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Semaphorin 3F induces
colorectal cancer cell
chemosensitivity by promoting
P27 nuclear export
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Jun Wang, Ruyan Liu, Meiyu Zhou, Guofa Xu, Zexin Wang,
Xiurong Qin, Yi Long, Qunzhen Huang,

Min Chen and Qi Zhou*

Department of Oncology, Fuling Central Hospital of Chongging City, Chongging, China

Colorectal adenocarcinoma (CRC) is the third most common malignancy
worldwide. Metastatic CRC has a poor prognosis because of chemotherapy
resistance. Our previous study demonstrated that semaphorin 3F (SEMA3F)
signaling may contribute to reversing chemotherapy resistance in CRC cells by
reducing E-cadherin and integrin avB3 expression levels. Another study
showed that upregulation of p27 significantly increase the expression of E-
cadherin and integrin. This study aimed to evaluate the effect of SEMA3F on P27
and whether it can reverse resistance in CRC cells. We compared the
chemosensitivity of human colorectal cancer cell lines with different SEMA3F
expression levels to 5-Fu through cell experiment and animal experiment. Then
the interaction between SEMA3F and p27 and its possible mechanism were
explored by Western Blot, immunofluorescence and immunocoprecipitation.
We also compared the disease-free survival of 118 CRC patients with high or
low expression of SEMA3F.The results showed that overexpresstion of SEMA3F
enhanced the chemotherapy sensitivity and apoptosis of CRC cells in vitro and
in vivo. Among 118 postoperative CRC specimens, the disease-free survival of
patients with positive SEMA3F expression was significantly longer than that with
negative SEMA3F expression after adjuvant treatment. Upregulation of SEMA3F
in multicellular spheroid culture (MSC) could increase p27 phosphorylation at
serine 10 (Serl0), subsequently promote the cytosolic translocation of P27.
Overall, our results reveal a novel molecular mechanism: SEMA3F mediates the
degradation of p27 and regulates its subcellular localization to enhance
chemosensitivity to 5-Fu in CRC cells, rather than inhibits p27 expression.
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Introduction

Colorectal adenocarcinoma (CRC) is the third most
common malignancy worldwide (1, 2), and the prognosis of
metastatic CRC (mCRC) remains poor due to chemotherapy
resistance. In vivo, solid tumors are three-dimensional (3D)
spherical blocks,which depend on cell-cell adhesion and cell-
matrix interactions (3, 4). In contrast to resistance in two-
dimensional (2D) cultures of tumor cells in vitro, multicellular
resistance (MCR) in vivo is caused by cell adhesion within
tumors to avoid anoikis (5). Simultaneously, cell-cell contact
and extracellular matrix (ECM) attachments prompt tumor cells
to enter quiescence or predominantly the G1 phase of the cell
cycle to induce chemotherapy resistance (6-8). E-cadherin, a
member of the classical cadherin family, is widely expressed in
epithelial cells, including the cells that make up various types of
epithelial cancers (9). It plays a key role in regulating adhesion in
multicellular spheroid cultures (MSCs) of tumor cells (10-12).
p27, a cyclin-dependent kinase inhibitor, is upregulated in
multicellular spheroid tumor cells. Previous studies have
demonstrated that increased cell-cell adhesion in MSCs affects
cell cycle regulation by increasing p27 levels (13, 14). Therefore,
p27 is a key regulator of contact-dependent growth inhibition
that induces cytotoxic drug resistance in multicellular spheroids
by increasing E-cadherin and integrin expression.

Previous studies have shown that semaphorin 3F (SEMA3F),
a class 3 semaphorin protein, is a suppressor gene located on
chromosome 3p21.3 (15). Many studies have also suggested that
SEMAZ3F, the inhibitory ligand of NRP2, has a repressive effect
on growth, angiogenesis, lymphangiogenesis and invasion in
several cancers (16-19). We previously reported that the loss of
SEMAS3F contributed to CRC cell metastasis (20). Furthermore,
our previous study demonstrated that SEMA3F expression
significantly reduced o3 integrin expression in CRC cells to
reverse chemotherapy resistance (21). However, p21 and p27
inhibited anchorage-dependent growth to induce chemotherapy
resistance via the upregulation of adhesion molecule expression
(7, 10, 22-24). VEGF-induced cell cycle progression, including
the upregulation of cyclin D1, was reduced by SEMA3A (25),
suggesting that SEMA3F may be implicated in cell cycle
progression. We thus hypothesize that SEMA3F signaling
potently inhibits p27 to decrease the effects of E-cadherin and
integrin and contribute to reversing CRC MCR.

MSC can mimic the anchorage-dependent growth that
tumor cells use to survive, display strong adhesion of
multicellular spheroids, and can be used to generate powerful
in vitro models to perform preclinical chemosensitivity assays
(26). To explore the hypothesis that SEMAS3F inhibits p27 to
reverse MCR in CRC cells, we analyzed whether SEMA3F plays
an underlying role in enhancing multicellular chemosensitivity
to 5 fluorouraci (5-Fu) in CRC cells. Here, we report that CRC
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patients with SEMAS3F expression exhibited an improved
objective clinical response to 5-Fu. Overexpression of SEMA3F
induced the apoptosis of CRC cells in MSCs exposed to 5-Fu and
chemosensitivity to 5-Fu in transplanted tumors. SEMA3F
inhibited tumor cell proliferation and promoted apoptosis by
inducing p27 phosphorylation at Serl0 to promote p27 nuclear
export. Our findings demonstrate for the first time that SEMA3F
plays a novel role and mediates the mechanism of
chemosensitivity to 5-Fu in CRC.

Materials and methods
Tissue samples

118 CRC postoperative tissue specimens were collected at
Fuling Central Hospital of Chongqing City. All cases were
diagnosed by histopathologists according to the Union for
International Cancer Control (UICC) classification system.
According to the TNM staging criteria for colorectal cancer in
the seventh edition of the American Joint Committee (AJCC), all
operative patients were defined as stage II to III and had received
5-Fu-based adjuvant chemotherapy for 3-6 months, with an
average treatment time of 4.5 + 1.5 months. All CRC patients
had received 4 to 6 cycles of 5-Fu combination chemotherapy.
The tissues were fixed in 10% formaldehyde and embedded in
paraffin for histological sectioning. All human experiments were
carried out in accordance with the Declaration of Helsinki
(2008) of the World Medical Association and were approved
by the Ethics Committee of Fuling Central Hospital of
Chongging City.

Cell culture

The human colon cancer cell lines HCT-116, LS174T, HT-
29, SW480, SW620, LoVo and RKO were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and
maintained in L-15 (Invitrogen Corp.) supplemented with 10%
fetal bovine serum at 37°C under 5% CO,. CRC cell spheroids
were formed using a 3D culture technique (21). Briefly, the cells
were seeded in 24-well plates coated with 2% SeaPlaque agarose
(BioWhittaker Molecular Applications, Rockland, Maine, USA)
at 5x10* cells/well in 500 ul of DMEM.

Antibodies and reagents
Monoclonal anti-B-cell lymphoma-2 (Bcl-2, #sc-7382),

anti-phospho-Bcl-2-Ser70 (# sc-293128), anti-BCL-XL
(#sc8392), anti-p27 (#sc-393380), anti-MRP (#sc-365635),
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and anti-MCL-1 (#sc-69840) antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-actin
antibody (#sc-8432), used as a control for western blotting
(WB), was purchased from Santa Cruz Biotechnology
(Heidelberg, Germany). Anti-phospho-Bcl-2-Thr56 (#2875)
was purchased from Cell Signaling Technology (Denver, MA,
USA). Anti-phospho-p27-Ser10 antibody (#346300) was
purchased from Invitrogen. Rabbit polyclonal anti-SEMA3F
(#AB5471P) was obtained from Chemicon International
(Temecula, USA), and rabbit anti-cleaved Caspase3 (#9664)
and anti-Caspase3 (#9662) were purchased from Cell Signaling
Technology (Boston, MA, USA; 1:100). Anti-kinase-
interacting stathmin (KIS) antibody (#AJ1743c) was obtained
from Abgent (San Diego, CA, USA). HRP-conjugated
secondary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA).

Immunohistochemical and
immunofluorescence microscopy

All tissue sections were routinely dewaxed, rehydrated, and
prepared for immunohistochemistry. The slides were incubated
in 0.3% H,0, in methanol for 30 min to block endogenous
peroxidase. Antigens were retrieved with 10 mmol/L sodium
citrate (pH=6) for 15 min in a microwave oven. The slides were
then incubated with the selected antibody at 37°C for 1 h and at
4°C overnight. Slides without primary antibody treatment served
as negative controls. The slides were developed with the
EnVisionTM method (Dako, Capinteria, CA), visualized using
diaminobenzidine solution (Dako, Capinteria, CA) and then
lightly counterstained with hematoxylin. Immunohistochemical
staining was scored from 0 to 4 as follows: no staining = 0, weak
staining = 1, strong staining of 25% or moderate staining of
<80% of the tumor cells = 2, strong staining of 25-50% or
moderate staining of >80% of the tumor cells = 3, and strong
staining of >50% of the tumor cells = 4. Moreover, samples with
a score from 0-1 were defined as negative (recorded as —), and
those with a score from 2-4 were defined as positive (2 recorded
as +, 3 as ++, 4 as +++). Ten representative areas were assessed
from high-power fields for each tissue section. The slides were
examined and scored independently by 3 pathologists blinded to
other patient information.

Samples for immunofluorescence staining were fixed in ice-
acetone for 20 min, washed with PBS 3 times for 5 min each,
and incubated for 30 min at room temperature in a protein-
blocking solution. The sections were incubated with the
primary antibodies for 1 h at 37°C and then at 4°C
overnight. After washing, the sections were incubated at 37°C
for 1 h with the appropriate secondary antibodies, including
FITC-conjugated goat anti-rabbit IgG (1:50, Santa Cruz),
FITC-conjugated goat anti-mouse IgG (1:50, Santa Cruz),
and TRITC-conjugated goat anti-mouse IgG (1:50, Beyotime,
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China). The sections were counterstained with Hoechst 33258
to reveal the cell nuclei.

Transfection plasmids and establishment
of stable cell lines

The SEMASF expression vector pSectag-SEMA3F was kindly
provided by Dr. David Ginty and used as described previously (16).
SEMA3F RNAI expression vectors and control plasmids were
obtained and used as previously described (20). Small interfering
RNAs (siRNAs) against human p27 (#sc-270646, p27 siRNA: 5'-
AAGCACUGCCGAGAUAUGGAAUU-3’) and a scrambled
siRNA (ctrl-siRNA, 5-AAGACCGAGCCAUUGAGGUAAUU-
3') were obtained from Santa Cruz Biotechnology in their
deprotected and desalted forms. KIS siRNA and control plasmids
were purchased from Sigma-Proligo, and siRNAs against human
KIS were obtained from Ambion (Austin, TX) in their deprotected
and desalted forms. The chemically synthesized, double-stranded
siRNA contained 21-nucleotide duplex RNA sequences targeting
human KIS mRNA (sense, 5'-AAGCAGUUCUUGCCGCCA
GGA-3’), and vectors containing these sequences were
constructed as described previously (24). All resultant constructs
were verified by DNA sequencing and then transfected into target
cells with LipofectamineTM 2000 transfection reagent (Invitrogen,
Carlsbad, CA, USA). Transfected cells were enriched by 1 week of
antibiotic selection.

Protein extraction and WB

Cell lysates were prepared with M-PER"™ Mammalian
Protein Extraction Reagent (Pierce, PA, USA). Nuclear lysates
were prepared with NE-PER"" Mammalian Protein Extraction
Reagent (Pierce, PA, USA). Lysates containing a total of 30 ug of
protein were separated by SDS-PAGE after heat denaturation,
transferred onto PVDF membranes, and incubated with 5%
nonfat milk dissolved in PBS-Tween 20 for 1 h, followed by
incubation with a primary antibody overnight at 4°C. After
washing, the membranes were incubated with the appropriate
HRP-conjugated secondary antibody and then developed with
enhanced chemiluminescence (ECL) detection reagents
(Amersham Pharmacia Biosciences).

Coimmunoprecipitation assay

Total protein lysates (500 pg) from each sample were
immunoprecipitated in 400 pL of lysate buffer containing 2 uL
of anti-SEMA3F antibody and inhibitors of various proteases,
phosphatases and kinases at 4°C for 4 h with rotation. Protein A-
conjugated agarose beads (25 PL) were then added to the
immunoprecipitation reaction and incubated for an additional
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5 h at 4°C with rotation. The antigen-antibody complexes were
precipitated by quick centrifugation, followed by 4 washes with
cold PBS. For controls, the immunoprecipitation reaction
included an aliquot of rabbit serum instead of the anti-
SEMASF antibody. The pellets were suspended in 20 UL of 2x
SDS reducing WB loading buffer and boiled for 10 min, followed
by SDS-PAGE analysis. The SEMA3F immunoprecipitates were
subjected to WB assays to detect SEMA3F and P27 in
the immunoprecipitates.

Chemotherapeutics and chemosensitivity
assays

Cells were plated in monolayer cell culture (MC) and MSC
for 48 h in complete media as described above.Then
chemotherapeutic agent (5-Fu) was added to the desired final
concentration (10,50,100,200 and 400umol/L) in the medium for
48 h. The cells were then harvested, rinsed in PBS to remove
residual drug, placed in 0.1% trypsin-EDTA (Life Technologies,
Inc./Invitrogen) in PBS for 10-15 min at 37°C (to disaggregate
intact spheroids) and then replated as follows. 10,000 cells/well
(5 wells/group) were performed in 100 UL of complete medium
in 96-well plates. 20 UL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were added to each well
at a final concentration of 5mg/mL. After 3 h of reaction, the
reagent was removed, and 150 UL DMSO was added to dissolve
the product. The plates were read using a enzyme-linked
immunometric meter at a wavelength of 490 nm. The half-
maximal inhibitory concentration (IC50) was defined as the
concentration of 5-Fu that inhibited cell viability by 50%.

Apoptosis assay

Immediately following 5-Fu treatment (100 pmol/L) in 3D
cultures as described above, the cells were harvested (and then
kept on ice), rinsed in PBS, incubated in 0.1% trypsin-EDTA in
PBS for 10-15 min at 37°C, resuspended in complete medium to
inactivate trypsin, rinsed twice in PBS, and fixed in cold buffer
for 15 min. The fixed cells were then rinsed twice in buffer and
stained with 50 pg/ml propidium iodide (Sigma Chemical Co.,
Mississauga, ON, Canada) in PBS for 15 min while protected
from light and then analyzed using a FACSCalibur analyzer (BD
Biosciences, San Jose, CA). The proportion of apoptotic cells was
detected by Annexin V/7AAD staining using an Annexin V-PE
Apoptosis Detection Kit (BD Biosciences). HT-29 cells in 2D
culture were used as the control group. HT-29 cells were plated
at a density of 5x104 cells/well on 6-well plates and grown
overnight. The next day, the cells were treated with 5-Fu (100
wmol/L), and HT-29 cells without 5-Fu treatment were used as
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the control groups. Each treatment was performed in triplicate,
and three different experiments were performed. After 96 h, the
cells were harvested, counted, transferred to flow tubes, pelleted,
and resuspended in 100 pl of fresh 1X Annexin binding buffer
(0.01 M HEPES pH 7.4; 0.14 M NaCl; 2.5 mM CaCl,) plus
Annexin V fluorescein isothiocyanate (FITC) and 7-AAD
peridinin-chlorophyll protein (PerCP). After staining, the
samples were analyzed by flow cytometry within 1 h using a
FACSCanto system (BD). Annexin V'/7AAD™ cells were
considered apoptotic cells. The proportion of apoptotic cells is
expressed as a percentage of the total cell number acquired,
excluding debris, and was analyzed using BD FACSDiva and
Flow]Jo software (Tree Star, Inc., Ashland, OR, USA).

Animal models

Four- to six-week-old Balb/c nude mice (body weight: 16-
20 g) were purchased from the Experimental Animal Center,
Institute of Laboratory Animal Sciences, China, and maintained
in a specific pathogen-free (SPF) environment in accordance
with the guidelines of the NIH (Guide for the Care and Use of
Laboratory Animals, 1996) (23). The mice were subcutaneously
injected with CRC cells (5><106 cells in 100 uL of PBS/mouse,
SEMAS3F-overexpressing (SEMA3F OE) LoVo cells for the test
groups, LoVo cells for the control groups, 10 nude mice in each
group) in the left groin. Two weeks after tumor cell inoculation,
animals with tumor sizes reaching approximately 50 mm’
received 5-Fu at 3 mg/kg by peritumoral injection every 48 h
for 2 weeks. The mice were sacrificed, and the tumors were
collected, half of which were fixed in 4% formalin and embedded
in paraffin blocks. The remaining samples were snap-frozen in
liquid nitrogen for histological studies in which five independent
fields for each of the three tumors per group were evaluated. All
of our animal studies were approved by the Institutional Animal
Care and Use Committee of the Fuling Central Hospital of
Chonggqing City. Anesthetic procedures were used, and the
animals did not suffer unduly during or after the
experimental procedure.

Statistical analyses

All the data were analyzed using GraphPad Prism software
(version 8.0). The immunohistological staining scores were
analyzed by two biostatisticians in the Department of Statistics
at Army Medical University, China. The Kaplan-Meier method
and log-rank test were performed for survival analysis. To
analyze 5-year disease-free survival (DFS), events were defined
as primary local-regional or distant tumor relapse. Descriptive
and mean analyses were performed by one-way ANOVA (>3
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groups) or Student’s t-test (between two groups). P values less
than 0.05 were considered to indicate significance.

Results

MSC induced CRC cell
chemotherapeutic resistance to 5-Fu in
vitro by suppressing SEMA3F

Our previous study demonstrated that SEMAS3F signaling
may contribute to reversing chemotherapy resistance in CRC
cells (21), so we first verified the expression of SEMAS3F in a
series of CRC cell lines: HCT-116, LS174T, HT-29, SW480,
SW620, LoVo and RKO cells (Figure 1A). Several lines of
evidence clearly indicate that MSC promotes chemotherapy
resistance in tumor cells compared with monolayer cell culture
(MC) (5, 10, 11, 26). To demonstrate the ability of MSC to
enhance CRC cell resistance to 5-Fu, we investigated the IC50
values of 5-Fu in the above cell lines (Figure 1B). Because HT-29
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cells expressed SEMA3F and had a medium IC50 value in MC,
we compared the IC50 values of 5-Fu in HT-29 cells in MSC and
MC groups; the IC50 values of 5-Fu in MSC group were
substantially increased (P<0.01) (Figure 1C). Compared with
MC group, the cell viability in MSC group increased significantly
after treatment with 5-Fu at different concentrations for 24 h
(P<0.01) (Figure 1D). A dose- and time-dependent reduction in
cell viability was observed following treatment with increasing
concentrations of 5-Fu in MSC and MC group. The cells were
treated with 200 umol/L 5-Fu, and cell viability was measured at
different time points from 6 to 72 h. Similarly, the cell viability of
MSC group was significantly increased at 12, 24 and 48 h
compared to that of MC group (P<0.0001) (Figure 1E). These
results indicated that MSC resulted in increased 5-Fu resistance
in CRC cells.

We then evaluated the effects of MSC on HT-29 cell
apoptosis. In MC group, the percentage of apoptotic cells
increased after 5-Fu treatment (Figure 1F, P<0.01), but no
similar phenomenon was observed in MSC group, suggesting
that MSC resulted in 5-Fu resistance. Similarly, the expression of
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MSC exhibits resistance to 5-Fu. (A) Expression of SEMA3F in a series of human CRC cell lines (LS174T, HT-29, LoVo, RKO, SW620, SW480 and HCT-
116 cells). (B) IC50 value of 5-Fu in a series of human CRC cell lines under MSC conditions. (C) IC50 value of 5-Fu in HT-29 cells under MSC and MC
conditions. A significant difference in IC50 value was observed between the two groups (**P<0.01). (D) The viability of HT-29 cells under MSC and MC
conditions treated with 5-Fu at various concentrations (10, 50, 100, 200 and 400 umol/L). Statistical analysis was performed by two-way ANOVA, and a
significant difference among the groups was observed (**P<0.01, ****P<0.0001). (E) The survival curve of HT-29 cells under MSC and MC conditions
treated with 5-Fu (200 umol/L) for 72 h (****P<0.0001). (F) Flow cytometry assay to detect the apoptosis rate of HT-29 cells under MSC and MC
conditions. The apoptosis rates of HT-29 cells in MC group treated with 5-Fu (100 umol/L) or not were 16.55% (LR 13.65%, UR 2.90%) and 9.27% (LR
9.18%, UR 0.09%) respectively, and in MSC group were 13.03% (LR 9.74%, UR 3.29%) and 11.06% (LR 7.63%, UR 3.43%) respectively. The experiment was
repeated three times and the statistical histogram was shown. Statistical analysis was performed by two-way ANOVA, and a significant difference was
observed under MC conditions (**P<0.01). (G) Western blot analysis of expression of the apoptosis-related molecules MCL-1, BCL-XL, BCL-2 and
cleaved caspase3 in HT-29 cells before and after 5-Fu treatment. (H) Western blot analysis of the expression level of SEMA3F in HT-29 cells under MSC

and MC conditions. (I) Tumor spheroids formed by three-dimensional culture.
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MCL-1, an anti-apoptotic gene, was significantly higher in MSC
group than that in MC group (Figure 1G). In addition, the
phosphorylation of BCL-2 at threonine 56 (phospho-Bcl-2-
Thr56) in the two groups was no different, but the
phosphorylation of BCL-2 at serine 70 (phospho-Bcl-2-Ser70)
was decreased in MSC group. After 5-Fu chemotherapy, the
phosphorylation of BCL-2 at both the Thr56 and Ser70 sites was
increased, but there was no difference between the two groups.
Furthermore, regardless of whether chemotherapy had been
applied, the expression of cleaved caspase3 in MSC group was
significantly lower than that in MC group (Figure 1G). These
results showed that SEMA3F expression may restore the
chemotherapeutic sensitivity of CRC cells to 5-Fu. Then, we
compared the expression of SEMA3F in HT-29 cells between the
MSC and MC groups and found that SEMA3F expression was
significantly decreased in MSC group (Figure 1H). Figure 11
showed tumor spheroids formed by three-dimensional culture of

A B Cc
HT-29 5-FU
*
Control SEMA3F KD g
- =
2
&)
> ol
o°°\(° ‘.y'-’d.
&
E F G
LS174T 5.FU
Control SEMA3F KD 80 *
[ ——— =
=3
D
2]
°
S
<,"°4 \5“9
N
&
I J 50 K

Control SEMA3F OE

|

IC50(umiL)
w
o

SEMA3F

Actin 10

T N ——

FIGURE 2

10.3389/fonc.2022.899927

cell line HT-29. These data suggested that MSC-induced
chemotherapy resistance in CRC cells was probably due to the
inhibition of SEMAF expression.

SEMA3F improved the chemotherapeutic
response of CRC cells to 5-Fu in vitro

We further examined the effects of SEMAS3F on the response
of CRC cells to 5-Fu. Since the HT-29 and LS174T cell lines tend
form multicellular spheroids in 3D culture, and the IC50 value of
5-Fu in HT-29 cells was lower while in LS174T cells was the
highest, we chose these two cell lines for subsequent
experiments. SEMA3F expression in the HT-29 and LS174T
cell lines were knocked down, and the IC50 values of 5-Fu in the
cells grown under MSC conditions and treated with 5-Fu were
compared. We found that the IC50 values of SEMA3F KD group
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SEMAZ3F activity determines the chemotherapeutic response of CRC cells to 5-Fu in vitro. (A) SEMA3F was knocked down in HT-29 cells. (B) The
IC50 value of 5-Fu in HT-29 cells under MSC conditions was higher in the SEMA3F KD group than in the control group (*P<0.05). (C) The
viability rates of HT-29 cells with SEMA3F knockdown under MSC conditions were higher than that in the control groups upon treatment with
5-Fu at various concentrations (10, 50, 100, 200 and 400 umol/L)(*P<0.05, ***P<0.001, ****P<0.0001). (D) The survival curve of HT-29 cells
under MSC conditions treated with 5-Fu for 72 h (200 umol/L) is shown, and HT-29 cell viability under MSC conditions was higher with SEMA3F
knockdown than in the control groups (****P<0.0001). (E) SEMA3F was knocked down in LS174T cells. (F) The IC50 value of 5-Fu in LS174T cells
under MSC conditions was higher in the SEMA3F KD groups than in the control groups (*P<0.05). (G) The viability of LS174T cells under MSC
conditions was higher with SEMA3F knockdown than in the control groups upon treatment with 5-Fu at various concentrations (10, 50, 100,
200 and 400 pmol/L) (**P<0.01, ***P<0.001, ****P<0.0001). (H) The survival curve of LS174T cells under MSC conditions treated with 5-Fu (200
umol/L) for 72 h is shown. LS174T cell viability under MSC conditions was higher with SEMA3F knockdown than in the control groups
(****P<0.0001). (I) SEMA3F was overexpressed in LoVo cells. (J) The IC50 value of 5-Fu in LoVo cells under MSC conditions was lower in the
SEMA3F OE group than in the control groups (*P<0.05). (K) The viability of LoVo cells with SEMA3F overexpression under MSC conditions was
lower than that in the control groups upon treatment with 5-Fu at various concentrations (10, 50, 100, 200 and 400 umol/L) (**P<0.01,
****%P<0.0001). (L) The survival curve of LoVo cells under MSC conditions treated with 5-Fu (200 umol/L) for 72 h is shown. The vitality of LoVo
cells with SEMA3F OE under MSC conditions was lower than that in the control groups (****P<0.0001).
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were higher than those of control group (P<0.05; Figures 2A, B,
E, F). As the 5-Fu concentration increased and the treatment
time was prolonged, the cell viability decreased gradually, but the
viability of SEMA3F KD group was always higher than that of
control group (P<0.05; Figures 2C, D, G, H). These results
suggested that CRC cells were more resistant to 5-Fu when
SEMA3F was knocked down. In contrast, when cells
overexpressing SEMA3F were treated with 5-Fu (Figure 2I),
the IC50 value was decreased (P<0.05, Figure 2J). In addition,
the cell viability of SEMA3F OE group was always lower than
that of control group, although a dose- and time-dependent
reduction in cell viability was observed following treatment with
5-Fu (Figures 2K, L). These data demonstrated that SEMA3F
activity enhanced the chemotherapeutic response of CRC cells to
5-Fu in vitro.

SEMA3F overexpression enhanced the
sensitivity of CRC cells to 5-Fu in vivo

To explore whether changes in SEMA3F expression could
influence the sensitivity of CRC cells to 5-Fu in vivo, we injected
SEMA3F OE LoVo cells into the left groin of nude mice and then
treated them with 5-Fu or PBS. Mice treated with LoVo cells
were used as the control groups. The volume and weight of the
xenograft tumors in SEMA3F OE group were significantly lower
than those in control group. After treatment with 5-Fu, the
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growth rate of xenograft tumors slowed down, especially in
SEMAS3F OE group (Figures 3A—-C, P<0.05). Similarly, cleaved
caspase3 tissue expression in SEMA3F OE group significantly
increased with 5-Fu treatment. Regardless of whether 5-Fu
treatment was applied or not, there was no difference in the
expression of cleaved caspase3 in control group (Figures 3D, E).
Consequently, these consistent data suggest that SEMA3F
enhanced the sensitivity of CRC cells to 5-Fu and promoted
apoptosis in vivo.

SEMA3F enhances the sensitivity of CRC
cells to 5-Fu by downregulating
p27 activity

Our previous study demonstrated that SEMA3F signaling
significantly reduced aVP3 integrin expression to prevent
chemotherapy resistance in CRC cells (21), and other studies
have reported that p27 plays an important role in inducing
drug resistance by increasing the expression of E-cadherin and
integrin (8, 12). Thus, we investigated whether SEMA3F
enhanced the sensitivity of CRC cells to 5-Fu by
downregulating p27 expression. We compared the nuclear
protein expression of p27 and multidrug resistance-
associated protein (MRP) in SEMA3F OE and control LoVo
cells under MSC. Significantly reduced nuclear expression of
the p27 and MRP proteins was observed in the SEMA3F OE
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SEMA3F overexpression enhanced the sensitivity of CRC cells to 5-Fu in vivo. (A) Mice were subcutaneously injected with LoVo cells (SEMA3F OE LoVo
cells for the test groups, LoVo cells for the control groups) in the left groin. Two weeks after tumor cell inoculation, animals were treated with 5-Fu or
PBS by peritumoral injection every 48 h for 2 weeks.Then the mice were sacrificed, and the tumors were collected. (B, C) Statistical analysis of tumor
volume and weight in the SEMA3F OE group and control group. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). (D) Immunohistochemical staining of
caspase3 in CRC tissues from the SEMA3F OE groups and control groups treated with 5-Fu or PBS. (E) Statistical analysis of caspase3 in CRC tissues
from the SEMA3F OE groups and control groups treated with 5-Fu or PBS (**P<0.01) ns, Not Statistically Significant.
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groups (Figure 4A). Immunohistochemical staining showed
that in CRC patient samples, SEMA3F expression was positive
(++) in chemotherapy-sensitive tissues while negative(-) in
chemotherapy-resistant samples. On the contrary, the
expression of p27 and MRP was weakly positive(+~++) in
chemotherapy sensitive tissues, while strongly positive(+++) in
chemotherapy resistant samples. (Figure 4B). We next asked
whether we could enhance chemotherapy sensitivity by
knocking down P27 expression in CRC cells. Thus, we
employed p27-knockdown LoVo cells treated with 5-Fu and
found that their cellular viability was not reduced upon 5-Fu
treatment. Interestingly, P27 knockdown in LoVo cells did not
decrease cellular viability with 5-Fu treatment; only in
SEMA3F OE cells without P27 silencing was cellular viability
significantly decreased (Figures 4C, D). Overall, these results
demonstrated that SEMA3F did not enhance the sensitivity of
CRC cells to 5-Fu when p27 expression was completely absent.
It may be that the complete blockade of P27 expression caused
the CRC cells to proliferate too fast. SEMA3F might enhance
the chemotherapeutic sensitivity of CRC cells to 5-Fu by
partially downregulating p27 activity.
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SEMA3F promotes p27 degradation by
interacting with p27 and inducing p27
phosphorylation at Ser10

To explore the underlying interaction between SEMA3F and
p27, we overexpressed SEMA3F in CRC cells under MSC
conditions and employed these cells as a model to determine
the interaction between SEMA3F and p27 using
immunofluorescence analysis and immunoprecipitation.
Immunofluorescence analysis showed that the expression of
SEMAS3F was negatively correlated with the nuclear expression
of P27 (Figure 5A). Interestingly, p27 was primarily localized in
the cytoplasm, not the nucleus. This finding may explain the
ability of SEMAS3F to downregulate P27 nuclear expression.
Furthermore, the coimmunoprecipitation results suggested an
interaction between SEMA3F and p27 (Figure 5B). Additionally,
it was previously confirmed that p27 is phosphorylated much
earlier at Ser10 than at other phosphorylation sites; this process
is required for p27 nuclear export and accounts for
approximately 70% of the total phosphorylation of this protein
(27-29). Therefore, we measured the phosphorylation of p27 at
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SEMA3F enhances the chemotherapeutic sensitivity of CRC cells to 5-Fu by downregulating p27. (A) Western blotting was used to assess the
nuclear expression levels of p27 and MRP in the SEMA3F OE and control groups. (B) Immunohistochemical staining of SEMA3F, p27 and MRP in
CRC patient tissues sensitive or resistant to chemotherapy. (C) The viability rates of LoVo cells with different expression levels of p27 and
SEMAZ3F after treatment with 5-Fu at various concentrations (10, 50, 100, 200 and 400 umol/L) are shown (****P<0.0001). (D) The survival
curves of LoVo cells expressing different levels of p27 and SEMA3F after treatment with 5-Fu (200 umol/L) for 72 h are shown (*P<0.05,

****P<(0.0001). ns= Not Statistically Significant (P>0.05).
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SEMA3F promotes p27 degradation by interacting with p27 and inducing its phosphorylation at Ser10. (A) Immunofluorescence analysis of
SEMAZ3F (green) and p27 (red) in LoVo cells with SEMA3F OE. (B) The interaction between SEMA3F and p27 was assessed using an
immunoprecipitation assay with LoVo cells with SEMA3F OE. (C) p27 and phosphorylated p27 expression levels in LoVo cells with SEMA3F OE
and control cells were determined by Western blot analysis. (D) Western blot analysis was used to determine SEMA3F and p27 expression levels
in the SEMA3F OE and control groups when the phosphorylation of p27 was or was not inhibited

Ser10 when SEMA3F was overexpressed. We found that along
with SEMA3F expression, the phosphorylation of p27 at Ser10
was increased (Figure 5C). Human KIS (hKIS) has been shown
to mediate the phosphorylation of p27 at Ser10 (30). Thus, we
measured the change in p27 at different SEMA3F expression
levels when hKIS was knocked down in CRC cells under MSC
conditions. The p27 expression level in the nucleus was no
different in the control and SEMA3F OE groups. However, when
hKIS expression was normal, p27 nuclear expression was
decreased in the SEMA3F OE groups compared with the
control groups (Figure 5D). These results indicate that
SEMA3F promotes p27 phosphorylation at Serl0 to degrade
p27 and decrease its nuclear export.

CRC patients with high SEMA3F
expression are more sensitive to 5-Fu
chemotherapy than those with low
SEMA3F expression

We further confirmed the above findings in CRC patients. The
expression of SEMA3F was detected by immunohistochemistry in
postoperative tissue samples from patients with recurrent and
nonrecurrent CRC who received adjuvant chemotherapy and
were followed up for six years. All patients had received 5-Fu-
based adjuvant chemotherapy for 3 to 6 months, with an average
treatment time of 4.5 * 1.5 months. Because adjuvant
chemotherapy for colon cancer is 5-Fu monotherapy or 5-Fu plus
oxaliplatin (based on the patient’s postoperative staging status), the
chemotherapy regimen was consistent and not subject to
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interference by irinotecan, antiangiogenic therapy, or molecular
targeted therapy. The results showed that SEMAS3F staining was
significantly stronger in the tissue samples from patients with
nonrecurrent CRC than in those from patients with recurrent
CRC (Figure 6A). The SEMA3F expression index was markedly
higher in the group without recurrence than in the recurrence
group (Figure 6B). Furthermore, SEMA3F expression of majority of
no recurrence tissue samples (56/67) were strongly positive (++~++
+), but most of the recurrent tissue samples (46/51) were negative(-)
or weakly positive(+) (Figure 6C). ROC curve further revealed that
SEMASF expression is a predictor for 5-Fu sensitivity(Figure 6D).
According to the ROC curve, we chose “++” as the cut off value,
defined “- ~ +” as “low expression” and “++~+++" as “high
expression”. These patients were grouped based on this standard
and followed up for 6 years to explored the prognostic value of
SEMASF in CRC patients. The median DES of the low SEMA3F
expression group was only 38 months, but the median DFS of the
high SEMAS3F expression group was still undefined (HR=0.28, 95%
CI: 0.14-0.56, P=0.0001, Figure 6E). The above results suggested
that CRC patients with high SEMA3F expression are more sensitive
to 5-Fu chemotherapy than those with low SEMA3F expression.

Discussion

In this study, we found that SEMA3F expression was
downregulated and that the IC50 value of 5-Fu in CRC cells
was substantially increased in the MSC groups. Our previous
study demonstrated that SEMA3F expression significantly
reduced otV33 integrin expression levels in CRC cells to block
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CRC patients with high SEMA3F expression are more sensitive to 5-Fu chemotherapy than patients with low expression. (A) Immunohistochemical
staining of SEMA3F was carried out in tissues from patients with recurrent CRC and patients with no recurrence. (B) The SEMA3F expression indexes in
the recurrence and no recurrence groups are shown (****P<0.0001). (C) Statistical analysis of immunohistochemical staining data for SEMA3F in patients
with recurrent and nonrecurrent CRC (****P<0.0001). (D) ROC curve reveals that SEMA3F expression is a predictor for 5-Fu sensitivity. (E) Statistical
analysis of 6-year disease-free survival in patients with high SEMA3F expression and low SEMA3F expression (HR=0.28, 95% CI: 0.14-0.56, P=0.0001).

chemotherapy resistance (21). Hence, we believe that SEMA3F
may prevent tumor microenvironment-mediated MCR.

p27 plays an important role in inducing chemotherapy
resistance in multicellular spheroids by increasing E-cadherin
and integrin expression levels. Previous studies on tumor
multicellular drug resistance have mainly focused on enhanced
cell adhesion, resulting in decreased penetration of
chemotherapeutic drugs and the entrance of tumor cells into a
quiescent state. When HT29 human colorectal cancer cells
converged, the expression of p27 increased, and the cells
accumulated in the GO/GI phase of the cell cycle. Nonfused
HT29 cells overexpressing p27 were also more resistant to
anticancer drugs (31). However, this study did not use a
multicellular spheroid model. The core area of HCT116
multicellular spheroids was negative for the proliferation
marker Ki67 but positive for p27. One possible mechanism for
the upregulation of p27 is downregulation of the ERK signal,
which is observed in multicellular spheroids (32). Our research
focuses on how the SEMA3F signal inhibits P27 function to
reverse tumor multicellular drug resistance and its mechanism.
In this study, we upregulated SEMA3F expression in vitro and
observed increased sensitivity to 5-Fu in CRC cells in the MSC
groups; the same result was found in vivo, and CRC cell
apoptosis was induced. When we overexpressed SEMA3F in
CRC cells, CRC multicellular spheroids showed significantly
decreased p27 nucleoprotein expression and increased
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chemosensitivity. Interestingly, we found that P27 knockdown
did not affect the response of the CRC cells under MSC to 5-Fu,
and only SEMA3F OE cells without P27 silencing exhibited
increased chemosensitivity. It may be that the complete blockade
of P27 expression caused the CRC cells to proliferate too fast.
This phenomenon is consistent with the clinical treatment of
refractory lymphoma with high proliferative activity (33). This
indicates that SEMA3F might enhance the chemotherapeutic
sensitivity of CRC cells to 5-Fu by partially downregulating p27
activity. In 5-Fu-sensitive CRC patient samples, we found that
p27 and MRP were barely detected, whereas SEMA3F was highly
expressed. The molecular mechanism by which SEMAS3F signals
reverse MCR in CRC cells remains unknown.

Moreover, when we upregulated SEMA3F expression in
CRC cells, p27 was primarily localized in the cytoplasm but
not in the nucleus. These data implied that SEMAS3F prevents
the nuclear localization of p27 to promote cell cycle progression.
How does SEMA3F induce p27 cytoplasmic translocation? We
found that SEMA3F stimulates the phosphorylation of p27 at
Ser10. Several previous studies have shown that the
phosphorylation of p27 at Serl0 induces its export to the
cytoplasm and promotes its degradation at G1 phase (34, 35).
These results indicated that SEMA3F promoted p27
phosphorylation at Serl0, leading to its export from the
nucleus to the cytoplasm. They also suggested that SEMA3F
increased p27 degradation, rather than its proteolysis, to induce
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tumor cells to enter the cell cycle. These results reveal for the first
time that SEMA3F mediates p27 degradation by inducing p27
phosphorylation at Ser10.

How does SEMA3F, as a secretory protein, affect signals in
the nucleus? In a study of neural development, SEMA3A was
found to inhibit the growth of axonal growth cones through the
phosphorylation of CDK-5 and glycogen synthase kinase-3
(GSK3) (36). SEMA3A and SEMA3F can also suppress
rapamycin complex (mTORC) signaling (37, 38). SEMAG6A
bound to Fas-associated protein with death domain (FADD)
to induce cytosol-induced apoptosis (39). Recently, it has been
reported that retinoic acid receptor-related orphan receptor o
(ROR o) (40), Achaete scute-like 2 (ASCL2) (41) and DNA
inhibitor binding/differentiation 2 (Id2) (42) bind the promoter
region of SEMAS3F in colon cancer. These three transcription
factors promote or inhibit SEMAS3F transcription to affect its
expression. In this study, SEMA3F was found to cause the
cytoplasmic translocation of P27. However, whether
cytoplasmic P27 translocation is caused by unsecreted
SEMASF in the cytoplasm and how secreted proteins affect
intracellular signals needs to be further studied.

Conclusions

In conclusion, our data show that SEMA3F reverses CRC
cell and patient chemotherapy resistance by inducing the
phosphorylation of p27 at Serl0 to modulate the subcellular
localization of p27. Our findings present a novel mechanism
underlying the role of SEMAS3F in the chemosensitivity of CRC
cells and suggest a potential therapeutic strategy for CRC.
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