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Histone H3E50K remodels chromatin to confer oncogenic
activity and support an EMT phenotype
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Abstract

Sequencing of human patient tumors has identified recurrent missense mutations in genes encoding core histones. We report that mutations that
convert histone H3 amino acid 50 from a glutamate to a lysine (H3E50K) support an oncogenic phenotype. Expression of H3E50K is sufficient to
transform human cells as evidenced by an increase in cell migration and invasion, and an increase in proliferation and clonogenicity. H3E50K also
increases the invasive phenotype in the context of co-occurring BRAF mutations, which are present in patient tumors characterized by H3E50K.
H3ES0 lies on the globular domain surface in a region that contacts H4 within the nucleosome. We find that H3E50K selectively increases
chromatin accessibility and perturbs proximal H3 post-translational modifications including H3K27me3; together these changes to chromatin
dynamics dysregulate gene expression to support the epithelial-to-mesenchymal transition. Functional studies using Saccharomyces cerevisiae
reveal that, while yeast cells that express H3E50K as the sole copy of histone H3 show sensitivity to cellular stressors, including caffeine, H3E50K
cells display some genetic interactions that are distinct from the characterized H3K36M oncohistone yeast model. Taken together, these data
suggest that additional H3 mutations have the potential to support oncogenic activity and function through distinct mechanisms that dysregulate
gene expression.
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Introduction

Routine patient tumor sequencing has unmasked recurrent
somatic genomic alterations associated with cancer initia-
tion, progression, and therapeutic response [1-4]. Collectively,
these studies have led to the identification and subsequent
characterization of novel tumor suppressors and oncogenes,
many of which are involved in transcriptional regulation and
include epigenetic enzymes or complexes involved in chro-
matin reading, writing, and erasure (e.g. NSD1, DNMT3A,
IDH1, and many others) [1, 2, 5, 6]. These and other func-
tional studies provide evidence that appropriate chromatin
packaging, modification, and organization are key contribu-
tors to the regulation of gene expression, and show that the
role of chromatin dynamics extends into other essential pro-
cesses that are frequently perturbed in cancer, such as DNA
repair. Taken together, these studies show that various mech-
anisms that perturb chromatin structure can contribute to
oncogenesis.

Chromatin is organized into repeating nucleosome sub-
units, wherein each nucleosome is comprised of 146-147
bp of DNA, which wraps around a hetero-octamer of the
histone proteins H2A, H2B, H3, and H4. Nucleosome-
incorporated histones are subject to post-translational mod-
ifications (PTMs) directed by chromatin modifying enzymes,
which enable context-dependent epigenetic regulation to in-
form gene expression. Studies demonstrate that histone genes
harbor genomic alterations in cancers and that oncogenic-
driver variants of histone proteins dysregulate gene expres-
sion to contribute to an oncogenic phenotype [7, 8], lead-
ing to the term ‘oncohistone’. Such oncohistone variants have
been most extensively characterized in histone H3 [9-11]. Al-
though the human genome encodes 15 histone H3 genes, for
most characterized oncohistones, mutation of a single H3 al-
lele is sufficient for the development of oncohistone-driven
cancers, demonstrating a dominant effect of the oncohistone
mutant protein.

While numerous mutations in histone genes have been
identified [8, 12], only a few oncohistones have been func-
tionally characterized. The H3K27M amino acid change oc-
curs in at least 80% of pediatric diffuse intrinsic pontine
gliomas (DIPGs) and has been reported with a lower fre-
quency of 15%-60% in adult diffuse midline gliomas [13,
14]. H3K36M has been identified in several cancer types, in-
cluding chondroblastoma and squamous cell cancers of the
head and neck [15], while H3G34V/R and H3G34W /L pre-
dominantly occur in non-brainstem gliomas and bone cancers,
respectively [8, 16]. More recent characterization of histone
H2B mutations suggests that H2BE76K is found across can-
cer types, with a small preference for bladder and cervix [17].
Functional studies support the hypothesis that oncohistones
alter the chromatin landscape and perturb gene expression
through distinct mechanisms. While H3K27 and H3K36 har-
bor PTMs that contribute to chromatin accessibility [7], mu-
tation that converts either residue to a methionine impairs the
ability of H3 to support PTMs, including methylation that
can impact gene expression on a larger scale. H3K27M mu-
tant histones reduce H3K27 methylation in cis and in #rans by
impairing polycomb repressive complex 2 (PRC2) recruitment
to the genome, thereby reducing H3K27me3 genomic spread
[18, 19]. The subsequent reduction in deposition of the tran-
scriptionally repressive H3K27me3 PTM supports expression
of development-associated genes, causing a de-differentiated
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and aggressive tumor type [18, 20]. In contrast, expression
of H3K36M mutant histones dominantly impairs the recruit-
ment and function of H3K36 methyltransferases including
NSD1 and SETD2 [21, 22]. Because nucleosomes character-
ized by H3K36me3 are poor substrates for PRC2, loss of gene
body H3K36me3 supports the spread of H3K27me3, which
can aberrantly repress gene expression [10]. H3G34 histones
do not directly harbor PTMs, but alter proximal PTMs in cis,
including H3K27 and H3K36 methylation [23, 24]. In con-
trast, the oncogenic H2BE76K mutation destabilizes the nu-
cleosome core, leading to a more open chromatin conforma-
tion and enhanced gene expression [17]. While other onco-
genic histone mutations have been proposed, to date, most
remain uncharacterized.

Recent preclinical studies have focused on leveraging the
gene expression changes defined in oncohistone expressing
human cancers to identify viable therapeutic targets. While
H3K27M DIPGs do not induce extensive global gene ex-
pression changes, H3K27M tumors show dysregulation of
a subset of genes with oncogenic activity, some of which
may be therapeutically actionable [18]. Gliomas, including
H3K27M DIPG, are characterized by upregulation of the
dopamine receptor gene DRD2 [25] and increased PI3K/AKT
and RAS/MAPK signaling [26]. Initial proof-of-concept clini-
cal trials using the DRD2 antagonist and mitochondrial ClpP
agonist ONC201 in H3K27M-mutant diffuse midline glioma
patients with recurrent disease demonstrate an improved pa-
tient quality of life and extended progression-free survival
[25,27]. Larger clinical trials have found that ONC201 treat-
ment nearly doubles progression-free survival and overall
survival in both nonrecurrent and recurrent diffuse midline
gliomas [28]. Other proteins, including EZH2 and STAT3,
have been proposed as viable targets for the treatment of
H3K27M-mutant cancers [29, 30]. These preclinical and clin-
ical studies support the hypothesis that many oncohistone-
driven cancers may be therapeutically actionable. Moreover,
given that some oncohistones change gene expression and al-
ter chromatin dynamics (e.g. H2BE76K), the opportunities
for therapeutic treatments and therapy combinations may be
extensive.

A challenge with understanding how the amino acid
changes that occur in oncohistones alter histone function in
the context of chromatin is that histone genes are present in
multiple copies, creating a situation where a single oncohis-
tone protein is present in the background of wild-type his-
tones. One approach that has been utilized to understand how
specific amino acid changes alter histone function in the con-
text of chromatin has been to employ model systems [31-34].
This approach benefits from the fact that the histone proteins
are some of the most evolutionarily conserved proteins [35]
and that simple model systems such as yeast have far fewer
copies of histone genes than higher eukaryotes. For exam-
ple, while there are 15 histone H3 genes in humans, the bud-
ding yeast Saccharomyces cerevisiae has only two histone H3
genes, HHT1 and HHT?2. In a system such as budding yeast,
one histone gene can be readily edited to model an oncohis-
tone while either leaving the other histone gene intact, to as-
sess whether the oncohistone protein confers dominant phe-
notypes similar to the situation in patients, or the second his-
tone gene can be easily deleted to create cells that express the
oncohistone as the sole histone present. In this latter scenario,
studies can be performed to directly assess how the amino acid
change present in the oncohistone alters the function of the
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histone protein. Studies in genetic model organisms can also
take advantage of genetic strategies available in these systems
to identify cellular pathways that are likely to be altered when
oncohistones are present [34].

Here, we build upon publicly available data suggesting that
H3ESO0K is a recurrent histone alteration in human cancer
[7, 8]. Using a combined approach in untransformed human
breast cells, BRAF-mutant human melanoma cancer cells, and
a budding yeast model, we provide insight into this possi-
ble oncohistone H3E50K, which falls into a class of histone
variants that have the potential to generate novel sites for
PTMs by introducing a surface-exposed lysine. We show that
overexpression of H3ES0K modestly increases cell prolifer-
ation and clonogenic growth in human breast cells, demon-
strating that expression of H3E50K is sufficient to transform
human cells. However, cells expressing H3E50K as the only
cancer-associated change or in the context of BRAF-mutant
melanoma considerably enhance migratory and invasive po-
tential, suggesting that H3E50K could be involved in can-
cer progression or other features common to metastatic dis-
ease. H3ES0K expression selectively remodels chromatin ac-
cessibility, including changes in chromatin accessibility of se-
lected transcription factor binding motifs and dysregulation
of the H3 N-terminal tail and globular domain PTM pro-
file, thereby perturbing gene expression. Compared with wild-
type H3, gene signatures associated with the epithelial-to-
mesenchymal transition (EMT) and oncogenic signaling path-
ways, such as KRAS and JAK/STAT, are increased in H3E50K
breast cells. Genetic analyses exploiting a budding yeast model
and comparing to an established H3K36M oncohistone yeast
model [34] provide evidence to suggest that H3E50K may al-
ter cell physiology through mechanisms that are distinct from
H3K36M. These findings suggest that globular histone do-
main amino acid changes can support oncogenic growth and
could contribute to advanced stage cancer by initiation of the
metastatic cascade.

Materials and methods

Evaluation of patient tumor sample ploidy, allele
frequency, and co-occurring genomic alterations

To understand clinical context of the H3ES0K variant in can-
cer, patient tumor genomic data available in the cBioPortal
and COSMIC databases were evaluated, and patient tumors
characterized by the H3E50K variant were identified. Patient
cancer pathology, allele frequency of H3E50K alteration, pres-
ence of metastatic disease, and ploidy score, if reported, were
obtained. All genomic alterations within tumor samples ex-
pressing H3E50K alteration were collected and surveyed for
co-occurring alterations in bona fide oncogenes and tumor
suppressor genes. Findings were visualized in Adobe Illustra-
tor and GraphPad Prism.

In silico modeling

PDB files 5X7X (Homo sapiens) [36] and 11D3 (S. cerevisiae)
[37] were used for all PyYMOL imaging (Schrodinger). An
overview of the human nucleosome structure was depicted in
surface view, with DNA modeled in cartoon view. Higher res-
olution images were obtained for the modeling of E50, D50,
K50, A50, and R50. For these images, the ‘mutagenesis’ func-
tion was used to make amino acid substitutions. The lowest
numbered (highest populated) state/rotamer for each amino

acid residue was utilized to produce the images, given that it
did not produce any clashes with surrounding amino acids.
Interactions with nearby residues and DNA were measured
in angstroms in the ESO and ESOK states. The ‘ray’ setting
was used at 2400 x 2400 resolution to take all images, with
‘ray_shadow’ set to off.

Plasmids and cell lines

Wild-type  Drosophila  melanogaster  H3.3  (NCBI
NM_001273153), which shares 100% amino acid iden-
tity with H. sapiens H3.3, was cloned into the pBabePuro
IRES GFP plasmid (Addgene, #14430). Wild-type H. sapiens
H3.1 (NCBI, NM_003531.2) was cloned into the pBabePuro
plasmid (Addgene, #1764). H3.3 and H3.1 mutations
were introduced into the pBabePuro dH3.3-IRES GFP and
pBabePuro plasmids, respectively, using site-directed mu-
tagenesis (Agilent). Plasmids were verified by sequencing,
packaged into retroviral particles, and used to generate stable
human mammary epithelial cells (HMECs). Authenticated
HMECs were purchased from ATCC, engineered to express
dominant-negative p53 [38], and used for experiments within
the first 20 passages. Authenticated A2058 cells were pur-
chased from ATCC and used for experiments within the first
20 passages. Both HEMC and A2058 cultures were checked
for mycoplasma every 3 months (Lonza) and maintained at
37°C and 5% CO; in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 media supplemented with 0.6% fetal bovine
serum (FBS), 0.01 pg/ml epidermal growth factor (EGF),
10 pg/ml insulin, 0.025 pg/ml hydrocortisone, 1 ng/ml
cholera toxin, 2.5 pg/ml amphotericin B, and 1% penicillin-
streptomycin, or DMEM supplemented with 10% FBS and
1% penicillin—streptomycin, respectively.

Human and yeast cell lysis and immunoblotting

Histones were acid extracted from human cells as described
previously [39]. In brief, cells were lysed on ice in Triton ex-
traction buffer [TEB; phosphate-buffered saline (PBS), 0.5%
Triton X-100] supplemented with protease inhibitors (7.5
uM aprotinin, 0.5 mM leupeptin, 250 uM bestatin, 25 mM
AEBSF-HCI). Cell lysates were centrifuged at 6500 x g at
4°C and histones were acid extracted from the resulting pel-
let with 1:1 TEB:0.8 M HCI. Histones were centrifuged at
4°C and the supernatant was precipitated with the addition
of an equal volume of 50% trichloroacetic acid, then cen-
trifuged at 12 000 x g at 4°C. Histones were washed one
time in ice-cold 0.3 M HCl in acetone and two times ice-cold
in 100% acetone before drying and resuspended in 20 mM
Tris-HCI (pH 8.0), 0.4 N NaOH, supplemented with pro-
tease inhibitors (7.5 uM aprotinin, 0.5 mM leupeptin, 250
uM bestatin, 25 mM AEBSF-HCI). Protein lysate concentra-
tion was determined by Bradford assay (Bio-Rad). Fourty mi-
crograms of acid-extracted proteins prepared in 1x LDA sam-
ple buffer (Invitrogen) containing 10% beta-mercaptoethanol
were separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Proteins were transferred to
nitrocellulose membranes and blocked in Tris-buffered saline
with Tween20 (TBST) + 5% milk. After primary and sec-
ondary antibody incubation, proteins of interest were visu-
alized and quantified (Odyssey, Li-Cor).

Whole cell lysate was produced from human cells by lysing
cells on ice in immunoprecipitation buffer (IPB) [20 mM Tris—
HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1% NP-40]



supplemented with protease inhibitors [7.5 uM aprotinin, 0.5
mM leupeptin, 250 uM bestatin, 25 mM AEBSF-HCI]. Sol-
uble proteins were separated via centrifugation at 15 900 x
g for 10 min, transferred to a clean microcentrifuge tube, and
protein concentration was determined by Bradford assay (Bio-
Rad). Thirty micrograms of whole cell lysate prepared in 1x
lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) con-
taining 10% beta-mercaptoethanol was separated using SDS—
PAGE. Proteins were transferred to nitrocellulose membranes
and blocked in TBST + 5% milk. After primary and secondary
antibody incubation, proteins of interest were visualized and
quantified (Odyssey, Li-Cor).

For yeast experiments, the indicated yeast strains were
grown overnight at 30°C to saturation in 5§ ml YEPD (yeast
extract, peptone, and dextrose) media. Cells were diluted in
100 ml YEPD to a starting ODgpp = 0.1 and grown at 30°C
to a final ODggpp = 1.0. Cells were pelleted by centrifugation
at 1962 x g in 50 ml tubes, washed in ddH, O, transferred to
2 ml screwcap tubes, washed again in ddH,O, and pelleted
by centrifugation at 900 x g. Pelleted cells were washed in
Buffer 1 [1 M sorbitol, 50 mM Tris-HCI (pH 7.5), 5 mM
MgCl; ] and weighed. Samples were separated into two tubes
to be <100 mg each. Cells were resuspended in 1 ml Buffer
1,and 5.4 pul 2-mercaptoethanol (14.3 M) was added to each.
Samples were incubated on ice for 10 min. Cells were pel-
leted at 4°C at 900 x g and resuspended in 1 ml Buffer 1 plus
600 pg zymolyase 20T, then incubated at 35°C for 20 min
with gentle agitation. Then, 0.7 ml Buffer 2 [1 M sorbitol,
50 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6),
5 mM MgCl;] plus protease inhibitors (Thermo Fisher Scien-
tific, A32955) were added, and cells were pelleted at 1233 x
g in 4°C. Samples were resuspended in 0.7 ml Buffer 3 [50
mM MES (pH 6), 75 mM KCl, 0.5 mM CaCl,, 0.1% NP-40]
plus protease inhibitors, incubated on ice for 5 min, and pel-
leted at 12 175 x g at 4°C. Samples were resuspended in 0.7
ml Buffer 4 [10 mM MES (pH 6), 430 mM NaCl] plus pro-
tease inhibitors and 0.5% IGEPAL CA-630, incubated on ice
for 5 min, and pelleted at 14 489 x g. Finally, samples were
resuspended in 0.7 ml Buffer 4 plus protease inhibitors, in-
cubated on ice for 5§ min, and pelleted at 17 005 x g. Pellets
were resuspended in 120 pl 0.25 M HCI and spun in a ro-
tor wheel at 4°C for at least 2 h. Samples were pelleted at 14
489 x g in 4°C, and the supernatants were combined with 8
volumes of acetone and incubated overnight at —20°C. Ex-
tracts were pelleted at room temperature at 1962 x g, resus-
pended in acidified acetone (120 mM HCI in acetone), and
pelleted 12 300 x g. Extracts were washed in acetone and pel-
leted. Extracted histones were air dried and resuspended in 50
ul ddH, O plus 1 ul NaOH. Protein lysate concentration was
determined by Pierce BCA Protein Assay Kit (Life Technolo-
gies). Protein lysate samples (20-25 pg) in reducing sample
buffer [5S0 mM Tris-HCI (pH 6.8), 100 mM Dithiothreitol
(DTT),2% SDS, 0.1% bromophenol blue, 10% glycerol] were
resolved on 4%-20% Criterion™ TGX Stain-Free™ precast
polyacrylamide gels (Bio-Rad). Protein lysate samples were
transferred to nitrocellulose membranes (Bio-Rad) in Dunn
carbonate buffer [10 mM NaHCOj3, 3 mM Na, COj3 (pH 9.9),
20% methanol] at 22 V for 90 min at room temperature, and
the resulting membranes were blocked in TBST + 5% milk.
After primary and secondary antibody incubation, proteins
of interest were visualized and quantified using the ChemiDoc
MP Imaging System (Bio-Rad).
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For human and yeast studies, the primary antibodies used
were as follows: H3 (Abcam 1791; 0.1 pg/ml), H3.3 (Ab-
cam 17 899; 1.71 pg/ml), TY1 (Diagenode C15200054; 2.2
pg/ml), HA (CST 6E2; 1:1000), H3K4me3 (Abcam 8580; 1
pg/ml), H3K4me2 (Abcam 32 356; 0.28 pg/ml), H3K4mel
(Abcam 8899; 2 pg/ml), H3K27me3 (CST 9733S; 1:1000),
H3K27ac (CST 8173S; 1:1000), H3K36ac (Abcam 175 038;
4 ng/ml), H3K36me3 (Abcam 9050; 1 nug/ml), H3KS6ac (In-
vitrogen PA5-40101; 1.6 pg/ml), H3K79me3 (CST 4260S;
1:1000), actin (Millipore MAB1501, 1:1000), N-Cadherin
(CST 13116T; 142 ng/ml), E-Cadherin (CST 3195T; 54
ng/ml), and p53 (Santa Cruz DO-1; 100 ng/ml). Secondary
antibodies include the fluorophore-conjugated goat anti-
rabbit 680 IgG (LiCor, 925-68 071; 1:10 000) and goat anti-
mouse 800 IgG (LiCor, 926-32 210; 1:10 000).

Quantitation of histone immunoblotting

The protein band intensities from immunoblots were quan-
titated using Image Lab software (Bio-Rad) and mean fold
changes in protein levels were calculated in Microsoft Excel
(Microsoft Corporation). The protein band intensity was nor-
malized for each endogenous histone PTM level to the total
endogenous H3 band. The mean fold change was further cal-
culated related to the wild-type H3 sample for each PTM. The
data were represented as an average fold change compared
with wild-type with standard deviation (77 = 3). The mean fold
changes in histone H3K36me3 levels in oncohistone mutant
cells relative to the wild-type control were calculated from
two immunoblots. H3K36me3 band intensity was first nor-
malized to total histone H3 band intensity and then normal-
ized to H3K36me3 intensity in wild-type cells. The mean fold
changes in H3K36me3 levels in oncohistone mutant cells rela-
tive to the wild-type control were graphed in GraphPad Prism
8 (GraphPad Software, LLC) with standard error of the mean
error bars.

Transformation assays

To measure cell proliferation, 3000 cells/well were seeded in
a 96-well plate. Cells were fixed at 24, 48, 72, and 96 h post
seeding in 50% EtOH and 10% acetic acid, and crystal vio-
let stained in 0.2% (w/v) crystal violet in 10% EtOH. Cells
were destained in destaining solution (40% EtOH and 10%
acetic acid) and crystal violet quantitated at OD595 (Biotek).
To measure cell proliferation over an extended time period
(15-18 days), 25 000 cells were seeded in a 24-well plate and
cultured for 3 days with changing media every second day.
After 3 days, the cells were trypsinized, counted, and 25 000
cells were re-seeded. At the end of the experiment, the total
number of cells was calculated. To measure cell clonogenicity,
500 cells/well were seeded in a six-well plate and incubated
for a total of 15 days with media change every 4 days, after
which cells were fixed and crystal violet stained as described
above. Plates were imaged, destained, and crystal violet quan-
titated at ODsgs (Biotek). To perform the cell confluence assay
for population doubling, 2000 cells were seeded in a 96-well
plate (Corning, 353072) in triplicate. The plate was scanned
in Incucyte (Sartorius) at 37°C with 5% CO, for 96 h using
a time-lapse system that imaged the cell confluency every 2 h.
At the end of the experiment, the data were analyzed using
Sartorius Rev2 software, and the growth curve was plotted
based on the cell confluency over time.
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Wound closure assays

Total 4 x 10° cells were seeded in duplicate in 12-well
plates. Once confluent, cells were scratched with a sterile p200
pipette tip. Images of the wound were collected at 0, 5, and 12
h post scratch (Leica Delimited). The rate of cell migration and
percent wound closure was calculated using Image J.

Transwell migration and invasion assays

For transwell migration assays, 1 x 10° cells were seeded in
duplicate in an 8.0-um transwell 24-well plate insert (Corn-
ing, 353097) in 100 ul of DMEM/F12 media without growth
factors and serum and 600 pl full growth media in the bottom
of the well. Nonmigrated cells were removed from the upper
transwell membrane with a cotton swab after 8 h. Transwell
membranes were fixed in 70% EtOH for 10 min, allowed to
dry for 10 min, followed by crystal violet staining in 0.2%
(w/v) crystal violet in 10% EtOH. Excess crystal violet was
removed from the upper transwell membrane with a cotton
swab, and the inserts were washed in deionized water. After
drying, the membrane was cut from the insert and mounted
on glass slides. Images were collected (Leica Delimited) and
migrated cells were quantitated with Image J. For transwell
invasion assays, 8.0-um transwell 24-well plate inserts were
coated with 100 pl of 1 mg/ml matrigel (Corning, 254234).
The plates coated with matrigel were incubated for 1 hat 37°C
to solidify. Total 1 x 10° cells were seeded in duplicate on the
top of matrigel-coated insert in 100 ul of DMEM/F12 me-
dia without growth factors and serum and 600 pl full growth
media in the bottom of the well. Cells were incubated for 48
h for invasion and processed as described for the transwell
migration assays.

ATAC-seq library preparation

Bulk assay for transposase-accessible chromatin with sequenc-
ing (ATAC-seq) libraries were prepared following the previ-
ously established Omni-ATAC protocol [40] with minor mod-
ifications. Briefly, cells were counted and 50 000 cells were
washed with cold ATAC-seq resuspension buffer (RSB) [10
mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM MgCI2 in wa-
ter), and permeabilized with ATAC-seq lysis buffer (RSB sup-
plemented with 0.1% NP-40, 0.1% Tween-20, and 0.01%
digitonin). For the transposition step, cells were resuspended
in 44 ul of transposition mix (25 ul 2x tagmentation buffer,
2.5 ul transposase, 16.5 ul PBS, 0.5 pl 1% digitonin, 0.5
ul 10% Tween-20) and incubated at 37°C for 40 min in a
thermomixer with shaking at 1000 RPM. The DNA frag-
ments were cleaned up with the DNA Clean & Concentrator
kit (Zymo Research, D4014) and polymerase chain reaction
(PCR)-amplified for 8-12 cycles with Illumina Nextera adap-
tors using KAPA SYBR® FAST (Roche, 07959427001). The
number of PCR cycles was determined based on monitoring
for a change in fluorescence of 100 000 or a ARn of 0.1, af-
ter which PCR was stopped and the samples removed. After
amplification, a second cleanup with 1.8 x Ampure XP beads
(Aline Biosciences, Catalogue No. C-1003-50) was performed
and library eluted in 10 mM Tris—=HCI. Fragment size distribu-
tion and concentration were evaluated via Bioanalyzer High
Sensitivity DNA kit (Agilent, 5067-4626), and libraries were
sequenced to a target depth of at least 75 million paired-end
reads per sample (Novogene).

ATAC-seq analysis

Reads were checked for quality using FastQC and FastQ
screens. Reads were then trimmed using Trim Galore! (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/),
aligned to hg38 with Bowtie 2 [41], and files that had an
alignment rate of >80% were used. Mitochondrial reads,
duplicates, nonunique alignment reads, and black-listed
reads were removed using SAMtools [42], PicardTools
(http://broadinstitute.github.io/picard), and Bedtools [43].
The final .bam files were then indexed and imported into
RStudio for peak calling using the ChrAccR package (https:
/lgreenleaflab.github.io/ChrAccR/authors.html#citation)

and MACS2. In Rstudio, overall differential accessibility
and differential transcription factor motif enrichment was
performed using ChrAccR. For RNA/ATAC-seq integra-
tion, chromosomal coordinates of regulatory regions of
previously identified EMT-related genes were located using
a published H3K27ac ChIP-seq dataset (GSE96352) and
the BiomaRt package [44]. Nearest genes were annotated
with ChIPseeker [45]. This dataset was then used to fil-
ter differentially accessible regions (DARs) using Granges.
Graphable matrix files were generated using Deeptools
ComputeMatrix [46], and heatmaps were generated via
plotHeatmap.

CUT&Tag analysis

Total 250 000 cells were processed per condition, follow-
ing the manufacturer’s instructions (EpiCypher CUTANA
CUT&Tag), using 1 ug H3K27me3 antibody (CST 9733).
The resulting library-prepared DNA was sequenced to a target
depth of a minimum of 25 million paired-end (PE150) reads
per sample (Novogene). The resulting FASTQ files were pro-
cessed by first trimming adapter sequences with Trim Galore!.
FASTQ files were aligned to the GRCh38 human genome us-
ing Bowtie 2 [41]. Files were then converted to BAM files,
and reads were sorted using SAMtools [42]. Duplicate reads
were marked using PicardTools. BigWig files were then gen-
erated using bamCoverage and reads were aligned to the hu-
man genome counted with SAMtools. Graphable matrix files
were generated using Deeptools ComputeMatrix [46], and
heatmaps were generated via plotHeatmap centered around
transcription start sites.

RNA isolation, sequencing, and analysis

RNA was isolated from HMECDD cells using the RNeasy
Isolation Kit (Qiagen) according to the manufacturer’s in-
structions. Sequencing and analysis were performed as pre-
viously described [47]. In brief, preparation of the RNA li-
brary and transcriptome sequencing was conducted by Novo-
gene Co., Ltd. The resulting FASTQ files were aligned to
the human reference genome (build GRChg38) and tran-
script abundance was quantified using salmon (Illumina DRA-
GEN). The DESeq2 package was used to identify differentially
expressed transcripts between the H3.3E50K and wild-type
H3.3 expressing HMECDD cells. Transcripts with adjusted
P-value < .05 and llog;(FoldChange)l > 4+1.5 were consid-
ered differentially expressed. Fast gene set enrichment anal-
ysis (FGSEA) of the pre-ranked gene list was performed us-
ing clusterProfiler and fgsea, using the MSigDB hallmark gene
set.


https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://broadinstitute.github.io/picard
https://greenleaflab.github.io/ChrAccR/authors.html#citation

S. cerevisiae strains and plasmids

Chemicals used for experiments with S. cerevisiae were ob-
tained from Sigma-Aldrich (St Louis, MO), United States Bi-
ological (Swampscott, MA), or Thermo Fisher Scientific (Pitts-
burgh, PA) unless otherwise noted. All media were prepared
by standard procedures [48]. All DNA manipulations were
performed according to standard procedures [49]. Saccha-
romyces cerevisiae strains and plasmids used in this study
are listed in Supplementary Table S2. The PCR- and homol-
ogous recombination-based system for generating targeted
mutations in histone genes in budding yeast cells has been
described [50]. Strains to model oncohistones—hht2-K36M
bht1A (ACY2822), hbht2-ESOK hbtlA (ACY2972), hht2-
ESOR hbt1A (ACY2968), and hht2-ESOA bht1 A (ACY2964),
which harbor mutations at the codons encoding the 36th
or 50th histone H3 residue at the endogenous HHT2
gene—were generated using the parental hht2A::URA3:TRP1
strain (yAAD165) and the strategy detailed previously [50,
51]. The endogenous HHT1 gene in these oncohistone
model strains was subsequently deleted and replaced via
homologous recombination with a kanMX marker cas-
sette. The isolation of the YEp352 genomic DNA plas-
mids from the suppressor screen - HHT2_HHF2 (pAC4145),
SGV1 (pAC4132), ESA1 (pACA4149), TOS4_YLR184W
(pAC4150), PHO92_WIP1_BCS1 (pAC4160) — and the
YEp352 plasmids containing cloned S. cerevisiae genes —
HHT2 (pAC4201), ESAT (pAC4190), TOS4 (pAC4196),
PHO92 (pAC4193), SGV1 (pAC4208) — is described in [34].

S. cerevisiae growth assays

To examine the growth of oncohistone model strains, wild-
type (yADP127), hht2-K36M hht1 A (ACY2822), hht2-E50K
bht1A (ACY2972), hbt2-ESOR hht1A (ACY2968), and hht2-
ES0A hht1A (ACY2964) strains were grown overnight at
30°C to saturate in 2 ml YEPD media. Cells were normalized
to ODggo = 3, serially diluted in 10-fold dilutions, spotted on
control YEPD media plates or YEPD media plates contain-
ing 18 pg/ml camptothecin, 6 pg/ml bleomycin, or 15 mM
caffeine and grown at 30°C for 2-5 days. Cells were also
grown on Ura- plates containing 2% glucose with or with-
out 15 mM caffeine to ensure plasmid expression. To test
the effect of the H3K36 mutant suppressor plasmids on the
growth of H3ES50 mutant strains in the presence of caffeine,
wild-type (yADP127), hht2-ESOK bbt1A (ACY2972), hbt2-
ESOR hht1A (ACY2968), and hht2-K36M bht1 A (ACY2822)
cells transformed with YEp352, HHT2 (pAC4145), ESA1
(pAC4149), TOS4 (pAC4150), PHO92 (pAC4160), or SGV1
(pAC4132) plasmid were grown overnight at 30°C to satura-
tion in 2 ml Ura- media containing 2% glucose. Plasmids in
Fig. 7 were isolated directly from the screen in Lemon et al.
(G32022), and marked plasmids from Supplementary Fig. S7
were created by cloning. Cells were normalized to ODgopp = 5
and serially diluted as previously described, spotted onto con-
trol YEPD media plates or YEPD media plates containing 15
mM caffeine, and grown at 30°C for 2-5 days. Cells were also
spotted onto control Ura- plates or Ura- plates containing 15
mM caffeine.

Statistical analysis

All experiments were performed in three independent exper-
iments unless otherwise noted. Mean + SD are reported un-
less otherwise noted. Statistical significance (P < .05) of differ-
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ences between two groups was determined by Student’s #-test.
To compare average allele frequency and aneuploidy scores
amongst alterations of H3E50, H3K27, and H3K36, a one-
way ANOVA was performed using GraphPad Prism. To an-
alyze the probability of cancer diagnosis associated with al-
terations in H3 residues, the gnomAD database was surveyed
for alterations in all H3 encoding genes for variants that recur
in an undiagnosed population. The number of altered alleles
was determined and compared with the number of alterations
of H3 residues found in cBio and COSMIC databases using a
logistic regression model and visualized in R.

Results

Mutations that alter H3E50 are recurrent in human
cancers

To date, most established histone H3 oncohistones function
through direct perturbation of a known site of histone PTM
(e.g. H3K27M and H3K36M/R), or an amino acid proxi-
mal to H3K36 (e.g. H3G34V/R/W/L) [7, 8]. These onco-
genic changes can disrupt histone H3 PTMs in cis and/or in
trans, imparting functional changes that result in transcrip-
tional dysregulation. To determine whether additional histone
mutations are associated with human cancers, we surveyed
the COSMIC and cBioPortal publicly available adult human
cancer datasets and identified recurrent mutations that alter
H3ES0 [52, 53] (Fig. 1). The E50 residue is located within the
H3 globular domain (Fig. 1A-C). H3ESO0 is surface accessible
within the nucleosome and located in close proximity to DNA
(Fig. 1B and C). Mutations that alter H3E50 were identified in
37 adult cancer cases (Fig. 1D). In contrast to H3K36M and
H3K27M, which predominantly occur in one of the two H3.3
(H3-3A or H3-3B) genes, H3E50 mutations primarily occur in
H3.1 genes, with cases also identified in H3.2 and H3.3 genes
(Fig. 1D and Supplementary Fig. S1A). With respect to the
specific amino acid change introduced, H3E50K and H3E50D
are the most common, although other changes were detected,
including H3E50Q and H3ES50*, with the latter introducing
a premature stop codon (Fig. 1E). Genomic alterations affect-
ing H3ES0 were detected most frequently in lung and breast
cancers, although H3E50 mutations were detected in a vari-
ety of other cancer types, including melanoma (Fig. 1F and
G and Supplementary Fig. S1B). We surveyed publicly avail-
able data to determine the number of cancer-associated mu-
tations in all 15 histone H3 genes across adult cancers, and
while there is a low degree of mutations that occur across
the H3 genes, nucleotides that encode H3ES0, along with
H3K27 and H3K36, harbor a higher mutation number than
the average (Supplementary Fig. S1C). We also queried all
15 H3 genes in the gnomAD database that surveys single
nucleotide polymorphisms in non-diseased populations [54],
and found that H3ESO alteration occurs at background levels
(Supplementary Fig. S1D). To extend the analysis of missense
mutations that alter H3ES50, we investigated whether genomic
alterations that change H3E50K co-occur with established
oncogenic driver and/or tumor suppressor alterations in can-
cer. Using the cBioPortal and COSMIC databases, we iden-
tified co-occurring genomic alterations in tumor suppressors
(e.g. TP53, NF1, and PTEN) and oncogenes (e.g. PIK3CA,
BRAF, and KRAS). In fact, characterized oncogenic driver
mutations in BRAF (V600E), PIK3CA (E545K and H1047R),
and KRAS (K117N) were found in patient tumors expressing


https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf002#supplementary-data
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Figure 1. H3E50 mutation occurs in human cancers. (A) Schematic of H3.3 highlighting the E50 residue within the globular domain. Top (B) and side
view (C) of H3E50 and H3K36 within the nucleosome. The nucleosome, including DNA, H3K36, and H3E50, are modeled with PDB 5X7X [36]. (D)
Survey of E50 mutation abundance in histone H3 genes encoded in the human genome. (E) Identity of defined H3E50 mutations in human cancers. (F)
Survey of H3E50 mutation abundance across human cancer types. (G) Overview of cancer pathology, ploidy score, co-occurring genomic alterations,
and total number of genomic alterations in patient tumors characterized by H3E50K variant expression. (H) Variant allele frequency (VAF) of the H3EG0
genomic alterations compared with known oncohistones H3K27 and H3K36 observed in patient tumors defined in cBioPortal. One-way ANOVA was
performed for statistical significance. (I) Boxplots showing aneuploidy score for patient samples reported in cBioPortal. One-way ANOVA was performed
for statistical significance. (J) Logistic regression model demonstrating the probability of cancer diagnosis associated with variants of H3, where 0 = no
diagnosis and 1 = cancer diagnosis. (K) /n silico modeling of human H3E50, H3D50, and H3K50, using PDB 5X7X [36].



the H3ES0K variant (Fig. 1G and Supplementary Table S1).
These results suggest that considering the functional con-
sequences of histone mutations in the context of these co-
occurring alterations could be critical. Notably, metastatic dis-
ease was also reported for 8 of 13 (61.5%) tumor specimens
characterized by H3ESOK variant expression (Fig. 1G).

To address whether H3ES0 alterations could function as
oncogenic driver events, we examined the allele frequency.
H3ES0 variant allele frequency (VAF) ranged from 20%-—
50%, with an average H3E50 VAF of 27% (0.27 + 0.15)
(Fig. 1H) and patient tumors characterized by H3ES0 vari-
ant expression have an average reported aneuploidy score of
11.43 and median of 9 (Fig. 1I). Although we observed a
significant difference in allele frequency between H3ES50 and
H3K27 alterations, no significant difference was observed be-
tween H3ES0 and H3K36 (Fig. 1H). Similarly, we did not
observe a statistical difference in aneuploidy score between
H3ES50 variants and either H3K27 or H3K36, which corre-
spond to the known oncohistones H3K27M and H3K36M,
respectively (Fig. 11). The allele frequency, taken together with
average tumor ploidy, suggests that H3E50 alterations includ-
ing H3ESOK are likely acquired subclonal mutations and not
germline mutations or polymorphisms. We also used a logis-
tic regression model to determine the statistical probability
of the association of H3 alterations with a cancer diagnosis.
While this approach does not consider confounding variables
such as age, race, environmental factors, lifestyle choices, or
cancer predisposing conditions, this model suggests that an in-
dividual presenting with H3ES0, H3K27, or H3K36 variant
expression has a significant probability of cancer diagnosis,
whereas this model does not predict a cancer diagnosis with
expression of random H3 variants such as H3R63 or H3K122
(Fig. 1]). Taken together, these data support the hypothesis
that H3E50K could contribute to oncogenic phenotypes.

As mutations that alter lysine residues, which can harbor
PTMs, are common in previously studied oncohistones, we fo-
cused our efforts on examining the potential oncogenicity of
H3ESO0K. In silico modeling demonstrates that H3ES50 inter-
acts with H4R39 (Fig. 1K). Altering this residue to H3ES0K
creates a repulsion between the H3KS50 R group and the
H4R39 R group, which may locally open the nucleosome
structure. In comparison, altering this residue to H3E50D
does not change the interaction with H4R39. Thus, a change
in H3E50 could alter overall nucleosome structure and/or im-
pact interaction with packaged DNA.

H3E50K and H3EG0D transform human cells and
alter cellular growth

To examine whether H3ES50 mutation exhibits properties con-
sistent with oncogenic activity and is sufficient to transform
human cells, we utilized the human telomerase reverse tran-
scriptase (hTERT) immortalized but untransformed HMECs
that were previously engineered to express a dominant-
negative pS3 mutant protein [38]. Dominant-negative pS3 ex-
pression in HMECs, or ‘HMECDD?’, does not fully transform
these cells; rather, these cells require expression of an onco-
gene in order to produce a transformed phenotype in vitro
[38, 55, 56]. We transduced HMECDD cells with vectors ex-
pressing a C-terminal TY1 epitope-tagged wild-type H3.3,
H3.3E50K, or the established oncohistones, H3.3K27M or
H3.3K36M [7], to produce stable, pooled HMECDD H3.3-
TY1, H3.3E50K-TY1, H3.3K27M-TY1, and H3.3K36M-

H3E50K remodels chromatin to support oncogenicity and EMT

TY1 cell lines. Because H3.1 harbors genomic alterations
H3.1E50K and H3.1E50D in human cancers (Fig. 1D), we
also transduced HMECDD cells with vectors expressing a C-
terminal HA epitope-tagged wild-type H3.1, H3.1ES0K, or
H3.1E50D to produce stable, pooled HMECDD H3.1-HA,
H3.1E50K-HA, and H3.1E50D-HA cell lines. To confirm ex-
pression of each histone variant, we acid extracted histones
from these cells and analyzed ectopic H3.3 and H3.1 expres-
sion via the TY1 and HA tags, respectively. As shown in Fig.
2A and B (Supplementary Fig. S2A and B), each of these ec-
topic histones are expressed at similar levels across this pool
of cells, and ectopic histone expression does not change p53
expression (Supplementary Fig. S2C). Importantly, ectopic ex-
pression of these histone variants represents only a minor frac-
tion of the total H3 expressed in cells, ranging from 2% to
7% of the total histone H3 and total H3.3 pool, respectively
(Supplementary Fig. S2D and E).

To explore the functional consequences of H3E50K, we
seeded this series of HMECDD cells and monitored cell prolif-
eration over time. We found that H3.3E50K, H3.1E50K, and
H3.1ESOD expression significantly but modestly enhances
HMECDD proliferation compared with wild-type histone H3
proteins (Supplementary Fig. S2F and G). We monitored cell
growth over time using the Incucyte platform that measures
cell confluence in real time and found that H3.3E50K ex-
pression increases cell confluence over a 96-h timecourse rel-
ative to wild-type H3.3 proteins, whereas H3.1E50K and
H3.1E50D did not, suggesting a faster doubling time for
H3.3ES0K (Supplementary Fig. S2H and I). Upon examining
cell proliferation for an extended time period of 15-18 days,
we did find a significant increase in the cell proliferation rate
for HMECDD cells expressing either H3.3E50K, H3.1E50K,
or H3.1E50D, relative to wild-type H3.3 or H3.1, respectively
(Fig. 2C and D). Expression of H3ES0K and H3ES0D also
significantly increases the ability of HMECDD cells to form
colonies in limited dilution, clonogenic assays compared with
wild-type H3.3 or H3.1 (Fig. 2E-H). In fact, H3.3E50K ex-
pression yields more robust clonogenic growth than stable
expression of either H3.3K27M or H3.3K36M. Moreover,
the ability of these H3ES0 histone variants to enhance cellu-
lar transformation from an ectopic expression vector demon-
strates that H3ESOK and H3E50D can function in a dominant
manner, as all endogenous histone H3 genes remain wild type
and endogenous wild-type H3 is expressed (Fig. 2A and B and
Supplementary Fig. S2A and B). This result is consistent with
patient data mined, in which patient tumors identified with
a missense mutation that encodes H3ESOK contain a single
mutation in one allele of a single H3 gene (Fig. 1E). Collec-
tively, these data suggest that H3E50K, and to a lesser extent,
H3ES0D, exhibits growth and transformation properties that
support oncogenic function in both H3.1 and H3.3.

H3E50K enhances cell migration and invasion

To determine whether H3ES50 variants regulate cell migration
and invasion, which are cellular phenotypes associated with
cancer metastasis [57], we performed a series of cell migration
assays. We cultured the series of transduced HMECDD cells
to confluence, then scratched the 2D culture, and monitored
the ability of cells to migrate and close the wound over time.
Expression of H3.3E50K significantly increases the migration
rate (Supplementary Fig. S3A and B) and percentage of wound
closure at both 5 and 12 h (Supplementary Fig. S3C) com-
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Figure 2. H3ES0 variant expression increases cell proliferation and clonogenicity. HMECDD cells stably transduced with (A) pBabePuro H3.3-TY1,
H3.3K27M-TY1, H3.3K36M, or H3.3E50K or (B) pBabePuro H3.1-HA, H3.1E50K-HA, or H3.1E50D and lysates acid extracted. Lysates were
immunoblotted with the indicated antibodies. Representative images shown, n = 3. (C, D) Stable HMECDD cells expressing the indicated H3.3 mutant
proteins were seeded and cell proliferation measured over the indicated timecourse, n = 3. (E) HMECDD cells stably transduced with the indicated H3.3
plasmids were seeded and cell clonogenicity measured after 15 days. Representative images are shown. (F) Quantification of panel (E), n = 3. (G) Stable
HMECDD cells expressing the indicated H3.1 mutant proteins were seeded and cell clonogenicity measured after 20 days. Representative images are

shown. (H) Quantification of panel (G), n = 4.

pared with wild-type H3.3. To further examine the propen-
sity of H3.3E50K expression to drive cell migration, we per-
formed transwell migration assays. H3ES0K expression in-
creases by ~4-fold the number of HMECDD cells that mi-
grate through the 8.0 um porous membrane in response to
growth factors as compared with H3.3 wild type (Fig. 3A and
B, Supplementary Fig. S3D). We also found that H3.3E50K
and H3.1ESOK expression enhances the invasive properties
of HMECDD cells as seen by a six- and two-fold enhanced
invasion through a matrigel-coated transwell membrane, re-
spectively (Fig. 3C-F, Supplementary Fig. S3E and F). Notably,
expression of H3.1ES50D did not significantly increase tran-
swell invasion compared with wild-type H3.1 (Fig. 3E and F).
Because the H3ES0K missense mutation co-occurs with other
genomic alterations, including BRAF mutation in human can-
cer (Fig. 1G), we investigated whether H3ES0K expression
enhances oncogenicity in the presence of co-occurring onco-
genic driver events. We overexpressed wild-type H3.3 or
H3.3E50K in the BRAF V600E-mutant melanoma cell line
A2058 (Supplementary Fig. S3G and H). Despite the fact
that H3.3E50K expression does not increase cell prolifera-
tion or clonogenic growth in BRAF-mutant melanoma cells
(Supplementary Fig. S31-K), expression of H3.3E50K with
BRAF V600E significantly enhances cell migration and inva-
sion in this context (Fig. 3G-], Supplementary Fig. S3L and
M). Notably, we detect a statistically significant difference
in the ability of H3.3E50K expression to enhance prolifera-
tion and clonogenicity as well as support migration and in-
vasion. The magnitude of the increase observed for migration
and invasion is much larger, suggesting H3E50K could be in-
volved in an EMT-like process. Together, these data suggest
that H3ES0K expression contributes to an increase in can-

cer cell migration and invasion alone or in combination with
known oncogenic driver gene expression in cancer types that
harbor an H3E50K missense mutation.

H3E50K alters chromatin accessibility and perturbs
histone PTMs

Prior studies examining the molecular mechanisms by which
oncohistone expression drives cancer development and pro-
gression reveal that while all known histone H3 oncohis-
tones modulate transcriptional competence, they do so via
unique mechanisms of action. To begin to explore how
H3.3E50K expression could contribute to oncogenic growth,
we performed ATAC-seq in HMECDD cells expressing wild-
type H3.3-TY1 or H3.3E50K-TY1 (Supplementary Fig. S4A).
While H3.3E50K expression does not dramatically alter chro-
matin accessibility (Fig. 4A), H3.3E50K induces an increase
in chromatin accessibility at gene regulatory regions includ-
ing promoters and enhancers (Fig. 4B). Differentially accessi-
ble regions (DARs) are detected between wild-type H3.3 and
H3.3E50K (Fig. 4C); of the top 5000 DARs, this approach de-
fined an increase in 2247 DARs and a decrease in 2753 DARs
in H3ESOK expressing cells (Supplementary files 1 and 2). Us-
ing HOMER motif analysis, we found that H3ES0K expres-
sion increases the accessibility of transcription factor motifs
including those of the Fos (Ap-1) and Jun families (Fig. 4D
and Supplementary Fig. S4C). Collectively, these data suggest
that H3E50K expression selectively alters chromatin at spe-
cific loci to favor an open conformation, which may impact
downstream gene expression.

To determine whether the detected changes to chromatin
accessibility may result in changes to histone PTM, we
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acid extracted histones from HMECDD cells expressing
wild-type H3.3-TY1, H3.3ES0K-TY1, H3.3K27M-TY1, or
H3.3K36M-TY1 and examined a suite of histone PTMs crit-
ical for proper regulation of gene expression. While expres-
sion of H3.3K27M dysregulates H3K27me3 and H3.3K36M
dysregulates H3K36me3 on a global level, respectively,
(Fig. 4E and F), H3.3ES0K reduces multiple PTMs, in-
cluding those with opposing functions. H3.3E50K glob-
ally reduces H3K4mel and H3K36me3, both of which are
PTMs associated with transcriptional activation [58]. In ad-
dition, H3.3E50K globally reduces H3K27me3, which is a
mark of heterochromatin [58] (Fig. 4E and F). Consider-
ing H3K27me3 is a key histone PTM involved in tran-
scriptional repression and we identified increases in acces-
sible chromatin via ATAC-seq, we performed H3K27me3
CUT&Tag (Supplementary Fig. S4B). HMECDD H3ES50K
cells are characterized by a reduction in promoter-associated
H3K27me3 (Fig. 4G). Collectively, these data suggest
chromatin-associated changes may contribute to the dysreg-
ulated phenotypes observed with H3E50K expression.

H3E50K dysregulates the breast transcriptome to
support EMT

Transcriptomic analysis via RNA sequencing (RNA-seq)
demonstrates that stable overexpression of H3.3E50K in
HMECDD cells significantly dysregulates gene expression as
compared with HMECDD cells that overexpress control wild-
type H3.3 (269 increased transcripts, 85 decreased transcripts;

P < .05) (Fig. 5A and B and Supplementary Fig. S5). FGSEA
with cancer hallmarks suggests that H3.3E50K expression
positively regulates EMT, TNFo via NF«B signaling, KRAS
signaling, JAK/STATS3 signaling, and other hallmarks of can-
cer, while decreasing hallmarks, including the G2M check-
point (Fig. 5B). Analysis of differentially expressed transcripts
(Fig. 5C) in H3ES0K cells identify an increase in transcripts
that encode proteins with defined roles in EMT, including
PREX1, FLT1 (VEGFR1), and NLRP2 (Fig. 5D). To assess
whether these changes reflect an increase in EMT, we analyzed
both N-cadherin and E-cadherin protein levels. We detect an
increase in N-cadherin and a decrease in E-cadherin consis-
tent with enhanced EMT (Fig. SE and F). Collectively, these
data suggest that H3ES0K expression supports a transcrip-
tional program that contributes to enhanced EMT, which is
consistent with our observations that H3.1 and H3.3E50K
significantly increase cell migration and invasion (Fig. 3).

To determine whether changes to chromatin state under-
lie the transcriptional and phenotypic differences that sup-
port EMT and are observed in H3E50K-expressing breast
cells, we examined whether EMT-associated genes and reg-
ulatory regions are differentially accessible via ATAC-seq.
H3ESO0K expression increases chromatin accessibility of EMT
genes and regulatory regions (Fig. 6A and Supplementary Fig.
S6A), while decreasing H3K27me3 at the promoters of EMT-
associated genes (Fig. 6B). Integration of the ATAC-seq and
RNA-seq datasets suggests that chromatin changes may un-
derlie some H3E50K-associated gene expression associated
with EMT (e.g. MMP9, MAPK12, and FYN) (Fig. 6C). These
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data are supported by the co-regulation of EMT genes in-
cluding MMP9, MAPK12, and others, which are character-
ized by increased chromatin accessibility, decreased promoter
H3K27me3, and increased transcript abundance (Fig. 6D and
Supplementary Fig. S6B). These data support a model in
which H3ES0K variant expression drives localized changes
to chromatin accessibility at EMT genes, which leads to
changes in histone modifications to support transcriptional
competence, which is reflected in an increase in EMT gene
expression.

H3E50 amino acid substitutions sensitize S.
cerevisiae to drugs that induce various forms of cell
stress

Previously characterized oncohistones cause growth defects
and/or altered drug sensitivity in yeast models [7, 32, 34, 59]
demonstrating that yeast models are valuable tools for ex-
ploring cellular effects of oncohistone proteins. To explore
whether H3E50 changes modeled in yeast also impact cell
physiology, we utilized the model organism S. cerevisiae. The

histone H3 proteins in budding yeast share the highest de-
gree (90%) of identity with human H3.3 [35]. As such, the
nucleosome structure in S. cerevisiae shows similar contacts
between H3E50 and H4R39, as observed in H. sapiens H3
(compare Fig. 1K with Fig. 7A). To explore the potential
consequences of specific amino acid changes at this position,
H3ES50K, H3ES0D as well as H3ESOR and H3E50A were
modeled both in budding yeast (Fig. 7A) and human (Fig.
7B) nucleosomes. As observed for H3E50K within the human
nucleosome structure (Fig. 1K), H3ESOR creates a repulsive
interaction with the coordinating H4R39 amino acid, while
H3ES0A eliminates the potential for interaction with H4R39.

In budding yeast, which possess two H3 genes, HHT1 and
HHT?2 [60], we engineered the HHT2 allele to express hht2-
ES0A,-ESOR, or -ES0K, or, as a control, hht2-K36M to genet-
ically model oncohistone expression in a background similar
to oncohistone expression in human cells in which another
wild-type copy of histone H3 (HHT1) is present. H3ESOR
was included to examine whether the positive charge shared
between the lysine and arginine R groups impacts H3 func-
tion. Cells expressing these H3 variants were grown in con-
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normalized to actin as a loading control.

trol conditions or in the presence of cellular stressors or DNA
damaging agents (Fig. 7C). While no change in growth was
detected under control conditions, hhi2-K36M, hhi2-E50R,
and hhi2-ESOK, cells show growth defects in the presence of
the DNA damaging agent bleomycin [61] as well as caffeine,
a negative regulator of the target of rapamycin (TOR) signal-
ing pathway [62] (Fig. 7C). These studies further demonstrate
the dominant nature of H3E50K and show that H3ESOR also
has a dominant effect on yeast cell sensitivity to these drugs. In
contrast, H3ES0A does not confer a dominant growth defect.

To directly explore the functional consequences of amino
acid substitutions at E50 for histone H3, we also examined
yeast cell growth using mutants that express H3ES0 variants
as the sole copy of budding yeast histone H3. These cells ex-
press each engineered mutant hht2 allele (hht2-ES50A, -ESOR,
or -ESOK) and are deleted for HHT1. With this experimen-
tal paradigm, the H3ESOR and H3ES50K cells still show slow
growth in the presence of the DNA damaging agent bleomycin
as well as caffeine (Fig. 7D). As the sole copy of H3, H3E50A
confers a growth defect in the presence of camptothecin as
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Figure 6. Chromatin changes underlie an H3E50K-associated EMT transcriptional program. (A) Tornado plot assessing differential accessibility of genes
and regulatory regions associated with EMT. Representative plots are shown, n = 3. (B) Tornado plots representing promoterassociated H3K27me3 at
EMT genomic loci via CUT&Tag in HMECDD cells stably expressing WT H3.3 or H3.3E50K. Representative plots are shown, n = 3. (C) Scatterplot
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ATAC-seq, H3K27me3 CUT&Tag, and RNA-seq of selected EMT-associated genes.

well as bleomycin [63], but no significant effect is detected in
the presence of caffeine. Thus, converting E50 to a positive
residue affects yeast cell sensitivity to specific stressors in a
manner that does not occur with a neutral change, suggesting
the positive charge provides a gain of function. In both genetic
contexts (Fig. 7C and D), H3ESOR confers a slightly stronger
growth defect in the presence of bleomycin or caffeine as com-
pared with H3ES0K.

H3E50-mutant histones alter cell physiology via a
mechanism that is distinct from H3K36M-mutant
histones

One advantage of the budding yeast system is that simple
genetics can be employed to identify cellular pathways im-
pacted by histone PTM and/or oncohistones [34, 64, 65]. We
recently employed such an approach to identify high copy
suppressors of the caffeine-sensitive growth defect of H3K36
mutants in budding yeast [34]. This approach identified sev-
eral chromatin modifying enzymes and complexes that when
overexpressed can suppress the impaired growth of H3K36

mutants on media containing caffeine [34]. As S. cerevisiae
expressing H3ES0K and H3ESOR are also sensitive to caf-
feine (Fig. 7C and D), we examined whether the growth of
the H3E50 mutants like H3K36R/M mutants is suppressed
by overexpression of the suppressor genes, which would sug-
gest that similar cellular pathways are impacted in these on-
cohistone models. We overexpressed H3K36 suppressors, in-
cluding ESA1, encoding a lysine acetyltransferase [66], TOS4,
encoding a protein implicated in transcriptional regulation
[67], PHO92, encoding an N6-methyladenosine reader [68],
and SGVI1, encoding a CDK9 kinase, in S. cerevisiae with
H3E50K or H3ESOR as either the sole copy of H3 or in
the presence of WT HHT1 and assessed growth in the pres-
ence of caffeine (Supplementary Fig. S7A and B). Overex-
pression of the established H3K36 suppressors shows mini-
mal rescue of the H3E50 mutants. Taken together, these ge-
netic suppressor experiments suggest that H3ES0 variants al-
ter yeast cell physiology in a manner that may be distinct from
H3K36M.

To determine whether H3ESOK perturbs proximal PTMs
in budding yeast, we acid extracted histones from the strains
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Quantification of panel (E). Signals were normalized to H3 and PGK1 levels.

expressing wild-type H3 protein or mutant H3 (e.g. hhi2-
ES0A, -E50R, or -E50K) that are also deleted for HHT1I.
While expression of H3K36M globally reduces H3K36me3
(Fig. 7E and F), we find mutation of E50 significantly reduces
H3K4mel (Fig. 7E and F), which is consistent with our find-
ings in human models (Fig. 4). Collectively, these data sug-
gest that S. cerevisiae can be employed to streamline func-
tional studies examining the molecular mechanisms of action
of cancer-associated histone variants, readily complementing
companion studies in human systems.

Discussion

Here, we leverage the publicly available cBioPortal and COS-
MIC datasets to identify histone H3E50 mutations as novel
and recurrent histone mutations in human cancers. While mul-
tiple cancer-associated genomic alterations occur that result in

a change of H3ES0 to another amino acid, a missense muta-
tion that changes H3ES0 to a lysine to produce H3ESOK is
amongst the most common in these publicly available patient
datasets. We show that ectopic expression of either H3.1E50K
or H3.3ES0K functions in a dominant manner to drive cell
proliferation, growth in limited dilution, migration, and in-
vasion. H3.3E50K also selectively increases chromatin ac-
cessibility, including at Fos/Jun transcription factor binding
sites, and reduces proximal H3 PTMs involved in transcrip-
tional repression including H3K27me3. Transcriptomics sug-
gests that H3.3E50K expression governs essential pathways
and processes involved in cell invasion and the EMT, consis-
tent with H3ES0K-mediated cellular phenotypes. Integration
of chromatin accessibility, H3K27me3 CUT&Tag, and tran-
scriptomics data suggest that changes to chromatin underlie
the pro-EMT phenotype we empirically observe in H3ES0K
expressing cells. Genetic suppressor assays in S. cerevisiae
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demonstrate that while slow growth in caffeine is shared be-
tween the known oncohistone H3K36M and H3ES50K, genes
that suppress growth phenotypes of H3K36M cells do not
show similar suppression of H3ES0 mutant models. Taken to-
gether, these data suggest that H3ESOK may alter cell physi-
ology and support oncogenic properties in a manner that is
distinct from previously analyzed histone variant proteins.

As compared with H3K36M and H3K27M oncohistones,
missense mutations that change H3ES50 to other residues, in-
cluding H3ESOK, occur at a lower frequency without a pref-
erence for a specific tissue of origin, with H3E50K identi-
fied in breast, lung, and skin cancers, in addition to other
cancer types (Fig. 1F and G and Supplementary Fig. S1B).
We modeled H3.1E50K and H3.3ES0K expression in un-
transformed HMECs that were previously transduced with
dominant-negative p53 (HMECDD). Expression of H3E50K
supports a transformed phenotype in this context. While we
observed a modest but significant increase in the prolifera-
tion and clonogenic expansion of these cells, the ability of
H3.3ES0K expression to increase cell migration and inva-
sion is not only significant, but of a large magnitude, suggest-
ing that H3.3E50K expression may contribute to metastatic
phenotypes. We also examined the transformative capacity of
H3ES50K in a second untransformed human breast cell line,
MCF10A, which is TP53 wild type. Unlike HMECs, ectopic
expression of H3ESOK in the MCF10A background was in-
sufficient to support oncogenic activity (data not shown). Be-
cause H3E50 genomic alterations occur in patient tumors in
the context of other co-occurring genomic alterations (e.g.
loss of function TP53 mutation and/or activating BRAF
V600E mutation as illustrated in Fig. 1G), we investigated
whether H3.3ES0K expression in the BRAF V600E-mutant
A2058 melanoma cell line enhances the transformative phe-
notypes already observed in this cell line. While H3.3E50K
expression in A2058 melanoma cells did not increase prolif-
eration or clonogenicity, H3.3E50K expression in this con-
text strikingly increased cell migration and invasion (Fig. 3),
in line with our observations in untransformed HMECDD
cells. These data highlight how co-occurring genomic alter-
ations may collaborate or synergize with histone mutations,
including mutations that produce the histone variants such
as H3ESOK. While H3E5S0K mutation is relatively infrequent
and, as such, patient outcome data are not readily available,
these data raise the possibility that potential oncohistone mu-
tations, such as H3ES0K, may be associated with poor pa-
tient prognosis or may be associated with later stage diag-
nosis due to a more aggressive phenotype, especially in sit-
uations where H3E50K co-occurs with additional oncogenic
driver events. Co-occurrence with oncogenic driver mutations,
such as BRAF V600E, may also explain the likely subclonal
nature of tumors containing H3E50K alteration (Fig. 1H).
While H3ESOK patient data is limited, surveying existing pa-
tient data demonstrates that genomic alterations that result
in H3ES0K variant expression is associated with metastatic
disease (Fig. 1G). Gene signatures associated with H3E50K
expression (Fig. 5) support this conclusion, as H3.3E50K ex-
pression in untransformed breast cells increases steady-state
levels of transcripts associated with KRAS signaling, which
could synergize with known oncogenic KRAS/MAPK signal-
ing effectors such as BRAF V60OE.

As described above, our findings suggest that H3.1 and
H3.3E50K expression supports oncogenic activity and a
transformed phenotype, which is evidenced by migration and
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invasion in in vitro assays. While these phenotypic experi-
ments are consistent with the conclusion that H3ES0K may
support oncogenicity, iz vivo experiments are required to
assert that the H3ESOK variant functions as an oncogenic
driver. Moreover, our studies demonstrate H3ES0K drives
migratory and invasive cellular phenotypes in both untrans-
formed HMECs characterized with concurrent dominant-
negative p53 expression, and, in the context of H3.3E50K,
also enhances invasion in the presence of concurrent onco-
genic drivers. Chromatin changes coupled with transcriptomic
studies support these findings by revealing that H3E50K cells
remodel chromatin in a manner that increases expression of
genes associated with EMT. We found that H3ES0K expres-
sion increases chromatin accessibility around FosL1/FosL2
and related Jun/Fos transcription factor binding motifs (Fig.
4D and Supplementary Fig. S4C), many of which have estab-
lished roles in EMT in breast and other cancers [69, 70]. These
studies provide insight into the potential role H3ESOK may
have in cancer progression and migration as opposed to can-
cer initiation, suggesting that H3E50K may support cancer
cell dissemination to distal sites. Conclusively testing this hy-
pothesis in in vivo murine models is a critical future direction.

The previously characterized H3K27M oncohistone pri-
marily reduces H3K27 trimethylation both in cis and trans
[9]; similar changes are observed for H3K36M on H3K36
trimethylation both in c¢is and #rans [10]. Additional alter-
ations to histone PTMs may occur in these contexts, which
are likely to be indirect changes as a result of the global mis-
regulation of H3K27 methylation and H3K36 methylation,
respectively. In contrast, H3.3E50K globally reduces numer-
ous H3 PTM:s associated with both transcriptional activation
and repression (Fig. 4). We detect a significant global reduc-
tion in H3K27me3 and a reduction in promoter-associated
H3K27me3 across the genome including at the promoters
of EMT-associated genes (Figs 4G, 6B, and 6D). These find-
ings support the hypothesis that expression of H3.3E50K
may directly modulate one or more proximal PTMs includ-
ing H3K27me3 through altering the association of chromatin
modifying enzymes with H3. An alternative hypothesis is that
H3ES0K generally destabilizes nucleosomes, as has been re-
ported for the H2BE76K oncohistone [17]. The data presented
here suggest global nucleosome destabilization is not the driv-
ing mechanism as both selective and bidirectional changes in
chromatin accessibility were defined (Fig. 4). However, pre-
vious studies that used a biochemical approach to examine
in situ histone dimer exchange revealed that H3.1 ES0 vari-
ants (H3E50A/D/K/Q) enhance dimer exchange relative to
wild-type H3.1 [7], which suggests that H3E50K expression
could reduce nucleosome stability. Subsequent experiments
could address these hypotheses and extend to an examination
of how H3ESOK perturbs the H3 interactome, and whether
the presence of H3E50K systematically alters the stability of
nucleosomes that contain H3ES0K.

Our data in budding yeast demonstrate that both hht2-
ESOK and hht2-ES0R cells are sensitive to DNA damage and
TOR inhibition in the presence of wild-type endogenous hi-
stone H3 (Fig. 7C). These results align with previous studies
that identified sensitivity to several DNA damaging agents in
bht2-E50 mutant cells [71, 72]. These studies both demon-
strate the utility of S. cerevisiae as a model to functionally
dissect the role of amino acid properties in supporting onco-
genic activity and suggest that the positive charge in the lysine
and arginine R groups may support a pro-oncogenic pheno-
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type (Fig. 7C and D). While both hht2-E50R and hht2-E50K
exhibit growth defects in the presence of the DNA damag-
ing agent bleomycin as well as the cell stress inducer caffeine,
the growth characteristics are different, suggesting that while
the conserved positive charge may play a role in oncogenic
activity, we cannot rule out the possibility of additional func-
tions that differentiate H3ES0K from H3ESOR. These func-
tions may enhance our understanding of why H3E50K is iden-
tified as a recurrent mutation in cancer, while H3E50R is not
(Fig. 1). Another study that examined hht2-E50A yeast cells
revealed that this amino acid change can extend chronolog-
ical lifespan of these cells [73], a phenotype that could sup-
port oncogenic properties in human cells. In the future, to ad-
dress the potential contributions of H3ES50 changes, one could
engineer human cell lines to express the suite of H3ES0 mu-
tant proteins and examine their propensity to support onco-
genic activity and perturb gene expression, as compared with
H3ESOK.

This research is focused on delineating the mechanistic ba-
sis of how oncohistones, including H3K27M and H3K36M,
function, with the goal of defining therapeutic targets. This
line of investigation has led to the preclinical testing of com-
pounds targeting a variety of transcription factors, kinases,
and chromatin modifying enzymes, as well as the clinical test-
ing of the DRD2 antagonist ONC201 in H3K27M-mutant
gliomas [25, 27, 28]. Our studies identify a series of pro-
teins and biological processes that are upregulated, some of
which may represent viable therapeutic targets for patients
with cancers characterized by H3ESOK. Our data show that
H3ES0K upregulates KRAS signaling and H3ES0K co-occurs
with BRAF mutations in melanoma and other cancers. As
such, patient tumors characterized by H3ESOK mutation may
predict enhanced or prolonged sensitivity to combined BRAF
and MEK inhibition via debrafinib and trametinib, respec-
tively, which is currently a standard-of-care for the treatment
of BRAF V600E-mutant melanomas [74]. While this combi-
nation has yet to be tested in the context of H3ES0K mu-
tant cell lines and tumors, other approaches can be utilized
to define H3ESOK vulnerabilities. To identify functional vul-
nerabilities in oncohistone expressing cells, we have previ-
ously exploited S. cerevisiae and performed high copy suppres-
sor screens in H3K36M/R budding yeast oncohistone mod-
els [34]. In this context, we identified conserved chromatin
modifying enzymes including the histone acetyltransferases
Esal/Tip60. This strategy can be employed in parallel with
human and murine iz vitro and in vivo studies to identify
therapeutically actionable targets in H3E50K cell lines and
tumors.

Here, we lay a foundation for understanding the onco-
genic potential of additional histone H3 variants, with a
focus on H3ESOK. The models used for these founda-
tional studies are engineered via ectopic overexpression of
H3ES0K; we acknowledge the limitations of overexpression
models include non-physiological histone variant expression.
While we demonstrate low ectopic histone variant expres-
sion (Supplementary Fig. S2E), CRISPR-based approaches in
which the histone gene is manipulated at the endogenous lo-
cus under endogenous regulatory sequences will be critical to
validate our observations in a physiologically relevant con-
text. While preliminary, the evidence presented here suggest
H3ES0K supports oncogenic activity and highlights potential
contributions to cancer progression. Future studies should fo-
cus on integrating CRISPR knock-in models and analysis of
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patient-derived tissue to comprehensively assess the transfor-
mative capacity of H3ES0K and evaluate potential roles in
tumorigenesis. Utilizing patient cell lines and tumor samples
that are characterized by H3ES0 variant expression, if avail-
able in the future, would strengthen the findings reported here
and provide additional validation.
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