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Method

Single-nucleus CUT&RUN elucidates the function of
intrinsic and genomics-driven epigenetic
heterogeneity in head and neck cancer progression
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Interrogating regulatory epigenetic alterations during tumor progression at the resolution of single cells has remained an
understudied area of research. Here we developed a highly sensitive single-nucleus CUT&RUN (snCUT&RUN) assay to
profile histone modifications in isogenic primary, metastatic, and cisplatin-resistant head and neck squamous cell carcinoma
(HNSCC) patient—derived tumor cell lines. We find that the epigenome can be involved in diverse modes to contribute to-
ward HNSCC progression. First, we demonstrate that gene expression changes during HNSCC progression can be comodu-
lated by alterations in both copy number and chromatin activity, driving epigenetic rewiring of cell states. Furthermore,
intratumor epigenetic heterogeneity (ITeH) may predispose subclonal populations within the primary tumor to adapt to
selective pressures and foster the acquisition of malignant characteristics. In conclusion, snCUT&RUN serves as a valuable
addition to the existing toolkit of single-cell epigenomic assays and can be used to dissect the functionality of the epigenome

during cancer progression.
[Supplemental material is available for this article.]

Tumor metastasis and acquired drug resistance are key steps in can-
cer progression that ultimately lead to treatment failure and pa-
tient mortality. To identify novel modalities to prevent cancer
progression and improve patient survival, it is important to under-
stand the underlying mechanisms that drive these processes. To
date, efforts to comprehend the basis of cancer progression have
largely focused on uncovering genetic alterations within a tumor
population that exert selective fitness, which allows cells to survive
during drug treatment. However, cancers can exhibit marked cell-
to-cell variation (intra-tumor heterogeneity [ITH]) in gene expres-
sion and their functional phenotypes that cannot always be
explained by mutations or structural variations in their DNA.
Nongenetic basis for ITH suggests a potential role for epigenetic
mechanisms driving transcriptomic/phenotypic heterogeneity
(Brock et al. 2009). Epigenetic alterations offer a heritable mecha-
nism for generating ITH (Easwaran et al. 2014) and occur at greater
frequencies in human cancers than in genetic mutations (Guo
etal. 2019), thereby underscoring the importance of interrogating
them when mapping trajectories of cellular plasticity—-driven tu-
mor evolution to metastatic or treatment-resistant disease.
Cancer cells that survive sublethal challenges can often activate
stress response pathways that confer early developmental, stem-
like features that enable them to cope with further insults (Pisco
and Huang 2015). These prosurvival alterations are often manifest-
ed in the aberrant modification of histone proteins (Fiillgrabe et al.
2011). Furthermore, dysfunction in histone-modifying enzymes
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has been shown to have a causal relationship with cancer initia-
tion and progression (Wang et al. 2016). Thus, understanding
the underlying epigenetic mechanisms that underpin the evolu-
tion of cancer is crucial for the discovery of alternative therapeutic
interventions to halt or delay its progression and to improve the
survival of cancer patients in the clinic.

One such cancer type in which epigenetic ITH remains an un-
derstudied area of research is head and neck squamous cell carcino-
ma (HNSCC). Single-cell studies on HNSCC mainly focused on
transcriptomic ITH, underscoring the need to investigate epigenet-
ic control of ITH in HNSCC (Puram et al. 2017; Qi et al. 2021; Choi
etal. 2023; Quah et al. 2023). An area in which epigenetic ITH can
have a role in HNSCC progression is in the alterations of histone
modifications. Histone modifications can occur rapidly as cells re-
spond and adapt to the environment. Classically these changes are
identified by chromatin immunoprecipitation followed by se-
quencing (ChIP-seq). However, classical ChIP-seq is only suitable
for bulk cell assays, which have limited application for discerning
epigenetically distinct subpopulations within tumors. This makes
it difficult to determine whether plasticity or lineage transitions
are a result of Darwinian selection of rare, pre-existing clones, or
adaptation, in which dynamic epigenetic changes may activate
distinct transcriptomic programs that lead to the emergence of
new phenotypes. Thus, there is a need for studies employing meth-
odologies that can detect histone modifications at the resolution
of single cells in order to answer questions related to how epigenet-
ic heterogeneity and plasticity may drive cell state transitions dur-
ing HNSCC progression. Given that many readers and writers of
different histone marks are amenable to pharmacological
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interventions (Helin and Dhanak 2013; Kakiuchi et al. 2021), a
greater understanding of their regulatory function during tumor
progression could result in the identification of new therapeutic
intervention strategies for HNSCC patients.

Methods for profiling histone modifications or transcription
factors (TFs) in single cells generally involve immunoprecipita-
tion, using either an antibody immobilized nuclease or an anti-
body immobilized transposase, as exemplified by scChIP-seq,
uliCUT&RUN, and scCUT&Tag, respectively (Rotem et al. 2015;
Hainer et al. 2019; Kaya-OKkur et al. 2019). Because of the paucity
of DNA within single cells and the implicit requirement for selec-
tion of only a tiny fraction of this material, these methods and oth-
ers tend to have low numbers of filtered reads and/or poor
specificity. Single-cell ChIP-seq methods employ microfluidic de-
vices to compartmentalize single cells, and although thousands
of cells can be analyzed simultaneously, the number of unique
reads per cell tends to be low owing to inefficient reactions within
individual droplets. Additionally, the requirement for special
equipment limits the adoption of this approach by the wider scien-
tific community. On the other hand, the use of immobilized trans-
posases has generated significantly more traction (Ai et al. 2019;
Carteretal. 2019; Wang et al. 2019), largely because these methods
do not require a library preparation stage that normally leads to
additional loss of already scarce material. However, considerable
off-target transposase binding occurs without stringent salt wash-
es, which can inadvertently detach proteins of interest from DNA
unless they are tightly bound, such as the case with TFs (Kaya-Okur
et al. 2020). CUT&RUN was developed as an alternative to ChIP-
seq that exhibits significantly less background noise (Skene and
Henikoff 2017), which enables it to profile as few as a 100 cells
(Skene et al. 2018). A single-cell version, uliCUT&RUN, was dem-
onstrated to localize NANOG and SOX2 TFs in rare populations
of mouse embryonic stem cells (Hainer et al. 2019). However,
the extensive sequencing depth required for this method (median
raw read number of 10,189,952 and 14,717,791 reads for single-
cell uliCUT&RUN and bulk uliCUT&RUN, respectively) makes it
impractical for analyzing large numbers of single cells (Hainer
et al. 2019; Patty and Hainer 2021).

Given the challenges affecting other single-cell histone mod-
ification profiling methods such as uliCUT&RUN, we aimed to
develop an improved nuclease-based assay to profile histone mod-
ifications in single nuclei. Here we developed single-nucleus
CUT&RUN (snCUT&RUN) in order to gain more insights in the
role of the epigenome and epigenetic heterogeneity during
HNSCC progression. Altogether, we demonstrate that high-resolu-
tion profiling of histone modifications in single cells with
snCUT&RUN can yield valuable insights into epigenetic heteroge-
neity in HNSCC, complementing existing single-cell transcrip-
tomic studies.

Results

Development and performance of snCUT&RUN

Tagmentation-based methods for single-cell histone modification
profiling (e.g., scCUT&Tag) have limitations with efficiency for
the following reasons: (1) two independent transposition reac-
tions are needed to create a sequenceable fragment, and (2) pro-
ductive reactions require that the adapters introduced by
transposition on each end of the fragment to be of different
“types,” which only happens with 50% probability. Considering
these challenges, we focused on the nuclease-based protocol:

CUT&RUN. Unlike transposon-based methods, which get expend-
ed during the reaction, a single pA-MN enzyme in CUT&RUN can
catalyze fragmentation of DNA on both sides of a given
nucleosome. This means that after digestion, all fragments have
the potential to yield sequenceable products after the library
preparation stage. Although the library preparation protocol is
more complex compared with that of scCUT&Tag, we believe
that the increased sensitivity of snCUT&RUN would better cater
to the needs for applications that require higher-sensitivity his-
tone profiling at single-cell resolution.

A schematic of snCUT&RUN is shown in Figure 14, and the
detailed protocol is provided in the Methods section. The original
CUT&RUN method has low background noise and requires a frac-
tion of the sequencing depth compared with ChIP-seq. We found
that several enhancements could transform this technique into a
single-cell method that could be performed in a standard molecu-
lar biology laboratory with access to a FACS facility (or other means
of single-cell isolation). First, we found that it was imperative to
maintain nuclear integrity throughout the entire workflow to min-
imize background reads and ensure high-quality data. Damage to
nuclei results in release of ambient DNA, clumping of nuclei,
and loss of material. Hence, we formulated a lysis buffer with min-
imal detergent concentration, and the addition of sucrose supple-
mented with BSA resulted in lysis with vastly reduced clumping
when resuspending pellets during washing steps throughout the
workflow. Lysis, antibody, and pA-MN binding steps were all per-
formed in bulk, which reduced the amount of handling and the
loss of individual cells after isolation. Second, directly after pA-
MN incubation, the nuclei were stained in buffer containing a nu-
clear dye and a labelled antinuclear pore complex antibody. This
step greatly improved the efficiency in isolating single intact nu-
clei rather than multiple nuclei or debris. Third, low-salt condi-
tions have been shown to prevent pA-MN from diffusing after
digestion, thereby reducing off-target cleavage of background
DNA (Meers et al. 2019). We adopted this approach by directly
sorting single nuclei into a low-salt calcium buffer to initiate nucle-
ase activity. Lastly, given that the library preparation stage is
the major source of sample loss, the inactivation of pA-MN, end-
repair, A-tailing, indexed adapter ligation, and SPRI steps were all
performed with no tube transfers. The amount of paramagnetic
SPRI beads used to remove unbound adapters was doubled relative
to PEG/NaCl to increase the surface area available for binding to
the DNA template. Furthermore, SON neodymium magnets were
used for separation to minimize dead volumes. By avoiding
Proteinase K treatment, intact nuclei and high-molecular-weight
debris could be observed being retained by the SPRI beads after
eluting the target DNA, thereby reducing background. PCR was
performed on pooled samples, the products concentrated via pre-
cipitation, and adapter monomers and dimers removed with a sec-
ond set of SPRI bead treatment in preparation for high-throughput
sequencing (Methods).

We first assessed the technical performance of snCUT&RUN on
94 sorted nuclei, probed with either anti-H3K4me3 or anti-
H3K27ac antibodies. The sequencing read distribution of single cells
exhibited a high degree of similarity with bulk cell populations
probed with the respective histone-specific antibodies (Fig. 1B),
demonstrating excellent specificity of our protocol. H3K4me3 is
a histone mark that is generally associated with promoters. The
read density profile from H3K4me3 snCUT&RUN samples showed
similar profiles around transcriptional start sites (TSSs) to that of
the bulk cell set, with corresponding patterns of nucleosome
depletion (Supplemental Fig. S1A), indicating the high resolution
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Figure 1. Schematic representation of overall workflow and quality control of snCUT&RUN. (A) Schematic overview of snCUT&RUN, applied on

matched primary, metastatic, and primary cisplatin-resistant patient-derived head and neck cancer cell lines from two patients (HN120 and HN137).
Image created with bioRender (https://www.biorender.com/) under publication license HI248194WF. (B) Representative IGV-track image showing
H3K4me3 and H3K27ac single-cell profiles of 90 HN120Pri cells, with corresponding bulk cell data for each mark (Robinson et al. 2011). (C) Violin-
and boxplots showing the distribution of the number of unique mapped reads (UMRs) for each single-cell, for both H3K4me3 (median=32,666) and
H3K27ac (median=8766). Dotted lines are at 50,000, 10,000, and 500 UMRs. snCUT&RUN data were benchmarked against uliCUT&RUN (Hainer
etal. 2019), scCUT&Tag (Kaya-Okur et al. 2019), CoTECH (Xiong et al. 2021), and Droplet Paired-Tag (Xie et al. 2023). (D) Violin- and boxplots illustrating
the percentage of reads in peaks for each single cell. H3K4me3 median=68%, H3K27ac median=49%. Dotted lines are at 75%, 50%, and 25%.

snCUT&RUN was compared with CoTECH and scCUT&Tag.

of this assay. We next benchmarked snCUT&RUN with currently
available single-cell histone modification profiling methods
uliCUT&RUN (Hainer et al. 2019), scCUT&Tag (Kaya-Okur et al.
2019), CoTECH (Xiong et al. 2021), and Droplet Paired-Tag (Xie
et al. 2023), using several quality-control (QC) metrics such as
the number of uniquely mapped reads (UMRs) and fraction of

reads in peaks (FRiP). The median number of unique reads for
H3K4me3 was 32,666 (median number of unique reads mapping
to annotated promoters=6828 or 21.4% of total unique reads),
whereas the corresponding number of unique reads for H3K27ac
was 8766 (Fig. 1C). This was comparable or greater than the other
methods tested. As an indication of signal to noise, the median
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FRiP was 68% for H3K4me3 and 49% for H3K27ac, which is like-
wise on par with or greater than other single-cell histone assays
(Fig. 1D).

Comparison of the histone profiles of pooled snCUT&RUN
with bulk CUT&RUN yielded a Pearson’s correlation 0.956 and
0.6089 for H3K4me3 and H3K27ac, respectively (Supplemental
Fig. S1B,C). Collectively, these data indicated that snCUT&RUN re-
capitulated bulk CUT&RUN data to a high degree and that this
method has the potential to resolve subtle epigenetic differences
that might be expected within cancer cell populations. Once
more than 1000 cells had been screened for H3K4me3 and
H3K27ac, we compared the performance of snCUT&RUN with
the other, previously mentioned available methods by ranking
the cells by number of UMRs (Supplemental Fig. S1D). Although
in some cases different antibodies were used, we reasoned that
there should be considerable overlap between the profiles of
some modifications such as H3K4me2 and H3K4me3, being pres-
ent at transcribing, and poised plus transcribing genes, respective-
ly (Hyun et al. 2017). Under our experimental conditions, we
could achieve almost an order of magnitude more UMRs than
scCUT&Tag, even after downsampling raw snCUT&RUN read
pairs by 25% to match scCUT&Tag raw read pair numbers. As a sec-
ond metric, we compared the downsampled snCUT&RUN with
scCUT&Tag and uliCUT&RUN by determining the percentage of
reads which map uniquely (Supplemental Fig. S1E). Notably,
snCUT&RUN produced better mapping rates after deduplication
(15.35% for H3K27ac and 15.62% for H3K4me3) compared with
a median of 10.92% and 0.25% with scCUT&Tag and
uliCUT&RUN, respectively (Kaya-Okur et al. 2019; Patty and
Hainer 2021). The low percentage seen with uliCUT&RUN could
be attributed to loss of material with uliCUT&RUN, in which
low template concentrations during PCR can cause an increase
in artifacts (Ruiz-Villalba et al. 2017).

Finally, we used ChIPseeker (Yu et al. 2015) to examine the
genomic annotation of peaks called from the snCUT&RUN,
scCUT&Tag, and uliCUT&RUN data sets. As expected, H3K4me3
peaks localized mostly at the promoter region, whereas H3K27ac
localized at promoters, introns, and distal intergenic regions, in ac-
cordance with known localization of H3K4me3 (active and inac-
tive promoters) and H3K27ac (active promoters and enhancers)
(Supplemental Fig. S1F). The localization of peaks follows the
trend seen with scCUT&Tag data, whereas uliCUT&RUN had
lower localization of H3K4me3 at promoters than expected.
Altogether, our benchmarking results show that snCUT&RUN per-
forms similarly or, in many cases, outperforms other available
single-cell histone modification profiling methods.

Copy number amplifications may drive epigenetic
reprogramming during metastatic progression in HNSCC

Having established the technical validity of snCUT&RUN, we uti-
lized the R packages Signac and Seurat (Stuart et al. 2019, 2021; R
Core Team 2024) for an integrated analysis of snCUT&RUN data
on previously established isogenic patient-derived HNSCC models
that represent primary (Pri), metastatic (Met), and cisplatin-resis-
tant primary tumor (PCR) cell lines from two individual patients
(HN137 and HN120) (Supplemental Table 1; Chia et al. 2017;
Sharma et al. 2018). We used a set of filtering parameters (for de-
tails, see Methods) to eliminate low-quality cells. After filtering,
single-cell profiles of 1107 and 1048 cells for H3K4me3- and
H3K27ac-specific snCUT&RUN data, respectively, were used for
downstream analysis. UMAP embedding of H3K4me3 and

H3K27ac showed slightly different patterns and varying degrees
of overlap between the cell types (Fig. 2A). From H3K4me3 pro-
files, HN120Pri and HN120Met cells were indistinguishable, and
a similar observation was made when comparing HN137Pri and
HN137PCR cells (Fig. 24, left).

In contrast, the PDCs were organized into more distinct clus-
ters when H3K27ac profiles were used for clustering (Fig. 2A, right),
suggesting that H3K27ac localization (active promoters and
enhancers) is more divergent between primary and progressed
cell states compared with promoter activity alone. Notably,
HN120PCR and HN137Met seemed to have distinct profiles
for both H3K4me3 and H3K27ac, indicating significant differenc-
es in their chromatin states compared with other PDCs. We con-
firmed our clustering results by calculating Pearson correlations
between the H3K27ac/H3K4me3 profiles of the different cell
types (Supplemental Fig. S2A,B). Furthermore, we did not detect
significant batch effects in our clustering (Supplemental Fig.
S2C,D).

Next, we sought to infer how changes in epigenetic landscape
could drive HNSCC progression using the snCUT&RUN data. After
Signac-integrated peak calling, we obtained a set of 606,594
H3K27ac and 391,115 H3K4me3 peaks present in at least one
cell line (Supplemental Fig. S3A,B). Out of these peaks, most either
are cell line-specific or are shared between all cell lines. However,
snCUT&RUN was able to capture peaks that were shared by prima-
ry tumor and matched progressed cell lines (Supplemental Fig.
S3C,D). Shared peaks among all cell lines located primarily to their
expected genomic localization, whereas a small number of sample
unique peaks were also observed (Supplemental Fig. 3E,F).

Among the primary tumor/progressed paired cell lines with
the starkest H3K27ac/H3K4me3 profile differences are HN137Pri
and HN137Met (Fig. 2A). TF motif binding analysis in HN137Pri
revealed an enrichment of TP63, a key lineage-determining regula-
tor of epidermal keratinocyte identity (Qu et al. 2018), and KLF4,
which was previously shown to regulate differentiation in the
basal layer of the oral epithelia (Fig. 2B; Segre et al. 1999). Upon
plotting the H3K27ac coverage signal, we observed near loss of
H3K27ac at the TP63 locus, indicating downregulation of TP63,
and thereby loss of lineage fidelity, in HN137Met (Fig. 2C).
Because TP63 is known as a key regulator of basal keratinocyte
identity, we also focused on the keratin (KRT) loci and found a
near loss and gain of H3K27ac at the KRT5 and KRT8/18 loci, re-
spectively, in HN137Met (Fig. 2D). KRT5/KRT18 immunofluores-
cence (IF) corroborated our findings from snCUT&RUN data
(Supplemental Fig. S4A). Furthermore, we confirmed the down-
regulation of TP63 and KRTS, as well as the upregulation of
TEAD4 and KRT8/18 during HNSCC metastasis, upon analyzing
two previously published scRNA-seq data sets from primary and
metastatic HNSCC (Supplemental Fig. S4B-J; Puram et al. 2017;
Sharma et al. 2018). We found an annotated TP63 binding site
near the KRT5 promoter, supporting the notion of KRT5 expres-
sion being driven by TP63. Additionally, H3K27ac profiles of the
KRT5 and KRT8/18 loci in HN120 PDCs aligned with the IF-based
protein expression (Supplemental Figs. S4A, S5A). Moreover, we
observed concordant H3K4me3 activity at the KRT5/8/18 loci of
HN120 and HN137 PDCs (Supplemental Fig. S5B). Hence, the
simultaneous presence (or absence) of H3K4me3 and H3K27ac is
a strong indicator of epithelial cell identity. The findings of activat-
ing epigenetic marks in the KRT8/18 locus in HN137Met are signif-
icant, because high KRTS8 expression has been associated with
detachment of cells from tumors and seeding of lymph node me-
tastasis in HNSCC (Matthias et al. 2008).
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The TFs enriched in HN137Met include members of the loss of TP63 and TEAD4 in HN137Met and HN137Pri, respectively
TEAD family such as TEAD4, a downstream activator in the (Supplemental Fig. S5C). Previously, it was shown that TEAD can
Hippo pathway, and FOSL2, a regulator in cellular differentiation repress TP63 promoter activity and protein expression (Valencia-
(Fig. 2E). Visualization of TF activities at single-cell level showed Sama et al. 2015). We further assessed the differential peaks

A B
H3K4me3 H3K27ac HN137Pri-H3K27ac enriched vs. HN137Met

5.0
5.0 &f é Motif TE  Adj. P-value
25 ' -
i N 5 '.. Q ® HN120PRI LQQQCACCCSE KLF5 3.27e-71

AN
3 ' 25 [
o XA f% o Py HN120MET
< 0.07 Tantagir B ‘-# $o < ! HN120PCR CQQCACQC__ KLF4 3.01e-68
= *? =00 @ HN137PRI
D-25 HN137MET ACAI 1 J,\CA; = TP73 1.92e-67
@ HN137PCR
50 25 cCa0c00Cac.  sP3 81760
75 C » TP63  3.29e-47
E 0 5 5 0 5 10 ’,‘A AI ,TlagAA AI IQ
UMAP 1 UMAP 1
H3K27ac D H3K27ac H3K27ac
© HN137Pri — HN137Pri T HN137Pri
£ T - £ L
26 i il % g % . i L
' '
Bo o 8o
N @ 1HN137Met S HN137Met N @ |HN137Met
T 2 59 T 2
ES g < ES
= £ © = £
g~ EE=" g =
=z P4
HN137PCR Z  {HN137PCR HN137PCR
L Jﬂ .lu MLJM__#L
TP63 KRT5 KRT18
e
W _— KRT8 [
| TP63 binding site
E F G
HN137Met—H3K27ac enriched vs. HN137Pri
i . _ HN137Pri
Motif TF Adj. P-value .
20 o2 y WA § s
<1e- i~ «
~ A[GATCA.  Fosl2  <te3ts £ 22
HN137Met
aCATTCCa TEADs <tedts & 28
o e ES
kil s 2zeme B 5<
emEeEEEeAs s 0 F. HN137PCR
oIl 0. NFB 8006244 00 05 10 15 20 25 b
HN137Met/HN137Pri Enrichment log, FoldChange YAP1
A,LACHICQJHQWHI IRF1 1.29e-219 ®Chr11g22 peak ~ ®Non Chr11g22 peak "
H Enriched in HN137Pri | Enriched in HN137Met
Type | hemidesmosome assembly{ RUNXregulates YAmrTQ‘éﬂbaﬁSﬁ
Apoptotic cleavage of cell adhesion proteins 4 AR, and WWTRZ}JHASZ:;LT@USEES%
ivati i TNF it rfamily TNFSF b
Activation of PUMA and ‘tra‘rr:]si{ggﬁgﬁgr}g recep Ormssué)igtiﬁrgmn%n NF KB’T&%’FN@E
additiona ol Son e ranseription of several ) Signaling by Hippo
in P53 dependent apoptosis remain uncertain Adjusted P-val X Adjusted P-val
Activation of BH3 only proteins ° ® <0.0001 TICAM1 RIF1 medlated '550‘,73,’{‘"2'3% ® ©<0.0001
TPSSiJ\?g’L‘tII:éei: té;tnoscchrirgtrfggfrglegaesse ° Fold enrichment Nuclear signaling by ERBB4 ° Fold enrichment
TP53 regulates transcription of death ) RIPK1 mediated regulated necrosis ° 12
receptors and ligands 10 10
R . - et
egulah%l;gg;;%%a\;fmlg&?;ggg; ] 2 NOD1 2 signaling pathway ® 8
Formation of the cornified envelope (] IKK complex recruitment mediated by RIP1 ° B
SMAD2 SMAD3 SMAD4 heterotrimer
regulates transcription (] Regulation of TNFR1 signaling [ ]
Keratinization L] TNF signaling (]
TP53 regulates transcription of caspase TNFR1 induced NFKAPPAB signaling
activators and caspases pathway
i 0.2 0.4 0.6 0.2 0.4 0.6
Proportion observed genes / total gene set Proportion observed genes / total gene set

Figure 2. Epigenomic changes during HNSCC progression suggest distinct, patient-specific epigenetic drivers of tumor evolution. (A) UMAP embedding
for H3K4me3 (left) and H3K27ac (right) for HN120 and HN137 single-cells. (B) Enriched transcription factor (TF) motifs for HN137Pri derived from
H3K27ac peaks. (C) Coverage plot of H3K27ac signal at the TP63 locus, showing loss of H3K27ac in HN137Met. (D) Coverage plots of H3K27ac signal
at the KRTS5 (left) and KRT8/18 (right) loci. TP63 binding site near the KRT5 promoter is indicated. (E) Enriched TF motifs for HN'137Met. (F) Top enriched
H3K27ac peaks in HN137Met, with peaks at the Chr11g22 locus containing YAPT highlighted in red. (G) Coverage plot of H3K27ac signal at the YAPT
locus. (H,I) Dot plot indicating the REACTOME pathways enriched in HN137Pri (H) and HN137Met (/). Highlighted in magenta are enriched terms relating
to differentiation in HN137Pri- and YAP1-mediated loss of differentiation in HN137Met.
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between HN137Met and HN137Pri. The top enriched peaks in
HN137Met were predominantly located at the Chr11q.22 locus
containing YAPI (Fig. 2F). Increased activity of YAP1, in conjunc-
tion with its binding partner TEAD, was previously shown to pro-
mote proliferation and metastasis in multiple cancers, including
HNSCC (Lamar et al. 2012; Chia et al. 2017; Omori et al. 2020).
We also found a significant increase in H3K27ac activity of YAP1
(Fig. 2G). YAP1 is frequently amplified in HNSCC, and indeed,
we have previously reported YAPI to be amplified in HN137Met
compared with the patient-matched HN137Pri (Chia et al. 2017;
Shin and Kim 2020). Next, we assessed top differential enriched
peaks (P<0.005) in HN137Pri and HN137Met and used the R pack-
age rGREAT (McLean et al. 2010; Gu and Hiibschmann 2023) to
look for enriched biological pathways. Top enriched REACTOME
pathways in HN137Pri related to TP53 activity (a member of the
same family as TP63) and keratinocyte differentiation, whereas
top pathways in HN137Met include activation of the Hippo path-
way, which includes YAP1 and TEAD, and TNF-mediated activa-
tion of NF-kB (Fig. 2H,I). Altogether, these results suggest that
H3K4me3/H3K27ac profiles derived from snCUT&RUN could be
used to confirm phenotypical changes occurring between primary
and progressed HNSCC. Furthermore, the results indicate that con-
siderable changes in epigenetic modifications could be associated
with focal copy number amplifications and that a singular focal
amplification, such as what was observed with YAP1, could lead
to epigenetic reprogramming of HNSCC cells to acquire metastatic
capabilities. In contrast, HN137PCR cells retained H3K27ac pro-
files at the TP63/YAP1/KRT5/KRTS8 loci, suggesting a distinct
mode of progression not involving YAP1 amplification.

Genetic—epigenetic alterations correlate with changes
in gene expression

Because our data suggested that genetic drivers such as YAPI
amplification could lead to changes in the epigenome, we further
explored how changes in gene copy number (CN) and the combi-
nation of active histone marks, such as H3K4me3/H3K27ac, could
correlate with alterations in gene expression. We first visualized
H3K27ac signal of single cells at the YAPI locus for HN137Pri
and HN137Met and confirmed our previous findings from
Signac in which we observed a marked increase in H3K27ac activ-
ity in the YAPI signal in HN137Met (Fig. 3A). In contrast, regions
without copy number differences do not exhibit significant differ-
ences in H3K27ac signal (Fig. 3B). These observations reflect the
copy number amplification at the YAPI locus in HN137Met.
Thus, snCUT&RUN not only can reveal epigenetic changes but
also point toward regions potentially affected by focal copy
number amplifications. Several other loci with potential focal am-
plifications, including EGFR on Chr 7, were also detected
(Supplemental Fig. S6).

Next, to correlate chromatin profiles with gene expression
and copy number variations, we performed bulk RNA-seq and
whole-exome sequencing (WES) on all PDCs. DNA copy number
variation (CNV) has been reported to correlate with gene expres-
sion changes. Indeed, we observed a clear positive correlation be-
tween the PDC gene expression Z-score and the CNs for the
same genes (Supplemental Fig. S7A). These results corroborate
the notion that changes of gene expression in key cancer genes
during HNSCC progression may arise from CNVs. Nevertheless,
we hypothesized that epigenetic modifications in such genetically
altered loci may further modulate the expression of genes that re-
side within the same loci. This effect could be compensatory (epi-

genetic silencing of an amplified gene or epigenetic activation of a
deleted gene), or conversely, it could accentuate the effect of CNV
(epigenetic activation of the amplified gene or silencing of the re-
maining copy of a deleted gene). To investigate these hypotheses,
we first used ChromHMM (Ernst and Kellis 2012) to perform joint
HN120 and HN137 analysis based on pseudobulk H3K4me3, pseu-
dobulk H3K27ac from snCUT&RUN, as well as bulk H3K27me3
CUT&RUN data. ChromHMM results revealed five chromatin
states, reflecting distinct chromatin state annotations: weak pro-
moter (E1, H3K4me3 only), active promoter (E2, H3K4me3
+/H3K27ac+), active enhancer (E3, H3K27ac only), heterochroma-
tin (E5, H3K27me3 only), and unmodified regions with none of
the probed chromatin marks present (E4) (Fig. 3C). Results from
separating ChromHMM analysis by individual patient largely fol-
low the results when data from both patients were combined
(Supplemental Fig. S7B,C). However, we observed subtle patient-
to-patient differences, including the small presence of H3K4me3
at H3K27me3 loci in patient HN137 otherwise not observed in pa-
tient HN120 data, possibly indicating that a small number of
H3K4me3/H3K27me3 bivalent promoters may be present in these
cells (Supplemental Fig. S7C).

We then combined gene CN, chromatin state annotation,
and gene expression data to investigate how chromatin state and
gene CN may, dependently upon each other, influence gene ex-
pression during HNSCC progression. The results showed that
only in the presence of activating epigenetic marks did the effects
of higher CN on gene expression reach its highest levels (mean
Z-score difference between genes with CN of 4+ vs. genes with
CN of 2=0.84 in the H3K4me3*/H3K27ac"* group and 0.13 in
the H3K4me3 /H3K27ac™ group) (Fig. 3D; Supplemental Fig.
S7D). Genes that do not have an activating epigenetic mark have
a more muted increase of gene expression Z-score with increasing
CN. Our results therefore underscore the importance of epigenetic
modifications to modulate the effects of CNVs and showed an ad-
ditive effect of CNVs and epigenetic modifications on gene expres-
sion during HNSCC progression. These results further highlight
the need to consider both CNVs and epigenetic modifications
on gene regulatory elements to understand factors influencing
the progression of HNSCC more comprehensively and accurately.

Next, we decided to interrogate how epigenetic profiles at sin-
gle-cell resolution could assess the function of chromatin state dy-
namics in driving HNSCC progression from primary cancers to a
progressed state (metastatic or treatment resistant). We therefore
analyzed genome-wide chromatin state transitions between
paired, patient-matched primary tumor, and progressed PDCs
(HN120Pri to HN120Met, HN120Pri to HN120PCR [drug resis-
tant], HN137Pri to HN137Met, and HN137Pri to HN137PCR).
We found that most of the epigenome (~95%) remained devoid
of H3K27ac, H3K4me3, and H3K27me3 (E4) during the transition
from primary tumor to progressed tumor (Supplemental Table 1).
However, across the various transitions from primary tumor to pro-
gressed HNSCC, proportionally more regions appeared to have
gained H3K27ac, whereas a lower proportion of regions with
only H3K4me3 was observed (Fig. 3E; Supplemental Fig. S8A).
Previous reports have suggested that alterations in cellular metab-
olism during cancer progression can modulate the levels of cofac-
tors that are substrates of chromatin-modifying enzymes (e.g.,
acetyl-CoA for histone acetyltransferase), consistent with our ob-
servation of increased H3K27ac marks in progressed state.
Metabolic reprogramming in cancer cells have been shown to pro-
mote EMT by epigenetic activation of EMT-associated genes
(Wang et al. 2020).

Genome Research 167
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279105.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Womersley et al.

A

400
300
200
100

0

50? HN137Pri

500
200 HN137Met
300
200
100
0

A

327 HN137Pri
20
15
10
-~ 2 Blimuson

307 HN137Met

25

_YAP1

LCOR

10
8 ...........L.hu-l_‘ da i Lutd

SLIT1-AS1
i

L S 11

FRAT1  PGAM1
I= LI

HN137Pri
}50 single cells

g )

-{ HN137Met
}50 single cells

ANKRD2

102.1 Mb Chr11 ~102.3 Mb ~96.7 Mb Chr10 ~97.7 Mb
c D + +
Emission parameter H3K4me3" H3K27ac™ (E2) H3K4me3- H3K27ac* (E3)
Slope = 0.373 Slope = 0.288
E1 promoter T ns
o E2 active promoter 5.0 *m**** 5.0 = ns
% active enhancer o e g .
no H3K4me3/ 8 ?
H3K27ac/H3K27me3 ? .5 N,5
heterochromatin ';‘_ . §
o) i Gene
'13"\ é’.‘."‘«éb’\“\éh <u" § ! <Z( .. B Copy Number
& Z 00 i * 0.0 1
) ®2
E  Chromatin state transition 3
2.5 25 ® 4+
H3K4me3* H3K27ac™ (E1) H3K4me3™ H3K27ac™ (E4)
E1 |H3K4me3 Slope = 0.497 Slope = 0.033 P-value
E2 [JH3K4me3/H3K27ac ns = 8-8?
E3 ]| H3K27ac 5.0 aexe 5.0 — % <= 0.001
EafNo HaKdme3) o o e *%*%%<=0.0001
H3K27ac/H3K27me3 ° wawn 8 Ll
E5 |H3K27me3 15} R S N‘{’ [N B
3 25 N 25
N @
172}
g <
] - P4
HN137Pri HN137Met % 0.0 - * 0.0 " -
4
25 25

Figure 3.

Regulation of gene expression through the interaction between copy number variations and chromatin state. (4) Distribution of unique

H3K27ac reads in single cells at the YAPT locus in HN137Pri (blue) and HN137Met (red). Bulk H3K27ac signal and H3K27ac signal in single cells are shown.
(B) Distribution of unique H3K27ac reads in a random, non—copy number different locus. (C) ChromHMM results identifying five chromatin states con-
sisting of combinations of H3K4me3, H3K27ac, and H3K27me3 modifications in HN120 and HN137 PDCs. (D) Boxplots showing HN137Met RNA-seq
gene expression Z-score values, stratified by chromatin states. The genes were further grouped by copy number (CN) states: CN =1, heterozygous deletion;
CN =2, normal diploid; CN = 3, low copy number gain; and CN =4+, copy number amplification. Dashed lines represent quantile regression results of RNA-
seq Z-scores in between groups with CN=2, CN =3, and CN=4+. Slope values are also indicated. (E) Alluvial plot showing chromatin state transition be-
tween HN137Pri and HN137Met. Unmodified chromatin (E4; purple), which remained unmodified during metastatic progression, was excluded from the
plot for visibility purposes. (**) P-value <0.01, (***) P-value <0.001, (****) P-value <0.0001

Finally, we investigated whether significant changes in gene
expression during HNSCC progression correlated with changes
in chromatin state. We filtered the top downregulated (log, fold
change<-0.5, P<0.001) and upregulated genes (log, fold
change>1, P<0.001) during the HN137Pri>HN137Met transi-
tion and calculated the enrichment of gene expression change
per chromatin state transition. We found that downregulation of
gene expression was indeed associated with the loss of

H3K4me3/H3K27ac active marks, whereas genes displaying up-
regulated expression were associated with a gain of either or both
H3K4me3/H3K27ac marks (Supplemental Fig. S8B). Altogether,
the data suggest that during HNSCC progression, the gain of
H3K27ac in key enhancers as a consequence of a global increase
in acetylation may serve as the primary driver of changes in gene
expression that promote cell state transitions. Furthermore, our
data also suggest that alterations in chromatin states occurring
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between primary and progressed HNSCC are dynamic and hetero-
geneous, reflecting the diversity of epigenetic changes during tu-
mor progression. These results further corroborated our previous
findings that global changes in the epigenome could lead to
change in gene expression, highlighting the need for considering
chromatin state changes when exploring mechanisms of HNSCC
progression. Finally, these results collectively suggest that changes
in gene CN and chromatin states may be interconnected in
HNSCC and that multimodal integration of genomic and epige-
nomic data would be essential to generate a more comprehensive
understanding of HNSCC progression.

Adaptive tumor response may underlie HNSCC progression
in absence of genetic drivers

Although we observed a genetic—epigenetic interaction in promot-
ing the HN137Pri > HN137Met transition, we did not observe clear
genetic drivers during the HN120Pri>HN120Met, HN137Pri>
HN137PCR, and HN120Pri>HN120PCR transitions. Therefore,
we performed differential motif and REACTOME pathway analyses
to investigate these transitions more in depth. During the
HN120Pri>HN120Met transition, we observed enriched motifs
for several stemness-modulating TFs such as the POU-domain con-
taining proteins POUSF1, POU2F2, and POU2F3, whereas the
NOTCH pathway and the P2Y receptor pathways were found to
be enriched in HN120Met (Supplemental Fig. S9A,B). These obser-
vations are interesting as activation of both pathways has been im-
plicated in the progression of HNSCC and other cancer types
(Fukusumi and Califano 2018; Kim et al. 2020; Woods et al.
2020; Zhou et al. 2022). Meanwhile, in the HN137Pri>
HN137PCR transition, enriched TF motifs included motifs for
the AP1 TF such as JUND, as well as BATF3 and TEAD4 TFs
(Supplemental Fig. S9C). Enriched REACTOME pathways included
recurrent terms related to the TGFB pathway, such as SMAD signal-
ing and TGFB signaling (Supplemental Fig. S9D). Terms related to
HIF1A and tensin (TNS) proteins were also found, and both pro-
teins have been shown to enhance the TGFB pathway activation,
leading to increased oncogenic capabilities of HNSCC tumors
(Zhao et al. 2024). Separately, it is well known that activation of
HIF1A and the TGFB pathway can mediate platinum resistance
in multiple cancers (Li et al. 2019; Huang et al. 2021). Activation
of the TGFB signaling led to a stemness state and epithelial-to-mes-
enchymal (EMT) transition, both of which were correlated with
cisplatin resistance (Colak and Ten Dijke 2017; Ashrafizadeh
et al. 2020). Meanwhile, HIF1A reduces oxidative stress, one of
the mechanisms that drives the efficacy of cisplatin in HNSCC
(Yu et al. 2020). Similar stemness-related TF motifs were found in
the HN120Pri>HN120PCR transition, including POU2F1
(Supplemental Fig. S9E). POU2F1 deficiency led to higher levels
of intracellular reactive oxygen species (ROS) and hypersensitivity
to oxidative and genotoxic stress; as earlier mentioned, one of the
mechanisms through which platinum compounds like cisplatin
induces antitumor effects in HNSCC (Vazquez-Arreguin et al.
2019; Yu et al. 2020). Upregulation of POU2F1 activity was also as-
sociated with worse prognosis and oxaliplatin resistance in colon
cancer (Lin et al. 2022). Meanwhile, enriched REACTOME path-
ways included terms related to senescence (Supplemental Fig.
S9F). These results point to an adaptive HNSCC response toward
cisplatin through dedifferentiation after a transient senescent
stage. Earlier, a transient senescent stage was correlated with high-
er levels of ROS, but conversely, lower ROS levels in stem-like states
were observed (Achuthan et al. 2011).

Overall, building on our previous results on the HN137Pri>
HN137Met transition, our observations indicated a general role
of stemness and dedifferentiation in promoting HNSCC progres-
sion. However, in the absence of a clear genetic driver such as
was observed in HN137Met, we hypothesize that the tumor can
mount an adaptive response through metabolic reprogramming
and the selection of cell subpopulations with certain epigenetic
states that provides these subpopulations with a fitness advantage
to metastasize or resist drug therapy.

Epigenome profiling at single-nucleus resolution identifies
subpopulations of primary HNSCC tumor cells with higher
propensity for metastatic progression

Our results above reveal that both genetic changes, exemplified
by CNV, and epigenetic flux work in tandem to rewire the gene
expression network that drives cancer progression. Amplifica-
tions on key oncogenes (e.g., YAPI) that associate with crucial
TFs could have a disproportionate effect on changing the global
epigenetic landscape through interactions with histone writers.
However, the results of the HN120Pri>HN120Met, HN137Pri>
HN137PCR, and HN120Pri>HN120PCR analysis demonstrated
that in the absence of a clear genetic driver, microenvironmental
pressures may lead to primary tumor cancer cell adaptation by ac-
quiring a range of epigenetic states, and this cellular plasticity
could confer survival and growth advantage under the selective
pressure of metastasis or drug treatment. In the context of HNSCC
progression, some cell subpopulations, especially those at the in-
vasive borders of primary tumors, have been shown to express a
partial epithelial-to-mesenchymal (pEMT) transcription program
(Puram et al. 2017). Compared with irreversible genetic changes,
nongenetic changes could be much more plastic and heteroge-
neous among cancer cells. We therefore sought to utilize the
snCUT&RUN data to explore intratumor epigenetic heterogeneity
(ITeH) as a factor driving HNSCC progression in the absence of a
clear genetic driver. We first analyzed the transition between
HN137Pri and HN137PCR, because these PDCs were found to
have higher similarity in H3K4me3/H3K27ac profiles as well as
the phenotype (Supplemental Figs. S2A, S4A).

Analyzing H3K27ac profiles, we found a lower number of dif-
ferentially enriched peaks (P-value <0.005) in HN137PCR versus
HN137Pri (2245), compared with HN137Met versus HN137Pri
(4797). Hence, changes in H3K27ac expression during the cisplat-
in resistance of HN137Pri appeared to be less widespread compared
with the metastatic progression of patient HN137. These results
point to a gradual change in the epigenome caused by ITeH rather
than a genetically driven change during progression to a drug-re-
sistant state. To further investigate ITeH in the cisplatin-resistance
progression of HN137Pri, we defined PDC-specific “modules,”
which are features consisting of the top 50 differential peaks defin-
ing a specific PDC-state. This analysis was inspired by scRNA-seq
analysis, in which modules are defined as groups of genes that
are part of the same module/program, typically referring to cell
type-specific gene expression signatures. After defining H3K27ac
modules for each PDC, we then computed ChromVAR deviation
Z-scores of each module for each individual cell (Schep et al.
2017). In our case, the Z-score represents how far the H3K27ac pro-
file of that cell deviates from the average H3K27ac profile of every
cell within the peaks as defined by the PDC-specific modules.
Analyzing the ChromVAR deviation Z-scores of the HN137 isogen-
ic cell lines, we found that each PDC has the highest module score
of their individual module (e.g., HN137Met has the highest Z-
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score for the HN137Met module) (Supplemental Fig. S10A). The
deviation Z-score profiles confirmed that each module is capable
of distinguishing identities of individual PDCs. However, we also
observed a degree of variability in Z-scores within a given cell
type, prompting the question whether this represents the possibil-
ity of an epigenetically heterogeneous state within the PDCs. We
therefore normalized the primary tumor, metastatic, and primary
tumor cisplatin-resistant module scores of each single cell and
plotted the normalized scores using ternary plots, making use of
the three-variable nature of our data to visualize the ratio of
Pri/Met/PCR module score per single cell (Fig. 4A). Ternary plot
visualization confirmed our previous findings, showing that
HN137Pri and HN137PCR cells are in a continual axis based on
their module scores. Such continuity was not observed between
HN137Pri and HN137Met, suggesting that the HN137Pri—
HN137PCR transition is characterized by intrinsic epigenetic in-
tra-tumoral heterogeneity and is not defined by strong genetic/
epigenetic drivers, as is the case with HN137Pri — HN137Met
progression.

To further investigate epigenetic heterogeneity, we set apart
HN137Pri cells with Pri/Met/PCR module score ratio of >0.4 Pri
and >0.4 PCR and annotated these cells “HN137prePCR” cells.
We obtained 93 HN137Pri cells (representing 37% of the primary
population) fulfilling this criterion. HN137prePCR cells were
found to have a higher average score of the HN137PCR module
compared with the remaining HN137Pri cells, yet still below the
average of HN137PCR cells (Fig. 4B). HN137prePCR cells also ex-
hibited H3K4me3 profiles more similar to HN137PCR cells com-
pared with HN137Pri cells at several loci, including POU3F2 (Fig.
4C; Supplemental Fig. S10B). Altogether, these results could poten-
tially indicate that HN137prePCR cells represent a primary tumor
cell subpopulation, which is predisposed toward becoming cisplat-
in resistant because of their “cisplatin-resistant-primed” epigenetic
state.

To exclude UMR count and FRiP as confounding factors of the
module scores, we compared the UMR count and FRiP of
HN137prePCR cells against the remaining HN137Pri cells, as
well as HN137PCR cells. HN137prePCR cells did not have higher
UMR count on average compared with the remaining HN137Pri
as well as HN137PCR cells (Supplemental Fig. S10C). Furthermore,
HN137prePCR cells did not have higher FRiP values compared
with HN137PCR and HN137Pri cells (Supplemental Fig. S10D).
Hence, UMR count and FRiP were not deemed to be significant fac-
tors in determining module scores.

Finally, we investigated whether ITeH could drive the lymph
node metastatic progression of patient HN120. In a similar ap-
proach to investigate whether ITeH drives the progression of cis-
platin resistance in patient HN137, we isolated HN120Pri cells
with a >0.4 HN120Pri H3K27ac module ratio and a >0.4
HN120Met module ratio. We observed 26 cells that met this crite-
rion (~9% of the total HN120Pri population) and relabeled these
HN120Pri cells as the “HN120preMET” subpopulation (Fig. 4D).
Similar to HN137prePCR, recalculation of the HN120Met module
score showed that the HN120preMET cells have a higher average
deviation Z-score for the HN120Met module compared with the
remaining HN120Pri cells, but still lower than HN120Met cells
(Fig. 4E). HN120preMET cells exhibited higher TF activity for sev-
eral of the TFs enriched in HN120Met compared with the remain-
ing HN120Pri cells, including key stemness modulating TFs such
as POUSF1 (also known as OCT4) (Fig. 4F; Supplemental Fig.
S10E). Overall, the HN120preMET and HN137prePCR analyses
support the existence of H3K27ac landscape heterogeneity in

HNSCC tumors and suggest that in the absence of strong genetic
drivers, tumor adaptation could drive ITeH in primary HNSCC tu-
mors, leading to certain selected, epigenetically primed, subpopu-
lations acquiring a phenotype with higher propensity to progress
into a more malignant state.

Discussion

Intra-tumor heterogeneity of chromatin states can serve as an epi-
genetic driver of HNSCC progression. However, studies using sin-
gle-cell methods to profile epigenetic heterogeneity in HNSCC
models of cancer progression remain lacking. Here we developed
snCUT&RUN, a robust method to profile histone modifications
at the single-cell level. We showed that snCUT&RUN could pro-
vide insights in chromatin state transitions between isogenic pri-
mary and progressed HNSCC PDCs at the level of both global
and single-cell resolution. At the global level, we found that gener-
ally H3K27ac signal is better capable of distinguishing different
PDC cell states, suggesting that active enhancer and promoter
landscapes are more unique to each individual cell state compared
with just promoter activity alone. Furthermore, our results indicate
that the gain of H3K27ac at promoters and/or poised enhancers
may serve as critical factors driving tumor progression. We validat-
ed that H3K27ac/H3K4me3 activity at the KRT5 and KRT8/18 loci
served as an accurate indicator of epithelial identity and that
snCUT&RUN can be used to comprehensively analyze a mixture
of samples to infer epithelial changes and the accompanying TF
motif changes during tumor progression. We showed that these
changes are possibly associated with a focal copy number amplifi-
cation of YAPI, which in turn could lead to altered TEAD activity
and subsequent epigenetic rewiring. Indeed, an increasing body of
evidence shows that genetic and epigenetic factors are closely asso-
ciated with driving tumor heterogeneity and progression. An ex-
ample of this interplay between the genome and the epigenome
was highlighted in recent studies on extrachromosomal circular
DNA (ecDNA) amplifications that amplify not only oncogenes
but also functional elements such as enhancers, thereby increasing
chromatin accessibility and downstream expression of key onco-
genes (Morton et al. 2019; Wu et al. 2019). We further showed
that gene expression is affected by both gene CN as well as gene
chromatin state, in which the highest gene expression was ob-
served in genes that have higher CN and have active chromatin
marks. These results emphasize the complexities of factors that
promote tumor progression and highlight the importance of con-
sidering both genetic and epigenetic factors that drive cell state
plasticity.

However, we noted that some epigenetic changes were more
subtle and did not involve wide-scale epigenetic rewiring driven by
alterations in the genome. Comparing both HN120Pri and
HN120Met as well as HN137Pri and HN137PCR, we did not ob-
serve clear lineage infidelity from both the H3K4me3 and
H3K27ac profiles. This led to the hypothesis that in some tumors,
microenvironmental pressures such as metabolic dysregulation or
challenges from the immune system may lead to primary tumor
subpopulations to activate certain TF programs to adapt to these
selective pressures. This adaptation process inherently leads to het-
erogeneous chromatin states in the primary tumor, which may
confer selective fitness to the subpopulations with an intermediate
malignant chromatin state. Indeed, a previous study described a
subpopulation of malignant HNSCC cells being in a state of pseu-
do-epithelial-to-mesenchymal transition (pseudo-EMT), which
correlated with cancer progression (Puram et al. 2017). We used
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Figure4. Epigenetic heterogeneity—driven HNSCC progression. (A) Ternary plot showing the ratios of Pri/Met/PCR module scores for patient HN137. (B)
Violin plot depicting the recalculated HN137PCR module score after identification of the HN137prePCR subpopulation. (C) CoveragePlot of the POU3F2
locus showing higher H3K27ac localization in HN137prePCR compared with the remaining HN137Pri cells. (D) Ternary plot showing the ratios of Pri/Met/
PCR module scores for patient HN120. (E) Violin plot depicting the recalculated HN120Met module score after identification of the HN120preMET sub-
population. (F) Boxplots of ChromVAR scores of several POU-domain containing proteins enriched in HN120Met, showing that the HN120preMET pop-
ulation has higher activity of these TFs compared with the remaining HN120Pri cells. (***) P-value <0.001, (****) P-value <0.0001.
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the module score analysis and showed that H3K27ac profiles could
be used to find such subpopulations, which may have a higher pro-
pensity to progress to malignant cell states.

We note that the samples we have used for this study are long-
term cell cultures that may have acquired a degree of homogeneity
through the course of several passages. However, some evidence
suggests that heterogeneity is maintained even in long-term cul-
tured cell lines. For example, our cell line models exhibit chromo-
somal instability (CIN). CIN is known to lead to heterogeneity in
gene expression while at the same time being maintained in
long-term cell cultures. In a study by Minussi et al. (2021), the
authors performed single-cell clonal outgrowth of the CIN-
affected MDA-MB-231 breast cancer cell line and found that karyo-
type diversity was regained after only 19 passages, suggesting
that in vitro cancer cell cultures rediversify their genomes and
maintain genetic heterogeneity throughout passaging. Epige-
nomic heterogeneity was also shown to be maintained in cell lines.
Litzenburger et al. (2017) observed through scATAC-seq experi-
ments that the leukemic cell line K562 exhibited epigenomic het-
erogeneity, which has functional consequences such as drug
response. Hence, it is likely that our cell line models exhibit suffi-
cient intra-tumor heterogeneity to make single-cell assessments
useful.

Altogether, based on the observations from snCUT&RUN
analysis on isogenic primary and progressed cell states in
HNSCC, we propose the following working model for epigenetic
control of HNSCC progression (Fig. 5). First, in the presence of a
strong genetic driver, for example, copy number amplification,
epigenetic reprogramming can occur, which may result in the
selection of cells with favorable gene expression signatures to pro-
gress. Second, in the absence of strong genetic drivers, microenvi-
ronmental pressures may drive a primary tumor adaptation
response, leading to intra-tumor epigenetic heterogeneity. ITeH re-
sults in the emergence of transitionary subpopulations that are
more prone to progress into a more malignant or resistant cell
state. Future characterization of such subpopulations can result
in the identification of prognostic biomarkers and therapeutic tar-
gets that can be used for better patient stratification and the devel-
opment of novel intervention strategies to block progression to
malignant states.
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Figure 5. Modelof diverse ways in which epigenetic changes can lead to
adaptation of cellular phenotype to acquire a more aggressive state and
promote HNSCC progression. Created with bioRender (https://www
.biorender.com/) under publication license GS26ET99NE.

At present, snCUT&RUN is positioned as a medium-through-
put assay. Slightly more than 2000 FACS-sorted single cells were
profiled in this work. Although it may not achieve the throughput
of scCUT&Tag assays, its high sensitivity is a major advantage for
uncovering subtle cell-to-cell epigenetic heterogeneity, such as
those found within a tumor. We envisage that future improve-
ments, such as automation of single-cell library preparation with
an automated liquid handler, would further enable snCUT&RUN
assay to be adopted by the wider scientific community.

Methods

Cell materials and tissue culture

HN120Pri, HN120Met, HN137Pri, and HN137Met patient-derived
cells (PDCs) used for this study were retrieved from a biobank pre-
viously generated using described methods (Chia et al. 2017).
Likewise, HN120PCR and HN137PCR cells were generated as part
of an earlier study (Sharma et al. 2018). The identities of the prima-
ry cell lines and their derivatives were confirmed using short-tan-
dem repeat (STR) profiling (Supplemental Table 2). Normal tissue
samples for these patients were not available for experiments.
Cells were cultured with RPMI medium supplied by 10% fetal bo-
vine serum (FBS) and 1% penicillin/streptomycin. Medium was re-
placed every 2-3 days. Cells were cultured in 37°C and 5% CO, and
passaged when cultures reached ~90% confluency. Cells were test-
ed for mycoplasma and were only used for experiments after being
confirmed to be mycoplasma negative.

Immunofluorescence

Cells were cultured in 96-well plates with 10,000-20,000 seeding
density for 48 h. Fixation was done in acetomethanol 1:1 ratio
for 10 min at —20°C. After washing 3x with 1x PBS, blocking was
done with 2% BSA/0.1% Triton X-100/PBS for 1 h+. The following
primary antibodies were used: ab17130 (KRTS, 1:100 dilution) and
ab32118 (KRT18, 1:100 dilution). Cells were incubated overnight
at 4°C. Alexa Fluor488/594 and Hoechst33342 were used during
secondary antibody incubation for 30 min at 37°C. Cells were im-
aged with the Nikon EclipseTi inverted microscope using widefield
setting and 20x magnification.

Single-nucleus CUT&RUN

Cells cultured to ~80% confluence in T75 flasks were harvested
and washed 2x in sucrose buffer (5% sucrose, 1% BSA, 20 mM
HEPES at pH 7.5, 150 mM sodium chloride, 0.5 mM spermidine,
1x cOmplete, Mini, EDTA-free protease inhibitor cocktail; Roche
04693159001) at 200g for 3 min. For each antibody tested, 1.5 x
10° cells were dispensed into Protein LoBind tubes (Eppendorf
0030108442), pelleted, and suspended in 1x ice-cold lysis buffer
(sucrose buffer containing 0.005% NP-40, 0.005% digitonin,
2 mM EDTA, and 10 mM sodium butyrate). The amount of cell
lysis was detected using the trypan blue exclusion assay, and re-
maining intact cells were lysed by titrating-in 2x cold lysis buffer
(sucrose buffer containing 0.01% NP-40, 0.01% digitonin, 2 mM
EDTA, and 10 mM sodium butyrate). Nuclei were pelleted then
suspended in sucrose buffer containing 1:100 antihistone H3 (tri-
methyl K4) antibody (abcam ab213224) or antiacetyl-histone H3
(Lys27; Merck MABE647) and incubated >1.5 h at 4°C with inter-
mittent agitation. Nuclei were washed 2x with sucrose buffer then
suspended in 700 ng/ml pA-MN (a kind gift from Steven Henikoff)
in sucrose buffer and incubated for 60 min at 4°C. Pelleted nuclei
were suspended in nuclear stain buffer (sucrose buffer containing
1:4000 Alexa Fluor 647 antinuclear pore complex proteins
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antibody [BioLegend 682204] plus 4 pM ethidium homodimer
[Invitrogen E1169]) and incubated for 10 min at room temperature
(RT). After 2x washes with sucrose buffer, the nuclei were suspend-
ed in low-salt buffer (20 mM HEPES at pH 7.5, 0.5 mM spermidine).
FACS was performed with an MoFlo Astrios cell sorter (Beckman
Coulter) operated using Summit software. Single nuclei were gated
first using forward and side scatter pulse area parameters (FSC-A
and SSC-A), aggregates were excluded using pulse width (FSC-W
and SSC-W), and then isolated nuclei were gated based on AF647
and ethidium homodimer fluorescence. Nuclei were sorted
directly into 3 pL of calcium buffer (10 mM calcium chloride,
3.5 mM HEPES at pH 7.5) in PCR strip tubes for DNA digestion.
As a QC measure, nuclei were also sorted into buffer on flat-well
optical plates (4titude 4ti-0970/RA) to check for wells with more
than one isolated nucleus via fluorescence microscopy. For each ar-
ray of 96 PCR tubes, positive and negative control tubes were in-
cluded composed of 1000 dispensed nuclei or buffer-only wells,
respectively. To stop digestion, 1 pL of 4x STOP buffer (600 mM
sodium chloride, 80 mM EGTA, and 0.05% digitonin) was added
to the sides of the strip tubes; the tubes were pulse-centrifuged,
mixed by touching the sides of the tubes against a rotating vortex,
and then pulse centrifuged a second time. Tubes were then incu-
bated for 30 min at 37°C.

Library prep on single nuclei was performed as follows: 0.8 pL
1x end repair and A-tailing buffer/enzyme mix (KAPA hyperprep
kit, 07962363001) was added to the sides of the tubes, mixed as
before, and then incubated for 15 min at 12°C, 15 min at 37°C,
for 90 min at 58°C, and then 8°C on hold. Adapter ligation was per-
formed by adding 0.5 pL 300 nM unique dual indexed adapter
(NEXTFLEX NOVA-514150 or NOVA-514151) and 3.6 pL 1x liga-
tion buffer/enzyme mix (KAPA hyperprep kit, 07962363001) to
the sides of the tubes, mixed as before, and then incubating for
16 h at 4°C.

To remove excess adapters, the volumes were adjusted to
20 pL with 10 mM Tris (pH 8.0); 20 pL 2x SPRI beads (MagBio
Genomics AC-60050; 2x SPRI beads: 1 volume SPRI beads magnet-
ically separated, one-half volume PEG/NaCl solution removed
[and stored], and then beads resuspended, thus increasing the sur-
face area of beads for DNA to adsorb to) were added to inverted
fresh strip tube caps; the caps were then affixed; and the tubes
mixed as before then incubated at RT for 2 h. SPRI beads were sep-
arated by tethering the strip tubes to N50 grade neodymium mag-
nets affixed to a ferrous metal rig for stability. The supernatant was
removed; the beads were washed twice with 80% ethanol and then
allowed to dry for 3 min at RT. The tubes were removed from the
magnets and beads suspended in 20 uL 10 mM Tris (pH 8.0).
Twenty-two microliters of PEG/NaCl was added, mixed into the
beads with pipetting, and then incubated for 2 h at RT (or tubes
left overnight at 4°C, brought back to RT, and then incubated for
2 h at RT). Beads were washed twice with 80% ethanol, air-dried
for 3 min and then suspended in 7.5 pL 10 mM Tris (pH 8.0),
and DNA allowed to elute for >10 min at RT. Hereafter, the positive
control tubes were treated separately and not pooled with single
nuclei libraries and no template controls. The beads were magnet-
ically separated as above and pooled eluate added to PCR strip
tubes containing 2x KAPA HiFi HotStart ReadyMix (Roche
07958935001) and 2 mM each of P5 (AATGATACGGCGACC
ACCGAGATCTACA*C) and P7 (CAAGCAGAAGACGGCATACG
AGA*T) primers with phosphorothioate bond as indicated with as-
terisk. PCR was performed with a thermocycler using a heated lid
under the following cycling conditions: 45 sec at 98°C; 19 cycles
of 15 sec at 98°C and 10 sec at 60°C; 1 min at 72°C; and 8°C on
hold.

Pooled library DNA was concentrated as follows: amplified
DNA was pooled together; 400 puL aliquots were dispensed into

1.5 mL tubes; 400 pL phenol:chloroform:isoamyl alcohol
25:24:1 was added; and the samples were vortexed. The mixture
was then transferred to MaXtract high-density tubes (Qiagen
129056) and centrifuged for 5 min at 16,000¢ at RT. Four hundred
microliters of chloroform was then added to the MaXtract tubes,
mixed by inverting several times, and then centrifuged for 5 min
at 16,000g at RT. The aqueous phase from each MaXtract tube
(~400 pL) was then transferred to 1.5 mL tubes containing 2 pL
of 2 pg/pL glycogen (Roche 10901393001), 1 mL ethanol was add-
ed, the tubes vortexed, then incubated at —20°C overnight. DNA
was pelleted by centrifuging at 20,000g for 10 min at 4°C, washed
with 1 mL 100% ethanol, and then air dried for at least 15 min at
RT. Pellets were suspended and combined in a total volume of 100
puL 10 mM Tris (pH 8.0). Adapter dimers and excess primers were
removed by adding 90 pL SPRI beads and incubating for 15 min
at RT, magnetically separating the beads, washing twice with
80% ethanol, and eluting with 50 pL 10 mM Tris (pH 8.0). DNA
was allowed to rebind to the beads by adding 45 uL PEG/NaCl;
the beads were incubated for 15 min at RT, magnetically separated,
washed twice with 80% ethanol, and then eluted in 50 pL 10 mM
Tris (pH 8.0). A third SPRI bead purification with a ratio of 1:1 was
found to be necessary to remove residual adapter dimers prior to se-
quencing (i.e., 50 uL PEG/NaCl added to the DNA/bead mixture
and two ethanol washes performed). Finally, the DNA was eluted
in 20 puL 10 mM Tris (pH 8.0). All libraries were sequenced using
paired-end sequencing on an Illumina MiSeq, with samples pro-
cessed using a MiSeq reagent kit V3 (150 cycles; Illumina MS-
102-3001).

Bulk cell CUT&RUN

Bulk cell CUT&RUN was performed in the same manner as
snCUT&RUN with the following alterations. After incubating
with pA-MN, cells were washed twice in BSB followed by one
wash in low-salt buffer. After pelleting, most of the supernatant
was removed, leaving a small volume, and the pellet was suspend-
ed to a slurry by gentle agitation. Thirty-seven microliters of calci-
um buffer was added to activate pA-MN and the samples incubated
in a prechilled heat-block in ice water for 30 min. The reaction was
stopped by adding 12.5 pL 4x STOP buffer and nucleosomes al-
lowed to diffuse for 30 min at 37°C. Fifty microliters was removed
to a PCR tube containing 10 pL 1x end repair and A-tailing buffer/
enzyme mix (KAPA hyperprep kit 07962363001) and incubated
for 15 min at 12°C, 15 min at 37°C, 90 min at 58°C, followed by
8°C on hold. Five microliters of 15 mM TruSeq DNA single indexes
(SKU 20015960) and 45puL 1x KAPA hyperprep enzyme/buffer mix
were added to each sample and incubated for 16 h at 4°C. Two mi-
croliters of 10% SDS plus 2 pL Proteinase K (Thermo Fisher
Scientific EO0492) were added and incubated for 60 min 37°C.
Excess adapters and adapter dimers were removed via two succes-
sive washes with SPRI beads. One hundred ten microliters of
SPRI beads (MagBio Genomics AC-60050) were added to each sam-
ple and incubated for 15 min at RT. Beads were magnetically sep-
arated and washed twice with 80% ethanol. After air drying for
5 min, DNA was eluted from the beads by suspended in 50 pL
10 mM Tris (pH 8.0). DNA was rebound to the beads by adding
60 pL 20% PEG 8000, 2.5 M NaCl and incubating for 15 min.
Beads were separated and washed as before and then suspended
in 20 pL 10 mM Tris (pH 8.0). To each purified library, 25 pL 2x
KAPA HiFi HotStart ReadyMix was added plus 5 pL TruSeq sin-
gle-index PCR primer cocktail. PCR was performed using the fol-
lowing cycling conditions: 45 sec at 98°C; 12 cycles of 15 sec at
98°C and 10 sec at 60°C; 1 min at 72°C; and 8°C on hold. Bulk
cell libraries were purified using two successive rounds of SPRI
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bead purification as above, using 1:1.1 and then 1:1.2 ratios of
sample to beads, and eluting with 20 pL 10 mM Tris (pH 8.0).

snCUT&RUN data preprocessing and QC measurements

Raw FASTQs of single cells were mapped to the human GRCh38
(hg38) reference genome with Bowtie 2 (Langmead and Salzberg
2012, 2) v2.3.5.1 and the following settings: --end-to-end --very-
sensitive --no-mixed --no-discordant -q --phred33 -I 10 -X 700.
The Mark Duplicates tool from GATK v4.1.4.1 (McKenna et al.
2010) was used to mark and remove duplicate reads, and
SAMtools v1.10 (Li et al. 2009) was used to index the BAM files.
BEDTools v2.27.1 (Quinlan and Hall 2010) was used to convert
BAM files to BED and bedGraph. The unique number of UMRs
was calculated by first converting the deduplicated single-cell
BAM file to a BED file, which in turn was used to create a
TagAlign file. The number of paired-end reads in the TagAlign file
was then counted as the number of UMRs. To calculate the fraction
reads in peaks, we first merged the single-cell data into pseudobulk
and then normalized based on the sample with the lowest read
number. We then called peaks using MACS2 (Zhang et al. 2008)
with the following settings: BAMPE --nomodel -B -p 0.05 --min-
length 500 --max-gap 400 --SPMR --call-summits. The fraction of
reads that overlap the called peaks was then divided by the total
number of reads to calculate the FRiP. Equally, we calculated the
fraction of peaks in blacklisted genomic regions (Amemiya et al.
2019). For comparing snCUT&RUN with currently available meth-
ods, previously published data were accessed from the NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/)
under accession numbers GSE124557 (scCUT&Tag), GSE158435
(CoTECH), GSE224560 (Droplet Paired-Tag), and GSE111121
(uliCUT&RUN).

Signac/Seurat analysis

To create Signac fragment files, individual single-cell BAM files
were first processed into BED files with the following columns:
chr, start, end, cell barcode, and a fifth column with the number
1, representing that each row combination only occurred once.
Individual BED files were concatenated and sorted with
BEDTools and indexed with tabix. Data from H3K4me3 and
H3K27ac were processed separately. The fragment file was then
converted to a sparse bin matrix with Signac’s GenomeBinMatrix
() function in R4.0, specifying a bin size of 10kb (R Core Team
2024). Subsequently, the bin matrix was used to create a chroma-
tin assay in Signac. Cells were excluded from analysis with the
following criteria: UMRs < 1000, UMRs > 100,000, FRiP <0.25, frac-
tion reads in blacklist>0. 01, nucleosome signal> 35, and TSS en-
richment score<0.5. Signac standard analysis was performed
downstream. Briefly, the matrix was normalized with term fre-
quency inverse document frequency (TF-IDF), and singular value
decomposition (SVD) was applied. UMAP embedding was
done with the following settings: umap.method=“uwot,”
n.neighbors= 10, metric=“Manhattan,” n.epochs =500, min.dist
=0.1, spread=1, set.op.mix.ratio=1, reduction="Isi,” dims=
2:30. MACS2 peaks were called with the CallPeaks() function, spec-
ifying the broad and combine.peaks options set to TRUE, BAMPE --
nomodel -B -p 0.05 --min-length 500 --max-gap 400 --SPMR --call-
summits. Peak calls were visualized with the CoveragePlot() func-
tion. To perform motif analysis, first a PFMatrix object was
retrieved from the JASPAR2020 package (Fornes et al. 2020). A
peak matrix was then created using fragment files and peak calls.
Subsequently, the AddMotifs() function was used to construct a
motif object containing motif information. ChromVAR deviation
Z-scores were calculated with the RunChromVAR function.
Reactome pathway analysis of peaks was done with the rGREAT
package v1.24.0 (McLean et al. 2010; Gu and Hibschmann

2023). For this analysis, only peaks with differential P-value of
<0.005 were included.

Bulk RNA-seq

Total RNA was extracted with the Qiagen RNAeasy plus mini kit
(74136) and quantified with NanoDrop. Triplicates for each cell
line (using different passage numbers) were used. RNA-seq library
preparation and directional mRNA-sequencing were carried out by
NovogeneAIT. An adapted analytical workflow from Love et al.
(2019) was used for the analysis. Briefly, transcripts were quanti-
fied using Salmon (Patro et al. 2017) with hg38 genome and
GENCODE version 38 as references and default parameters.
Quantified transcripts were imported to R with tximeta (Love
et al. 2020), and differential analysis was performed with DESeq2
(Love et al. 2014), filtering out genes with fewer than 10 support-
ing reads. Z-scores were calculated with the scale() function after
variance normalization with variance stabilizing transformation
(VST) to account for count variations caused by highly expressed
or lowly expressed genes. The resulting output is a matrix in which
rows represent genes, columns represent samples, and values rep-
resent Z-score. The mean Z-score of the three replicates was calcu-
lated as the representative Z-score for each individual PDC.

Whole-exome sequencing

WES for HN120Pri, HN120Met, HN137Pri, and HN137Met were
done through Macrogen, whereas WES for HN120PCR and
HN137PCR was done through NovogeneAlT. In this case, the
Agilent SureSelect V6 58 Mb kit was used for library preparation,
and samples were sequenced on an Illumina NovaSeq PE150 plat-
form at 12 Gb data/100x exome coverage. Raw WES data were pro-
cessed through GATK best-practice pipeline, and copy number
segmentation and calling were done with CNVKit after normaliz-
ing read number to the lowest sample (HN137Met) (Talevich et al.
2016).

Correlating gene CN, chromatin state, and expression

Single-cell BAM were first aggregated into pseudobulk with
SAMtools merge and processed with sorting and indexing. Next,
to account for differences in signal arising owing to differences
in read number, we normalized the BAM files by downsampling
reads to match the read number of the sample with the smallest
read number. Normalized BAM files of pseudobulk aggregate
H3K4me3 and H3K27ac, as well as bulk H3K27me3 data, were
used as input for ChromHMM v1.23 (Ernst and Kellis 2012), using
hg38. ChromHMM is a multivariate hidden Markov model-based
technique that can model the presence of multiple chromatin
marks in the same region of the genome. It first uses the Baum-
Welch algorithm to find “hidden chromatin states,” each state re-
flecting presence or absence of single or multiple histone marks. It
then uses the forward-backward algorithm to calculate the poste-
rior probability of a certain genomic region being in a particular
chromatin state. Five states were deemed to be the optimal number
of states after repeated analysis with multiple numbers of states.
Output segment files were binned to 200 bp windows with
BEDTools makewindows to allow for comparable analysis across
multiple cell lines. To correlate ChromHMM state transitions
and gene expression, ChromHMM 200 bp genomic bin outputs
were filtered to include only promoter regions (region of 2000 bp
upstream of TSS to 3000 bp downstream from TSS) and correlated
to the nearest gene with BEDTools closest. The resulting output is a
BED-like file with the columns chromosome, bin start, bin end,
chromatin state, and gene. Gene symbols were used as identifiers
to connect gene chromatin state, gene CN, and gene expression.
The Z-score matrix and CNVKit .call.cns output were used for
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the gene expression and gene CN data, respectively. Genes with
missing data (e.g., no gene expression or CNV data) were removed
from analysis. To assign chromatin state from the 200 bp
ChromHMM output, we considered a gene to have an activating
mark if more than two bins (400 bp) have H3K4me3 signal,
H3K27ac signal, or both. Genes were categorized as having activity
of both marks if the modal chromatin state across all bins are
H3K4me3*/H3K27ac* or when there are similar proportion of
H3K4me3*/H3K27ac™ and H3K4me3~/H3K27ac" bins (e.g., 40%
H3K4me3*/H3K27ac™ and 60% H3K4me3~/H3K27ac" or vice ver-
sa). A gene is categorized as having a single mark if >60% of the
bins were annotated as such by ChromHMM. For chromatin state
transition analysis, bins that were unmodified in the primary state
and that remained unmodified during progression were excluded
from analysis. Alluvial plots were plotted with the R package ggal-
luvial (Brunson 2020). Barplots and boxplots were visualized with
the R package ggplot2.

HNI20preMet and HNI37prePCR analysis

Differential marker peaks for each individual PDC were found
through the FindAllMarkers() function of Seurat. The top-50 peaks
were included as features for the “module” unique for each PDC.
Subsequently, module scores were back-calculated for each single
cell with the AddChromatinModule() function. To plot the ternary
plots, first individual module profiles of HN120 and HN137 PDCs
were separated. Next, normalized module score profiles of each in-
dividual cell were added up to one with the following formula:

Sy
Spri_x + SMmET_x + Spcr x|

Sx,norm =

whereby S, is the raw PRI or MET or PCR module score of that cell,
and S¢x_ionm) is the normalized PRI or MET or PCR score for that cell.
If there were negative values, the absolute value of the lowest neg-
ative value was added to the PRI/MET/PCR scores. The package
ggtern (Hamilton and Ferry 2018) was then used to visualize the
normalized module scores. For HN120Pri, cells were categorized
as preMet if cells have a PRI/MET/PCR-normalized module score
ratio of >0.4 Pri and >0.4 Met. For HN137Pri, cells were relabeled
as HN137prePCR if cells have a PRI/MET/PCR-normalized module
score ratio of >0.4 Pri/<0.4 PCR. The ggplot package and the geom_
smooth() function were used to calculate the linear regression be-
tween HN120Pri and HN120Met module scores with UMR and
FRiP.

Statistical analysis

All statistical analysis was done with R4.0 (R Core Team 2024). The
two-sided Wilcoxon test from the stat_compare_means function
of the ggpubr package was used to calculate statistical significance
of either module scores, UMRs, or FRiP between different PDCCs. A
linear regression model was used to analyze the statistical relation-
ship between HN120Met module score and FRiP and UMR. P-val-
ues are indicated: (*) P<0.05, (**) P<0.01, (***) P<0.001, and
(****) P<0.0001.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE212250. The code used in this study is available at GitHub
(https://github.com/dmuliaditan/sncutnrun) and as Supplemen-
tal Code.
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