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SMYD3 represses tumor-intrinsic interferon
response in HPV-negative squamous cell carcinoma

of the head and neck
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In brief

Nigam et al. show that SMYD3 depletion
induces type | IFN response and APM
genes in HPV-negative HNSCC cells.
SMYD3 represses immune-related genes
through direct transcriptional regulation
of UHRF1, an H3K9me3-reader that
recruits DNMT1A, and deposition of
H4K20me3. SMYD3 is a rational target to
overcome anti-PD-1 resistance in HPV-
negative HNSCC.
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SUMMARY

Cancers often display immune escape, but the mechanisms are incompletely understood. Herein, we identify
SMYD3 as a mediator of immune escape in human papilloma virus (HPV)-negative head and neck squamous
cell carcinoma (HNSCC), an aggressive disease with poor response to immunotherapy with pembrolizumab.
SMYD3 depletion induces upregulation of multiple type | interferon (IFN) response and antigen presentation
machinery genes in HNSCC cells. Mechanistically, SMYD3 binds to and regulates the transcription of UHRF1,
encoding for a reader of H3K9me3, which binds to H3K9me3-enriched promoters of key immune-related
genes, recruits DNMT1, and silences their expression. SMYDS3 further maintains the repression of immune-
related genes through intragenic deposition of H4K20me3. In vivo, Smyd3 depletion induces influx of CD8*
T cells and increases sensitivity to anti-programmed death 1 (PD-1) therapy. SMYDS3 overexpression is asso-
ciated with decreased CD8 T cell infiltration and poor response to neoadjuvant pembrolizumab. These data
support combining SMYD3 depletion strategies with checkpoint blockade to overcome anti-PD-1 resistance
in HPV-negative HNSCC.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) affects
approximately 50,000 patients annually in the United States.’
While human papilloma virus (HPV)-positive patients tend to
have an excellent prognosis,” HPV-negative patients have
an approximately 50% recurrence rate after treatment with
chemoradiotherapy and/or surgery, and a dismal prognosis
in the recurrent/metastatic (R/M) setting.® Recently, pembroli-
zumab, which blocks the programmed death 1 (PD-1)/pro-
grammed death-ligand 1 (PD-L1) axis, was approved as a
first-line therapy for patients with R/M HNSCC.* However,
response rates in HPV-negative HNSCC patients are as
low as 19%.°" Thus, the elucidation of mechanisms that
dictate poor CD8" T cell infiltration in HPV-negative HNSCC
is of paramount importance to improve the efficacy of
immunotherapy.®°

Epigenetic regulation mediated by histone modifications has
emerged as an important cancer therapeutic avenue. The Can-
cer Genome Atlas (TCGA) has documented a plethora of ge-
netic and expression alterations in chromatin modifiers in mul-
tiple cancer types, including HPV-negative HNSCC.'%'®
Recent evidence supports that some of these chromatin
modifiers may be involved in the regulation of antitumor immu-
nity.’* Given the importance of immunotherapy in HPV-nega-
tive HNSCC, we previously conducted a bioinformatic interro-
gation of two HPV-negative HNSCC expression cohorts to
identify protein methyltransferases (PMTs) and demethylases
(PDMTs), a class of chromatin modifiers that are frequently
altered in HPV-negative HNSCC and that are associated with
the non-inflamed phenotype and could thus be biological cul-
prits of CD8" T cell exclusion.”® We found that the mRNA
expression levels of SET and MYND-domain protein 3
(SMYD3) correlated inversely with the mRNA levels of CD8A,
CD8* T cell-attracting chemokines, such as CXCL9, CXCL10,
and CXCL11, as well as several antigen presentation machinery
(APM) molecules.'® Additionally, SMYD3 knockdown in HPV-
negative HNSCC cell lines in vitro led to significant upregulation
in the mRNA and protein levels of CXCL9, CXCL10, and
CXCL11, suggesting that SMYDS3 regulates the transcription
of these genes.

SMYDS3, a member of the SET and MYND-domain family, is a
PMT that has been implicated as an oncogene in multiple cancer
types, such as colorectal and hepatocellular carcinoma
(HCC),"®"" pancreatic and lung adenocarcinoma,'® and breast
cancer.’®" In HCC, SMYD3 acts as a chromatin modifier in
the nucleus by directly binding to DNA as a transcription factor,
forming a complex with RNA polymerase I, and writing and
reading H3K4me3 to activate the transcription of oncogenes
involved in cell cycle and epithelial-mesenchymal transition.'®'®
A few groups have also reported that SMYDS3 trimethylates
H4K20 (H4K20me3) to induce transcriptional repression.?**
However, in K-ras mutant pancreatic and lung adenocarci-
nomas, SMYD3 directly methylates the cytoplasmic substrate
MAP3K2, inhibiting its interaction with phosphatase PP2A and
activating the ERK1/2 pathway.'® This suggests that the onco-
genic function of SMYD3 varies by cancer type and may be
mediated either through its function as a chromatin modifier/
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transcription factor or as a direct methylator of cytoplasmic
substrates.

Given the oncogenic role of SMYD3 in many cancer
types, SMYD3 inhibitors are actively in development.?*2°
An alternative and promising drug platform are RNA-
targeted anti-sense oligonucleotides (ASOs), which are sin-
gle-stranded, chemically modified DNA oligonucleotides.”’
Importantly, Kontaki et al.?® recently showed that Smyd3
ASOs decreased Smyd3 mRNA levels in vivo efficiently and
halted the growth of liver tumors in a chemically induced
HCC mouse model, underlining the potential of Smyd3
ASOs as a therapeutic platform.

In the present study, we identify SMYD3 as a master epige-
netic regulator of antitumor immune response in HPV-negative
HNSCC and provide a rationale for translational approaches
combining SMYD3 ASOs with checkpoint blockade to overcome
anti-PD-1 resistance in this devastating disease.

RESULTS

SMYD3 depletion is associated with upregulation of type

I IFN response and APM genes in HPV-negative HNSCC
cells

Based on our previously published work,'® we sought to eval-
uate whether SMYD3 depletion has a systemic effect on the
expression of type | interferon (IFN) response and APM genes
(here on referred to cumulatively as immune-related genes; see
statistical analyses in section, “lists of type | IFN response and
APM genes” and Tables S1 and S2).

To this end, we conducted RNA-sequencing (RNA-seq) of the
HPV-negative HNSCC cell line HN-6 with endogenously high
levels of SMYDS3 before and after small interfering RNA
(siRNA)-mediated SMYD3 knockdown for 72 h and after 24 h
of IFN-B exposure. Evaluation of the expression levels of im-
mune-related genes revealed upregulation of multiple key type
I IFN response and APM genes (Figures 1A, S1A, and S1B). A
similar phenotype was reproduced with SMYD3 ASOs*® (lonis
Pharmaceuticals) (Figures 1B, S2A, and S2B) and with a
SMYD3 CRISPR knockout (KO) cell line (termed 5-3)
(Figures 1C, S3A, and S3B). More specifically, SMYDS3 depletion
using siRNAs induced upregulation of 40 out of 97 IFN-o
response and 22 out of 88 APM genes (Figure S4A). SMYD3
ASO-mediated depletion upregulated 68 out of 97 IFN-a
response and five out of 88 APM genes (Figure S4B). Similarly,
SMYD3 depletion in the SMYD3 KO cell line induced upregula-
tion of 73 of 97 IFN-a. response genes and 24 of 88 APM genes
(Figure 1D). Among the three cell systems, 28 of 97 IFN-«
response genes were commonly upregulated (Figure S5).
Concordantly, ingenuity pathway analysis (IPA) revealed enrich-
ment in pathways related to inflammation in all three cell systems
(Figures 1E and S6).

To confirm these findings and further evaluate whether the ef-
fect of SMYDS3 on the expression of immune-related genes is
dependent on IFN-B exposure, we treated two HPV-negative
HNSCC cell lines (HN-6, HN-SCC-151) with negative control or
SMYD3-specific siRNAs for 72 h with or without exposure to
IFN-B and conducted gPCR for a panel of representative im-
mune-related genes. Results confirmed that SMYD3 depletion
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Figure 1. SMYDS3 depletion induces upregulation of type | IFN response and APM genes in HPV-negative HNSCC cells

(A-C) Heatmaps of type | IFN response and APM genes (RNA-seq) in HN-6 cells after SMYD3 depletion. Heatmaps of regularized log-transformed and Z score
expression values. (A) HN-6 cells treated with control or a SMYD3-targeting siRNA for 72 h (three biological replicates per condition. siNC.r, control replicate;
siSMYD3.r, SMYD3 siRNA replicate), and exposed to IFN-. (B) HN-6 cells treated with PBS or SMYD3 ASOs for 72 h (two biological replicates per condition) and
exposed to IFN-B. (C) Parental HN-6 and SMYD3 knockout (KO) cells (5-3 cell line) after exposure to IFN-p (three biological replicates per condition).

(D) Volcano plot showing DESeq2 results in SMYD3 KO cells (5-3 cell line) compared to parental HN-6 cells. False discovery rate (FDR), 0.1; log2FC threshold,
log2 (1.3). Red triangles, IFN-a genes (upregulated, 73; downregulated, seven); blue crosses, APM genes (upregulated, 24; downregulated, 11); gray circles, other
genes. Total number of genes = 19,447 (upregulated, 6,300; downregulated, 7,292).

(E) IPA reveals enrichment of pathways related to inflammation in an HPV-negative cell line (HN-6) after SMYD3 depletion (SMYD3 KO 5-3 cells).

(F) gRT-PCR (SYBR green) for immune-related genes in HN-6 (left) and HN-SCC-151 cells (right) after siRNA-mediated SMYD3 knockdown. Cells were treated
with control and a SMYD3-targeting siRNA for 72 h with or without exposure to IFN-B. Technical replicates are shown. Data are represented as mean + SEM.

Student’s t test, *p < 0.05. Similar results were obtained in an independent experiment.
(G) Normalized enrichment scores (NESs) of Hallmark gene sets correlated with SMYD3 mRNA expression. Positive NES indicates pathways enriched with gene

expression patterns that are positively correlated with SMYD3 mRNA. Negative NES indicates pathways enriched with gene expression patterns that are

negatively correlated with SMYD3 mRNA. TCGA, Firehose Legacy, 427 HPV-negative tumor samples.
(H) Pairwise correlations between SMYD3 and type | IFN response genes in single cancer cells of a publicly available single-cell RNA-seq database.

induced significant upregulation of multiple immune-related SMYD3 mRNA expression is associated with repression
genes in both cell lines (Figure 1F), and, importantly, significant of immune signatures in HPV-negative HNSCC human
upregulation of these genes was observed even in the absence tumors and is negatively correlated with the expression
of IFN-B. This suggests that the effect of SMYD3 on the expres- of immune-related genes in single cancer cells

sion of some immune-related genes is not IFN-B dependent, To determine whether the expression of SMYD3 is associated
and thus SMYD3 depletion could trigger an inflammatory with enrichment of immune signatures in HPV-negative

response in cancer cells even in the setting of a “cold” tumor HNSCC tumor samples, we interrogated TCGA dataset of pa-

microenvironment. tients with primary HPV-negative HNSCC. Gene set enrichment
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analysis (GSEA) revealed that higher SMYD3 mRNA expression
correlated with repression of immune signatures (Figure 1G).

We also analyzed a publicly available single-cell RNA-seq
database of HPV-negative HNSCC tumors,’® and, consistently,
SMYD3 mRNA expression correlated negatively with multiple
type | IFN response and APM genes within individual cancer cells
(Figures 1H and S7). These data suggest that SMYD3 is a key
regulator of the expression of a broad repertoire of immune-
related genes in HPV-negative HNSCC cells.

UHRF1, a reader of H3K9me3, is downregulated after
transient SMYDS3 depletion and regulates the
transcription of immune-related genes in HPV-negative
HNSCC cells

SMYD3 activates the transcription of downstream target genes
by writing and reading H3K4me3,'®'® an activating histone
mark; however, our data suggest a reverse phenotype, whereby
SMYD3 is associated with repression of immune-related signa-
tures. We thus reasoned that SMYD3 may regulate the expres-
sion of immune-related genes through an indirect mechanism,
specifically through the upregulation of a repressive chromatin
modifier or reader, which then in turn represses immune-related
genes in HPV-negative HNSCC cells.

To identify candidate repressive epigenetic regulators, we
curated and queried a list of 438 factors that are known to be
involved in epigenetic regulation (Table S3) and sorted the genes
that had significantly decreased mRNA expression upon SMYD3
depletion and encoded for chromatin factors with known repres-
sive gene transcription functions. We found that the gene encod-
ing the ubiquitin-like PHD and ring finger domain-containing pro-
tein 1 (UHRF1) had significantly lower mRNA expression after
SMYD3 depletion (Figure S8). UHRF1 is an E3 ubiquitin ligase
that recruits DNMT1 to CpG DNA methylation sites and ensures
high-fidelity DNA maintenance methylation on the newly synthe-
sized DNA strand. UHRF1 binds to and reads hemi-methylated
CpG marks through its SET- and RING-associated (SRA)
domain, and H3K9me3 through its tudor domain (TTD), medi-
ating transcriptional repression of its downstream target
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genes.®® It is also associated with increased proliferation
and poor prognosis in multiple cancer types.** In order to vali-
date UHRF1 as a downstream target of SMYD3, we performed
gRT-PCR and western blotting in HN-6 and HN-SCC-151 cells
after siRNA-mediated SMYDS3 depletion and confirmed signifi-
cant downregulation of UHRF1 both at the mRNA and protein
levels in the presence or absence of IFN-B (Figures 2A, 2B,
and S9).

To evaluate whether SMYD3 directly binds to and regulates
the transcription of UHRF1, we conducted a CUT&RUN assay
for SMYD3 and H3K4me3 in HN-6 cells and found significant
enrichment of SMYD3 and H3K4me3 within the gene body of
UHRF1 (Figure 2C). Interestingly, Sarris et al.'® previously con-
ducted chromatin immunoprecipitation (ChlP) for mouse
Smyd3 followed by sequencing in mouse HCC cells; we
analyzed the sequencing tracks from this database and consis-
tently found enrichment of mouse Smyd3 on the promoter of
Uhrf1 (Figure S10). These data support that SMYD3 binds to
and transcriptionally regulates UHRF1.

To assess whether UHRF1 regulates the expression of im-
mune-related genes, HN-6 cells were transfected with either
UHRF1-targeting (siUHRF1) or control siRNAs (siNC) for 72 h
and treated with or without IFN-B for 24 h, and RNA-seq was
conducted. Similarly to SMYD3 depletion, UHRF1 depletion
induced significant upregulation of multiple type | IFN response
and APM genes, both in the presence (Figures 2D, 2E, ST11A,
and S11B) and absence of IFN-B exposure (Figures S12A-
S12C). These results were confirmed with gPCR for a number
of representative immune-related genes in HN-6 and HN-SCC-
151 cells (Figures S13A and S13B). Furthermore, 47 of the type
I IFN response and six of the APM genes were commonly upre-
gulated in siSMYD3- or siUHRF1-treated HN-6 cells, suggesting
that these genes are commonly affected by knockdown of either
SMYDS3 or UHRF1 (Figure 2F).

UHRF1 represses its downstream target genes through main-
tenance of CpG DNA methylation by recruiting DNTM1 and
reading H3K9me3.%**°> We therefore hypothesized that UHRF1
binds to the promoters of immune-related genes enriched with

Figure 2. UHRF1 is transcriptionally regulated by SMYD3 and silences the expression ofimmune-related genes in HPV-negative HNSCC cells

through DNMT1 recruitment

(A and B) SMYDS3 knockdown induces downregulation of UHRF1 in HN-6 cells at the mRNA (A) and protein levels (B). Data for (A) are represented as mean + SEM.

Student’s t test, *p < 0.05.

(C) UCSC (University of California Santa-Cruz) tracks of SMYD3 and H3K4me3 in HN-6 cells. Exons and introns 1 and 2 of UHRF1 are shown.

(D) Volcano plot showing DESeq2 results of RNA-seq of HN-6 cells transfected with a UHRF1-targeting siRNA compared to control for 72 h and exposed to IFN-B.
FDR < 0.1; log2FC threshold, log2 (1.3). Red triangles, IFN-a genes (upregulated, 57; downregulated, four); blue crosses, APM genes (upregulated, 12;
downregulated, eight); gray circles, other genes. Total number of genes = 18,971 (upregulated, 4,438; downregulated, 4,585).

(E) Heatmaps of type | IFN response (left) and APM genes (right) in HN-6 cells after UHRF1 depletion for 3 days. HN-6 cells were treated with control (siNC) or a
UHRF1-targeting siRNA (siUHRF1) for 72 h (three biological replicates per condition) and exposed to IFN-f. Cells were collected and RNA-seq was conducted.
Heatmaps showing Z score of variance stabilizing transformed expression values.

(F) Venn diagram showing the overlap of upregulated type | IFN response (left) and APM (right) genes in HN-6 cells treated with SMYD3 or UHRF1 siRNAs in the
presence of IFN-B. FDR< 0.1; log2FC, log2(1.3).

(G) ChIP assay for HA (shades of brown), endogenous DNMT1 (shades of green), and endogenous H3K9me3 (shades of purple) followed by gRT-PCR for CXCL9,
CXCL10, MX1, OAS2, and RSAD2. HN-6 cells were transfected with HA-Mock or HA-UHRF1 for 48 h and exposed to IFN-p for 24 h prior to cell collection. Data
are represented as mean + SEM. Standard error (SE) bars represent the SE of two or three technical replicates per reaction. Student’s t test, *p < 0.05, **p < 0.01,
***p < 0.001. Similar results were obtained in an independent biological replicate.

(H) ChIP assay for endogenous UHRF1 (shades of brown), DNMT1 (shades of green), and H3K9me3 (shades of purple) followed by gRT-PCR for CXCL9, CXCL10,
MX1, 0AS2, and RSAD2. HN-6 cells were transfected with negative control (siNC) or a SMYD3-targeting siRNA (siSMYD3) for 72 h and exposed to IFN-f for 24 h
prior to cell collection. Data are represented as mean + SEM. SE bars represent the SE of two or three technical replicates per reaction. Student’s t test, *p < 0.05,
**p < 0.01, **p < 0.001. Similar results were obtained in an independent biological replicate.
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H3K9me3 and recruits DNMT1 to maintain CpG DNA methyl-
ation and induce repression. To further investigate this possibil-
ity, HN-6 cells were transfected with hemagglutinin (HA)-UHRF1
or HA-Mock plasmids for 48 h and exposed to IFN-j for 24 h prior
to cell collection. A ChIP assay for the HA-tag (HA-UHRF1),
H3K9me3, and DNMT1 followed by qPCR showed that HA-
UHRF1 and H3K9me3 were enriched in the promoters of
representative immune-related genes that were upregulated
with UHRF1 depletion, including CXCL9, CXCL10, MX1, OAS2,
and RSAD2 (Figures 2G and S14). Concurrently, after HA-
UHRF1 overexpression, DNMT1 was enriched on the promoters
of some of these genes, indicating that UHRF1 recruits
DNMT1 to these genes. Conversely, after 72 h of SMYD3 deple-
tion, UHRF1 occupancy on these immune-gene promoters
decreased and, on some of these genes, DNMT1 binding was
decreased as well (Figures 2H and S14).

We next determined whether SMYD3 depletion was associ-
ated with a decrease in the DNA methylation levels of CpG sites
in the promoters of these genes. An EPIC methylation assay was
performed in HN-6 cells treated with control or SMYD3-targeting
siRNAs for 72 h. One-hundred and eighteen CpG sites corre-
sponding to the promoters of the five aforementioned immune-
related genes were included in the EPIC array and over 50% of
them (62 out of 118) were at least partially or close to fully meth-
ylated (beta values >0.5) at baseline, suggesting that these sites
may serve as binding sites of hemi-methylated DNA for the SRA
domain of UHRF1 (Table S4). While DNA methylation was de-
tected in the promoters of these genes, we did not observe a
decrease in the average CpG site DNA methylation levels after
SMYD3 depletion (siNC-siSMYDS3 delta beta <0.1; Table S4).
This finding suggests that DNTM1, in concert with UHRF1,
may mediate transcriptional repression of immune-related genes
in a methyltransferase-independent manner and mainly as a
scaffolding protein within the context of a repressor complex
involving UHRF1.%5-%8

In summary, these results support that SMYDS3 regulates the
expression of immune-related genes through UHRF1, whereby
UHRF1 reads and binds to DNA-methylated promoters enriched
in H3K9me3 and recruits DNMT1 to repress these genes, likely
through a methyltransferase-independent manner.

Permanent SMYD3 KO decreases the occupancy of
H4K20me3 on immune-related genes in HPV-negative
HNSCC cells

We then evaluated the protein levels of UHRF1 in SMYD3 KO
cells. Interestingly, stable KO of SMYD3 did not perturb
steady-state UHRF1 levels (Figure S15). We hypothesized that
this may be related to the fact that UHRF1 is necessary for the
survival of a variety of cancer cell lines®*™*" and that SMYD3
KO cells compensate by upregulating UHRF1 levels back to a
necessary minimum so that they can survive.

SMYDS has been predominantly described as a transcrip-
tional activator'®'°2"; however, more recently, it has also
been reported to induce transcriptional repression through
deposition of H4K20me3.?*?° Based on these reports and our
findings that SMYD3 depletion induced re-expression of im-
mune-related genes, we hypothesized that SMYD3 may have a
bifaceted function by acting both as a transcriptional activator
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of certain genes, such as UHRF1, through writing and/or reading
H3K4me3, and as a transcriptional repressor of other genes,
such as immune-related genes, by promoting the deposition of
H4K20me3. We thus sought to assess whether SMYD3 directly
silences the expression of immune-related genes through the
deposition of H4K20me3. First, to evaluate whether SMYDS af-
fects global methylation levels of H4K20me3 in HPV-negative
HNSCC cells, we conducted mass spectrometry analysis in
parental HN-6 cells and two SMYD3 KO cell lines (5-2, 5-3)
and found that H4K20me3 levels were significantly decreased
in the SMYD3 KO cells (Figure 3A). Importantly, the protein levels
of SUV420H1 and SUV420H2, which are established H4K20
methyltransferases, were stable or increased in the SMYD3 KO
cell lines (Figure S16), suggesting that SMYDS3 affects global
levels of H4K20me3 through a mechanism independent of the
protein amounts of these H4K20 methyltransferases. Although
these findings do not prove that SMYDS3 directly methylates
H4K20, they support that SMYD3 affects the global levels of
H4K20me3 in HPV-negative HNSCC cells.

We then sought to evaluate the effect of SMYD3 KO on the
genomic distribution of H4K20me3 and, more particularly, on im-
mune-related genes using CUT&RUN assays in HN-6 and the
SMYD3 KO cell line 5-3 after IFN-B exposure. We found 49,524
H4K20me3 peaks were called in HN-6 cells. Of these peaks, the
majority (49,164 peaks, 99% of the total at baseline) were signifi-
cantly decreased in the SMYD3 KO cells (FDR < 0.05), suggesting
that SMYD3 has a predominant role as a positive regulator of
H4K20me3 genomic deposition (Figure 3B). 37% of the differen-
tially decreased peaks were distributed in intergenic regions and
63% in intragenic regions, including 28% in introns, 20% in exons,
7% in promoters, and the remainder in 5 UTR and 3’ UTR (Fig-
ure 3B). We further focused our analysis on intragenic regions,
given that the intragenic presence of H4K20me3 could directly
contribute to the transcriptional repression of these genes. We
found 9,273 genes were annotated to 30,504 H4K20me3 intra-
genic peaks, and, of these genes, most of them (9,272 genes)
were annotated to decreased H4K20me3 peaks (Figure S17A).
Among these genes, 4,874 were annotated to 15,993 differential
H4K20me3 peaks and had evaluable RNA-seq data (Figure 3C,
left panel, and Figure S17B). Of these 4,874 genes, 39.6%
(1,929) demonstrated increased mRNA expression, signifying
that SMYD3-mediated H4K20me3 is important in repressing
these genes; 29.4% of these genes (1,434) had decreased
mRBNA expression; and 31% (1,511) showed no expression
changes (FDR < 0.1, absolute log2FC >1.3) (Figure 3C, right
panel).

Among the 9,272 genes with decreased H4K20me3 peaks, 60
immune-related genes were annotated to 93 decreased
H4K20me3 peaks (Figures S17C and 3D; Tables S5A and S5B).
Of these, 54 genes had evaluable RNA-seq data and were anno-
tated to 84 differential H4K20me3 peaks (Figure 3E, left panel, and
Figure S17D; Table S5B), with 83% (45) upregulated, 7% (four)
downregulated and 9% (five) unaltered (Figure 3E, right panel).
Of note, 83% of immune-related genes compared to 39.6% of
all genes with decreased H4K20me3 peaks were upregulated,
suggesting that H4K20me3 may be particularly important for the
transcriptional repression of immune-related genes. To evaluate
whether SMYD3 co-occupied the same or adjacent genomic



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B 49,524 H4K20me3 peaks in HN-6 D F H4K20me3
- EXON (20%, 9861) —
/ \ HaK20me3 peaks o \\
H4K20me3 / \ SUTR (3%, 1647) 5 \
6 INTERGENIC (37%, 18455) ‘A 3UTR (5%, 2241) s G / \
» ( 4 er Genes
] 5 “\ \\,“ PROMOTER (7%, 3451) 60 iy fyﬁ'g‘;ngsnes R i
3 \ ) Hakamey” | SMYD3
2 4 l___~ s ¢ 40 4
£ " INTRON (28%, 13869) ‘& 40
51 . ° N
g 3 = a 29 1
; 49,164 decreased H4K20me3 peaks after SMYD3 KO §’ A
p T 55
2
s
1]
°
©

o /
INTERGENIC (37%, 18344) { ~\ suRem 2219

——__EXON (20%, 9790)
/\ 20 a
/ \ \ SUTR (3%, 1630) &

HNGiS2: 510 \ T/ PROMOTER (7%, 3415) o e G
>/ 6 3 0 3 6 SMYD3 H4K20me3 H3K4me3
- / Log2 fold change pEe2es18
INTRON (28%, 13772) 30 4 p= 5.6e-16 4 p=<2e-16
b
g
325 -
C All genes E Immune-related genes 2 M 3 3
HN-6  SMYD3 KO g
HN-6  SMYD3 KO b 1P
. RNA heatmap of genes (n=4,874) RNA heatmap of immune-related genes g
=-\A with differential H4K20me3 peaks ~ * (n=54) with differential H4K20me3 peaks g 2 2 :
¢ . 4 . .
: - HN-6  SMYD3 KO g 215 .
e B e , 2 N .
— = : ]
! :
B - = 10 1 1
@ g = o HN-6 SMYD3KO ~ HN-6 SMYD3KO  HN-6 SMYD3KO
3 . = I
o = P 4
kd = i
W £
|
% B - -Ivz % H
© =
o | 3
Sca
8 = E e -
£ = = S
g - —— | 5 w| o —a e
3 = = H | gl = HN-6
2 — S it g 0 ‘ a an A A
g = S | s SMYD3 KO
£ = £ ar L el oitns todhe Moo oo b o a o
£ = i 3 ] HN-6
N =___| Iwh Sl o]t i canme ol e
— ' g - SMYD3 KO
— = fiel ! o
= = o | %" HN-6
— E— 2l o oA, 0000
U E—— I MRS SMYD3 KO
m = L g%

OAS 1 W>>>> Ml >>>-Jl-r555 55

Figure 3. SMYD3 depletion induces global decrease in H4K20me3 levels and decreases its occupancy on immune-related genes

(A) Mass spectrometry (MS) quantification of H4K20me3 in HN-6 and SMYD3 KO cell lines 5-2 and 5-3. The relative percentage of H4K20me3 over all methylation
states of H4K20 for HN-6 and the SMYD3 KO cell lines was generated using MS data for histone modification. Data are represented as mean + SD. Student’s t
test, *p < 0.05. Error bars represent the SD generated from three biological replicates.

(B) Genomic distribution of H4K20me3 peaks using CUT&RUN assays in parental HN-6 cells compared to 5-3 cells in the presence of IFN-p.

(C) Left: genomic coordinate heatmap of differential intragenic H4K20me3 peaks with evaluable RNA-seq data annotated to 4,874 genes. At the top, distribution
of peaks around the center of each peak. One representative biological replicate per condition is shown. FDR < 0.05, abs.log2FC (1.3). Right: RNA-seq heatmap
of genes (n = 4,874) corresponding to differential H4K20me3 peaks, comparing HN-6 and 5-3 differential gene expression. Two biological replicates are shown.
FDR < 0.1, abs.log2FC (1.3).

(D) Volcano plot of DESeq2 results of H4K20me3 intragenic peaks (total = 53,891) in HN-6 cells and 5-3 cells after 24 h of exposure to IFN-B; 49,320 H4K20me3
differential peaks were decreased and 148 H4K20me3 differential peaks were increased. FDR threshold, 0.05. Red triangles, 78 significantly decreased peaks
overlapping with the promoters/TSS/gene bodies of 47 IFN-a genes; blue crosses, 17 significantly decreased peaks overlapping with the promoters/TSS/gene
bodies of 14 APM genes; gray circle, other genes.

(E) Left: genomic coordinate heatmap of 84 differential intragenic H4K20me3 peaks with evaluable RNA-seq data annotated to 54 immune-related genes in HN-6
and 5-3 cells. At the top, distribution of peaks around the center of each peak. One representative biological replicate per condition is shown. FDR < 0.05,
abs.log2FC (1.3). Right: RNA-seq heatmap of 54 immune-related genes corresponding to significantly decreased H4K20me3 peaks. Two biological replicates are
shown. FDR < 0.1, log2FC (1.3).

(F) Venn diagram showing the overlap of immune-related genes with intragenic SMYD3 (yellow circle), H4K20me3 (blue), and H3K4me3 (orange) peaks in HN-6
cells exposed to IFN-B. Absolute numbers represent genes with evaluable RNA-seq expression data. Immune-related genes with intragenic H3K4me3 peaks,
130; immune-related genes with intragenic H4K20me3 peaks, 56; immune-related genes with intragenic SMYD3 peaks, 100.

(G) Boxplot of average normalized tag counts of intragenic SMYD3 (n = 154), H4K20me3 (n = 87), and H3K4me3 (n = 152) peaks corresponding to immune-related
genes with evaluable RNA-seq expression data (104 for SMYD3, 56 for H4K20me3, and 130 genes for H3K4me3 peaks) in HN-6 and 5-3 cells exposed to IFN-B.
The average tag counts of three biological replicates are shown for each condition. One replicate was utilized for the 5-3 condition for the SMYD3 boxplot tag
counts. Wilcoxon signed rank test was applied.

(H) UCSC browser tracks showing genome-wide mapping for SMYD3 (fuchsia), H4K20me3 (blue), and H3K4me3 (black) in HN-6 and 5-3 cells after 24 h of
exposure to IFN-B. Tracks are focused on the first four introns and four exons of a representative immune-related gene, OAS1.
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locations with H4K20me3 within immune-related genes, we con-
ducted co-occupancy analysis and found that SMYD3 co-occu-
pied approximately 78% (44 out of 56) of immune-related genes
with H4K20me3 in the baseline HN-6 cell state, suggesting that
SMYDS3 represses the expression of these genes by promoting
the deposition of H4K20me3 (Figure 3F and Table S5C). Interest-
ingly, H3K4me3, which is written and read by SMYDS3, was also
found to co-occupy 90% (40 out of 44) of these genes (Figure 3F
and Table S5C). Furthermore, SMYD3 depletion induced a signif-
icant decrease in the average normalized tag counts correspond-
ing to SMYD3-, H4K20me3-, as well as H3K4me3-binding sites
within intragenic regions of immune-related genes (Figure 3G;
Tables S5A, S5D, and S5E). Importantly, despite the decrease in
the intragenic intensity of H3K4me3, which would be expected
to be associated with transcriptional downregulation, the majority
of immune-related genes with decreased H3K4me3 intensity
(67 %) were transcriptionally upregulated (Table S5F). These find-
ings support that SMYD3 has a predominant direct repressive
function on immune-related genes through H4K20me3, rather
than an activating function through H3K4me3. Examples of
SMYDS3, H4K20me3, and H3K4me3 co-occupancy of representa-
tive immune-related genes are shown in Figures 3H and S18.

Importantly, to assess whether H4K20me3 contributed to the
repression of immune-related genes together with UHRF1 after
transient SMYDS3 depletion, we conducted CUT&RUN assays
for H4K20me3 after transient depletion of SMYD3 in HN-6 cells
(siSMYD3x 3 days) and found no effect in the deposition of
H4K20me3 on the promoters and gene bodies of immune-
related genes (Figure S19). This finding could be explained by
the longer half-life of H4K20me3, which may require a longer
duration of depletion of SMYD3 to impart a global decrease in
the levels of H4K20me3.

SMYD3 depletion does not increase the expression of
LINE retrotransposons in HPV-negative HNSCC cells
Given multiple studies supporting the importance of re-expres-
sion of transposable elements in the stimulation of type
I IFN response in cancer cells,*>™** we sought to investigate
whether SMYD3 affected the expression levels of LINEs (long
interspersed nuclear elements). To evaluate this possibility, we
assessed the expression levels of LINEs in the RNA-seq dataset
of HN-6 cells transfected with negative control or a SMYD3-tar-
geting siRNA for 72 h with IFN-B exposure. Our analysis showed
that the average mRNA expression levels of LINEs were not
significantly different, suggesting a LINE-independent role of
SMYDS in regulating type | IFN responses (Figure S20). Concor-
dantly, the Stimulator of Interferon Response CGAMP Interactor
1 (STING1) expression levels, which are expected to be upregu-
lated with double-stranded RNA (dsRNA) intracellular stress,
were not upregulated in our siSMYD3 RNA-seq dataset
(Figure S21).

Smyd3 depletion induces intratumoral CD8"* T cell influx
and enhances the antitumor efficacy of anti-PD-1
treatment in a syngeneic mouse model of HPV-negative
HNSCC

We subsequently evaluated the effect of Smyd3 depletion in the
tumor immune microenvironment and its antitumor efficacy in an
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in vivo syngeneic mouse model of HPV-negative flank MOC1 tu-
mors using Smyd3 ASOs.?”?® MOC1 tumors are infiltrated with
low numbers of CD8" T cells and are resistant to therapy with
PD-1 inhibition, recapitulating immunotherapy-resistant HPV-
negative HNSCC.**

First, Smyd3 protein levels and the feasibility of Smyd3 deple-
tion in vitro using Smyd3 ASOs in MOC1 cells were confirmed
(Figure S22A). We then treated MOC1 tumors with Smyd3 or
control ASOs at two different doses, 25 mg/kg and 50 mg/kg,
and mice were sacrificed on day 26 post tumor cell implantation
(day 20 of ASO treatment, n = 4 or 5 per group). No significant
differences in the average tumor volumes were observed,
although tumors treated with the lower dose of Smyd3 ASOs
were overall smaller compared to controls (Figure 4A, left top
panel). Immunohistochemistry (IHC) for control or Smyd3 ASOs
demonstrated successful intratumoral penetration of ASOs in
the tumor microenvironment (Figure 4A, left bottom panel). Inter-
estingly, CD8 IHC revealed significantly increased influx of CD8*
T cells in MOC1 tumors treated with 25 mg/kg of Smyd3 ASOs
compared to control ASOs, while no significant difference was
observed with the 50-mg/kg dose (Figure 5A, right top and bot-
tom panels). These results support that systemic treatment with
Smyd3 ASOs increased the influx of intratumoral CD8" T cells;
however, higher dosing seemed to have a deterring effect in
CD8* T cell trafficking.

To validate these observations and to further explore the ef-
fect of Smyd3 ASOs in the tumor microenvironment, we con-
ducted multicolor flow cytometry of MOC1 tumors treated with
PBS, control ASOs at 25 mg/kg, Smyd3 ASOs at 25 mg/kg,
and Smyd3 ASOs at 12.5 mg/kg (n = 10 per group). We
opted to treat mice at an even lower dose of Smyd3 ASOs
(12.5 mg/kg), considering that 25 mg/kg induced greater influx
of CD8" T cells compared to 50 mg/kg and that an even lower
dose could be associated with an even greater influx of CD8"
T cells. As per the aforementioned experiment, no significant dif-
ferences were observed in the tumor volumes between the
groups, although MOC1 tumors treated with Smyd3 ASOs at
12.5 mg/kg tended to have smaller average tumor volumes
compared to the control group (Figure 4B, left panel). The treat-
ment with ASOs was tolerated well at all doses (Figure 4B, mid-
dle panel), and mice were sacrificed on day 39 post tumor cell
implantation (day 24 of treatment). MOC1 tumors were surgically
resected, and tumor RNA extraction and multicolor flow were
conducted (n = 5 tumors per group). Smyd3 mRNA levels from
tumor extracts were decreased in a dose-dependent manner,
with approximately a 50% decrease and a 75% decrease
observed in tumors treated with Smyd3 ASOs at 12.5 mg/kg
and 25 mg/kg respectively (Figure 4B, right panel). CD8",
CD4* T cells and macrophages were significantly increased in
the MOC1 tumors treated with Smyd3 ASOs at 12.5 mg/kg
compared to all other groups (Figures 4C and S22B). Regulatory
T cells (Tregs) and granulocytic MDSCs were not increased;
however, an influx of monocytic MDSCs was observed in the tu-
mors treated with the Smyd3 ASOs at 12.5 mg/kg. Major histo-
compatibility complex (MHC) class | H-2K® and PD-L1 were also
significantly upregulated on MOC1 tumor cells. Furthermore,
PD-1 expression was significantly upregulated on CD8*
T cells, suggesting a state of exhaustion.
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Figure 4. Smyd3 depletion increases CD8* T cell infiltration and induces significant tumor growth repression in combination with anti-PD-1

in a syngeneic mouse model of MOC1 tumors

(A) C57BL/6 mice were injected with MOC1 cells in the right flank, and, once they reached an average tumor volume of 0.05cm?® (day 6), treatment with Smyd3 or
control ASOs was initiated and continued up to day 26 post tumor implantation. Mice were sacrificed and tumors were resected and formalin-fixed. Top left:
average tumor volumes, control ASO 25 mg/kg, n = 4; Smyd3 ASO 25 mg/kg, n = 5; control ASO 50 mg/kg, n = 5; Smyd3 ASO 50 mg/kg, n = 5. Top right:
percentage CD8™ T cell infiltration (CD8 IHC) assessed on MOC1 sections of tumors treated with control or Smyd3 ASOs. Data are represented as mean + SEM,
Student’s t test, “p = 0.03; NS, non-significant. Bottom left, representative examples of IHC for control or Smyd3 ASOs in MOC1 tumors. Scale bar, 100 um.
Bottom right: IHC for CD8 in MOC1 tumors treated with control or Smyd3 ASOs. Scale bar, 100 um.

(B) Left: average tumor volumes of MOC1 tumors treated with PBS (n = 10), control ASOs at 25 mg/kg (n = 10) and Smyd3 ASOs at 25 mg/kg (n = 10) and
12.5 mg/kg (n = 10). Treatment was initiated once tumors reached an average of 0.1 cm?®. Differences among all groups were non-significant. Middle: average
weight of mice per treatment group (day 38 post-tumor implantation). Right, qRT-PCR for Smyd3 mRNA of MOC1 tumors treated as indicated (n = 5 per group).

Data are represented as mean + SEM. Unpaired t test with Welch’s correction,

*p < 0.05, **p < 0.001.

(C) Multicolor flow cytometry of MOC1 tumors treated with PBS, control ASOs at 25 mg/kg, and Smyd3 ASOs at 25 mg/kg and at 12.5 mg/kg (day 39 post tumor
implantation, n = 5 per group). Data are represented as mean + SEM. Unpaired t test between control ASO at 25 mg/kg and Smyd3 ASO at 12.5 mg/kg, *p < 0.05.
(D) Top: average tumor volumes of flank MOC1 tumors in C57BL/6 mice treated with control ASOs plus isotype immunoglobulin (Ig) G, Smyd3 ASOs plus isotype
1gG, control ASOs plus anti-PD-1, and Smyd3 ASOs plus anti-PD-1 (n = 8 mice per group). Data are represented as mean + SEM. Unpaired t test, **p = 0.004.
Bottom: hairline growth curves of flank MOC1 tumors treated with control ASOs plus anti-PD-1 and Smyd3 ASOs plus anti-PD-1. Similar results were obtained in

two independent experiments.

We then sought to evaluate whether Smyd3 ASOs could syn-
ergize with anti-PD-1 therapy. Mice with flank MOC1 tumors
were treated with control ASOs at 12.5 mg/kg plus anti-PD-1
or Smyd3 ASOs at 12.5 mg/kg plus anti-PD-1. The group
treated with Smyd3 ASOs plus anti-PD-1 demonstrated a sta-
tistically significant decrease in the average MOC1 tumor vol-
umes compared to control ASOs plus anti-PD-1 (Figure 4D).
Four out of eight mice treated with Smyd3 ASOs plus anti-
PD-1 were cured, while two out of eight mice had significant tu-
mor regressions (0.06cm® and 0.007 cm?® at the time of sacri-
fice). On the other hand, the MOC1 tumors in two out of eight

mice of the Smyd3 ASO combination group “escaped” the
treatment effect and grew similarly to the control ASO plus
anti-PD-1-treated group.

The above data support that Smyd3 depletion induces favor-
able changes in the MOC1 tumor microenvironment with influx of
CD8*, CD4* T cells and macrophages, while also upregulating
the expression of H-2K® and PD-L1 on the cell surface of
MOC1 tumor cells. These changes are associated with sensitiza-
tion of MOC1 tumors to anti-PD-1 therapy, with deep responses
and complete tumor regressions in mice treated with systemic
Smyd3 ASOs plus anti-PD-1 therapy.
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Figure 5. SMYD3 is overexpressed in HPV-negative HNSCC tumors and is associated with CD8" T cell infiltration and UHRF1 protein
expression

(A) SMYD3 mRNA expression levels are higher in HPV-negative HNSCC tumors compared to normal squamous epithelium (TCGA). Wilcoxon rank-sum test,
***p < 0.001.

(B) Representative images of IHC staining for SMYDS3 in normal squamous epithelium, dysplastic epithelium, and HPV-negative HNSCC sections. Red arrows
show examples of SMYD3-stained nuclear speckles. Scale bar, 10 um.

(C) Distribution of IHC scores among normal squamous epithelium, dysplastic epithelium and HPV-negative HNSCC tumors. Kruskal-Wallis test, ***p < 0.001.
(D) Median IHC score for SMYD3 in normal squamous epithelium, dysplastic epithelium, and HPV-negative HNSCC tumors. Dunn test for multiple comparisons,
*p < 0.05, **p < 0.01.

(E) Scatterplots of protein abundance showing correlations for SMYD3, UHRF1, and CD8A. Correlations were conducted in 108 HPV-negative HNSCC tumor
samples of the CPTAC. R, Pearson correlation coefficient.

(F) Representative images of IHC in HPV-negative HNSCC tumor sections with high SMYD3/low CD8A or low SMYD3/high CD8A staining (left, scale bar, 100 um)

and high SMYD3/high UHRF1 or low SMYD3/low UHRF1 staining (right, scale bar, 50 pm).

SMYD3 is overexpressed and is associated with CD8"

T cell infiltration and UHRF1 protein expression in
human HPV-negative HNSCC tumors

To assess the expression levels of SMYD3 in HPV-negative
HNSCC tumors, the HPV-negative HNSCC database of TCGA
was interrogated and results showed that SMYD3 mRNA levels
were significantly higher in HPV-negative HNSCC tumors
compared to normal squamous epithelium (Figure 5A). To
assess the pattern of expression and validate the aforemen-
tioned results at the protein level, we conducted IHC for
SMYD3 in 64 HPV-negative HNSCC tumors as well as in 10 avail-
able normal and seven dysplastic buccal squamous epithelium
samples (Figure 5B and Table S6). The pattern of SMYDS stain-
ing was predominantly cytoplasmic; however, SMYD3-stained
nuclear speckles were also observed, indicating the presence
of SMYDS in the nucleus of oral dysplastic and HPV-negative
HNSCC tumor cells (Figure 5B). Analysis of the staining results
using a semiquantitative scoring scale (0, +1, +2, +3) revealed
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that the percentage of samples with IHC score of +3 increased
significantly from normal, to dysplastic epithelium, and then to
squamous cell carcinoma samples (Figure 5C). Furthermore,
approximately 80% of tumors showed strong staining (+2, +3).
Concordantly, the median IHC score was significantly higher in
dysplastic and HNSCC samples compared to normal squamous
samples (Dunn test for multiple comparisons, p < 0.05) (Fig-
ure 5D). These data support a potential role of SMYDS3 in the
oncogenesis of HPV-negative HNSCC.

Furthermore, we sought to evaluate the relative protein levels of
SMYDS3 in the cancer cell compartment compared to the stroma of
HPV-negative HNSCC tumors. The average H score of the cancer
to the stroma compartment HPV-negative HNSCC sections was
significantly higher (Wilcoxon rank-sum test, p = 3.6 x 1079 (Fig-
ure S23A). This finding was further corroborated by the signifi-
cantly higher mRNA expression of SMYD3 in HPV-negative
HNSCC cancer cells compared to other cell subtypes, such as
T cells, B cells, and fibroblasts, of a publicly available single-cell
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Figure 6. SMYD3 expression predicts response to neoadjuvant pembrolizumab and determines survival when combined with UHRF1

expression

(A) Boxplot showing the correlation between baseline SMYD3 (left), UHRF1 (middle), and CD8A (right) mRNA levels and clinical to pathological downstaging after
one dose of neoadjuvant pembrolizumab in 20 oral cavity, treatment-naive, HPV-negative HNSCC patients. Sixteen patients without and four patients with clinical
to pathological downstaging. Wilcoxon test for SMYD3, p = 0.022; for UHRF1, p = 0.49; for CD8A, p = 0.09.

(B and C) Kaplan-Meier OS (n = 61 patients) (B) and PFS curve (n = 54) (C) in HPV-negative HNSCC patients of the CPTAC. Patients with higher SMYD3/UHRF1

protein levels at baseline had significantly worse OS and PFS.

RNA-seq database® (Figure S23B). These data support a more
prominent role of SMYD3 in regulating biological functions in can-
cer cells and less in stroma/immune cells; however, this needs to
be more definitively answered through experimental interrogation.

We then evaluated the association between SMYD3 protein
levels and CD8 T cell infiltration in HPV-negative HNSCC tumors.
Tothis end, we utilized the Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC) database”® and conducted correlations between
SMYD3 and CD8A in the respective HPV-negative cohort of tumor
samples (n = 108). As expected, we found that tumors with higher
SMYD3 protein levels had significantly lower CD8A protein expres-
sion, suggesting lower CD8" T cell infiltration (Pearson R = —0.2,
p = 0.038) (Figure 5E). Given that UHRF1 was found to be a down-
stream target of SMYD3 and a mediator of repression of immune-
related genes, we also evaluated the correlation between SMYD3
and UHRF1, as well as UHRF1 and CD8A protein levels using the
same database. UHRF1 protein levels were found positively corre-
lated with SMYD3 (Pearson R = 0.23, p = 0.018), and negatively
correlated with CD8A (Pearson R = —0.37, p < 0.001) (Figure 5E).
We also validated these correlations between SMYD3 and
CD8A, as wellas SMYD3 and UHRF1 in our aforementioned cohort
of HPV-negative HNSCC tumor samples by conducting IHC for

CD8A and UHRF1; however, the correlation between UHRF1
and CD8A was not observed, likely due to the lower sample size
of our validation cohort (Figure S24). Representative examples of
IHC staining for SMYD3, CD8A, and UHRF1 are shown in
Figure 5F.

SMYD3 protein levels predict pathologic response to
neoadjuvant pembrolizumab

We then sought to evaluate whether SMYD3 expression levels
predict response to treatment with pembrolizumab. To this
end, we used a published RNA-seq database of 20 evaluable pa-
tients with newly diagnosed HPV-negative oral cavity HNSCC
who were treated with one dose of neoadjuvant pembrolizumab
and then were surgically resected 2-3 weeks after the treatment
to evaluate pathologic tumor response (PTR) and clinical to path-
ological downstaging.”® Higher baseline SMYD3 mRNA levels
were significantly associated with no clinical to pathological
downstaging (Wilcoxon rank-sum test, p = 0.02; Figure 6A, left
graph). While higher baseline UHRF1 mRNA levels were also
observed in patients without clinical to pathological downstag-
ing, this difference did not reach statistical significance (Wil-
coxon rank-sum test, p = 0.49; Figure 6A, middle graph), similarly
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Figure 7. Schematic of the mechanism of SMYD3-mediated repression of immune-related genes

to lower baseline CD8A mRNA levels (Wilcoxon rank-sum test,
p = 0.09; Figure 6A, right graph).

Combined SMYD3 and UHRF1 protein levels predict
overall and progression-free survival in patients with
primary HPV-negative HNSCC

We then assessed whether baseline SMYD3 and UHRF1 protein
levels correlate with overall survival (OS) and progression-free
survival (PFS). Using the CPTAC patient database, patients
with higher combined baseline SMYD3 and UHRF1 protein
levels had significantly worse OS (Figure 6B) and PFS (Figure 6C)
compared to patients with lower combined protein levels. A
similar trend was observed in our smaller University of Chicago
patient database; however, this did not reach statistical signifi-
cance (Figures S25A-S25D). Interestingly, though, combined
protein expression of SMYD3, UHRF1, and CD8A at baseline
predicted a significant impact on both PFS and OS. More specif-
ically, patients with high baseline SMYD3 and UHRF1 and low
CD8A protein levels had significantly worse PFS and OS
compared to other patient subgroups (Figures S25E and S25F).

DISCUSSION

Deciphering mechanisms that drive checkpoint inhibitor resis-
tance in HPV-negative HNSCC is of paramount importance to in-
crease the percentage of patients that benefit from immuno-
therapy. Our work reveals that SMYD3 depletion by siRNAs,
ASOs, or CRISPR increases cancer cell sensitivity to IFN-$ and
derepresses type | IFN response and APM genes in HPV-nega-
tive HNSCC cell lines through two temporally distinct, chro-
matin-based mechanisms that support a bifaceted function of
SMYDS3 both as a transcriptional activator and a transcriptional
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repressor: (1) SMYDS3 binds to and activates the expression of
the H3K9me3-reader UHRF1 through H3K4me3, which then
mediates repression of immune-related genes through recruit-
ment of DNMT1 on their promoters; (2) SMYDS3 binds to and me-
diates the deposition of H4K20me3 on immune-related genes
(Figure 7).

We found that SMYD3 and H3K4me3 co-occupy UHRF1 and
that transient SMYD3 knockdown induces downregulation of
UHRF1. In turn, UHRF1 and H3K9me3 were found enriched in
the promoters of type | IFN response genes CXCL9, CXCL10,
MX1, OAS2, and RSAD2. At least 50% of the CpG sites within
the promoters of these genes were found to be partially or close
to fully DNA methylated, suggesting that these sites may serve
as binding sites of hemi-methylated DNA for UHRF1. Further-
more, UHRF1 overexpression was associated with enrichment
of DNMT1 in the promoters of some of these genes, implying
that UHRF1 silences their expression by binding on their pro-
moters and recruiting DNMT1. Despite the fact that DNMT1 oc-
cupancy was decreased in the promoters of these genes after
SMYDS depletion, we did not observe a decrease in the DNA
methylation levels in the promoters of these genes. This finding
suggests that DNMT1 represses immune-related genes in a
methyltransferase-independent manner and as a scaffolding
protein, forming a repressor complex with UHRF1 that recog-
nizes and reads methylated CpG sites and H3K9me3 on im-
mune-related genes. A methyltransferase-independent function
of DNMT1 has been reported by various groups.®**® Identifying
interacting proteins that constitute a repressor complex with
UHRF1 and DNMT1 would be important to further understand
the mechanism through which UHRF1 silences immune-
related genes. Furthermore, deciphering the mechanisms of
enrichment of H3K9me3 on immune-related genes merits further
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investigation, as reversal of this repressive mark may impart syn-
ergistic or additive effects to SMYDS3 depletion toward derepres-
sion of type | IFN response and APM genes.

While we expected that the UHRF1-mediated mechanism of
immune-related gene repression would also apply in the
SMYDS CRISPR KO cells, we found that UHRF1 levels were pre-
served, most likely because its expression may be necessary for
the survival of HPV-negative HNSCC cells. The fact that the
UHRF1-mediated mechanism could not be validated in our
CRISPR SMYDS3 KO cells may be explained by the fact that cells
with complete genetic KO of a target gene may evolve different
biological mechanisms to survive and maintain certain pheno-
types. In these SMYD3 KO cells, our data support that im-
mune-gene derepression was mediated through depletion of
H4K20me3, a repressive mark, from intragenic regions, which
may be the predominant mechanism of immunomodulation in
permanently SMYD3-depleted cells. Conversely, while transient
SMYD3 depletion did not induce a decrease in the deposition of
H4K20me3 on immune-related genes (Figure S19), it could be
speculated that this mechanism may start predominating with
longer and deeper depletion of SMYD3. From a translational
standpoint, this may be recapitulating cancer cells within the tu-
mor microenvironment that have evolved to survive through sus-
tained SMYD3 depletion, albeit they still maintain the phenotype
of enhanced type | IFN responsiveness.

The proposed function of SMYD3 as an activator and
repressor of specific gene sets has been previously reported
as a paradigm by Kim et al.,*” whereby enhancer of zeste homo-
log 2 (EZH2), a writer of the repressive H3K27me3 mark, was
found to function as a transcriptional activator, binding to the
promoter of the androgen receptor gene and inducing its tran-
scription in a methylation- and polycomb-independent manner.
Our data show that SMYDS binds to and co-occupies the gene
body of UHRF1 with H3K4me3, inducing its transcriptional acti-
vation, while, concurrently, it co-occupies the promoters and/or
gene bodies of immune-related genes with H4K20me3, inducing
their transcriptional repression. Interestingly, SMYD3 and
H4K20me3 were found to co-occupy the promoters or gene
bodies of CXCL9, OAS2, MX1, and RSAD2, where UHRF1 was
also found to bind, but not the promoter of CXCL 10, suggesting
that UHRF1 may act synergistically and/or be complementary to
H4K20me3 to repress immune-related genes in the basal state
of HPV-negative HNSCC cells.

Previously reported epigenetic mechanisms of immune-
related gene silencing pertain to the repression of endogenous
retroviral elements (ERVs) or dsRNAs, type | IFN response and
APM genes through DNA methylation, EZH2-mediated H3K27
trimethylation, and SETDB1-mediated H3K9 trimethylation in
melanoma or non-small cell lung cancer cell lines.'***>" More
specifically, inhibition of DNA methylation alone or together
with histone deacetylase inhibitors induces re-expression of
ERVs and activates type | IFN responses in mouse melanoma
models.**°° SETDB1 amplification has been associated with
resistance to PD-1 inhibition, while SETDB1 loss derepresses
transposable elements (TEs), immunostimulatory genes, and
TE-encoded retroviral antigens through erasure of H3K9me3,
inducing TE-specific CD8"* T cell antitumor immune responses
in melanoma and Lewis lung carcinoma mouse models.*° Addi-
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tionally, lysine-specific histone demethylase 1 (LSD1) represses
the expression of ERVs and increases the stability of certain
RNA-induced silencing complex components, attenuating type
| IFN responses in breast cancer cells.”® Accordingly, LSD1
depletion increases the expression of ERVs and activates type
I IFN responses, inducing T cell infiltration and antitumor immu-
nity in mouse melanoma models.**

Other studies have demonstrated the importance of EZH2-
mediated deposition of H3K27me3 directly on key Th1-type che-
mokine genes CXCL9 and CXCL 10. More specifically, EZH2 and
DNA-methyltransferase 1 (DNMT-1) transcriptionally repress
CXCL9 and CXCL10, and inhibition of both EZH2 and DNMT-1
increases CD8* T cell trafficking, reduces tumor growth, and im-
proves the efficacy of PD-1 blockade in mouse ovarian cancer
models.*” Similarly, EZH2-mediated transcriptional repression
of CXCL9 and CXCL10 through H3K27 trimethylation has been
reported in colon cancer cells.*® EZH2 silences the B2m pro-
moter through H3K27me3 in MOC1 cells, and EZH2 inhibition
enhances antigen presentation and responses to anti-PD-1
immunotherapy in the anti-PD-1 MOC1 resistant mouse model
of HPV-negative HNSCC.>? An important question to decipher
is whether different repressive histone marks, such as
H3K27me3 or H4K20me3, have mutually exclusive, complemen-
tary, or redundant functions in the repression of immune-related
genes, thus allowing for synergistic roles or the development of
resistance mechanisms through the respective epigenetic regu-
lators governing their deposition or erasure.

Smyd3 ASOs induced marked influx of CD8" T cells, CD4"*
T cells, and macrophages and markedly upregulated the expres-
sion of MHC class H-2K® in MOC1 tumors, inducing sensitization
of MOC1 flank tumors to anti-PD-1 therapy. Tregs and granulo-
cytic MDSCs, which have also been shown to play a significant
role as immunosuppressive immune cell subsets in HPV-nega-
tive HNSCC,>® were not increased with Smyd3 ASO treatment.
However, Smyd3 ASOs induced upregulation of PD-1 and PD-
L1, indicating an exhaustive state of the CD8" T cells, which
may explain why monotherapy with Smyd3 ASOs did not induce
significant tumor growth restraint despite the influx of CD8"
T cells. In this setting, combination treatment of MOC1 tumors
with Smyd3 ASOs and anti-PD-1 led to cures and marked tumor
growth restraint (Figure 4D). Smyd3 ASO treatment also induced
influx of monocytic MDSCs, which may explain why two out of
eight treated mice escaped the treatment effect of the Smyd3
ASOs and anti-PD-1 combination. Further interrogation of
possible mechanisms of escape is warranted and ongoing,
with a focus on potential competing and redundant functions
of other chromatin modifiers that could orchestrate the deposi-
tion of repressive histone marks on immune-related genes.
Another important observation is that a higher dose of Smyd3
ASOs did not induce influx of CD8 and CD4" T cells, suggesting
a deleterious effect of higher Smyd3 ASO dosage on the intratu-
moral trafficking of T cells. As such, the elucidation of the differ-
ential effect of Smyd3 depletion on cancer versus immune cells
would be of paramount importance.

Approximately 80% of HPV-negative HNSCC tumor sections
in our patient cohort overexpressed SMYD3, and increased
baseline SMYD3 mRNA expression in HPV-negative HNSCC
tumor samples predicted poor pathologic response to
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neoadjuvant pembrolizumab, supporting that SMYD3 may abro-
gate therapeutic responses to pembrolizumab. Furthermore,
high baseline SMYD3 protein levels in combination with high
UHRF1, as well as low CD8A levels, predicted poor PFS and
OS in newly diagnosed HPV-negative HNSCC patients. The
fact that chemoradiotherapy is an integral part of the treatment
of HNSCC and that effective antitumor immunity is necessary
for its efficacy in HNSCC®*®° could explain this finding.

Interestingly, a number of studies have suggested that certain
highly inducible inflammatory genes are maintained in transcrip-
tional repression by nuclear repressor complexes, such as the
nuclear repressor coreceptor 1 (NCoR), the corepressor of
REST (CoREST), or the glucocorticoid receptor (GR).°®™%®
Upon appropriate pro-inflammatory stimuli, these transcriptional
repressor complexes are removed and the inflammatory genes
transition from their basal, silenced state to an actively tran-
scribed state. Along these lines, Stender et al.®* previously re-
ported the importance of H4K20 methylation/demethylation in
the transcriptional regulation of certain TLR4-responsive inflam-
matory genes through SMYD5, which trimethylates H4K20, and
PHF2, a H4K20 demethylase that is activated upon lipopolysac-
charide (LPS)-induced TLR4 stimulation. SMYD5 was found to
be a component of the repressor NCoR complex, and, impor-
tantly, knockdown of the other four members of the SMYD family
in mouse macrophages did not induce upregulation of TLR4-
responsive inflammatory genes, indicating distinct biological
roles for each SMYD family member. Furthermore, SMYD5
knockdown did not alter the inhibitory effect of the GR receptor
on inflammatory genes, signifying a pathway-specific mecha-
nism of repression of these genes. In another study,®® Smyd2
was found to repress the expression of /l-6 and Tnf through
H3K36 dimethylation of their promoters, inhibiting macrophage
activation and M1 polarization, and to increase the expression
of Tgf-8, which promoted Treg differentiation. Nagata et al.®
also reported that Smyd3 induces the expression of Foxp3
through a Tgf-B/Smad3-dependent mechanism and promotes
Treg differentiation, and that Smyd3 KO mice demonstrated
excessive RSV-induced pulmonary inflammation secondary to
uncontrolled inflammatory responses. These data suggest that
the SMYD family members may have distinct biological functions
in the regulation and optimization of anti-viral and anti-bacterial
immunity.

Our study provides important insights into the function of
SMYD3 as a repressor of antitumor immunity and driver of resis-
tance to anti-PD-1 therapy in HPV-negative HNSCC. As a thera-
peutic targeting strategy for SMYD3, ASOs provide a promising
platform and could overcome the significant problem of speci-
ficity when targeting methyltransferase enzymes. Furthermore,
ASOs have the potential to abolish oncogenic mechanisms
induced not only by enzymatic hyperactivity due to mutations
but also through overexpression of the target gene. The latter
is relevant for SMYD3, which is overexpressed but rarely
mutated (<2%) in HPV-negative HNSCC (Figure S26). Two
ASOs have been US Food and Drug Administration (FDA)
approved for the treatment of hypercholesterolemia and spinal
muscular atrophy,”” underscoring the translational feasibility of
this drug platform. These data support a rational translational
strategy, whereby HPV-negative HNSCC patients could be strat-
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ified by baseline SMYD3 protein levels and treated with combi-
natorial SMYD3 ASOs with PD-1 checkpoint inhibition to in-
crease efficacy of checkpoint immunotherapy.

Limitations of the study

Although our experiments support that UHRF1 binds to and re-
presses a panel of immune-related genes by recruiting
DNMT1, genome-wide mapping for UHRF1 and DNMT1 would
be needed to further validate this mechanism across multiple im-
mune-related genes. Furthermore, additional functional experi-
ments would be necessary to assess whether DNMT1 functions
in a methyltransferase-independent manner in concert with
UHRF1 to repress immune-related genes. While our findings
seem to support a bifaceted function of SMYD3 as an activator
and repressor of different gene sets within the same cell context,
these data need to be interpreted with caution, and further inves-
tigation is needed to delineate the specific mechanisms through
which SMYD3 functions as a transcriptional activator in certain
gene sets versus a repressor in other gene sets. Additionally,
whether SMYD3 directly methylates H4K20 still remains unclear,
and while we showed that the protein levels of established
H4K20 methyltransferases SUV420H1/H2 remain stable or are
increased after SMYD3 KO, it cannot be excluded that SMYD3
may cooperate through methylation-dependent or -independent
mechanisms with SUV420H1/H2 to promote the genomic depo-
sition of H4K20me3. Further, 37% of the H4K20me3 peaks
affected by SMYD3 KO were intergenic, suggesting that
SMYD3 may also affect the function of enhancers of immune-
related genes; genome-wide mapping for activating enhancer
marks, such as H3K4me1 and H3K27Ac, could elucidate this
possibility and is ongoing by our group. Finally, although
SMYDS3 was present in the nucleus of HPV-negative HNSCC
cells, it was predominantly expressed in the cytoplasm of
HPV-negative HNSCC tumor cells. Given that non-histone sub-
strates of SMYD3 have been reported, such as MAP3K2,'? it
cannot be excluded that the immune-repressive effect of
SMYD3 may also be partially mediated through a non-histone
cytoplasmic substrate.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Human anti-SMYD3 Abcam Cat# ab187149
Human anti-UHRF1 Cell Signaling Technologies Cat# D6GSE
Human anti-UHRF1 Abcam Cat# ab194236

Human anti-HA

Human anti-H4K20me3
Human anti-SUV420H1
Human anti-SUV420H2
Human anti-H3K4me3
Human anti-H3K9me3
Human anti-H3K9me3
Human anti-H3

Human anti-DNMT1

Human anti-CD8A

Human anti-UHRF1

Goat anti-rabbit secondary
Goat anti-rabbit secondary
Mouse anti-CD8A

Rat anti-lgG2a

Mouse anti-PD-1 (CD279)
Mouse anti-CD16/32
Mouse anti-CD45.2 (104)
Mouse anti-CD3 (145-2C11)
Mouse anti-CD4 (GK1.5)
Mouse anti-CD8 (53-6.7)
Mouse anti-CD31 (390)
Mouse anti-PDGFR (APA5)
Mouse anti-PD-L1 (10F.9G2)
Mouse anti-H2-Kb (AF6-88.5)
Mouse anti-PD-1 (RMP1-30)
Mouse anti-CD11b (M1/70)
Mouse anti-Ly6G (1A8)
Mouse anti-Ly6C (HK1.4)
Mouse anti-CD11c (N418)
Mouse anti-F4/80 (BM8)

Cell Signaling Technologies
ThermoFisher
ThermoFisher
ThermoFisher
EpiCypher
Abcam
Diagenode INC
Abcam
ThermoFisher
DAKO
ThermoFisher
Ventana
Jackson Immuno Labs
SinoBiological
BioXCell
BioXCell
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Cat# 3724S; RRID:AB_1549585
Cat# MA5-36090; RRID:AB_2884049
Cat# PA5-69767; RRID:AB_2689479
Cat# PA5-109891; RRID:AB_2855302
Cat# 13-0041

Cat# ab176916; RRID:AB_2797591
Cat# C15410056

Cat# ab1791; RRID:AB_302613
Cat# PA5-30581; RRID:AB_2548055
Cat# M7103; RRID:AB_2075537
Cat# PA5-29884; RRID:AB_2547358
Cati# 760-124

Cat# 111-005-003; RRID:AB_2337913
Cat# 50389-T26

Cat# BE0089; RRID:AB_1107769
Cat# BE0146; RRID:AB_10949053
Cat# 156619; RRID:AB_2922485
Cat# 109815; RRID:AB_492869
Cat# 317317; RRID:AB_1937213
Cat# 100437; RRID:AB_10900241
Cat# 344737

Cat# 102417; RRID:AB_830756
Cat# 135907; RRID:AB_2043969
Cat# 124307; RRID:AB_2073557
Cat# 116503; RRID:AB_313730
Cat# 109119; RRID:AB_2566640
Cat# 101211; RRID:AB_312794
Cat# 127614; RRID:AB_2227348
Cat# 128001; RRID:AB_1134213
Cat# 117307; RRID:AB_313776
Cat# 123141; RRID:AB_2563667

Biological samples

Human HNSCC Tumor Tissue Microarrays

Human Tissue Research Center of the
University of Chicago Pathology
Department

IRB#8980

Chemicals, peptides, and recombinant proteins

Recombinant human interferon-f§

R & D systems Inc.

Cat# 8499-IF-010/CF

Critical commercial assays

CUT&RUN Kit
Nuclear complex Co-IP kit
Direct-zol RNA miniprep kit

Epicypher
Active Motif
Zymo Research

Cat# 14-1048
Cat# 54001
Cat# R2072

(Continued on next page)

Cell Reports 42, 112823, July 25, 2023 19



¢? CellPress

OPEN ACCESS

Cell Reports

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
TruSeq ChIP Library Prep Kit lllumina Cat# IP-202-1012
IDT 2S Plus DNA Library Prep Kit IDT Cat# 10009878
TruSeq Stranded mRNA Library Prep kit lllumina Cat# 20020594
Dneasy Blood&Tissue Kit Qiagen Cat# 69504
Infinium MethylationEPIC BeadChip Kit Qiagen Cat# WG-317-1001

Mouse tumor dissociation kit

Miltenyi Biotec

Cat# 130-096-730

Mouse regulatory T cell staining kit eBioscience Cat# 88-8111-40

Histone Purification Mini Kit Active Motif Cat# 40026

Deposited data

RNA-seq GEO Accession ID: GSE233495

CUT&RUN DNA-seq

https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE233495

Experimental models: Cell lines

HN-6
HN-SCC-151
MOCH1

Dr. Tanguy Seiwert, University of Chicago
Dr. Tanguy Seiwert, University of Chicago
Dr. Clint Allen, NIDCD

CVCL_8129
CVCL_RK55
CVCL_ZD32

Experimental models: Organisms/strains

C57BL/6 mice Taconic https://www.taconic.com/mouse-model/
black-6-b6ntac
Oligonucleotides
siRNA for SMYD3 Millipore-Sigma SASI_Hs02_0035-5988
siRNA for UHRF1 Millipore-Sigma SASI_Hs02_00311672
non-targeting negative control siRNA Dharmacon Cat# D-001810-10-20
qRT-PCR primers for GAPDH Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for SMYD3 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for UHRF1 Sigma-Aldrich https://www.sigmaaldrich.com
gRT-PCR primers for TRIM21 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for STAT1 Sigma-Aldrich https://www.sigmaaldrich.com
gRT-PCR primers for OASL Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for IFNGR1 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for OAS3 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for CD274 Sigma-Aldrich https://www.sigmaaldrich.com
gRT-PCR primers for OAS2 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for DHX58 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for NCOA7 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for MX1 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for MX2 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for GBP2 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for RSAD2 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for TAP2 Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for CANX Sigma-Aldrich https://www.sigmaaldrich.com
qRT-PCR primers for CXCL9 Sigma-Aldrich https://www.sigmaaldrich.com
gRT-PCR primers for CXCL10 Sigma-Aldrich https://www.sigmaaldrich.com
Smyd3 ASOs lonis Pharmaceuticals N/A
ChlP Primers for CXCL9 Sigma-Aldrich CXCL9-F: 5'-TGCACTCCAATCAG
AACCAG-3' CXCL9-R: 5'-CCAATAC
AGGAGTGACTTGGAAC-3’
ChIP Primers for CXCL10 Sigma-Aldrich CXCL10-F: 5-TCCCTCCCTAATTCT

20 Cell Reports 42, 112823, July 25, 2023

GATTGG-3' CXCL10-R: 5-AGCAGAG
GGAAATTCCGTAAC-3
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ChlP Primers for MX1 Sigma-Aldrich MX1-F: 5 GGGACAGGCATCAACAAA
GCC 3’ MX1-R: 5 GCCCTCTCTTCTTC
CAGGCAAC 3

ChlIP Primers for OAS2 Sigma-Aldrich OAS2-F: 5 CGCTGCAGTGGGTGGA
GAGA3’ OAS2-R: 5" GCCGGCAAGA
CAGTGAATGG &

ChlP Primers for RSAD2 Sigma-Aldrich RSAD2-F: 5 CCAATGACAGGTTGC
TCAGA 3' RSAD2-R: 5 CAGCTGCT
GCTTTCTCCTCT &

Recombinant DNA

pCE0482 (SMYD3 KO CRISPR plasmid) This paper Addgene plasmid ID#202621

HA-MOCK plasmid SinoBiological Cat# CV013

HA-UHRF1 plasmid

SinoBiological

Cat# HG17896-CY

Software and algorithms

Imaged v1.53¢c
GraphPad Prism v9.5.1
QuPath v.0.3.0
FACSDiva

FlowdJo V.X10.0.7r2
BioRender

Proteome Discoverer 2.4 software

Ingenuity pathway, 2021-2023

htseq 0.11.4

subread 2.0.1

deeptools 3.5.1

samtools 1.11

bedtools 2.30.0

pheatmap_1.0.12

ChlPseeker_1.34.1

TxDb.Hsapiens.UCSC.hg38.
knownGene_3.16.0

GenomicRanges_1.50.2

DESeq2_1.38.3

fgsea_1.24.0

NIH
GraphPad software
Bankhead et al.®”

BD biosciences

BD biosciences
BioRender

Thermo Scientific

https://imagej.nih.gov/ij
https://www.graphpad.com
https://qupath.github.io/
https://www.bdbiosciences.com/en-us/
products/software/
https://www.flowjo.com
https://www.biorender.com/
https://www.thermofisher.com/us/en/
home/industrial/mass-spectrometry/
liquid-chromatography-mass-
spectrometry-lc-ms/Ic-ms-software/
multi-omics-data-analysis/proteome-
discoverer-software.html
https://digitalinsights.qiagen.com/
products-overview/
discovery-insights-portfolio/
analysis-and-visualization/qgiagen-ipa/
https://htseq.readthedocs.io/en/master/
index.html
https://github.com/ShiLab-Bioinformatics/
subread
https://deeptools.readthedocs.io/en/
develop/index.html
https://sourceforge.net/projects/samtools/
files/samtools/1.11/
https://bedtools.readthedocs.io/en/latest/
index.html
https://cran.r-project.org/web/packages/
pheatmap/index.html
https://bioconductor.org/packages/
release/bioc/html/ChlPseeker.html
https://bioconductor.org/packages/
release/data/annotation/html/TxDb.
Hsapiens.UCSC.hg38.knownGene.html
https://bioconductor.org/packages/
release/bioc/html/GenomicRanges.html
https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html
https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html
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EnhancedVolcano_1.16.0

eulerr_6.1.1

survminer_0.4.9

survival_3.4-0

https://bioconductor.org/packages/
release/bioc/html/EnhancedVolcano.html
https://cran.r-project.org/web/packages/
eulerr/index.html
https://cran.r-project.org/web/packages/
survminer/index.html
https://cran.r-project.org/web/packages/
survival/index.html

Other
DMEM medium Thermo Fisher Scientific Cat# 11965092
DMEM/F12 Thermo Fisher Scientific Cat# 11320033

Fetal bovine serum
Penicillin/streptomycin
L-glutamine
Lipofectamine RNAimax
Trypsin EDTA 0.25%
Fugene HD

SuperScript Il First-Strand Synthesis
System

SYBR Select Master Mix
GreenLink gRT-PCR Master Mix
Dynabeads Protein G
SPRiselect

Antigen retrieval solution

Bond Polymer Refine Detection
Epitope retrieval solution
Antigen retrieval buffer

DAB+ chromogen

Endogenous Biotin Blocking Kit
Normal Goat Serum

Discovery Antibody Diluent
DABMap Kit

Matrigel

Sytox cell viability dye

Zombie cell viability dye

Cytiva

Vita Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma

Active Motif

Invitrogen

Applied Biosystems
BioLink Laboratories
Invitrogen

Beckman Coulter Life Sciences
Leica Microsystems
Leica Microsystems
Leica Microsystems
DAKO

DAKO

Ventana

Jackson Immuno Labs
Ventana

Ventana

Corning

Thermo Fisher Scientific
Biolegend

Cat# SH30071.03
Cat# 120-095-721
Cat# 17605E
Cat# 13778150
Cati# T8003

Cat# 32042

Cat# 18080051

Cat# 4472908
Cat# 16-2000
Cat# 10004D
Cat# B23318
Cat# AR9640
Cat# DS9800
Cat# AR9961
Cat# S2367
Cat# K3468
Cat# 760-050
Cat# 005-000-121
Cati# 760-108
Cat# 760-124
Cat# 354277
Cat# S34857
Cati# 423117

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Vassiliki

Saloura (vassiliki.saloura@nih.gov).

Materials availability

Plasmids generated in this study have been deposited to Addgene [pCE0482, Addgene plasmid ID#202621]. CRISPR KO cell lines
generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

® RNA-seqand CUT&RUN DNA-seq data have been deposited at GEO with accession ID# GSE233495 and are publicly available

as of the date of publication.

® This paper does not report original code.
o All raw data reported in this paper will be shared by the lead contact upon request. Any additional information required to re-
analyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

In vivo mouse experiments

All mouse experiments and procedures performed were conducted in a fully accredited animal housing facility at the National Insti-
tutes of Health, Bethesda, MD. All animal experimental protocols were approved by the NCI-Bethesda Animal Care and Use Com-
mittee. 4-6 week-old female C57BL/6 mice were purchased from Taconic and used for the described experiments. The study de-
signs and animal usage were conducted accordingly to all applicable guidelines by the NCI-Bethesda Animal Care and Use
Committee. Mice were randomly assigned to experimental groups. An established, DMBA (7,12-dimethylbenz(a)anthracene)-
induced, mouse oral carcinoma 1 (MOCH1) cell line in a syngeneic C57BL/6 mouse model of MOC1 flank tumors was utilized.**
MOCH1 cells were grown in vitro and were inoculated by subcutaneous injections of 5 million MOC1 cells in suspension using Matrigel
(Corning), in the right flanks of C57BL/6 mice. Once flank tumors reached an average volume of 0.1cm3, mice were randomized into
treatment groups and treatment was initiated according to each experiment. Mice were treated with control ASOs or Smyd3 ASOs at
concentrations ranging from 12.5 m/kg to 50 mg/kg or PBS, as described in each experiment, for 5 days per week with subcutaneous
injections. Intraperitoneal injections of isotype IgG (InVivoPlus rat IgG2a, 2A3, BioXCell) or anti-PD-1 (InVivoPlus anti-mouse PD-1,
RMP1-14, BioXCell) were conducted at 200ug/injection, twice weekly. Tumor length (L) and width (W) were measured twice weekly
with calipers and tumor volumes were calculated using the formula LxW"2/2. Weights were measured twice weekly.

Human participants

Informed consent was obtained from all participants and the study was approved by the Institutional Review Board of the University
of Chicago (IRB#8980). Tissue microarrays containing clinically annotated, de-identified patient HNSCC tumor samples were ob-
tained from the Human Tissue Research Center of the University of Chicago Pathology Department. Tumor site, tissue of origin,
TNM stage, age, gender, smoking history and survival data are available through Table S6. Ancestry, race, ethnicity and socioeco-
nomic status of the study participants can be provided by the lead contact upon request.

Cell lines

HPV-negative squamous cell carcinoma cell lines HN-6 (oral cavity, male sex) and HN-SCC-151 (tongue) were derived from patients
with locoregionally advanced HNSCC and were kindly provided by Dr. Tanguy Seiwert (University of Chicago). The sex of HN-SCC-
151 cells is unavailable due to lack of whole-exome sequencing data comparing this cell line with a normal control cell line. HN-6 cells
were maintained in DMEM medium (Thermo Fisher Scientific) and HN-SCC-151 cells in DMEM/F12 medium (Thermo Fisher Scien-
tific). Media were supplemented with 10% fetal bovine serum (Cytiva), 1% penicillin/streptomycin (Vita Scientific), and 2 nM
L-glutamine (Thermo Fisher Scientific). Cell lines were cultured at 37°C.

Generation of SMYD3 knockout cell lines using CRISPR

SMYD3 CRISPR knockout cell lines (SMYD3 KO 5-2, 5-3) were generated from parental HN-6 cells using clustered regularly inter-
spaced short palindromic repeats (CRISPR/Cas9) technology. Briefly, four candidate guide RNAs targeting SMYD3 were designed
using sgRNA Scorer 2.0 and tested for activity in 293T cells. Of the four guide RNAs, candidate 785 was determined to be most effec-
tive. Oligonucleotides corresponding to this guide RNA were subsequently annealed and ligated into Bbsl digested pX458 back-
bone®® to generate vector pCE0482. Plasmids were then miniprepped and verified by Sanger sequencing. pCE0482 has been depos-
ited in Addgene under plasmid ID: 202621. pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene plasmid # 48138;
http://n2t.net/addgene:48138; RRID:Addgene_48138). Cells were then transfected with pCE0482 and single GFP-expressing HN-6
cells were sorted using flow cytometry to generate clonal populations. Subsequently, SMYD3 expression levels were assessed by
Western blotting to confirm efficiency of knockout (Figure S15).

METHOD DETAILS

siRNA transfections

siRNA oligonucleotides were purchased from Sigma-Aldrich to target the human SMYD3 mRNA (SASI_Hs02_0035-5988) and
UHRF1 mRNA (SASI_Hs02_00311672). For convention, SMYD3-targeting siRNA is referred to as siSMYD3 and UHRF1-targeting
siRNA is referred to as siUHRF1. The negative control siRNA was purchased from Dharmacon (siRNA negative control Dharmacon
ON-TARGET plus control pool, #D-001810-10-20). HNSCC cells were plated overnight in 10cm dishes and were transfected with
siRNA duplexes (50 nM final concentration) using Lipofectamine RNAimax (Thermo Fisher Scientific) for 72h (3 days) or 144 h
(6 days). For 6 days of siRNA transfection, re-transfections were performed on day 3. Experiments were performed in biological
triplicates.

Interferon-$ treatment

For all experiments, interferon-f (R&D systems Inc) treatments were performed at a concentration of 1000U/mL for 24 h. When siRNA
transfections were performed for a 72 h total duration, interferon-p treatment was initiated at the 48 h time point and lasted for 24 h
prior to cell collection.
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Western blotting

Nuclear extracts were prepared using the Nuclear Complex Co-IP kit (Active Motif) and 10-20 pg of each extract was loaded to
examine protein levels of SMYD3, UHRF1, SUV420H1, SUV420H2 and histone H3. Primary antibodies used were anti-SMYD3 (Ab-
cam, 1:1000), anti-UHRF1 (Cell Signaling Technologies, dilution 1:1000), anti-SUV420H1 (ThermoFisher, dilution 1:1000), anti-
SUV420H2 (ThermoFisher, dilution 1:1000), and anti-histone H3 (Abcam, dilution 1:20000). Densitometry of all the western blots
was performed using Imaged software. Similar results were obtained in two separate biological replicates.

Quantitative real-time PCR

Primers for human GAPDH (housekeeping gene), SMYD3, UHRF1, TRIM21, STAT1, OASL, IFNGR1, OAS3, CD274, OAS2, DHX58,
NCOA7, MX1, MX2, GBP2, RSAD2, TAP2, CANX, CXCL9, and CXCL10 were purchased from Sigma-Aldrich. RNA extraction was
performed using the Zymo Research Direct-zol RNA miniprep kit (Zymo Research). cDNA conversion was performed using the In-
vitrogen SuperScript Il First-Strand Synthesis System (Invitrogen). PCR was conducted in technical triplicates using either SYBR
Select Master Mix (Applied Biosystems) or GreenLink gPCR Master-Mix (BioLink Laboratories). PCR reactions were performed using
CFX96 Touch Real-Time PCR Detection System. Results were reproduced in two separate biological replicates.

ChIP-qPCR

ChIP-gPCR was performed in HN-6 cells for HA-UHRF1, UHRF1, DNMT1 and H3K9me3. Briefly, the cells were seeded in 15cm
dishes, and were transfected at 60% confluence. For the UHRF1 overexpression ChiP, cells were transiently transfected with the
either HA-Mock or HA-UHRF1 plasmids (SinoBiological) for 48h, and for SMYD3 knockdown ChIP, the cells were transfected
with negative control or SMYD3-targeting siRNAs for 72h (Sigma-Aldrich). Cells were treated with 1000U/mL of human interferon-
B (R&D systems Inc.) for 24h prior to cell collection. Cells were trypsinized and cross-linked with 1% formaldehyde for 10 min. Cross-
linking was stopped by 125mM Glycine. The cells were washed twice with 1X PBS and lysed using ChlP Lysis Buffer for 1 h. Samples
were sonicated using Bioruptor (Diagenode) at 15s on and 30s off for a total of 23 cycles. The sonicated samples were centrifuged,
and the supernatant was diluted 5-fold using ChIP dilution buffer. 50ul of the diluted samples was kept as input and the remaining was
used for immunoprecipitation. The diluted samples were precleared with Dynabeads Protein G (Invitrogen) for 1h at 4C and incubated
overnight with 5-10pug of the respective antibody (10ug anti-HA: Cell Signaling Technologies, 10ug human anti-UHRF1:
ThermoFisher, 5ug human anti-DNMT1: ThermoFisher, 10ug anti-H3K9me3: Diagenode INC). Next day, the Dynabeads Protein G
beads were washed and incubated with the sample-antibody for 2h at 4C. The bead-antibody-chromatin complex was washed
with the ChlIP buffers and finally the DNA was eluted. The Input DNA and the IP eluted DNA were treated with RNAse for 1 h at
37C, and then reverse cross-linked overnight at 65C in proteinase K. The samples were purified using phenol-chloroform precipita-
tion and resuspended in 100uL H20. Equal volumes of IP and Input DNA were tested for human ChIP primers specific to the promoter
regions of different genes listed in the primers. The PCR was performed in multiple technical duplicates with SYBR Select Master-Mix
using the ViiA 7 AB applied biosystems PCR Detection System. The IP/Input for each target was calculated using the formula: [Quan-
tity IP/(Quantity Input *50) (50 represents the input dilution factor). For the HA-UHRF1 overexpression system, the enrichment as
Relative IP/Input was calculated as follows: [(IP-UHRF1/Input)/(IP-Mock/Input)]. For the knockdown system, the enrichment as Rela-
tive IP/Input was calculated as follows: [(IP-siSMYD3/Input)/(IP-siNC/Input)]. Quantities of 2 or 3 technical replicates and at 1, 2 or 3
biological replicates were used for the analysis.

RNA-seq

RNA-seq was performed in HN-6 cells treated with SMYD3 targeting siRNAs, SMYD3 ASOs and in the CRISPR SMYD3 knockout cell
line 5-3. For the siRNA mediated SMYD3 knockdown, HN-6 cells were plated overnight at 40% confluence and transfected with siNC
or siSMYDS3 using Lipofectamine RNAimax for 72h, with exposure to human IFN-B for 24h. For the SMYD3 ASO treatment, 40%
confluent HN-6 cells were treated with SMYD3 ASOs or PBS for 72h, with exposure to human IFN-B for 24h. For the CRISPR
SMYD3 knockout cell lines, parental HN-6 cells and the CRISPR SMYD3 knockout cell line 5-3 were plated at 60% confluence,
and collected after exposure to human IFN-B for 24h. RNA-seq was also performed in HN-6 cells treated with UHRF1 targeting
siRNAs; briefly, HN-6 cells were plated overnight at 40% confluence and transfected with siNC or siUHRF1 using Lipofectamine
RNAimax for 72h, with or without exposure to human IFN-§ for 24h.

Following completion of incubation, cells were trypsinized, washed twice with PBS, centrifuged and processed for RNA extraction
(Direct-zol RNA miniprep kit, Zymo Research). Three biological replicates for each sample were processed to extract RNA, quantified
using Qubit and sequenced. Samples were pooled and sequenced on NextSeq or NovaSeq using the lllumina TruSeq Stranded
mRNA Library Prep kit (lllumina) and paired-end sequencing. The samples have 68 to 130 million pass filter reads. Reads of the sam-
ples were trimmed for adapters and low-quality bases using Cutadapt before alignment with the reference genome (hg38) and the
annotated transcripts using STAR. The samples had 62-75% non-duplicate reads. In addition, the gene expression quantification
analysis was performed for all samples using STAR/RSEM tools. The raw counts are provided as part of the data delivery.

CUT&RUN assays and DNA-sequencing

HN-6 and SMYD3 KO 5-3 cells or HN-6 cells transfected with control or SMYDS3 targeting siRNAs for 72h were grown in 10cm dishes
in DMEM medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin and 2nM L-glutamine, and were treated
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with human IFN-B at 1000U/mL for 24h prior to cell collection. For CUT&RUN assays, the 14-1048 CUT&RUN kit by EpiCypher was
utilized according to EpiCypher’s protocol. Briefly, CUTANA spike-in dNuc controls (H3K4me0, 1, 2, 3) were mixed together with
washed streptavidin (SA) beads in 4 separate 1.5mL tubes, and incubated for 30 min at RT on nutator. Concanavalin (ConA) beads
were activated using cold bead activation buffer, washed twice using a magnet, resuspended in cold activation buffer, added at
10ul/sample in separate strip tubes (1 tube per experimental sample) and kept on ice. 500,000 cells per experimental condition
were obtained after trypsinization from respective cell culture dishes (1 10cm dish per biological replicate) and were washed with
PBS x 3 to remove excess trypsin. Cells that were designated for the SMYD3 CUT&RUN assay were resuspended in cell culture me-
dium and lightly cross-linked with 0.25% HCHO for 2min, and the reaction was stopped with 125mM Glycine. Cells were then resus-
pended in 100uL/sample of RT wash buffer and washed twice at 600xg for 3min. After the final wash, cell pellets were resuspended in
105uL of RT wash buffer, and 100uL per sample were aliquoted into each 8-strip tube containing 10uL of activated beads. The cell-
bead slurries were incubated on the benchtop for 10 min at RT to allow for adsorption of the cells to the beads. After the incubation,
the slurries were placed on a magnet and a small aliquot of the supernatant was obtained to confirm adsorption of cells to the beads
(binding efficacy >93% of cell input). The supernatants were completed removed and the cell-bead slurries were then exposed to
cold antibody buffer and vortexed. The CUTANA H3K4MetSTat spike-in control dNucs were added to designated positive
(H3K4me3) and negative (IgG) control tubes. Then, 0.5ug of antibodies to H4K20me3 (ThermoFisher), H3K4me3 (EpiCypher) or
SMYDS3 (Abcam) were added to each designated experimental tube. Biological triplicates were used for each experimental condition.
The samples were incubated overnight on a nutator at 4°C. Next day, the 8-strip tubes containing the samples were placed on a mag-
net until the slurries cleared, supernatants were removed and the cell-beads were washed twice with cold cell permealization buffer.
After the final wash, 50uL of the cold cell permealization buffer was added to the cell-bead slurries, and then 2.5uL of pAG-MNase
was added to each sample. Samples were incubated for 10 min at RT and the 8-strip tubes were placed back on a magnet. Super-
natants were removed and cell-beads complexes were washed twice with cold cell permealization buffer. After the final wash, 50uL
of cell cell permealization buffer was added in each sample, and targeted chromatin digestion followed by adding 1uL of chromatin
digest additive to each sample. Strips were incubated for 2h at 4°C on a nutator and the reaction was stopped using Stop buffer.
0.5ng of spike-in Ecoli DNA was added to each sample and samples were incubated for 10 min at 37°C in a thermocycler. The strips
were then placed on a magnet and the supernatants containing the CUT&RUN enriched DNA were transferred to new tubes. DNA
was purified per EpiCypher’s protocol, and library construction was conducted using the TruSeq ChIP (lllumina) (H4K20me3 for
siNC/siSMYD3 treated cells) or IDT 2S Plus (IDT) (H4K20me3, H3K4me3, SMYD3 for SMYD3 KO cells) DNA library prep kits. Nucleic
acid size selection to enrich for fragment sizes between 200 and 500bp was conducted using SPRIselect (Beckman Coulter Life
Sciences). Samples were pooled and sequenced on NextSeq2000 with paired-end sequencing. All the samples had yields between
53 and 80 million pass filter reads. Samples were trimmed for adapters using Cutadapt before the alignment. The trimmed reads were
aligned with hg38 reference using Bowtie2 alignment. All the samples had library complexity with percent non-duplicated reads
ranging from 75 to 88%.

EPIC DNA methylation arrays

HN-6 cells were cultured in vitro in biological triplicates (one 10cm dish per biological replicate) and treated with control or a SMYD3-
targeting siRNA (siSMYD3#1) for 72h, with exposure to IFN-B for 24h prior to collection. Cells were trypsinized and pelleted, and
genomic DNA extraction was conducted using the DNeasy Blood&Tissue kit (Qiagen). The Infinium MethylationEPIC BeadChip
Kit (Qiagen) was utilized per manufacturer’s protocol to quantify DNA methylation differences in HN-6 cells before and after
SMYD3 depletion.

Immunohistochemistry

Formalin-fixed, paraffin embedded tissue microarrays containing clinically annotated, de-identified patient tumor samples were ob-
tained from the Human Tissue Research Center of the University of Chicago Pathology Department (IRB#8980). The IHC staining was
approved by the Institutional Review Board of the University of Chicago (IRB#18-0468-AM002). 64 HPV-negative HSNCC tumors, 10
dysplastic lesions and 10 samples from normal buccal epithelium which stained for SMYD3 (Abcam), CD8A (DAKO)) and UHRF1 (Ab-
cam) using immunohistochemistry (IHC). For the SMYDS3 IHC, the staining was performed on Leica Bond RX automated stainer. After
deparaffinization and rehydration, tissue sections were treated with antigen retrieval solution (Leica Microsystems) with heat near
100°C for 20 min. The anti-SMYDS antibody (1:400) was applied on tissue sections for 1 h incubation at room temperature. The an-
tigen-antibody binding was detected with Leica Bond Polymer Refine Detection system (Leica Microsystems) and the slides were
covered with cover glasses. For the CD8A IHC, the slides were stained on Leica Bond RX automatic stainer using the protocol
“HTRC Bond DAB Refine”. Epitope retrieval solution | (Leica Biosystems) was used for 20 min. The anti-CD8 antibody (1:400)
was applied on tissue sections for 25 min incubation and the antigen-antibody binding was detected with Bond polymer refine detec-
tion (Leica Biosystems). The tissue sections were covered with cover glasses. For the UHRF1 IHC, after deparaffinization and rehy-
dration, tissue sections were treated with antigen retrieval buffer (DAKO) in a steamer for 20 min. The anti-UHRF1 antibody (1:200)
was applied on tissue sections for 1 h incubation at room temperature in a humidity chamber. Following TBS wash, the antigen-anti-
body binding was detected by Bond Polymer Refine Detection (Leica Microsystems) and DAB+ chromogen (DAKO). Tissue sections
were briefly immersed in hematoxylin for counterstaining and were covered with cover glasses.
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The stained tissue microarray slides were then scanned and digital image analysis algorithms were developed in QuPath v.0.3.0
(Belfast, UK). Digital slides were reviewed for 64 head and neck cancer tumors and included H&E stained sections along with IHC
on serial sections for SMYD3, UHRF1 and CD8A. All tissue sections had minimal artifact and staining pattern were consistent with spe-
cific staining. For each case, tumor was annotated to exclude normal tissue, artifact and necrotic regions. For SMYD3 and UHRF1
assessment, only tumor compartments were annotated from each core, while for the CD8A assessment, both the tumor and stroma
compartments were evaluated together in each core. Parameters for cell detection were optimized and validated. SMYD3 immunolab-
eling was commonly positive in cancer cells, most commonly with a cytoplasmic pattern but with a detectable nuclear pattern too, while
UHRF1 immunolabeling was predominantly nuclear. SMYD3 and UHRF1 immunolabeling were reported with an H-score. SMYD3
H-scores ranged from 84.14 to 295.65, while UHRF1 H-scores ranged from 0.3 to 213.53. CD8A scoring was reported as CD8% in
each tumor core and ranged from 0.03 to 20.66%. Semiquantitative assessment for SMYD3 (scale 0, +1, +2, +3) was also conducted.

For the IHC staining of ASOs and mouse CD8A of the MOC1 tumor sections, slides were stained with rabbit polyclonal ASO antibody
(lonis) or anti-CD8A (SinoBiological) on a Ventana Ultra staining system. ASO slides were treated enzymatically with trypsin (Sigma-
Aldrich). The slides were then blocked with endogenous biotin blocking kit (Ventana) and normal goat serum (Jackson Immuno
Labs). The primary antibodies were diluted with discovery antibody diluent (Ventana) (1:2500 for anti-CD8A) and incubated for 1 h at
37°c. The antibodies were detected with biotin labeled goat anti-rabbit secondary antibody (Jackson Immuno Labs). The secondary
antibody was labeled with DABMap Kit (Ventana). Images were scanned on a Hamamatsu S360 scanner at 20X resolution.

Multicolor flow cytometry

For the multicolor flow of MOC1 tumors, mice were euthanized and flank MOC1 tumors were surgically resected, and mechanically
and chemically digested into single-cell suspensions using the gentleMACS Dissociator and the mouse tumor dissociation kit (Mil-
tenyi Biotec), per manufacturer’s protocol. Single-cell suspensions were filtered through 70up filters and washed with 1% BSA in
PBS. Samples were incubated with anti-CD16/32 (Biolegend) antibody to block nonspecific staining. Subsequently, the primary an-
tibodies were added and incubation for 30min was carried out in the dark. Cell surface staining was performed using fluorophore-
conjugated anti-mouse CD45.2 (clone 104), CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD31 (390), PDGFR (APA5), PD-L1
(10F.9G2), H2-KP (AF6-88.5), PD-1 (RMP1-30), CD11b (M1/70), Ly6G (1A8), Ly6C (HK1.4), CD11c (N418) and F4/80 (BM8) from Bio-
legend. FoxP3+ regulatory T cell staining was performed with the mouse regulatory T cell Staining Kit (eBioscience) as per manufac-
turer’s protocol. Cell viability was assessed with Sytox (Thermo Fisher Scientific) or Zombie (Biolegend) cell viability dyes. All analyses
were performed on a BD Fortessa analyzer running FACSDiva software and interpreted using FlowdJo V.X10.0.7r2.

Mass spectrometry

Histone purification and chemical labeling of histone peptides

Core Histones were purified from cultured cells using the Histone Purification Mini Kit (Active Motif) according to the manufacturer’s
instructions. The purified histones were desalted using the Zeba spin columns (Thermo Fisher Scientific) prior to downstream pro-
cedures. The purity of the core histones was checked by running an SDS PAGE gel. Peptides were desalted using C18 spin columns
(Thermo Fisher Scientific) according to manufacturer’s protocol. The samples were vacuum centrifuged to dryness and stored at
—80°C until analysis by mass spectrometry.

Mass spectrometry acquisition

The dried peptide fractions were reconstituted in 0.1%TFA and subjected to nanoflow liquid chromatography (Thermo Ultimate
3000RSLC nano LC system, Thermo Fisher Scientific) coupled to an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific).
Peptides were separated using a low pH gradient using a 0-50% ACN over 60 min in mobile phase containing 0.1% formic acid at 300
nL/min flow rate. MS scans were performed in the Orbitrap analyser at a resolution of 120,000 with an ion accumulation target set at
4¢° and max IT set at 50ms over a mass range of 200-1400 m/z.

Histone modification quantitation

Acquired MS/MS spectra were searched against a human uniprot protein database along with a contaminant protein database, using
a SEQUEST and percolator validator algorithms in the Proteome Discoverer 2.4 software (Thermo Fisher Scientific). For the identi-
fication of histone post-translational modifications (PTM), the following dynamic modifications at lysine residues were used: unmod-
ified (56.026 Da), monomethylation (70.042 Da), demethylation (28.031 Da), trimethylation (42.047 Da) and acetylation (42.011 Da).
Trypsin was specified as the proteolytic enzyme, with up to 2 missed cleavage sites allowed. The sum of the MS1 intensity from all the
identified PTM modified peptide represents the total amount of peptide present in the sample. This sum of MS1 intensities was
normalized against all the samples and proportion so the different methylation states were calculated and displayed as percentages
of the overall peptide.

QUANTIFICATION AND STATISTICAL ANALYSIS
Lists of type | IFN response and APM genes

Based on previous publications,**** we comprised a list of type | IFN response and APM genes (Table S1). Bioinformatic interroga-
tion of this gene list is shown in Figure 1. Genes that were not found to be expressed at the mRNA level in the RNA-seq databases of
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each cell system presented in Figures 1A-1C were omitted. We also interrogated the gene set from the HALLMARK_
INTERFERON_ALPHA_RESPONSE (IFNa response genes) and the KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION (APM
genes), which are available in the Molecular Signature Database (MSigDB) gene sets (Table S2, https://www.gsea-msigdb.org/
gsea/msigdb/index.jsp). Bioinformatic interrogation of these gene lists are shown in Figures S1, S2 and S3.

RNA-seq heatmaps for type I IFN response and APM genes

RNA-Seq data were quantitated to obtain raw tag counts at the gene level using either HTSeq or featureCount. The raw tag count
data was variance stabilizing transformed using VST function in DESeq2 R library, and Z score of the transformed data was obtained
to color code for heatmap. For clustered heatmaps, pheatmap R library was used with Euclidean distance and ward.D2 clustering
options. Significance of gene expression changes was evaluated using DESeq2 R library and determined based on Wald-statistics
(FDR<0.1) and shrunken log2 fold-change (>log2(1.3), <-log2(1.3)) using ahsr method available from DESeq?2 library.

IPA analysis of DEGs

Ingenuity Pathway Analysis (IPA) was used to identify significantly enriched canonical pathways based on DEGs. To obtain manage-
able number of DEGs for IPA core analysis, different FDR and LFC were applied; siSMYD3 vs. HN6 (991 DEGs, FDR<0.05, LFC < —1
or LFC >1), SMYD3 ASOs vs. HN6 (1401 DEGs, FDR<0.05), CRISPR KO vs. HN6 (3714 DEGs, FDR<0.01). Core analysis was per-
formed using default options.

GSEA analysis of TCGA data

For the gene set enrichment analysis (GSEA), 422 TCGA HPV-negative tumor samples (Firehose Legacy) with mRNA expression data
(data_RNA_Seq_v2_mRNA_median_Zscores.txt) were analyzed and a ranked gene list was obtained based on Pearson’s correlation
of each gene with SMYD3 expression. This list was used as input to the pre-ranked GSEA against the MsigDB’s Hallmark gene sets
(h.all.v7.4.symbols.gmt). The analysis was performed using fgsea R library.

Expression of retrotransposons in mRNA-Seq data

For the evaluation of differences in the expression levels of retransposons and other repetitive elements, RNA-seq retrotransposon
quantification and analysis was performed using homer and bedtools. Briefly, genomic coordinates (hg38) of LINE and other repet-
itive elements were obtained from the UCSC (University of California Santa-Cruz) genome browser consortium and quantified using
the annotatePeaks.pl script, by homer.

CUT&RUN analysis

Raw fastq files were trimmed with Cutadapt 3.4 and aligned using bowtie2-2.4.4 against hg38. For spike-in controls, the trimmed
FASTQ files were aligned against the Escherichia coli MG1655 genome. Duplicated reads were removed using Picard tools
2.25.0, and normalization factors were derived based on the uniquely mapped fragments in the corresponding spike-in control
data. The enriched regions with H4K20me3, SMYD3 and H3K4me3 signals were identified using GoPeaks spike-in normalization,
with default “broad” (H4K20me3, SMYD3) or “narrow” (H3K4me3, SMYD3) parameters applied. Differential analysis was performed
using DESeq?2 to obtain a final list of regions for downstream analysis (FDR<0.05, abs(log2FC) > 1.3).

Annotation of peaks (CUT&RUN)

Each peak/enriched region in CUT&RUN assays was annotated with the nearby gene displaying the shortest distance between TSS
and the center of each peak using the ChipSeeker. Pre-identified immune-related genes were used to annotate heatmap. Genome
browser track and genomic coordinate heatmaps were obtained using deepTools. To identify CUT&RUN peaks (H4K20me3,
H3K4me3, SMYD3) overlapping with immune response genes either at their gene body or promoter region (<2kb from TSS), genomic
coordinates of gene boundaries of the immune response related genes (Table S5) were extracted using BioMart (v. 2.54.0) R library
Ensembl GRCh38.p13 database. To account for the promoter region, we extended the coordinate of each gene boundary by 2kb
upstream. Then GenomicRanges (v.1.50.2) R library was used to find overlapping CUT&RUN peaks and genes based on their
extended gene boundary.

Volcano plots
For all volcano plots, EnhancedVolcano R library was used.

Single-cell RNA-sequencing analysis

Published single-cell RNA-seq data were obtained from and processed as described by Puram et al.“” Processed expression data
were downloaded from Gene Expression Omnibus (GSE103322) and subjected to log2 transformation after adding one to each
value. Analysis was performed using R V.4.1.2; heatmaps were generated using pheatmap. Pearson correlation was used for cor-
relation-based analysis.

|.29
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Statistical analyses for in vitro and in vivo experiments

The Student t-test was used to compare groups of biological or technical replicates for gqPCR and MS experiments, as well as to
compare the CD8 T cell infiltration assessed by IHC in control or Smyd3 ASO treated MOC1 tumors. Unpaired t test was used to
compare tumor volumes, cell subsets, and immune and cancer cell markers of MOC1 tumors treated with control ASOs, PBS or
Smyd3 ASOs.

Statistical analyses for clinical datasets

To compare IHC scores among normal, dysplastic buccal squamous epithelium and HNSCC, the Kruskal-Wallis test followed
by Dunn’s post hoc test with Benjamini-Hochberg (BH) procedure for multiple comparisons was performed using stats and FSA
R libraries. Pearson correlations between SMYD3 and CD8A, SMYD3 and UHRF1, and UHRF1 and CD8A protein levels (CPTAC pro-
tein abundance levels and QuPath scores) were obtained using stats R library.

Associations between clinical to pathological downstaging and pretreatment mRNA expression levels of SMYD3, UHRF1, and
CD8A were evaluated using published mRNA data (dbGaP, phs001623). The TPM values of SMYD3, UHRF1, and CD8A mRNA
expression were used to perform the Wilcoxon rank-sum test between groups with (n = 4) and without (n = 16) clinical to pathological
downstaging.

For the survival analysis using the CPTAC HNSCC database (n = 108 patients), protein abundance and clinical data were extracted
from the CPTAC data portal (https://proteomics.cancer.gov/data-portal, http://linkedomics.org/data_download/CPTAC-HNSCC).
The R function “surv_cutpoint” (package survminer) was applied to identify optimal cutpoints that correspond to the most significant
relation with OS and PFS outcomes for proteins SMYD3 and UHRF1. Using 60% and 52% percentiles as cutpoints for SMYD3 and
UHRF1 respectively in the OS analysis, and 37% and 49% percentiles in the PFS analysis, the data were dichotomized to high
and low protein expression groups. The intersection of the two high-expression groups were defined as High SMYD3_High
UHRF1, and the intersection of the two low-expression groups were defined as Low SMYD3_Low UHRF1. The progression-free
(PFS) and overall survival (OS) curves were obtained using the Kaplan-Meier (KM) method and were compared using the log rank
test. The Cox proportional hazards model was used to estimate hazard ratios (HRs) with 95% confidence intervals (Cls). Similarly,
for the survival analysis using the University of Chicago HPV-negative HNSCC database (n = 35 patients), patients were partitioned
into four groups based on dichotomized values of SMYD3, UHRF1 and CD8A QuPath scores derived from the FFPE clinically anno-
tated tissue microarrays. The top 15% of SMYD3, 30% of UHRF1 and 35% of CD8A QuPath scores were designated as “high”, while
the rest were designated as “low” for both the OS and PFS analysis.

CPTAC analysis

The specimens collection and sample processing of 108 HPV(—) head and neck squamous cell carcinomas (HNSCCs) can be found
in Huang et al.®® and the CPTAC data portal (PDC000221, https://pdc.cancer.gov/pdc/study/PDC000221). Processed proteomics
data files were downloaded via LinkedOmics: http://www.linkedomics.org. The gene-level proteomics data were represented as
normalized mass spectrometric intensity and log2 transformed.
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Supplementary Figure 1. Comprehensive RNA-seq heatmaps of HN-6 cells treated with
siSMYD3 for 72h and IFN-B exposure for 24h. (A) IFNa GSEA gene set, (B) APM GSEA gene
set.
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Supplementary Figure 2. Comprehensive RNA-seq heatmaps of HN-6 cells treated with
PBS or SMYD3 ASOs for 72h and IFN-B exposure for 24h. (A) IFNa GSEA gene set, (B) APM
GSEA gene set.
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Supplementary Figure 3. Comprehensive RNA-seq heatmaps of a CRISPR SMYD3 KO cell
line (clone 5-3) exposed to IFN-B for 24h. (A) IFNa GSEA gene set, (B) APM GSEA gene set.
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Supplementary Figure 4. Volcano plots showing DESeq2 results of RNA-seq in HN-6 cells
treated with siSMYD3 or SMYD3 ASOs. Volcano plot in siSMYD3 (A) and SMYD3 ASO (B)
treated (B) HN-6 cells for 72h, exposed to IFN- for 24h. FDR: 0.1, log2FC threshold: log2 (1.3).
Red triangles: IFNa genes (from GSEA gene set), blue crosses: APM genes (from GSEA gene
set), gray circles: other genes.
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(B) SMYD3 ASO volcano plot:
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Supplementary Figure 5. Commonly upregulated IFNa response genes in HN-6 cells
treated with siSMYD3 or SMYD3 ASOs for 72h, and in a SMYD3 KO cell line (CIRPSR.5-3),
exposed to IFN-B for 24h. Number of common, significantly (FDR<O0.1, log2 fold
change>abs(log2(1.3)) upregulated IFNa response genes among 97 Hallmark IFNa response
genes (GSEA).
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Supplementary Figure 6. Ingenuity Pathway Analysis (IPA) of RNA-seq of HN-6 cells after
SMYD3 depletion. IPA reveals enrichment of pathways related to inflammation in HN-6 cells
treated with sSiSMYD3 (A) or SMYD3 ASOs (B) for 72h and IFN-8 exposure for 24h.
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Supplementary Figure 7. Pairwise correlations between SMYD3 and APM mRNA levels in
HPV-negative cancer cells. A publicly available single cell RNA-seq database of HPV-negative
HNSCC tumors was utilized to associate mMRNA levels of SMYD3 with APM genes in HPV-
negative HNSCC cancer cells.
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Supplementary Figure 8. Volcano plot of RNA-seq in HN-6 cells treated with negative
control or SMYD3-targeting siRNA for 3 days in the presence of IFN-B. UHRF1 mRNA
highlighted in purple font. Log2 FC: log2 fold change>1.3.
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Supplementary Figure 9. SMYD3 knockdown is associated with downregulation of UHRF1
in HN-SCC-151 cells at the mRNA and protein levels. HN-SCC-151 cells were treated with
SiNC or siSMYD3 for 72h, in the presence or absence of IFN-3 for 24h prior to cell collection. RNA
and nuclear protein extraction (Active Motif) were conducted in two separate biological replicates.
(A) gPCR for SMYD3 and UHRF1 mRNA in cells treated with siNC or siSMYD3 for 72h in the
presence or absence of IFN-B. mRNA levels were normalized by GAPDH. Data represent the
mean +/- SEM of three technical replicates. (B) Western blotting of nuclear extracts for SMYD3
(10ug) and UHRF1 (15ug). H3 was used as a loading control. Densitometry results are shown on
the right side of the blot. Similar results were obtained in a separate biological replicate.
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Supplementary Figure 10. Mouse Smyd3 occupies the TSS of Uhrfl in mouse
hepatocellular carcinoma cells. USCS tracks of Smyd3 ChIP in mouse hepatocellular
carcinoma cells focusing on the mouse Uhrfl gene locus. Tracks show enrichment of Smyd3 at
the Uhrfl TSS.
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Supplementary Figure 11. Comprehensive RNA-seq heatmaps of HN-6 cells treated with
siUHRF1 for 72h and IFN-B exposure for 24h. (A) IFNa GSEA gene set, (B) APM GSEA gene
set.
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Supplementary Figure 12. Upregulation of immune-related genes after UHRF1 depletion in
HN-6 cells in the absence of IFN-B. (A) Volcano plot showing DESeq?2 results of RNA-seq of
HN-6 cells transfected with a UHRF1-targeting siRNA compared to control for 72h without
exposure to IFN-B. FDR < 0.1, log2FC threshold: log2 (1.3). Red triangles: IFNa genes (from
GSEA gene set, upregulated: 73, downregulated: 4), blue crosses: APM genes (from GSEA gene
set, upregulated: 15, downregulated: 13), gray circles: other genes. Total number of
genes=19,144 (upregulated: 5,403, downregulated: 5,362). (B) Comprehensive RNA-seq
heatmaps of type | IFN response (B) and APM genes (C) in HN-6 cells after UHRF1 depletion for
3 days without IFN-B. HN-6 cells were treated with control siRNAs or a UHRF1-targeting siRNA
for 72h (three biological replicates per condition, siNC.r : control replicate, siUHRF1.r. UHRF1
siRNA replicate). Cells were collected at 72h and RNA-seq was conducted. Heatmaps showing
z-score of variance stabilizing transformed expression values.
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Supplementary Figure 13. qPCRs confirming upregulation of immune-related genes
after UHRF1 depletion in HN-6 and HN-SCC-151 cells in the presence or absence of IFN-
B. HN-6 (A) or HN-SCC-151 (B) cells were transfected with siNC or siUHRF1 siRNAs for 72h,
and exposed to 1000U/ml of IFN-B or not at 48h after transfection. Cells were collected for
RNA extraction and cDNA synthesis. SYBR green gPCR was conducted. Data represent
mean +/- SEM. Similar results were obtained with two biological replicates.
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Supplementary Figure 14. Second biological replicate of ChIP assays for HA-UHRF1,
DNMT1 and H3K9me3 in an HA-UHRF1 overexpression system, and for UHRF1, DNMT1
and H3K9me3 in a UHRF1 knockdown system. (A) Separate biological replicate of ChIP
assay for HA (shades of brown), endogenous DNMT1 (shades of green) and endogenous
H3K9me3 (shades of purple) followed by gPCR for CXCL9, CXCL10, MX1, OAS2 and
RSAD2. HN-6 cells were transfected with HA-Mock or HA-UHRF1 for 48h and exposed to
IFN-B for 24h prior to cell collection. Standard error (SE) bars represent the SE of two technical
replicates per reaction. Student t-test, *p<0.05, ** p<0.01, ***p<0.001. (B) Separate biological
replicate of ChIP assay for endogenous UHRF1 (shades of brown), DNMT1 (shades of green)
and H3K9me3 (shades of purple) followed by gPCR for CXCL9, CXCL10, MX1, OAS2 and
RSAD2. HN-6 cells were transfected with negative control (siNC) or a SMYD3-targeting sSiRNA
(siSMYD3) for 72h and exposed to IFN-B for 24h prior to cell collection. Standard error (SE)
bars represent the SE of two technical replicates per reaction. Data represent mean +/- SEM.
Similar results were obtained in a second biological replicate. Student t-test, *p<0.05, **
p<0.01, ***p<0.001.
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Supplementary Figure 15. UHRF1 protein levels are stable SMYD3 KO cell lines
compared to the parental cell line regardless of the presence or absence of IFN-B.
Western blotting for SMYD3 and UHRFL1 in HN-6 and SMYD3 KO cell lines 5-2 and 5-3 in the
absence of IFN- (A) and in the presence and absence of IFN-B in 5-2 cells (B). Cells were
collected and nuclear extraction was conducted followed by Western blotting for SMYD3 and
UHRF1. 10ug for SMYD3 and 15ug for UHRF1 of nuclear extract were loaded for all
conditions. H3 was used as a loading control.
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Supplementary Figure 16. Protein expression levels of SUV420H1/2 in HN-6, 5-2 and 5-
3 cells. Western blotting for SUV420H1 (KMT5B) and SUV420H2 (KMT5C) in HN-6 and two
SMYD3 KO cell lines, 5-2 and 5-3. 15ug of nuclear extract were loaded, and H3 was used as
a loading control. Densitometry results are shown on the right side of each blot.
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Supplementary Figure 17. Heatmaps of differential intragenic H4K20me3 peaks
corresponding to genes with evaluable RNA-seq data. (A) Heatmap of all differential
intragenic peaks (n=30,504) annotated to 9,273 genes. (B) Heatmap of differential intragenic
H4K20me3 peaks (n=15,993) annotated to the promoters, TSS, introns, exons and 5’ and
3'UTRs of 4,874 genes with evaluable RNA-seq expression data, comparing HN-6 and 5-3.
Two biological replicates are shown. (C) Heatmap of differential intragenic peaks (n=93)
annotated to 60 immune-related genes. (D) Heatmap of differential H4K20me3 peaks (n=84)
annotated to the promoters, TSS, introns, exons and 5 and 3'UTRs of 54 immune-related
genes with evaluable RNA-seq expression data comparing HN-6 and 5-3. One representative
peak per gene is shown. Two biological replicates are shown. FDR<0.05, abs.log2FC (1.3).

(A) (B)
Differential intragenic H4K20me3 Differential intragenic H4K20me3 peaks
peaks on all genes (n=30,504) (n=15,993) on genes with RNA seg data
HN-6 SMYD3 KO HN-6 SMYD3 KO




(©) (D)

Differential intragenic H4K20me3 peaks on Differential intragenic H4K20me3 peaks (n=84)
immune-related genes (n=93) on immune-related genes with RNA-seg data
HN-6 SMYD3 KO HN-6 SMYD3 KO

0.5




Supplementary Figure 18. Examples of UCSC tracks of representative immune-related
genes. The tracks of NUB1, PROCR and OAS2 are shown below.
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Supplementary Figure 19. Volcano plot of DESeq2 results of H4K20me3 intragenic
peaks. CUT&RUN assay for H4K20me3 was conducted in HN-6 cells treated with siNC or
siSMYD3 siRNAs for 3 days and exposed to IFN- for 24h. FDR threshold: 0.05.
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RNA-seq

Supplementary Figure 20. Boxplot of LINE transposable elements in HN-6 cells treated
with siNC or siSMYD3 in the presence of IFN-B. RNA-seq retrotransposon quantification
and analysis was performed using homer and bedtools. HN-6 cells were treated with siNC or
siSMYD3 siRNAs for 3 days and for 24h with IFN-[3 prior to collection. RNA was extracted and
MRNA-seq was performed. RPKM; per million mapped reads.
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Supplementary Figure 21. Tracks representing mRNA expression levels of STING1. HN-
6 cells were treated with siNC or siSMYD3 siRNAs for 3 days and after 24h of IFN-B exposure.
Cells were then collected and RNA extraction and RNA-seq were conducted.
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Fluorescence for CD8/BUV395

Supplementary Figure 22. Effect of Smyd3 ASO treatment on Smyd3 protein expression
levels in MOC1 cells and on CD4+ and CD8+ T-cell infiltration in MOC1 tumors. (A)
Western blotting for Smyd3 in MOCL1 cells treated with increasing molar concentrations of
Smyd3 ASOs. MOCL1 cells were plated in 10cm dishes and treated with 0, 0.5, 0.1, 0.02 or
0.004uM of Smyd3 ASOs for 72h. Cells were collected and nuclear extraction was conducted.
10ug of nuclear extract were loaded for Smyd3 blotting, and H3 was used as a loading control.
0.5uM of Smyd3 ASOs induced near complete knockdown of Smyd3. (B) Examples of
multicolor flow cytometry graphs of MOCL1 tumors treated with control ASOs (25mg/kg), PBS,
Smyd3 ASOs at 25mg/kg or Smyd3 ASOs at 12.5mg/kg. CD3+/CD4+ and CD3+/CD8+ T-cells
expressed as % of CD45+ cells. Anti-CD4: PE TexasRed, anti-CD8: BUV395.
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Supplementary Figure 23. Relative protein and mRNA expression levels in cell
populations within HPV-negative HNSCC tumors. (A) Comparison of SMYD3 protein
expression levels in the cancer cell versus stroma cell compartment. IHC for SMYD3 was
conducted in HPV-negative HNSCC tumors. H-score was determined by QuPath in 13 regions
of interest (ROIs) captured in the stroma and 89 ROIs captured in the cancer cell compartment
of 32 HPV-negative HNSCC tumors. Data represent mean +/- SEM. Wilcoxon rank sum test,
p=3.6x10%. (B) Mean SMYD3 mRNA expression levels in different cell types assessed from
a publicly available single-cell RNA-seq database of HPV-negative HNSCC tumors. Wilcoxon
rank sum test with continuity correction, p<0.0001.

(A) SMYD3 protein expression levels (B) *
120 * 15
© 100 5
g
»n 80 £
! 2 10
T 3
5 21
5 10 E§
©
> o
< E 0.5
N :
[
©
-]
0 =
Stroma Cells Cancer Cells . II
0.0

& ] &
3 & N3
& & S



Supplementary Figure 24. Correlation between SMYD3, UHRF1 and CDS8A protein
expression levels in HPV-negative HNSCC tumors. IHC for SMYD3, UHRF1 and CD8A
was conducted in 64 HPV-negative HNSCC tumors (University of Chicago cohort). H-score
and % CD8A cell positivity were determined by QuPath. Pearson’s correlations between
SMYD3 and CD8A (R=-0.21, p=0.087) (A), SMYD3 and UHRF1 (R=0.55, p<0.001) (B), and
UHRF1 and CD8A (R=-0.011, p=0.93) (C) protein levels in 64 HPV-negative HNSCC tumors.
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Supplementary Figure 25. Survival analysis based on SMYD3, UHRF1 and CD8A protein
expression levels in 35 patients with HPV-negative HNSCC (University of Chicago
patient database). Kaplan Meier curves for overall survival based on QuPath scores for
SMYD3 (A), UHRF1 (B), CD8A % positivity (C), combined SMYD3/UHRF1 (D) and combined
SMYD3/UHRF1/CD8A (E). Kaplan Meier curves for progression free survival based on
QupPath scores for combined SMYD3/UHRF1/CD8A (F). Log-rank p-values.
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Supplementary Figure 26. Genomic alterations of SMYD3 in HPV-negative tumors.
Oncoprint for SMYD3, TCGA dataset (Firehose Legacy, n=432).
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