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Abstract

In head and neck squamous cell carcinoma (HNSCC), a significant proportion of tumors have 

inactivating mutations in the histone methyltransferase NSD1. In these tumors, NSD1 inactivation 

is a driver of T cell exclusion from the tumor microenvironment (TME). A better understanding of 

the NSD1-mediated mechanism regulating infiltration of T cells into the TME could help identify 

approaches to overcome immununosuppression. Here, we demonstrated that NSD1 inactivation 

results in lower levels of H3K36 di-methylation and higher levels of H3K27 tri-methylation, the 

latter being a known repressive histone mark enriched on the promoters of key T cell chemokines 

CXCL9 and CXCL10. HNSCC with NSD1 mutations had lower levels of these chemokines and 

lacked responses to PD-1 immune checkpoint blockade. Inhibition of KDM2A, the primary lysine 

demethylase that is selective for H3K36, reversed the altered histone marks induced by NSD1 loss 

*CORRESPONDENCE: John B. Sunwoo, MD, 801 Welch Rd, Stanford, CA 94305, 1-650-725-6500, sunwoo@stanford.edu.
AUTHOR CONTRIBUTIONS
Conceptualization and Methodology: C.C., J.H.S., J.B.S.; Investigation: C.C., J.H.S., Z.F., K.B., K.L.P, E.L.W., S.J.R., R.U.; Writing–
Original Draft: C.C., N.B.H., K.B., J.B.S.; Writing–Review & Editing: O.Gozani, O.Gevaert, R.U., J.B.S.; Supervision: J.B.S.; 
Funding Acquisition: J.B.S.

COMPETING INTEREST STATEMENT:
No interests to declare.

HHS Public Access
Author manuscript
Cancer Res. Author manuscript; available in PMC 2024 February 15.

Published in final edited form as:
Cancer Res. 2023 August 15; 83(16): 2645–2655. doi:10.1158/0008-5472.CAN-22-3114.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and restored T cell infiltration into the TME. Importantly, KDM2A suppression decreased growth 

of NSD1-deficient tumors in immunocompetent, but not in immunodeficient, mice. Together, these 

data indicate that KDM2A is an immunotherapeutic target for overcoming immune exclusion in 

HNSCC.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC), the 6th most common malignancy 

worldwide, is a devastating malignancy of the mucosal lining of the upper aerodigestive 

tract. The aggressive nature of the cancer, as well as the treatment itself, have significant 

impact on critical functions like speech, breathing, and swallowing. Despite improved multi-

modal treatment strategies, patients with advanced HNSCC still suffer from a low survival 

rate (1).

Recently, immunotherapy approaches with checkpoint blocking antibodies, such as 

pembrolizumab and nivolumab, have shown impressive responses in recurrent/metastatic 

HNSCC, though only in a minority of patients (2,3). In general, the overall response rate 

to immune checkpoint blockade is limited, and in HNSCC, it is <20% (4–6). Numerous 

strategies to enhance endogenous and synthetic immune-mediated rejection of tumors 

are under intense investigation; however, all face significant challenges pending better 

understanding of the interface between tumor cells and the immune system within the tumor 

microenvironment (7). A particular challenge for immune checkpoint blockade approaches 

has been the development of ways to overcome tumor microenvironments that lack T cell 

infiltration – what is sometimes called an immune-cold phenotype (8,9).

Previous analyses of multiomics data from The Cancer Genome Atlas (TCGA) revealed 

a distinct immune-cold subset of HNSCC tumors with a particularly low level of tumor 

associated T cells (10). This human papilloma virus (HPV)-negative subset of HNSCC 

was also unique in that 57% of these tumors had inactivating mutations in the histone 

methyl transferase NSD1 (nuclear receptor binding SET domain protein 1). Further, all 

HNSCC tumors in the TCGA with NSD1 inactivating mutations have multiomics profiles 

placing them in the immune-cold subset (11,12). These data, in addition to recent mouse 

studies showing that NSD1 inactivation results in an immune-cold phenotype (13) support 

a role for NSD1 in modulating T cell infiltration in HNSCC. Indeed, we previously 

showed that inhibition of NSD1 expression confers the exclusion of T cells from the tumor 

microenvironment in vivo (10); however, the mechanism underlying this is not understood.

NSD1 is a SET-domain containing histone methyltransferase that catalyzes di-methylation 

of histone 3 specifically at lysine 36 (H3K36me2). Synthesis of the key chromatin silencing 

modification tri-methylation of H3K27 (H3K27me3) by the Polycomb repressive complex 

(PRC2) is directly antagonized by H3K36 di- and tri-methylation (14–17). Indeed, recent 
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studies in murine embryonic stem cells demonstrated that reduction in global levels of 

H3K36me2 due to NSD1 depletion increased H3K27me3 across the epigenome (15). 

Because H3K27me3 is enriched on the repressed promoters of the key T cell recruiting 

chemokines CXCL9 an CXCL10 (18), here, we test the hypothesis that loss of NSD1 

function – and the subsequent effects on H3K36 and H3K27 methylation states – impacts 

CXCL9 and CXCL10 expression in the tumor microenvironment. Importantly, our studies 

demonstrate the potential of targeting the opposing H3K36me2-specific lysine demethylase, 

KDM2A, as a therapeutic strategy to reverse the effects of NSD1 inactivation in HNSCC 

and enhance T cell infiltration.

MATERIALS and METHODS

Cell lines

The FaDu human HNSCC cell line was obtained from ATCC; early passage cells were 

used. The MOC1 cell line was provided by Dr. Ravindra Uppaluri, who developed the cell 

line from murine oral squamous cell carcinomas induced by topical 7,12-dimethylbenz(a) 

anthracene (DMBA) administration; early passage cells were used. Cells were cultured 

in complete DMEM/F12 medium containing 10% fetal bovine serum (FBS), 1% Non-

Essential Amino Acid (NEAA) and 1% penicillin and streptomycin. Cells were maintained 

at 37 deg C in a humidified atmosphere containing 5% CO2. The 293GP cell line 

(RRID:CVCL_E072) was a kind gift from Dr. Crystal Mackall (Department of Pediatrics - 

Hematology & Oncology, Stanford University). The Lenti-X 293T cell line was purchased 

from Takara Bio USA, Inc (RRID:CVCL_0063). Cells were cultured in complete DMEM 

medium containing 10% FBS, 1% penicillin and streptomycin. Cells were maintained at 37 

deg C in a humidified atmosphere containing 5% CO2.

T cells

Our use of human donor blood was approved by the Institutional Review Board at Stanford 

University. Leukoreduction system (LRS) chambers were obtained from the Stanford Blood 

Center. T cells were enriched using the RosetteSep™ Human T Cell Enrichment Cocktail 

(STEMCELL Technologies) followed by centrifugation on Ficoll-Paque™ Premium (GE 

Healthcare). T cells were cultured in complete RPMI/1640 medium containing 10% FBS, 

1% penicillin and streptomycin, 100 U/mL IL-2 and 1% HEPES at 37 deg C in a 

humidified atmosphere containing 5% CO2. T cells were activated by anti-CD3 and anti-

CD28 antibody (Biolegend) according to the manufacturer’s instructions 3 days before use. 

Specific information about the antibodies is in Supp. Table 1. Plates were pre-coated with 50 

uL of 10 ug/mL anti-CD3 and anti-CD28 antibody in each microwell of the 96-well plate at 

4 deg C overnight. The wells were washed, and 200 uL of 1–2×106/mL T cells were added 

to each well. The cells were incubated at 37 deg C in a humidified atmosphere containing 

5% CO2 for 3 days before use.

Lentiviral production and transduction

The Lenti-X 293T cell line was used to package and produce the lentiviral particles. Briefly, 

the cells were transfected with the packaging plasmid pCMV-dR8.2 (RRID:Addgene_8455), 

the envelope plasmid pCMV-VSV-G (RRID:Addgene_8454), and the transfer plasmids 
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containing the shRNA (Supp. Table 2) or the transgene, using Lipofectamine® 2000 

(ThermoFisher) according to the manufacturer’s instructions. Supernatants were collected 

48 to 72 hours post-transfection and used to transduce the target cells in 6-well plates at a 

concentration of 3×105 cells per well with 8 ug/mL polybrene. The medium was changed 24 

hours later.

Retroviral production and transduction

The 293GP cell line was used to produce the retroviral particles for CAR transduction. 

The 293GP cells were transfected with the envelope plasmid RD114 and the plasmids 

encoding CD19 CAR (a kind gift from Dr. Crystal Mackall)(19), using Lipofectamine® 

2000 according to the manufacturer’s instructions. The supernatants were collected 48 to 

72 hours post-transfection and then stored at −80 deg C. Retroviral supernatants were 

diluted 1:1 in T cell culture media and applied to non-treated 6-well plates (Corning) coated 

with retronectin (Takara). Plates were centrifuged at 3200 rpm for 2–3 hours at 32 deg C. 

Vector-containing supernatants were removed, and activated T cells (1×106 cells/well) were 

added to the plates. The plates were centrifuged at 1000 g for 45 min at 32 deg C and then 

incubated at 37 deg C.

Mice

B6.129S7-Rag1tm1Mom/J mice (Rag1 KO mice) (RRID:IMSR_JAX:002216) and C57BL/6J 

(B6 mice) (RRID:IMSR_JAX:000664) were obtained from Jackson Laboratory. The mice 

were housed in laminar flow cabinets under specific pathogen-free conditions and fed 

ad libitum. All procedures were performed in accordance with protocols approved by 

an Institutional Animal Care and Use Committee at Stanford University. For in vivo 
experiments with murine HNSCC cell lines, 2×106 cells were injected subcutaneously in the 

flanks of the Rag1 KO mice or wild type B6 mice. Tumor volume (mm3) was determined 

by caliper measurements performed every two to three days and calculated by using the 

following formula: volume=length×width2×0.5. The tumors were harvested and processed 

for TIL analysis.

Tumor dissociation and tumor-infiltrating lymphocyte analysis

Tumor tissue was digested as follows. The tissue was minced, transferred into 

gentleMACS™ C-tubes with digestion solution (DMEM-F12+1%FBS, 1% Pen strip, 25mM 

HEPES and 10% collagenase/Hyaluronidase), and dissociated. The dissociated tissue was 

incubated while rotating at 37 deg C for 1 hour. After incubation, the suspension was filtered 

through a 40 μM filter. If the cell pellet was heavily contaminated with red blood cells, 

a brief ACK lysis was performed. The cells were washed and stained with antibodies to 

CD3 and CD45 (Biolegend). See Supp. Table 1. Data were acquired on a BD LSRFortessa 

or BD FACSAria II. Events collected were analyzed using FlowJo Version 10.5.0 software 

(RRID:SCR_008520).

Immunofluorescence (IF) staining and microscopy of tumor tissue

OCT-embedded tissue sample sections (3–5 μm) were dried for 30 minutes at room 

temperature and then in ice-cold acetone for 5–10 min. Washed sections were then 
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permeabilized in 0.1% Triton X-100, blocked in 5% BSA for 60 min at room temperature. 

The slides were then stained with anti-CD3 antibody (Biolegend), anti-CXCL9 antibody 

(Invitrogen), or anti-CXCL10 antibody (Bioss) at 4 deg C overnight. Specific information 

about the antibodies is in Supp. Table 1. Subsequently, the slides were incubated at room 

temperature for 1 hour with a secondary antibody (Invitrogen), followed by DAPI staining 

for 20 minutes. The samples were mounted on glass slides and analyzed by LSM700 

confocal microscopy (Zeiss).

Quantitative RT-PCR

RNA was extracted with the RNeasy Mini Kit (Qiagen), and cDNA synthesis was performed 

using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to 

the manufacturer’s protocol. The relative gene expression was analyzed using the Luminaris 

Color Probe High ROX qPCR Master Mix (Thermo). Relative gene expression was obtained 

by the ΔΔCt method (20) after normalization to HPRT1. Data is available in Supp. Data 1.

Western blot

Histone protein was extracted with the Histone Extraction Kit (Abcam), according to the 

manufacturer’s protocol. The protein samples were denatured and separated by Novex™ 

WedgeWell™ 4–12% Tris-Glycine Mini Gels (Thermo Fisher Scientific) and transferred 

onto 0.2 μm PVDF Pre-cut Blotting Membranes (Thermo Fisher Scientific). After blocking 

with 5% non-fat milk at room temperature for 2 hours, the membranes were incubated with 

primary antibodies to H3K36me2 or H3K27me3 or total H3 at 4 deg C overnight. Antibody 

details are in Supp. Table 1. Subsequently, the membranes were incubated with secondary 

antibodies for 1 hour at room temperature. Finally, protein signals were detected by Pierce™ 

ECL Western Blotting Substrate (Thermo Fisher Scientific) and visualized after exposure to 

the Hyperfilm™ ECL™ (GE Healthcare). The relative optical density ratio was calculated 

with the Image J software (RRID:SCR_003070) by comparison to H3. Original Western blot 

gel images and Image J data are provided in Supp. Data 2 and Supp. Data 3.

Spheroid T cell infiltration assay

CD19 (truncated) expressing FaDu cells (7×103) were resuspended in 1 mL of liquefied 

Matrigel on ice. Aliquots of 30 μL of resuspended cells in Matrigel were plated as droplets 

in the center of wells of a 24-well plate. Plates were incubated at 37 deg C in 5% CO2 

for 15 minutes to solidify Matrigel domes. Domes were overlaid with 1 mL of EN medium 

and incubated at 37 deg C in a 5% CO2 humidified incubator. EN medium consisted of 

DMEM/F12 medium containing 10 mM Nicotinomide, 1 mM N-acethylcysteine, 1X B-27™ 

Supplement, 1X Antibiotic-Antimycoti, 50 ng/mL EGF, and 100 ng/mL Noggin. Culture 

medium was changed twice a week. After 2 weeks, 2×105 CD19 CAR T cells were added 

to each well. For the KDM2A inhibitor treated group, 1.5 μM daminozide was added to 

the medium the day before adding the T cells. After 3 days of co-culture, the spheroid 

Matrigel domes were harvested and analyzed by microscopy. Domes were fixed with 4% 

paraformaldehyde for 30 minutes at room temperature. The domes were washed with PBS 

three times, and the organoids were then incubated in 0.5% Triton X-100 + 5% BSA in 

PBS for 2 hours at room temperature. The permeabilized spheroids were then incubated 

with antibodies at 4 deg C overnight, washed, and then incubated with DAPI for 20 mins. 

Chen et al. Page 5

Cancer Res. Author manuscript; available in PMC 2024 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The stained samples were mounted on glass slides and analyzed by LSM700 confocal 

microscopy (Zeiss). Cell counts are available in Supp. Data 4.

Enzyme-linked immunosorbent assay

CXCL9 and CXCL10 protein levels in the conditioned culture medium were measured 

by enzyme-linked immunosorbent assay (ELISA), using the Human CXCL9 (MIG) Mini 

ABTS ELISA Development Kit (Peprotech) and the Human CXCL10 (IP-10) ELISA 

MAX™(BioLegend), following the manufacturer’s instructions. Briefly, plates were pre-

coated with anti-CXCL9 or anti-CXCL10 antibody. Standards and cell culture supernatants 

were diluted in sample diluent buffer and incubated for 2 hours at room temperature. 

Detection antibodies were diluted in antibody diluent buffer and incubated for 2 hours at 

room temperature. After washing steps, HRP-conjugate was diluted and incubated for 30 

minutes at room temperature. After washing steps, ABTS liquid substrate was added to each 

well, and absorbance was measured at a wavelength of 405 nm with correction wavelength 

of 650 nm using a microplate (ELISA) reader (SpectraMax M3, Molecular Devices). An 

eight-point standard curve was used to calculate the concentration (pg/mL) of CXCL9 and 

CXCL10 in the samples.

TCGA and cBioPortal

The cBioPortal (https://www.cbioportal.org) (RRID:SCR_014555) was used to analyze the 

HPV-negative Head and Neck Squamous Cell Carcinoma (TCGA, PanCancer Atlas) dataset 

(21,22).

CXCL9 and CXCL10 in human HNSCC datasets

RNAseq data from a neoadjuvant pembrolizumab HNSCC cohort (23) was examined 

for CXCL9 and CXCL10 transcripts. The scRNA-Seq dataset, which was generated 

using Smart-Seq2 technology as part of a study reported by (24), was accessed from 

Gene Expression Omnibus (RRID:SCR_005012) (Accession number: GSE103322) as a 

preprocessed series matrix file. The dataset was subsequently analyzed using Seurat (25): 

The series matrix was loaded into a Seurat object and was filtered to exclude poor 

quality or dying cells by removing cells with a mitochondrial genome fraction of 0.4 or 

greater as well as those with a unique feature count of fewer than 200 genes. Potential 

doublets were excluded by removing cells with a unique feature count of greater than 

4000. Integration was then performed by splitting the dataset into separate Seurat objects, 

with each object containing all the cells that derived from one sample. Gene expression 

counts for each cell were normalized using regularized negative binomial regression, and 

variable genes (N=2000) were found for each sample using the ‘vst’ method. Samples 

were then integrated into a single gene expression object by finding integration anchors 

using the ‘FindIntegrationAnchors’ and ‘IntegrateData’ commands. The combined genes 

were then scaled and centered using linear models. This integration approach resulted in 

clustering of cells by cell type and cell cycle stage rather than by sample. Cell type labels 

that were previously assigned by Puram et al. were accessed from the GEO meta-data. 

Expression of CXCL9 and CXCL10 was analyzed within samples that had been profiled 

using whole exome sequencing, such that the NSD1 mutation status was known. NSD1 

somatic mutation calls were accessed from the Puram et al report. For each gene (CXCL9 
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and CXCL10), Fisher’s extract test was used to test for differences the number of malignant 

cells that expressed the gene (i.e., had a normalized count value greater than zero) between 

NSD1 mutated and NSD1 wild type HNSCC samples. For primary and metastatic tumors 

independently, comparisons were made between malignant cells of the NSD1 HNSCC 

versus malignant cells of each NSD1 wild-type HNSCC separately.

ChIP-seq analysis

The H3K36me2 and H3K27me3 ChIP-seq data were downloaded from GSE149670 (26). 

ChIP-seq clean reads were aligned to the human genome (GRCh38) using Bowtie2 

(RRID:SCR_016368) (27). Then, aligned reads were filtered to remove PCR duplicates 

and reads from chromosomes 1–21, X and Y are retained. ChIP-seq signal profiles were 

converted to BigWig tracks using deeptools (28), then visualized by Integrated Genome 

Viewer (IGV).

Statistical analysis

Data were expressed as mean ± standard error of mean (SEM) and analyzed by t-test 

or one way ANOVA. Statistical analysis was performed with GraphPad Prism software 

(RRID:SCR_002798). Values of p<0.05 were considered to be statistically significant.

Data availability

Data generated in this study are available within the article and its supplementary data 

files and are available upon request from the corresponding author. Publicly available 

data generated by others and analyzed in this study were obtained from the database of 

Genotypes and Phenotypes (dbGaP) at phs001623.v2.p1 and the Gene Expression Omnibus 

(GEO) at GSE103322; GSE149670; and GSE131967.

RESULTS

Inactivation of NSD1 results in downregulated expression of CXCL9 and CXCL10 in 
HNSCC

Analysis of data from a multicenter, phase II, window-of-opportunity trial (NCT02296684) 

(23), in which neoadjuvant pembrolizumab was administered to patients with locally 

advanced, HPV-unrelated HNSCC two to three weeks prior to definitive surgical resection, 

revealed a significant correlation between pathologic tissue response and expression of the 

key T cell-recruiting chemokines CXCL9 and CXCL10 (Fig. 1A, Supp. Fig. 1). None of 

the tumors with low CXCL9 or CXCL10 expression exhibited response to pembrolizumab. 

Two of the patients in the study had tumors with inactivating mutations in NSD1. Both 

were non-responders and were among those with the lowest expression of CXCL9 and 

CXCL10. Interestingly, histologic examination of the NSD1-mutant tumors demonstrated 

a microenvironment that was devoid of T cells at baseline (Fig. 1B). Notably, the T cells 

appeared to be excluded from the tumor microenvironment and confined to the stromal 

compartment between the tumor cell nests.

To investigate further the relationship between NSD1 mutations and CXCL9/CXCL10 

expression, we examined previously reported human HNSCC datasets. In The Cancer 
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Genome Atlas (TCGA), HNSCC tumors with NSD1 mutations had significantly lower 

expression of CXCL9/CXCL10 (Fig. 1C). In fact, of all T cell related chemokines/cytokines 

(29) that had differences in expression, CXCL9 and CXCL10 had the most significantly 

altered expression levels in an NSD1 mutant background (Supp. Fig. 2) and are well known 

to have an important role in the recruitment of T cells into the tumor microenvironment. 

Similarly, analysis of CXCL9 and CXCL10 expression in a previously published HNSCC 

single cell RNA-sequencing (scRNA-seq) dataset (24) also revealed essentially absent 

expression of these chemokines in the context of NSD1 mutations (Fig. 1D). This dataset 

included scRNA-seq profiles for a primary and a metastatic (lymph node metastasis) 

tumor of an HPV-negative patient that had a somatic point mutation (nonsense) in NSD1 

(detected by whole exome sequencing), as well as primary (N=4) and metastatic (N=3) 

tumors of NSD1 wild-type HNSCCs (i.e., tumors in which NSD1 mutations were not 

detected). This revealed that CXCL9 and CXCL10 were expressed (i.e., detected) within 

a subset of malignant cells of each primary or metastatic NSD1 wild-type HNSCC, but 

were undetected or detected in only one malignant cell of the NSD1 mutated primary 

and metastatic HNSCCs. Indeed, for both primary and metastatic HNSCCs, the frequency 

of cells with detectable CXCL9 or CXCL10 expression was significantly lower within 

malignant cells of the NSD1 mutated tumor compared with malignant cells of each NSD1 

wild-type counterpart. Finally, because NSD1-mediated catalysis of H3K36 di-methylation 

directly antagonizes H3K27 tri-methylation by PRC2 (14–17), we hypothesized that NSD1 

inactivation would correlate with enrichment of H3K27me3 on CXCL9 and CXCL10 loci, 

a known repressive mark for these genes (18), and indeed, analysis of published ChIP-seq 

data from HNSCC cell lines (26) revealed an increase in H3K27me3 and a reduction in 

H3K36me2 on CXCL9 and CXCL10 loci when NSD1 was knocked out (Supp. Fig. 3). 

Further, of known H3K27me3-regulated genes (30), CXCL9 and CXCL10 were among 

those with the most significantly altered expression in the NSD1 mutant subset of HNSCC 

tumors in the TCGA (Supp. Fig. 4). Together, these data indicate a downstream role of 

NSD1 inactivation on CXCL9 and CXCL10 expression and point to disruption of the 

NSD1-CXCL9/CXCL10 relationship being associated with resistance to immune checkpoint 

blockade.

The effect of NSD1 inactivation on CXCL9 and CXCL10 expression can be reversed by 
inactivation of KDM2A

We next investigated the effects of NSD1 inactivation on H3K36 and H3K27 methylation 

and chemokine expression. Lentiviral transduction of NSD1 shRNA in human and mouse 

HNSCC cells resulted in a decrease in H3K36me2 and an increase in H3K27me3, as well as 

a concomitant decrease in CXCL9 and CXCL10 expression (Fig. 2A-F), in line with what 

we observed in the human HNSCC datasets (Fig. 1).

The JHDM1/KDM2 and JHDM3/JMJD2/KDM4 family comprise the two lysine 

demethylase families with activity on methylated H3K36. Notably, the JHDM1/KDM2 

family, which consists of two human members, KDM2A and KDM2B, is selective for 

lower methylation states of H3K36 (31). In HNSCC tumors, KDM2A is the most highly 

expressed H3K36-active lysine demethylase gene (Supp. Fig. 5A-B). We independently 

observed the relatively high expression of KDM2A in our cell lines (Supp. Fig. 5C-D) 
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and thus, hypothesized that in the context of NSD1 inactivation, the targeted inhibition of 

KDM2A expression might be able to restore methylation of H3K36 (via other secondary 

methyl transferases other than NSD1). Because tri-methylation of H3K27 by PRC2 is 

directly antagonized by H3K36 tri-methylation (14–17), we also hypothesized that inhibition 

of KDM2A would indirectly lead to decreased levels of H3K27me3 (Fig. 2G).

As previously observed, inhibited expression of NSD1 resulted in decreased H3K36me2 

levels and increased H3K27me3 levels (Fig. 2I-J). Strikingly, the concurrent knockdown 

of KDM2A in the NSD1 knockdown cells was sufficient to restore (and even exceed) 

H3K36me2 levels compared to the parental controls. Similarly, the levels of H3K27me3 

levels were reduced closer to baseline control levels with the concomitant KDM2A 

knockdown. Thus, KDM2A targeting was sufficient to reverse the histone methylation 

effects of NSD1 inhibition in these cells.

These effects on H3K36 and H3K27 methylation states by KDM2A inhibition also had 

significant impact on the expression of CXCL9 and CXCL10. KDM2A knockdown resulted 

in the increased expression of CXCL9 and CXCL10 that was equal to or greater than the 

expression seen in the parental cells (Fig. 2K-L) – indicating that the indirect effects of 

targeting KDM2A on the methylation state of H3K27 has physiologic relevance.

Inhibition of KDM2A enhances T cell infiltration into the tumor microenvironment of 
HNSCC

As mentioned, NSD1 inactivating mutations in HNSCC have a strong correlation with 

an immune cell-deficient tumor microenvironment (10). Given our observations of NSD1 

inactivation on CXCL9 and CXCL10 expression (Fig. 1–2), we investigated the role of these 

chemokines on T cell recruitment in the context of altered NSD1 and KDM2A activity. To 

do this, we utilized in vitro cultured 3-dimensional tumor spheroids grown from HNSCC 

cell lines that could be manipulated to express chemokines and/or shRNA (Fig. 3A-B). 

Co-culture of these spheroids with human donor-derived T cells enabled the assessment 

of T cell infiltration into the tumor microenvironment. Because these were not tumor 

antigen-specific T cells, we transduced the T cells to express a CD19-specific chimeric 

antigen receptor (CD19-CAR) (19) and the tumor cells to express a truncated surface CD19 

molecule that lacked the intracellular portion (32). In this manner, the CD19-CAR provided 

T cell specificity for the tumor cells, and we were able to use this system to assess how 

tumor cell-intrinsic mechanisms influence T cell infiltration.

The CD19-expressing tumor cells were transduced to express shRNA targeting either NSD1 

or KDM2A and/or transduced to express either CXCL9 or CXCL10 prior to forming 

tumor spheroids. The expression of the chemokines was confirmed by qRT-PCR (Fig. 3B) 

and ELISA (Supp. Fig. 6). The spheroids grew in a similar fashion compared to each 

other and compared to control transduced cells; however, the spheroids expressing the 

shRNA targeting NSD1 had a distinctly sharper border and had fewer T cells aggregating 

near them when in co-culture (Fig. 3C). To assess the ability of the T cells to infiltrate 

the microenvironment of the spheroids, we analyzed co-cultured spheroids by confocal 

immunofluorescence microscopy using labeled anti-CD3 antibody (Fig. 3D). The number 

of T cells in each spheroid was quantified relative to the number of total cells (Fig. 3E). 
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We observed significantly fewer infiltrating T cells in the NSD1 knockdown spheroids 

compared to control spheroids. Notably, forced expression of CXCL9 or CXCL10 by the 

tumor cells was sufficient to restore the number of infiltrating T cells in the context of NSD1 

knockdown. This forced expression of CXCL9 and CXCL10 was supraphysiologic, and 

thus, other mechanisms may be involved in T cell exclusion in NSD1-mutant tumors besides 

the suppressed expression of CXCL9/10. Nevertheless, inhibition of KDM2A expression 

restored T cell infiltration in the NSD1 knockdown tumor spheroids (Fig. 3D-E), consistent 

with the ability of KDM2A inhibition to rescue CXCL9 and CXCL10 expression in NSD1 

knockdown tumor cells (Fig. 2K-L). An orthogonal approach of using a KDM2A small 

molecule inhibitor (daminozide) also increased the number of infiltrating T cells into 

tumor spheroids, similar to what was observed with the shRNA inhibition of KDM2A 

expression (Fig. 3F-G). Thus, targeting KDM2A in NSD1-inactivated tumors can rescue T 

cell infiltration into the microenvironment.

KDM2A inhibition restores T cell infiltration into immune cell-depleted NSD1-inactivated 
tumors in vivo

As mentioned, inhibition of NSD1 and/or KDM2A expression did not have any apparent 

effect on tumor spheroid growth in vitro (Fig. 3C). We also confirmed that expression of 

shRNA targeting NSD1 and KDM2A did not affect tumor cell proliferation kinetics in vitro 
(Supp. Fig. 7). Similarly, inhibition of NSD1 and KDM2A in a C57BL/6 murine oral cancer 

model (MOC1) did not have any effect on tumor growth kinetics in vivo when assessed in 

syngeneic C57BL/6 Rag1-deficient (Rag1 KO) mice, which lack T and B cells (Fig. 4A; 

Supp. Fig. 8). However, interestingly, when assessed in immunocompetent wild-type (WT) 

C57BL/6 mice, NSD1 inhibition or inactivation in MOC1 cells resulted in significantly 

greater tumor volumes and fewer infiltrating T cells compared to control MOC1 cells (Fig. 

4B-C; Supp Fig. 8). The concomitant inhibition of KDM2A expression in the MOC1-NSD1 

shRNA cells inhibited the tumor volumes back to levels of the control MOC1 cells in WT 

mice but not in Rag1 KO mice (Fig. 4D-E; Supp Fig. 8), indicating that tumor inhibition 

was immune mediated. Consistent with our tumor spheroid data (Fig. 3D-G), we found that 

there were very few CD45+ CD3+ T cells in the MOC1 tumors expressing shRNA targeting 

NSD1 in WT mice, as assessed by flow cytometry of suspended cells from dissociated 

tumors and by immunofluorescence of tissue section (Fig. 4C and 4F). Further, there was 

little to no expression of CXCL9 and CXCL10 seen in these tumors (Fig. 4F). However, 

the concomitant expression of shRNA targeting KDM2A was sufficient to restore both 

the chemokine expression and CD3+ T cell infiltration into the tumor microenvironment 

of NSD1 knockdown MOC1 cells grown in WT mice (Fig. 4F, Supp. Fig. 9). Thus, the 

inhibition of KDM2A provides a powerful strategy for improving T cell infiltration into 

HNSCC tumors devoid of immune cells and offers a potential immunotherapeutic approach 

to enhance responses to immune checkpoint blockade.

DISCUSSION

Successful anti-tumor immune responses following PD-1/PD-L1 checkpoint blockade 

require recruitment and clonal proliferation of tumor-specific T cells present in the 

tumor microenvironment (TME). Tumor expression of the interferon (IFN) γ-inducible 
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chemokines CXCL9 (also known as monokine induced by gamma interferon, or MIG) and 

CXCL10 (also known as interferon γ-induced protein 10, or IP-10) is correlated with the 

presence of tumor infiltrating CD8+ T cells and the activation of Th1 type immunity within 

the TME (33). As such, these chemokines are considered critical for robust responses to 

immune checkpoint inhibitors (e.g. anti-PD-1 and anti-CTLA-4 antibodies) and have been 

associated with improved patient outcomes (34).

A subset of HNSCC with mutations in NSD1 has an immune-cold TME, and we previously 

demonstrated that inactivation of this H3K36-specific histone methyltransferase can induce 

a TME phenotype that is resistant to T cell infiltration (10). Here, we report that the 

expression of CXCL9 and CXCL10 is repressed in the context of NSD1 inactivation 

and that targeting of KDM2A, a lysine demethylase specific for H3K36me2, leads to 

restored expression of these chemokines and subsequent recruitment of immune cells into 

the TME. The repression of CXCL9 and CXCL10 is likely due to the increased levels of 

H3K27me3 observed when NSD1 is inactivated. These data are consistent with previous 

reports that tri-methylation of H3K27 by PRC2 is directly antagonized by H3K36me2 and 

-me3 (14–17). In the setting of NSD1 inactivation, it is not clear which methyl transferase 

is responsible for di-methylation of H3K36 following KDM2A inhibition; however, NSD2 

has been noted to physiologically oppose KDM2A on H3K36me2 levels (35), and SMYD2, 

another histone methyltransferase with specificity for catalyzing H3K36 di-methylation (36), 

has been shown to be overexpressed in HNSCC (37) and thus, may be active in this context.

The ability to inhibit H3K27 tri-methylation indirectly by targeting KDM2A has potential 

implications for cancer therapeutic approaches. EZH2 overexpression and H3K27me3 

dysregulation are observed in many cancers, and EZH2’s catalytic (methyltransferase) and 

noncatalytic roles have been shown to contribute to tumor development and progression 

(38,39). In HNSCC, H3K27 tri-methylation resulting from EZH2 overexpression is 

negatively correlated with MHC I expression on the tumor cells and response to PD-1 

checkpoint blockade (40). This and other preclinical immune studies have led to the 

proposal of combining EZH2 inhibition with immunotherapy (39,41). Over the years, 

significant effort has been directed toward the development of approaches to target EZH2, 

and several small molecule inhibitors of EZH2 are now in early clinical trials(39) However, 

EZH2 is also critical for CD8+ effector T cell survival and antitumor activity (42) and is 

important for Th1 and Th2 differentiation from naïve CD4 T cells (43,44). Thus, some 

concern has been raised regarding the possibility that T cell dysfunction may be observed 

with global EZH2 inhibition, and thus, there is rationale to explore alternative ways to 

reverse the repressive effects of H3K27me3 on key promoter regions. In the NSD1-inhibited 

MOC1 mouse model, we observed that EZH2 inhibition does reduce tumor growth in WT 

mice but not to the extent that KDM2A inhibition appeared to achieve (Supp. Fig. 10). 

Although it was difficult to observed synergistic effects of dual inhibition of EZH2 and 

KDM2A, with or without PD-1 checkpoint blockade (Supp. Fig. 10), there is evidence 

that NSD1 inactivation results in resistance to EZH2 inhibition and that KDM2A inhibition 

can overcome this resistance (45). Thus, these strategies need to be studied further in 

the context of immune response. Here, our study demonstrates that inhibition of KDM2A 

induces the increased methylation of H3K36 and decreased methylation of H3K27, resulting 

in both the increased expression of CXCL9/CXCL10 and the increased infiltration of T 
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cells into the TME. Because our chemokine overexpression rescue experiments resulted in 

supraphysiologic levels of CXCL9/CXCL10 expression (Fig. 3B), it is possible that the 

influence of NSD1 inactivation on T cell exclusion from the TME is the result of other 

mechanisms in addition to the repression of CXCL9 and CXCL10 expression. Nevertheless, 

the co-inactivation of KDM2A was able to reverse these effects of NSD1 inactivation on T 

cell infiltration, and thus, these data introduce KDM2A as a novel target for immunotherapy.

Since response rates to immune checkpoint blockade correlate with the extent of immune 

cell infiltration in the TME, KDM2A inhibition may enhance clinical response to anti-PD-1 

therapy and warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

The altered epigenetic landscape of NSD1-deficient tumors confers sensitivity to 

inhibition of the histone modifying enzyme KDM2A as an immunotherapeutic strategy to 

stimulate T cell infiltration and suppress tumor growth.

Chen et al. Page 16

Cancer Res. Author manuscript; available in PMC 2024 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: NSD1 inactivation downregulates the expression of CXCL9 and CXCL10 in HNSCC.
RNA expression and genomic sequencing data from a multicenter, phase II, window-of-

opportunity trial (NCT02296684) (23) was examined for CXCL9 and CXCL10 expression 

and NSD1 mutations. In this trial, neoadjuvant pembrolizumab was administered to 

patients with locally advanced, resectable, HPV-unrelated HNSCC two to three weeks 

prior to definitive surgical resection. (A) Comparison of CXCL9 and CXCL10 baseline 

expression to pathologic tumor response (pTR), as defined in (23), to the anti-PD-1 antibody 

pembrolizumab. 〇 represent responders. ▲ represent non-responders with wild-type NSD1. 

▲ represent non-responders with mutated NSD1. (B) Tumor histology from the two patients 

in the trial that had tumors with NSD1 mutations. Histology of NSD wild-type tumors is 
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also shown. Red = CD3 staining of T cells. Yellow = pancytokeratin staining of the tumor 

cells. Blue = DAPI. White scale bars represent ~100 μm. (C) Comparison of the CXCL9 and 

CXCL10 expression in NSD1 wild-type and mutated HPV-negative HNSCC tumors in the 

Cancer Genome Atlas. ****p<0.0001. (D) Expression of CXCL9 and CXCL10 in malignant 

cells of NSD1 wild-type and mutated primary and metastatic HNSCCs. Box plots show 

expression (Normalized counts) of CXCL9 and CXCL10 in malignant single cells (points) 

of HNSCC samples, including primary and metastatic (lymph node metastasis) tumors. 

Black and red boxes and points represent NSD1 wild-type and NSD1 mutated HNSCCs, 

respectively. Single cell RNA-Sequencing data was accessed from a previous study by 

Puram et al. (24).
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Figure 2: KDM2A inhibition restores CXCL9 and CXCL10 expression in the absence of NSD1.
Quantitative RT-PCR (qRT-PCR) analysis of NSD1 expression after inhibition of NSD1 

expression by shRNA transduction in human (FaDu) (A) and mouse (MOC1) (B) HNSCC 

cell lines. Representative Western blots of H3K36me2 and H3K27me3 levels in FaDu 

(C) and MOC1 (D) cells after inhibition of NSD1 expression by shRNA transduction. 

Quantification of mRNA expression by qRT-PCR of CXCL9 and CXCL10 in FaDu (E) 
and MOC1 (F) cells transduced to express NSD1 shRNA. Data shown are representative 

of experiments repeated at least three times. Error bars represent standard error of the 
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mean (SEM), ** p <0.01, *** p ≤0.001. (G) Reciprocal relationship of H3K36me2 and 

H3K27me3. NSD1 catalyzes the di-methylation of H3K36 (H3K36me2). KDM2A is a 

lysine demethylase with specificity for H3K36me2. Tri-methylation of H3K27 (H3K27me3) 

is directly antagonized by H3K36me2 (and H3K36me3). (H) KDM2A mRNA expression 

(assessed by qRT-PCR and normalized to HPRT1) in FaDu and MOC1 cell lines, transduced 

to express shRNA targeting NSD1 with and without shRNA targeting KDM2A. H3K36me2 

and H3K27me3 levels were assessed by Western blot analysis of FaDu (I) and MOC1 

(J) cells, transduced to express shRNA targeting NSD1 with and without shRNA targeting 

KDM2A. All experiments were repeated at least three times. Error bars represent standard 

error of the mean (SEM), *p<0.05, ** p <0.01, *** p ≤0.001. CXCL9 and CXCL10 mRNA 

expression levels were assessed by qRT-PCR and normalized to expression of HPRT1 in 

FaDu (K) and MOC1 (L) cell lines, transduced to express shRNA targeting NSD1 with and 

without shRNA targeting KDM2A. Data shown are representative of experiments repeated at 

least three times. Error bars represent standard error of the mean (SEM), * p <0.05, *** p 
≤0.001.
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Figure 3. KDM2A inhibition reverses the immune cold phenotype induced by NSD1 inactivation 
and induces T cell infiltration into the tumor microenvironment.
(A) Overview and illustration of experiment workflow. Tumor spheroids were established 

from HNSCC tumor cells transfected to express truncated CD19 on the cell surface and 

grown in submerged Matrigel. The spheroids were co-cultured with CD19-CAR-T cells for 

three days and then isolated for analysis by confocal microscopy. (B) Assessment by qRT-

PCR of CXCL9 and CXCL10 expression after CXCL9 or CXCL10 overexpression (OE) 

in FaDu cells transduced to express shRNA targeting NSD1 (NSD1-sh). (C) Representative 

Chen et al. Page 21

Cancer Res. Author manuscript; available in PMC 2024 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



images of tumor spheroids after co-cultured with CD19-CAR-T cells for 3 days. Ctrl = 

vector control; NSD1-sh = shRNA targeting NSD1; CXCL9-OE = overexpression construct 

for CXCL9; CXCL10-OE = overexpression construct for CXCL10; KDM2A-sh = shRNA 

targeting KDM2A. Scale bar=50um. (D) Representative images of tumor spheroids stained 

with anti-CD3 antibody (red) and DAPI (blue). Scale bar=50 um. (E) Quantification of 

CD3+ cells per 100 cells in the spheroids. (F) Representative images of FaDu tumor 

spheroids expressing control or NSD1 targeted shRNA with or without the KDM2A 

inhibitor (daminozide) treatment. The spheroids were stained with anti-CD3 antibody (red) 

and DAPI (blue). Scale bar=50 um. (G) Quantification of CD3+ cells per 100 cells in the 

spheroids. Data shown are representative of experiments repeated at least three times. Error 

bars represent standard error of the mean (SEM). * p <0.05, ** p <0.01, *** p ≤0.001.
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Figure 4. KDM2A inhibition induces T cell infiltration of the tumor microenvironment in vivo.
Growth curves of MOC1 control (vector control) and NSD1 knockdown (NSD1-sh) tumors 

in syngeneic Rag1–/– (Rag1 KO) mice (n=6 for each group) (A) and wild-type mice (n=8 per 

group) (B). (C) Tumor infiltrating T cells (CD45+CD3+) were quantified by flow cytometry 

of dissociated tumors. Growth curves of MOC1 control, NSD1 knockdown (NSD1-sh) and 

NSD1 and KDM2A double-knockdown (NSD1-sh & KDM2A-sh) cells in Rag1 KO mice 

(n=6 for each group) (D) and wild-type mice (n=5 for each group) (E). (F) Representative 

immunofluorescence images of CD3, CXCL9, and CXCL10 expression (red) in tumors 
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formed from MOC1 cells transduced with vector control (Ctrl), NSD1 shRNA (NSD1-sh), 

or both NSD1 shRNA and KDM2A shRNA (NSD1-sh&KDM2A-sh). Scale bar=50 um. 

Blue stain=DAPI. Error bars represent standard error of the mean (SEM). *** p ≤0.001. ns = 

not significant.
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