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ABSTRACT

New strategies are desperately needed for the treatment of metastatic
colorectal cancer. Early diagnostic techniques have improved the survival
rate for individuals with early stage disease; however, the five-year
survival rate for patients with metastatic disease is less than 10%.
Understanding the mechanisms responsible for disease progression and
metastasis is a critical need for these patients. Human helicase-like
transcription factor is a tumor suppressor epigenetically silenced during
the progression of colorectal cancer. To examine how exactly does
silencing HLTF contribute to tumorigenesis, we developed a cell-line
derived xenograft model to compare the extremes of disease
development. We compared the initial phase in which cancer cells that
express helicase-like transcription factor are located in a tumor
microenvironmentwhere helicase-like transcriptionfactor is absent vs the
final metastatic phase in which neither the cancer cells nor the cells of the
tumor microenvironment express helicase-like transcription factor.
Combinatorial use of RNA sequencing technology with species-specific
mapping, spatial transcriptomics, immunohistochemistry and mass
spectrometry provided a holistic understanding of glutathione-based
antioxidantdefense in the model. The collective re-evaluation of the data
revealed changes in replication independent non-coding RNAs and a
histone subtype previously unreported.
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(HLTF); SWI-SNF-related, Matrix-Associated, Actin-dependent regulator of
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Introduction

The increased incidence for six of the top 10
cancers (breast, prostate, melanoma, endometrial,
pancreas and colorectal) shows the burden of
cancer is shifting from older to younger adults!".
The fact that metastatic colorectal cancer (CRC)
has increased in people younger than 55 years of
age'? underscores the need for better prevention
based on a better understanding of the
mechanism(s) of disease progression.

Genome integrity is protected by the tumor
suppressor helicase-like transcription factor (HLTA
also known as SMARCA3. HLTF — a yeast RAD5
homolog with E3 ubiquitin ligase and DNA
helicase activities — is a member of the SWI/SNF
family of ATP-dependent chromatin remodelers®*
inactivated by promoter hypermethylation in 43%
of primary colorectal tumors®. The methylation
status of HLTFDNA inserum and stool samplesis
significantly correlated with tumor size and
advanced stage (Il or IV) metastatic disease and
shorter survival(-2).

The HLTF gene is alternatively spliced. Its full-
length mRNA encodes a multifunctional protein
composed of distinct domains!, i.e. a nuclear
localization signal containing anembedded HIRAN
(HIP116 and RAD5 N-terminal) domain, seven (|, la,
[1-VI) motifs split by the insertion of a CsHCa-type
zinc finger or RING (Really interesting new gene)
finger motif characteristic of E3 ubiquitin ligases
into an N-terminal DExx module (I, la, Il and Ill) for
ATP binding/hydrolysis, and a C-terminal HELICc
module (IV, V, and VI) for dsDNA translocase, and
a DNA repair domain.

HLTF was first identified as a transcription factor
by recognition site screening®. The sequence motif
(C/A-C-T/A-T-A/T/G-T/G) was identified by cyclic
amplification and selection of targets (CASTing)
and authenticated with gel shift assays('.
Structure/function studies showed HLTF mediates
genome stability and repair pathway choice via its
RING-domain‘®. At stalled replication forks, DNA
damage is mitigated®) via translesion DNA
synthesis (TLS), template switching (TS) or
replication fork repriming (RFR). Proliferating-cell
nuclear antigen (PCNA), a sliding clamp for DNA
polymerases maintains genomic stability during
DNA replication.

PCNA recruits proteins repair proteins and can be
functionally modified by monoubiquitination,
polyubiquitination and SUMOylation!". TLS and
TS are stimulated by mono- and poly-
ubiquitination of PCNA, respectively. In the
presence of HLTF, PCNA monoubiquitination is
followed by polyubiquitination that is obligatory
for TS. In the absence of HLTF, monoubiquitinated
PCNA activates the TLS pathway. TS isinitiated by
a strand invasion-dependent mechanism that
requires HLTF's ATPase domain. RFR and
nucleotide excision repair (NER) are coordinated
via HLTF's ATP-dependent dsDNA translocase
activity and its HIRAN domain('¢-™®.

HLTF is a histone H3K23-specific E3 ubiquitin
ligase!’ that stabilizes H3K9me3 (transcriptional
repression). Thus silencing HLTF resulted in
upregulation of cancer-promoting genes. Employing
a panel of mutants targeting key functional domains
allowed Akano etal."? to show the HIRAN, ATPase
and RING domains were essential for E3 ligase
function in this epigenetic mechanism.

In CRISPR-Cas9-mediated genome editing'®, HLTF
engages its HIRAN domain and its translocase
activity to enable downstream processing and
repair. HLTF regulates the residency time of Cas?
at the DNA break site potentially affecting repair
pathway choice.

Elevated transcription is associated with guanine-
rich DNA sequencesthatcanfoldinto four-stranded,
noncanonical secondary structures known as G-
quadruplexes?”. DNA methyltransferase enzymes
(DNMTs) bindto G4 structures whose accumulation
can cause DNA replication stress resulting in DNA
double-strand breaks?". HLTF suppresses G4
accumulationin an ATPase-dependent manner?2.
DNA trinucleotide repeat (TNR) disorders are
mainly neuropsychiatric conditions caused by
abnormal expansion of repetitive sequences
leading to replicative stress. The HIRAN domain of
HLTF preferentially recognizes the (T/C)TG-3'-OH
nucleotide sequence in CTG TNR regions that are
susceptible to replication errors®?®). Thus HLTF
helps to maintain the stability of difficult to
replicate TNR microsatellite regions.

In early stage CRC, HLTFis expressed in tumor
cells but not in the tumormicroenvironment(TME).
With disease progression, an ecosystem is
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established in which non-malignant cells of the
TME devoid of HLTFexpression interact with CRC
cells in which HLT7Fhypermethylation causes HLTF
loss of function. We developed a cell line-derived
xenograft (CDX) model to show for the first time
that HLTF-deletion in cancer cells and the TME
results in altered expression of replication
independent non-coding RNAs commensurate
with a histone variant capable of reshaping the
gene expression landscape.

Materials and Methods

Detailed methodology for this work was published
in the materials and methods section of Martinez-
Marin et al.*¥ and independently in protocols.io
(doi.ora/10.17504/protocols.io.ewovioe37Ir2/v1).

H/tEdeleted mice

Global H/tfknockout (KO) mice were developed in
collaboration with genOway (Lyon, France) and
bred (IACUC# 02007) into the recombinase
activating gene 2 (Rag2)/common gamma (IL2rg)
double knockout background to generate
immunodeficient (ID) H/tfKO mice >99% C57BL/6
background genome. For the CDX model, primary
tumors were established by direct orthotopic
microinjection of HLTF”*HCT116-Red-FLuc or
HLTFHCT116-Red-FLuc cells between the
mucosa and the muscularis layers of the cecal wall
of ID male Rag2”/L2rg” HItfKO mice.

RNAseq and Spatial transcriptomics

RNAseq data for HLTF-CDX in ID H/tf KO are
accessible through NCBI's Gene Expression
Omnibus (GEO) SuperSeries accession number

GSE234728, SubSeries GSE234725 (RNA-Seq).
RNAseq data for HLTF/*CDX in ID H/tf KO are
accessible  through GSE161961. Spatial
transcriptomics data for HLTF” and HLTF”*CDX
tumors in ID H/tfKO mice are accessible through
NCBl's Gene Expression Omnibus (GEO)
SuperSeries accession number GSE234728,
SubSeries GSE234517 (Spatial).

Statistical analysis

For this study. Bioconductor - DESeq2 software
was used for a comparison of gene expression
between the HLTF”and HLTF”*CDXtumors and
TMEin ID H/tfKO mice. The Wald test was used to
generate p-values and log2 fold changes. Genes
with the Benjamini-Hochberg adjusted p-value
(padj) < 0.05 and absolute log2 fold change > 1
were called as differentially expressed (DE) genes
and clustered based on functional annotation by
their gene ontology. Enrichment of gene ontology
terms was tested using Fisher’s exact test (P-value
< 0.05 in the DE gene sets).

Results

HLTF expression is negatively associated with
survival in human CRC

The negative correlation between HL TFexpression
andthe progression of CRCis well documented>®#%
in humans (Figure 1). Our experimental model
differentiated the early stages of CRC from end
stage disease in which the complete absence of
HLTF from tumor cells and the TME produced the
most aggressive metastatic phenotype with the
shortest life expectancy®®.

HLTF expression during CRC progression

Stage | Stage IV

Cancer cells +
TME

Figure 1. HLTF-immunostaining in well differentiated
CRC cells of an adenocarcinoma that began as a
polyp with no lymphovascular invasion (Stage ).
The tumor has HLTF-positive cancer cells and
HLTF-negative TME. Primary adenocarcinoma of
male cecum with negligible HLTFimmunostaining
throughout (Stage IV) was classified with the
Tumor, Node, Metastasis system as T4aN2bM1.
The primary tumor invaded through the muscularis
propria and penetrated to the surface of the
visceral peritoneum (T4a). Metastasiswas found in
19/27 lymph nodes (N2b) that extended to liver,
lung, and omentum (M1). Made with BioRender.
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Comparative transcriptomics of TME

A total of 6,312 genes were DE in the TME of
HLTF"*vs HLTF”ID H/tfKO mice. Non-coding (nc)
RNA U2 (Gm25939) was the most transcriptionally
downregulated (log2FC -12.86) gene (Figure 2).
U2 is one of the ncRNA components of the
replication-dependent  spliceosomal pathway.
Nucleosome assembly (GO:0006334; P value=0.002584)
was the pathway in the TME most affected by the

presence/absence of HLTFin the primary tumor.
Transcription profiles of all major histones were
reduced except for the replication-independent
histone variantH3.3%"2%. The two genes thatencode
H3.3 (H3f3a, log2FC +1.52969, padj 1.09E-20;
H3f3b, log2FC +0.970875, padj 9.78E-6) were
transcriptionally activated. The specific chaperones
used by the H3.3 variant (HIRA, DAXX/ATRX, and
DEK) are all transcriptionally available.

TME
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Figure 2. Global transcriptional change was
visualized by a volcano plot in which each data
point represents a gene. The log2fold change of
each gene is represented on the x-axisand the
log10 of its adjusted p-value is on the y-axis.
Genes with an adjusted p-value < 0.05 and a
log2 fold change > 1 are indicated by red dots
(upregulated) and genes with an adjusted p-
value < 0.05 and a log2 fold change < -1 are
indicated by green dots (down-regulated).

C omparative transcriptomics primary tumor (CDX)
A total of 5,913 genes were DE in the CDX of
HLTF”*vs HLTF*ID H/tfKO mice.Human box C/D
SnoRNA U3 (SNORD3A) is an abundant non-
coding RNA with an estimated 100-200 copies per
cel. SNORD3A has a non-canonical role in
ribosome biogenesis as a chaperone for pre-18S

RNA folding'®. It functions as a scaffold during
early ribosome assembly, and as a miR-U3 source
in HCT116 cells®9, In the CDX, SNORD3A was the
most significantly (log2FC  -12.758) down
regulated gene. A putative HLTF-binding site was
found upstream of the SNORD3A promoter
(Figure 3).

1 acacttccgg ttttaaaaat tcagtttgtg attggctgtc attcagtatt atgctaatta

61

gttttaaacc tcottasaaca agtEEBaaaa ttacctticc acctaaasacg
121 ttaamaatttg tcaagtgata atattcgaca agctgttatt goccaaactat tttcctattt

181 gtticctaat gacatcoagaa clagcgasag

ttictcacca tcagttamaa gtitdcogca
241 gatgtagacc tagcagaggt %HEE&H%H gecgttaaga ctatactttc aﬂgﬂtﬂatt

301 tgtatagtat

gttactagag aagtitctct gaacgtatag agcaccdaaa
361 agaqaggtag GgrEEtetce t9agegtgan gecqactitc tggeqrtdet tggergcane

421

481 cggtctgagt g:gtttttcl:'.t tcttgat

541 ggccgtttcc gggctgttcg ctcctacttg geaa

qgadagaacy
C tcaat.gacag Egactagctc gtaaactccg

Figure 3. SNORD3A gene. Putative HLTF-binding site highlighted in green. The promoter is highlighted
in gray. The ncRNA sequence highlighted in yellow begins at the transcription start site.

Protein S-glutathionylation (Pr-SSG)

Pr-SSG of key components of the glycolysis
pathway promoted antioxidant defense in the
HLTFdeleted CDX/TME compared to the control
(24). Human 60 kDa heat shock protein (HSP60)
also known as chaperonin 60 (Cpné0) is typically
located inside mitochondria®®V. Here it preserves
proteome integrity via protein folding. HSP60 has

three cysteine residues (Cys?®’, Cys*?, and Cys*);
however, only Cys*’ was authenticated by MALDI-
TOF/TOF as site-specific Pr-SSG in the HLTF
deleted CDX/TME model. Further use of MALDI-
TOF/TOF followed by species-specific data
analysis identified highly conserved cysteines in
identical peptide fragment ion spectra from
human and mouse.
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Nucleosomes, the fundamental units of chromatin,
are composed of 145-147-bp of DNA wound
around a histone octamer consisting of 2 copies of
each of four core histones: H2A, H2B, H3, and
H4B2), All histone proteins with the exception of H4
have variant counterparts. Three main histone H3
variants: H3.1 and H3.2 are known as canonical
histone H3, and the replication independent
variant is H3.3. The centromere-specific variant is
CENP-A. HistoneH3variants (H3.1, H3.2 and H3.3)
detect cellular redox changes via glutathionylation
of Cys110 residues®?® that increases during
proliferation and promotes chromatin opening®.

Importantly, Pr-SSG at H3Cys110 was not detected
in either the TME or the primary tumor of the
HL TFdeleted model. In addition, consistent with
findingsforthe TME, transcriptional down regulation
of histone genes was identified by RNAseq in the
primary tumor. The primary gene encoding canonical
Histone H3 is HISTTH3A (log2FC -8.0735, padj =
9.33E-15). Region-specific down regulation of
HistTH3Awas confirmed by spatial transcriptomics
(Figure 4). The two additional genes that encode
histone H3 were transcriptionally down regulated
[HISTTH3B(log2FC -10.8791, padj = 5.11E-56) and
HISTTH3C (log2FC -7.54341, padj = 6.54E-08)].

“HLTF/CDX ID HIf KO- | HLTF"*CDX ID HIff KO

~Visium-Human-Transcriptome-Probe-Set

— 4.0 18.0

c Violin Plot |.2Fc:. HlsT1H3A-Total umMi count/cellA‘ a :
Pt ettt el
' @ & L 4 ¢ V 4 (4) T

Figure 4. T-distributed neighbor embedding (#SNE) was run to visualize spots in a 2-D space, followed
by clustering to group spots with similar expression profiles. #SNE colored by UMI counts per spot (A)
for HISTTH3A, and spots by clustering (B) are shown for the entire data set. Comparative expression (C)
analysis revealed variability in the spatiotemporal distribution of H/ST7H3A expression across 16 clusters

for the entire data set (violin plot).

In contrast, the two distinct genes that encode the
replication-independent histone variant H3.3 in
human and mouse are transcriptionally activated
by HLTFdeletion: H3F3A (log2FC +1.640175; padj
= 5.73E-6) and H3F3B (log2FC +0.869786, padj =
4.40E-08). Asinthe TME, specific chaperones used
by the H3.3 variant (HIRA, DAXX/ATRX, and DEK)
are all transcriptionally available.

Discussion

Orthotopic xenograft transplantation studies with
HCT116 cells recapitulate TME-specific interactions
including local tumor invasion, angiogenesis and
metastasis. HCT116-Red-FLuc cells have wild-type
p53 expression and a mutationin codon 13 (G13D)
of the KRAS gene component of the RAS/RAF/MED/ERK
signaling pathway. Their oncogenic aggressiveness

and limited differentiation potential made them an
ideal model for the introduction of an HLTF-
deletion (24).

To better understand tumor-stroma interactions /n
vivo, we manipulated HLTFexpression in the
primary tumor (CDX) and the TME (mouse) and
performed RNAseq with species-specific sequencing.
Spatial transcriptomics validated DE in the human
transcriptome. Immunohistochemistry and mass
spectrometry provided insights to glutathione-
based antioxidantdefense in the model. Collective
re-evaluation of the data allows us to report
decreased availability of ncRNA U2 (TME) and
SNORD3A (CDX) correlates with a unified shift to
replication-independent availability of H3.3 to
chromatin in the HL TFdeleted CDX/TME compared
to the control.

© 2025 European Society of Medicine 5



Decreased availability of ncRNA U2 would reduce
its role in alternative splicingin CRC®®, andreduce
its potential as a biomarker/therapeutic target in
late stage metastatic disease®437. Mechanistically,
SNORD3A promotes ferroptosis in acute kidney
injury®® chemosensitization (5-FU) in breast cancer®?,
and maintenance of leukemia stem cells“?. InCRC,
negligible SNORD3A expression could mitigate cell
proliferation in favor of metastasis.

Histone H3C110 variants — the only nucleosomal
proteins with cysteine residuesthat canbe modified
by glutathione — were not among the glutathionylated
proteins we identified. Perhaps this is because cell
proliferation and sensing cellular redox changes
are connected through glutathionylation of Cys110333%,
neither of which is consistent with the metastatic
properties of our CDX model.

The loss of canonical histones at the mRNA levelin
both the TME and the CDX commensurate with
increased transcriptional availability of H3.3 in the
HLTF-deleted CDX/TME compared to the control
supports Gomes et al.”*V who recently showed the
incorporation of H3.3 into chromatin drives metastasis.
H3.3 differs from canonical H3.1 by 4 amino acid
(aa) residues A87, 189, G90 and S96 in the histone
fold domain and aa residue S31 in the N-terminal
tail. H3.3 differs from H3.2 by only 4 aa residues
S31, A87, 189, G90. A87, 189 and G90 (AIG motif)
are important for recognition by H3.3-specific
chaperones. S31 is phosphorylated in the
pericentromeric region during mitosis. The N-
terminal tail (aa 1-50) of H3 and H3.3 have the
same Lys23 residue that is not commonly mutated.
HLTF targets H3 at Lys23 (H3K23) for ubiquitination
in CRC pathogenesis (19). HLTF histone ubiquitination
activity is stimulated by the repressive H3K9me3
mark. Loss of HLTF reduces H3K23ub and H3K9me,
which increases chromatin accessibility at promoters
and enhancers of cancer/metastasis promoting genes.

Conclusion

The elimination of helicase-like transcription factor
(HLTF), also known as SMARCAS3, supported redox
homeostasis in a CDX/TME model compared to
the control®¥. Additionally, decreasedtranscriptional
availability of SNORD3A (CDX) and ncRNA U2
(TME), and increased transcriptional availability of
the replication-independent histone H3.3 variant
(CDXand TME) advances epigenetic reprogramming
for tumor progression and metastatic behavior.
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