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ABSTRACT The repression of repetitive elements is an important facet of p53's function as
a guardian of the genome. Paradoxically, we found that p53 activated by MDM2
inhibitors induced the expression of endogenous retroviruses (ERV) via increased occupancy on ERV
promoters and inhibition of two major ERV repressors, histone demethylase LSD1 and DNA meth-
yltransferase DNMT1. Double-stranded RNA stress caused by ERVs triggered type I/IIl interferon
expression and antigen processing and presentation. Pharmacologic activation of p53in vivo unleashed
the IFN program, promoted T-cell infiltration, and significantly enhanced the efficacy of checkpoint
therapy in an allograft tumor model. Furthermore, the MDM2 inhibitor ALRN-6924 induced a viral mim-
icry pathway and tumor inflammation signature genes in patients with melanoma. Our results identify
ERV expression as the central mechanism whereby p53 induction overcomes tumor immune evasion
and transforms tumor microenvironment to a favorable phenotype, providing a rationale for the syn-
ergy of MDM2 inhibitors and immunotherapy.

SIGNIFICANCE: We found that p53 activated by MDM2 inhibitors induced the expression of ERVs, in
part via epigenetic factors LSD1 and DNMT1. Induction of IFN response caused by ERV derepression
upon p53-targeting therapies provides a possibility to overcome resistance to immune checkpoint
blockade and potentially transform “cold” tumors into “hot”

INTRODUCTION

Reinstatement of the major tumor suppressor p53 by
genetic means has demonstrated remarkable tumor sup-
pression in animal models, providing strong support for
P53 reactivation as a promising anticancer strategy (1-3).
Several pS53-reactivating agents have been discovered that
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restore the function of wild-type p53 by targeting its major
negative regulators MDM2 or/and MDMX. A number of
clinical trials have been initiated recently to test the efficacy
and safety of MDM2 inhibitors such as milademetan (DS-
3032b), siremadlin (HDM201), idasanutlin (RG7388), and
others (for review, see ref. 4). The cell-permeating stapled
peptide ATSP-7041 inhibits both MDM2 and MDMX and

Cancer Discov 2021;11:3090-105
doi: 10.1158/2159-8290.CD-20-1741

This openaccess article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

©2021 The Authors; Published by the American Association for Cancer Research

3090 | CANCER DISCOVERY DECEMBER 2021

AACRJournals.org


http://crossmark.crossref.org/dialog/?doi=10.1158/2159-8290.CD-20-0815&domain=pdf&date_stamp=2021-08-11

is highly effective in tumor suppression in vitro and in vivo
(5). Its advanced analogue ALRN-6924 is currently being
tested in a number of clinical trials, including phase I/II
trials, where it is tested as a chemoprotective agent to protect
healthy cells in patients with cancers that harbor TP53 muta-
tions to reduce or eliminate chemotherapy-induced side
effects (www.clinicaltrials.gov).

In addition to p53 target genes involved in tumor suppres-
sion, p53 response elements are found in endogenous retro-
virus (ERV)-derived long terminal repeat sequences (LTR),
which account for 30% of p53 binding sites in the genome
(6, 7). Leonova and colleagues have shown that p53, together
with DNMTT1, is required for silencing of repetitive elements
(8). Several studies have firmly established that p53 plays an
important role in inhibiting the expression of repetitive ele-
ments, via direct binding and/or cooperation with epigenetic
mechanisms. Because the expression of repetitive elements can
drive both genomic and chromosomal instability, pS3-medi-
ated repression of repetitive elements is regarded as an impor-
tant component of the role of p53 as a guardian of genome (9).

Several transcription factors and epigenetic modifiers
cooperate to prevent ERV expression, apart from p53. These

include DNMT]1, LSD1, pRB, WIP1, and EZH2, among others
(10). However, the detailed mechanisms that mediate the
communication between these factors remain unclear.

Notably, growing evidence demonstrates an important con-
sequence of expression of ERVs: induction of IFN response
(11, 12). IFNs are needed for effective immune response and
are also major regulators of tumor-infiltrating immune cells
(13). Induction of ERV expression by genetic or pharmaco-
logic means has triggered a viral mimicry response leading
to alterations in the local tumor microenvironment that
can boost response to immune checkpoint therapy (11, 12,
14, 15).

Cancer immunotherapy can enhance anticancer immune
surveillance by blocking immune checkpoints such as
PD-L1, CTLA4, and others (16). Checkpoint inhibitors gen-
erate promising clinical data by decreasing the chance of
de novo resistance and increasing overall survival in patients
with melanoma (17). However, many patients are resistant
to anti-PD-1/PD-L1 therapy due to different immuno-
suppressive mechanisms including dysfunctional T cells
and lack of T-cell infiltration and recognition by T cells
(18). This creates a need to develop combinations with
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novel target-specific drugs which can overcome resistance
to checkpoint inhibitors.

Although several studies provide compelling evidence that,
besides tumor cell killing, p53 can also engage both innate
and adaptive antitumor immune response (4, 19, 20), we still
have much to learn about the effects of pharmacologically
activated p53 on the anticancer immune response.

Our data in cancer cell lines, tumor-bearing mouse models,
and patients demonstrate that pS3 reactivation by MDM?2
inhibitors triggers the ERV-dsRNA-IFN pathway followed
by activation of antigen processing and presentation genes,
thereby abolishing tumor immune evasion. We thereby
show the potential of using p53-activating agents to boost
anticancer immune surveillance and overcome resistance
to immunotherapies.

RESULTS

p53 Induces the Expression of ERVs and
dsRNA Formation

P53 is recognized as a potent inhibitor of repetitive ele-
ments, which contributes to its function as a guardian of
the genome (9). We set out to elucidate whether and how
pharmacologic activation of p53 will affect the expression of
repetitive sequences. Paradoxically, our genome-wide analysis
of expression of repetitive elements by nutlin-activated p53
revealed the induction of LTRs, i.e., ERVs, in three wild-type
(wt) pS3 cancer cell lines of different origin (breast cancer
MCF7, osteosarcoma SJSA-1, and colon cancer HCT116)
(21). In contrast, the expression of other repetitive elements,
SINEs, LINEs and DNA transposons, was mainly repressed
(Fig. 1A). Analysis of chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) data revealed a widespread
p53 binding to repetitive sequences, including ERVs, induced
by nutlin in these cells (Fig. 1B). ChIP-PCR experiment con-
firmed the increased binding of p53 to the LTR26E promoter,
chosen as an example (Supplementary Fig. S1A).

Using qPCR, we validated these results in three wtp53
human cancer cell lines, melanoma A375, MCF7, and SJSA-1,
as well as in mouse melanoma B16 cell line. To exclude
compound-specific or nonspecific effects of p53 activators,
we applied three MDM2 inhibitors, nutlin, AMG232, as well
as stapled peptide ATSP-7041 (7041) and its inactive ana-
logue ATSP-7342 (7342), at the following doses: 10 umol/L of
nutlin, 7041, or 7342 and 1 umol/L of AMG-232. We found
an increased expression of multiple human ERVs, such as
HERV-K, HERV-E families and others, as well as LINE1, the
most abundant LINE in humans, upon pS53 activation in
these cells (Fig. 1C; Supplementary Fig. S1B and S1C). Simi-
larly, the murine orthologous ERV genes MuERV-L, MusD,
and JAP were induced in B16 cells (Fig. 1C; Supplementary
Fig. S1B). We confirmed the p53 dependence of ERV induc-
tion in p53-null MCF7, SJSA-1, and A375 cell lines, generated
using CRISPR/Cas9 or Cas12a gene editing (Supplementary
Fig. S1B and S1C).

Next, we applied the J2 antibody which specifically recog-
nizes dsRNA to determine whether ERV transcription leads
to the formation of dsRNA. We found an increased dsRNA
level after treatment with nutlin in two cell lines (Fig. 1D;
Supplementary Fig. S1D). The specific increase of dsRNA, but

not ssRNA, was revealed upon treatment with ssRNA-specific
RNase A and RNase T1, which degraded ssRNA, but not
dsRNA, while RNase III degraded both RNA types, as expected
(Fig. 1D; Supplementary Fig. S1D). These results were con-
firmed by fluorescence microscopy and flow cytometry
(Fig. 1E; Supplementary Fig. S1E). 5-Azacytidine (5-Aza) served
as a positive control for the induction of dsRNA detected by
fluorescence microscopy (11, 22). Accordingly, both sense (3.2-
fold) and antisense (2.9-fold) ERV-K transcripts were induced
upon p53 activation (Supplementary Fig. SIF).

We assessed the contribution of cyclin-dependent kinase
(CDK) inhibitors, shown previously to induce ERV expression
(14), and found that encoded by Cdknla p21 depletion did
not significantly affect ERV induction by p53 (Supplementary
Fig. S1G). Moreover, we found that in addition to target-
specific compounds, the chemotherapeutic drug doxorubicin
induced the expression of some ERVsin a p53-dependent man-
ner (Supplementary Fig. S1H). Taken together, our findings
demonstrate that pharmacologically activated p53 induces the
expression of ERVs followed by generation of dsRNA.

Inhibition of LSD1 and DNMT1 by p53 Releases
Silencing of ERVs

Our finding that pS3 activates the transcription of ERVs
is in contrast to previously reported p53-dependent repres-
sion of repetitive elements (8). We set out to investigate the
mechanism by which p53 activation derepresses ERV expres-
sion. ERVs are the direct targets of transcriptional repression
by histone demethylase LSD1. Inhibition of LSD1 has been
shown to induce ERV expression and IFN response (15).
Therefore, we tested whether LSD1 is involved in p53-medi-
ated derepression of ERVs. Analysis of RNA-sequencing
(RNA-seq) data revealed an inhibition of KDMIA gene encod-
ing LSD1 upon pS53 activation by nutlin in three wtp53
cell lines, but not in pS3 knockout (p5S3KO) line (Fig. 2A).
Furthermore, we found that KDMIA was repressed upon p53
activation on mRNA and protein level in a p53-dependent
manner (Fig. 2B and C; Supplementary Fig. S2A).

pS3-mediated repression is often indirect and is mediated
by p21 (23). We ruled out the involvement of p21 in the
repression of KDMIA, as it was still repressed in p21-depleted
cells (Fig. 2D). Notably, analysis of gene expression in human
tumors from The Cancer Genome Atlas (TCGA) revealed an
increased expression of KDMIA in breast cancers harboring
mutant TP53 (Fig. 2E) compared to wtp53 tumors, support-
ing the notion of p53-mediated repression of LSD1. Inhibi-
tion of LSD1 plays a role in p53-mediated induction of ERVs,
since ectopic expression of LSD1 significantly prevented the
induction of ERV genes upon p53 activation (Fig. 2F and G;
Supplementary Fig. S2B).

It has been found previously that inhibition of DNMT]1 by
S-azacytidine induces the expression of ERVs and dsRNA pro-
duction (11, 12). p53 has been shown to repress DNMT1 in
an SP1- and/or p21-dependent manner (24-26). Consistent
with these results, MDM2 inhibitors significantly reduced
DNMTI1 mRNA and protein levels in human and mouse cells
(Fig. 2H and I; Supplementary Fig. S2C). We observed only a
partial rescue of DNMTI mRNA expression upon p21 deple-
tion (Fig. 2], right), which was not confirmed at protein level
(Fig. 2], left). Further evidence on p53-mediated repression
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Figure 1. p53activation induces ERV expression and dsRNA formation. A, Heat maps show the differential expression of repetitive elements upon
p53 activation by nutlin in three different cancer cell lines, as accessed by RNA-seq. B, Increased p53 occupancy on ERVs promoters depicted as average
p53 binding score profile mapped onto induced ERVs genome location summits in three different cancer cell lines, as assessed by ChIP-seq. C, ERVs

are induced upon p53 activation by 7041 (red bars) and nutlin (blue bars), but not negative control 7342 (gray bars) in A375, B16 and SJSA-1 cells, as
assessed by qPCR, n=3.D and E, dsRNA was induced upon p53 activation by nutlin treatment as detected by dsRNA specific J2 antibody using dot blot
(D) or fluorescence microscopy (E). Total RNA was treated with mock, RNase T1, RNase III, or RNase A and blotted on Hybond-N+ membrane. Equal load-
ing visualized by methylene blue staining (D). DMSO was used as a negative control and 500 nmol/L 5-Azacytidine (5-Aza) served as a positive control

(E). Student t tests (C, E). Error bars, SD. *, P < 0.05; **, P<0.01; *** P <0.001.

of DNMTI came from the analysis of the TCGA data dem- target gene PUMA, but significantly attenuated the induction

onstrating lower DNMTI expression in wtp53 tumors com- of ERVs (Fig. 2L), suggesting a prominent role of DNMT1 in
pared with p53-mutant tumors (Fig. 2K). We overexpressed this process.
DNMTT1 to test the impact of DNMT1 in ERV induction To get insight into the mechanism of p53-mediated repres-

by p53 (Supplementary Fig. S2D). The ectopic expression sion of KDMIA and DNMTI, we tested several factors. As
of DNMT1 did not abrogate p53-mediated induction of its shown in Supplementary Fig. S2E, depletion of activator of
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Figure 2. Inhibition of KDMI1A (LSD1) and DNMT1 by p53 mediates the induction of ERVs. A, Heat map shows the inhibition of expression of KDM1A
gene encoding LSD1 upon treatment with nutlin in three wtp53, but not in p53-null, cell lines, as detected by RNA-seq. B and C, Inhibition of KDM1A upon
p53 activation by compounds on mRNA (A) and protein (B) levels, as assessed by gPCR (A) and immunoblotting (B). D, Depletion of p21 by shRNA does
not prevent the inhibition of KDM1A expression by p53, as assessed by gPCR in cells transfected by control shRNA and p21 shRNA and treated with
7041. CDK1 is used as positive control of p21-dependent gene. E, Box plots depict higher levels of expression of KDM1A gene in breast tumors harbor-
ing mutant p53 compared with wild-type ones. RNA-seq data are from TCGA. Relative expression values are presented as mRNA expression Z-scores
(Mann-Whitney test; ****, P <0.0001). F and G, Overexpression of LSD1 prevented the induction of repetitive elements by p53 as assessed by qPCR (F)
in cells transfected with control vector and FH-LSD1 encoding vector (protein level shown in G), upon treatment with 7041. H and I, Inhibition of DNMT1
upon p53 activation by 7041 (red), nutlin (blue), or AMG232 (green) on mRNA (H) and protein (1) levels, as assessed by gqPCR (H) and immunoblotting (1). J,
Repression of DNMT1 upon p53 activation by MDMZ inhibitors is largely p21-independent, as detected upon p21 depletion by shRNA in SJSA-1 cells by
immunoblot (left) and gPCR (right). K, Box plots depict higher levels of expression of DNMT1 in breast tumors harboring mutant p53 compared with wild-
type ones. For the analysis RNA-seq data from TCGA was used. Relative expression values are presented as mRNA expression Z-scores, (Mann-Whitney
test; **** P<0.0001). L, Partial rescue of p53-dependent induction of ERVs in A375 cells overexpressing DNMT1 upon treatment with 7041.B, D, F, H, J,

L, Student t tests. Error bars, SD. *, P <0.05; **, P < 0.01; *** P <

0.001;#,P<0,0001,n=3.
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KDM1IA expression c-Myc, known to be repressed by p53 (27),
did not rescue KDM1A and DNMT1 downregulation (Supple-
mentary Fig. S2E). Similarly, miRNAs did not play a role in
pS53-mediated repression of KDM1A and DNMTI, as defective
miRNA processing in DICER-negative cells did not alter their
repression (Supplementary Fig. S2F). We therefore reasoned
that long noncoding RNAs (IncRNA) regulated by p5S3 might
be involved (28). We tested three IncRNAs and found that
silencing of Incp21 and IncPvtl did not affect p53-mediated
repression of KDMIA and DNMT1I (Supplementary Fig. S2G
and S2H). However, knockdown (KD) of IncTUG-1 rescued
the expression of both KDMIA and DNMTI upon nutlin
treatment in SJSA and MCF7 cells (Supplementary Fig. S2I),
indicating its involvement.

The induction of ERVs followed the pattern of time- and
dose-dependent inhibition of both LSD1 and DNMT1I on pro-
tein and mRNA level, which in turn correlated with p53 accu-
mulation and p21 activation (Supplementary Fig. S2J-S20).
These data lend further support to the notion that inhibition
of LSD1 and DNMT1 by p53 leads to ERVs’ derepression.

Notably, doxorubicin treatment, which we found to induce
ERVs in a p53-dependent manner, also resulted in repression
of DNMT1 and LSD1 on protein and mRNA level only in
wtpS3 cells (Supplementary Fig. S2P and S2Q). We thus con-
clude that p53-mediated repression of ERV inhibitors LSD1
and DNMT1 is centrally involved in ERV induction.

Repression of RISC Components by p53

p53-mediated derepression of ERVs led to the formation of
dsRNA (Fig. 1D and E). The dsRNA produced in cells either
triggers the IFN response or becomes processed by the RISC
components, including DICER and AGO proteins (15). Thus,
the steady-state level of dsRNA is determined by its formation
versus its processing by RISC, consisting of dsRNA-specific
endonuclease DICER, a dsRNA binding protein TRBP, and
Argonaute (AGO) proteins. Transcriptome analysis revealed
the pS53-dependent downregulation of several members of
RISC complex, including DICER, TRBP2, and several AGO
proteins (variable, depending on cell line; Fig. 3A). qPCR
results confirmed the p53-dependent repression of genes
encoding RISC components DICER, AGO2, and TRBP2 upon
pS3 activation by MDM2 inhibitors (Fig. 3B; Supplementary
Fig. S3A). Consistent with qPCR data, we detected decreased
protein levels of TRBP2 and, partially, DICER upon p53
activation (Fig. 3C). Notably, analysis of TCGA data revealed
higher expression of RISC factors AGOI and AGO2 in breast
cancers harboring mutant p53 (Fig. 3D) compared with
wtp53 tumors. These data lend further support to the notion
of p53-dependent negative regulation of RISC genes.

Next we addressed the question of whether the functional-
ity of RISC upon pS53 activation was decreased by measuring
the level of a GFP reporter whose expression is under control
of RISC-dependent let7 miRNA (29). Activation of p53 by
MDM2 inhibitors resulted in elevated expression of the RISC-
dependent GFP reporter at mRNA and protein level (Fig. 3E
and F; Supplementary Fig. S3B-S3E), suggesting a compro-
mised activity of RISC. RNAI assays indicated that p21 does
not play a role in the inhibition of RISC gene expression by
pS53 nor in reduced activity of RISC (Fig. 3E and F; Supplemen-
tary Fig. S3B-S3E). In line with previously shown regulation

of the expression of RISC components by LSD1 (15), we found
that LSD1 repression contributed to the decreased expression
of RISC genes, as evidenced by the partial rescue of RISC genes
by LSD1 overexpression (Supplementary Fig. S3F). Repression
of RISC genes followed the pattern of DNMT1 and LSD1
downregulation and ERV activation, reaching its maximum
after 16 hours of treatment and 10 pmol/L of 7041 (Sup-
plementary Fig. S3G and S3H). In addition, doxorubicin
treatment resulted in repression of RISC complex genes in a
pS53-dependent manner (Supplementary Fig. S3I).

Induction of dsRNA Sensors upon p53 Activation

Intracellular dsRNAs are recognized by endosomal and
cytosolic RNA sensors, pattern recognition receptors TLR3,
MDAS (encoded by IFIHI)/MAVS, and RIG-I (encoded by
DDXS8), which in turn trigger the IFN response (30). Thus,
we tested whether the expression of dsRNA receptor(s) was
affected by p53 activation. We found that the expression
of dsRNA receptors DDXS58, IFIH1, TLR3, and MAVS was
upregulated by MDM2 inhibitors in a p53-dependent fash-
ion (Fig. 3G, left; Supplementary Fig. S3J). Consistently, the
protein levels of TLR3 and MAVS were also induced (Fig. 3H;
Supplementary Fig. S3K), while the levels of short dsRNA
sensor RIG1 and dsDNA sensor c-GAS were not significantly
affected (Supplementary Fig. S3L). The expression of murine
orthologous genes IFIHI, TLR3, and DDXS8 in B16 cells
was also increased (Fig. 3G, right). The chemotherapeutic
drug doxorubicin induced several dsRNA sensors, while only
TLR3 induction was p53-dependent, which is in line with the
induction of DNA damage by doxorubicin (Supplementary
Fig. S3M).

Induction of a Viral Mimicry Response by p53 Is
Dependent on LSD1 and DNMT1 Repression

The IFN pathway is a crucial defense response against viral
infections. It is triggered by viral dsRNA through cytosolic
dsRNA sensors (13, 30). We reasoned that pS53-mediated
induction of dsRNA stress might induce the IFN response.
Pathway analysis of RNA-seq data identified inflammatory
response and IFN response among the top 10 most sig-
nificant pathways induced by nutlin (Supplementary Fig.
S4A). Gene Set Enrichment Analysis (GSEA) revealed the
enrichment of upregulated genes involved in IFNa and IFNy
responses after activation of p53 by nutlin in MCF?7 cells (Fig.
4A). We found several IFN-regulatory factor genes (IRF) and
IFN-stimulated genes (ISG) to be upregulated by nutlin in a
pS3-dependent manner, as shown in heat maps in Fig. 4B. In
line with these data, 7041, nutlin, and AMG232 activated the
IFN-responsive mCherry reporter gene in a pS3-dependent
manner (Fig. 4C; Supplementary Fig. S4B).

We found that the mRNA expression of both type I
and type III IFNs was increased in different cell lines in a
pS3-dependent manner (Fig. 4D; Supplementary Fig. S4C-
S4E). Accordingly, we detected the induction of IFNo protein
upon pS53 activation (Fig. 4E).

Following IFN induction, IFN signaling pathway genes, in
particular IRFI and IRF2, ISG15 and ISGS6, and STATI and
STAT2, were upregulated at mRNA level by p53 (Fig. 4D; Sup-
plementary Fig. S4C-S4E). Interestingly, we could not detect
IRF9 and IRFS induction, previously suggested to be p53
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Figure 3. Inhibition of dsRNA processing genes and RNA-silencing complex (RISC) activity and induction of dsRNA sensors upon p53 activation.

A, Heat maps demonstrating downregulation of RISC genes upon p53 activation by nutlin in three cancer cell lines, as assessed by RNA-seq. B, Immu-
noblot analysis depicts downregulation of DICER and TRBP2 after p53 activation by 7041, nutlin, or AMG-232 in SISA-1 cells. C, Genes encoding RISC
components are repressed after p53 activation by 7041 (red bars) and nutlin (blue bars) in SJSA-1 and A375 cells, as assessed by gPCR (n = 3). D, Box
plots depict higher levels of expression of AGOI and AGOZ genes in breast tumors harboring mutant TP53 compared with wild-type ones. RNA-seq data
are from TCGA. Relative expression values are presented as mRNA expression Z-scores (Mann-Whitney test; *** P <0.0001). E and F, Inhibition of RISC
activity upon p53 activation by nutlin, 7041, and AMG-232 is largely p21-independent. The expression of GFPL and GFP was measured by immunoblot
(E) and real-time gPCR (F) in SJISA-1 cells stably expressing dual reporters GFPL/GFP-let-7 and transduced with scrambled shRNA or p21 shRNA.

E, Immunoblottlng of LSD1 and AGO proteins (detected by pan-AGO antibody) upon p53 activation in the presence or absence of p21. F, p21-independent
repression of RISC genes after p53 reactivation by 7041 (red bars), as assessed by qPCR (n = 3). G, dsRNA receptors are induced upon p53 activation by
7041 (red bars) and nutlin (blue bars) in A375 and B16 cells, as assessed by qPCR, n=3. H, Induction of TLR3, MDAS, and MAVS in a p53-dependent man-
ner in A375 cells after p53 activation by three MDM2 inhibitors, as detected by immunoblot. B-Actin was used as loading control. B, F, G, Student t tests.

Error bars, SD. *, P < 0.05;**, P<0.01; ** P<0.001;# P <0,0001, n=3.

targets (31). According to ChIP-seq data, the only upregu-
lated IFN pathway gene whose promoter was bound by p53
in all three cell lines was TLR3, confirming it being a direct
p53 target (Supplementary Table S1). Therefore, we conclude

that the induction of IFN pathway genes by p53 was mainly
indirect. Consistent with mRNA induction, we observed an
increased protein expression of pSTAT1 and type I IFN
receptor o upon pS3 activation by MDM2 inhibitors (Fig. 4F;
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Figure 4. Induction of IFNs and IFN pathway by p53 is LSD1- and DNMT1-dependent. A, GSEA reveals induction of IFNo.and IFNyresponse genes upon
p53 activation by nutlin. B, Heat maps show the induction of IFN regulatory transcription factors (IRF) and IFN-stimulated genes in MCF7, SJSA-1, and
p5S3WT, but not in p53KO HCT116 cells after nutlin treatment, as assessed by RNA-seq. C, IFN reporter gene (ISRE)-mCherry expressed under control of
IFN-sensitive response element is induced after p53 activation by three MDM2 inhibitors in p53-proficient but not in p53-deficient cells. D, IFNs, IRFs,
and ISGs are induced upon p53 activation by 7041 (red bars) and nutlin (blue bars) in A375, B16, and SJSA-1 cells, as assessed by qPCR, n=3.E, Induc-
tion of IFNo after p53 activation by stapled peptide 7041 in SISA-1 and A375 cells, as detected by ELISA.F, Induction of phospho-STAT1 levels after
p53 activation by three MDM2 inhibitors in A375 and SJSA-1 cells, as assessed by immunoblotting. G and H, Overexpression of LSD1 (G) or DNMT1 (H)
partially rescues the induction of IFN pathway genes by p53, as assayed by gPCR in cells transfected with FH-LSD1 or DNMT1 expressing vectors upon
treatment with 7041.D, G, H, Student t tests. Error bars, SD.*, P <0.05;**, P<0.01; ***, P <0.001; #, P <0.0001.

Supplementary Fig. S4F). Depletion of p21 did not affect the
induction of IFNs and pSTAT1 (Supplementary Fig. S4G and

S4H), in line with our results mentioned above.

Importantly, the induction of the IFN response was
dependent on pS53-mediated inhibition of ERV regulators

LSD1 and DNMTI. The ectopic expression of LSDI1 or
DNMTT significantly attenuated the induction of IFNs and

IFN-related genes (Fig. 4G and H; Supplementary Fig. S4 and

S4J). Doxorubicin also induced IFNs, in line with previously
published data (32). Notably, the induction of IFNA2/3 and
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some IFN-related genes by doxorubicin was p53-dependent
(Supplementary Fig. S4K).

p53 Activation Enhances Antigen Processing and
Peptide Presentation

Antigen processing and presentation (APP) by MHC class I
molecules is critical for immune surveillance. It is well estab-
lished that APP genes are downstream targets of the IFN
pathway (13, 33). Our GSEA identified a significant impact of
P53 on expression of genes involved in inflammatory response
(Supplementary Fig. SSA). Analysis of RNA-seq data showed
that APP-associated genes were upregulated by nutlin, as
shown in heat maps in Fig. SA. This effect was p53-dependent,
because it was lost in HCT116 pS3KO cells (Fig. 5A, right).

We found that the genes encoding MHC class I molecules
B2M, HLA-A, HLA-B, and HLA-C were upregulated in A375
cells upon p53 activation by 7041, but not control pep-
tide 7342. 7041 treatment induced genes encoding peptide
transporters TAPI and TAP2, and peptide cleavage ERAPI
and ERAP2 (Fig. 5B, left). Induction of these genes was
pS3-dependent, because we did not observe it in p53-null
A375p53KO cells (Supplementary Fig. S5B). Orthologous
APP genes were induced by MDM2 inhibitors in murine
B16 cells (Fig. 5B, right; Supplementary Fig. S5C). Similarly,
pS3-activating compounds nutlin and AMG232 induced
APP-associated genes in a p53-dependent manner in diverse
cancer cell lines (Supplementary Fig. S5C and S5D). Consistent
with qPCR data, MDM2 inhibitors increased MHC class I
cell surface expression in a p53-dependent manner (Fig. 5C;
Supplementary Fig. SSE).

To verify the functional consequences of increased expres-
sion of APP genes, we tested the presentation of heterologous
MHC class I-bound peptide SIINFEKL, derived from chicken
ovalbumin (OVA). Treatment with nutlin induced the cell sur-
face presentation of OVA peptide in wtp53 OVA-transfected
A375 cells, but not in p53-depleted cells (Fig. 5D and E). The
CDK4/6 inhibitor palbociclib, serving as a positive control
(14), induced OVA presentation irrespective of p53 status (Fig.
4D and E). Similarly, we detected the upregulation of MHC
class I-bound SIINFEKL peptide in murine B16-OVA cells
(Supplementary Fig. SSF). Doxorubicin induced APP genes
as well, several of them in a p53-dependent manner (Supple-
mentary Fig. S5G). Because CDK inhibitors can induce APP
genes (14), we tested the contribution of CDK inhibitor p21.
As shown in Supplementary Fig. SSH, p21 depletion did not
significantly prevent the p53-mediated induction of the APP
genes. In contrast, ectopic expression of LSD1 and DNMT1
partially prevented the induction of APP genes (Fig. SF and
G). This is consistent with the role of LSD1 and DNMT1 in
the induction of ERVs and IFN response by pS53.

Taken together, our results demonstrate that inhibition of
LSD1 and DNMT1 by p53, leading to ERV derepression and
dsRNA stress, is involved in the activation of viral mimicry
response and antigen processing and presentation pathway
in cancer cells.

Pharmacologic Activation of p53 Overcomes
Tumor Resistance to Checkpoint Blockade

On the basis of our in vitro results that p53 can stimulate
cellular pathways related to anticancer immune response,

we next determined whether p53 activation will trigger anti-
tumor immunity in vivo. Importantly, our in vitro data sug-
gested an induction of PD-LI upon treatment with MDM?2
inhibitors in mouse melanoma, which can potentially syn-
ergize with checkpoint inhibitors (Fig. 6A). While pS53 is
not a direct regulator of PD-L1, MDM2 inhibitors have been
shown to induce PD-LI, most likely indirectly via the IFN
pathway (34, 35).

Therefore, we reasoned that p53-mediated enhancement
of tumor immunogenicity might sensitize otherwise resist-
ant tumors to checkpoint blockade therapy. We interrogated
this possibility using a syngeneic poorly immunogenic B16
mouse model, known to be nonresponsive to PD-L1 block-
ade in the absence of vaccination (36). As expected, a-PD-1
antibody alone had weak, if any, effect on B16 tumor growth,
as did a subtherapeutic dose of 7041. Importantly, when it
was administered together with p53 activation by 7041, PD-1
blockade markedly reduced tumor growth in the absence of
toxic effects (Fig. 6B and C; Supplementary Fig. S6A).

To understand the effects of p53 activation on immune
cell infiltration, we immunophenotyped tumors using single-
cell mass cytometry (cytometry by time-of flight, CyTOF).
We identified the immune cell populations according to the
expression of several clusters of cell surface markers. We
analyzed simultaneously 19 markers discriminating initially
20 subpopulations (Supplementary Fig. S6B), which were
subsequently clustered into 12 subpopulations (Fig. 6D). p53
activation by 7041 enables a proinflammatory tumor microen-
vironment, as evidenced by the markedly increased infiltration
of CD8" and CD4" T cells, T-cell CD4" effector markers, as well
as B cells, and decreased number of myeloid-derived suppres-
sor cells (MDSC) in the tumors. We did not detect an obvi-
ous change in immune cell populations in the spleen upon
MDM?2 inhibitor (Supplementary Fig. S6C). Furthermore, we
found that the treatment leads to the infiltration of active T
cells, as judged by the substantially increased expression of
Granzyme B detected by IHC (Supplementary Fig. S6D).

We found that the infiltration of immune cells and sensiti-
zation to checkpoint therapy was associated with the induc-
tion of IFN-related immune response genes in B16 tumors.
qPCR analysis of tumor samples revealed the induction of
mouse ERVs, dsRNA sensor MAVS, type I and type III IFN
and IFN-sensitive gene ISG56 upon pS3 activation by 7041
in vivo (Supplementary Fig. S6E-S6G).

Furthermore, we found that the MDM2/MDMX inhibitor
ALRN-6924, an advanced analogue of ATSP-7041, caused a
significant alteration of immune cell populations and pro-
moted tumor infiltration of immune cells in another mouse
model. Treatment of Colon26 allografts with ALRN-6924
resulted in recruitment of tumor-infiltrating lymphocytes
(TIL), in particular cytotoxic CD8" T cells, as well as an
increased number of tumor-suppressing M1 macrophages
(Fig. 6E; Supplementary Table S2). We found a significantly
decreased tumor growth kinetics upon treatment with ALRN-
6924 and a trend for complementary, but not statistically
significant, antitumor effect for ALRN-6924 + oPD-1 (Sup-
plementary Fig. S6H). While the potentiation of checkpoint
inhibitor therapy is not as striking in this model as in the
B16 melanoma model, it shows cooperation that correlates
with chemotaxis of immune cells to the tumor environment.
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Figure 5. Activation of p53 in cancer cells enhances antigen processing and presentation. A, Heat maps show the induction of APP genes in MCF7,
SJSA-1,and HCT116 cells, as assessed by RNA-seq. Absence of induction of APP genes in HCT116 p53KO0 cells confirms p53 dependency. B, gPCR shows
the induction of APP genes in melanoma cells A375 (left) and B16 (right) upon treatment with p53-activating stapled peptide 7041 (red bars), but not
control peptide 7342 (gray bars). Results shown are the mean + SD from three independent experiments performed in triplicate (comparison between
peptides vs. DMSO treatment). C, Flow cytometry shows an increased cell surface expression of HLA-A/B/C upon treatment with three MDM2 inhibitors
in A375 (top) and SJSA-1 cells (bottom). Shown is propidium iodide-negative (PI-) population. D and E, p53-dependent enhanced presentation of heter-
ologous OVA peptide-SIINFEKL on the cell surface of A375-0VA cells upon nutlin treatment, as assessed by flow cytometry (n=3). DMSO was used as a
negative control, palbociclib (Palbo) served as a positive control. F, Overexpression of FH-LSD1 prevented the induction of APP genes upon p53 activa-
tion, as assessed by gPCR in A375 cells transfected with FH-LSD1 expression vector and treated with 7041 versus control vector-transfected cells.

G, Partial rescue of APP genes induction upon by ectopic expression of DNMT1, assessed as in F. B, E, F, G, Student t tests. Error bars, SD. *, P < 0.05;

** P<0.01;** P<0.001;# P<0.0001.
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Figure 6. Pharmacologic reactivation of p53 enhanced T-cell infiltration and overcame tumor resistance to PD-1 blockade in vivo. A, Upregulation

of PD-L1 expression upon p53 activation by 7041 or nutlin in B16 melanoma, as assayed by qPCR (n=3). B and C, Tumor growth (B) and endpoint tumor
volume (C) of B16 tumors grown in immunocompetent mice treated with vehicle, 7041, anti-PD-1 antibody, or 7041 /anti-PD-1 combination. D, tSNE plot
depicting 12 identified immune cell populations (panel below). Each plot represents the merged population of two different tumors per treatment. Bar
plots are showing the differential proportion of each cell population in tumors treated with vehicle or 7041. E, Increased infiltration of cytotoxic CD8*

T cells and tumor-suppressive M1 macrophages in vivo in colon carcinoma model Colon26 upon treatment with stapled peptide MDM2 inhibitor ALRN-
6924, as assessed by flow cytometry. Data are presented as a ratio representing total cell counts where Student t tests (A, E) and one-way ANOVA with
Bonferroni correction (C). Error bars, SD.*, P <0.05; **, P< 0.01.
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Taken together, our findings demonstrate that pharmaco-
logically activated p53 can boost antitumor immune response
and overcome resistance to checkpoint therapy in vivo.

MDM2 Inhibitor ALRN-6924 Induces Intratumoral
IFN Response in Patients

To validate our preclinical findings in patients, we ana-
lyzed gene expression in pre- and posttreatment biopsy
samples from two patients with melanoma enrolled in a
clinical trial of ALRN-6924 (37). The first melanoma patient
received 4.4 mg/kg ALRN-6924 on days 1, 8, and 15 of a
28-day cycle, while the second patient received 2.0 mg/kg
ALRN-6924 on days 1, 4, 8, and 11 of a 21-day cycle.
We performed gene expression analysis in tumor biopsies
taken before the start of treatment and after two cycles of
ALRN-6924 therapy using NanoString PanCancer 10360
and Immune Profiling. First, we assessed whether p53 was
activated in patient tumors by the treatment. Indeed, sev-
eral pS3 target genes were induced (Fig. 7A; Supplementary
Fig. S7A), indicating p53 activation. Pathway analysis of the
PanCancer 10360 genes that were differentially expressed
in patient tumors upon treatment revealed highly statisti-
cally significant induction of the “Lymphoid” pathway, as
well as the IFN pathway (Supplementary Fig. S7B). Next, we
compared the expression of Tumor Inflammation Signature
(TIS) genes (38) in pre- and posttreatment cancer biopsies.
Our analysis revealed the induction of TIS genes, including
CD8" T-cell markers, enzymes of cytotoxic immune cells,
chemokines known to increase recruitment of immune cells,
and immune checkpoints, including CD274 encoding PD-L1,
in both patients (Fig. 7B and C).

We determined whether the set of viral mimicry response
genes which we found to be induced by MDM2 inhibitors
in cancer cell lines will be differentially expressed in patients
upon treatment with the MDM2 inhibitor. We compared the
expression of viral mimicry pathway-related genes in pre- and
posttreatment tumor biopsy samples from the two patients
with melanoma. As shown in Fig. 7D, several APP genes,
IFN-related genes, dsRNA sensors, and immune checkpoint
molecules were induced in patient tumors. More than a
half of these genes we identified as the p53-dependent genes
upregulated upon MDM2 inhibitors in human and mouse
cancer cells of different origin.

Thus, in line with our preclinical studies, these clinical
findings point to p53 activation as a powerful strategy to
augment intratumoral IFN signaling and recruitment of
tumor-suppressive immune cells to the tumor thereby boost-
ing immune surveillance.

DISCUSSION

In this study, we have demonstrated that pharmacologic
activation of pS53 induced the expression of ERVs and gen-
eration of dsRNA, which caused intracellular dsRNA stress
leading to type I and type III IFN responses and induction
of APP genes. We found that pS53 activation promotes the
recruitment of immune cells to tumors in mouse models
in vivo and sensitizes refractory tumors to PD-1 blockade.
Notably, the analysis of pre- and posttreatment tumor biopsy
samples from patients with melanoma treated with the

MDM2 inhibitor ALRN-6924 revealed the induction of viral
mimicry response genes, as well as immune function signa-
tures suggesting infiltration of cytotoxic CD8" T cells. These
results are very encouraging and suggest sensitization to
immune therapy in patients, thereby underscoring the poten-
tial of combining MDM2 inhibitors with immune therapy.

Independent studies of patients with cancer who were
treated with immunotherapy have provided fundamen-
tal insights into mechanisms promoting immune evasion,
including loss of antigen presentation machinery or defects
in IFN signaling (39). Unbiased CRISPR/Cas9 genetic screen-
ing on a genome scale identified genes involved in IFN sig-
naling among the core CTL-evasion genes and pathways (40).
Therefore, elucidation of the mechanisms and factors that
can restore IFN signaling could lead to the design of combi-
nation therapeutic strategies for the treatment of low immu-
nogenic cancers. Several studies demonstrated that ablation
of repressive marks at ERVs, thus unleashing their expression,
leads to the formation of dsRNA, which in turn triggers the
IFN pathway thus boosting the response to immune check-
point therapy (11, 12, 14, 15).

Importantly, a key to our findings is that pharmacologi-
cally activated pS3 induces the transcription of a subset of
ERVs in human and in mouse cells, which leads to the
generation of dsRNA and dsRNA stress that triggers viral
defense responses. We show that p53 accumulation upon
MDM2 inhibition is associated with increased occupancy
of p53 on ERV promoters. Moreover, pS3-mediated inhibi-
tion of two major repressors of ERVs, histone demethylase
LSD1 and DNA methyltransferase DNMT1, contributes to
the derepression of ERVs. While DNMT1 has been shown
to be repressed by p53 (24), inhibition of LSD1 has not been
found before.

Our finding that activated pS3 induces the expression of
repetitive sequences is quite unexpected. Several previous
studies have established that p53 antagonizes the expression
of repetitive sequences, including ERVs. p53 response ele-
ments (RE) are found in ERV-derived LTRs, which accounted
for 30% of p53-binding sites (6, 7). Interestingly, pS3RE asso-
ciated with transposons are high-affinity sites that are char-
acterized by higher occupancy than nontransposon RE (41).
Leonova and colleagues have shown that p53 together with
DNMTT1 is required for silencing repetitive elements. In the
absence of wtp53, treatment of mouse cells with the DNMT1
inhibitor 5-aza-2’-deoxycytidine resulted in increased tran-
scription of repetitive elements. Produced dsRNA triggered
the innate immune system in these cells to express IFN, which
led to cell death (8). It has been found that p53 in flies and
fish restrains the movement of repetitive mobile elements,
along with DNA methylation, histone modifications, and
the piRNA protein complexes (42). A recent study demon-
strated that p53 binds to the internal promoter of human
LINE1 retrotransposons and stimulates deposition of repres-
sive histone marks for their transcriptional suppression (43).
Furthermore, loss of p53 leads to derepression of LINE1 and
chromosomal rearrangements linked to LINE1 elements (43).
Together, these studies establish the suppression of repetitive
elements as a conserved property of p53-mediated tumor
suppression that safeguards human somatic cells against
genomic instability (9).

American Association for Cancer Research®

AAC

DECEMBER 2021 CANCER DISCOVERY | 3101

RESEARCH ARTICLE



RESEARCH ARTICLE

Zhou et al.

C TIS signature
A Top 10 induced p53 targets B Patient 1 Patient 2
Patient 1 Patient 2 10
APC ATF3 i
BAX BBC3 } __-= Patient 2
CASP1 CX3CL1 8 -
CX3CL1 DUSP5 o )
DDB2 LIF 5 6 __..-a Patient 1
DUSP5 MSH2 @ "
MET PMS2 n 4
MSH2 SERPINB5 = HLA-DRB1
PMS2 SH2D1A HLA-E
TNFRSF108 TAPT 2 IDO1
Q@ A Q@ & LAG3
e SPCE 0 : w NKG7 NKG7
o6 B 06 @ EN PDCD1LG2 PDCD1LG2
-0, k < <° PSMB10 PSMB10
Relative expression normalized read counts %TC,\A,F %Z‘,?
Q@ S Q@ S
D E < Q° < Q°
IFN-related genes
: Patient 2 .
Patient 1 = Basal condition
&l HLA-A &
£l HLA-g -
HLA-
HLAS LSD1 DNMT1
TAPBP J_ l
CGAS
TMEM173 p53 ??”? _| ‘
DNMT1 . )
IFIH1 — Histone —_t — Maintenance of
| | | pseme | P ERVs | genome stability

X

Q‘%oe

O Antigen processing and presentation
[ | Cytosolic DNA sensors

DNMTs
[ dsRNA sensors

Factors regulating immune cells function

IFN-related genes

Immune checkpoint molecules

Il DEGs upon p53 activation in cancer cells

-06 NI TN 0.6
Relative expression normalized read counts

Q@:z &

of T, cells

Pharmacologic activation of p53

DNMT1
Ay
p53
900000
TTesme]l 1 | emvs [
Ve /\/as-ERVS

Recruitment . .

o-PD-1

ss-ERVs —~_~- /"~ _~

!
oy LM

- S
———)p /. u/

dsRNA accumulation l
AR gy TR

dsRNA stress and IFN-
response

;//\b '

Tumor regression

Figure 7. Induction of IFN pathway and immune-related genes in patients with melanoma enrolled in ALRN-6924 clinical trial. A, Heat map showing top
10 induced p53 target genes in tumor biopsies of patients with melanoma enrolled in ALRN-6924 clinical trial, as assessed by NanoString. B, Dot plot depict-
ing the induction of Tumor Inflammation Score (TIS) in patient tumors upon treatment with ALRN-6924. C, Heat map showing the induction of expression

of the 18 TIS genes in tumor biopsies from patients pre- and post-ALRN-6924 treatment. D, Heat map representing the differentially expressed IFN- and
immune-related genes in patient tumors pre- and posttreatment with ALRN-6924. The colored bars indicate functional categories, as shown in the panel
below. Genes labeled in black correspond to the set of IFN pathway genes which were induced in a p53-dependent manner upon treatment of cancer cell lines
with different MDM2 inhibitors. Only those genes are shown which are included in PanCancer I0360 Gene Expression Panel. E, Model: top, at basal condition
p53 binds to its response elements (RE) in ERVs and cooperates with DNMT1 and LSD1 to repress them. Bottom, upon pharmacologic p53 activation, p53
inhibits the expression of DNMT1 and LSD1, abrogating epigenetic silencing of ERVs. Furthermore, p53 binding to ERVs is increased along with p53 accumu-
lation in cells. This is probably followed by the recruitment of transcriptional activators, replacing DNMT1 and LSD1. Together, these lead to the activation
of expression of ERVs and generation of dsRNA. Active p53 downregulates RISC genes, contributing to dsRNA accumulation and dsRNA stress, induction of
dsRNA sensors, and unleashing of viral mimicry response, thus potentiating anticancer immune response and synergy with immune checkpoint therapy.
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In contrast to these prior, independent studies, our find-
ings demonstrate the induction of ERV transcription upon
pharmacologic activation of p53. To explain this paradox,
we propose the following model (Fig. 7E). In unstressed cells
pS53 binds to its RE in ERVs and cooperates with DNMT1
and LSD1 to repress them. Therefore, p53 loss leads to partial
derepression of ERVs, as shown in articles cited above. How-
ever, because p53 negatively regulates DNMT1 and LSD1, in
the absence of p53 the expression of DNMT1 and LSD1 is
increased, which partially compensates for the effect of p53
deficiency. On the contrary, upon pharmacologic p53 activa-
tion, DNMT1 and LSD1 expression is repressed, abrogating
epigenetic silencing of ERVs. At the same time, p53 binding
to ERV promoters is increased, along with overall p53 accu-
mulation in cells. Increased p53 occupancy at ERV promoters
is probably followed by the recruitment of transcriptional
activators, replacing DNMT1 and LSD1. This leads to the
activation of expression of ERVs, thus unleashing a viral
mimicry response (Fig. 7E). It remains unclear why derepres-
sion occurs preferentially at ERVs, while other types of repeti-
tive elements are mainly repressed. Furthermore, the relative
contribution of different repetitive sequences to the shaping
of the immune microenvironment remains to be determined.

Several studies have described the effect of pharmacologic
activation of p53 on antitumor immunity, including IFN
induction, polarization of macrophages, induction of PD-L1,
and potentiation of immune checkpoint inhibitor therapy
in cell culture and mouse tumor models (34, 44-47). Having
identified the derepression of ERVs upon p53 activation as a
mechanism that triggers IFN response, our study offers novel
mechanistic insight into p53-mediated enhancement of anti-
tumor immunity.

Much research effort has been dedicated to combining
immune checkpoint inhibitors with standard-of-care chemo-
therapies. However, in clinical trials, both immunosuppressive
and immunostimulating effects of chemotherapy in combina-
tion with checkpoint inhibitors have been observed (32). The
absence of biomarkers allowing stratification of patients who
will benefit from the combination treatment might account
for failed clinical trials. Notably, Zitvogel and colleagues have
found that anthracyclines stimulate the production of type I
IFNs by cancer cells via activation of the endosomal pattern
recognition receptor TLR3 (48). While the authors implicated
TLR3 in the apical signal transduction of this pathway, the
mechanism of TLR3/IFN induction by doxorubicin remained
unclear. Our findings demonstrate that doxorubicin, via
pS3-mediated induction of ERVs, triggers the induction of
dsRNA sensor TLR3 and the IFN response. On the basis of our
findings taken together with previously published data, we
speculate that wtp53 status might serve as one important bio-
marker that can predict the successful combination of anthra-
cyclines with immune checkpoint inhibitors. Furthermore,
it is possible that other DNA-damaging chemotherapeutics,
known to activate p53, are likely to invoke the same or similar
mechanisms of pS53-induced innate and adaptive immune
responses. It might also be beneficial to test the application
of MDM2 inhibitors as an addition to standard therapy to
sensitize tumors to immune checkpoint inhibitors.

In summary, our data in cancer cell lines, tumor-bearing
mouse models, and patients with melanoma demonstrate

that pharmacologic p53 reactivation triggers the ERV-
dsRNA-IFN pathway within tumor cells thereby altering the
tumor microenvironment toward a therapeutically respon-
sive phenotype and evoking tumor immune surveillance.
Restoring IFN signaling by pharmacologic reinstatement of
p53 function has potential to release the “brake” that cancer
uses to evade the immune system. The encouraging antitu-
mor results shown reinforce the MDM2 inhibitor/immune
checkpoint inhibitor combination results from Novartis,
Boehringer Ingelheim, and Ascentage Pharma, who initiated
human clinical trials to test these combinations in patients
with cancer (clinicaltrials.gov). Our article provides a rational
biological mechanism to explain the potentiation of immune
checkpoint inhibitor therapy by MDM2 inhibition to further
justify pursuit of this combination as a therapeutic interven-
tion for patients with cancer.

METHODS
Cell Culture

Human osteosarcoma SJSA-1 and U20S cells lines were cultured
in RPMI1640 medium (Hyclone) supplemented with 10% FBS
(Hyclone), 100 U/mL of penicillin, and 100 mg/mL of streptomy-
cin (Sigma-Aldrich). Human melanoma A375, breast cancer MCF7,
embryonic kidney 293T cells, and murine melanoma B16 were cul-
tured in DMEM (Hyclone) supplemented with 10% FBS, and antibi-
otics. All cell lines were incubated in 5% CO, incubator at 37°C and
tested negative for Mycoplasma before assay.

Compounds

Types and sources of compounds and their treatment conditions
used for in vitro experiments are described in the Supplementary
Methods.

Accession Numbers

RNA-seq profiles were downloaded from the publicly available
data with accession number GSE8622. p53 ChIP-seq data from
nutlin-treated cells were obtained from GSE86164.

RNA extraction, reverse transcription quantitative PCR, and
immunoblot were performed as described previously (49). Primer
sequences are listed in Supplementary Table S3. Antibodies are listed
in Supplementary Methods.

dsRNA Analysis by J2 Dot Blot and dsRNA analysis by immunoflu-
orescent staining were performed as described previously (15, 22). For
details, see Supplementary Methods and Supplementary References.

ELISA Detection of IFNo.

After 7041 treatment, the culture media were replaced with serum-
free media for 24 hours. The supernatant was collected by centrifu-
gation at 12,000 X g for 5 minutes subjected to a Human IFNo. (pan
specific) ELISAPRC kit (MABTECH) according to the manufacturer’s
instructions. The data were analyzed using elisaanalysis.com.

Flow Cytometry

For MHC class I detection and OVA-peptide detection, 10 cancer
cells per condition were stained with the appropriate antibodies
diluted in PBS plus 2% FBS (Hyclone) for 30 minutes on ice. Matched
isotype control was used to subtract the noise. To omit dead cells
during analysis, cells were stained with 1 ug/mL propidium iodide
(Thermo Fisher Scientific, catalog no. P3566) before assay. Antibodies
information is listed in Supplementary Table S3.

The intracellular dsSRNA detection using J2 antibody was per-
formed as described above, except cells were permeabilized and
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blocked with 0.1% Triton X-100 in FACS buffer for 15 minutes at
room temperature.

For IFN reporter assay, the ISRE-mCherry-transduced cells were
treated with compounds for 24 hours, trypsinized, washed, and satu-
rated in ice-cold PBS.

Immuno-profiling of splenocytes was performed as described
previously (50). For details, see Supplementary Methods. FACS
analyses were performed on FACSCalibur (BD Biosciences), LSR
II (BD Biosciences) or LSRFortessa X-20 (BD Biosciences) and the
data were analyzed by CellQuest Pro and FlowJo (version 10.5.3
Tree Star Inc.).

Animal Experiments

Animal experiments were approved by the regional ethics commit-
tee for animal research (N391/11 and N26/11), appointed and under
the control of the Swedish Board of Agriculture and the Swedish
Court. The animal experiments were in accordance with national
regulations (SFS 1988:534, SFS 1988:539 and SFS 1988:541).

For the B16 melanoma mouse model, 6-week-old female C57BL/6
mice were injected subcutaneously with 1 x 10° B16 cells. For
Colon26 mice model, 8- to 12-week-old BALB/c mice were implanted
with 1 x 10° Colon26 cells subcutaneously. When the tumors reached
80-120 mm?, 30 mg/kg of ATSP-7041 for B16 model or 20 mg/kg
ALRN-6924 for Colon26 model were administered intravenously
twice weekly for two weeks (days 1, 4, 8, 11). For antibody treatment,
mice were given 10 mg/kg of anti-PD-1 or isotype control (BioXCell,
Nordic Biosite) antibody via intraperitoneal injection at day 5, 9,
and 12. Tumor volume was measured by caliper three times per
week, and the volume was calculated based on the formula (in mL):
L/10*W/10¥*W/10%0.44 (L, length; W, width of tumor). Mice were
sacrificed when tumors reached 2 cm? or upon bleeding. A satellite
group in n = 6 mice/group was sacrificed for analysis of tumor-infil-
trating immune cells at day 14. Twenty-four hours after the final dose
each satellite animal was euthanized, and the tumor was harvested
and processed for flow cytometry.

Patient Data

Patients 18 years or older with advanced solid tumors or lympho-
mas were recruited to participate in a phase I, open-label, multicenter,
dose-escalation trial registered on ClinicalTrials.gov (NCT02264613)
and was conducted with adherence to all local and national guidelines
and in compliance with good clinical practice and with approval of
institutional review boards at each participating clinical site. Tumor
TPS3-wt status was conducted using next-generation sequencing of’
TP53, and nucleic acid extract from pre- and posttreatment biopsies
was analyzed using the NanoString PanCancer 10360 and Immune
Profiling platform (NanoString Technologies Inc.; www.nanostring.
com). All samples were obtained from patients who provided written
informed consent.

CyTOF

The mass cytometry data were obtained and analyzed as previously
described (51). For details, see Supplementary Methods and Supple-
mentary References.
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