, human

Miltenyi Biotec

Cat# 130-096-495

ELISA MAX Deluxe Set Human IFN-y

BioLegend

Cat# 430104

EasySep Human T Cell Isolation Kit

Stemcell Technologies

Cat# 17951

Tumor Dissociation Kit, mouse

Miltenyi Biotec

Cat# 130-096-730

HiScribe T7 High Yield RNA Synthesis Kit

NEB

Cat# E2040S

Microspin G-25 Columns

GE Healthcare

Cat# 27-5325-01

Deposited Data

Raw and analyzed sequencing data

This study; See Table S1, Table S5,
Table S7

GSE137489

Experimental Models: Cell Lines

Patient derived BT cell lines

Ligon Lab

https://www.dana-farber.org/research/departments-
centers-and-labs/integrative-research-centers/
center-for-patient-derived-models/

Human: U1242 cells Van Brocklyn Lab N/A

Human: A375 cells Hodi Lab N/A

Human: H2122 cells Santagata Lab N/A

Human: H1703 cells Santagata Lab N/A

Human: MDA-MB-231 cells Walt Lab N/A

Human: U251 cells NCI-DTP Cat# U-251; RRID: CVCL_0021
Human: CAR T cells Shah Lab N/A
Experimental Models: Organisms/Strains

Mouse: NOD.Cg-B2mm1Ure priggseid The Jackson Laboratory JAX: 010636
12rgmIWilSz)

Oligonucleotides

Please refer to Table S8 for details. This study N/A
Recombinant DNA

pcDNA3.1 Thermo Fisher Scientific Cat# V79020

Mol Cell. Author manuscript; available in PMC 2021 June 18.


https://www.dana-farber.org/research/departments-centers-and-labs/integrative-research-centers/center-for-patient-derived-models/
https://www.dana-farber.org/research/departments-centers-and-labs/integrative-research-centers/center-for-patient-derived-models/
https://www.dana-farber.org/research/departments-centers-and-labs/integrative-research-centers/center-for-patient-derived-models/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mineo et al. Page 43
REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3.1-INCR1 This study N/A
pcDNA3.1-INCR1 mini-gene This study N/A
pCR2.1-TOPO Thermo Fisher Scientific Cat# K450002
pET21-His-Smt3 Lyons Lab N/A

psi-LVRUBGP-shINCR1-1

GeneCopoeia

CS-SH128T-6-LVRUGGP

psi-LVRU6GP-shINCR1-2

GeneCopoeia

CS-SH128T-3-LVRUGGP

pLV-IRES-mCherry-EGFRvIII

Shah Lab

N/A

pRRL.PPT.EFS-GFP

Shah Lab

N/A

pHR-SFFV-KRAB-dCas9-P2A-mCherry

Gilbert et al., 2014

Addgene Plasmid # 60954

lentiGuide-Puro

Sanjana et al., 2014

Addgene Plasmid # 52963

Software and Algorithms

Copy Number Inference pipeline

Beroukhim et al., 2010

https://genepattern.broadinstitute.org

GISTIC2.0

Mermel et al., 2011

https://genepattern.broadinstitute.org

Circular Binary Segmentation

Snijders et al., 2001

https://genepattern.broadinstitute.org

ReCapSeg GATK https://gatkforums.broadinstitute.org/gatk/
categories/recapseg-documentation

GISTIC2.0 Mermel et al., 2011 https://genepattern.broadinstitute.org

GenePattern Reich et al., 2006 https://genepattern.broadinstitute.org

Fiji - ImageJ https://imagej.net/Fiji RRID: SCR_002285

FlowJo https://www.flowjo.com/ RRID: SCR_008520

Graphpad prism version 8

https://www.graphpad.com/scientific-
software/prism/

RRID: SCR_002798

ZEN Digital Imaging for Light Microscopy

http://www.zeiss.com/microscopy/
en_us/products/microscope-software/
zen.html#introduction

RRID: SCR_013672

Other

Copy number LTGCL dataset (CCLE, 29-
Sept-2012)

Cancer Cell Line Encyclopedia project

https://portals.broadinstitute.org/ccle

Somatic genomic alterations of GBM

The Cancer Genome Atlas project

https://tcga-data.nci.nih.gov/docs/publications/

gbm_2013/
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