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Downregulation of FEM1C enhances metastasis and proliferation
in colorectal cancer
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Background: Feminization-1 (FEM-1) is considered a substrate recognition subunit of CUL2-RING E3
ubiquitin ligase complexes, which refers to sex determination by modulating TRA-1 stability in C. elegans.
The function of mammalian orthologous gene of FEM-1 remains to be elucidated.

Methods: The expression of FEM1C in colorectal cancer (CRC) cells was interfered by small interference
RINA (siRNA) transfection, and Cell counting kit-8 (CCK-8) assay, colony formation assay and transwell
assay were performed. In order to estimate the function on metastasis, stable knockdown FEM1C cells were
used to established liver and lung metastasis models. In addition, the expression of FEM1C in normal tissues,
adenomas and tumor tissues were analyzed, and the relationship between FEM1C expression level and
prognosis was analyzed by Kaplan-Meier method.

Results: Here, we report that the elimination of FEM1C, one of the members of FEM-1, significantly
promoted the migration and invasion of colorectal cancer (CRC) cells iz vitro and promoted liver and lung
metastases in vivo. It also showed that the removal of FEM1C improved the proliferation ability of CRC
cells. In particular, the cell shape changed from epithelial to fibroblast-like morphology. The tight cell
monolayer was transformed into a dispersed distribution. Furthermore, it was demonstrated that FEMI1C is
down-regulated in tissues of CRC compared to normal tissues, and the high expression of FEM1C positively
correlates with a good prognosis in patients with CRC. GSEA analysis showed that EMT signatures was
enriched in FEM1C knockdown groups.

Conclusions: Down-regulation of FEM1C promotes proliferation and metastasis, and FEM1C may be a
tumor suppressor in the development of CRC.
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Introduction to drive CRC tumorigenesis and development (1), the

precise molecular mechanisms of CRC pathogenesis,
Colorectal cancer (CRC) is one of the most common especially for distant metastases, remain elusive. A better
understanding of the molecular mechanism driving
associated death worldwide. Although abnormal alteration metastasis and abnormal proliferation holds the promise of

of tumor suppressor and oncogene genes has been reported developing therapeutic strategies to eradicate CRC.

malignant tumors and the most common cause of cancer-
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Feminization-1 (FEM-1) is considered a substrate
recognition subunit of CUL2-RING E3 ubiquitin ligase
complexes, which were reported to participate in the
determination of sex by modulating the stability of TRA-1
in C. elegans (2). The FEMI protein participates in the
assembly of E3 complexes by three elements, mainly,
including the ANK repeat domains at the N-terminus,
which interact with substrates (3,4), the BC box referring
to binding of Elongin B and Elongin C, and the cullin
box referring to binding of cullin2 (5,6). The mammalian
orthologous gene consists of three members, including
FEMI1A, FEMI1B, and FEMI1C. Recently, two research
groups have elucidated the molecular basis for substrate
recognition by CUL™ E3 ligase by the crystallography
method simultaneously, and it was shown that FEMIA,
FEMI1B, and FEMIC selectively targeted different classes
of Arg/C-degrons (7,8). However, we know little about the
function of the FEM-1 gene in mammals, and few substrates
of FEM-1 have been reported so far (9). In this study, we
investigate the function of FEM1C in the development
of CRC, because FEMI1C is significantly down-regulated
in CRC tissues, and low expression is related to the poor
prognosis of CRC patients. We found that the elimination
of FEM1C in CRC cell lines significantly promoted
metastasis, both iz vitro and iz vive. In addition, the removal
of FEMIC also increased cell proliferation. The role of
FEMI1C in modulating cancer progression has not been
reported before, and exploring the molecular function of
it will extend our understanding of CRC pathogenesis and
develop new therapeutic target.

Furthermore, an obvious morphology change was observed
after the elimination of FEM1C in HCT116 and LoVo cells.
Tandem mass tag (TMT) proteomic analysis revealed that
the removal of FEMI1C resulted in a change in the protein
level of many proteins, which refers to cell adhesion, hypoxia,
myogenesis, and epithelial-mesenchymal transition (EMT).
Our study indicated that FEM1C might be a tumor suppressor
and that its down-regulation may be an important factor
in CRC development. We present the following article in
accordance with the ARRIVE reporting checklist (available at
https://dx.doi.org/10.21037/atm-21-4244).

Methods
Cell lines

Human embryonic kidney cell line HEK293T, human
CRC cell lines (HCT116 and LoVo) were acquired from
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ATCC and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) or RPMI 1640 medium supplemented with
10% (v/v) fetal bovine serum (FBS) (Gibco), penicillin
(100 U/mL), and streptomycin (100 pg/m;) at 37 °C in a
humidified incubator with 5% CO,, respectively.

RNA extraction and gRT-PCR

"Total RNA was extracted using the Total RNA Kit I (Omega)
according to the manufacturer’s protocol and reverse
transcribed into cDNA with the EasyScript one-step
gDNA removal and ¢cDNA synthesis SuperMix (TransGen
Biotech). Real-time PCR was performed using TransStart®
Tip Green qPCR SuperMix (TransGen Biotech). The PCR
procedure was described as follows: 95 °C for 3 min; 95 °C
for 15 sec, 60 °C for 30 sec, 72 °C for 15 sec (45 cycles). The
primers used for qRT-PCR are shown in Table S1. The
27%“ method determined the relative gene expression
levels, with GAPDH as the internal control.

RNA interference and transwell assay

Cells were seeded in a 6 cm diameter Petri dish with
50-60% confluence, and siRINA was transfected into cells at
final concentrations of 100 nM. The stable knockdown cell
line was established by infecting HCT116 with lentiviruses
carrying shRINA expression cassette, followed by a one-week
selection of 0.5 pg/mL puromycin. Detailed information on
siRINA and shRNA is shown in Table S1.

Cells were digested with 0.25% trypsin and suspended
in an FBS-free medium. 24 well transwell plates with 8-pm
pore size polycarbonate filter (Corning) were used for the
Transwell assay. 10° cells in 200 pL volume were seeded
in the upper cell, and 600 pL. RPMI 1640 with 20% FBS
was injected into the lower space. Cells were fixed with 4%
paraformaldehyde and then stained with 1% crystal violet
after 36 hrs. The upper cells of the filter were erased with
a cotton swab, and after twice rinsing with water, the lower
cells were photographed at 100x.

Cell counting kit-8 (CCK-8) assay and colony formation
assay

5x10" cells were seeded into 96-well flat-bottom plates, and
cell proliferation was determined daily using the CCK-8 assay
(Beyotime, Shanghai, China). The substrate was added of 5 pL.
per well, and after 1 hr of incubation, absorbance was measured
at 450 nm on a plate reader (Thermo Fisher Scientific).
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Five hundred cells were seeded in 6-well culture
plates and cultured for 10 days. Cells were fixed with 4%
paraformaldehyde for 10 min, followed by staining with 1%
crystal violet for 15 min. The plates were photographed,
and the colonies were counted.

Models of liver and lung metastasis in vivo

Liver and lung metastasis experiments in nude mice were
designed and performed to comply with the approved
protocol described by the Sixth Affiliated Hospital of Sun
Yat-sen University (20190821-006), in compliance with
guidelines of The Sixth Affiliated Hospital of Sun Yat-sen
University for the care and use of animals. A protocol was
prepared before the study without registration. The Beijing
Charles River Laboratories supplied male and female
BALB/c-nude mice (3—4 weeks old). The liver metastasis
models were established by injecting cancer cells into the
spleen, and the lung metastasis models were established
by injecting cancer cells into a caudal vein. Cells were
suspended in PBS, and the injection number was 2x10° per
mouse (5 mice per group). Five weeks later, livers and lungs
were harvested and fixed with a 10% formalin solution.
The metastasis nodules were counted. The animals were
excluded if they died after surgery in one week because of
failure of surgery.

Immunofluorescent assay (IFA)

Cells were washed twice with PBS, fixed with 4%
paraformaldehyde for 20 minutes, then permeabilized
with 0.2% Triton X-100 in PBS for 10 minutes followed
by incubation with normal goat serum (Boster, China) for
1 hr at room temperature. The cells were then incubated
with a primary antibody for 2 hrs. After washing four times
(5 min per time) with PBST (PBS containing 0.2% between
20), a secondary antibody conjugated 488 or 594 nm
fluorophore (ThermoFisher) was added and incubated for
1 hr. The nuclei were stained with Hoechst 33342 (Thermo
Fisher Scientific, USA). Images were captured with a Leica
confocal microscope.

Protein extraction and Western blot analysis

Total protein was extracted using RIPA buffer with the
protease inhibitor cocktail (Beyotime Biotechnology) on
ice for 30 min. Protein concentration was measured with

the BCA Protein Assay Kit (ThermoFisher). Proteins were
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separated by SDS-PAGE and transferred to a nitrocellulose
membrane (Millipore). After being blocked with 10%
skim milk for 1 hr at room temperature, membranes
were incubated with specific primary antibodies at 4 °C
overnight. After washing four times with PBST (PBS
plus 0.5% Tween-20), membranes were incubated with
secondary antibodies for 1 hr at room temperature.
After washing, protein bands were detected by enhanced
chemiluminescence reagent (ThermoFisher).

GEO and TCGA data analysis

The data for the GSE8671, GSE32323, and GSE39582
transcriptome profiles were downloaded from GEO (Gene
Expression Omnibus) (https://www.ncbi.nlm.nih.gov/
geo/), and the CRC gene expression profile published
by TCGA (The Cancer Genome Atlas) was downloaded
from OncoLnc (http://www.oncolnc.org/) and UALCAN
(http://ualcan.path.uab.edu/index.html) website. Survival
data of CRC patients in TCGA and GSE39582 were also
downloaded together. The transcriptional level of FEM1C
between CRC or adenoma tissues and normal tissues was
compared. The Kaplan-Meier method acquired the survival
curves (OS) and relapse-free survival (RFS) curves, and
differences were analyzed with the log-rank test. X-tile
statistical software determined the cut-off value between
the high and low FEM1C expression groups (Version
3.6.1). The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Proteomic analysis of tandem mass tags (ITMT) (10,11)

HCT116 was transfected with the negative siRNA or the
siRNA-targeted FEM1C gene. 48 hrs later, SD'T buffer was
added and lysate was sonicated and then boiled for 15 min.
After centrifuged at 14,000 g for 40 min, the supernatant
was quantified with the BCA Protein Assay Kit (P0012,
Beyotime). 200 pg of proteins were incorporated into 30 pL
SDT buffers (150 mM Tris-HCI, 4% SDS, 100 mM DTT,
pH 8.0). DT, Detergent and other low molecular weight
components were removed by ultrafiltration (Sartorius,
30 kD) using UA buffer (8 M Urea, 150 mM 'Iris-HCI pH
8.5). Following, 100 pL iodoacetamide (100 mM IAA in
UA buffer) was added to block reduced cysteine residues,
and samples were incubated for 30 min in darkness. The
filters were washed with 100 pL. UA buffer for three times
and then with 100 pL 0.1M TEAB buffer for twice. Finally,
the protein suspensions were digested with 4 pg trypsin
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(Promega) in 40 pL 0.1 M TEAB buffer overnight at
37 °C, and the resulting peptides were collected. The
peptide content was determined by UV light spectral
density at 280 nm using an extinction coefficient of 1.1 of
0.1% solution (g/L) calculated based on the frequency of
tryptophan and tyrosine in vertebrates’ proteins. According
to the manufacturer’s protocols, 100 pg peptide mixture
of each sample was labeled with TMT reagent (Thermo
Fisher Scientific).

TMT-labeled peptides were fractionated by RP
chromatography using the Agilent 1260 Infinity II HPLC.
Subsequently, the peptides were analyzed using LC-MS/
MS on QExactiveTM Plus (Thermo Fish Scientific)
coupled to an EASY-nL.C 1000 UPLC system (Thermo
Fisher Scientific). LC-MS/MS analysis was performed
on a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific) coupled to Easy nL.C (Thermo Fisher Scientific)
for 90/120 min (determined by project proposal). The
mass spectrometer was operated in positive-ion mode. The
MS data was dynamically acquired using a data-dependent
top10 method, choosing the most abundant precursor ions
from the survey scan (350-1,800 m/z) for the fragmentation
of HCD. The automatic gain control (AGC) target was set
to 3e6, with a maximum inject time of 45 ms. Survey scans
were acquired at a resolution of 70,000 at m/z 200, and the
resolution for HCD spectra was set at 17,500 at m/z 200,
and the isolation width was 2 m/z. The normalized collision
energy was 30 eV. MS/MS spectra were searched using the
MASCOT engine (Matrix Science, London, UK; version
2.6) embedded in Proteome Discoverer 2.1. The following
parameters were set. Proteins which fold change >1.2 and P
value (student’s #-test) were differentially expressed proteins.

All protein sequences were aligned with the Homo
sapiens database downloaded from NCBI (NCBI-blast-
2.2.28+-win32.exe); only the sequences in the top 10 and
E-value <le-3 were kept. A two-way ANOVA test was
applied to detect differentially expressed proteins between
FEMI1C knockdown and control samples. The P values
were corrected using the Benjamini-Hochberg procedure.
Pathway enrichment analysis was executed using GSEA
analysis based on the MSigDB database using the R/
Clusterprofiler package. The pathways were considered
enriched in the specified group if the false discovery rate (q
value) of the GSEA analysis was <0.05.

Statistical analysis

Data are expressed as mean + standard deviation. A two-
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sided unpaired Student’s #-test was used to evaluate the
statistical differences between two groups, unless otherwise
stated. It was statistically significant when the P value is less
than 0.05. The asterisks indicate statistical differences (***,
P<0.001; **, P<0.01; *, P<0.05). Data analysis was performed
using GraphPad Prism 5 software.

Results

FEMIC is down-regulated in CRC, and its expression is
positive with a good prognosis in CRC patients

To evaluate the expression of FEM1C during the
development of CRC, we analyzed the transcriptome profile
data of normal tissues, adenomas, and CRC tissues. FEM1C
was shown to be significantly down-regulated in adenomas
and CRC tissues compared to normal tissues (Figure 14,1B
and Figure S1A). Comparable results were displayed by
analyzing TCGA data (Figure S1B). Furthermore, it was
demonstrated that patients with colon adenocarcinoma
(COAD) and rectum adenocarcinoma (READ) with
high expression of FEM1C had longer overall survival
times and disease-free survival times (Figure 1C,1D and
Figure S1C,S1D) using the Kaplan-Meier method with the
logarithmic rank test. These results suggested that FEM1C
may be positively correlated with the patient’s prognosis and
may be a tumor suppressor in CRC development.

Knockdown of FEM1C promotes migration, invasion, and
metastasis of CRC cells

We have found that the knockdown of FEM1C by siRNA
could promote migration and invasion of HCT116 cells in
vitro (Figure 2A). In addition, an obvious change in cell shape
was observed when FEM1C was knocked down (Figure 2B
and Figure S2A). Comparable results were obtained in LoVo
cells (Figure S2B,S2C). The FEM1 gene contains three
members, FEM1A, FEM1B, and FEMI1C in Homosapiens.
Interestingly, the elimination of FEMIA and FEM1B did
not change the cell morphology (Figure S2D). It seems
that FEMI1C has the specific function to modulate cell
morphology and mobility, which is absent in FEM1A and
FEM1B. To investigate whether the knockdown of FEM1C
can improve metastasis iz vivo, we established liver and lung
metastasis models by injecting CRC cells into the spleen
and caudal vein. As the results have shown, the knockdown
of FEM1C by shRNA significantly promoted the seeding of
HCTT116 in the liver and lung (Figure 2C,2D). All the above
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Figure 1 FEMI1C is down-regulated in adenomas and CRC tissues, and its expression level is correlated with the prognosis of patients with
CRC. (A) The expression level of FEM1C in 32 pairs of adenomas and normal mucosa was analyzed. The data was from GSE8671. (B) The
expression level of FEM1C in 17 pairs of cancer and normal tissues was analyzed. The data was from GSE32323. Two-side paired Student

t test was used to evaluate the statistical differences of two groups. (C,D) The relationship between FEMI1C expression level and overall
survival times in COAD (C) and READ (D) patients were analyzed by Kaplan-Meier method with Log-rank test. The data was downloaded

from OncoLnc (http://www.oncolnc.org/). CRC, colorectal cancer.

evidences indicated that FEM1C knockdown promoted
metastasis of CRC cells #z vitro and in vivo.

Knockdown of FEM1C promotes proliferation of CRC cells

Abnormal proliferation is one of the malignant features of
cancers. Therefore, we had studied the function of FEM1C
in cell proliferation. The CCK-8 assay showed that HCT'116
and LoVo cells reproduced faster when down-regulating
FEMI1C by siRNA (Figure 34 and Figure S3A). The results
were consistent in the colony formation assay; there were
more colonies in the FEM1C knockdown groups than in the
negative controls (Figure 3B and Figure S3B). These revealed
that FEM1C participated in modulating the cell cycle, and its
down-regulation promoted cell proliferation.

Knockdown of FEM1C up-regulates proteins involved in

the EMT

To better understand the mechanisms by which FEM1C
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affects the malignant features of CRC, we performed a
proteomic analysis of HCT116 transfected with negative
control siRNA and the FEM1C targeted siRNA. A cut-
off value of fold change (FC) >1.5 and adjusted P value
<0.05 was used, and there were 59 differentially expressed
proteins (DEP) after FEM1C down-regulation (Figure 4A).
Thirty-two proteins were significantly up-regulated in
the FEM1C knockdown groups, while 27 proteins were
significantly down-regulated. GSEA analysis showed
that several gene signatures were enriched in FEM1C
knockdown groups, including cell adhesion, hypoxia,
myogenesis, and EMT (Figure 4B,4C) which can interpret
the enhancement of malignant features when FEM1C was
down-regulated. It is accepted that EM'T plays a key role
in tumor metastasis. The main core genes that contribute
to the enrichment of the EMT pathway were significantly
up-regulated in the FEM1C knockdown groups,
including TGA2, NT5E, CALD1, FUCAIL, and EMP3
(Figure 4D,4E). These results indicated that FEM1C
negatively regulates the expression of EMT-associated
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Figure 2 FEM1C knockdown promoted metastasis in CRC. (A) After transfection with siRNA for 48 hrs, cells were harvested to perform the
transwell assay (magnification times, 100x; ***, P<0.001; *, P<0.05). (B) HCT116 cells were transfected with indicated siRINAs, and 48 hrs later,
the cells were observed on microscopy and photographed (left). The right panel showed the knockdown efficiency of siRNAs. Scale bar
=100 pm. (C,D) Stable FEM1C knockdown cells were injected into the spleen and caudal vein. Five weeks later, the livers and lungs were
harvested and fixed. The numbers of metastasis nodules were counted, and the histological chemistry method detected the nodules with HE

staining (hematoxylin-eosin). Arrowhead indicated metastasis nodules in the liver and lung. Scale bar =5 mm. CRC, colorectal cancer.
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Figure 3 FEMIC knockdown promoted cell proliferation.
HCT116 cells were transfected with indicated siRNNAs, and cell
proliferation was determined by the CCK-8 assay (*, P<0.05)
(A) and the colony formation assay (***, P<0.001) (B). For
colony formation assay, five hundred cells were seeded in 6-well
culture plates and cultured for 10 days. Cells were fixed with 4%
paraformaldehyde for 10 min, followed by staining with 1% crystal
violet for 15 min. The plates were photographed, and the colonies

were counted.

proteins that contribute to migration, invasion, and
metastasis in CRC. It is noteworthy that conventional
EMT markers, including vimentin and fibronectin, have no
change in protein level when FEM1C was down-regulated
(Figure S4A). Although E-cadherin was shown to be slightly
up-regulated in proteomic data, no obvious upregulation
was observed in the Western Blot assay (Figure S4B).

Discussion

In this study, we demonstrated that FEM1C knockdown
promoted CRC cell proliferation and metastasis, both
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in vitro and in vivo, and low expression of FEM1C
was related to the poor prognosis of CRC patients,
revealing the tumor suppressor role of FEM1C in CRC
development. There were three members of the FEM1
gene characterized in mammals, FEM1A, FEM1B, and
FEMI1C (12). We observed obvious morphological changes
after interfering with FEM1C in HCT116 and LoVo cells,
but not after interfering with FEM1A and FEM1B, which
may be attributed to selective targeting of substrates of
different members of FEM1 (7,8). Although FEM1C is
considered the substrate recognition subunit in mammals,
as invertebrates, few substrates have been identified, and its
biological function in mammalian remains to be clarified
(13,14). FEMI1C can also exert a function in mammalian
cells independent of the assembly of the CUL2"™'“E3
complex. It was supported that the knockdown of cullin2,
the scaffold of the CUL2"™"“E3 complex, did not change
the cell morphology and mobility (data not shown).
Whether the E3 ligase independent function of FEM1C
exists or not needs further investigation in the future.

EMT is a process known as the transdifferentiation
of epithelial cells into mesenchymal cells during
embryogenesis, wound healing, and cancer progression (15).
It is widely considered that EMT plays a key role in
tumor metastasis to acquire mobility to intravasation and
extravasation (16). Proteomic analysis when FEM1C was
down-regulated showed that differentially expressed proteins
were enriched in the EMT pathway, and some proteins
referring to EMT, including TGA2, NTSE, CALDI,
FUCAL1, and EMP3, were significantly up-regulated. EM'T
refers to the reprogramming of gene expression mediated by
key transcription factors, including zinc finger E-box binding
(ZEB), SNAII and basic helix loop transcription factors
(15,17). However, we found no expression of ZEB1, SNAII,
SLUG, TWIST, the key transcription factors of EMT in
proteomic data (data not shown).

Furthermore, conventional EMT markers, including
E-cadherin, vimentin, and fibronectin, did not change
in protein levels when FEM1C was knocked down. This
evidence suggests that the morphological change by
eliminating FEM1C is not mediated by conventional
mechanisms of EMT driven by several transcription factors.
The detailed mechanisms need further study. The Rho/
ROCK/LIMK pathway regulates the dynamic of the actin-
network, inhibiting cofilin by phosphorylating it on serine
3 residues. Cofilin is an actin depolymerization factor that
facilitates actin cytoskeleton remodeling (18,19). The Rho/
ROCK pathway inhibition was reported to result in the
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Figure 4 Proteomic analysis revealed changes in protein profile when FEM1C was downregulated. (A) Hierarchical clustering and heatmap
representation of differentially expressed proteins between FEM1C knockdown groups and controls. (B) Bar graph representation of the
top significantly enriched pathways in the FEM1C knockdown groups compared to controls identified by GSEA of the sets of molecular
function genes of GO. (C) Bar plot representation of top significantly enriched pathways in the FEM1C knockdown group compared to
the controls identified by GSEA of the set of hallmark genes. (D) Enrichment plot of epithelial-mesenchymal transition (EMT) genes in
FEMI1C knockdown groups compared to controls. (E) Volcano plot of differentially expressed proteins between FEM1C knockdown groups
and controls in HCT116 cells. Significantly up-regulated and down-regulated proteins are highlighted in red and blue, respectively (FC
>1.5; adjust P value <0.05), among which proteins involved in EMT were labeled. EMT, epithelial-mesenchymal transition.
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loss of actin stress fibers, cell elongation, and increased cell
motility (20,21), as in our study. The next investigation will
explore whether FEM1C-mediated morphological change
and increased cell mobility result from the actin network
dynamic change.

It was demonstrated that FEM1C knockdown promoted
cell proliferation. In fact, by proteomic analysis, we also
found the upregulation of CCND1 in FEMI1C interfering
cells and the downregulation of CDK2AP1 which is a
specific inhibitor of the cell-cycle kinase (CDK2) (data
not shown). CCNDI1 interacts and activates CDK4 which
phosphorylates and inhibits the retinoblastoma (RB)
proteins such as RB1. Phosphorylation of RB1 releases E2F
from the RB/E2F complex and allows the transcription
of E2F target genes which are driving the progression
through the G1 phase (22). Elevated CCNDI1 promoted
tumor progression and related to poor survival in several
solid tumors (23). CDK2AP1 was considered as a tumor
suppressor, and it was reported that RNAi-mediated
CDK2AP1 inhibition was associated with decreased
apoptosis and increased cell proliferation in CRC cell lines
(24,25). Downregulation of FEM1C may promote CRC
proliferation by mediating the protein level of CCNDI1 and
CDK2API1.

In conclusion, our findings showed that downregulation
of FMEIC promotes CRC progression and relates with
poor survival. Clarifying the detailed mechanisms of
FEMI1C-mediated cell mobility and proliferation would

provide new insights into the progression of CRC.
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