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ACTB is a cytoskeletal protein involved in intracellular trafficking. In recent years, it has become evident that, in addition to

its established roles in these compartments, ACTB also participates in the regulation of transcription. However, the molec-

ular mechanisms underlying this function remain poorly understood. The methyltransferase SETD3 has previously been

shown to methylate ACTB at H73, thereby regulating ACTB polymerization and smooth muscle contraction. Here, we

show that the genomic distribution of ACTB is SETD3-dependent and that this regulation modulates the transcription of

genes involved in cell adhesion and mRNA translation in colorectal cancer cells. Proteomic analyses reveal that ACTB

and SETD3 interact with multiple large protein complexes, including complexes associated with transcriptional regulation.

Specifically, we demonstrate that SETD3-mediated ACTB methylation is required for the colocalization of SMARCA4, a

subunit of the SWI/SNF BAF complex, at specific genomic loci. Genomic analyses further show that this colocalization en-

ables the coordinated occupancy of SMARCA4 and H73-methylated ACTB at genes involved in cell adhesion and mRNA

translation. Finally, phenotypic assays confirm these regulatory effects. Together, these findings uncover a new mechanistic

layer of selective transcriptional regulation mediated by an ACTB–SETD3–SMARCA4 axis in colorectal cancer cells.

[Supplemental material is available for this article.]

The human SET domain-containing protein 3 (SETD3) gene, locat-
ed onChromosome 14q32.2, encodes a 67 kDa protein containing
a highly conserved N-terminal catalytic SET domain and a C-ter-
minal substrate-binding domain (SBD) homologous to the
RuBisCo large-subunit lysine methyltransferase (LSMT) (Tiebe
et al. 2018; Abaev-Schneiderman et al. 2019; Admoni-Elisha
et al. 2022; Gao et al. 2024; Kong et al. 2024; Duan et al. 2025).
SETD3 is highly expressed among many tissues and regulates
diverse cellular signaling pathways through protein–protein inter-
actions or its enzymatic activity, protein methylation (Witecka
et al. 2021). SETD3 methylates the transcription factor FoxM1 to
negatively regulate VEGFA expression under normoxic and hyp-
oxic cellular conditions (Cohn et al. 2016). Similar results were
also observed during hypoxic pulmonary hypertension in rats
(Jiang et al. 2018). In addition, SETD3 was shown to interact
with several proteins involved in DNA replication and DNA repair,
such as PCNA, MAF1, and RNF7 (Cooper et al. 2015). Notably,
SETD3was the first discoveredmetazoan protein histidinemethyl-
transferase (Kwiatkowski et al. 2018; Dai et al. 2019; Guo et al.
2019; Wilkinson et al. 2019; Hintzen et al. 2021). SETD3 methyl-
ates ACTB on histidine 73 (H73me), and this methylation event
is important for normal ACTB polymerization activity and
smooth-muscle contraction. Corresponding to this, the depletion

of SETD3 causes primary dystocia in female mice (Wilkinson et al.
2019).

ACTB is primarily known for its role as a major component of
the cytoskeleton that participates in intracellular trafficking and
cell motility (Svitkina 2018; Gibieza and Petrikaite 2021), cytoki-
nesis (Chen et al. 2017), and cell adhesion (Hynes 1992).
However, ACTB is also present in the nucleus where it participates
in the regulation of RNA processing and export. Its roles also ex-
tend to the regulation of transcription and DNA repair (Hurst
et al. 2019). ACTB associates with both RNA polymerase II (Pol
II) (Pestic-Dragovich et al. 2000) and RNA polymerase III (Pol III)
(Hu et al. 2004) complexes, suggesting that ACTB is involved in
transcription initiation and elongation (Percipalle and Visa
2006). Further, experiments using in vivo mouse models found
ACTB to be the only actin isoform involved in transcriptional
regulation of cell cycle and cell motility genes; ACTB knockout
mice are embryonic lethal (Bunnell et al. 2011).

Nuclear ACTB is an integral component of several chromatin
remodeling complexes such as the BAF, BAP, and INO80 complex-
es, as well as the Nu4A and TIP60 histone acetyl transferase com-
plexes (Ji et al. 2022). In the SWI/SNF BAF complex, ACTB
stimulates the ATPase activity of the SMARCA4 subunit and is
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required for BAF complex association with the nuclear matrix
(Falahzadeh et al. 2015; Sen et al. 2024). The BAF complex plays
a crucial role in development and differentiation by directly regu-
lating the chromatin state of critical genes to oppose the repressive
activity of polycomb repressive complexes (PRCs). Knock-out of
ACTB in mouse fibroblasts leads to a dysregulation of the BAF–
PRC2 relationship (Mahmood et al. 2021).

Given that both SETD3 and ACTB localize to the nucleus and
have been implicated in transcriptional regulation, we hypothe-
sized that ACTBH73methylation contributes to the control of spe-
cific transcriptional programs. In this study, we aim to investigate
whether SETD3-dependent ACTB methylation influences the ge-
nomic distribution of ACTB, to define the molecular interaction
networks of SETD3 and ACTB in colorectal cancer cells, and to
determine whether this modification impacts chromatin remodel-
ing through interactions with transcription-associated complexes
such as SMARCA4. Together, these objectives seek to elucidate the
mechanistic role of the SETD3–ACTB axis in regulating gene ex-
pression programs relevant to colorectal cancer.

Results

Methylated ACTB regulates gene transcription

It was previously shown that depletion of SETD3 completely elim-
inates ACTB methylation on H73 (Wilkinson et al. 2019). To
examine if ACTB H73 methylation regulates its genomic distribu-
tion, we performed Cleavage Under Targets and Release Using
Nuclease (CUT&RUN) assays in control and SETD3 KO HCT116

colorectal cancer cells using two independent gRNAs (Fig. 1A).
ACTB genomic distribution was significantly reduced across the
whole genome in the SETD3 KO cells (Fig. 1B–D). Integrative
Genomics Viewer (IGV) tracks of different genomic regions in
SETD3 control and SETD3 KO cells are presented in Figure 1E. To
exclude the possibility that the loss of ACTB is not due to compro-
mised levels of nuclear ACTB in the SETD3-depleted cells, we have
performed an immunofluorescence and a biochemical fraction-
ation experiment in CT and two SETD3 KOs cells. As shown in
Supplemental Figure S1, nuclear ACTB levels remain the same in
both conditions. These results suggest that SETD3 regulates the ge-
nomic occupancy of ACTB and may modulate gene expression
programs. To address this, we performed a RNA sequencing exper-
iment in CT and SETD3 KOHCT116 cells (Supplemental Fig. S2A).
Thirty-three and 69 geneswere down- and upregulated, respective-
ly. These differentially expressed genes are significantly involved
in the regulation of several biological pathways (Supplemental
Fig. S2B). qPCR validation for the RNA-seq of the down- and upre-
gulated genes is shown in Supplemental Figure S2, C andD, respec-
tively. Having demonstrated that SETD3 depletion alters global
gene expression, we next investigated the specific contribution
of SETD3-mediated ACTBH73methylation to these transcription-
al changes. To address this hypothesis, we performed an RNA-seq
experiment with ACTB KO cells, stably expressing empty vector,
FLAG-WT ACTB, or FLAG-ACTB H73Awhich cannot be methylat-
ed by SETD3 (Fig. 2A; Supplemental Fig. S3 for protein expression).
Because histidinemethylation occurs only as a single-methylmod-
ification (unlike lysine, which can exist in mono-, di-, or trimethyl
states), our assays comparing WT and H73A ACTB represent a
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Figure 1. SETD3-dependent ACTB genomic distribution. (A) Protein expression levels of SETD3 and ACTB (loading control) were measured in HCT116
cells by western blot (WB). (B) Heat maps showing CUT&RUN read densities for IgG (NC) and Flag-ACTB in SETD3 control and HCT116 KO cells expressing
Flag-ACTB. (C) Read density profiles ±3 kb around the center in the genome for Flag ACTB WT. Plots are shown for IgG, Control, and two SETD3 KOs (KO1
and KO2) HCT116 cells. (D) Genome-wide distribution of Flag-ACTB peaks across annotated genomic features. Peaks were assigned to promoters (≤1 kb,
1–2 kb, and 2–3 kb from TSS), UTRs, exons, introns, downstream regions, and distal intergenic sites. (E) Representative IGV snapshots showing binding
profiles of six genomic regions. Black tracks represent IgG control, whereas red and orange tracks represent Flag-ACTB in SETD3 control cells and
SETD3 KO1/KO2 cells, respectively.
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binary system—methylated versus unmethylated—rather than a
tunable spectrum of methylation levels. Bioinformatics analysis
of differentially expressed genes revealed four main clusters pre-
senting differences between ACTB WT and H73A (Fig. 2A).
Relative to ACTB WT, target genes that were upregulated in the
cells expressing the ACTB mutant are represented by Clusters 2
and 4. Conversely, target genes that were downregulated in the
ACTB mutant compared to WT are represented by Clusters 1 and
3. qPCR validation for the down- and the upregulated genes in
the ACTB mutant condition is shown in Figure 2, B and C, respec-
tively. Gene Ontology (GO) pathway enrichment analysis of dif-
ferentially expressed down- and upregulated genes revealed
multiple significantly enriched biological processes (Fig. 2D,E).
Supplemental Table S1 provides the complete GO enrichment re-
sults. Among these, adhesion-related pathways—including cell
junction maintenance, focal adhesion assembly, and cell-matrix
adhesion—were strongly represented in the downregulated genes
(Fig 2D). Translation-related categories such as cytoplasmic trans-
lation and general translation were among the top significant
pathways enriched in the upregulated genes (Fig. 2E). Based on
their significance and biological relevance, we focused our down-
stream validation efforts on adhesion and mRNA translation,
while acknowledging that additional phenotypes may also be af-
fected by ACTB H73 methylation.

Methylated ACTB regulates translation and cell adhesion

Following our RNA-seq results, we were interested in assessing the
phenotypic outcome mediated by SETD3 and ACTB H73 methyla-

tion. To assess phenotypic changes in cell adhesion, linked to
downregulated genes in cells expressing methylation-deficient
H73A ACTB, we performed a cell-matrix adhesion assay in control
and SETD3KO cells. As shown in Figure 3A, the results demonstrate
that, in the absence of SETD3, cells were significantly less attached
to the surface and were more easily washed away compared to the
control cells. Further, we confirmed that the loss of cell adhesion
was SETD3-dependent, as re-expressing increasing amounts of
FLAG-WT SETD3 rescued the adhesive properties of HCT-116
SETD3 KO cells (Fig. 3B). These results suggest that SETD3 is essen-
tial for proper cell-surface adhesion,whereby higher levels of SETD3
augment the ability of cells to adhere to a surface. To confirm that
the loss of cell adhesion is not due to altered cell growth conditions,
we assessed cell viability in control and SETD3 KO cells at 0h, 24h,
and 48h. As shown in Supplemental Figure S4, no significant differ-
ences were observed, indicating comparable viability between the
groups. To further test if this phenomenon is H73 methylation-
dependent, cells were transfected with WT ACTB or the methyla-
tion-deficient H73A ACTB (Fig. 3C). Our results indicate that
H73A ACTB cells exhibited a reduced attachment to the surface in
comparison to the WT ACTB cells, demonstrating that this pheno-
typic effect is methylation-dependent.

To assess phenotypic changes in mRNA translation, we first
tested whether global translation varies between control and
SETD3 KO cells (Fig. 3D). To this end, we conducted a puromycin
incorporation assay. Puromycin is a tyrosyl-tRNA mimic that
blocks translation by labeling and releasing elongated polypeptide
chains from translating ribosomes (Aviner 2020). Global transla-
tion is then detected with an antibody against puromycin. An
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Figure 2. Methylated ACTB at H73 regulates gene transcription. (A) Heat map showing up- and downregulated genes from RNA sequencing analysis of
control and HCT116 ACTB KO cells expressing empty vector (CT), ACTB WT (ACTB WT), or ACTB H73A mutant (ACTB Mut). The numbers on the left in-
dicate the number of genes which are down- (green) and up- (red) regulated under KO/perturbation conditions. Three biological replicas were tested for
each condition. (B,C) RT-qPCR analysis of representative downregulated genes (B) and upregulated genes (C) identified in the RNA-seq data set shown in
panel A. Data are presented asmean±SEM from three independent experiments, normalized toGAPDH expression. Statistical analysis was performed using
one-way ANOVA on two biological repeats. (∗) P < 0.05, (∗∗) P<0.01, (∗∗∗) P<0.001, (∗∗∗∗) P<0.0001. (D,E) Selected pathways from Gene Ontology (GO)
analysis of the differentially expressed downregulated (D) and upregulated (E) genes. Bars represent enrichment odds ratios, and P-values are indicated for
each pathway.
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increase in mRNA translation was observed in SETD3 KO cells
compared to the Ct cells (Fig. 3D). To assess dependency on
SETD3 enzymatic activity, we performed this assay with SETD3
KO1 cells that were rescued with either empty vector, FLAG-WT
SETD3, or FLAG-SETD3 Y313A (enzymatically dead mutant) as in-
dicated (Fig. 3E). Whereas an elevation in mRNA translation was
observed in the SETD3 KO cells or in cells expressing the catalytic
inactive Y313Amutant, a less substantial increase was observed in
the SETD3WT cells, suggesting that this phenomenon is partially
regulated by the catalytic activity of SETD3. To verify whether this
was dependent on ACTB H73 methylation, we performed this as-
say using theACTBKO cells, stably expressing either empty vector,
FLAG-WTACTB, or FLAG-ACTB H73A. As expected, ACTB KO and
FLAG-Mut ACTB cells, like the SETD3 KO cells, exhibited elevated
translation levels compared to Ct or FLAG-WTACTB cells (Fig. 3F).
Together, our results demonstrate that cell adhesion and mRNA
translation are regulated by SETD3-dependent methylation of
ACTB H73 in colorectal cancer cells.

SETD3 and ACTB interact with several large transcription

complexes

Given that SETD3-dependent methylation of ACTB H73 alters
gene expression programs and the genomic distribution of
ACTB, we hypothesized that this methylation may regulate
ACTB nuclear interactions. To decipher the functional link be-
tween SETD3 and ACTB in the nucleus, we performed mass spec-

trometry to identify overlapping protein–protein interactions
between these two proteins at the chromatin level. We found
660 and 109 unique interacting proteins for SETD3 and ACTB, re-
spectively.One hundred sixty-one interacting proteinswere found
to overlap between both proteins (Fig. 4A). Positive hits were de-
fined as a fold change of at least 1.2 fold over the control with a
minimum of seven peptides that were identified during the analy-
sis. A complete list of the identified proteins with peptide count is
presented in Supplemental Table S2. Among these 161 interacting
proteins, biological process enrichment analysis revealed enrich-
ment for chromatin-related cellular pathways, including gene ex-
pression, nucleosome organization, and chromatin remodeling
(Fig. 4B). Consistent with these findings, STRING analysis revealed
enrichment of proteins associated with chromatin in addition to
others cellular compartments and pathways (Fig. 4C).

ACTB H73 methylation is required for its cosegregation

with SMARCA4

Several of the chromatin-associated proteins identified in the
STRING analysis are components of chromatin remodeling com-
plexes (Fig. 4C). Notably, ACTB is known to be involved in several
of these complexes (Schick et al. 2019; Ji et al. 2022; Kunert et al.
2022). Furthermore, ACTB mediates the association of SMARCA4,
a member of the BAF complex, with the chromatin (Kadoch and
Crabtree 2015).We hypothesized that SETD3 and ACTBH73meth-
ylation influences the integrity of the SMARCA4/ACTB complex. To

A B C
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Figure 3. Methylated ACTB regulates translation and cell adhesion. (A) Fibronectin adhesion assay was carried out on HCT-116 Ct, SETD3 KO#1, and
SETD3 KO#2. Top: Representative images of adherent cells stained with Crystal violet. Bottom: Crystal violet-stained cells were dissolved in 2% SDS, and
the absorbance at 550 nm was measured. Error bars are S.D. Statistical analysis was performed on three experimental repeats. (∗∗) P<0.01. (B) Same as
in A in HCT116 SETD3 KO cells rescued with increasing amounts of FLAG-SETD3WT. (C) Fibronectin adhesion assay was carried out in HCT116 cells stably
expressing empty, FLAG-WT ACTB, or FLAG-Mut ACTB H73A, as indicated. Top: Representative images of adherent cells stained with Crystal violet. Bottom:
Crystal violet-stained cells were dissolved in 2% SDS, and the absorbance at 550nmwasmeasured. Error bars are S.D. Statistical analysis was performed on
three experimental repeats. (∗∗) P<0.01. (D) Translation assay performed on HCT-116 Ct and two SETD3 KOs cells (KO1 and KO2). Cells were incubated
with puromycin, and then cell extracts were submitted to western blot to detect protein synthesis using anti-puromycin antibody. (E) Same as in D in HCT-
116 Ct and SETD3 KO rescued with empty, FLAG-WT, and Y313A SETD3. (F ) Same as in D in ACTB KO cells, stably expressing empty, FLAG-WT ACTB, or
FLAG-ACTB H73A.
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test this hypothesis, we performed density sedimentation analysis
of HCT-116 nuclear extracts using 10%–30% glycerol gradients.
We applied this approach, as it has been used to assess protein com-
plex interactions under native conditions (Schick et al. 2019).
Specifically, glycerol gradients have previously been used to assess
the interaction of SMARCA4 with RAD21 via cosegregation
(Shang et al. 2021). We first aimed to determine whether the com-
plex remains intact in the absence of SETD3 (Fig. 5A). The experi-
ments indicate that SMARCA4 is maintained in the same density
stratification (Fractions 1–6) under both control and SETD3 knock-
out conditions (KO1 and KO2). Further, although ACTB dis-
tribution is widely distributed across the glycerol gradient,
cosegregation with SMARCA4 fractions could only be observed
from nuclear lysates from control cells and not the SETD3 KO cells.
To determine if the change in localization is dependent on
ACTBH73 methylation, we performed a similar experiment using
ACTB knockout cells which stably express either FLAG-WT ACTB
or FLAG-ACTB H73A (Fig. 5B, left and
right panel, respectively). Consistent
with our previous findings, SMARCA4
largelymaintained the same density strat-
ification in the presence of ACTB WT or
H73A (Fractions 1–7). However, in com-
parison to WT ACTB, less ACTB H73A
(Mut) was found to cosegregate with
SMARCA4. Overall, these experiments
demonstrate that ACTB H73 methylation
by SETD3 is required for its cosegregation
with SMARCA4 under native conditions.

ACTB H73 methylation regulates

the selective genomic distribution

of SMARCA4

Given that SETD3-mediated methylation
of ACTB influences its genomic distribu-

tion and interaction with SMARCA4, we hypothesized that SETD3
and ACTB H73 methylation plays a pivotal role in regulating the
genomic occupancy of SMARCA4. To test this hypothesis, we per-
formed a CUT&RUN experiment for SMARCA4 in Control and
SETD3 KO cells (Fig. 6A,B). A significant decrease in SMARCA4 ge-
nomic distribution was observed in SETD3 KO cells. To exclude
the possibility that the observed decrease in SMARCA4 genomic oc-
cupancy results from reduced SMARCA4 protein levels, whole-cell
lysates from control and SETD3 KO cells were subjected to western
blot analysis using two independent SMARCA4 antibodies. As
shown in Supplemental Figure S5A, SMARCA4 protein levels re-
mained unchanged. Likewise, to rule out differences in nuclear
SMARCA4 levels, we performed immunofluorescence staining us-
ing the same antibodies in control and SETD3-depleted cells
(Supplemental Fig. S5A,B). Quantification of nuclear SMARCA4
fluorescence intensity revealed comparable levels between control
and SETD3 KO cells. Consistent with these results, biochemical

A B C

Figure 4. SETD3 and ACTB interact with several large transcription complexes. (A) Chromatin and nuclei were purified fromHCT-116 Ct cells followed by
immunoprecipitation with either SETD3 or ACTB specific antibodies. Coimmunoprecipitated proteins were then identified by mass spectrometry. (B)
Bubble plot showing enriched biological processes associated with the 161 shared proteins. The x-axis indicates the number of proteins per category,
and the y-axis lists significantly enriched processes. Bubble size reflects the number of proteins assigned to each category, and bubble color corresponds
to statistical significance (–log10 P-value), ranging from blue (less significant) to red (highly significant). Underlined enriched categories include RNA pro-
cessing, gene expression, nucleosome/chromatin organization, and chromatin remodeling. (C) STRING analysis of the 161 shared proteins found in A.
Nodes represent individual proteins and edges represent known or predicted interactions. Proteins are grouped into functional modules highlighted by
colored ellipses. The visualization illustrates that shared proteins are enriched in interconnected modules involved in RNA metabolism, chromatin regula-
tion, mitochondrial function, and protein synthesis.

A

B

Figure 5. ACTB H73 methylation is required for the colocalization with SMARCA4. (A) Whole-cell ly-
sates of HCT-116 Ct, SETD3 KO#1, SETD3 KO#2; cell lines were separated on a 10%–30% glycerol gra-
dient. The indicated fractions were then subjected to western blot assay using the indicated antibodies.
(B) Same as A with HCT116 cells expressing Flag-ACTB wt (WT ACTB) or Flag-ACTB H73A (MUT ACTB
H73A).
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fractionation experiments showed no changes in nuclear
SMARCA4 abundance (Supplemental Fig. S5D).

We then compared the co-occupancy of SMARCA4 and H73-
methylated ACTB and stratified their genomic distributions into
three clusters (Fig. 6C for heat map; Fig. 6D for IGV tracks).
Cluster 1 represents 1340 genomic loci which were enriched by
both SMARCA4 and H73-methylated ACTB. Cluster 2 represents
26,527 genomic loci that are exclusively bound by methylated
ACTB in the control cells. In Cluster 3 there are 28,628 peaks
which are enriched only by SMARCA4 in the control cells.
Finally, KEGG pathways analysis was performed for the shared
genes of Cluster 1 (Fig. 6E). This analysis revealed an enrichment
of several biological pathways including adherens junction and fo-
cal adhesion, which were phenotypically shown to be affected by
methylated ACTB in Figure 3. These results suggest that ACTBH73
methylation may regulate the genomic recruitment of SMARCA4
to specific genomic regions, thereby influencing gene expression.

Discussion

The housekeeping gene ACTB is studied mainly in the context of
its cytoskeletal function. However, in recent years it has become
evident that ACTB, as well as several ACTB binding proteins, also
have a fundamental role in the nucleus (Hu et al. 2004;
Percipalle and Visa 2006; Misu et al. 2017; Hurst et al. 2019).
Specifically, it was suggested that ACTB has a role in gene expres-
sion and genome organization, through its interaction with sever-
al chromatin-associated protein complexes (Pestic-Dragovich et al.

2000; Hu et al. 2004; Percipalle andVisa 2006; Bunnell et al. 2011).
Our work not only sheds new light on the role of ACTB in the reg-
ulation of transcription but also suggests a mechanistic view for its
activity. Our data suggests that themethylation of ACTB at H73 by
SETD3 regulates the genomic distribution of both ACTB and
SMARCA4 to govern selective gene expression programs.

In a recent paper, Mahmood et al. (2021) have demonstrated
that the depletion of ACTB induces changes in chromatin structure
leading to alterations in the recruitment of SMARCA4, inmouse em-
bryonic fibroblasts. Our findings correlate with these observations
but provide additional mechanistic understanding. Biochemical
and genomics data presented in this study suggest that the selective
recruitment of SMARCA4 is mediated by ACTB H73methylation in
a SETD3-dependent manner. The fact that we can rescue these phe-
notypes through expression of SETD3WT and not by the enzymat-
ically-dead SETD3 Y313A mutant demonstrates that the enzymatic
activity of SETD3 is required for colorectal cancer cells to exhibit
these characteristics. It was also shown that the depletion of ACTB
from mouse embryonic fibroblasts disrupts SMARCA4 chromatin
binding and induces EZH2 and H3K27me3 accumulation at select-
ed genomic loci. Additional experiments are necessary to assess
whether these effects are influenced by ACTB methylation or if
they occur through an independent mechanism.

Our RNA-seq data in Figure 2 are directly linked to SETD3
function, as SETD3 depletion eliminates ACTB H73 methylation
(Wilkinson et al. 2019). The distinct transcriptional profiles of
ACTB knockout versus the H73mutant likely reflect the difference
between complete ACTB loss, which disrupts multiple essential

D
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Figure 6. Selective genomic recruitment of SMARCA4 in the presence of methylated ACTB. (A) Heat maps showing CUT&RUN read densities for IgG
(NC) and SMARCA4 in SETD3 control and two HCT116 SETD3 KO cells (KO1 and KO2). (B) Read density profiles ±3 kb around the center in the genome
SMARCA4. Plots are shown for IgG, Control, and two SETD3 KOs (KO1 and KO2) HCT116 cells. (C) Heat maps showing CUT&RUN reads densities com-
paring the co-occupancy of methylated ACTB in HCT116 cells expressing ACTB WT and SMARCA4 in control cells. Heat map was separated into three
clusters. Cluster 1 contains peaks (1340) which are shared between methylated ACTB and SMARCA4. Cluster 2 represents genomic loci (26,527 peaks)
bound by methylated ACTB only. Cluster 3 represents genomic loci (28,628 peaks) bound by SMARCA4 only. (D) Representative IGV genome browser
tracks illustrating the occupancy of Flag–ACTB and SMARCA4 at selected loci in control cells and SETD3 KO cells based on the clusters presented in
Figure 6C. (E) KEGG pathway analysis for the 1340 shared peaks identified in panel C. Dark-blue bars highlight enriched pathways linked to cell adhesion.
Bars represent enrichment odds ratios, and P-values are indicated for each pathway.
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processes and triggers broad compensatory responses, and the
selective loss of H73 methylation, which fine-tunes nuclear
functions such as SMARCA4 recruitment. Thus, whereas ACTB
depletion produces widespread transcriptomic changes, H73
methylation acts as a more subtle, context-dependent regulator
that shapes chromatin-related processes without broadly rewiring
gene expression.

To gain insights into the mechanistic aspects controlling the
genomic occupancy of ACTB and how this phenomenon is regu-
lated by SETD3, we performed a proteomic experiment to identify
overlapping interacting proteins with ACTB and SETD3. Biological
process GO enrichment and STRING analysis of the 161 shared in-
teracting proteins revealed an enrichment for transcriptional regu-
latory factors discussed in this paper among others, such as a large
cluster of proteins involved in splicing. A recent paper by Kong
et al. (2024) has shown that SETD3 associates with numerous splic-
ing-related proteins and provided evidence that SETD3 association
with HNRNPK regulates global mRNA splicing. Consistent with
our findings, their study also demonstrated a significant enrich-
ment of proteins associated with cellular replication and protein
synthesis. Specifically, they identified an abundance of ribosomal
proteins and noted a connection to mitochondrial biogenesis.
Whereas our findings suggest that SETD3 and the methylation of
ACTB at H73 are linked to DNA replication, it was already shown
by others that there is a functional link between SETD3 and repli-
cation through histidine methylation of H459 on MCM7 (Duan
et al. 2025). The wide variety of different signaling pathways regu-
lated by SETD3 suggests a broader substrate repertoire besides
ACTB. These potential substrates may be involved in nuclear tran-
scription regulation, whereas others likely have cytosolic func-
tions, requiring further investigation.

Recent studies have linked the expression of SETD3 to onco-
genic processes (Chen et al. 2013; Cheng et al. 2017, 2022; Zou
et al. 2022). For instance, high expression ofmutated SETD3 lacking
the SET domain displays oncogenic properties in lymphoma (Chen
et al. 2013). In contrast, in liver cancer, the upregulation of wild-
type SETD3 is associated with cancer development (Cheng et al.
2017).Moreover, elevated SETD3was shown to promote hepatocel-
lular carcinoma (HCC) by enhancing polo-like kinase 1 (PLK1) ex-
pression (Cheng et al. 2022), suggesting a pro-tumorigenic role of
SETD3.However, SETD3was also suggested to be a biomarker for re-
nal cancer diagnosis, where low expression levels were associated
with significantly shorter disease-free survival (Pires-Luís et al.
2015). Because SETD3 also regulates the expression of multiple
breast cancer-associated genes, such as ACTB, FBXW7, Fascin,
NOS3 (also known as eNOS), and MMP2, it was suggested as a bio-
marker for breast cancer prognosis aswell (Hassan et al. 2020). These
findings provide compelling support for the regulatory role of
SETD3 in the expression of diverse gene sets implicated in numer-
ous signaling pathways. What determines SETD3 oncogenic versus
its tumor suppressor cellular activity remains an open question and
requires further examination. We propose that SETD3’s involve-
ment in selective transcription activation, mediated by the methyl-
ation of ACTB H73, may help elucidate its contrasting biological
functions in various types of cancer and potentially in other biolog-
ical and physiological contexts. The observation that SETD3 can
modulate gene expression programs through nuclear ACTB pro-
vides a potential framework for understanding how the same en-
zyme might promote or suppress tumor progression depending
on the cellular environment, genetic background, or signaling con-
text. We propose that the net outcome of SETD3 activity may be
shaped by the interplay between cytoplasmic ACTB functions (af-

fectingmigration, invasion, andmorphology) and nuclear roles (af-
fecting chromatin remodeling and transcription), which may
dominate differently across tissue types and disease states.

Our findings reveal that SETD3 depletion leads to a global re-
duction in SMARCA4 occupancy across the genome. This effect
cannot be attributed to compromised cellular integrity, as both
cell viability and nuclear SMARCA4 protein levels remain un-
changed (Supplemental Figs. S3, S4). Instead, these results may
point to a broader role of SETD3 in stabilizing SMARCA4–chroma-
tin interactions. Whereas only a subset of SMARCA4 sites are co-
occupied with ACTB, the loss of SETD3-dependent ACTB methyl-
ation may weaken the overall capacity of SMARCA4-containing
BAF complexes to associate with chromatin. Consistent with
this model, our updated analysis highlights more than 1300
shared genomic peaks between Flag–ACTB and SMARCA4, sup-
porting a functional connection between ACTB methylation and
SMARCA4 recruitment. Thus, SETD3 appears to regulate chroma-
tin accessibility and gene expression not only through localized
ACTB-dependent mechanisms but also by broadly influencing
SMARCA4 genomic occupancy.

A question raised by our findings is how SETD3 expression it-
self is regulated in colorectal cancer cells. To gain preliminary
insight into potential upstream regulatory mechanisms, we per-
formed an in silico transcription factor binding site prediction anal-
ysis of the SETD3promoter using the JASPARdatabase. This analysis
identified several candidate transcription factors such as E2F1, SP1
and ELF5 with predicted bindingmotifs in the SETD3 regulatory re-
gion, suggesting that SETD3 expression may be controlled by mul-
tiple signaling pathways and transcriptional programs. Although
experimental validation of these upstream regulators is beyond
the scope of the current study, these predictions provide a frame-
work for future investigations aimed at understanding how SETD3
expression is dynamically regulated in response to cellular and en-
vironmental cues. Such regulationmay represent an additional lay-
er of control over ACTB methylation and SMARCA4-dependent
transcriptional programs in cancer.

Although our study was performed in colorectal cancer cell
models, several lines of evidence suggest that SETD3 and ACTB
H73 methylation may be clinically relevant. SETD3 expression
has been reported to be altered across multiple cancer types, in-
cluding colorectal cancer, and may correlate with disease progres-
sion or patient outcomes (Abaev-Schneiderman et al. 2019;Hassan
et al. 2020; Zou et al. 2022). Given that our results establish a
mechanistic link between SETD3-mediated ACTB methylation
and SMARCA4-dependent chromatin regulation, it is plausible
that SETD3 expression levels or ACTBmethylation status could in-
fluence tumor growth, invasiveness, or therapy responsiveness in
colorectal cancer. Although we did not address these clinical as-
pects directly in the present work, we propose that future studies
systematically analyze SETD3 expression and ACTB H73 methyla-
tion in patient samples, in relation to clinical parameters such as
stage, prognosis, and treatment response. Such studies would pro-
vide valuable insights into whether the chromatin regulatory role
of SETD3 uncovered here has translational implications in cancer.

Methods

Cell lines and transfection

Human colon carcinoma cells, HCT-116 (purchased from ATCC),
were maintained in Dulbecco’s Modified Eagle Medium (Sigma-
Aldrich, #D5671) with 10% fetal bovine serum (Gibco), 2 mg/mL
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L-glutamine (Sigma-Aldrich, #G7513), 1% penicillin-streptomy-
cin (Sigma-Aldrich, #P0781) and nonessential amino acids
(Sigma-Aldrich, #M7145), and they were cultured at 37°C in a hu-
midified incubator with 5% CO2. Cells were maintained on an av-
erage of 15–20 passages before new aliquots were thawed. For
transient transfection, we used Poly (ethyleneimine) (PEI) solu-
tion, with themediumdescribed above, or withMirus LT1, accord-
ing to the manufacturer’s protocol.

Plasmids

Plasmids used for overexpression in cells were: pcDNA-FLAG-
SETD3, pcDNA-FLAG-SETD3 Y313A, and pcDNA-Empty. pGEX-
6P-1 ACTB and H73A mutant (kindly provided by Or Gozani’s
lab) were subcloned into the pcDNA vector to generate pcDNA-
FLAG-ACTB WT and pcDNA-FLAG-ACTB H73A.

For CRISPR-Cas9 mediated gene disruption, two different
guide RNAs (gRNAs) of SETD3 exons were subcloned into the
lentiCRISPR plasmid (Addgene, #49535). gRNA sequences that
were used to target SETD3 are: #1- CGAGTAAAAACTCAGAA
ATC, #2- CACCGGTATGTGCAGATCCGGACTC. gRNA sequence
that was used to target ACTB is CACCACTCTCAGGCATGGAGT
CCTG. Following transfection and puromycin selection, single
clones were isolated, expanded, and validated by sequencing.

Genomic DNA extraction

For the KO genomic DNA validation, the QuickExtract DNA
Extraction Solution 1.0 kit was used. Briefly, cells were harvested,
extraction solution was added, and tubes were vortexed for 15
sec, then, incubated for 6 min at 65°C, vortexed again, and incu-
bated for 2 min at 98°C. Five microliters were taken for PCR. We
used the following primers: KO#1 (gRNA #1) Fw 5′-TTAGGCGC
GCCAAGAGTTTTGGGGGGATAGTTT-3′, Rev 5′-GCCTTAATTA
AAAAATTGTATCATTTTAGCACCC-3′, and KO#2 (gRNA #2) Fw
5′-TTAGGCGCGCCTTAAGGCAAAGTGGGGAGAGAATA-3′, Rev
5′-GCCTTAATTAAGGAAGCTCACAATTACTTCACCC-3′.

Western blotting and antibodies

Primary antibodies used were as follows: SETD3 (Abcam,
#ab176582), ACTB (Abcam, #ab3280), SMARCA4-mouse (Santa
Cruz, #sc-17796), SMARCA4-Rabbit (Epicypher, #132002), FLAG
(Sigma-Aldrich, #F1804), GAPDH (ABM, #G041), SETD6
(Genetex, #GTX629891), Lamin B1 (#12987-1-AP), and puromy-
cin (DSHB, #PMY-2A4). Secondary HRP-conjugated antibodies
(goat antimouse and goat antirabbit) were from Jackson
ImmunoResearch (#115-035-062 and #111-035-144, respectively).
Antibodies were diluted in TBSTwith 5% BSA or in PBSTwith 10%
skim milk, according to the manufacturer’s recommendations.
The immobilized HRP-antibodies were detected by ECL
(Biological Industries). Fluorescently labeled secondary antibodies
used were: Alexa 647 and 549 antimouse (Invitrogen, #A-21443).

For western blot analysis, cells were lysed in RIPA buffer (50
mM Tris-HCl [pH 8], 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM DTT, and 1:100 protease
inhibitor mixture (Sigma-Aldrich). Samples were resolved on
8%–12% SDS- PAGE, followed by western blot analysis.

Biochemical fractionation

Biochemical fractionation was performed using a Thermo Fisher
Scientific subcellular protein fractionation kit for cultured cells
(#78840). Cells were first lysed using cytoplasmic extraction buffer
(CEB) for 10 min on ice for the collection of the cytoplasmic ex-
traction. Next, the pellet was supplemented using membrane ex-

traction buffer (MEB) for 10 min on ice for membrane extract.
Finally, nuclear extraction buffer (NEB) was added for 30min incu-
bation on ice with gentle mixing for the extraction of the nuclear
fraction.

RNA-seq library preparation

Total RNAwas extracted from three biological replicas of HCT-116
cells (ACTB KO, stably expressing empty vector, FALG-WT, or
H73A ACTB) and three biological replicas of Control and
two HCT116 SETD3 KO cells derived from two independent
SETD3 gRNAs, using the NucleoSpin RNA kit (Macherey-Nagel).
Samples were prepared in three biological replicates for each con-
dition. Libraries were prepared using the INCPM-mRNA-seq proto-
col. Briefly, the poly(A) fraction (mRNA) was purified from 500 ng
of total input RNA followed by fragmentation and the generation
of double-stranded cDNA. Afterward, an Agencourt Ampure XP
beads cleanup (Beckman Coulter), end repair, A base addition,
adapter ligation, and PCR amplification steps were performed.
Libraries were quantified by Qubit (Thermo Fisher Scientific) and
TapeStation (Agilent). Sequencing was done on a HiSeq instru-
ment (Illumina) using two lanes of an SR60_V4 kit, allocating 20
M reads per sample (single-read sequencing).

RNA-seq data analysis

The analysis of the raw sequence reads was carried out using the
NeatSeq-Flow platform (https://doi.org/10.1101/173005). The se-
quenceswere quality-trimmed and filtered using TrimGalore! (ver-
sion 0.4.5, https://github.com/felixkrueger/trimgalore) (quality
cutoff = 25, length cutoff = 25) and cutadapt (version 1.15) (https://
doi.org/10.14806/ej.17.1.200). Alignment of the reads to the hu-
man genome (GRCh38) was done with RSEM (version 1.2.28) (Li
and Dewey 2011) (option “bowtie2”), and calculation of number
of reads per gene per sample was also done with RSEM. Quality as-
sessment of the process was carried out using FASTQC (version
0.11.8) and MultiQC (version 1.0.dev0) (Ewels et al. 2016).
Genes with low expression values (mean count <1 over all sam-
ples) were excluded from differential expression analysis.

Read counts for differential gene expression were analyzed
with the DESeq2 R package (Love et al. 2014) using the NeatSeq-
Flow platform DESeq2 module. For the two CRISPR-treated KO
samples versus the two control samples, genes with fold change
≥1 and adjusted P< .05 for the HCT-116 cells stably expressing
empty vector, FLAG-WT, or H73A ACTB (Fig. 2) and P< .01 for
the Ct and two HCT116 SETD3 KO cells (Supplemental Fig. S2)
were considered as significantly differentially expressed genes.
Significant genes were clustered using the “eclust” function from
the factorextra R package (R Core Team 2023) with the default re-
striction of maximum clusters. Enrichment for Gene Ontology bi-
ological processes and KEGG pathways was performed using
clusterProfiler v4.0 R package (Wu et al. 2021).

qPCR analysis

Two hundred nanograms of the extracted RNA were reverse-tran-
scribed to cDNA using the iScript cDNA Synthesis kit (Bio-Rad)
according to the manufacturer’s instructions. Real-time qPCR
was performed using the SYBR Green I master (Roche) in a
LightCycler 480 System (Roche). The real-time qPCR primers
were designed using the PrimerQuest tool of the Syntezza-Israel
IDT portal and UCSC Genome Bioinformatics (Supplemental
Table S1). All samples were amplified in triplicate in a 384-well
plate using the following cycling conditions: 10 min at 95°C, 45
cycles of 10 sec at 95°C, 30 sec at 60°C and 1 sec at 72°C, followed
by 30 sec at 40°C. Gene expression levels were normalized relative
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to GAPDH gene and controls of the experiment. The primers used
for the qPCR validation experiments are provided in the Supple-
mental Table S3.

Cleavage under targets and release using nuclease

CUT&RUN was performed using the CUTANA Assay kit
(EpiCypher) according to the manufacturer’s instructions. An in-
put of 1 ×106 cells per samplewas processed according to theman-
ufacturer’s protocol. More specifically, with the use of nuclear
extraction buffer, the CUT&RUN assay was performed directly
on nuclei. Digitonin was used at a final concentration of 0.01%
for nuclear permeabilization. Control antibodies (0.5 µg, IgG
and H3K4me3) were used as recommended, and 1 µg anti-
SMARCA4 (EpiCypher, #13-2002) and anti-Flag (EpiCypher, #13-
2031) antibodies were used per sample. Libraries were quantified
with the Qubit dsDNA HS Assay kit, and DNA fragment sizes
were assessed using an Agilent TapeStation. Resulting libraries
were sequenced with 50- to 150-bp paired-end reads, with 15 M

reads per sample using a NextSeq 2000 system from Illumina
through the Center for Advance Genomics, IKI, BGU.

CUT&RUN data analysis

The analysis was carried out using theNeatSeq-Flow platform (https
://doi.org/10.1101/173005). Raw sequencing data in FASTQ format
was trimmed by Trim Galore! (version 0.4.5) (length=25, q- 25);
reads that were too short were discarded. FastQC v0.12.0 was used
for reads quality control. BWA Mapper (version 0.7.12, default pa-
rameters t =20, B=5) (Li and Durbin 2009) was used to align
paired-end reads to reference human genome assembly GRCh38
(hg38) and to the spike-in control (Escherichia coli) reference
genome assembly. SAMtools (Danecek et al. 2021) was used to re-
move PCR duplicates and create coordinate-sorted BAM files.
Normalization between samples and IgG was performed with a cus-
tom script that calculates read scaling factor based on spike-in DNA
reads of each sample (Supplemental Code). The scaling factor was
then used in bamCoverage v3.5.6 by deepTools (Ramírez et al.
2016) to normalize each sample according to its spike-in, bigWig fi-
les were created by bamCoverage, and reads mapped to blacklisted
areas designated by ENCODE (Amemiya et al. 2019) were filtered.
Reads that refer to off-Chromosome locations were removed with
BedClip v377 and sorted by BEDTools v2.30.0 (Quinlan and Hall
2010). bigWig files were then created with bedGraphTobigWig by
deepTools (Ramírez et al. 2016). Peaks were called by SEACR v1.3
(using the top 1 percentile as the high-confidence peak calibration
in “stringent” mode) (Meers et al. 2019). Peaks within 100 bp were
then merged and sorted with BEDTools. Peaks from each two repli-
cates (Flag-ACTB and SMARCA4)were then intersectedbyBEDTools
(version 2.31.0) (Quinlan andHall 2010), resulting in a peak list that
included only peaks that exist in both replicates. Peaks were viewed
in IGV (version 2.16.1) (Robinson et al. 2011) and annotated with
ChIPseeker (Yu et al. 2015; Wang et al. 2022). Matrices were gener-
ated with deepTools createMatrix, and heat maps were plotted with
deepTools plotHeatmap (Ramírez et al. 2016).

Sample preparation for mass spectrometry and data analysis

Endogenous SETD3 and ACTB were immunoprecipitated from
HCT-116 cells after lysis using the MBT Small scale Nuclear
Protein Extraction (Moore et al. 2013). Briefly, cells were harvested
and washed with PBS×1, the pellet was suspended in lysis buffer
(10 mM HEPES 7.9, 1.5 mM MgCl2 10 mM KCl) including DTT
(1:1000) and protein inhibitor (PI) (1:100), and incubated for 15
min. The cell pellet was then suspended again in lysis buffer and
disrupted by a narrow-gauge syringe (1 mL) eight times. Cells

were centrifuged for 5 min at 11,000g. Supernatant was removed
(cytoplasmic fraction). The nuclei pellet was suspended in the ex-
traction buffer (420mMKCl) containingDTT and PI asmentioned
above. After 30min of rotation, tubes were centrifuged for 5min at
21,000g. Supernatant was then conveyed to IP with SETD3- or
ACTB-specific antibodies preconjugated with glyceraldehyde to
magnetic beads. Following overnight IP, proteins were eluted by
2% SDS. Supernatants were subjected to mass spectrometry analy-
sis (Weizmann Institute of Science). Data was analyzed using
Byonic search engine (ProteinMetrics) against the Human protein
database (SwissProt Dec20) allowing for the following modifica-
tions: fixed carbamidomethylation onC, variable proteinN-termi-
nal acetylation, oxidation on M, and deamidation on NQ. Protein
FDR was set to 1%.

Glycerol gradient

Glycerol gradients (10%–30%) were established by pipetting 2 mL
of each of the glycerol fractions (10%, 15%, 20%, 25%, and 30% v/
v) in buffer A (20 mM HEPES [pH 7.9], 0.3 M KCl, 0.2 mM EDTA,
0.1% NP-40) into centrifugation tubes (Beckman). Gradients
were formed by standing for 6 h at 4°C. HCT-116 cells (Ct,
SETD3 KO, ACTB WT, or H73A) were lysed in 0.5 mL of buffer A
containing 0.1% protease inhibitor and either 0.5% RNase inhibi-
tor or RNase A (100mg/mL final concentration) for 30min at 4°C.
The lysates were centrifuged at 10,000g for 10 min, and the super-
natants were loaded into tubes with the preformed glycerol gradi-
ents. Protein complexes were then fractionated by centrifugation
in a SW 41Ti rotor (Beckman) at 38,000 rpm for 21 h. Twenty frac-
tions (0.5 mL) were collected and analyzed by immunoblotting
with the indicated antibodies.

Fibronectin adhesion assay

For the cell adhesion assay to fibronectin, cells were serum-starved
(no FBS) overnight. Then, the cells were harvested, and 1 × 105

cells/well were plated on a fibronectin (Millipore, #341631) pre-
coated 96-well plate (2.5 µg/well); BSA was used as a negative con-
trol (5% in PBS) for 4 h at room temperature, followed by a PBS
wash andCrystal violet staining (0.5%Crystal violet in 20%meth-
anol). Crystal violet staining was solubilized in 2% SDS and quan-
tified at 550 nm using the Tecan Infinite M200 plate reader.

Translation assay

For the translation assay performed using the SUnSET method
(Schmidt et al. 2009), cells were treated with puromycin (10 µg/
mL) for 10min. Cells were then lysed in RIPA buffer and submitted
to western blot to detect protein synthesis using antipuromycin
antibody.

PrestoBlue viability assay

For viability counts, cells were plated at 5000 cells/well in a 48-well
plate. The cells were left for adherence overnight, then media was
removed from cells and new media containing 10% PrestoBlue
(Invitrogen) was introduced to the cells for 20 min at 37°C. The
number of viable cells was measured using a Tecan Infinite
M200 plate reader by measuring absorbance at 560 and 590 nm.
This step was considered as T(0) of the experiment, and similar
measurements were performed every 24 h. Each measurement
was normalized to the count at T(0). Statistical analysis was per-
formed using the two-way ANOVA, followed by the Tukey’s multi-
ple comparisons test.
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Immunofluorescence and image analysis

For immunofluorescence (IF), fluorescently labeled secondary
antibodies were used: Alexa Fluor 488 antimouse (Invitrogen,
#R37120), Alexa Fluor 647 antirabbit (Invitrogen, #A21441), and
Alexa Fluor 647 antimouse (Invitrogen, #A21463). Cells were fixed
with 4% PFA, permeabilized with 0.5% Triton X-100, and blocked
with 10% fetal bovine serum for 30 min, after which cells were
stained for 3 h with the relevant primary antibody (described
above) followed by 30 min incubation with fluorescent secondary
antibody and DAPI. Images were acquired with a 3i Marianas spin-
ning disk confocal microscope using a 63× Zeiss Plan-Apochromat
oil, 1.4 NA objectives. For the automated analysis of nuclear geom-
etry and overlapping intensities in batchmode, we implemented a
custom ImageJ (Fiji) macro (Schindelin et al. 2012). For each image
stack, amaximum intensity projection (MIP) was generated. In the
resulting 2D images, nuclei were segmented using Cellpose
(Stringer et al. 2021). Owing to the high quality of the nuclear sig-
nal, segmentation could be performed directly with the pretrained
models without additional training. The segmentationmasks were
imported into Fiji’s ROI Manager after conversion to ImageJ ROIs
via the PTBIOP plugin. For each ROI (nucleus), shape and geome-
try parameters were quantified. In addition, overlapping intensity
measurements (total, mean, and standard deviation) were extract-
ed for all available channels. Results were compiled in a summary
table, and the script also generated reference images of the seg-
mented nuclei to facilitate quality control.

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 num-
bers GSE308375 (CUT&RUN) and GSE308376 (RNA-seq).
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