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Multi-omics analysis reveals CMTR1 D
upregulation in cancer and roles in ribosomal
protein gene expression and tumor growth
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Abstract

Background CMTRI1 (cap methyltransferase 1), a key nuclear mRNA cap methyltransferase, catalyzes
2'-O-methylation of the first transcribed nucleotide, a critical step in MRNA cap formation. Previous studies have
implicated CMTR1 in embryonic stem cell differentiation and immune responses during viral infection; however, its
role in cancer biology remains largely unexplored. This study aims to elucidate CMTR1's function in cancer progression
and evaluate its potential as a novel therapeutic target in certain cancer types.

Methods We conducted a comprehensive multi-omics analysis of CMTR1 across various human cancers using TCGA
and CPTAC datasets. Functional studies were performed using CRISPR-mediated knockout and siRNA knockdown in
human and mouse basal-like breast cancer models. Transcriptomic and pathway enrichment analyses were carried
out in CMTR1 knockout/knockdown models to identify CMTR1-regulated genes. In silico screening and biochemical
assays were employed to identify novel CMTR1 inhibitors.

Results Multi-omics analysis revealed that CMTR1 is significantly upregulated at the mRNA, protein, and
phosphoprotein levels across multiple cancer types in the TCGA and CPTAC datasets. Functional studies
demonstrated that CMTR1 depletion significantly inhibits tumor growth both in vitro and in vivo. Transcriptomic
analysis of CMTR1 knockout cells revealed that CMTR1 primarily regulates ribosomal protein genes and other
transcripts containing 5'Terminal Oligopyrimidine (TOP) motifs. Additionally, CMTR1 affects the expression of snoRNA
host genes and snoRNAs, suggesting a broader role in RNA metabolism. Mechanistic studies indicated that CMTR1's
target specificity is partly determined by mRNA structure, particularly the presence of 5'TOP motifs. Finally, through

in silico screening and biochemical assays, we identified several novel CMTR1 inhibitors, including N97911, which
demonstrated in vitro growth inhibition activity in breast cancer cells.

Conclusions Our findings establish CMTR1 as an important player in cancer biology, regulating critical aspects of
RNA metabolism and ribosome biogenesis. The study highlights CMTR1's potential as a therapeutic target in certain
cancer types and provides a foundation for developing novel cancer treatments targeting mRNA cap methylation.

Keywords RNA methyltransferase, CMTR1, Ribosomal proteins, Small molecule inhibitor

*Correspondence:

Zeng-Quan Yang

yangz@karmanos.org

'Department of Oncology, Wayne State University School of Medicine,
Detroit, MI, USA

Molecular Therapeutics Program, Barbara Ann Karmanos Cancer
Institute, Detroit, MI, USA

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-025-02147-6&domain=pdf&date_stamp=2025-4-23

Campeanu et al. Cell Communication and Signaling (2025) 23:197

Background

The mRNA cap, a highly methylated modification at the
5 end of RNA polymerase II (RNA Pol II)-transcribed
RNAs, plays multiple critical roles in eukaryotic gene
expression [1-7]. It protects RNA from degradation
both during transcription and in the cytoplasm, recruits
protein complexes involved in RNA processing, nuclear
export, and translation initiation, and marks cellu-
lar mRNA as ‘self’ to prevent degradation by the innate
immune system [1-7]. The formation and methylation
of the cap structure are catalyzed by a set of special-
ized enzymes. During the early stages of transcription,
RNGTT (RNA guanylyltransferase and triphosphatase)
attaches the inverted guanosine cap to the first tran-
scribed nucleotide via a triphosphate bridge [1, 2, 7, 8].
Subsequently, a series of cap methyltransferases includ-
ing RNMT (RNA guanine-7 methyltransferase), CMTR1
(cap methyltransferase 1), CMTR2 (cap methyltrans-
ferase 2), and/or PCIF1 (phosphorylated CTD interact-
ing factor 1) methylate specific sites on the guanosine
cap and the first two transcribed nucleotides [1-7]. This
process protects and stabilizes mRNA while serving as a
crucial regulatory mechanism for gene expression, influ-
encing various cellular processes including development,
differentiation, and disease progression.

CMTR1 and CMTR2, which contain a unique Ross-
mann fold methyltransferase domain known as Ftsj, cata-
lyze 2’-O-methylation of the first and second transcribed
nucleotides, respectively [9-14]. However, CMTR1 and
CMTR2 contain distinct functional domains flanking
their Ftsj methyltransferase domains [12]. Additionally,
CMTR1 in mammals, including humans, is predomi-
nantly nuclear, while CMTR2 is primarily cytoplasmic
[13]. Notably, CMTRI interacts directly with RNA poly-
merase II via its WW domain, preferentially binding to
Ser-5 phosphorylated C-terminal domains (CTDs) [15,
16]. This interaction allows CMTR1 to be recruited effec-
tively to transcription start sites, correlating with RNA
polymerase II abundance. Recent studies also revealed
that CMTR1 has gene-specific impacts on transcript
abundance and plays a significant role in embryonic stem
cell differentiation, particularly in maintaining expression
of histone and ribosomal protein genes [17]. As CMTRI
is a known interferon-stimulated gene, it also plays roles
in immune-mediated pathways during viral infection
[16, 18-20]. CMTR1 inhibition provides strong protec-
tion against infection by multiple influenza A strains, and
synergizes with the viral endonuclease inhibitor baloxa-
vir, which blocks influenza A infection by preventing cap
snatching [18]. Thus, CMTR1 functions as a key RNA
methyltransferase, playing crucial roles in RNA metabo-
lism and gene regulation, among its many functions.

Dysregulation of RNA methyltransferases has been
linked to various human diseases, including cancer
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[21-29]. Previously, we employed an unbiased approach
to investigate genetic alterations in over 50 methyl-
transferases across a large panel of human cancers. This
analysis led to the identification of FTSJ3, an rRNA
2’-O-methyltransferase, as an important regulator of
breast cancer progression [22]. Among five mRNA
cap-related enzymes, over-expression of RNMT has
been observed in various cancers and correlated with
patient outcomes [30]. Deletion of RNMT reduces pro-
liferation and increases apoptosis, particularly in breast
cancer cells harboring PIK3CA (phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha) muta-
tions [31]. A recent study revealed that PCIF1 is a critical
regulator of CD8+ T cell antitumor immunity, primarily
by modulating CD8+T cell ferroptosis and activation
[32]. CMTR1 has also been implicated in cancer progres-
sion, with evidence emerging from some cancer types.
For instance, CMTRI-ALK fusions have been reported
in a lung cancer patient with crizotinib resistance [33].
Furthermore, CMTR1 promotes cancer growth via regu-
lation of STAT3 (signal transducer and activator of tran-
scription 3) expression in colorectal cancer, and a recent
study found that CMTRI1 drives gastric cancer progres-
sion by facilitating CD44 alternative splicing [34, 35].
However, despite these observations, the genomic and
transcriptomic alterations of CMTR1 and its functional
roles in human cancer remain largely unexplored.

In this study, we aimed to understand the genetic and
transcriptomic patterns, as well as the clinical signifi-
cance, of cap methyltransferases—focusing primarily
on CMTR1—by employing an unbiased multi-omics
approach across a large dataset of various human can-
cers. We used genetic approaches to inhibit CMTR1
and identified its downstream targets in both human
and mouse cancer models. Additionally, we explored in
silico screening and biochemical assays to identify novel
CMTR1 inhibitors. Our results highlight the therapeutic
potential of targeting CMTR1 in certain cancer types.

Methods

Bioinformatic data collection and analyses

Normalized RNA-sequencing data from 11,069 TCGA
(The Cancer Genome Atlas) samples, including 737
normal samples, were downloaded from the GDC por-
tal (https://gdc.cancer.gov). Normalized proteomics,
phosphoproteomics, and/or acetylproteome data from
CPTAC (Clinical Proteomic Tumor Analysis Consor-
tium) samples, as well as clinical information, were
downloaded from LinkedOmics (http://linkedomics.o
rg) and cProSite (https://cprosite.ccr.cancer.gov/) [36—
38]. Tumor types containing at least 10 paired TCGA
or CPTAC normal samples were selected to calculate
the mRNA and protein expression differences between
tumor and normal samples. Statistical differences in
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gene, protein, or modified protein levels were calcu-
lated by Mann-Whitney U test or Brown-Forsythe and
Welch ANOVA using GraphPad Prism 10 or R. Cancer
dependency scores for CMTR1 and CMTR2 were down-
loaded from the DepMap website (https://depmap.org/
portal/) using the 24Q2 dataset [39]. For RNA-seq data
(GSE141171) analysis of A549 CMTR1 wild-type (WT)
and knockout (KO) cells with or without interferon (IFN)
treatment, differential gene expression was performed
using GREIN (http://www.ilincs.org/apps/grein/?gse=)
[40].

CRISPR-mediated CMTR1 knockout and SiRNA CMTR1
knockdown

The CRISPR-mediated Cmtrl knockout 4T1 mouse
breast cancer model was generated by Synthego. Both
wild-type and Cmtrl-KO 4T1 cells were cultured in
RPMI supplemented with 10% fetal bovine serum (FBS).
Briefly, we designed a single guide RNA (sgRNA) with
the target sequence AUUCGCUUCUGUUUCUUGA
G, to knock out mouse Cmtrl. This sgRNA was com-
plexed with SpCas9 (Streptococcus pyogenes Cas9) to
create a ribonucleoprotein (RNP). The RNP was then
introduced into the 4T1 cells using optimized electro-
poration settings. Subsequently, we employed PCR and
Sanger sequencing to confirm the successful knockout
of Cmtrl in the 4T1 cells. The Cmtrl protein levels in
4T1 CRISPR control and Cmtrl-KO cells were also mea-
sured by Western blotting with anti-CMTR1 antibody
(Bethyl catalog number A300-304 A). A human basal-like
breast cancer line MDA-MB-436 was cultured in DMEM
supplemented with 10% FBS. For siRNA knockdown of
CMTR1 in the MDA-MB-436 model, cells were plated in
6-well plates (for RNA and protein collection) or 24-well
plates (for survival assay) at proportional concentrations.
Cells were then transfected using Sigma-Aldrich MIS-
SION esiRNAs (60 nM) targeting CMTR1 or control
eGFP according to the manufacturer’s protocol. RNA was
collected 48 h after transfection, while protein was col-
lected 72—96 h post-transfection. Cell proliferation and/
or survival in CRISPR-mediated Cmtrl knockout 4T1
cells and siRNA CMTR1 knockdown MDA-MB-436 cells
were measured using a CellTiter-Blue Cell Viability Assay
Kit and crystal violet staining.

Soft agar assay

Soft agar assays were performed as previously described
[41]. Briefly, dishes were coated with a 1:1 mixture of
the appropriate 2x medium for the 4T1 cell line and 1%
Bacto agar. Cells were plated at 1 x 10* per well, fed three
times per week for 3 to 4 weeks, stained overnight with
500 pg/mL p-iodonitrotetrazolium violet (Sigma, St.
Louis, MO), and counted using an Oxford Optronix Gel-
Count colony counter.
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Analysis of 4T1 RNA-seq data

For RNA-seq of 4T1 WT and Cmtri-KO cells, poly(A)
RNA sequencing libraries were prepared following Illu-
mina’s TruSeq-stranded-mRNA sample preparation
protocol. RNA integrity was checked with an Agilent
Technologies 2100 Bioanalyzer. Poly(A) tail-containing
mRNAs were purified using oligo-(dT) magnetic beads
with two rounds of purification. Quality control analy-
sis and quantification of the sequencing libraries were
performed using an Agilent Technologies 2100 Bioana-
lyzer High Sensitivity DNA Chip. Paired-end sequencing
was performed on Illumina’s NovaSeq 6000 sequencing
system. We used HISAT2 to map reads to the mouse
genome (mml0). Differentially expressed mRNAs were
identified using the R package edgeR. Pathway analy-
sis was performed with Enrichr using the KEGG 2019
Mouse or KEGG 2021 Human datasets (https://maayanl
ab.cloud/Enrichr/) [42, 43].

RNA preparation and semiquantitative PCR reactions

To assess gene expression changes at the mRNA level,
RNA was extracted from 4T1 and MDA-MB-436 cell
lines using a RNeasy Plus Mini Kit (QIAGEN). For
experiments examining snoRNA expression changes via
PCR, RNA was extracted using a miRNasy Kit (QIA-
GEN), which isolates total RNA, including microRNAs
and other small RNA species. The RNA was mixed with
qScript cDNA SuperMix (Quanta Biosciences, Gaithers-
burg, MD, USA) and converted to cDNA through reverse
transcription (RT). The resulting cDNA was then used
for real-time PCR reactions with the following settings:
50 °C for 2 min, 95 °C for 10 min, 40 or 45 cycles of 95 °C
for 15s, 60 °C for 30 s, 72 °C for 30 s, followed by 72 °C
for 10 min. Sequences of a set of primers for genes and
snoRNAs were obtained from PrimerBank or designed
using Primer3 tool [44, 45]. PUMI1 (human) or Gapdh
(mouse) primer sets were used as controls.

In vivo tumor growth

All animal studies were approved by the Wayne State
University Institutional Animal Care and Use Commit-
tee. A total of 2x10° WT or Cmtrl-KO 4T1 cells were
injected into the mammary fat pads of female BALB/c
mice. Tumor size was measured with calipers two to
three times per week, and mice were euthanized when
the tumor burden exceeded 1,500 mg. Bilateral tumor
volumes from individual mice were used to calculate the
growth of WT and Cmtrl-KO tumors using the formula
volume (mg) =L x w?/2 where length (L, mm) and width
(w) were determined by caliper measurements.

Virtual and biochemical screening of CMTR1 inhibitor
The crystal structure of human CMTR1 (PDB: 4N49) at
1.9 A resolution was prepared with UCSF Chimera for
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virtual screening against three NCI compound sets: the
Diversity Set, Mechanistic Set, and Natural Products
Set [46, 47]. Chemical and biological data for these NCI
compounds are available at https://dtp.cancer.gov/dtps
tandard/dwindex/index.jsp. For MTiOpenScreen Vina
docking, the grid center coordinates for the SAM binding
pocket of 4N49 were set to (x, y, z) = (8.9, 20.8, 16.6), with
a search space size of 20 A x 20 A x 20 A. The MTiO-
penScreen screening was repeated three times, and com-
pounds shared across all three runs were further analyzed
using DataWarrior, PyMOL, and UCSF Chimera. Based
on virtual screening scores and predicted physicochemi-
cal properties, 18 compounds were selected for future
validation using Bio-Layer Interferometry (BLI) assays,
which were performed according to the manufacturer’s
protocol.

Results

Differential expression and phosphorylation of CMTR1 and
CMTR2 across cancer types

Previously, our pan-cancer analysis of more than 50
methyltransferases identified the 2’-O-methyltransferase
FTSJ3 as a potential promoter of breast cancer progres-
sion [22]. In human cells, two Ftsj-domain-containing
methyltransferases, CMTR1 and CMTR2, specifically
target the mRNA cap [2, 3, 5-7]. However, our under-
standing of the expression patterns and biological roles of
CMTRI1 and CMTR?2 in human cancers remains limited.

Comparing differentially expressed genes between
tumor and normal samples helps to infer cancer driver
genes and/or potential therapeutic targets. To deter-
mine the expression patterns of CMTR1 and CMTR2 in
cancer, we analyzed their expression changes in cancer-
ous tissues relative to normal tissues in the TCGA and
CPTAC datasets. We selected tumor types with at least
ten normal tissue samples available for comparison. In 15
tumor types with more than ten normal sample controls
from the TCGA dataset, we found that CMTRI exhib-
ited significantly (p<0.05) increased RNA levels in five
TCGA cancer types compared to normal adjacent tis-
sues (NATs): breast (BRCA), bladder (BLCA), colorectal
(COADREAD), head and neck (HNSC), and liver (LIHC)
cancers (Fig. 1A). Conversely, CMTR2 showed signifi-
cantly decreased RNA levels in nine tumor types: BRCA,
HNSC, LIHC, kidney clear cell (KIRC), kidney papil-
lary (KIRP), lung adenocarcinoma (LUAD), lung squa-
mous cell carcinoma (LUSC), prostate adenocarcinoma
(PRAD), and endometrial carcinoma (UCEC) (Supple-
mentary Fig. 1A & Supplementary Table 1).

The recent availability of proteomic profiles across a
broad range of cancers from CPTAC projects has pro-
vided an unprecedented opportunity to investigate pro-
teomic changes of CMTRs in cancers relative to normal
tissues [48]. We analyzed protein expression differences
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between tumors and NATs using CPTAC proteomics
data for eight tumor types, each with at least ten NAT
samples available. Our analysis revealed that CMTR1
protein was significantly upregulated in five tumor
types compared to their respective NAT samples: colon
(COAD), HNSC, LUAD, LUSC, and ovarian (OV)
(Fig. 1B). Interestingly, we found that CMTR2 protein
was significantly upregulated in several tumor types,
including HNSC, KIRC, LUAD, and LUSC (Supplemen-
tary Fig. 1B & Supplementary Table 1). This upregulation
occurred even in cases where CMTR2 mRNA levels were
downregulated, such as in HNSC or LUSC, compared to
NATs (Supplementary Fig. 1B). These results suggest an
additional layer of regulation for CMTR2 protein expres-
sion, independent of mRNA expression, in certain tumor
types.

Given that phosphorylation is a key process in regu-
lating protein activity, we also analyzed CPTAC phos-
phoproteomics data to compare changes in CMTRI1
phosphorylation between tumor and normal samples
[49]. Based on the PhosphoSitePlus database, we found
that CMTR1 phosphorylation sites are enriched in the
N-terminal region of the protein, while CMTR2 lacks
this phosphorylation-enriched region (Supplemen-
tary Fig. 2A) [50]. Additionally, phosphorylation sites of
CMTR2 were barely detected in the CPTAC samples.
Therefore, we focused on CMTRI1 phosphorylation sites
and levels in CPTAC samples. Three phosphorylation
sites — S51, §53, and S66 — were detected in at least five
of eight CPTAC tumor types (with at least ten samples in
both tumor and normal groups), allowing for comprehen-
sive analysis. Comparing phosphorylation levels between
CPTAC tumor and normal samples, we found that phos-
phorylation levels of S51 and S53 were significantly
upregulated in four CPTAC tumor types (Supplemen-
tary Fig. 2B, Supplementary Table 2). After normalizing
phosphorylation levels to CMTR1 protein abundance
we observed similar results, with S53 phosphorylation
levels upregulated in five CPTAC tumor types (Fig. 1C)
[38]. We also investigated whether CMTRI1 acetylation
differed in expression between CPTAC tumor and nor-
mal samples, finding that K14 and K123 acetylation levels
were both upregulated in LUAD and LUSC (Supplemen-
tary Fig. 2B, Supplementary Table 2). Given that these
phosphorylation and acetylation sites of CMTR]1, includ-
ing K14 in the nuclear localization sequence (NLS), S51
and S53 in the P-patch, and K123 in the G-patch region,
are located within functional domains or motifs, these
modifications may modulate CMTR1 localization, pro-
tein-protein interactions, and activation in certain tumor
types.

Our analysis of CMTR1 data revealed an unexpected
reduction in median RNA levels in all TCGA UCEC
samples, contrasting with its expression patterns in other
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Fig. 1 CMTR1 expression, phosphorylation, and prognostic value across multiple cancer types (A) Dot plots of CMTRT mRNA expression (log2 RSEM) in
normal and tumor samples from six TCGA cancer types. (B) Dot plots of CMTR1 protein abundance (log2 TMT) in normal and tumor samples from five
CPTAC cancer types. Blue dots represent normal adjacent tissue (NAT) samples, whereas red dots represent tumor samples. Each data point represents
an individual patient sample. The p-value from a Mann-Whitney U test comparing tumor and NAT samples for each cancer type is displayed. Error bars
indicate standard deviation of mRNA or protein expression levels across patients. (C) Normalized phosphorylation levels of CMTR1 residues S51, S53,
S55, and S66 relative to total CMTR1 protein abundance in normal and tumor samples from six CPTAC cancer types. The heatmap displays log2 FC (fold-
change) for cancer types with at least 10 samples in both tumor and NAT groups. The color gradient from purple to red represents the degree of log2
FC between tumor and normal samples. Dot size indicates statistical significance. Only data points with log2 FC >|0.2| and p-value < 0.05 are shown. (D)
mRNA expression levels of CMTRT in TCGA UCEC by histological subtypes. CMTR1T expression is significantly higher in the serous subtype of UCEC com-
pared to NAT samples, while it is lower in the endometrioid subtype compared to NAT samples. (E) Kaplan-Meier progression-free survival curves of TCGA
UCEC patients (n=530) stratified into quartiles (Q1, Q2, Q3 and Q4) by CMTR1 expression. The highest expression group (Q4) is shown with a red line

tumor types (Fig. 1A). To further investigate this find-
ing, we stratified UCEC tumors by histological subtype
(endometrioid, serous, and mixed) [51-53]. This analy-
sis showed that CMTR1 expression is either decreased
(at the RNA level) or unchanged (at the protein level)
in UCEC’s endometrioid subtype (Fig. 1D, Supple-
mentary Fig. 3A). Conversely, UCEC’s serous subtype,
which is more aggressive than other subtypes, exhibited
increased CMTR1 expression at both RNA and protein
levels (Fig. 1D, Supplementary Fig. 3A). Importantly, we
found that increased CMTRI expression correlates with
reduced progression-free and overall survival in TCGA
UCEC tumor samples (Fig. 1E, Supplementary Fig. 3B).
This effect appears to be largely driven by the increased
expression in serous subtype tumors, which are known
to have poor prognoses in UCEC [54]. Furthermore,
when grouping CMTR1 protein expression in CPTAC
data by molecular subtype, we also observed increased

expression in copy number variation (CNV)-high tumors
compared to both normal tissue and other UCEC molec-
ular subtypes (Supplementary Fig. 3C). The CNV-high
molecular subtype is mainly comprised of tumors with
serous histology [53].

In conclusion, our analysis revealed that CMTR1
undergoes alterations at the RNA, protein, and phos-
phorylation levels across multiple cancer types in the
TCGA and/or CPTAC datasets.

In vitro and in vivo evidence for CMTR1’s tumor-promoting
function

To investigate the biological importance of CMTRI1
and CMTR2 in various tumors, we analyzed genome-
wide CRISPR screen data (DepMap 24Q2) from more
than 1,000 tumor cell lines [39, 55]. CMTR1 exhibited
significantly lower cancer dependency scores com-
pared to CMTR2, with mean scores of -0.79 and - 0.08,
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respectively (p<0.0001). Lower scores indicate greater
criticality for tumor cell growth and survival. Notably,
19.3% of cancer cell lines showed CMTRI1 scores at or
below — 1 (the average score of critical cell survival genes),
whereas only 0.09% of cell lines exhibited such scores for
CMTR2 (Supplementary Fig. 4A). To further evaluate
CMTR1’s role in cancer cells, we employed CRISPR gene
editing to knockout Cmtr1 in the 4T1 mouse cancer cell
line. We selected the 4T1 line due to its molecular simi-
larity to human basal-like breast cancer, which also shows
relatively high CMTR1 expression in CPTAC breast can-
cers (Supplementary Fig. 4B). In addition, our previous
study of more than 50 RNA methyltransferases in TCGA
breast cancers revealed that mRNA levels of CMTRI, but
not CMTR?2, are significantly higher in the basal-like sub-
type compared to the ER (estrogen receptor) - positive
luminal subtype [22]. Analysis of CMTRI1 expression lev-
els in breast cancer cell lines from the Cancer Cell Line
Encyclopedia (CCLE) also revealed elevated expression
in basal-like cell lines (Supplementary Fig. 5A). West-
ern blotting assay of CMTR1 also revealed that protein
expression of CMTR1 was higher in a subset of basal-like
breast cancer lines (Supplementary Fig. 5B).

Next, CRISPR-mediated editing of Cmtrl in 4T1 cells
was confirmed by DNA sequencing, and Cmtr1 depletion
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was validated by Western blot assay (Fig. 2A). Cmtrl
depletion dramatically inhibited 4T1 cell growth com-
pared to negative control cells (Fig. 2B). Clonal growth
efficiency in soft agar is a measure of the ability of cancer
cells to form colonies in a semi-solid medium, which is
considered a hallmark of tumorigenicity [56]. We found
that Cmtrl KO significantly reduced 4T1 anchorage-
independent growth in soft agar (Fig. 2C). Invasion
assays showed that Cmtrl KO significantly inhibited the
invasive capacity of 4T1 cells (Fig. 2D, Supplementary
Fig. 6). To corroborate these findings in human cancer
cells, we used siRNA to knockdown CMTR1 in MDA-
MB-436 human basal-like breast cancer cells. qRT-PCR
and western blot assays revealed that siRNA significantly
decreased the expression of CMTRI at both mRNA and
protein levels in MDA-MB-436 cells (Fig. 2E). Consistent
with our observations in 4T1 cells, CMTR1 knockdown
in MDA-MB-436 cells also inhibited growth in vitro
(Fig. 2F).

To assess the in vivo relevance of our findings, we
injected 4T1 Cmtr1-KO cells into mice. Cmtr1 depletion
significantly inhibited tumor growth in vivo (Fig. 2G). In
summary, our findings indicate that CMTR1 may play
a role in promoting tumor growth in the experimental
models used in this study.
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Fig.2 CMTR1 reduces tumor growth and invasion in vitro and in vivo. (A) Immunoblot showing the expression of Cmtr1 in the Cmtr1-knockout (KO) 4T1
cells. (B) in vitro growth, (C) colony formation in soft agar, and (D) invasion in Cmtr1-KO and control 4T1 cells. (E) Knockdown of CMTR1 in human basal-
like breast cancer MDA-MB-436 cells with the siRNA was confirmed by gqRT-PCR and western blot assays. (F) Bar graph shows relative cell growth after
knocking down CMTR1 in MDA-MB-436 cells. (G) Tumor weight of in vivo 4T1 tumors with or without Cmtr1 knockout. Error bars: SD (standard deviation)
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CMTR1 depletion leads to downregulation of ribosomal
protein genes across cancer cell lines

We next investigated the transcriptomic effects of Cmtrl
depletion using our 4T1 CRISPR KO model. RNA-Seq
analysis revealed 196 genes with reduced expression
and 21 genes with increased expression in Cmtrl-KO
cells, using a stringent cut-off for our RNA-seq analy-
sis [adjusted p-value (g-value)<0.05] (Fig. 3A). Pathway
analyses using Enrichr showed that downregulated genes
were significantly associated with two pathways: ribo-
some (p=5.20E-74, q=2.34E-72) and oxidative phos-
phorylation (p=0.0019, g=0.04577) [42, 43]. Notably, 57
out of 196 downregulated genes were ribosomal pathway
members (Fig. 3A, Supplementary Table 3). No signifi-
cant pathways were identified for upregulated genes. To
validate these findings, we also analyzed published RNA-
Seq datasets from the lung cancer cell line A549 with or
without CMTR1 depletion, previously used to identify
host dependency factors for influenza A virus infec-
tion [18]. In A549 cells, with and without IFN treatment
(A549NT and A549IEN respectively), we confirmed that
the top downregulated genes were significantly enriched
in ribosome pathways, primarily ribosomal proteins
(p=2.82E-55, q=8.73E-53 and p=6.59E-46, q=2.07E-
43, respectively) (Supplementary Fig. 7A-B, Supplemen-
tary Tables 4-5). Intersecting all three datasets (4T1,
A549NT, and A549 IFN) revealed 64 genes commonly
downregulated, while only one gene, LARP4 (La ribo-
nucleoprotein 4), was commonly upregulated (Fig. 3B,
Supplementary Table 6A, Supplementary Fig. 7C). Again,
pathway analysis of the common downregulated gene
set showed 53 of 64 genes were ribosomal protein genes
(Fig. 3B, Supplementary Table 6B). We confirmed the
downregulation of multiple ribosomal protein genes (e.g.,
RPSI10, RPS14, and RPL13A) upon CMTR1 loss via qRT-
PCR in both our 4T1 Cmtrl-KO model and an MDA-
MB-231 CMTR1 siRNA model (Fig. 3C, Supplementary
Fig. 8).

In summary, our data, together with previously pub-
lished findings, indicate that ribosomal protein genes are
among the primary targets regulated by CMTR1 in some
cancer types.

Enrichment of TOP elements in CMTR1-regulated genes

Expression of ribosomal proteins and other factors
required for protein synthesis is crucial for cellular func-
tion. The 5’ Terminal Oligopyrimidine (TOP) motif, char-
acterized by a cytosine as the first nucleotide followed by
4-15 pyrimidines (C/U), is found in transcripts encod-
ing all human ribosomal proteins, as well as various ini-
tiation factors, elongation factors, and other proteins
essential for translation [57]. Given that ribosomal pro-
tein genes were among the most significantly modulated
transcripts following CMTRI1 depletion in cancer cells,
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we hypothesized that CMTR1-regulated transcripts are
enriched for 5’ TOP elements.

To test this hypothesis, we utilized a recently devel-
oped TOP score metric tool to quantify TOP elements
in transcripts [58]. We calculated TOP scores from our
4T1 transcription profiles following Cmtrl depletion,
as well as the common gene set. Our analysis revealed
that genes downregulated after Cmtrl depletion were
significantly enriched for TOP elements, exhibiting dra-
matically increased TOP scores compared to other genes
(Fig. 4A). These data suggest that CMTRI1 deficiency
predominantly affects a set of 5-TOP motif-containing
mRNAs, including those encoding ribosomal proteins
and other components of the translational machinery in
cancer cells. However, the detailed molecular mechanism
underlying this regulation requires further investigation.

Downregulation of snorna host genes and snornas
following CMTR1 depletion

SnoRNAs and their host genes play important roles in
several biological processes, including rRNA modifi-
cation and ribosome biosynthesis [59]. In the human
genome, most snoRNA genes are located within the
introns of other ‘host’ genes, which can be either protein-
coding (many of which are ribosomal protein genes) or
non-coding. Interestingly, our integrated RNA-seq anal-
ysis revealed that CMTR1 depletion in cancer cells led
to the downregulation of five snoRNA non-coding host
genes (SNHG1, SNHGS8, SNHG12, GASS, ZFASI) and 21
snoRNA protein-coding host genes (e.g., RPS11, RPL39)
(Supplementary Table 6A). To validate these findings, we
performed qRT-PCR assays to measure the expression
of snoRNA host genes in our CMTRI1-depleted breast
cancer cells. Our results confirmed that CMTR1 deple-
tion induced the downregulation of these host genes,
including SNHGS, GASS, and ZFASI(Figs. 3C and 4B).
Of particular interest, ZFASI, which encodes three C/D
box SNORD12 family members (SNORDI12, SNORDI12B,
and SNORD12C), is significantly overexpressed in vari-
ous human cancers [60—62]. Our qRT-PCR assays further
showed that two snoRNAs, Snord12b and Snord12c, were
significantly downregulated in our Cmtr1-KO 4T1 cells
compared to controls (Fig. 4B). These data suggest that
CMTR1 overexpression in cancer cells likely supports
cell growth and cancer phenotypes through multiple
mechanisms, including the regulation of both protein-
coding and non-coding gene expression.

In silico and in vitro screening for novel CMTR1 inhibitors

To further investigate the potential of CMTR1 as a thera-
peutic target in cancer, we sought to identify novel inhib-
itors of this enzyme using a combination of in silico and
in vitro approaches. The crystal structure of the CMTR1
enzymatic domain in complex with m7G RNA has been
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Fig. 3 CMTR1 loss reduces ribosomal protein gene expression in cancer cell lines. (A) Volcano plot of differentially expressed genes in 4T1 cells after
Cmtr1 knockout (left), with pathway analysis of downregulated genes (right). Each dot represents a gene. Green dots indicate significantly (g <0.05)
up- and down-regulated genes in Cmtr1 knockout 4T1 cells, while red dots highlight significantly down-regulated ribosomal protein genes or SNHGs. In
the right panel, pathway analyses using Enrichr was performed on the significantly down-regulated genes in Cmtr1 knockout 4T1 cells. For the pathway
analysis, red is significant, and the longer the bar the more significant the pathway. (B) Intersection of genes downregulated upon CMTR1 knockout (KO)
in three cell models (4T1, A549 untreated, and A549 IFN-treated; left), and pathway analysis of commonly downregulated genes (right). In the right panel,
pathway analyses using Enrichr was performed on the common significantly down-regulated genes in CMTR1 knockout cells. For the pathway analysis,
red is significant, and the longer the bar the more significant the pathway. (C) Relative expression levels of eight ribosomal protein genes or non-coding
SNHGs measured by gRT-PCR in 4T1 cells after Cmtr1 knockout. p-values for each gene, determined by Welch'’s t-test, are displayed. Ctrl: Control; KO:

Cmtr1 knockout. Error bars: SD
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Fig. 4 CMTR1 inhibition affects 5" TOP mRNAs and snoRNA expression in cancer cells. (A) Boxplots show the patterns of 5'TOP scores for downregulated
genes in 4T1 Cmtr1-KO cells or the common downregulated gene set as shown in Fig. 3B compared to all other genes. TOP scores for each gene were
retrieved from a published dataset that calculated features of TOP sequences [58]. The differences between downregulated genes in the Cmtr1-KO 4T1
model and the three models (4T1, A549NT, and A549IFN) compared with all other genes were calculated using Student’s t-test. (B) Relative expression
levels of the snoRNA host gene ZfasT and its associated snoRNAs (Snord12b and Snord12c) measured by gRT-PCR in 4T1 cells after Cmtr1 knockout. p-
values for each RNA, determined by Welch’s t-test, are displayed. Ctrl: Control; KO: Cmtr1 knockout. Error bars: SD

experimentally solved, and critical residues, such as lysine
(K) 203, have been demonstrated to be structurally and
functionally important for CMTRI activity (Fig. 5A) [12].
Accordingly. we used UCSF-Chimera and Autodock soft-
ware to optimize the 1.9-A crystal structure of CMTR1
enzymatic domain (PDB: 4N49) for virtual screening

[63-66]. Three NCI compound sets, the Diversity set
(derived from ~ 140,000 compounds), Mechanistic set
(derived from 37,836 compounds), and Natural Products
set (selected from ~ 140,000 compounds) were screened
(Fig. 5B) [63]. From this initial screen, 18 compounds
were selected for validation using BLI assays (Fig. 5C).
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Fig. 5 Identification of novel CMTR1 inhibitors: N97911, N169774 and N627666. (A) Ribbon diagram, generated with PyMOL, showing the CMTR1 enzy-
matic domain in complex with m7G RNA (PDB: 4N49). Three key residues, K203, D207, and E373, along with m7G RNA, are shown and labeled in color. (B)
Two-dimensional (2D) representation of the predicted N97911-CMTR1 binding mode, generated using PoseView. Dashed lines indicate hydrogen bonds
and green colored lines indicate pi-pi interactions. (C) Association/dissociation binding curves (BLI assay) of one CMTR1 candidate inhibitor (N169774)
to the immobilized CMTR1 protein. The green line represents a 20 uM concentration, the orange line represents a 5 uM concentration of the N169774
compound, and the black line represents the vehicle (DMSO) control. (D) Representative images of clonogenic survival in 4T1 cells after treatment with

three CMTR1 candidate inhibitors

Our analysis identified three lead compounds—N97911,
N169774, and N627666—that demonstrated potential to
block CMTR1-m7G RNA binding. Further examination
of their binding modes to the CMTR1 enzymatic domain
revealed that all three compounds exhibit hydrophobic
interactions and/or pi-pi interactions with key residue(s)
of the m7G RNA pocket (Fig. 5B). Notably, data from
the NCI Developmental Therapeutics Program indicated
that N97911 displayed substantial growth inhibition
activity against a set of NCI-60 cancer lines, including
ovarian cancer lines (data not shown). We subsequently
confirmed that these CMTR1 candidate compounds,
particularly N97911, inhibited 4T1 cancer cell growth
and survival in vitro (Fig. 5D). While further studies are
necessary, our identified CMTR1 inhibitor candidates

provide starting points to identify more potent inhibi-
tors and suggest the therapeutic potential of targeting
CMTRI in certain cancer types.

Discussion

In this study, we employed a multi-omics approach,
combining transcriptomics, proteomics, and functional
genomics to elucidate the clinical and biological signifi-
cance of cap methyltransferases, focusing primarily on
CMTR], in various human cancers. Our analysis revealed
differential expression of CMTR1 and CMTR2 across
cancer types, with CMTRI, but not CMTR2, showing
upregulation at both mRNA and protein levels in several
cancer types examined. Functionally, CMTR1 depletion
significantly inhibited tumor growth both in vitro and in
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vivo. At the molecular level, we found that CMTR1 regu-
lates the expression of ribosomal protein genes and other
transcripts with 5° TOP motifs. Additionally, CMTR1
affects the expression of snoRNA host genes and snoR-
NAs, suggesting a broader role in RNA metabolism.
Finally, we explored the potential of CMTR1 as a thera-
peutic target by identifying candidate inhibitors. While
further studies are necessary, these CMTR1 inhibitor
candidates provide promising starting points for develop-
ing more potent inhibitors and highlight the therapeutic
potential of targeting CMTR1 in various cancers.

CMTRI was originally identified in 2008 as an inter-
feron-stimulated gene (ISG), initially designated as
ISG95, whose expression increases in response to inter-
feron treatment and viral infection [16]. This early study
also revealed that CMTR1 interacts with the CTD of
RNA polymerase II, suggesting CMTR1’s potential role
in regulating gene expression and its involvement in
mRNA processing events. Subsequently, Bélanger et
al. biochemically characterized CMTR1 and revealed
that it functions as the 2’-O-ribose methyltransferase
responsible for capl formation in higher eukaryotic cells
[14]. In contrast, its homolog CMTR2, methylates the
2’-O-ribose of the second transcribed nucleotide, form-
ing cap2 structures [13]. Structurally, in addition to the
Ftsj methyltransferase domain, CMTR1 contains mul-
tiple non-enzymatic domains or motifs, including an
N-terminal NLS, a G-patch domain, a C-terminal inac-
tive cap guanylyltransferase-like (GTase-like) domain,
and a WW domain (Supplementary Fig. 2A) [4, 14-16,
19]. A very recent study identified that CMTR1 also
contains a highly phosphorylated ‘P-patch’ motif, which
is targeted by the kinase CK2 (casein kinase II) [19]. In
contrast, CMTR?2 contains only the enzymatic Ftsj meth-
yltransferase domain and a catalytically inactive methyl-
transferase domain [12].

Previous studies revealed that the non-enzymatic
domains of CMTRI interact with various proteins, influ-
encing both the enzymatic activity of CMTR1 and tran-
scriptional regulation [14-16]. Early studies revealed
that the WW domain of CMTR1 interacts with the Ser-5
phosphorylated CTD of RNA Pol II [15, 16]. Two recent
structural studies of human co-transcriptional capping
demonstrated that the C-terminal GTase-like domain of
CMTR1 also directly interacts with Pol II, likely playing
a role in the recruitment of CMTRI to the Pol II sur-
face [67, 68]. Furthermore, these studies revealed that
CMTRI1 directly binds to the paused elongation complex,
which includes DRB sensitivity-inducing factor (DSIF)
and negative elongation factor (NELF) [67, 68]. These
structural studies revealed the co-existence of CMTR1
with pausing factors, suggesting an intricate relationship
between 5’ end capping modifications and the transcrip-
tional pausing of Pol IL.
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CMTRI1 also contains a G-patch, a glycine-rich 50-resi-
due motif found in approximately 20 human proteins
[15]. Notably, CMTR1 is the only human G-patch pro-
tein that possesses a catalytic domain [69]. Among these
G-patch proteins, more than ten, including CMTRI,
have been identified to interact with the OB-fold (oli-
gonucleotide/oligosaccharide-binding fold) of the RNA
helicase DHX15 (DEAH-Box Helicase 15), with most
of these interactions enhancing DHX15’s enzymatic
activity [69]. Regarding the CMTRI1-DHXI15 interac-
tion, Inesta-Vaquera et al. suggest that CMTR1-DHX15
interactions reduce the methyltransferase activity of
CMTR1 while increasing the helicase activity of DHX15
[15]. In contrast, Toczydlowska-Socha et al. propose that
DHX15 facilitates CMTR1’s methyltransferase activity
on mRNAs with highly structured 5’ ends, while CMTR1
enhances DHX15’s ATPase activity, though not its heli-
case activity. DHX15 is a multifunctional RNA helicase
involved in RNA splicing, ribosome biogenesis, viral
RNA sensing, and other cellular processes [70]. Analy-
sis of CPTAC cancer datasets revealed that the DHX15
protein is highly expressed in cancer samples compared
to normal tissues and is significantly positively corre-
lated with CMTRI1 protein expression (Supplementary
Fig. 9). These protein correlation data provide additional
evidence of the positive interconnection and interplay
between CMTR1 and DHX15. However, further mecha-
nistic studies are needed to fully understand how these
proteins work together to promote cancer progression.

In this study, we observed significantly upregulated
phosphorylation of CMTRI1 at S51 and S53 in multiple
tumor types (Supplementary Fig. 2B, Supplementary
Table 2). These sites are located within the P-patch motif
of the CMTR1 protein. Recently, Lukoszek et al. dem-
onstrated that phosphorylation of the P-patch by CK2
kinase enhances CMTR1’s interaction with the CTD of
Pol II, thereby promoting RNA cap formation and cell
proliferation without significantly affecting its methyl-
transferase activity [19]. To identify additional kinases
that may target S51 and S53 phosphorylation of CMTRI1,
we performed an in silico kinome-wide analysis using
the Kinase Prediction tool at PhosphoSitePlus [71, 72].
Our in silico analysis supports CK2 as a primary kinase
targeting S53 and identifies potential kinases for S51,
including SMG1 (SMG1 nonsense mediated mRNA
decay associated PI3K related kinase) and BIKE (BMP2
inducible kinase), as well as MEK1 (MAP kinase/ ERK
kinase 1) and CDC7 (cell division cycle 7) for S53 of
CMTRI1 (Supplementary Table 7). Further in vitro and in
vivo assays are needed to validate whether these candi-
date kinases phosphorylate CMTR1 and to elucidate how
these kinases regulate CMTR1 function in both physi-
ological and pathological contexts.
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Recent studies using knockout mice for Cmtrl and
Cmtr2 revealed that the loss of either Cmtrl or Cmtr2
results in lethality; however, the sets of misregulated
transcripts do not overlap [73, 74]. Using Cmtrl-con-
ditional knockout mice, Lee et al. found that Cmtrl-
catalyzed 2’-O-ribose methylation controls neuronal
development by regulating Camk2a (Calcium/Calmodu-
lin Dependent Protein Kinase II Alpha) expression [75].
Studies also demonstrated that CMTR1 plays an impor-
tant role in the differentiation of embryonic stem cells
by promoting the expression of ribosomal proteins and
histone genes [17, 76]. Notably, our RNA-seq analysis in
various cancer models also revealed that CMTR1 regu-
lates the expression of ribosomal protein genes but not
histone genes. These findings suggest that ribosomal
protein genes are commonly regulated downstream of
CMTRI, possibly via CMTR1 recognition of transcripts
bearing 5° TOP motifs. Consequently, one mechanism
through which CMTR1 supports cancer cell growth may
involve increasing ribosomal protein gene expression,
thereby promoting ribosome biogenesis.

Prior to our study, research on CMTRI1 in cancer was
limited but provided initial insights into its potential
roles. In 2018, Du et al. reported a CMTRI-ALK fusion
in non-small-cell lung cancer that did not respond to the
ALK inhibitor crizotinib, suggesting a possible role for
CMTR1 in drug resistance [33]. More recently, You et
al. demonstrated that CMTR1 promotes colorectal can-
cer cell growth and immune evasion by transcriptionally
regulating STAT?3 [34]. They showed that CMTR1 knock-
down reduced colon cancer cell proliferation and tumor
growth in vivo, while also enhancing the efficacy of anti-
PD-1 therapy [34]. Previous studies have also revealed
that CMTR1 knockdown inhibits in vitro cell prolifera-
tion of human MCF7 and HCC1806 breast cancer cell
lines [15]. In this study, we also revealed that increased
CMTRI1 expression correlates with reduced progression-
free and overall survival in TCGA UCEC tumor samples.
Furthermore, by querying the TCGA database, we iden-
tified a significant association between higher CMTR1
expression and worse clinical outcomes in several other
cancer types, including KIRC, PRAD, sarcoma (SARC),
and acute myeloid leukemia (LAML), as shown by the
survival curves of CMTR1 in KIRC and LAML. (Supple-
mental Fig. 10) [77, 78]. Together, our work advances
our understanding of CMTR1 in cancer, as well as a set
of common genes (especially ribosomal) regulated by
CMTRI across tumor types.

Conclusion

Our comprehensive study establishes CMTR1 as a criti-
cal player in cancer biology, demonstrating its wide-
spread upregulation in some tumor types and impacts
on cell growth, ribosomal protein gene expression, and
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snoRNA regulation. Our discovery of a potential CMTR1
inhibitor opens promising avenues for therapeutic inter-
vention. While these findings advance our understand-
ing of CMTRI1 in cancer, they also highlight the need for
further research to fully elucidate the protein-level effects
of CMTR1 depletion, its impact on ribosomal function,
and its interplay with other cap methyltransferases. As
we continue to unravel the complexities of CMTR1’s role
in cancer, this enzyme emerges as a promising target for
novel therapies in cancer and other diseases, such as viral
infections.
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HNSC Head and neck squamous cell carcinoma
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LIHC Liver hepatocellular carcinoma
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ALK ALK receptor tyrosine kinase

STAT3 Signal transducer and activator of transcription 3
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0S Overall survival
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