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Abstract

Colorectal cancer (CRC) ranks as the third most prevalent cancer globally and
is the second leading cause of cancer mortality. FAM49B, a member of the
FAM49 gene family, is a recently identified, evolutionarily conserved gene.
Emerging studies indicate that FAM49B plays a role in various cancers, though
its specific mechanism in CRC remains largely unexplored. In this study, we
observed that FAM49B was abnormally expressed in CRC tissues and cell lines,
with elevated expression correlating with poor patient prognosis. FAM49B
knockdown markedly suppressed CRC cell proliferation by arresting the cell
cycle and reducing cell migration and invasion. Single-cell RNA-seq
(ScRNA-seq) analysis revealed that high FAM49B expression in malignant epi-
thelial cell clusters was strongly linked to c-Myc oncogene activation. Further,
FAM49B knockdown significantly reduced c-Myc expression by enhancing its
K48 ubiquitination. We identified NEK9 as a direct interacting partner of
FAMA49B, with FAM49B knockdown inhibiting NEK9-Thr210 phosphoryla-
tion. Similarly, high NEK9 expression was linked to unfavorable prognosis in
CRC. In FAM49B-overexpressing CRC cells, NEK9 knockdown significantly
suppressed c-Myc expression, c-Myc-ser62 phosphorylation, and reduced cell
proliferation, migration, and invasion. Thus, directly targeting the FAM49B/
NEK9/c-Myc pathway presents a promising therapeutic approach for c-Myc
positive CRC patients.
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1 | INTRODUCTION

Colorectal cancer (CRC) ranks as the third most preva-
lent cancer globally and the second leading cause of can-
cer mortality. Global CRC incidence is projected to rise to
2.5 million new cases by 2035.! Comprehensive treat-
ments, including surgical resection, have significantly
improved CRC survival rates, with a five-year survival
rate of up to 72% in patients diagnosed and treated early.”
However, five-year survival drops to about 50% for
advanced CRC and only 12% for metastatic cases, largely
due to recurrence and metastasis.?

The FAM49 gene family, recently identified and
highly conserved through evolution, remains largely
unstudied.* Current studies suggest that FAM49 genes
mainly regulate cell movement in non-tumor cells.” As a
FAMA49 family member, FAM49B is upregulated in multi-
ple sclerosis® and may support immune monitoring in
mice.” Recent research shows FAM49B's involvement
in tumor proliferation, invasion, and metastasis,™” hint-
ing at its role in cancer progression, though the exact
mechanisms are unclear.

In this study, we found FAM49B expression increased
in CRC tumor tissues, with elevated levels closely linked
to poor patient prognosis. Functional assays revealed that
FAM49B promotes CRC cell proliferation, migration, and
invasion, indicating its role in CRC progression. Single-
cell RNA-seq (ScRNA-seq) analysis identified malignant
epithelial cell clusters with high FAM49B expression as
enriched for c-Myc oncogene activation. We further
showed that FAM49B stabilizes and activates c-Myc by
binding to NEK9, which is also overexpressed in CRC
and significantly promotes CRC progression. C-Myc, a
prominent Myc family oncogene, is highly expressed
across human tumors and essential for tumor cell
invasion,'* " anchorage-dependent,"” "’ and
-independent colony formation'®' and metastasis.” **
C-Myc has a short half-life, with stability regulated by
phosphorylation. Ser62 phosphorylation stabilizes and
activates c-Myc,””*® whereas Thr58 phosphorylation pro-
motes its degradation.”” > We confirmed the existence of
the FAM49B/NEK9/c-Myc regulatory axis in CRC cells,
highlighting its potential as a promising therapeutic tar-
get in CRC.

2 | MATERIALS AND METHODS
21 | Bioinformatic analysis
GEPIA database (http://gepia.cancer-pku.cn/) that inte-

grates the resources from TCGA and GTEx projects>® was
used to analyze the differential expression of FAM49B

between tumor tissues and normal tissues. Pearson corre-
lation analysis of FAM49B and c-Myc in CRC was also
used in the GEPIA database.

The single-cell RNA sequencing (scRNA-seq) dataset
was downloaded from the Gene Expression Omnibus
(GEO), accession number GSE245552, including 20 sam-
ples from 15 colorectal cancer (CRC) patients (16 primary
tumor samples and 4 normal colon samples). Data pre-
processing was performed using Seurat v4.4.0,°" where
raw expression values were read via the Read10X func-
tion and processed into Seurat objects with the Create-
SeuratObject function (min.cells = 5, min.
features = 300). Cells retained for analysis met the fol-
lowing criteria: gene count per cell between 300 and
6000, mitochondrial gene expression <50% UMIs, ribo-
somal gene expression <20% UMIs, and UMI count
>1000, excluding the top 3% of cells by UMI count. Low-
quality cells were filtered, and doublets were removed
using DoubletFinder (v2.0.4),** assuming a 5% doublet
rate. To address batch effects, Harmony (v1.2.0) was used
for integration,”® with clustering performed using
FindClusters (resolution = 0.4) into 14 clusters with the
top 20 principal components. Clusters were visualized
with UMAP, and cell types were annotated into 8 primary
types using cell marker genes identified with FindAll-
Markers. For epithelial subpopulations, CNV analysis
was conducted with inferCNV (v1.3.3),* using myeloid
cells as reference. Pathway enrichment was analyzed
using GSVA (v1.5.0) for Hallmark pathways, and differ-
ences were assessed with limma (v3.58.1), with pathways
having [t > 2 considered significant and visualized with

ggplot2.

2.2 | Tissue specimens and
clinicopathological data

We collected samples of primary cancer tissues and adja-
cent tissues (the adjacent tissues were at least 5 cm away
from the tumor margin) of 83 patients who underwent
colorectal cancer surgery in the Second Affiliated Hospi-
tal of Nanjing Medical University from January 2018 to
October 2018. This study was approved by the Ethics
Committee of the Second Affiliated Hospital of Nanjing
Medical University (N0.2020KY092) in accordance with
the Declaration of Helsinki. All participants signed
informed consent.

The basic clinical information of 83 patients was col-
lected and the patients were followed up once every
3 months in the first 2 years after operation and once
every 6 months in the third to fifth years after operation
punctually. Follow-up data included medical history,
chest and abdomen CT, electronic colonoscopy, and
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CEA. Follow-up forms were outpatient follow-up and
telephone follow-up. The last follow-up time was
September 19, 2023, and the total follow-up time of each
patient was at least 5 years.

2.3 | Kaplan-Meier survival analysis
Kaplan-Meier survival analysis of disease-specific sur-
vival (DSS) were implemented by using the cohort of
83 patients. The hazard ratio (HR) and log-rank p-value
were automatically calculated between the two groups.
The graphs were plotted using GraphPad Prism
(Version 8.0).

The cBioPortal database (http://www.cbioportal.org/)
hosts omics data from large alliances (including inte-
grated TCGA databases, GEO databases, etc.) and publi-
cations from individual laboratories. In this database, we
selected a colorectal cancer dataset (TCGA, PanCancer
Atlas) containing 594 samples to analyze the prognostic
value of FAM49B in DSS of CRC patients. The COAD
dataset from the GEPIA database was used to analyze the
value of NEK9 in the overall survival (OS) of CRC
patients.

24 | Celllines and cell culture

The human CRC cell lines HCT116, SW480, SW620,
DLD1, and CaCO2 were purchased from FuHeng Bio-
technology Co., Ltd (Shanghai, China). The human nor-
mal colon epithelial cell line NCM460 was presented by
the Lab center of the Second Affiliated Hospital of Nan-
jing Medical University. The cell lines we purchased were
cultured according to the instruction manual. NCM460
cell line was maintained in RPMI 1640 medium (Gibco,
MD, USA) with 10% fetal bovine serum (Vazyme, Nan-
jing, China).

2.5 | Transient transfection and
lentiviral infection

Small interference RNA (siRNA) specifically targeting
FAM49B or NEK9, and negative control siRNA (si-NC)
were acquired from Proteinbio Corporation (Nanjing,
China). The plasmids respectively expressing FAM49B with
Flag-tag and expressing NEK9 with HA-tag were obtained
from MIAOLING Biology Corporation (Wuhan, China).
Lipofectamine 3000 (Invitrogen, Carlsbad, USA) was used
to transfect a specified amount of RNA or plasmid into
cells when cells grew to a confluency of 50%-70%, accord-
ing to the manufacturer's protocols. The sequences of
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siRNAs are listed as follows: siFAM49B #1, 5-GCAGGCU
CUUGCUAAACAGUUTT-3; siFAM49B #2, 5-AUC
CUGCCAUACAGAAUGAUUTT-3;  siFAM49B  #3:
5'-GCAGCUAAUUAUGCAUUGCAUTT-3'; NEK9 siRNA
#1, 5-GCAGAAGUUGAACAAGAAAT-3; NEK9 siRNA
#2, 5-GCUCUGAUAUCUGUACCUCAUTT-3'; NEK9
siRNA #3, 5-CCCACUUAACCUGUGUGUGAATT-3; si-
NC, 5-UUCUCCGAACGUGUCACGUTT-3".

The siRNA sequence with the highest efficiency was
cloned into the PGMLV-mScarlet-puro vector to con-
struct lentivirus. For lentiviral infection, the lentivirus
was diluted in the medium with fetal bovine serum to the
desired concentration, and polybrene was added in it to
enhance the efficiency of infection.

2.6 | CCK-8 assay

After cells were transfected for 48 h, we used serum-free
medium or medium with 1% serum to prepare cell sus-
pension. Next, around 2,000 cells per well were seeded
into 96-well plates and then were cultured with a
medium containing 10% serum after about 24 h. Subse-
quently, 10pLCell Counting Kit-8 (CCK-8, Vazyme)
reagent was added to each well at 0, 24, 48, 72, and 96 h.
The absorbance of cells was measured using a microplate
spectrophotometer (BioTek, USA) at 450 nm.

2.7 | EdU incorporation assay

Similarly, the cell suspension containing around 20,000
cells per well with serum-free medium was seeded into
48-well plates. After waiting for around 24 h, we replaced
the medium each well with medium involving 10%
serum. When cells grew to a confluency of 80%, Edu was
added to each experimental well and incubated with cells
for 2 hours. Then, 4% polyformaldehyde was used to fix
cells for 30 min at room temperature. Next, cells were
permeabilized with 0.3% Triton X-100 for 15 min. Edu
reactive solution was prepared according to the instruc-
tion and was used to incubate cells for 30 min in the
dark. At last, the nucleus of cell was stained with
4',6-diamidino-2-phenylindole (DAPI) for 10 min, and
then each well was imaged with the fluorescence micros-
copy in a dark area. The Edu reagent kit was purchased
from Beyotime Biotechnology.

2.8 | Flow cytometry assay

The cells were harvested with 0.25% Trypsin-EDTA and
washed with ice-cold PBS. Then, precooled 75% ethanol
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solution was used to fix cells overnight at 4°C. After
washing the cells with PBS twice, we used an appropriate
amount of propidium iodide staining solution to incubate
cells for 30 minutes in the dark. The cell cycle was evalu-
ated by flow cytometry (BD Biosciences).

29 | Transwell assay

For Transwell migration assay, the cells were collected in
serum-free medium, and seeded in the upper chamber
(Corning, NY, USA) at the concentration of 8§ x 10°/mL.
and then 0.75 mL medium with 10% serum was put in
the lower chamber. After around 24 h, the migrated cells
were fixed with 4% polyformaldehyde for 30 min at room
temperature, and then were stained with 0.1% crystal vio-
let for 20 min in the dark. Next, the chamber was washed
with pure water and was dried followed by imaging. To
evaluate the invasive ability of cells, the bottom of the
upper chamber was coated with diluted Matrigel
(Corning) before the collection of treated cells. All the
next procedures are the same as described above.

210 | RNA isolation and real-time
quantitative PCR (RT-qPCR)

The total RNA was extracted from each tissue sample
stored at —80°C and cell samples using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA) and SteadyPure RNA
Extraction Kit (Accurate Biology, Hunan, China,
#AG21024). The concentration and quality of RNA were
assessed using a One Drop OD-1000 spectrophotometer,
with an A260/280 ratio within the range of 1.8-2.0. Then,
1000 ng of RNA was converted into cDNA in a 20 pL
reaction mixture by using Hiscript III Reverse Transcrip-
tase (Vazyme, Nanjing, China). The reaction procedure
of reverse transcription was set to 50°C for 15 min and
85°C for 5s. RT-qPCR was performed using a LightCy-
cler 480 Real-time PCR Detection System (Roche,
Switzerland) and ChamQ Universal SYBR qPCR Master
Mix (Vazyme), following the manufacturer's protocol.
The gene-specific primers are listed as follows: GAPDH-
Forward, 5'-TCAACGGATTTGGTCGTATTG-3/;
GAPDH-Reverse, 5-TGGGTGGAATCATATTGGAAC-3;
FAM49B-Forward, 5-CTCAAGATGACAAATCCTGC-3';
FAM49B-Reverse, 5-CCGGTACATTGTTAATCCTC-3';
NEK9-Forward,  5-AAGCTATCCGTCAGGTGTCA-3;
NEK9-Reverse, 5-GTTTCGTGTCAGAACCACCA-3;
c-Myc-Forward, 5-GAACAAGAAGATGAGGAAGAA-3;
c-Myc-Reverse, 5-CAGAAGGTGATCCAGACT-3'.

2.11 | Western blot

Total protein was extracted from gastric cancer cells or
tissues with RIPA lysis buffer (Beyotime, Shanghai,
China) containing 1% PMSF. Then protein concentration
was determined using BCA reagent kit (Vazyme). Ten to
twenty micrograms of protein samples were separated by
10%-12.5% SDS-PAGE gel System (Bio-Rad) and trans-
ferred to polyvinylidene difluoride membranes
(Millipore). The membranes were blocked with 5%
non-fat milk or 5% BSA for 2 h at room temperature and
subsequently were incubated overnight at 4°C with the
following primary antibodies: p-actin (Sigma, #5441,
1:5000), GAPDH (Abcam, ab8245, 1:5000), FAM49B
(Santacruz, sc-390478, 1:1000), c-Myc (Abcam, ab32072,
1:1000), phospho-c-Myc (S62) (Abcam, abl185656,
1:1000), cyclinD1 (Proteintech, 26939-1-AP, 1:5000),
cyclinEl (Proteintech, 11554-1-AP, 1:1000), E-cadherin
(Abcam, ab40772, 1:5000), N-cadherin (Abcam, ab76011,
1:5000), Vimentin (Proteintech, 10366-1-AP, 1:5000),
NEK9 (Proteintech, #11192-1-AP, 1:3000), phospho-
NEK9 (Thr210) (Abcam, #ab63553, 1:1000), Flag (Sigma,
#F1804, 1:5000), and HA (Sigma, #H9658, 1:5000). Next,
the membranes were incubated with goat anti-rabbit IgG
(SAB, #L3012, 1:5000) or goat anti-mouse IgG (SAB,
#1.3032, 1:5000) for an hour at room temperature and
then were washed with Tris-buffered saline-tween
20 (TBST) three times for half an hour. Finally, the pro-
tein bands were imaged and analyzed with ECL Chemi-
luminescence Kit (Vazyme) and Image J software.

2.12 | Animal studies

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at Nan-
jing Medical University (No. IACUC-2410083), and their
procedures were conducted in accordance with the guide-
lines of the Animal Care and Use Committee Guidelines.
Male BALB/c nude mice (4-6 weeks old) were purchased
from GemPharmatech Co. Ltd. (Nanjing, China).

For the subcutaneous xenograft model, SW480 cells
with negative control (NC) or FAM49B knockdown
(FAM49B-KD) lentivirus were adjusted to 1 x 10’/mL.
200 pL of cell suspension was subcutaneously injected
into the left axilla of each mouse. The tumor size of each
mouse was measured every week. Their subcutaneous
tumor tissues were collected for weighting and volume
measurement when all mice were euthanized. The tumor
volume was calculated wusing the formula of
(width® x length)/2.
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TABLE 1 The relationship between

FAMA49B expression
FAM49B expression and
Characteristics High (n = 61) Low (n = 22) p value clinicopathological
Age 0.073 characteristics (n = 83).
<60 years old 33 7
>60 years old 28 15
Gender 0.551
Male 35 11
Female 26 11
Stage 0.020%*
I-II stage 24 15
III-IV stage 37 7
T stage 0.439
T1-T2 33 14
T3-T4 28 8
N stage 0.040%*
NO 26 15
N1-2 35 7
M stage 0.289
MO 58 22
M1 3 0
CEA 0.016*
>5 ng/mL 45 10
<5 ng/mL 16 12
Postoperative tumor recurrence 0.017*
Recurrence 22 2
No recurrence 39 20
Postoperative tumor metastasis 0.031*
Metastasis 20 2
No metastasis 41 20

FIGURE 1 The expression level of FAM49B increased in colorectal cancer and was significantly correlated with patient prognosis.

(A) The expression level of FAM49B mRNA in various malignant tumor tissues and corresponding normal tissues in the TCGA database.
(B) Expression levels of FAM49B mRNA in colorectal cancer tissues from COAD dataset, READ dataset in TCGA database, and in normal
colorectal tissues including GTEx database. (C) The expression level of FAM49B mRNA in colorectal cancer tissues and adjacent normal
tissues. (D) The expression level of FAM49B protein in colorectal cancer tissues and adjacent normal tissues. (E) FAM49B
immunohistochemical positive and negative tumor tissue sections, normal tissue sections adjacent to cancer. And bar plot of corresponding
statistical analysis was performed. The scale was 100 pm, and the enlarged scale is 20 pm. (F, G) Kaplan-Meier survival curves were used to
compare the DSS survival time of patients with high and low FAM49B expression: (F) 589 cases of TCGA colorectal cancer adenocarcinoma
in cBioportal database; (G) 83 patients with colorectal cancer from the Second Affiliated Hospital of Nanjing Medical University. ANT,
normal adjacent tissue; COAD, colon cancer dataset; DSS, disease-specific survival; READ, rectal cancer data set. *p < 0.05, **p < 0.01,

wRkp < 0,001, *¥*p < 0.0001.
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For the tumor metastasis model, 100 pL of cell sus-
pension with NC or FAM49B-KD lentivirus was slowly
injected into their tail vein to construct the lung metasta-
sis model. After about 30 days, tumor metastasis burden
of each mouse was evaluated using in vivo imaging tech-
nology. Then, all mice were euthanized, and their lungs
were dissected and isolated and then fixed in 4% parafor-
maldehyde for further analysis of hematoxylin and eosin
(H&E) staining.

213 | CO-IP assay

Cell protein was extracted using IP lysis buffer and then
was incubated with the primary antibody or IgG over-
night at 4°C. Next day, the mixture was incubated with
protein A/G magnetic beads (#88802, Thermo Scientific)
at room temperature for 2 h. After washing beads three
times, bound proteins were eluted and analyzed by west-
ern blotting as indicated.

2.14 | Interactome analysis by
immunoprecipitation-mass spectrometry
(IP-MS)

Protein complexes were isolated from cell lysates using
antibody-based immunoprecipitation. Samples were
thawed and fractionated into approximately 1 cm strips,
which were then cut into smaller segments. Each sample
was washed with distilled water, followed by decoloriza-
tion with 30% acetonitrile (ACN) in 50 mM ammonium
bicarbonate for 4-8 h at room temperature. After decolor-
ization, samples were dehydrated with 100% ACN until
the colloidal particles turned white. Proteins were
reduced with 10 mM dithiothreitol (DTT) in 50 mM
ammonium bicarbonate, alkylated with 20 mM iodoace-
tamide (IAA), and digested with trypsin overnight at
37°C. The resulting peptides were extracted and dried for

subsequent LC-MS/MS analysis. Peptides were dissolved
in 01% formic acid (FA) and analyzed on a high-
resolution Q Exactive HF-X mass spectrometer (Thermo
Fisher Scientific) using a data-dependent acquisition
(DDA) mode. Proteome Discoverer software was used for
data processing, with peptide and protein false discovery
rates controlled below 1%. Strict criteria were applied to
screen for interacting proteins: (i) a differential log, fold-
change (log,FC) >1.5 between IP and IgG groups within
each group and (ii) a sum PEP (Posterior Error Probabil-
ity) score exceeding 50 points for interaction confidence.

2.15 | c-Myc ubiquitination assay

Control and FAM49B-KD cells were treated with 10 pM
MG132 (MCE, Shanghai, China) for 6 h before cell lysis.
Then, the following steps are consistent with CO-IP
assay, except that an anti-c-Myc antibody (Proteintech,
#10828-1-AP, 1:100) was used.

2.16 | Hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC)

HE staining and THC staining were performed as previ-
ously described.’® Briefly, for HE staining, tissue sections
were deparaffinized and rehydrated, followed by staining
with hematoxylin for 5 min and eosin for 2 min. For IHC
assay, tissue sections underwent antigen retrieval in cit-
rate buffer (pH 6.0) at 95°C for 20 min. Endogenous per-
oxidase activity was blocked with 3% hydrogen peroxide,
and nonspecific binding was inhibited using 5% BSA. The
sections were then incubated with the anti-FAM49B anti-
body (Santacruz, sc-390478, 1:100) and secondary
antibody, followed by  staining with  3,3'-
diaminobenzidine (DAB). Data analysis was assisted by
the Department of Pathology, the Second Affiliated Hos-
pital of Nanjing Medical University.

FIGURE 2

FAMA49B promotes the proliferation ability of CRC cells. (A) Western blot analysis in normal colon epithelial cells NCM460,

human colorectal cancer cell lines HCT116, SW480, SW620, DLD1, and CaCO2 relative expression levels. (B) qRT-PCR was used to detect
the relative expression level of FAM49B mRNA in normal colon epithelial cells NCM460, human colorectal cancer cell lines HCT116,
SW480, SW620, DLD1, and CaCO2. (C) Western blot analysis of the knockdown efficiency of FAM49B protein in SW480 and SW620 cells.
(D) The knockdown efficiency of FAM49B mRNA in SW480 and SW620 cells was detected by qRT-PCR. (E, F) CCK-8 detected the
proliferation function of SW480 and SW620 cells. (G) Edu was used to detect the proliferation function of SW480 and SW620 cells with a
scale of 100 pm. (H) Representative image of tumorigenesis after SW480 cells with NC or LV-shFAM49B were injected into the armpit skin

of nude mice. (T) Changes of subcutaneous tumor volume in each group with time. (J) The weight of subcutaneous tumors in each group of

nude mice. (K, L) Ki-67 levels in subcutaneous tumors of nude mice in each group were analyzed by immunohistochemical staining with a

scale of 100 pm. *s*p < 0.01, **p < 0.001, ***p < 0.0001.
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FIGURE 3 Effect of FAM49B on the cell cycle of SW480 and SW620. (A) After successful knockdown of FAM49B and overexpression of

FAMA49B, the effect of SW480 and SW620 cell cycle was detected by flow cytometry. (B) Bar plot of the corresponding statistical analysis was
performed. (C, D) Western blot analysis of cyclinD1 and cyclinE1 expression in SW480 and SW620 cells with FAM49B knockdown (C) or

FAM49B overexpressed (D). ***p < 0.001, ***p < 0.0001.

217 | Immunofluorescence (IF)
Experimental cells were seeded into a 24-well plate over-
night, followed by fixing with 4% formaldehyde at room
temperature for 15 min. Then, the fixed cells were permea-
bilized by 0.1% Triton X-100 at room temperature, followed
by blocking in normal goat serum for half an hour. The
anti-FAM49B antibody (1:50) and anti-NEK9 antibody
(1:100) were added to the blocked cells for overnight incu-
bation with shaking at 4°C. The next day, the cells were
incubated in secondary antibodies with DAPI at room tem-
perature for 1 h. Finally, the stained cells were imaged with
fluorescence microscopy in a dark area.

2.18 | Statistical analysis

Statistical analysis was performed with R (v4.2.2), Graph-
Pad Prism (Version 8.0), and SPSS software (Version

23.0). Independent sample t-test was used for continuous
variable comparison between the two groups, and y*-test
was used for classified variable comparison. All t-tests
were bilateral, and p < 0.05 showed significant statistical
difference. To ensure robustness, all experiments were
repeated at least three times independently, unless stated
otherwise.

3 | RESULTS
3.1 | Increased FAM49B expression in
CRC and its prognostic significance

Pan-cancer analysis using the TCGA database revealed
significant FAM49B overexpression in various cancers,
notably within digestive system tumors (Figure 1A). In
the TCGA COAD and READ datasets, representing colon
and rectal cancers, FAM49B expression was markedly
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elevated (Figure 1B). To verify FAM49B expression in
CRC tissues, we analyzed paired tumor and adjacent nor-
mal tissues from 83 CRC patients who underwent sur-
gery, alongside their clinical data. The gqRT-PCR and
western blot results indicated significantly higher
FAMA49B expression in CRC tissues compared to adjacent
normal tissues (Figure 1C,D). Immunchistochemical
analysis of a random sample of 40 patients tissues
showed that 80% (32/40) of CRC samples were positive
for FAM49B expression (Figure 1E). Based on qRT-PCR
results, we classified the 83 patients into high-expression
(73.49%, 61/83) and low-expression (26.51%, 22/83)
groups. We statistically analyzed clinical parameters
including age, sex, tumor pathology stage, TNM stage,
preoperative CEA levels, and postoperative progression
(recurrence and metastasis) (Table 1). FAM49B expres-
sion did not correlate significantly with age, sex, or tumor
T stage (p > 0.05) but was significantly associated with
tumor stage (p=0.020), lymph node metastasis
(p = 0.040), and postoperative progression (recurrence:
p = 0.017; metastasis: p = 0.031). Kaplan—Meier survival
analysis indicated that high FAM49B expression is a risk
factor for disease-specific survival (DSS) (Figure 1G).
Analysis of 589 TCGA colorectal cancer cases in the cBio-
Portal database confirmed our findings, showing signifi-
cant correlation between high FAM49B expression and
poorer DSS (Figure 1F).

3.2 | FAMA49B promotes the proliferative
capacity of SW480 and SW620 cells

We measured FAM49B expression levels in the normal
colon cell line NCM460 and CRC cell lines HCT11s6,
SW480, SW620, DLD1, and CaCO2 using qRT-PCR and
western blot. Compared to NCM460, FAM49B mRNA
and protein levels were significantly elevated in CRC cell
lines, with SW480 showing the highest and SW620 show-
ing lower expression (Figure 2A,B). Consequently, we
selected SW480 and SW620 cell lines for subsequent
experiments. We designed three small interfering RNAs
(siRNAs: #si-1, #si-2, #si-3) to knock down FAM49B and
confirmed their efficiency using qRT-PCR and western
blot. The siRNA #si-3 demonstrated the highest knock-
down efficiency in both SW480 and SW620 cells

AR . f
("é-?; Biofactors__\A/| LEYM

(Figure 2C,D). This sequence was then packaged into
plasmid and lentivirus to establish stable FAM49B
knockdown lines for SW480 and SW620 cells.

To assess the impact of FAM49B on CRC cell prolifer-
ation, we performed CCK-8 and Edu assays on SW480
and SW620 cells post-FAM49B knockdown. Results indi-
cated a significant reduction in the proliferation capacity
of SW480 and SW620 cells following FAM49B knock-
down (Figure 2E-G). In addition, FAM49B overexpres-
sion enhanced the proliferative activity of CRC cells
(Figure S1). To confirm in vivo effects, we injected
SW480 cells with stable FAM49B knockdown subcutane-
ously into nude mice and monitored tumor growth
weekly for 4 weeks. FAM49B-knockdown tumors showed
slower growth over time, maintaining smaller, and uni-
form volumes (Figure 2H,I). Tumor weight was also sig-
nificantly reduced compared to the normal control group
(LV-NC) (Figure 2J). Ki-67 THC staining showed signifi-
cantly reduced Ki-67 levels in FAM49B-knockdown
tumors versus controls, indicating suppressed cell prolif-
eration (Figure 2K,L).

3.3 | FAMA49B facilitates cell cycle
progression of SW480 and SW620 cells

Cell proliferation depended on the stable process of the
cell cycle. Based on the above results, the effect of
FAM49B on the cell cycle of CRC was further detected.
Compared with the control group, there was a significant
decrease in the percentage of SW480 and SW620 cells in
G1 phase and a significant increase in S phase after stable
knockdown of FAM49B. Conversely, overexpression of
FAM49B significantly decreased the percentage of the
cells in G1 phase and significantly increased the percent-
age in S phase and G2 phase (Figure 3A,B). These results
mean FAM49B knockdown could induce cell cycle arrest
in the G1 phase of SW480 and SW620 cells.

According to the results of the flow cell cycle, western
blot experiment was used to further detect the expression
changes of G1/S phase-related proteins cyclinD1 and
cyclinEl. The results in turn verified the conclusion of
flow cell cycle, that is, the expressions of cyclinD1 and
cyclinEl in SW480 and SW620 cells were significantly
decreased after FAM49B was knocked down, while the

FIGURE 4

FAMA49B promotes the invasion and migration abilities of CRC cells. (A, C) The invasion and migration conditions of

treated SW480 and SW620 cells were measured by Transwell assay. (B, D) Statistical significance was analyzed according to the number of

invaded and migrated cells. (E, F) The protein expression levels of E-cadherin, N-cadherin, and vimentin in the sw480 and sw620 cells were

examined by western blot. (G, H) Live imaging analysis of nude mice in each group, HE staining detected the number of tumor nodules in
the lung and corresponding statistical analysis. The scale is 100 pm. * < 0.05, **p < 0.01, *** < 0.001, ****p < 0.0001.
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expressions of cyclinD1 and cyclinE1 were significantly

up-regulated  after  overexpression of FAM49B
(Figure 3C,D).
3.4 | FAMA49B enhances CRC cell

invasion and migration via EMT activation

To investigate the impact of FAM49B on the migratory
and invasive abilities of CRC cells, we employed Trans-
well assay to evaluate their migration and invasion
capacities. The results showed that the migration and
invasion ability were inhibited after stable knockdown of
FAMA49B, but significantly enhanced after FAM49B over-
expression (Figure 4A-D). Epithelial-mesenchymal tran-
sition (EMT) played a very important role in the process
of tumor cell metastasis. Western blot experiment was
used to further detect the expression changes of EMT-
related proteins E-cadherin, N-cadherin, and vimentin.
The experimental results showed that knocking down
FAM49B significantly increased the expression of
E-cadherin and decreased the expression of N-cadherin
and vimentin, while overexpressing FAM49B signifi-
cantly increased the expression of N-cadherin and vimen-
tin and decreased the expression of E-cadherin
(Figure 4E,F).

To further explore the influence of FAM49B on CRC
metastasis, SW480 cells stably knocked down by FAM49B
were injected into the tail vein to produce lung metasta-
sis, and the metastasis of tumor cells was observed.
Before collecting the lung metastasis samples of nude
mice, we performed in vivo imaging detection on all
nude mice and found that the visible spectrum of lung
metastasis in FAM49B knockout group was significantly
lower than that in normal control group. After dissecting
nude mice, the lung metastasis was examined by HE
staining. The results showed that the number of lung
metastases in the FAM49B knockout group was

AR . f
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significantly lower than that in the normal control group
(Figure 4G,H).

3.5 | FAMA49B upregulates the c-Myc
oncoprotein and prevents c-Myc from
proteasomal degradation

To investigate the potential mechanism of FAM49B in
CRC cells, we analyzed publicly available single-cell
RNA sequencing data from GSE245552. After performing
quality control, filtering out doublets, and correcting for
batch effects, 20 samples from 15 patients were further
analyzed, containing 71,991 single-cell transcriptomes.
Using UMAP clustering and annotating cell type-specific
markers, we identified 8 distinct cell clusters, including T
cells, B cells, epithelial cells, myeloid cells, fibroblasts,
endothelial cells, mast cells, and plasma -cells
(Figure 5A). To further screen malignant epithelial cells,
we used myeloid cells as reference cells to infer copy
number variations (CNVs) in all epithelial cells. By using
the average CNV score of epithelial cells from normal
colon tissues as a threshold, we finally obtained 6247
malignant epithelial cells (Figure 5B). Malignant
epithelial cells were then reclustered into 14 clusters, and
visualization was performed using UMAP (Figure 5C). It
is worth noting that FAM49B was predominantly
expressed in cluster 0 and cluster 1 (Figure 5D). Then,
GSEA of differential genes between cell clusters with
high and low expression of FAM49B identified MYC_-
Targets_V1 as the most strongly activated hallmark gene
signature (Figure 5E). Correlation analysis also showed
that FAM49B and MYC were significantly positively cor-
related in COAD and READ datasets from GEPIA data-
base (COAD, R =043, p=1.6E-13; READ, R =046,
p = 4.8e-06. Figure 5F).

Western blot technique was used to detect the
expression of c-Myc in SW480 cells and SW620 cells

FIGURE 5

FAM49B upregulates the c-Myc oncoprotein and prevents c-Myc from proteasomal degradation. (A) UMAP plots of scRNA-

seq profiled in this study were colored based on cell type. (B) Chromosomal heat maps of inferred CNVs in epithelial cells, with red denoting
amplification and blue signifying deletion. (C) UMAP plots of malignant epithelial cells with 14 clusters. (D) UMAP plots of malignant
epithelial cells with FAM49B expression. (E) Bubble map of the hallmarks of differential genes between cell clusters with high FAM49B
expression and low FAM49B expression using GSEA. (F) Correlation analysis of FAM49B and c-Myc in COAD and READ datasets within
GEPIA database. (G, H) Immunoblots of the indicated proteins of total lysates from SW480 and SW620 cells with stable knockdown of
FAM49B (G) or overexpressing FAM49B (H), compared with the control group. (I) Relative c-Myc mRNA expression was analyzed by RT-
gPCR in SW480 and SW620 cells with stable knockdown of FAM49B, compared with the control group. (J, K) Representative immunoblots
(I) and quantification (K) of c-Myc protein levels in total lysates of SW480 and SW620 cells with stable knockdown of FAM49B, compared
with the control group, in response to CHX treatment. (L, M) Representative immunoblots (L) and quantification (K) of c-Myc protein levels
in total lysates of SW480 and SW620 cells with stable knockdown of FAM49B treated with DMSO or MG132, in the presence of CHX
treatment. (N) Immunoprecipitation of c-Myc was obtained from SW480 and SW620 cells in the control group or FAM49B stable
knockdown group. K48 and c-Myc were detected by western blot assay with immunoprecipitation products and total lysate.
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FIGURE 6 FAMA49B binds to and activates NEK9. (A) Schematic diagram of IP-MS-based group analysis of protein interactions. (B) The
top 10 potential interacting proteins of FAM49B in the normal endogenous FAM49B IP group (left) and the overexpressed exogenous
FAM49B Flag IP group (right). (C) CO-IP experiment verified the binding of FAM49B and NEK9 in SW480 cells and SW620 cells.

(D) Localization of the interaction between FAM49B and NEK9 in SW480 cells by IF assay (E). After knocking down FAM49B, the
expression of p-NEK9 (Thr210) and NEK9 in SW480 cells and SW620 cells was detected by western blot. (F) Western blot analysis of p-NEK9
(Thr210) and NEK9 expression in SW480 cells and SW620 cells with ectopic overexpression of FAM49B.

with stable FAM49B knockdown. The results showed  and K48 ubiquitin is the main pathway of protein deg-
that compared with the control group, FAM49B knock- radation. Consistently, the half-life of c-Myc protein
down significantly inhibited the expression of c-Myc  was significantly reduced by stable knockdown of
(Figure 5G). Conversely, overexpression of FAM49B FAM49B (Figure 5J,K), and its degradation could be
can significantly up-regulate the expression of c-Myc  blocked by the proteasome inhibitor MG132
(Figure 5H). However, the mRNA expression levels of  (Figure 5L,M). Moreover, c-Myc K48-linked ubiquitina-
c-Myc are not affected by the expression of FAM49B tion levels increased significantly after FAM49B knock-
(Figure 5I). It is well known that c-Myc protein is down (Figure 5N). Therefore, FAM49B could be a
mainly degraded by ubiquitin proteasome pathway,’® potential stabilizer of c-Myc in CRC cells.
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TABLE 2 IP-MS identification of 31 proteins with FAM49B possible interaction.
IP-FAM49B (Flag-FAM49B)IP-Flag

Protein Log2FC (IP/1gG) Sum PEP score MW [kDa] Log2FC (IP/1gG) Sum PEP score MW [kDa]
NEK9 6.97 201.31 107.1 6.62 283.28 107.1
SERPINH1 4.71 128.91 46.4 5.81 24335 46.4
CPSF3 6.18 63.97 77.4 5.71 78.88 77.4
PPIL2 4.62 73.85 58.8 5.42 128.27 58.8
CAPRIN1 5.12 117.13 78.3 5.41 147.90 78.3
SMARCC1 341 50.73 122.8 5.36 70.21 122.8
CPSF1 3.40 114.67 160.8 5.26 151.88 160.8
CPSF2 5.23 78.33 88.4 5.26 90.99 88.4
MATR3 3.65 113.33 94.6 4.72 169.46 94.6
COL1A1 3.33 65.14 138.9 4.55 141.71 138.9
PRRC2A 2.19 62.80 228.7 4.45 103.52 228.7
PABPC4 3.53 156.01 70.7 3.78 206.67 70.7
ASCC3 3.77 116.34 251.3 3.65 77.07 251.3
ATXN2L 213 61.48 113.3 3.53 115.98 113.3
SMARCA4 5.91 93.87 184.5 3.51 134.69 184.5
PABPC1 3.11 204.08 70.6 3.46 270.68 70.6
PTBP1 1.52 77.79 57.5 3.46 130.11 57.2
WDR33 4.81 62.83 145.8 3.37 133.11 145.8
NONO 1.87 60.82 54.2 3.29 103.66 54.2
RPS2 1.53 51.68 31.3 3.21 67.01 31.3
PLOD3 3.89 54.80 84.7 3.20 64.18 84.7
SFPQ 1.54 114.57 76.1 3.03 149.16 76.1
FXR1 1.61 94.41 69.7 2.85 134.69 69.7
RPS4X 1.58 65.60 29.6 2.80 71.94 29.6
LARP4 3.45 82.52 80.5 2.68 70.20 80.5
USP10 1.63 57.15 87.1 2.58 64.38 87.1
G3BP1 1.99 101.22 52.1 2.36 97.46 52.1
EIF3L 2.24 51.25 66.7 2.34 73.79 66.7
ANK1 5.14 1114 206.1 2.33 66.31 206.1
SERBP1 1.74 86.70 449 2.22 114.05 449
RPL3 1.57 111.37 46.1 1.54 122.55 46.1

3.6 | NEKO9 is the main intermediate (Flag-FAMA49B) treated with Flag. Both setups (ii) and

molecule of FAM49B regulating c-Myc

To further determine whether FAM49B regulates the sta-
bility of c-Myc directly or indirectly, four protein hydroly-
sates were prepared, and corresponding electrophoresis
strips were produced for the following setups: (i) SW480
cells treated with IgG (control group), (ii) SW480 cells
with endogenous FAM49B, (iii) SW480 cells with ectopi-
cally overexpressed FAM49B (Flag-FAM49B) treated
with IgG, and (iv) SW480 cells with FAM49B

(iv) were conducted in duplicate. The interactions among
proteins  were  subsequently analyzed through
immunoprecipitation-mass spectrometry (Figure 6A).
Strict screening (log2FC > 1.5, sum PEP score > 50) was
put in force and a total of 31 proteins were identified that
may interact with FAM49B (Table 2), but c-Myc protein
was not found, which indicated that FAM49B could not
directly interact with c-Myc. Interestingly, the top
10 interacting proteins in endogenous FAM49B group
and ectopic overexpression FAM49B group had high

WLy papeojuMOC] | “STOT 1BOSTLYI

g
2
g
H
g
=
-
8
=
2
g
]

fuey - onp

oipopy Sur

1003 puk suua ] a1 208 ‘[707/1 0460] 1o ARIqr] aurug

Koy w0 (Suorpuoa-pue-s

PILE i) tas Jo s 1og ey aury

o
E]
2
@
—
E
&
&



Biofactors

LU ET AL

=

s (B) . (C) (D)
2 . P Y \'\% ng qs) N O"], e Overall Survival
8 SO O o
2 = o o QY - I 1
% 104 kDa £ '\-, B
3 = ! . :
E NEKD | S8 B S o T 120 .—f 50 -+ NEKY High I £
z | % - NEK9 Low g
2 a HR = 3.119 (1.494-6.509) *
s GAPDH | " e S s S s | S P=0.0183
= o al
¢ | €3 ) : : -
g ANT 1+l NHY Time after surgery (DSS.Months) ? Months “ -
{9 )
(E) & &P
& & JF
(SN [,
M kDa SW480
p-c-Myc [ B - < SW620
(Ser62) . R | 57 - cul . co
o £ = LV-shNEK9 £ = LV-shNEK9 :|
c c
c-Myc| N W | | . o | 57 : s
a 2
o o
NEKO | we—— S . 120
T T T 1 T T T 1
GAPDH | (D aaaeaa 3/ 1 2 3 4 1 2 3 4
Time (Days) Time (Days)
SW480 SW620
(G) Edu DAPI Merge DAPI Merge
. Ctrl
= g% = Lvsnneko
o % 60
Q
g
o g
X ]
% g
= 3
g Fo
3 SW480 SW620
SW480 SW620
(H) LV-shNEK9 LV—ShNEKQ

. Cirl
= LV-shNEKS

Invasion

Invasion  Migration

SW480

Migrtation

FIGURE 7

Legend on next page.

similarity. NEK9 protein ranked first in the two groups
(Figure 6B). Moreover, NEK9 was the only kinase among
the 31 proteins identified, which has the potential to acti-
vate c-Myc.
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CO-IP and fluorescence co-localization experiments
were used to confirm the interaction between FAM49B
and NEK9. The results showed that FAM49B and NEK9
were bound in SW480 cells and SW620 cells (Figure 6C),
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and the binding site was mainly in the cytoplasm
(Figure 6D). In addition, through western blot detection,
we found that the phosphorylation of NEK9-Thr210 in
SW480 cells and SW620 cells was significantly weakened
after FAM49B was knocked down (Figure 6E), while it
was significantly enhanced after FAM49B was overex-
pressed (Figure 6F). Previous studies have shown that the
increase in phosphorylation of NEK9-Thr210 is a sign of
NEK9 activation,®” which indicated that the activation
of NEK9 requires FAM49B.

3.7 | NEKO9is related to poor prognosis of
CRC patients and promotes CRC
progression

The expression of NEK9 in colorectal cancer was signifi-
cantly higher than that in adjacent tissues, and the higher
the tumor stage, the higher the expression (Figure 7A).
Furthermore, the expression of NEK9 protein in colorec-
tal cancer cell lines (HCT116, SW480, SW620, and DLD1)
was also significantly higher than that in the normal
colon epithelial cell line NCM460 (Figure 7B). Subse-
quently, it was found that the higher the expression of
NEK9, the worse the prognosis of patients (HR = 3.119,
p = 0.0183, Figure 7C). In the GEPIA database, Kaplan—
Meier survival analysis showed high NEK9 expression
was a risk factor for OS of COAD (TCGA COAD,
HR = 1.6, p = 0.048, Figure 7D).

To confirm whether NEK9 affects the function of
CRC cells, we also designed three siRNA sequences to
knock down the expression of NEK9. The results showed
that # si-3 had the most significant knockdown efficiency
(Figure S2A,B) and was made into the lentivirus. The
proliferation, migration, and invasion functions of
SW480 and SW620 cells were significantly inhibited after
stably knocking down NEK9 (Figure 7F-H), while NEK9
overexpression promoted their proliferation, migration,
and invasion (Figure S2C-E). Additionally, to determine
whether NEK9 regulates the expression of c-Myc, or even
promotes the phosphorylation of c-Myc, changes in the
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expression and phosphorylation of c-Myc at Ser62 site
were analyzed using western blot after stable knockdown
of NEK9 in SW480 and SW620 cells. Compared with the
control group, the expression of c-Myc protein and
the phosphorylation of c-Myc-Ser62 site were signifi-
cantly inhibited in the NEK9 knockdown group
(Figure 7E).

3.8 | FAMA49B regulates c-Myc by
activating NEK9 to promote CRC cell
proliferation and migration

To clarify whether FAM49B regulates the expression and
phosphorylation of c-Myc by activating NEK9, we manip-
ulated NEK9 expression in CRC cells overexpressing
FAM49B to determine changes in c-Myc expression and
phosphorylation levels by western blot analysis. When
FAM49B was overexpressed ectopically, the phosphoryla-
tion of NEK9-Thr210 was enhanced, and the expression
of c-Myc protein and the phosphorylation of Ser62 were
significantly up-regulated. Based on this, when the
expression of NEK9 is knocked down, the phosphoryla-
tion of NEK9-Thr210 was almost completely inhibited,
while the expression of c-Myc protein and the phosphory-
lation of Ser62 could be significantly reversed. When
NEK9 was overexpressed, the phosphorylation of
NEK9-Thr210 was more obvious, and the expression
of c-Myc protein and the phosphorylation of Ser62 were
significantly further enhanced (Figure 8A,B).

To better explore whether the FAM49B/NEK9/c-Myc
axis could promote CRC progression, we further detected
the proliferation, migration, and invasion ability of CRC
cells. The results showed that the proliferation, migra-
tion, and invasion ability of cells were significantly
enhanced after ectopic overexpression of FAM49B. Based
on this, when the expression of NEK9 was knocked
down, the proliferation, migration and invasion ability
were significantly inhibited. When NEK9 was overex-
pressed, the proliferation, migration, and invasion ability
were significantly further enhanced (Figure 8C-G). These

FIGURE 7

NEK? is related to poor prognosis of CRC patients and promotes CRC cells proliferation, migration, and invasion.

(A) Expression levels of NEK9 mRNA in colorectal cancer tissues and adjacent normal tissues. (B) Western blot analysis of NEK9 protein

expression between normal colon epithelial cells and CRC cell lines. (C) Kaplan-Meier survival curve was used to compare the DSS survival

time of 83 CRC patients in the NEK9 high expression group and the low expression group. (D) Kaplan-Meier survival curve was used to
compare the OS survival time of CRC patients in the TCGA COAD dataset between the group with high NEK9 expression and the group
with low NEK9 expression. (E) After knocking down NEK9, western blot assay was used to detect the expression changes of p-c-Myc (Ser62)
and c-Myc in SW480 cells and SW620 cells. (F) After knocking down NEK9, the proliferation activity of SW480 (left) and SW620 (right) cells
was detected by CCK-8. (G) The proliferation ability of SW480 and SW620 cells was detected by Edu assay and corresponding statistical
analysis was performed. (H) The migration and invasion ability of SW480 and SW620 cells were detected by Transwell assay, and the

corresponding statistical analysis was performed. The scale is 100 pm. ***p < 0.001, ****p < 0.0001.
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data show that the activation of the FAM49B/NEK9/c-
Myc axis can promote CRC progression.

4 | DISCUSSION

Currently, comprehensive treatment strategies, including
surgical resection, have proven effective in managing
localized CRC. However, once colorectal cancer cells
metastasize to distant organs, the disease progresses to a
systemic condition, affecting multiple organs and making
it more difficult to treat effectively.®® * This metastatic
progression becomes a leading cause of mortality in CRC
patients, highlighting the urgent need to further elucidate
the underlying mechanisms of colorectal cancer develop-
ment, progression, and metastasis.*’

FAM49B, a member of the family with sequence simi-
larity 49 (FAMA49), is a recently discovered gene with evo-
lutionarily conserved characteristics. Limited studies
suggest that FAM49B may have critical tissue-specific
roles, particularly in regulating cell movement. Recent
research indicates that FAM49B is involved in tumor pro-
liferation, invasion, and metastasis, though the specific
mechanisms appear  varied and sometimes
contradictory.** *® Li et al. found that FAM49B promotes
breast cancer proliferation, metastasis, and chemoresis-
tance.** Zhang et al. discovered that FAM49B regulated
by TASP1 promotes gallbladder cancer cell proliferation
and metastasis.® But in pancreatic cancer, Chattaragada
et al. identified FAM49B as a tumor suppressor.” Our
study contributes to this growing body of knowledge by
demonstrating that FAM49B expression is significantly
elevated in CRC tissues and correlates with poor progno-
sis. These findings suggest that FAM49B could serve as a
valuable prognostic biomarker, particularly for patients
at high risk of metastatic disease.

In this study, we found that FAM49B expression is
elevated in colorectal cancer and is significantly associ-
ated with poor prognosis. Functionally, FAM49B pro-
motes proliferation, migration, and invasion in vitro, as
well as metastasis in vivo, underscoring its potential role

AR . f
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in colorectal cancer progression. Mechanistically,
FAM49B phosphorylates, stabilizes, and activates c-Myc,
largely by activating NEK9. Simply put, these three pro-
teins assemble into a regulatory axis in CRC cells, serving
as potential risk factors that promote the progression of
CRC. In addition, these findings are closely associated
with clinical prognostic outcomes. Both scRNA analysis
from tissue samples and cellular level studies demon-
strate a significant correlation between FAM49B and the
activation of the oncogene c-Myc, which plays a crucial
role in promoting CRC progression.”” The correlation
between FAM49B expression and c-Myc activation high-
lights the potential of FAM49B as a prognostic
biomarker.

NEK9 (NIMA-related protein kinase 9) is a member
of the NEK family of serine/threonine kinases that are
emerging as important regulators of the cell cycle and
checkpoint control.** Activated NEK9 phosphorylates
NEK6 and NEK7, which in turn phosphorylate essential
components such as Eg5, microtubules, and c-TuRC, cru-
cial for the correct formation of the mitotic spindle.*®
Kinase activity is the core function of NEK9." Foregone
studies have confirmed that the increase of phosphoryla-
tion of NEK9-Thr210 is a sign of NEK9 activation.”’ Lu
et al. discovered that NEK9, activated by SLIT2 derived
from cancer-associated fibroblasts, and also activated by
IL-6/STAT3, promotes metastasis of gastric cancer.”””"
But in pancreatic cancer, NEK9 expression was downre-
gulated in tumor tissues, and low NEK9 mRNA expres-
sion was related to poor overall survival.”> However, the
role of NEK9 in CRC remains poorly understood. In
the context of CRC, we show that NEK9 activation,
through phosphorylation at Thr210, plays a crucial role
in stabilizing c-Myc and promoting tumor cell prolifera-
tion. Our findings suggest that NEK9 not only regulates
mitotic processes but also acts as a key mediator of
FAM49B-driven oncogenesis in CRC. Additionally, with
the knock-down of NEK9 expression, the proliferation,
migration, and invasion of CRC cells were significantly
inhibited, the expression of c-Myc protein and the phos-
phorylation of c-Myc-Ser62 site was also significantly

FIGURE 8

FAMA49B enhanced the expression of c-Myc protein and phosphorylated c-Myc (Ser62) by promoting the phosphorylation of

NEK9-Thr210, which promoted the progression of CRC. (A) On the basis of ectopic overexpression of FAM49B, NEK9 was knocked down,
and the expression changes of p-NEK9(Thr210), NEK9, p-c-Myc (Ser62), and c-Myc were detected by western blot. (B) On the basis of
ectopic overexpression of FAM49B, NEK9 was overexpressed, and the expression changes of p-NEK9(Thr210), NEK9, p-c-Myc (Ser62), and

c-Myc were detected by western blot. (C, D) The proliferation ability was examined by Edu assay in the Flag-FAM49B group transfected with

NEK9 siRNA or NEK9 plasmid, and corresponding statistical analysis was performed. (E) The growth rate was detected by CCK-8 assay in
the Flag-FAM49B group transfected with NEK9 siRNA or NEK9 plasmid. (F, G) The invasion and migration abilities were examined by
Transwell assay in the Flag-FAM49B group transfected with NEK9 siRNA or NEK9 plasmid, and corresponding statistical analysis was
performed. The scale is 100 pm. * < 0.05, **p < 0.01, *** < 0.001, ****p < 0.0001.
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inhibited, which verified the relationship between NEK9
and c-Myc. Although our current evidence does not
definitively show that NEK9 directly binds to c-Myc,’>**
researchers have identified NEK9 in the protein interac-
tome of c-Myc. This suggests that NEKO9 is likely a direct
kinase of c-Myc and acts as an intermediary between
FAM49B and c-Myc.

In summary, our study is the first to demonstrate the
clinical and biological significance of FAM49B and NEK9
in CRC, showing that the interaction between these two
proteins stabilizes and activates the oncogene c-Myc,
thereby facilitating CRC progression. Certainly, the
details within this finding still require continual refine-
ment. Overall, FAM49B can serve as a prognostic bio-
marker, and targeting FAM49B pharmacologically may
offer a potential therapeutic approach for CRC patients.
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