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WHSC1 monomethylates histone H1
and induces stem-cell like features in
squamous cell carcinoma of the head

and neck

Abstract

Squamous cell carcinoma of the head and neck (SCCHN) is a malignancy with poor outcomes, thus novel therapies are urgently
needed. We recently showed that WHSC1 is necessary for the viability of SCCHN cells through H3K36 di-methylation. Here, we
report the identification of its novel substrate, histone H1, and that WHSC1-mediated H1.4K85 mono-methylation may enhance
stemness features in SCCHN cells. To identify proteins interacting with WHSC1 in SCCHN cells, WHSC1 immunoprecipitation
and mass spectrometry identified H1 as a WHSCl-interacting candidate. In vitro methyltransferase assays showed thac WHSC1
mono-methylates H1 at K85. We generated an H1K85 mono-methylation-specific antibody and confirmed that this methylation
occurs in vivo. Sphere formation assays using SCC-35 cells stably expressing either wild-type (FLAG-H1.4-WT) or mutated (FLAG-
H1.4K85A) vector with lysine 85 to alanine substitution which is not methylated, indicated a higher number of spheres in SCC-35
cells expressing the wild type than those with the mutant vector. SCC-35 cells expressing the wild type H1.4 proliferated faster than
those expressing the mutated vector. RNA sequencing, RT-PCR and Western blotting of the FLAG-H1.4-WT or FLAG-H1.4K85A
SCC-35 cells revealed that OCT4 levels were higher in wild type compared to mutant cells. These results were reproduced in SCC-
35 cells genetically modified with CRISPR to express H1.4K85R. Chromatin immunoprecipitation showed that FLAG-H1.4K85A
had decreased occupancy in the OCT4 gene compared to FLAG-H1.4-WT. This study supports that WHSC1 mono-methylates
H1.4 at K85, it induces transcriptional activation of OCT4 and stemness features in SCCHN cells, providing rationale to target
H1.4K85 mono-methylation through WHSCI1 in SCCHN.
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Introduction

Histones are positively charged nuclear proteins that package DNA
into chromatin. They are categorized mainly as the core histones H2A,
H2B, H3 and H4, which comprise the octameric nucleosome core parti-
cles, and the lysine-rich linker H1 histones. H1 binds to the nucleosome
and the linker DNA region at the entry/exit of the nucleosomes, forming
the next structural unit of chromatin, the chromatosome. Linker H1
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histones are a heterogencous family of proteins with tissue-specific expres-
sion patterns, and they are characterized by a similar tripartite structure
made of a short N-terminal domain, a central globular domain and a
longer C-terminal domain. The N-terminal and the globular domains
are conserved among the H1 family members, whereas the C-terminal
domains show significant differences. The globular and C-terminal
domains of H1 are the main determinants for H1 binding to DNA, which
is mainly mediated by positively charged arginine and lysine residues with
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the phosphate groups of the DNA backbone [1]. There are eleven differ-
ent variants of human H1, each one encoded by a different gene. Five of
these variants are replication-independent and are encoded by genes scat-
tered throughout the genome. Six of the genes are replication-dependent,
including H1.1 (HIST1HIA), H1.2 (HISTIHIC), H1.3 (HISTIHID),
H1.4 (HISTIHIE) and H1.5 (HISTIHIB). H1.1-H1.5 are expressed
in most of somatic cells and their respective genes reside within the histone
gene cluster 1 on chromosome 6p region. H1.4 is the predominant his-
tone variant expressed in most cell types. Despite their similarities in their
amino-acid sequence, H1 variants are thought to possess different func-
tions and affinities to different chromatin regions, and this is supported
by the different phenotypes and gene expression patterns that are seen
in H1-variant knockdown cellular models [2].

In normal cells, linker histones influence nucleosome positioning and
spacing, the degree of chromatin compaction, the structural integrity of
chromosomes during mitosis, and the stability and maintenance of higher
order chromatin structure ([3,4,5]). More specifically, binding of H1 to
linker DNA is known to lead to a more compacted chromatin, thus
decreasing the accessibility of regulatory proteins, chromatin remodeling
factors and histone modifiers to DNA. H1 has also been reported to reg-
ulate transcription either by repression or activation of specific genes [2].
During the S-phase, H1 phosphorylation, which mimics H1 depletion
and resultant decondensation, has also been reported to halt progression
to mitosis [6]. Additionally, linker histones play a vital role in embryonic
development and cellular differentiation [7]. This is supported by Zhang
et al. [8], who showed that depletion of histone H1 impaired embryonic
stem cell differentiation and that H1 might mediate pluripotent stem cell
differentiation through epigenetic silencing of pluripotency genes. Fur-
thermore, [9] reported that citrullination of histone H1, which leads to
looser association of H1 with DNA, is an essential component of pluripo-
tency. In addition, H1.2 has been shown to induce apoptosis mediated by
irradiation and its depletion leads to resistance to apoptosis [10]. In
another study, Garg et al. [11] suggested that the C-terminal region of lin-
ker histones is necessary and sufficient for a proapoptotic function of lin-
ker histones. Linker histones are subject to extensive posttranslational
modifications (PTMs), such as phosphorylation, acetylation, ADP-
ribosylation and methylation, however the respective histone modifiers
and the relevant biological functions are not well defined yet [12,13].

Other than their physiologic role, recent reports have also suggested
association of linker histones with various cancer processes. Chadee et al.
[14] reported that phosphorylation of H1 activates the Ras signaling path-
way which is a known driver of oncogenesis. Embryonic stem cells from
Hlc, H1d and Hle (analogous to human H1.2, H1.3 and H1.4 respec-
tively) triple-knockout mice, characterized by loose chromatin, were also
found to be hyper-resistant to DNA-damaging agents due to hyperactive
DNA-damage response [15]. More recently, the Cancer Genome Atlas pro-
ject (TCGA) revealed multiple genomic aberrations in linker histones in
the majority of cancer types, with frequencies ranging from approximately
6% to 12% in pancreatic, cervical, head and neck and colorectal cancers
[16,17]. Li et al. [17] also reported recurrent mutations in linker histone
genes in follicular lymphoma, implicating linker histones in the epigenetic
deregulation of lymphoma. Still, the specific pathogenetic pathways involv-
ing linker histones with cancer are largely elusive.

Squamous cell carcinoma of the head and neck (SCCHN) is a signif-
icant public health concern affecting over 50,000 patients annually in the
United States [18]. Cisplatin-based chemoradiotherapy and cetuximab, an
antibody targeting the epidermal growth factor receptor (EGFR), are stan-
dard treatments, but many patients eventually develop resistance, thus the
development of new therapies is urgently needed. The TCGA recently
revealed a plethora of genetic and expression aberrations in multiple
histone modifiers in SCCHN. One of these histone modifiers is
Wolf-Hirschhorn syndrome candidate 1 (WHSCI1), a protein lysine

methyltransferase which is known to di- and tri-methylate lysine on posi-
tion 36 of histone H3 (H3K36). We recently showed that WHSCI is sig-
nificantly and frequently overexpressed in tumors of locoregionally
advanced SCCHN, its overexpression was associated with poor differenti-
ation and was necessary for the survival of SCCHN cells partially through
transcriptional upregulation of the cell cycle related gene NIMA-related
kinase 7 (NEK7) [19]. This effect was mediated through induction of
di-methylation of H3K36 at the gene body region of NEK7. In this
report, we show that WHSCI1 binds and directly monomethylates lysine
85 in the conserved globular DNA-binding region of linker histone H1,
and that this methylation is critical for stemness features in SCCHN cells.
In the context of ongoing efforts for the development of a WHSC1 inhi-
bitor, this report provides further mechanistic insight and biological ratio-
nale for the introduction of WHSCl-inhibitors in clinical trials for

patients with SCCHN.

Materials and methods

Cell culture and generation of SCC-35 stable cells expressing FLAG-
HI1.4-WT or FLAG-H1.4K85A

Squamous cell carcinoma cells SCC-35 were derived from a patient
with locoregionally advanced SCCHN of the pyriform sinus (T4NO,
HPV-negative, TP53 wild-type) and were kindly provided by Dr. Tanguy
Seiwert (University of Chicago). Parental SCC-35 cells were maintained in
DMEM/F12 medium with 10% fetal bovine serum, 1% penicillin/strep-
tomycin, and 2 nM L-glutamine. HELA cells were commercially obtained
and maintained in DMEM medium with 10% fetal bovine serum and 1%
penicillin/streptomycin. PE/CA-PJ15 cells (HPV-negative, tongue) were
maintained in IDMEM medium with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, and 2 nM L-glutamine. FaDu cells (HPV-negative,
hypopharynx) were maintained in RPMI medium with 10% fetal bovine
serum, 1% penicillin/streptomycin, and 2 nM L-glutamine. All cell lines
were maintained at 37 °C in humid air with 5% CO2 condition. To gen-
erate. SCC-35 cells stably expressing FLAG-H1.4-WT or FLAG-
H1.4K85A, SCC-35 cells were transfected with FuGENE HD (Roche
Applied Science, Madison, WI) according to manufacturer's protocols
with the FLAG-H1.4-WT versus FLAG-H1.4K85A versus FLAG-Mock
pcDNA3.1 vectors. After 48 h of transfection, cells were exposed to
G418 (1 pg/pL) and appropriate cell death was observed after 1 week of
G418 exposure. Bulk selection was then performed for each of the three
stable cell lines. Subsequently, stably transfected SCC-35 cells grew well
and were maintained in DMEM/F12 medium with 10% fetal bovine
serum, 1% penicillin/streptomycin and 1pg/pl G418. All experiments
involving SCC-35 stably transfected cells were performed using cells that
were passaged up to a maximum of 7 times.

Cell culture and generation of SCC-35-HI1.4K85R cells

The generation of SCC-35-H1.4K85R cells using CRISPR was
outsourced by Applied Stem Cell. The introduction of the H1.4K85R
mutation in SCC-35 cells was confirmed by Sanger sequencing.
SCC-35-H1.4K85R cells were maintained in DMEM/F12 medium with
10% 1% penicillin/streptomycin, and 2 nM
L-glutamine, as parental SCC-35 cells.

fetal bovine serum,

Expression vector construction

Vectors expressing N-terminal HA- and FLAG-tagged wild-type H1.4
and mutant H1.4K85A proteins were constructed by Genscript using a

pcDNA3.1(+) backbone. Cloning of the coding sequence of wild-type
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H1.4 was performed in the HindIII-BamHI cloning site of the pcDNA3.1
(+) backbone vector, followed by mutagenesis to obtain the H1.4K85A
expressing vector. Sanger sequencing was conducted to confirm the plas-
mid DNA sequence.

Sphere formation assay

5000 SCC-35 stably transfected cells were seeded in 24-well low-
attachment plates in serum-free medium supplemented by epidermal
growth factor (20 ng/ml), 1% penicillin/streptomycin and G418 (1 pg/
pL). Cells were followed for 7 days and spheres were counted in each well
for each condition. Number of spheres were counted in 3 separate wells
per condition under the microscope and the mean number of spheres
was calculated.

RNA isolation and RNA sequencing of SCC-35 cells stably expressing
FLAG-H1.4-WT or FLAG-H1.4K85A, parental SCC-35 and SCC-
35-H1.4K85R cells

RNA was isolated from SCC-35 cells stably expressing FLAG-H1.4-
WT or FLAG-H1.4K85A using the AllPrep DNA/RNA kit (Qiagen,
Venlo, Netherlands). RNA sequencing of samples with at least lug of
RNA was outsourced by Theragen Etex. 1 sample per condition was
sequenced. More specifically, RNA quality was assessed by analysis of
rRINA band integrity on an Agilent RNA 6000 Nano kit (Agilent Tech-
nologies, CA). For the cDNA library construction, 1 pig of total RNA
and magnetic beads with oligo (dT) were used to enrich poly (A) mRNA
from it. Then, the purified mRNAs were disrupted into short fragments
and double-stranded cDNAs were immediately synthesized. The cDNAs
were subjected to end-repair, poly (A) addition, and connected with
sequencing adapters using the TruSeq RNA sample prep Kit (Illumina,
CA). Suitable fragments that were automatically purified by BluePippin
2% agarose gel cassette (Sage Science, MA) were selected as templates
for PCR amplification. The final library sizes and quality were evaluated
electrophoretically with an Agilent High Sensitivity DNA kit (Agilent
Technologies, CA) and the fragments were found to be between 350—
450 bp. Subsequently, the library was sequenced using an Illumina
HiSeq2500 sequencer (Illumina, CA).

Similarly, RNA was isolated from parental SCC-35 and SCC-35-
H1.4K85R cells, and RNA libraries (stranded) were constructed in 3 bio-
logical replicates from each cell line following the above described proce-
dure and sequenced using Illumina NextSeq 500 with 2 x 76 bp. The
RNA-seq data from the parental SCC-35 and SCC-35-H1.4K85R cells
were analyzed following protocols as previously described [24]. In brief,
after quality assessment, paired-end sequence reads were aligned to human
reference transcriptome with GENCODE gene annotation (v29,
GRCh38 primary assembly) [25] by Kallisto in the strand-specific mode
(v0.45.0). Transcript-level expression was quantified and subsequently
summarized into gene level using tximport (v1.10.1), normalized by
trimmed mean of M values (TMM) method, and log2-transformed. Genes
expressed (defined as, counts per million of mapped reads (CPM) >3) in at
least three samples were kept for further analysis. Genes differentially
expressed between groups were identified using the limma voom algorithm
(v3.38.3) and filtered at FDR-corrected p < 0.10 and fold change >1.5 or
<—1.5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways significantly enriched in the genes of interest
were identified using clusterprofiler (v3.10.1) at FDR-corrected p < 0.10
(hypergeometric test). Gene Set Enrichment Analysis (GSEA) was per-
formed with Hallmark gene sets (H) from the Molecular Signature Data-
base (MSigDB) database (v6.2) using R package fGSEA (v1.8.0) at FDR-

corrected p < 0.10. The statistical significance of the enrichment score was

computed using the default software settings and 10,000 permutations.
BH-FDR method was used for multiple testing correction.

RT-PCr

RNA was isolated using the AllPrep DNA/RNA kit (Qiagen, Venlo,
Netherlands) from stably transfected, parental SCC-35 cells and SCC-
35-H1.4K85R cells. Specific primers for human GAPDH (housekeeping
gene) and OCT4 were designed (primer sequences in Supplementary
Table S1). PCR reactions were performed using ViiA 7 real-time PCR sys-
tem (Thermo Fisher Scientific, Waltham, MA) following the manufac-
ture's protocol.

siRNA transfection

MISSION_ siRNA oligonucleotide duplexes were purchased from
Sigma—Aldrich for targeting the human WHSCI1 transcripts. siNegative
control (siNC), which consists of three different oligonucleotide duplexes,
were used as control siRNAs (Cosmo Bio, Tokyo, Japan). The siRNA
sequences are described in Supplementary Table S2. SCC-35 SCCHN
cells were plated overnight in 10 cm dishes and were transfected with
siRNA duplexes (50 nM final concentration) using Lipofectamine RINAi-
max (Life Technologies) for 72 h. Cells were then collected and nuclear
extraction was performed (Active Motif), followed by Western blotting
as described below.

Cell growth assays

SCC-35 stably transfected cells (FLAG-H1.4-WT versus FLAG-
H1.4K85A) were plated in quadruples at a seeding density of
2000 cells/well in 24-well plates. The number of viable cells was measured
using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) on the indi-
cated time points.

Western blotting

Nuclear extracts were prepared using the Nuclear Extraction kit (Active
Motif) to examine protein levels of WHSC1, FLAG-tagged wild-type and
mutant H1.4 and histone H3. Samples were prepared from the cells lysed
with CelLytic M cell lysis reagent (Sigma-Aldrich) containing a complete
protease inhibitor cocktail (Roche Applied Science), and whole cell lysates
or immunoprecipitation (IP) products were transferred to nitrocellulose
membrane. Protein bands were detected by incubating with horseradish
peroxidase (HRP)-conjugated antibodies (GE Healthcare) and visualized
with enhanced chemiluminescence (GE Healthcare). We declare that
our blots were evenly exposed in each membrane and that the blots were
not cropped to the bands. Primary antibodies were used as described in the
**Antibodies" section.

Immunoprecipitation

UD-SCC-2 cells (T2N1, hypopharynx, HPV-positive, TP53 wild-
type) or transfected HELA cells were lysed with CelLytic M cell lysis
reagent (Sigma Aldrich) containing a complete protease and phosphatase
inhibitor cocktail (Roche Applied Science). In a typical IP reaction,
300-800 pg of whole-cell extract was incubated with an optimum concen-
tration of primary antibody. After the protein G beads had been washed
three times in 1 ml of TBS buffer (pH 7.6), proteins that bound to the
beads were eluted by boiling in Lane Marker Reducing Sample Buffer
(Thermo Scientific).
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Immunocytochemistry

SCC-35 cells stably expressing FLAG-H1.4-WT, FLAG-H1.4K85A or
control FLAG-pcDNA3.1(+) were seeded at 50,000 cells per well in 4-well
chambers with G418 at 1 pg/pL in 1 ml of DMEM/F12 medium supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomycin and
2 nM of L-glutamine. After 24 h, medium was removed and cells were
washed 2 times with 1 ml of PBS. Following suctioning of PBS, 1 ml of
4% paraformaldehyde was added to each well for 30 min at 4 °C to fix
the cells. Subsequently cells were washed with PBS three times for
5 min each time at room temperature. 0.1% Triton X-100 was added
for 3 min at room temperature to permeabilize the cells and samples were
washed with PBS three times for 5 min each time. Then cells were blocked
with 3% BSA for 1 h at room temperature and incubated with primary
anti-FLAG M2 mouse antibody (Sigma-Aldrich, F3165) in a 1 ml solu-
tion of 3% BSA at 4 °C overnight. Next day, cells were washed 4 times
with 1 ml of PBS and secondary antibody was added (anti-mouse Alexa
488, dilution: 1:1000) for 1 h at RT with gentle shaking. Following this,
cells were washed 4 times with PBS and mounting medium with DAPI
(VECTASHIELD®, Vector Laboratories) was added on each well. The
wells were finally covered with a glass slide. Confocal microscopy (Leica
2D-Photon microscope) was used for the observation of stained cells. Ima-
geJ software was used to analyze the images.

Antibodies

Primary antibodies used were anti-WHSCI1 (mouse, Abcam, #75359,
dilution used in WB: 1:5000), anti-FLAG (rabbit, F7425; Sigma-Aldrich;
dilution used in WB: 1:20,000), anti-FLAG (mouse, F3165; Sigma-
Aldrich; dilution used in immunocytochemistry: 1:2000), anti-HA (rab-
bit, H6908, Sigma-Aldrich; dilution used in WB: 1:2000), anti-H1.4
(rabbit, H7665, Sigma-Aldrich; dilution used in WB: 1:5000), anti-
H1.4K85mel (rabbit, customized antibody, Sigma-Aldrich, Japan, dilu-
tion used in WB: 1:1000), anti-OCT4 (rabbit, abcam 18976, dilution
used in WB: 1:1000), anti-ACTB (mouse, A5441, Sigma-Aldrich, dilu-
tion used in WB: 1:5000), anti-H3 (rabbit, ab1791, abcam, dilution used
in WB: 1:50,000), anti-H1.1 (rabbit, abcam 17584, dilution used in
WB: 1:1000), anti-H1.2 (rabbit, abcam 17677, dilution used in WB:
1:1000), anti-H1.3 (rabbit, abcam 24174, dilution used in WB:
1:1000), anti-H1.4 (rabbit, Sigma-Aldrich H7665, dilution used in
WB: 1:1000), anti-H1.5 (rabbit, abcam 24175, dilution used in WB:
1:1000).

In vitro methyltransferase assays

For the in vitro methyltransferase assay, recombinant H1 (1 pg/pL,
31.25 uM, EMD-Millipore, 32 kDa, #14-155) was incubated with recombi-
nant WHSCI enzyme (Active Motif, 0.5 pg/pL, 3.8 pM, 130 kDa) using
1 mCi S-adenosyl-L-[methyl-3H]-methionine (SAM; PerkinElmer) as the
methyl donor in a mixture of 30 UL of methylase activity buffer (50 mM
Tris-HCl at pH8.8, 10 mM dithiothreitol and 10 mM MgCl,) overnight
at 30 °C. Proteins were separated on a 5-20 % SDS-PAGE gel (Ready
Gel; Bio-Rad), then transferred on a PVDF membrane and visualized by
MemCode Reversible Stain (ThermoFisher Scientific) and fluorography.

Chromatin immunoprecipitation followed by RT-PCR

ChIP assays were performed using stably or transiently transfected
SCC-35 cells expressing FLAG-H1.4-WT versus FLAG-H1.4K85A.
Briefly, protein-DNA crosslinking was performed by adding HCHO
directly to the culture medium to a final concentration of 1%. Cells were
incubated for 10 min at RT and then 20x glycine was added for 5 min at

RT. Medium was then suctioned and cells were washed with cold PBS
containing protease inhibitors. Cells were scraped and centrifuged for
5 min at 1500 rpm. Pellets were then resuspended with 1% SDS CHIP
lysis buffer and incubated on ice for 1 h. Cells were sonicated using the
Diagenode for 15 cycles, 15 sec ON/15 sec OFF with medium energy.
Samples were centrifuged for 10 min at 14,000 rpm at 4 °C and the super-
natant was diluted 5-fold with CHIP dilution buffer containing protease
inhibitors. Approximately 800 pg of chromatin were used for the
CHIP-assay using the WHSCI1 antibody using stably transfected cells,
and approximately 140 pg for the CHIP-assay using the FLAG antibody
using transiently transfected cells. Samples were first pre-cleared with
Invitrogen Dynabeads M-280 (mouse #11201D, rabbit #11203D) and
then treated with 20 pg of anti-WHSC1 (Abcam, #753559) or 20 pg of
the anti-FLAG (Sigma Aldrich, #F3165) overnight at 4 °C with rotation.
Next day, 100 uL of mouse or rabbit Dynabeads were added and samples
were incubated at 4 °C for 2 h. Samples were placed in a magnetic rack
and the protein-DNA/primary antibody/bead complexes were washed
one time for 10 min and sequentially with 1 ml of low salt immune com-
plex wash buffer, high salt immune complex wash buffer, LiCi immune
complex wash buffer and then two times with TE buffer. After the last
wash, samples were placed on the magnetic rack, supernatant was removed
and reversal mix (5 M NaCl, 1 M Tris-HCI, 0.5 M EDTA, proteinase K,
SDS 10%) was added. Samples were incubated overnight at 65 °C, and
next day DNA was extracted with phenol—chloroform precipitation.
DNA fragments were quantified for OCT4 gene enrichment using RT-
PCR and OCT4 CHIP grade primers (Supplementary Table S2.

Micrococcal nuclease assay

Stably transfected SCC-35 cells were digested with 0.25 Units of
micrococcal nuclease according to the EZ nucleosomal DNA Prep Kit
(Zymo Research, Irvine, CA). Briefly, cell nuclei were isolated from
3.8 x 10° SCC-35 cells expressing either FLAG-H1.4-WT or FLAG-
H1.4K85A and treated with 0.25 Units of micrococcal nuclease for
5 min at room temperature. The reaction was stopped and nucleosomes
were purified and loaded in a 2% agarose gel.

Results

WHSCI interacts with the linker histone HI in SCCHN cells and
directly monomethylates it at lysine K85 both in vitro and in vivo.

To decipher additional mechanisms other than H3K36 di-methylation
through which WHSC1 promotes survival in SCCHN cells, we sought to
identify proteins that interact with WHSCI1. For this purpose, endogenous
immunoprecipitation of WHSC1 was performed using nuclear cell lysates
of UD-SCC-2 cells which overexpress WHSC1 (Fig. 1A), followed by pro-
tein electrophoresis and silver staining. Results revealed a number of bands
which were more intense in the WHSCI-immunoprecipitate compared to
the control IgG (Fig. 1B). We chose seven of these bands and analyzed them
by liquid chromatography/mass spectrometry (LC/MS) (Supplementary
Data, MS results). Analysis of the band corresponding to approximately
35kD revealed different linker histone H1 variants and we chose to further
investigate these as candidate interacting proteins of WHSCI1.

To assess whether WHSCI directly methylates H1, iz vizro methyl-
transferase assay of recombinant WHSC1 and H1 proteins was performed
and revealed methylation of histone H1 by WHSC1 (Fig. 1C). To con-
firm that WHSCI1 methylates H1 and to identify a specific methylated
amino-acid residue(s), samples of the above reaction were further analyzed
with LC/MS. Results showed that WHSCI mono-methylates the lysine
residue at position 85 in the globular domain of different linker histone
H1 variants (H1.1, H1.2, H1.4, H1.5) (Fig. 1D). The protein expression
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Fig. 1. WHSCI interacts with histone H1 in nuclear extracts of UD-SCC-2 cells and directly mono-methylates it at lysine K85 i vitro and in vivo. A.
Western blotting of endogenous immunoprecipitates for WHSCI1 from 700 pg of nuclear extract (Active Motif kit) using the anti-WHSC1 mouse
Abcam 75359 at 5 pig. Supernatants were denaturated with 5x sample buffer and heating of immunoprecipitate at 95 °C for 5 min. Normal mouse IgG
was used as control for IP. B. Silver staining of nuclear extracts from UD-SCC-2 cells. Band indicated with arrow was analyzed by liquid chromatography-
mass spectrometry. C. In vitro methyltransferase assay of recombinant WHSC1 with linker histone H1. Recombinant histone H1 (37 kD) was incubated
with WHSCI (130 kD) in the presence of *H-SAM. Bovine serum albumin (BSA, 66 kD) was used as a negative control and recombinant histone H3
(17 kD) as a positive control. The reactants were analyzed by SDS-PAGE followed by fluorography for 3 days (left panel). The PVDF transfer membrane
was then stained with MemCode reversible protein stain to visualize the total protein (right panel). D. The MS/MS spectrum corresponding to the mono-
methylated histone H1 fragment IKLGLK (79-85). The mono-methylation corresponds to lysine (K) at position 85 within the globular domain of
histone H1. MS/MS score, Mascot ion score and Expectation value in Mascot Database search results are shown. E. Amino acid sequence alignment of
human linker histone H1.4. The IKLGLK sequence which includes lysine K85 is located within the globular domain of H1 and is preserved from Homo
sapiens to Mus musculus. F. Evaluation of the specificity of anti-mono-methylated K85 H1.4 antibody using enzyme-linked immunosorbent assay
(ELISA). Y-axis represents ELISA optical density (OD) units read at 492 nm. ELISA plates coated with the mono-methylated K85 H1.4 peptide versus
the unmodified H1.4 peptide were incubated with the primary rabbit antisera for 16 h at 4 °C (ST0812, Sigma-Aldrich, Japan). Detection was
performed using a secondary rabbit antibody conjugated with horseradish peroxidase. Primary rabbit antisera were examined after dual selection against
the modified versus the unmodified peptides. G. HeLa cells co-transfected with HA-Mock and FLAG-H1.4-WT versus HA-WHSC1 and FLAG-H1.4-
WT or HA-WHSC1 and FLAG-H1.4K85A. FLAG-immunoprecipitation was performed using an anti-FLAG antibody and immunoprecipitates were
blotted with the H1.4K85mel and anti-FLAG antibodies. The input was blotted with anti-FLAG, anti-HA and anti-H3 antibodies.

levels of histone H1 variants were then examined in a panel of SCCHN
cell lines and we found that H1.2 and H1.4 were the most abundantly
expressed variants (Supplementary Fig. S1). Because the H1.4 variant is
known to be the most abundantly expressed histone H1 variant in somatic
cells, we decided to further study the H1.4 protein. Furthermore, the high
conservation of K85 of H1.4 from Homo sapiens to Mus musculus (Fig. 1E)
underlines a possible biologically significant role of its mono-methylation.

To investigate the presence of HI1.4K85 mono-methylation
(H1.4K85mel) in living cells, a customized antibody (ST0812) targeting
K85 mono-methylated H1.4 was generated using a synthetic peptide flank-
ing the mono-methylated lysine K85. The specificity of this antibody was
first evaluated using an enzyme-linked immunosorbent assay (ELISA), testing
the antibody against an ELISA plate coated with either the modified
H1.4K85mel or the unmodified H1.4 peptide (Fig. 1F). The specificity
of the H1.4K85mel antibody was further confirmed with an #7 vitro methyl-

transferase assay of recombinant histone H1 and bovine serum albumin ver-
sus recombinant WHSC1 (Supplementary Fig. S2). To assess whether the
H1.4K85 mono-methylation occurs in living cells and to further confirm
the specificity of the ST0812 antibody, we constructed a wild type FLAG-
tagged H1.4 vector (FLAG-H1.4-WT) and a FLAG-tagged H1.4 vector
with substitution of lysine K85 for alanine (FLAG-H1.4K85A). Then, we
cotransfected Hela cells with HA-Mock and FLAG-H1.4-WT,
HA-WHSC1 and FLAG-H1.4-WT or HA-WHSCl and FLAG-
H1.4K85A vectors, and performed FLAG-immunoprecipitation followed
by Western blotting of the FLAG-immunoprecipitates using the
H1.4K85mel antibody. Results showed a methylation signal in HeLa cells
cotransfected with the HA-WHSC1 and FLAG-H1.4-WT vectors, which
was abolished in those cotransfected with the HA-Mock and FLAG-H1.4-
WT, or those with the HA-WHSC1 and FLAG-H1.4K85A vectors
(Fig. 1G).
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Fig. 2. OCT4 is regulated by H1.4K85 mono-methylation and WHSCI1 in SCC-35 cells. A. Differential gene expression analysis in SCC-35 cells stably
expressing FLAG-H1.4-WT versus FLAG-H1.4K85A. Y-axis and X-axis represent log2-transformed gene expression levels in FLAG-H1.4K85A and
FLAG-H1.4-WT expressing cells respectively. Each circle represents a gene. A total of 11,470 protein-coding genes are shown. Genes that are
upregulated (7 = 74) or downregulated (7 = 370) by at least 1.5-fold in FLAG-H1.4K85A expressing cells relative to FLAG-H1.4-WT cells are shown in
red and blue circles, respectively. The rest of the genes of lesser fold change between the two conditions are shown as grey circles. The size of the circles
represents the relative expression fold of change between the two groups. B. Ingenuity canonical pathways enriched in the SCC-35 cells stably transfected
with FLAG-H1.4K85A compared to cells transfected with FLAG-H1.4-WT. Data shown for pathways filtered by FDR-corrected p < 0.20. C. RT-PCR
(left panel) and Western blotting of 8ug of nuclear extract (right panel) for OCT4 in SCC-35 cells stably transfected with FLAG-H1.4-WT versus
FLAG-H1.4K85A (*p < 0.05, Student #-test, data represented as mean p SEM of triplicates). Relative densitometry values are also shown. D. RT-PCR
for WHSC1 (left panel) and OCT4 (middle panel), and Western blotting (right panel) for WHSC1 (enzymatically active isoform shown, molecular
weight 152kD) and OCT4 in 10ug of nuclear extract from parental SCC-35 cells transfected with WHSC1-specific siRNA (RT-PCR in far left panel)
*p < 0.05, Student rtest, data represented as mean p SEM of triplicates). Relative densitometry values are also shown. Similar results were obtained in two
separate biological replicates.

OCT4 transcription and protein levels are groups), and 444 genes passed such criteria (Fig. 2A, blue and red circles),
regulated by H1.4K85 mono-methylation and hereafter called differentially expressed genes (DEGs). More specifically,
WHSC1 in SCC-35 cells. results showed that 370 genes were significantly downregulated and 74

genes were upregulated (Supplementary Data, DEGs and pathways) in

To investigate the pathways that are transcriptionally regulated by SCC-35 ceus s.tabl.y expressing FLAG'HI:4K85A compared to FLAG-
H1.4K85 mono-methylation in SCCHN cells, we generated SCC-35 cells H1'4.'WT’ mdlcat{ng .that mono—methy'latlon of H1.4K85 may be pre-
(with endogenous overexpression of WHSC1) stably expressing FLAG- dominantly an activating mark. Ingenuity Pathway Analysis (IPA) sug-

H1.4-WT or FLAG-H1.4K85A by geneticin (G418) selection. Western gested that pathways related to proliferation, cell death and survival

blotting of nuclear extracts from the stable cells showed equivalent expres- W€ among the top five IPA diseases and functions affected (Supplemen-

sion levels of FLAG-H1.4-WT and FLAG-H1.4K85A (Supplementary tary Table S1). Ingenuity canonical pathways related to cell proliferation
Fig. S3). Then, we extracted RNA from SCC-35 cells stably expressing were significanty inhibited in SCC-35 cells stably expressing FLAG-

cither FLAG-H1.4-WT or FLAG-H1.4K85A, and performed RNA- H1.4K85A, implying that H1.4K85 mono—meth‘ylation may promote
the proliferation of head and neck cancer cells (Fig. 2B). Interestingly,

using the Ingenuity upstream regulator analysis [20], OCT4 was one of
the top regulators (overlap p-value = 0.04) and was predicted to be inhib-
ited based on the expression changes of 10 downstream target genes reg-

sequencing analysis. From 19,844 protein-coding genes annotated in the
GENCODE project [20], we first removed lowly expressed genes (defined
as less than 10 reads per condition after normalizing for the library size),

leaving 11,470 genes for further analysis. The correlation of gene

expression between FLAG-H1.4K85A and FLAG-H1.4-WT was 0.99 ulated by H1.4K85 mono-methylation (Supplementary Fig. S4). Indeed,
OCT4 mRNA was downregulated by more than 1.5-fold in SCC-35 cells

stably expressing FLAG-H1.4K85A compared to FLAG-H1.4-WT cells,
supporting that H1.4K85 mono-methylation may induce transcriptional
upregulation of OCT4 (Supplementary Data, DEGs and pathways). Other

(Pearson's correlation, p < 0.00001), suggesting that the expression of
the great majority of the genes remained unchanged between the two
groups (Fig. 2A, grey circles). Next, we focused on genes affected to a lar-
ger extent (defined as a fold change of >1.5 or <—1.5 between the two
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Fig. 3. H1.4K85 mono-methylation increases sphere formation and enhances cell proliferation of SCCHN cells. A. Sphere formation assay of stably
transfected SCC-35 SCCHN cells expressing FLAG-H1.4-WT versus FLAG-H1.4K85A constructs. 5000 cells were seeded in 24-well low-attachment
plates in serum-free medium supplemented by epidermal growth factor (20 ng/ml). Cells were followed for 7 days and number of spheres was counted in
3 separate wells per condition under the microscope and the mean number of spheres was calculated. Left panel: representative images from one well in
each condition. Right panel: histogram of the mean number of spheres from 3 individuals wells in each condition *p = 0.001, Student #test, data
represented as mean p SEM). Similar results were obtained in two different experiments. B. MTT proliferation assays in SCC-35 cells stably expressing
FLAG-H1.4-WT versus FLAG-H1.4K85A constructs. 2,000 cells were seeded in 24-well plates in quadruples for each condition. CCK-8 assay was
performed at each indicated time point. FLAG-H1.4-WT expressing SCC-35 cells show a significantly higher proliferation rate compared to FLAG-
H1.4K85A expressing SCC-35 cells *p < 0.05, Student #test, data represented as mean p SEM of quadruple values for each time point).

stemness related factors, such as NANOG, SOX2, C-MYC, KLF4,
CD44, CD133 and ALDH3A1, were not found to be significantly down-
regulated in FLAG-H1.4K85A SCC-35 cells at the mRNA level (Supple-
mentary Data, DEGs and pathways).

Based on our previously published data showing that WHSCI overex-
pression is associated with poor differentiation in SCCHN (Saloura et al.,
2014) and reports supporting that depletion of linker histones or specific
modifications are necessary for the pluripotency of embryonic stem cells
([8,9]), we hypothesized that WHSCIl-mediated H1.4K85 mono-
methylation may maintain cancer stemness features in SCCHN. Given that
OCT4 is a well-known stemness factor, we chose to further investigate
OCT4 as a potential downstream target regulated by WHSC1-mediated
H1.4K85 mono-methylation. To confirm that OCT4 is transcriptionally reg-
ulated by H1.4K85 mono-methylation, we isolated RNA and validated
mRNA expression levels of OCT4 in SCC-35 cells stably expressing either
FLAG-H1.4-WT or FLAG-H1.4K85A by PCR analysis. Results confirmed
an approximately 40% decrease in OCT4 mRNA levels in SCC-35 cells
expressing FLAG-H1.4K85A compared to FLAG-H1.4-WT, indicating that
mono-methylation of H1.4K85 may upregulate the expression of OCT4
mRNA (Fig. 2C, left panel). Western blotting of nuclear extracts from the
two groups of stably expressing cells also showed a decrease in the OCT4
protein levels in SCC-35 cells stably expressing FLAG-H1.4K85A
(Fig. 2C, right panel). Interestingly, we also generated another stably trans-
fected cell line using FaDu cells with endogenously very low levels of
WHSC1 (Saloura et al., 2014) and observed no decrease in OCT4 protein
levels between the two cell lines (Supplementary Fig. S5). Furthermore, we
observed a decrease in OCT4 mRNA and protein levels in parental SCC-
35 and PA/CE-PJ15 cells after siRNA-mediated knockdown of WHSC1
(Fig. 2D, Supplementary Fig. S6). The above data support that WHSC1
and H1.4K85 mono-methylation induced by WHSC1 may activate the tran-
scription of OCT4 in SCCHN cells.

WHSC1-mediated H1.4K85 mono-methylation
increases sphere formation and enhances
proliferation of SCCHN cells.

Given that OCT4 is a critical stemness factor, we hypothesized that
H1.4K85 mono-methylation may induce cancer stemness features in
SCCHN cells. To investigate this hypothesis, we assessed whether

H1.4K85 mono-methylation enhances sphere formation in SCCHN cells.
5000 SCC-35 cells stably expressing either FLAG-H1.4-WT or FLAG-
H1.4K85A were seeded in 24-well low-attachment plates in serum-free
medium condition supplemented with epidermal growth factor (20 ng/
ml). Cells were monitored for 7 days and the number of spheres per well
were counted under a microscope for each condition. Results showed a sig-
nificantly higher number of spheres formed by SCC-35 cells expressing
FLAG-H1.4-WT compared to cells expressing FLAG-HI1.4K85A
(FLAG-H1.4-WT: mean = 11, FLAG-H1.4K85A: mean = 3.3, Student
t-test, p = 0.008) (Fig. 3A).

To evaluate if H1.4K85 mono-methylation promotes cellular prolifer-
ation, we seeded 2000 SCC-35 cells/well stably expressing either FLAG-
H1.4-WT or FLAG-H1.4K85A in 24-well plates and performed MTT
assays on days 1, 2, 3 and 4 post-seeding. SCC-35 cells stably expressing
FLAG-H1.4-WT had a significantly higher proliferation rate compared to
cells expressing FLAG-H1.4K85A (Student rtest, p<0.05, day 4)
(Fig. 3B). In contrast, in stably transfected FaDu cells, we observed no dif-
ferences in the proliferation rate (Supplementary Fig. S5) and sphere for-
mation assays (data not shown) between the two cell lines. These data
indicate that H1.4K85 mono-methylation may play a significant role in
promoting stemness in WHSC1 expressing SCCHN cells.

SCC-35-H1.4K85R CRISPR cells have significantly
decreased sphere formation and proliferation
rate, and decreased expression of OCT4
compared to parental SCC-35 cells.

To further examine whether H1.4K85 mono-methylation induces
stemness features in SCCHN cells, we used clustered regularly interspaced
short palindromic repeats (CRISPR) to genetically modify the H1.4 gene
(HISTIHIE) and introduced a point mutation at H1.4K85, which substi-
tuted the lysine at the amino acid position 85 to arginine (K85R) in SCC-
35 cells. Sanger sequencing of the /1.4 gene in SCC-35-H1.4K85R cells
revealed three different genotypes (Supplementary Fig. S7); of these, two
were predicted to introduce premature stop codons (genotypes II and IIT)
and thus silence H1.4, while the third genotype was predicted to tran-
scribe the mutant H1.4 K85R gene. Given that SCC-35 cells are tetraploid
for the H1.4 gene, we expected that one or two of the alleles should carry
the K85R mutations, while two or three of the alleles would be silenced.
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SCC-35 cells. A. Sphere formation assay of parental SCC-35 and SCC-35-H1.4K85R cells. 5000 cells were seeded in 24-well low-attachment plates in
serum-free medium supplemented by epidermal growth factor (20 ng/ml). Cells were followed for 7 days and number of spheres was counted in 3
separate wells per condition under the microscope and the mean number of spheres was calculated. Left panel: representative images from one well in each
condition. Right panel: histogram of the mean number of spheres from 3 individual wells in each condition *p = 0.001, Student #-test, data represented as
mean p SEM). Similar results were obtained in two different experiments. B. MTT proliferation assays in parental SCC-35 and SCC-35-H1.4K85R cells.
2,000 cells were seeded in 24-well plates in quadruples for each condition. CCK-8 assay was performed at 2 h at each indicated time point. Parental SCC-
35 cells showed a significantly higher proliferation rate compared to SCC-35-H1.4K85R cells *p < 0.05, Student #test, data represented as mean p SEM
of quadruple values for each time point). Similar results were obtained in two different experiments. C. RT-PCR for OCT4 in parental SCC-35 and
SCC-35-H1.4K85R cells *p < 0.05, Student #test, data represented as mean p SEM of triplicate values for each condition). Similar results were obtained
in two different experiments. D. Western blotting for OCT4 in parental SCC-35 and SCC-35-H1.4K85R cells. Relative densitometry values are also

shown. Similar results were obtained in two different experiments.

RNA-sequencing analysis of the SCC-35-H1.4K85R cells confirmed
expression of the H1.4K85R transcript, while the wild-type H1.4 tran-
script was not detected. Furthermore, comparison of the total levels of
wild-type H1.4 mRNA in the parental SCC-35 cells with those of
H1.4K85R mRNA in SCC-35-H1.4K85R cells showed that the latter
were approximately 50% of wild-type H1.4 mRNA in parental SCC-35
cells (Supplementary Fig. S8). Other histone H1 variant transcripts, such
as H1.2, H1.3 and H1.5, did not incur the K85R point mutation and
were detected as wild type (data not shown).

RNA-sequencing showed that SCC-35-H1.4K85R cells had 108 genes
downregulated and 66 genes upregulated, implying that H1.4K85 mono-
methylation may directly or indirectly regulate the transcription of these
genes. Gene set enrichment analysis revealed that the G2M checkpoint
and mitotic spindle pathways were predicted to be inhibited in SCC-
35-H1.4K85R cells (Supplementary Fig. S9).

‘We then evaluated the sphere formation capacity and the proliferation
rate of SCC-35-H1.4K85R cells compared to parental SCC-35 cells. As
expected, SCC-35-H1.4K85R cells formed significantly fewer spheres
compared to parental SCC-35 cells (Fig. 4A), similar to the SCC-35 cells
stably expressing FLAG-H1.4K85A (Fig. 3A), suggesting that H1.4K85
mono-methylation enables stemness-like characteristics. Accordingly, the
proliferation rate of SCC-35-H1.4K85R cells was significantly lower

compared to parental cells (Fig. 4B). We then compared the expression
levels of OCT4 mRNA in parental SCC-35 and SCC-35-H1.4K85R cells,
and found significantly decreased OCT4 mRNA levels in SCC-35-
H1.4K85R cells (Fig. 4C). OCT4 protein levels were accordingly
decreased in SCC-35-H1.4K85R cells compared to parental SCC-35 cells
(Fig. 4D). Interestingly, the total H1.4 protein levels in SCC-35-
H1.4K85R cells were decreased compared to the parental SCC-35 cells,
consistently with the decrease in the total H1.4 mRNA levels in these cells
(Supplementary Fig. S8). H1.5 levels were also decreased. Total H1.2
were stable, while H1.3 levels were increased in SCC-35-H1.4K85R cells,
suggesting possible dosage compensation for the decreased H1.4 protein
levels in these cells.

Mono-methylated H1.4K85 is enriched and is
associated with increased binding of WHSC1 to
the OCT4 gene body region in SCC-35 cells.

To investigate the mechanism through which H1.4K85 mono-
methylation induces transcriptional upregulation of OCT4, we conducted
chromatin immunoprecipitation using a FLAG antibody in SCC-35 cells
48 h after transient transfection with either FLAG-H1.4-WT or
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Fig. 5. Mono-methylated H1.4K85 is enriched and is associated with increased binding of WHSCI to the OCT4 gene body region in SCC-35 cells. A.
CHIP-assay for FLAG-H1.4-WT versus FLAG-H1.4K85A using an anti-FLAG antibody (F3165) followed by RT-PCR for OCT4. SCC-35 cells were
transiently transfected with FLAG-H1.4-WT versus FLAG-H1.4K85A vectors. Nuclear extraction was conducted and chromatin immunoprecipitation
followed by RT-PCR for OCT4 was performed *p-value <0.05, Student #-test, data represented as mean p SEM of triplicates). B. CHIP-assay for
WHSCLI in SCC-35 cells stably transfected to express FLAG-H1.4-WT versus FLAG-H1.4K85A using a WHSCI1 antibody (Abcam 75359) in nuclear
extracts, followed by RT-PCR for OCT4 *p-value <0.05, Student rtest, data represented as mean p SEM of triplicates).

FLAG-H1.4K85A (Supplementary Fig. S10). We found enrichment of
FLAG-H1.4-WT in the OCT4 gene body region compared to FLAG-
H1.4K85A, indicating that the absence of H1.4K85 mono-methylation
may be associated with decreased transcription of the OCT4 gene
(Fig. 5A). To assess whether the binding of WHSC1 is also enabled by
higher levels of H1.4K85 mono-methylation in the OCT4 gene body
region, we conducted chromatin immunoprecipitation in the stably trans-
fected cells using a WHSC1 antibody and found significant enrichment of
WHSCI1 in the OCT4 gene body region in SCC-35 cells stably expressing
FLAG-H1.4-WT compared to those with FLAG-H1.4K85A (Fig. 5B).

Discussion

Linker histones are evolutionarily conserved proteins that are essential
for the organization, higher order structure, spatial arrangement and stabil-
ity of chromatin within the nucleus of all eukaryotic cells. They are mostly
known to impact the architectural organization of chromatin, but their
roles in epigenetic regulation are not well clarified. While linker histones
are subject to various post-translational modifications, the enzymes that
impart these modifications as well as the functions of these modifications
are not well described [21].

In this study, we show that WHSCI interacts with linker histone H1
in SCCHN cells and that it directly mono-methylates it at lysine 85
(H1K85) in its globular domain, providing the first evidence of a non-
H3K36 substrate of WHSCI1. Our mass spectrometry analysis showed
that WHSC1 could interact with all linker histone variants (H1.1,
H1.2, H1.3, H1.4 and HI1.5) with coverage rates ranging from 30-
40%. We decided to focus on variant H1.4 because it is the most highly
expressed linker histone variant in somatic cells, and together with H1.2, it
showed higher expression levels in SCCHN cells compared to other H1
variants. To investigate the biological role of HI1K85 mono-
methylation, we generated SCC-35 cells (with endogenous overexpression
of WHSC1) stably expressing either FLAG-H1.4-WT or FLAG-
H1.4K85A constructs. RNA-sequencing of these cell lines showed that
370 genes were downregulated and 75 genes were upregulated in the
FLAG-H1.4K85A cells, signifying that H1.4K85 mono-methylation
may function predominantly as an activating mark. Ingenuity Pathway
analysis revealed that pathways related to cell proliferation and survival
are inhibited and OCT4 was significantly downregulated in FLAG-
H1.4K85A cells. Consistent with the prominent role of OCT4 as a stem-

ness factor, FLAG-H1.4K85A cells formed significantly fewer spheres and
had a lower proliferation rate compared to their wild-type counterparts.

We then used a second cell line model of SCC-35 cells that were genet-
ically modified using CRISPR to express H1.4K85R, which cannot get
methylated at H1.4K85. RNA-sequencing followed by gene set enrich-
ment analysis revealed that the G2M checkpoint and mitotic spindle path-
ways had significantly negative enrichment scores in SCC-35-H1.4K85R
cells, consistent with the decreased proliferation rate of these cells. Consis-
tently with the stably transfected cells, OCT4 mRNA and protein levels
were decreased in SCC-35-H1.4K85R cells which also showed signifi-
cantly impaired ability to form spheres compared to parental SCC-35 cells.
Finally, our CHIP assays showed that both WHSC1 and FLAG-H1.4-
WT, which can get methylated at K85, were enriched in the OC74 gene
body region, while knockdown of WHSCI in SCC-35 cells was associated
with decreased OCT4 mRNA and protein levels, supporting the impor-
tance of WHSC1 and H1.4K85 mono-methylation in the transcriptional
regulation of this gene.

Given the prominent role of linker histones in chromatin organization
and transcriptional accessibility, we assessed whether H1.4K85 mono-
methylation has an effect on the degree of chromatin compaction using
a micrococcal nuclease assay in parental SCC-35 compared to SCC-35-
H1.4K85R cells. We chose these cell lines to assess whether mono-
methylation of H1.4K85 affects chromatin condensation because the
levels of expression of H1 were more physiological compared to the stably
transfected SCC-35 cells. Interestingly, we did not observe any differences
in chromatin digestion between parental SCC-35 cells and SCC-35-
H1.4K85R cells (Supplementary Fig. S11). This finding is not completely
unexpected, given that methylation of lysine residues is not known to
affect the electrostatic charge of lysines and thus their binding to DNA.
Another possible reason for our finding may be the observed dosage com-
pensation through H1.3 in the SCC-35-H1.4K85R cells (Fig. 4D). More
specifically, while all H1.4 transcripts were mutant H1.4K85R, the total
H1.4 protein levels in SCC-35-H1.4K85R cells were decreased (due to
silencing of some of the HI.4 alleles), and thus dosage compensation
through wild-type H1.3 may have ensued. As we cannot exclude that
WHSCI may mono-methylate all H1 variants at K85, the overexpressed
H1.3 may be mono-methylated at K85, which would compensate for the
decreased H1.4K85 mono-methylation levels in SCC-35-H1.4K85R cells.
If that is the case, it may be precarious to draw any conclusions on the
effect of methylation of H1.4K85 on chromatin accessibility using this cell
line.
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The importance of H1K85 for the interaction of H1 with the DNA to
facilitate chromatin condensation has already been reported. More specif-
ically, a previous study showed that substitution of K85 of H1° with ala-
nine, a hydrophobic residue, in murine cells decreased the binding affinity
of H1° to nucleosomes 7 vivo, underlining the importance of H1K85 in
stabilizing the nucleosome [22]. In another study, H1K85 acetylation by
the acetyltransferase P300/CBP-associated factor (PCAF) induced chro-
matin condensation in HeLa cells by promoting the interaction of linker
histone H1 with core histones and the heterochromatin protein 1 [23]. In
the same study, authors showed that H1.4 knockout Hela cells stably
transfected to express FLAG-H1.4 K85R had greater degree of chromatin
digestion compared to H1.4 knockout HeLa cells stably transfected with
FLAG-H1.4 WT in a micrococcal nuclease assay, however, this difference
was attributed to acetylation of H1.4K85 by PCAF, which induced chro-
matin condensation. While we did not find any differences in the chro-
matin condensation between parental SCC-35 and SCC-35-H1.4K85R
cells, it is possible that some modifications on the same residues of linker
histones may stabilize chromatin, while others may regulate gene expres-
sion. Furthermore, a specific residue may be amenable to different modi-
fications in different cell types.

A recent study [26] showed that a subset of HPV-negative head and
neck cancer patients that carry H3K36M mutations (lysine 36 of histone
H3 substituted to methionine that cannot get methylated) have signifi-
cantly decreased to absent H3K36me2 levels and tend to suppress the
expression of genes involved in epidermal differentiation and keratiniza-
tion processes. This finding contradicted our previously published results
(Saloura et al., 2014) showing that higher H3K36me2 protein levels in
head and neck cancer tumor samples were associated with poor differenti-
ation. Our findings of the presented work suggest that WHSC1 may pro-
mote stemness-like features through a different pathway, that is H1.4K85
methylation, however, the question of whether WHSCI-mediated
H3K36me2 may also promote stemness in head and neck cancer merits
further investigation.

A significant shortcoming of this study is that we could not detect
endogenous levels of H1.4K85 mono-methylation in our two cell line
models using the H1.4K85 mono-methylation custom-made antibody
(ST0812). Furthermore, we could not immunoprecipitate endogenous
H1.4 protein to assess endogenous H1.4K85 mono-methylation levels
despite multiple attempts with four commercially available antibodies.
Additionally, we could not evaluate the presence of H1.4K85 mono-
methylation in patient samples given that our custom-made antibody rec-
ognized multiple bands in cellular protein extracts.

In conclusion, this is the first report describing the mono-methylation
of linker histone at K85 and its function in SCCHN cells. We also show
that this methylation is mediated by the protein methyltransferase
WHSCI1 which is known to di-methylate lysine 36 of histone H3, making
this the first report of a novel substrate for WHSC1. WHSCI has been
shown to be significantly overexpressed in squamous cell carcinomas of
the head and neck (Saloura et al., 2014). Our study supports that WHSC1
mono-methylates H1K85 and this methylation enables stemness features
in SCCHN cells, providing biological rationale to target WHSC1 in squa-
mous cell carcinoma of the head and neck.
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