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Abstract

Background In recent years, the emphasis has shifted to understanding the role of N1-methyladenosine (m1A) in tumor
progression as little is known about its regulatory effect on mRNA and its role in the metastasis of colorectal cancer (CRC).
Methods We performed methylated RNA immunoprecipitation sequencing of tumor tissues and tumor-adjacent normal
tissues from three patients with CRC to determine the m1A profile of mRNA in CRC. The expression of diaphanous-related
formin 3 (DIAPH3) and its correlation with clinicopathological characteristics of CRC were evaluated using immunohisto-
chemistry and online datasets. The role of DIAPH3 in the migration and invasion of CRC cells was evaluated using wound
healing assay, Transwell assay and xenograft metastatic model. The downstream targets of DIAPH3 were screened using
mass spectrometry. By co-transfecting DIAPH3 siRNA and a keratin 19 (KRT19) ectopic plasmid into CRC cells, the role
of DIAPH3-KRT19 signaling axis was confirmed.

Results The mRNA level of DIAPH3 and its m1A modifications increased simultaneously in the CRC tissues. In addition,
high DIAPH3 expression in CRC tissues is significantly associated with metastasis and progression to an advanced stage.
After the knockdown of DIAPH3, the migration and invasion capabilities of CRC cells suffered a notable decline, which
could be rescued by overexpressing KRT19. In addition, the proteasome inhibitor MG132 could block the degradation of
KRT19 induced by DIAPH3 silencing.

Conclusions Our study reveals that DIAPH3 mRNA was modified in CRC cells by m1A methylation. Silencing DIAPH3
suppresses the migration and invasion of CRC cells, potentially through the proteasome-dependent degradation of down-
stream KRT19.
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gPCR Quantitative real-time PCR
RIP RNA immunoprecipitation
TCGA The Cancer Genome Atlas

Introduction

The significance of genomic, epigenomic, and transcriptomic
regulation across the entire cancer life cycle has been exten-
sively studied [1]. Recently, a type of post-transcriptional mod-
ifications occurring on RNA molecules called “epitranscrip-
tomics” has gained attention. This includes processes such as
RNA editing, slicing and methylation [2]. Among these modi-
fications, RNA methylation, especially N6-methyladenosine
(m6A), has been well studied and is considered to play a vital
role in the development of various cancers [3]. In recent years,
another modification, N1-methyladenosine (m1A), has gained
attention [4]. In addition to an added methyl group, m1A also
endows modified adenosine with a positive charge, which may
have a stronger effect on the RNA sequence structure and pro-
tein-RNA interactions than m6A, although the abundance of
m1lA is much lower than that of m6A [5].

Accumulating evidence has demonstrated that m1A plays
a significant regulatory role in various cancers [6—8]. Colo-
rectal cancer (CRC) is a common malignancy globally [9].
For metastatic CRC, the 5-year overall survival rate is only
4-12% [10]. In our previous study, the profile of m1A modi-
fications in long noncoding RNA (IncRNAs) and several
m1A-modified IncRNAs were thought to be associated with
CRC prognosis [11]. In addition, m1A demethylase alkB
homology 1 (ALKBH1) was found to affect CRC metastasis
[12]. We performed methylated RNA immunoprecipitation
sequencing (MeRIP-seq) to explore differentially methyl-
ated peaks within mRNAs by comparing CRC samples and
tumor-adjacent normal tissues, and identified differentially
expressed mRNAs simultaneously. Microfibril-associated
protein 2 (MFAP2), whose mRNA is overexpressed and
m1Ahypermethylated in CRC, was found to promote CRC
invasion in our recent study [13].

In this study, we identified Diaphanous-related formin 3
(DIAPH3), a member of formin family of cytoskeletal regu-
lators, has increased level of both mRNA expression and
mlA level. Moreover, we demonstrated that DIAPH3 plays
a pivotal part in the migration and invasion of CRC cells,
representing an alternative target for individual treatment
strategies.

Materials and methods
Clinical CRC samples

Ethcs approval was obtained from the Human Research
Ethics Committee of the Second Affiliated Hospital School
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of Medicine, Zhejiang University (Approval number:
20220034). All samples were obtained from CRC patients
undergoing surgical resections at the Second Affiliated Hos-
pital, School of Medicine, Zhejiang University with written
consent forms. For m1A MeRIP sequencing, three pairs of
tumor and adjacent non-tumorous tissues were used. For
mlA methylation assay of DIAPH3 mRNA, RNAs from
tumor and adjacent non-tumorous tissues of 24 CRC patients
were collected. For immunohistochemistry (IHC), 177 pairs
of paraffin-embedded tissues, including three cohorts (cohort
1:90 pairs; cohort 2:30 pairs; and cohort 3:57 pairs), were
collected from the archive cabinet of the pathology depart-
ment. Accordingly, three tissue arrays were prepared in
cooperation with Outdo Biotechnology (Shanghai, China).

A supplementary illustration for all the samples that
were used in each experiment was listed in Supplementary
Table S1.

IHC

Paraffin-embedded tissue samples were deparaffinized in
100% xylene and rehydrated through a graded series of
ethanol concentrations. The slides were then heated in cit-
rate buffer (pH 6.0) at 95 °C for 5 min for antigen retrieval.
Endogenous peroxidase was blocked with 3% H,0,. Then
these tissue samples were naturally cooled to room tempera-
ture. Sections were then conjugated with DIAPH3 antibody
at 4 °C overnight and then incubated with HRP-conjugated
secondary antibody for 30 min. After washing the slides
three times with PBS, the color was developed using the
DAB Chromogen. The slides were then rinsed with tap water
and counterstained with hematoxylin. Five random fields per
section were viewed under a light microscope (Leika, Wet-
zler, Germany), and the expression of DIAPH3 was scored
in terms of the intensity of staining and the percentage of
positively stained cells. The proportion of positive cells in
each specimen was quantified under a microscope and the
cells were classified into four groups. 0:0-5% positive cells;
1:6-50% positive cells; 2:51-75% positive cells; 3:76—-100%
positive cells. The intensity of DIAPH3 staining was graded
as follows: 0, no staining; 1, weak staining; 2, moderate
staining; 3, dense staining (Supplementary Fig. S1). Multi-
plying the score of the intensity by the proportion of positive
staining was defined as the DIAPH3 staining score.

Cell culture and treatment

Two human CRC cell lines, HCT116 and RKO, were pur-
chased from the American Type Culture Collection and
cultured in McCoy's SA and EMEM medium, respectively.
The medium was supplemented with 10% fetal bovine serum
(FBS; ExCell Bio, Taicang, China) at a 37 °C atmosphere
of 5% CO2.
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Cells were plated in a 6-well dish 18 h before transfec-
tion. Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
was used to deliver plasmids into CRC cells according to
the manufacturer’s instructions. siRNAs targeting human
DIAPH3 (Tsingke Biotechnology Company, Beijing, China)
were transfected with Lipofectamine RNAIMAX transfec-
tion reagent (Invitrogen, Carlsbad, CA, USA) in Opti-MEM
(Gibco, California, USA). The siRNAs sequences were: si-
DIAPH3-1, sense 5'-GAGUGAAUAUAGCAACUUATT-
3"; si-DIAPH3-2, sense 5'-GAGUGAAUAUAGCAACUU
ATT-3"; si-TRMT6, sense 5'-AGAUCGAAGUCAUCCUAA
ACU-3".

For the protein stability assessment, CRC cell lines were
incubated with cycloheximide (CHX, MedChemExpress,
New Jersey, USA) at 100 mg/ml for different lengths of time.
To figure out the protein degradation pathway, CRC cell
lines were also incubated with proteasome inhibitor MG132
(20 pM, MedChemExpress) for 24 h or autophagy inhibitor
3-MA (2.5 mM, MedChemExpress) for 24 h.

Mining the database

We used the GEPIA2 website (http://gepia2.cancer-pku.
cn/) to analyze DIAPH3 expression in colon adenocarci-
noma (COAD) and rectum adenocarcinoma (READ). Cor-
relation analysis between DIAPH3 and m1A regulators was
performed using GEPIA. Survival analysis of DIAPH3 was
performed using the online database GenomicScape (http://
www.genomicscape.com/) [14]. The sample information and
expression data are available in the Gene Expression Omni-
bus (GEO) database [Accession nos. GSE17538].

RNA extraction and quantitative real-time PCR
(qPCR)

Total RNA was extracted from tissue samples and cells using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. One microgram of
RNA per sample was reverse-transcribed to cDNA using
HiScript I Q RT SuperMix for qPCR (Vazyme, Nanjing,
China), and the latter was amplified using ChamQ Universal
SYBR gqPCR Master Mix (Vazyme). The relative expression
of DIAPH3 was calculated by the 2-AACt method, with
GAPDH as the internal control. The primer sequences are
listed in Supplementary Table S2.

MeRIP-qPCR

For MeRIP-qPCR, One-tenth of the total RNAs was reserved
as input. The remaining RNA was immunoprecipitated with
mlA antibody (MBL, Tokyo, Japan) in RIP buffer (10 mM
Tris HC1, 150 mM NacCl, 0.1% NP-40, and 0.2% RNase
inhibitor) supplemented with RNase inhibitors for 2 h at

4 °C. Above mixtures were then added into Protein A/G
beads (Invitrogen, California, USA), prewashed with RIP
buffer, and rotated for an additional 2 h at 4 °C. After wash-
ing the sediment five times with RIP buffer, we eluted RNA
from the beads. Then glycogen and isopropanol were added
into the supernatant and incubated for 4 h at 4 °C. After
the eluted RNA was washed with ethanol, the pellet was
resuspended in RNase-free water for further use. Finally, the
eluted and input RNAs were reverse-transcribed and ana-
lyzed using qPCR. The relative enrichment of m1A contain-
ing mRNA was calculated by normalization to the input.

MeRIP-seq and data analysis

MeRIP-seq was performed as described previously [11].
Total RNA (1 pg) was isolated from the tumor and adjacent
normal tissues using Trizol (Invitrogen, Carlsbad, CA, USA)
and sent to Cloud-Seq Biotech for m1A RNA immunopre-
cipitation (RIP) sequencing. After removing the rRNAs
using Ribo-Zero rRNA Removal Kits (Illumina, California,
USA) following the manufacturer’s instructions, total RNA
was subjected to immunoprecipitation with the GenSeqTM
m1A-IP Kit (GenSeq Inc., China). RNA libraries were
constructed by using rRNA-depleted RNAs with TruSeq
Stranded Total RNA Library Prep Kit (Illumina) according
to the manufacturer’s instructions. Libraries were controlled
for quality and quantified using the BioAnalyzer 2100 sys-
tem (Agilent Technologies Inc., California, USA). 10 pM
libraries were denatured as single-stranded DNA molecules,
captured on Illumina flow cells, amplified in situ as clusters
and finally sequenced for 150 cycles on Illumina NovaSeq
Sequencer (Illumina).

The subsequent bioinformatics analysis was also done by
Cloud-Seq Biotech. At first, paired-end reads were harvested
from NovaSeq sequencer, then subjected to image analysis,
base identification and quality control to make the data more
reliable. Then, 3’ adaptor and low-quality reads were identi-
fied and trimmed by cutadapt software (v1.9.3) [15]. Next
the Hisat2 software (v2.0.4) were utilized to match clean
reads for all samples to the reference genome (UCSC HG19)
[16]. MACS software and diffRep software were then used
to identify methylated genes in each sample and differential
methylation sites respectively [17, 18]. The fragments per
kilobase of exon per million fragments mapped (FPKM)
value was obtained as the expression profiles of mRNA by
Cuffdiff software (v2.2.1) [19]. Based on FPKM, fold change
and p-value were calculated, differentially expressed mRNA
were identified. Peaks with p value <0.05 and q value <0.1
were screened out. To screen for genes that were not rare,
transcripts with FPKM > 10 in either CRC or adjacent nor-
mal tissues were selected. If more than one m1A peak was
acquired for a single transcript, only the peak that changed
the most was selected for further analysis.
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Western blotting

Cells were lysed using radioimmunoprecipitation assay
lysis buffer (Beyotime, Shanghai, China) supplemented
with phenylmethanesulfonyl fluoride (Beyotime). Proteins
were quantified using a BCA Protein Assay Kit (Fude Bio-
logical Technology, Hangzhou, China) and equal amounts
per sample were separated by SDS-PAGE and transferred
onto a PVDF membrane (Millipore). The membranes were
blocked with 5% skim milk for 1 h at 25 °C, and then incu-
bated overnight with primary antibodies against DIAPH3
(Proteintech, Wuhan, China), TRMT6 (Abclonal, Wuhan,
China), BRD9 (Abclonal), keratin 19 (KRT19, Abclonal),
SMYD?3 (Abclonal), ARL2 (Abclonal), RIN1 (Abclonal),
CAVIN3 (Abclonal), GGNBP2 (Absin, Shanghai, China),
and GAPDH (Diagbio, Hangzhou, China) at 4 °C. After
incubation for 1 h with an HRP-conjugated secondary anti-
body (Beyotime, Shanghai, China) at 25 °C, the membranes
were washed three times with TBST, and the bands were
visualized using an enhanced chemiluminescence reagent
(NCM Biotech, Suzhou, China).

Scratch wound assay

The CRC cells were cultured in 24-well plates. After over-
night incubation, we scratched the area in the middle of the
well with a 10 pL pipette tip and washed the floating cells
with PBS. At 0 and 24 h after wounding, images were cap-
tured using a light microscope (Leika, Wetzler, Germany).
The width between the two boundary lines was measured
using IMAGEJ software version 1.8.0.345 (NIH, Maryland,
USA). Percentage of relative closure (%)= (width on day
0—width on day 24)/width on day 0x 100.

Cell migration and invasion assays

The cell migration and invasion assays were performed
using 24-well Transwell apparatus (8-pm pore size, Corn-
ing, NY, USA). A total of 8 X 10* cells per well were seeded
in the uncoated upper chamber for cell migration assays,
whereas 10 x 10* cells were seeded in Matrigel (Nova Phar-
maceutical Technology, Shanghai, China)-coated chambers
for cell invasion assays. The lower chambers were filled
with a medium containing 20% FBS. After 48 h of incuba-
tion at 37 °C, the cells that had migrated from the upper
to the lower surface of the filters were washed thrice with
PBS, fixed in 4% paraformaldehyde for 15 min, stained with
0.05% crystal violet for 10 min at 25 °C, and washed twice
with PBS. The cells were counted in five random fields
(200 x magnification) per sample under a light microscope
(Leika, Wetzler, Germany).
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CRISPR/Cas9-driven gene knockout

The genomic deletion of DIAPH3 in colon cell lines
(HCT116 and RKO) was carried out using CRISPR/Cas9
vector with a specific DIAPH3 guide RNA sequence
(gRNA: 5-CTCTGCGGTATGCATTGTAG-3'). After 48 h
of transfection, single cells were sorted by FACS based on
GFP expression in 96-well plates to obtain DIAPH3 knock-
out (KO) clones. Complete KO was confirmed by Sanger
sequencing and western blotting using a DIAPH3 antibody.

Mass spectrometry (MS) analysis

After digesting the protein suspension overnight at 37 °C
with trypsin (Beyotime, Shanghai, China), TMT reagent
(Invitrogen, California, USA) was added to label the result-
ing peptides. The complexes were sent to LC Sciences
(Hangzhou, China) for MS analysis, and reversed-phase
chromatography was conducted to fractionate the TMT-
labeled peptides. The fractionated peptide mixtures were
loaded onto a C18-reversed phase analytical column and
separated by mixing formic acid with acetonitrile. LC-MS/
MS experiments were performed in positive ion mode on a
Q Exactive Plus mass spectrometer (Invitrogen, California,
USA). The MS data were obtained by selecting the most
abundant precursor ions from the survey scans. The output
files were processed using the MASCOT engine (Matrix
Science, version 2.6) embedded in Proteome Discoverer
2.2. The tolerance for the precursor mass was 10 ppm, and
that for the fragments was 0.05 Da. Proteins with a fold
change > 1.3 and a p value < 0.1 were identified as differen-
tially expressed proteins.

Xenograft metastatic model

All animal experiments were approved by the Animal
Care and Use Committee of the Second Affiliated Hospital
School of Medicine, Zhejiang University (Approval number:
2022002). Female BALB/c nude mice (aged 4 weeks) were
purchased from the Institute for Experimental Animals of
the Chinese Academy of Vital Rivers (Beijing, China). All
the mice were housed in a specific pathogen-free environ-
ment at the Animal Facility of the Second Affiliated Hos-
pital of Zhejiang University School of Medicine. After the
DIAPH3 KO clone was obtained, cells were transfected with
PGMLV-CM V-luc-PGK-neo. We injected 2 x 10° DIAPH3-
KO or Negative-KO HCT116 cells into mice intraperito-
neally (n=>5). After 28 days, the mice were intraperitoneally
administered D-luciferin (1.5 mg) and imaged weekly using
an IVIS (PerkinElmer IVIS Lumina XRMS Series III imag-
ing system) to measure the luciferase signal intensity. Once
a significant difference in luciferase signal intensity was
observed between the two groups, the mice were sacrificed.
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Statistical analysis

Each experiment was repeated at least thrice. Two groups
were compared using a two-tailed unpaired Student’s t test.
Chi-square tests were used to analyze the significance of
categorical data. Survival rates were calculated using the
Kaplan—Meier method and compared using the log-rank test.
Statistical analyses were performed using GraphPad Prism
8 software. Unless otherwise specified, p <0.05 was consid-
ered statistically significant.

Results

m1A upregulated the expression of DIAPH3 in CRC
cells

We first performed MeRIP-seq analysis of tumor tissues and
tumor-adjacent normal tissues from three patients with CRC
to delineate m1 A methylation status and mRNA expression
in CRC. When the alteration threshold was set at fivefold,
more mRNAs showed a trend of expression levels consistent
with the abundance of m1A modifications (Fig. 1A). Con-
sidering that the abundance of m1A in mRNA was relatively
low [5], we selected 43 transcripts with both hyper-m1A-
peaks and increased expression for further investigation. To
explore novel metastasis-related genes in CRC, transcripts
reported in other studies were excluded, and we focused on
the remaining 12 genes (Supplementary Table S3). These 12
genes were measured using qPCR in the same three pairs of
CRC tissues, and the expression of DIAPH3 increased the
most in CRC (Fig. 1B). Also, the m1A-peak map obtained
by visualization analysis of the sequencing showed increased
mlA modifications in DIAPH3 mRNA in CRC (Fig. 1C).
Furthermore, we performed MeRIP-qPCR analysis to evalu-
ate the expression of DIAPH3 mRNA as well as its m1A
methylation level on tumor tissues and its adjacent nor-
mal tissues from 24 CRC patients. The results showed that
the expression of both DIAPH3 mRNA and ™A+*DIAPH3
mRNA were significantly higher in cancer tissues than
those in matched adjacent normal tissues (Supplementary
Fig. S2A, B).

It is known that the abundance of RNA post-transcrip-
tional modifications depends on the activity of writer com-
plexes and eraser proteins [20]. Because the m1A abundance
of most mRNAs in CRC showed an upregulatory trend, we
hypothesized that tumor-promoting methyltransferases or
antineoplastic demethylases of m1A might regulate the m1A
abundance of DIAPH3 mRNA. Based on Kaplan—Meier
analysis of different m1A regulators with CRC prognosis in
a previous study [21], we chose three potential m1A regula-
tors for further study: TRMT61A, TRMT6, and ALKBH3.
Based on the GEPIA database, we found that the correlation

between TRMT6 and DIAPH3 expression was the most sig-
nificant (Fig. 1D and Supplementary Fig. S3A, B). There-
fore, TRMT6 was used as a tool to confirm m1A methyla-
tion status. After transfecting TRMT6 siRNA into HCT116
and RKO cells (Fig. 1E), the expression of DIAPH3 mRNA
and ™A*DIAPH3 mRNA was downregulated (Fig. 1F, G).
Above results indicated that the m1A methylation modifica-
tion may upregulate the mRNA expression of DIAPH3 in
colorectal cancer cells.

The expression of DIAPH3 was upregulated
and correlated with metastasis in CRC patients

According to the database GEPIA, we found that DIAPH3
expression was notably increased in CRC (Fig. 2A). After
mining the GenomicScape database, further analysis
showed that patients with high DIAPH3 in CRC tended to
have shorter survival times than those with low expression
(Fig. 2B).

To confirm the expression pattern of DIAPH3 in CRC
tissues, we performed IHC staining on three tissue slides
from 177 patients with CRC. When conducting the IHC
assay, one point of tumor tissue and three points of adjacent
normal tissue in cohort 1 were detached from the slides.
Consequently, we compared the protein levels of DIAPH3 in
173 pairs of CRC tissues and adjacent non-cancerous tissues
and conducted a correlation analysis between the expression
of DIAPH3 in tumor tissues and clinicopathological char-
acteristics using 176 CRC samples. It can be observed that
in normal colorectal tissues, the staining is weaker than that
in CRC tissues (Fig. 2C, D), which was consistent with the
data-mining results described above. In addition, high pro-
tein level of DIAPH3 in CRC tissues was significantly asso-
ciated with lymph node metastasis, and tended to develop
more distant metastases, and progress to an advanced AJCC
stage (Table 1). In the cohort of 89 patients with CRC with
follow-up information, high DIAPH3 expression in tumor
tissues was inversely correlated with the outcome (Fig. 2E).
In order to recognize the involvement of DIAPH3 in the
metastasis of CRC, the expression of DIAPH3 mRNA in
tumor tissues from 24 CRC patients with or without metasta-
sis were measured. It showed that the expression of DIAPH3
mRNA in CRC patients at M1 was higher than those patients
at MO (Supplementary Fig. S4A). Taken together, DIAPH3
was overexpressed in CRC, especially in patients with
metastasis.

DIAPH3 regulates the migration and invasion of CRC
cells

To determine the biological function of DIAPH3 in

CRC, we knocked down DIAPH3 expression in HCT116
and RKO cells using two DIAPH3 siRNAs, and the
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Fig.1 mlA upregulated the expression of DIAPH3 in CRC cells.
A The star plot shows the distribution of genes with both differen-
tial (hyper or hypo) m1A peaks and differential mRNA (up or down)
expression (n=3). The fold change of either expression or mlA
methylation of mRNA <5 is labeled as gray dots, while the others
are marked with dots of different colors. The red dots highlighted by
a circle represent up-regulated transcripts with an increased abun-
dance of m1A in CRC tissues. B qPCR validation of the genes with
the FPKM values increased most markedly in colorectal tumor (CT),
when compared to adjacent normal tissues (CN) (n=3). C A visual-
ized m1A-peak map along the mRNA of DIAPH3 in colorectal tumor

transfection efficiency was validated by western blotting
(Fig. 3A). Transwell assays were performed to examine
the migration and invasion abilities, which were impaired
in DIAPH3-depleted CRC cells (Fig. 3B-E). In addition,
the wound healing assay indicated that silencing DIAPH3
attenuated the migration of CRC cells (Fig. 3F, G).
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(CT) and adjacent normal tissues (CN). D A significant positive cor-
relation (r=0.34, p=6e—13) was found between DIAPH3 mRNA
and TRMT6 mRNA in CRC according to the GEPIA database. E The
protein expression level of TRMT6 after transfecting TRMT6 siRNA
in HCT116 and RKO cells (n=3). F Relative abundance of ml1A
methylated DIAPH3 mRNA in HCT116 and RKO cells after silenc-
ing TRMT6 (n=3). G The relative expression of DIAPH3 mRNA
in HCT116 and RKO cells after silencing TRMT6 siRNA (n=3).
T6 TRMT6, Neg negative, si si-RNA, CN adjacent normal tissues,
CT colorectal tumor, RIP RNA immunoprecipitation; **p<0.01,
*p<0.05

To further confirm the regulatory role of DIAPH3 in
invasiveness, we knocked out DIAPH3 in HCT116 and
RKO cells using the CRISPR/Cas9 system and validated
its efficiency by genomic DNA sequencing (Fig. 4A) and
western blotting (Fig. 4B). DIAPH3 knockout also signifi-
cantly inhibited the migration and invasion of HCT116 and
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Fig.2 The expression of DIAPH3 was upregulated in CRC. A The
mRNA expression level of DIAPH3 in patients with rectum adeno-
carcinoma (READ) and colon adenocarcinoma (COAD) in the
GEPIA database. Left (green): normal (N=318 in READ, N=349
in COAD); right (red): tumor (T=92 in READ, T=275 in COAD),
error bars denote mean+SEM. B Survival analysis based on the
level of DIAPH3 expression in patients with CRC in GenomicScape
database. C Representative images of DIAPH3 THC staining in three

RKO cells (Fig. 4C-F). Similarly, the wound healing assay
indicated that DIAPH3 knockout attenuated the migration
of CRC cells (Fig. 4G, H). In addition, to confirm the effect
of DIAPH3 on CRC in vivo, negative-KO and DIAPH3-
KO HCT116 cells were injected respectively into nude
mice to establish a peritoneal metastasis model. In vivo

OS(month)

pairs of CRC samples are shown (original magnification 200 X). Scale
bar, 100 pm. D IHC scores of DIAPH3 staining in matched CRC
and normal tissues (n=173). E Kaplan—-Meier analysis of overall
survival in CRC patients whose tumors display ‘Low DIAPH3’ ver-
sus ‘High DIAPH3’ expression. Log rank test, p=0.022 (n=89). N
adjacent normal tissues, 7' CRC tissues, READ rectum adenocarci-
noma, COAD colon adenocarcinoma, OS overall survival; **p <0.01,
*p<0.05

luciferase bioluminescence imaging showed that luciferase
signal intensity was significantly weaker in DIAPH3-KO
HCT116 cells 35 days after peritoneal injection (Fig. 41,
J). The above in vivo and in vitro studies show that the
invasiveness of CRC cells could be enhanced by DIAPH3.
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Table1 The correla.tion Clinical classification DIAPH3 expression
between the expression
of DIAPH3 and the Total number Low (number) High (number) p Value
clinicopathological features in
CRC Gender
Male 92 37 55 0.436
Female 84 29 55
Age (years)
>65 91 34 57 0.969
<65 85 32 53
T stage
T1/2 19 9 10 0.347
T3/4 157 57 100
N stage
NO 97 43 54 0.038
N1/2 79 23 56
M stage
MO 147 60 87 0.041
M1 29 6 23
AJCC stage
AJCC1/2 94 45 49 0.002
AJCC3/4 82 21 61

AJCC American Joint Committee on Cancer, N lymph node, M metastasis, 7 tumor

KRT19 is a downstream target of DIAPH3

To investigate the underlying molecular mechanisms by
which DIAPH3 regulates the invasion of CRC cells, we
measured the protein spectrum using LC-MS/MS after
silencing DIAPH3 in HCT116 cells, and proteins altered by
over 1.3-fold were screened out (Fig. 5SA). To further nar-
row the scope of potential downstream targets, we selected
cancer-related genes that had been reported in previous stud-
ies and finally focused on seven potential targets, including
four downregulated oncogenes and three upregulated tumor
suppressors (Supplementary Table S4). This alteration was
validated by western blotting in two CRC cell lines after
knocking out DIAPH3, which showed that only KRT19 was
consistently downregulated in both cell lines (Fig. 5B and
Supplementary Fig. S5).

Previous study has reported that KRT19 plays a signifi-
cant role in promoting colon cancer progression by upregu-
lating Notch signaling [22]. To validate the role of KRT19
in the invasiveness of CRC cells, KRT19 was ectopically
expressed in HCT116 and RKO cells (Fig. 5C). The role
of KRT19 in the migration and invasion of CRC cells was
examined using Transwell assays. KRT19-overexpressed
CRC cells were seeded into uncoated or Matrigel-coated
chambers. Crystal violet staining showed that more CRC
cells overexpressing KRT19 passed through the micropo-
res into the lower membrane (Fig. SD-G). Based on these
results, it is reasonable to suggest that DIAPH3, mRNA of
which was modified by m1A modification, may play a role in

@ Springer

colorectal cancer cell invasion and migration by influencing
expression of the oncogene KRT19.

DIAPH3 regulated the invasiveness of CRC cells
through KRT19

To determine whether KRT19 is indispensable for the inva-
siveness of CRC cells regulated by DIAPH3, we transfected
a KRT19 ectopic overexpression plasmid into DIAPH3-
deficient cells and validated the co-transfection efficiency
by western blotting (Fig. 6A). Transwell assays showed that
KRT19 overexpression rescued the decreased migration and
invasion capabilities caused by DIAPH3 loss (Fig. 6B-E).
Although the protein level of KRT19 was significantly
suppressed in DIAPH3-deficient CRC cells, the mRNA
levels did not show consistent changes (Supplementary
Fig. S6). In addition, there was no significant difference in
KRT19 mRNA expression between tumor and normal tis-
sues, as revealed by the GEPIA database (Supplementary
Fig. S7). Therefore, we examined whether the DIAPH3-
mediated downregulation of KRT19 involves post-tran-
scriptional modifications. We first treated the cells with the
protein biosynthesis inhibitor CHX to determine the stability
of KRT19. Time-course analysis following the blockade of
de novo protein synthesis indicated that DIAPH3 depletion
shortened the half-life of endogenous KRT19 in HCT116
and RKO cells (Fig. 6F, G). Next, we treated cells with the
proteasome inhibitor MG132 and the lysosome inhibitor
3-Methyladenine (3-MA). The results revealed that MG132
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HCT116

RKO  HCT116

treatment significantly increased KRT19 protein expression
in cells with DIAPH3 knockdown (Fig. 6H), whereas 3-MA
treatment did not affect KRT19 protein levels (Supplemen-
tary Fig. S8). These results suggested that DIAPH3 regulates
KRT19 degradation in a proteasome-dependent manner.

Discussion

More than 100 chemical modifications have been discov-
ered in the transcriptome using high-throughput technolo-
gies [23]. Among these, m1A was recently discovered to
play a regulatory role in mRNA expression [20]. m1A
methylation occurs on a unique base that disrupts Wat-
son—Crick base pairing and introduces a positive charge

D3-si-1

Neg-si D3-si-1

RKO
D3-si-1

Neg-si

*%

24h

RKO

50 = ng—si}
f = -Si-
D3-si-2 ad [ D3-si-2

30 *

24h Relative Closure(%)
*

T T
HCT116 RKO

[24]. In tRNA and rRNA, m1A conserves tertiary struc-
ture and affects translation [25]. In mRNA, m1A mainly
exists in the highly structured 5’-untranslated region near
the start codon, indicating that it may affect the predicted
secondary structure [26]. It has been reported that higher
protein production was observed when a transcript car-
ries the m1 A modification around the initiation codon [5].
Additionally, m1A methylation affects the translation of
the m1A-containing coding sequence in mitochondrial
mRNA [27]. In this study, by applying m1A-seq, a method
that relies on the immunoprecipitation of m1A-containing
RNA fragments, we found that more genes with increased
mlA methylation abundance showed upregulated mRNA
expression levels, which is consistent with the findings of
the above-mentioned studies.
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Fig.4 Knocking out DIAPH3 inhibited the migration and invasion
of CRC cells. A Genomic DNA sequences of DIAPH3 targeting site
in HCT116 KO and RKO KO cell clones. B Knocking-out efficiency
of DIAPH3 confirmed by western blotting. C After seeding in the
upper Transwell chamber and incubation for 48 h, HCT116 and RKO
cells that migrated to the bottom of the membrane were stained with
crystal violet. The representative images were captured under the
microscope at a magnification of 200%. Scale bar, 200 pm. D The
average number of migratory cells was counted in five random fields
(n=5). E After seeding in the Matrigel-coated chamber and incu-
bation for 48 h, HCT116 and RKO cells that invaded the bottom of
the membrane were stained with crystal violet. The representative

m1A regulators include methyltransferases, demethylases,
and binding proteins that mediate m1A deposition, removal,
and recognition. Dysregulated m1A regulators are associ-
ated with various cancers. By analyzing the data of CRC
samples from TCGA, researchers have demonstrated that
ALKBH3 and TRMTI10C are correlated with good prog-
nosis, ALKBHI indicates poor prognosis, and TRMT61A
and TRMT6 tend to correlate with poor prognosis [21]. In
addition, one of the binding proteins of m1A—YTHDF1
was shown to regulate tumorigenicity and cancer stem cell-
like activity in CRC [28]. However, the regulatory role of
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images were captured under the microscope at a magnification of
200 . Scale bar, 200 pm. F The average number of invaded cells was
counted in five random fields (n=5). G Wound healing assays were
conducted to compare the migration capabilities of two CRC cells
after knocking out DIAPH3 (n=3). The difference in cell margin
between 0 and 24 h showed moving track of cells. H Relative closure
of the wound was quantified. I In vivo bioluminescence imaging of
the mice injected with negative-KO and DIAPH3-KO HCT116 cells
at the fifth and sixth week. J Quantitative analysis of biolumines-
cence imaging intensity on day 42 (n=5). D3 DIAPH3, Neg Nega-
tive, KO knock out; **p<0.01; *p <0.05

m1A methylation in CRC mRNA expression remains largely
unknown. In this study, we confirmed that the expression of
DIAPH3 was positively correlated with TRMT6, and that
DIAPH3 mRNA expression levels were reduced after silenc-
ing the methyltransferase TRMT6, supporting DIAPH3 as
an m1A-regulated gene.

As a member of the human formin family, DIAPH3 is
involved in the polymerization of monomeric actin into
linear filaments, and its dysregulation induces auditory
alterations [29]. The role of DIAPH3 in cancer progres-
sion, especially metastasis, has been confirmed in many
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Fig.5 Suppression of DIAPH3 induced the degradation of KRT19.
A The Volcano Plots showed the distribution of genes with differ-
ential (up or down) expression after silencing DIAPH3 (n=3). The
fold change of expression of protein<1.3 or p value>0.1 is labeled
as gray dots, while the others are marked with colorful dots. B Seven
potential downstream targets of DIAPH3 were validated by western
blotting after DIAPH3 was knocked out in HCT116 and RKO cells.
C The HCT116 and RKO cells were transfected with KRT19 ectopic
plasmids and the transfection efficiency was validated by western
blotting. D After seeding in the upper Transwell chamber and incu-
bation for 48 h, HCT116 and RKO cells that migrated to the bottom

studies. For example, in breast cancer, DIAPH3 is crucial
for the early stages of invadopodia formation and invasion
of cancer cells [30]. DIAPH3 enhances the invasive abil-
ity of pancreatic cancer cells by activating selenoprotein
TrxR1-mediated antioxidant effects [31]. Besides, it is also
found that DIAPH3 is capable of promoting the metastasis

-amee

ol @

HCT116 RKO

o

of the membrane were stained with crystal violet. The representa-
tive images were captured under the microscope at a magnification
of 200%. Scale bar, 200 pm. E The average number of migratory
cells was counted in five random fields (n=5). F After seeding in the
Matrigel-coated chamber and incubation for 48 h, HCT116 and RKO
cells that invaded the bottom of the membrane were stained with
crystal violet. The representative images were captured under the
microscope at a magnification of 200x. Scale bar, 200 pm. G The
average number of invaded cells was counted in five random fields
(n=5). D3 DIAPH3, Neg negative, KO knock out; **p <0.01

of hepatocellular carcinoma by activating f/TCF signaling
[32]. However, whether DIAPH3 plays a similar role in CRC
has not been investigated. In the present study, we found
that DIAPH3 was commonly upregulated in human CRC,
probably due to its high m1A methylation level, and that
DIAPH3 overexpression was related to poor survival and
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Fig.6 DIAPH3 regulated the invasiveness of CRC cells through
KRT19. A HCT116 and RKO cells were transfected with nega-
tive control siRNA or DIAPH3 siRNA, and then transfected with
empty vector or KRT19 ectopic plasmid 48 h later. The transfec-
tion efficiency was assessed by western blotting. B After seeding in
the upper Transwell chamber and incubation for 48 h, HCT116 and
RKO cells that migrated to the bottom of the membrane were stained
with crystal violet. The representative images were captured under
the microscope at a magnification of 200x. Scale bar, 200 pm. C
The average number of migratory cells was counted in five random
fields (n=5). **p<0.01 versus Neg si+Empty Vector; #p<0.01
versus DIAPH3 si+Empty Vector. D After seeding in the Matrigel-
coated chamber and incubation for 48 h, HCT116 and RKO cells that
invaded the bottom of the membrane were stained with crystal vio-

distant metastasis. Moreover, we showed that CRC cells
lacking DIAPH3 showed attenuated migratory and invasive
capabilities and identified KRT19 as a potential downstream
target of DIAPH3.

KRT19 is a type of intermediate filament that functions
as a cytoskeletal scaffold in the nucleus and cytoplasm and
plays potential roles in mechanical support and cell migra-
tion [33]. Interestingly, KRT19 had contradictory effects
on tumorigenesis due to differential modulation of Wnt/p-
catenin/notch signaling. On the one hand, KRT19 interacts
with the B-catenin/RAC1 complex to suppress breast cancer
progression through attenuation of Notch signaling. While,
on the other hand, KRT19 directly interacts with p-catenin,
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let. The representative images were captured under the microscope at
a magnification of 200X . Scale bar, 200 pm. E The average number
of invaded cells was counted in five random fields (n=5). **p<0.01
versus Neg si+Empty Vector; #p<0.01 versus DIAPH3 si+Empty
Vector. F CRC cells with or without DIAPH3 silencing were treated
with 100 mg/mL CHX and protein lysates were collected at indicated
time points for western blot analysis. G KRT19 was quantified and
plotted relative to the O-time point. H MG132 (20 uM, 24 h) treat-
ment on HCT116 and RKO cells with or without DIAPH3 silencing.
**p<0.01, HCT116 DIAPH3-si versus HCT116 Negative-si group
at the sixth hour; #p<0.05, RKO DIAPH3-si versus RKO Negative-
si group at the sixth hour. D3 DIAPH3, Neg negative, si siRNA, KO
knock out

promoting colon cancer progression by upregulating Notch
signaling [22]. Moreover, KRT19 is correlated with cancer
cell survival, invasion, and angiogenesis owing to its role
in inhibiting senescence and E-cadherin expression [34]. In
this study, we verified the pro-metastatic effect of KRT19 on
CRC and found that the role of DIAPH3 in CRC metastasis
is dependent on KRT19.

Furthermore, we elucidated the potential mechanism
by which DIAPH3 mediated the degradation of KRT19.
The ubiquitination-proteasome system and the autophagy-
lysosome pathway are the two major degradation systems
adopted by eukaryotic cells to regulate protein expres-
sion [35]. Generally, the autophagy inhibitor 3-MA and
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Fig.7 Working model of DIAPH3 promoting CRC metastasis
through KRT19. In CRC, m1A enhances the expression of DIAPH3
mRNA. Increased DIAPH3 suppresses the degradation of CLK3 in a
proteasome-dependent manner, which accelerates CRC metastasis

proteasome inhibitor MG132 are used to identify how spe-
cific proteins are degraded [36]. Using inhibitors of these
different degradation pathways, we observed that MG132
enhanced the KRT19 protein level in CRC cells lacking
DIAPH3 expression, whereas 3-MA did not, indicating
that DIAPH3 potentially plays its role through proteasome-
dependent degradation of downstream KRT19 in CRC cells.

However, our study has some limitations. Firstly, the sam-
ple size for methylated RNA immunoprecipitation sequenc-
ing is not large enough and might bring bias. Secondly, the
clear mechanisms through which m1A methylation regulates
the mRNA expression of DIAPH3 requires further inves-
tigation. Recently, a newly published article reported that
YTHDF1 is responsible for the recognition of the certain
m1A methylated transcript, which could increase its stabil-
ity [37]. Whether m1A modification can recruit a similar
reader so that m1A influences the stability of the DIAPH3
transcript needs to be further explored.

Conclusion

Altogether, we found that DIAPH3 mRNA was modified and
might upregulated in CRC cells through m1A methylation.
Targeting DIAPH3 suppressed the migration and invasion
of CRC cells, potentially through proteasome-dependent
degradation of downstream KRT19 (Fig. 7), indicating
that DIAPH3 is a promising therapeutic target for blocking
metastasis in CRC.
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