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Abstract

Cetuximab, an epidermal growth factor receptor (EGFR) inhibitor, is extensively used for clinical therapy in KRAS wild-
type colorectal cancer (CRC) patients. However, some patients still cannot get benefit from the therapy, because metastasis
and resistance occur frequently after cetuximab treatment. New adjunctive therapy is urgently needed to suppress metastasis
of cetuximab-treated CRC cells. In this study, we used two KRAS wild-type CRC cells, HT29 and CaCo2, to investigate
whether platycodin D, a triterpenoid saponin isolated from Chinese medicinal herb Platycodon grandifloras, is able to sup-
press the metastasis of cetuximab-treated CRC. Label-free quantitative proteomics analyses showed that platycodin D but not
cetuximab significantly inhibited expression of f-catenin in both CRC cells, and suggested that platycodin D counteracted
the inhibition effect of cetuximab on cell adherence and functioned in repressing cell migration and invasion. Western blot
results showed that single platycodin D treatment or combined platycodin D and cetuximab enhanced inhibition effects on
expressions of key genes in Wnt/p-catenin signaling pathway, including p-catenin, c-Myc, Cyclin D1 and MMP-7, com-
pared to single cetuximab treatment. Scratch wound-healing and transwell assays showed that platycodin D combined with
cetuximab suppressed migration and invasion of CRC cells, respectively. Pulmonary metastasis model of HT29 and CaCo2
in nu/nu nude mice consistently showed that combined treatment using platycodin D and cetuximab inhibited metastasis
significantly in vivo. Our findings provide a potential strategy to inhibit CRC metastasis during cetuximab therapy by addi-
tion of platycodin D.
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tinal malignancy with the third highest mortality and the
fourth highest incidence worldwide, according to GLOBO-
CAN 2020 [1]. Although the diagnostic techniques and ther-
apeutic approaches have advanced considerably over recent
years, challenges of CRC treatment remain due to the resist-
ance of CRC cells to treatment and consequent CRC metas-
tasis. Cetuximab (CTX) is a monoclonal antibody targeting
EGFR and is extensively used as the first-line therapy to treat
KRAS wild-type CRC. Currently, although KRAS mutation is
the only known determinant factor for CTX resistance, many
reports indicate that overall survival of KRAS wild-type
patients does not prolong with CTX treatment due to meta-
static spread of tumor cells, e.g. resectable colorectal liver
metastasis [2]. Metastasis and drug resistance substantially
lead to the poor prognosis of CRC patients who have taken
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CTX therapy. As an EGFR tyrosine kinase inhibitor (TKI),
CTX blocks downstream signaling pathways of EGFR tyros-
ine kinase. In these pathways, mutations of some key genes
(such as BRAF and PI3KCA) cause CTX resistance [3].
Besides, Akt activation independent on EGFR phosphoryla-
tion contributes to drug resistance as well [4]. In addition,
because mutation-mediated deactivation of p-catenin sign-
aling pathways, such as Aktl/p-catenin and canonical Wnt
signaling pathways, increased patient survival under EGFR
TKI therapy, p-catenin mutations may play a pivotal role
in resisting to metastasis in CRC patients who have taken
CTX therapy [5-7]. Thus, exploring drugs that can func-
tion the same way as f-catenin mutations and deactivate
B-catenin signaling pathway will help reduce metastasis
caused by CTX treatment.-catenin is the central component
of the canonical Wnt signaling pathway, with an essential
role in regulating cell fate determination, cell migration and
polarity. Some mutations in the p-catenin phosphorylation
sites stabilize B-catenin. As a consequence, these mutated
non-phosphorylated p-catenin molecules translocate to the
nucleus and continuously activate the expressions of Wnt
target genes, such as c-Myc and cyclin D1 [8]. Mutations in
B-catenin play a pro-tumorigenic role in promoting tumori-
genesis in various types of human cancers including CRC
[9]. Many researches showed that highly activated Wnt/f-
catenin signaling pathway increases tumor metastasis and
invasion. For example, the accumulation of p-catenin in
cytoplasm upregulates MMP-7 expression to cause epithelial
mesenchymal transformation (EMT) [10]. NCAPG, a cell
cycle-associated condensin, upregulates f-catenin to facili-
tate EMT process in CRC cells [11]. Cinobufotalin inhibits
EMT process via downregulating Wnt/p-catenin signaling
pathway and then prevents the invasion and migration of
hepatocellular carcinoma [12]. CTX combined with drugs
that inhibit f-catenin can improve treatment effect by pre-
venting metastasis and recurrence of certain types of cancer.
For example, Dasatinib was used to sensitize KRAS mutant
CRC cell lines to CTX through inhibition of $-catenin sign-
aling pathways [13]. However, traditional Chinese medi-
cines, which have relatively minor toxic side effects, have
not been considered as adjunctive therapy for CTX treatment
yet.

Traditional medicinal herbs and their natural compounds
have been extensively used for treatment of cancer due to
their advantages on low side effects and nontoxicity. Plat-
ycodin D (PD) is the major triterpene saponin extracted
from the roots of Platycodon grandiflorum, which is a well-
known traditional Chinese medicinal herb called Jiegeng in
China [14]. Recent studies have shown that PD has vari-
ous pharmacological potentials in treating human diseases,
including tumor inhibition effect [15]. PD can be combined
with another drug to enhance anti-tumor effect of the latter
through regulation of Akt. For example, PD promoted the
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anti-cancer effects of sorafenib in Akt-positive and PTEN-
negative prostate cancer cells through p-Akt ubiquitination
[16]. PD suppressed bladder cancer through upregulation
of miR-129-5p and inhibition of PI3K/Akt signaling path-
ways [17]. PD acts to show remarkable anti-tumor effects
through complex mechanisms. Even if acting on Akt, PD
has different regulation effects in different types of cancers.
Until now, there still lacks research on understanding PD-
mediated regulation of p-catenin signaling in any types of
cancers.

In this work, we investigated whether PD can serve as
an adjunctive therapy with CTX to suppress metastasis of
KRAS wild-type CRC, by combining label-free quantitative
proteomics analyses and in vitro and in vivo experiments.
PD, CTX and combined drugs altered genome-wide protein
expression patterns distinctly, and showed that PD but not
CTX significantly inhibited expression of B-catenin in both
KRAS wild-type CRC cells, HT29 and CaCo2. Gene Ontol-
ogy enrichment analysis suggested that PD may counteract
the inhibition effect of CTX on cell adherence and func-
tion in repressing cell migration and invasion. Western blot
results and immunofluorescence staining results showed that
PD downregulated expression and translocation of -catenin
in KRAS wild-type CRC cells. Both cell experiments and
pulmonary metastasis model of HT29 and CaCo2 in nu/nu
nude mice suggested that PD is able to repress metastasis
of CRC in CTX therapy. Our findings open a way for estab-
lishing a novel strategy to improve prognosis outcome of
late-stage CRC.

Results and discussion
CTX/PD suppressed CRC cell proliferation

To investigate the effects of CTX and PD on CRC cells,
we performed CCK-8 assay to evaluate growth inhibition
rates of CRC cells. The CCK-8 assay showed that CTX and
PD both exhibited considerable inhibition effects on HT29
and CaCo2 cell proliferation (Fig. 1A—C). CTX showed
more cytotoxicity on CaCo2 (IC50=1.3 pg/ml) than HT29
(IC50=22 pg/ml). This may be because HT29 has a mutated
BRAF (V600E), which increases its resistance to CTX. Some
studies also suggest that these two cell lines exhibit different
intrinsic characteristics, e.g. expression patterns and mucin
production/secretion abilities [18, 19]. PD showed similar
cytotoxicity on both CaCo2 (IC50=34 pg/ml) and HT29
(IC50=36 pg/ml) cells. Furthermore, the combination treat-
ment of CTX and PD showed no obvious synergy or antago-
nism, when they were administered to HT29 and CaCo2
cells. According to IC50, 0.26 pg/ml CTX and 6.8 pg/ml
PD were used to treat CaCo2 cells, and 4.4 pg/ml CTX and
7.2 pg/ml PD were used to treat HT29 cells in label-free
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Fig.1 CCK-8 assay and CalcuSyn analysis of drug effects on HT29
and CaCo2 cells. A CCK-8 assay evaluating drug effects on HT29
cells (A1) and CaCo2 cells (A2). The vertical axis represents growth
inhibition rate, which is compared with untreated cells. The horizon-
tal axis represents CTX and PD concentrations. B CalcuSyn analysis
of the CCK-8 assay results. Combination index (CI) is calculated by
calcusyn analysis based on the inhibition rates of different concentra-

quantitative proteomics analysis, scratch wound-healing,
transwell invasion, western blot and immunocytochemistry
assays. As shown in Fig. 1D, a colony formation assay was

tions of CTX and PD. CI is roughly equal to 1, indicating that CTX
and PD have addictive cytotoxicity. B1: HT29; B2: CaCo2. C IC50 of
CTX and PD for the two cell lines, respectively. D The colony-forma-
tion assay evaluating drug effects on HT29 and CaCo?2 cells. The data
are displayed as mean of colony numbers + SEM. ‘Control’ was com-
pared with the other groups using one-way ANOVA. *P <0.05 was
calculated in these comparisons

performed to further measure the antiproliferative effect
of PD in combination with CTX under above conditions.
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Consistent with the above data, the combination treatment
of CTX and PD showed the highest inhibition rate as well.

PD/CTX/combined PD and CTX treatments altered
global protein expression patterns distinctly

To predict the effects of PD and CTX on CRC and reveal
involved key proteins and pathways, we next carried out
label-free quantitative proteomics analyses of both HT29
and CaCo2 cells treated by PD, CTX, or combined PD and
CTX. Principal component analysis of differential protein
expression (DPE) confirmed that three types of treatments
caused heteroproteinous global patterns of DPEs, and that
two types of CRC cells responded to treatments distinctly
(Fig. 2A). Hierarchically-clustered heatmap showed that
each treatment condition was highly repeatable, and DPE
patterns under PD and CTX treatment were closely clus-
tered with those under PD treatment in both CRC cells
(Fig. 2B). By contrast, DPE patterns under CTX treatment
were closely clustered with those in the control condition
in both CRC cells (Fig. 2B). Since CTX is a monoclonal
antibody targeting EGFR, which inhibits the activation of
EGF/EGFR-mediated downstream pathway, the effect of
CTX on CRC cells may be relatively limited. By contrast,
these data suggested that the effect of PD on CRC cells
may be more complex. Thousands of proteins were differ-
entially expressed in response to drugs in both HT29 and
CaCo?2 cells (Fig. 2C). Venn diagram based on DPEs with
threefold changes consistently showed response variations
in cell types and three treatments (Fig. 2D). Based on
Top 10 enriched Gene Ontology (GO), either PD or CTX
suppressed ATP metabolism and metal ion regulation in
both CRC cells (Figure S1), suggesting that PD or CTX
is capable of inhibiting Warburg effects in CRC cells.
It has been reported that CTX reverses Warburg effects,
which leads to inhibition of cancer cell metabolism [20].
Here, we for the first time found that PD showed a nega-
tive effect on Warburg effects as well. CTX additionally
suppressed adherence abilities of both CRC cells (Fig-
ure S1), which may lead to tumor-cell dissociation from
the primary lesion. But this suppression effect may also
inhibit formation of metastasis and then cause anoikis.
Consistently, it was shown that CTX treatment resulted
in inhibition of cell adhesion, which accompanied with
growth inhibition and reduced levels of cell adhesion
molecules [21]. When PD and CTX were combined for
treatment, both CRC cells decreased ATP metabolism
and activities in response to peptide and drug (Figure
S1). Activation of ATP metabolism promoted malignant
progress of tumor, and ATP metabolism-related signature
also regulated tumor immune microenvironment [22]. Our
data suggested that CTX combined with PD also sup-
pressed malignant progress of tumor via inhibition of
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ATP metabolism. In both CRC cells, expressions of 74
and 106 proteins were consistently up- and down-regu-
lated, respectively, when PD treatments were compared to
the control conditions and PD with CTX treatments were
compared to CTX treatments (Fig. 3 and Figure S2). The
expressions of proteins involved in fundamental cellular
processes, such as ribosome proteins, vimentin, histone
proteins and B-catenin, were downregulated in PD with
CTX treatment (Fig. 3). Especially, because PD inhibited
expressions of B-catenin (Fig. 3), which is a central regu-
lator classified to most Top 10 GO groups (Figure S1),
we speculated that PD may counteract the CTX-medi-
ated inhibition effect on cell adherence through p-catenin
signaling pathway and consequently play a pivotal role in
repressing CRC cell migration and invasion.

PD/combined PD and CTX decreased the migration
and invasion abilities of HT29 and CaCo2 cells

Based on the label-free quantitative proteomics results, we
next carried out scratch wound-healing and transwell inva-
sion assays to investigate whether PD decreased the migra-
tion and invasion abilities via inhibiting B-catenin in sin-
gle treatment or combined treatment with CTX. Because
CHIR-99021 (CHIR), a Wnt activator, was widely used to
up-regulate wnt/p-catenin signaling pathway [9]. CHIR was
then used to activate pB-catenin in the following experiments.
As shown in Figs. 4 and 5, PD and CTX treatments both
decreased the migration and invasion abilities of HT29 and
CaCo?2 cells under single drug treatment condition. CHIR
(for B-catenin activation) offset the inhibition effects of
PD on the migration and invasion abilities of CRC cells,
confirming that PD inhibits CRC cell migration and inva-
sion through f-catenin signaling pathway. Combination of
PD and CTX decreased the migration and invasion abili-
ties of CRC cells dramatically, compared with single CTX
treatment. By contrast, under CHIR combined treatment,
PD cannot facilitate CTX to further decrease the migration
and invasion abilities. Furthermore, 3 pM CHIR treatment
showed almost no effect on proliferation of control or CTX
treated cells (Figure S3).

PD inhibited B-catenin-mediated signaling pathway

As shown in Fig. 6, PD inhibited the expression levels of
key proteins in p-catenin signaling pathway in HT29 and
CaCo?2 cells, whereas CTX showed no obvious effect on
the expression levels of these proteins. PD also inhibited
the expression levels of key proteins in f-catenin signaling
pathway significantly when it was combined with CTX. As
a Wnt/p-catenin activator, CHIR activated f-catenin signal-
ing pathway and counteracted the effect of PD. Full length
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Fig.2 Genome-wide protein expressions altered by PD/CTX/com-
bined PD and CTX treatments. A Principal component analysis of
differential protein expressions in PD/CTX/PD and CTX treated
HT29 and CaCo2 cells. B Heatmap showing the changes in global
protein expressions in PD/CTX/PD and CTX treated HT29 and
CaCo2 cells. C Volcano plots of differential protein expressions in
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PD/CTX/PD and CTX treated HT29 and CaCo2 cells, compared to
the control condition. D Venn diagram showing the numbers of dif-
ferentially expressed proteins among conditions. 1: HT29 control;
2: PD-treated HT29; 6: CTX-treated HT29; 5: PD and CTX-treated
HT29; 7: CaCo2 control; 3: PD-treated CaCo2; 8: CTX treated
CaCo2; 4: PD and CTX-treated CaCo2
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western blots (all three independent experiments) of Fig. 6
is provided in Figure S4. Consistently, immunocytochemis-
try showed that PD inhibited translocation of B-catenin to
nuclei, and CHIR counteracted this effect (Fig. 7).
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HT?29 control; 2: PD-treated HT29; 6: CTX-treated HT29; 5: PD and
CTX-treated HT29; 7: CaCo2 control; 3: PD-treated CaCo2; 8: CTX
treated CaCo2; 4: PD and CTX-treated CaCo2

PD combined with CTX reduced metastasis of HT29
and CaCo2 cells in vivo

To evaluate the effects of PD and CTX on reducing metasta-
sis of HT29 and CaCo2 cells in vivo, HT29 and CaCo?2 cells
were injected to nu/nu nude mice via tail vein, to establish
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Fig.4 Scratch wound-healing assay (original magnification 100 X)
showing effects of drugs on migration of CRC cells. A Migra-
tion images of scratch wound-healing assay. A1:HT29; A2: CaCo2.
Scale bar: 50 pm (B) Bar plots of percent wound closure. B1: HT29;
B2: CaCo2. ‘CTX’ was compared with ‘PD and CTX’ and ‘PD and

a mouse pulmonary metastasis model. Higher numbers of
cancer nodules in the lungs of mice injected with HT29 and
CaCo?2 cells were found in the control groups than those in
the treatment groups (Fig. 8). PD or CTX single treatment
both decreased the numbers of cancer nodules slightly, sug-
gesting that these two drugs had certain inhibition effect
on metastasis. Combination treatment of PD and CTX dra-
matically decreased the numbers of cancer nodules, and
increased integrity of alveolar structure, suggesting that
the combined drugs showed synergistic effect on metasta-
sis inhibition in vivo. These data indicated that PD or CTX
may inhibit metastasis through their respective pathways.
When CTX was used alone, the bypass pathway was not
inhibited and CRC metastasis still occurred. When the two
drugs were used at the same time, two independent pathways
were both inhibited and the best inhibition effect on metas-
tasis was achieved. Figure 8D showed the survival curves of
all groups. All the mice ultimately died due to pulmonary
metastasis. Mice in the control groups had the shortest sur-
vival time. Mice treated with PD or CTX had longer survival
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CHIR’ was compared with ‘PD, CTX and CHIR’ using Student’s t
test. *: P<0.05, ns no significance. ‘PD and CTX’, ‘PD and CHIR’
and ‘PD, CTX and CHIR’ represent the names of drugs in combina-
tion treatment

time than their untreated counterparts. The group with the
combination treatment showed the best prognosis with the
longest survival time. Furthermore, PD showed almost no
side effects on liver, lung and kidney (Figure S5).

Bypass action role of PD in CTX resistance and CRC
metastasis

The above data suggested that PD inhibited p-catenin-
mediated signaling pathway and suppressed CRC metas-
tasis. Besides, PI3K/Akt/mTOR and Ras/Raf/MAPK sign-
aling pathways have been reported to be involved in CTX
resistance and cancer cell migration. Some studies reported
that PD regulated PI3K/Akt pathway, and PD up- or down-
regulated p-Akt in different types of cancer [16, 17]. In addi-
tion, PD was shown to inhibit EGFR-mediated downstream
MAPK signaling pathway in hepatocyte [23] and osteoclast
differentiation [24]. To further understand the inhibitory
mechanism of PD in CRC metastasis, we next compared
the expression levels of key proteins in PI3K/Akt/mTOR
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Fig.5 Transwell assay showing effects of drugs on invasion of CRC
cells. A Invasion images of Transwell assay. Scale bar: 50 pm (B)
Bar plots of cell numbers of invasion. B1: HT29; B2: CaCo2. ‘CTX’
was compared with ‘PD and CTX’ and ‘CTX and CHIR’ was com-

and Ras/Raf/MAPK signaling pathways in CTX/PD/CTX
and PD-treated HT29 or CaCo?2 cells according to the results
of quantitative proteomics analyses. PIK3C3 encodes the
catalytic subunit of PI3K (K00922 in Fig. 11) that activates
downstream kinase Akt [25]. Our data showed that in CaCo2
cells, CTX upregulated the expression level of PIK3C3,
whereas PD inhibited the effect caused by CTX (Fig. 9A).
AKT1S1 is a proline-rich substrate of Akt and inhibitor of
mTOR [26]. PD significantly enhanced its expression and
offset inhibition effect of CTX in CaCo2 cells, whereas PD
and CTX showed no obvious regulation effects on AKT1S1
in HT29 cells (Fig. 9B). Some studies reported that sensitiv-
ity to anti-EGFR therapy is correlated with downregulation
of phosphorylated Akt [27]. CTX did not down-regulate
AKT1 in the two types of CRC cells (Fig. 9C). This may
be because that CTX may inhibit p-Akt via disruption of
EGF/EGFR binding reaction, however, pan-Akt expression
may not be affected by CTX. mTOR is a central regulator
of cell proliferation that is deregulated in cancer, and its
phosphorylation contributes to CTX resistance [28]. mTOR
expression was up-regulated by CTX (Fig. 9D), which may
be due to the feedback mechanism of inhibition of mTOR
phosphorylation by CTX [29]. PD treatment rescued this
effect, suggesting that PD may modulate CRC resistance to
CTX by inhibiting the expression of mTOR.
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In Ras/Raf/MAPK pathway, RRAS and RRAS2 both
encode GTPases that belong to R-Ras subfamily, of which
mutations lead to metastatic cancer [30]. The treatments
exhibited different effects on HT29 and CaCo2 cells
(Fig. 9E, F), in which unknown mechanism need to be fur-
ther investigated. In Ras/Raf/MAPK pathway, ARAF sta-
bilizes polymer of BRAF and CRAF, and dimerization of
ARAF promotes activation of MAPK [31]. Though CTX and
PD both showed different regulation effects on ARAF, our
results suggested that CTX did not inhibit ARAF effectively
and PD suppressed expression of ARAF in CaCo2 cells
(Fig. 9G). Moreover, MAPK1 (ERK?2) [32] and MAPK9
(JNK?2) [33] both promote cancer progress. CTX decreased
the expression levels of these two proteins in CaCo2 but not
those in HT29 cells (Fig. 9H, I). In theory, because CTX
could down-regulate phosphorylation level of them by dis-
rupting EGF/EGFR binding reaction, expression fluctuation
of total proteins may be caused by other feedback mecha-
nism. In addition, PD and combination treatment of PD and
CTX both showed considerable down-regulation effects on
MAPKI1 expression. Taken together, PD regulated expres-
sions of certain key proteins in both PI3K/Akt/mTOR and
Ras/Raf/MAPK signaling pathways, and interfered with the
effect of CTX on these two pathways, which may relieve
CTX resistance.
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Fig.6 Western blots showing the effect of co-treatment with PD
and CTX on p-catenin-mediated signaling pathway in CRC cells. A
Expression levels of the key proteins that are involved in p-catenin
signaling pathway. The left column shows protein names, includ-
ing total f-catenin, nuclear B-catenin, c-Myc, Cyclin D1, MMP-7,
and two loading controls, B-actin and Histone H3. Western blots for
all the proteins except nuclear B-catenin used P-actin as the load-

ing controls. The top row shows two cell lines HT29 and CaCo2,
and drug treatment with different combination. B Bar plots of den-
sitometric analysis of three independent experiments. Protein expres-
sion levels are normalized by the loading controls. Columns show
the mean + SEM. Student’s t test is used to analyze P values between
groups. All groups are compared with the ‘Control” group. *: P <0.05
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with different drug treatments. Cells were immunostained with B-catenin. D Percentage of cells with positive nuclear translocation in
fB-catenin antibody. Scale bar: 20 pm. C The area in red frame in three independent experiments
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CTX-mediated inhibition effects on EGFR downstream
signaling pathways, such as Ras/Raf/MAPK and PI3K/
Akt/mTOR, cause downregulation of migration and inva-
sion in a certain degree, which is the mechanism of how
CTX prevents CRC recurrence. Next, we examined PD-
regulated key proteins involved in CRC cell migration and
invasion according to the results of quantitative proteom-
ics analyses. PD and combination treatment of PD and
CTX increased expression levels of EPCAM (Fig. 10A),
which may result in deregulated invasion [34]. PD and
combination treatment of PD and CTX increased E-cad-
herin (CDHI1) expression levels, and decreased N-cadherin
(CDH2) expression levels (Fig. 10B, C), suggesting that
PD could help CTX to inhibit migration and invasion
via regulation conversion of E- to N-cadherin. Inhibition
effect to vimentin (VIM) was also identified in PD and
combination treatment of PD and CTX groups in these
two cells (Fig. 10D), indicating inhibition effect of PD
on epithelial-mesenchymal transition. These results fur-
ther supported the above conclusions that PD combined
with CTX suppressed CRC metastasis in vitro and in vivo
(Fig. 11).

Materials and methods
Reagents and antibodies

All cell culture media, trypsin and antibiotics were pur-
chased from Gibco (Grand Island, NY, USA), and fetal
bovine serum (FBS) was purchased from HyClone (Logan,
UT, USA). Rabbit anti-p-Catenin antibody (#8480, 1:1000
in western blot and 1:200 in Immunocytochemistry), rab-
bit anti-c-Myc antibody (#18583, 1:1000 in western blot),
rabbit anti-Cyclin D1 antibody (#55506, 1:1000 in west-
ern blot), rabbit anti-MMP-7 antibody (#71031, 1:1000
in western blot), rabbit anti-B-Actin antibody (#4970,
1:1000 in western blot), rabbit anti-Histone H3 antibody
(#4499, 1:2000 in western blot) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Goat
anti-rabbit IgG-peroxidase (#DCO3L, 1:20000 in western
blot), FITC-conjugated goat anti-rabbit antibody (F0382,
1:80 in Immunocytochemistry) and DAPI were purchased
from Sigma-Aldrich (St Louis, MO, USA). Nuclear and
cytoplasmic protein extraction kit, CCK-8, CHIR-99021
(#SF2708) and PVDF membranes were purchased from
Beyotime (Shanghai, China). ECL Plus substrate, RIPA
lysis buffer and bicinchoninic acid reagents were pur-
chased from CWBio (Beijing, China). 24-well Matrigel-
coated chambers (6.5 mm in diameter, 8 pm pore-size,
100 pg/cm? Matrigel) were purchased from Corning
(Tewksbury, MA, USA).

Cell lines

Human CRC cell lines, HT29 and CaCo2, were purchased
from the Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences (Shanghai, China). HT29 has
wild-type KRAS and BRAF V600E mutant. CaCo2 has
wild-type KRAS and BRAF. All cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 pg/
ml streptomycin, and 100 U/ml penicillin. According to the
results of CCK-8 assay in Sect. PD/combined PD and CTX
decreased the migration and invasion abilities of HT29 and
CaCo2 cells, 0.2 IC50 of CTX, PD, and combined CTX and
PD were used to treat cells for further analysis. Furthermore,
3 pM CHIR-99021 (CHIR), a GSK-3 inhibitor and Wnt/f-
catenin activator [35], was used to treat cells to upregulate
Whnt/p-catenin signaling pathway.

CTX and PD treatment

HT29 and CaCo2 were incubated in plate for 24 h and then
treated with various concentrations of CTX and PD for
another 48 h, in four different groups. (1) Control: cells with-
out drug treatment; (2) CTX: cells treated with CTX alone
for 48 h; (3) PD: cells treated with PD alone for 48 h; (4)
CTX and PD: cells treated with a mixture of CTX and PD
for 48 h. Cell viability was measured by CCK-8 assay. The
rate of cell growth inhibition in each well was calculated by
defining the absorption of control group as 100%. Measure-
ments were performed in triplicate. Concentrations of CTX
and PD for HT29 were both: 0.5, 0.95, 1.9, 3.75, 7.5, 15,
30, and 60 pg/ml. Concentrations of CTX for CaCo2 were:
0.075,0.15,0.3, 0.6, 1.25, 2.5, 5, and 10 pg/ml. Concentra-
tions of PD for CaCo2 were: 0.15, 0.3, 0.6, 1.25, 2.5, 5, 10,
and 20 pg/ml.

For colony formation assay, 400 cells per well were
seeded in 6-well plates for 10 days. Then the cells were fixed
in methanol for 15 min and stained with GIMSA application
stain for 30 min, and imaged.

Sample preparation for label-free quantitative
proteomics analyses

0.2 IC50 concentration of CTX, PD, and combined CTX
and PD were used to treat HT29 and CaCo2. After treat-
ment, proteins from three biological replications under
each condition were extracted by liquid nitrogen grinding
method. Next, 100 pl of SDT lysis buffer was added to
each sample. The samples were incubated in boiling water
bath for 3 min, ultrasonicated for 2 min, and then incu-
bated in boiling water bath for 3 min. The samples were
centrifuged to collect the supernatants. Protein quanti-
fication was performed using bicinchoninic acid (BCA)
method. 300 pg of proteins from each sample were taken
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«Fig. 8 Pulmonary metastases model and survival curves of mice. A
Morphology of the lungs of each treatment group. Mice were sac-
rificed 14 days after injection of HT29 or CaCo2 cells via tail vein
administration. Left labels showed drug treatment conditions. B
Number of tumor nodules for each group. *P<0.05, **P<0.01,
*#¥P <(.001 represent various levels of difference between the indi-
cated groups. C H&E staining of metastases lungs. Abundant can-
cer cells were found in lung tissue and destroyed alveolar structure
in each group. Relatively complete alveolar structure can be found
in ‘PD+CTX’ group, compared to those in other groups. Scale bar,
100 pm. D Survival curves of each group. Other groups were com-
pared with control group. Each group has 5 mice. *: P<0.05, **:
P<0.01, #**: P<0.001, ns: no significance

for enzymatic hydrolysis in solution. Briefly, | M DTT
was added to reach a final concentration of 100 mM. The
samples were incubated in boiling water bath for 5 min,
and cooled at room temperature. 1 M IAA (Indoleacetic
acid) was added to reach a final concentration of 50 mM.
The samples were kept away from light at room tempera-
ture for 20 min. Six volumes of acetone were added for
precipitation. The samples were stored at — 20 °C for 4 h
or overnight. The samples were centrifuged at 16,000 X g
for 15 min. The pellets were washed with acetone twice,
air dried and then dissolved in 8 M urea. The solution
was diluted to 1 M urea using 50 mM NH,HCOj;. An
appropriate amount of trypsin was added and shaked at
37 °C overnight (16—18 h). After enzymatic hydrolysis,
the peptides were desalted with C18 cartridge and lyophi-
lized. The peptides were then re-dissolved in 0.1% trif-
luoroacetic acid and the concentration was determined for
LC-MS/MS analysis.

LC-MS/MS analysis

An appropriate amount of peptides from each sample was
used to perform chromatographic separation in a nano
liter flow rate easy NLC 1200 chromatographic system
(Thermo Scientific, USA). Buffer A contained 0.1% for-
mic acid solution and buffer B contained 0.1% formic acid
acetonitrile solution (80% for acetonitrile). The chroma-
tographic column was in liquid equilibrium at 95% buffer
A. The samples were injected to the trap column and then
passed chromatography for gradient separation with a flow
rate of 300 nL/min. The liquid phase gradient was set as
follows: 0-2 min, the linear gradient of buffer B was from
5 to 8%; 2-90 min, the linear gradient of buffer B was
from 8 to 23%; 90-100 min, the linear gradient of buffer
B was from 23 to 40%; 100-108 min, the linear gradient
of buffer B was from 40 to 100%; 108—120 min, buffer B
was maintained at 100%. After peptides were separated,
data-dependent acquisition mass spectrometry (DDA-MS)
was performed on Q-Exactive HF-X mass spectrometer
(Thermo Scientific, USA).

Label-free quantitative proteomics analyses
at genome-wide scale

The LC-MS/MS data were searched against the Uniprot
database (Species: Homo sapiens, protein numbers: 194324,
accessed on 02/02/2021), using MaxQuant v1.6.0.16. The
expression matrix was loaded to Perseus v1.6.15.0 for
statistical and functional analyses. The data were filtered
and processed according to the Perseus protocol (Tyanova
and Cox). The plots of principal component analysis and
hierarchical clustering of samples based on the correlation
coefficients were performed using Perseus. Volcano plots
were analyzed based on differentially expressed proteins
(P <0.05). Venn diagram plot was visualized based on dif-
ferentially expressed proteins (P <0.05) with fold changes
either >3 or < 1/3 via Jvenn program [36]. GO enrichment
analysis of differentially expressed proteins were performed
and visualized via ClusterProfiler v3.18.1 and R v4.0.3 [37].
Heatmaps were visualized using Perseus or R package pheat-
map v1.0.12 [38].

Scratch wound-healing assay

The classical scratch wound-healing assay was used to
determine the migratory ability of the cells as previously
described [39]. Briefly, cells were cultured in six-well plates
to form a monolayer. Then cells were serum-starved over-
night, and an artificial scratch wound was created by a 10 pl
pipette tip. At the same time, CTX, PD and CHIR were
added to serum-free medium as single or combination to
treat cells. Phase-contrast images of migration assay were
captured from the time-lapse series at 0, 12, 24, and 48 h
after scratching. Experiments were repeated independently
in triplicate. The following equation was used to calculate
percent wound closure: percent wound closure (%)=[1— (Lt/
L0)] x 100, where Lt represents width of scratch at time t and
LO represents initial width of scratch.

Cell invasion assay

24-well Matrigel-coated chambers were used in cell inva-
sion assays as previously described [39]. Briefly, cells were
grown until they reached subconfluent cell densities, and
then serum-starved for 24 h. Cells were detached using
trypsin, and 2 x 10° cells were added to the upper transwell
chamber in 500 pl of serum-free medium. To the lower
chamber, 750 pl of medium with 10% FBS was added to
each well. All the experiments were repeated in triplicate.
After 24 h incubation at 37 °C with 5% CO,, cells that had
not migrated were removed using a cotton swab and cells
that had migrated were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet for 30 min. Images of three
different fields were captured for each membrane.
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Fig.9 Comparison of expression levels of key proteins in PI3K/Akt/
mTOR and Ras/Raf/MAPK signaling pathways in CTX/PD/CTX and
PD-treated HT29 or CaCo2 cells according to the results of quantita-
tive proteomics analyses. ‘LFQ intensity’ represents label-free quan-
titative intensity. A Comparison of expression levels of PIK3C3. B
Comparison of expression levels of AKT1S1. C Comparison of

Western blotting

0° cells were lysed in 500 mL of RIPA lysis buffer sup-
plemented with protease inhibitors for 20 min at 4 °C. The
protein content in the sample lysate was quantitated by bicin-
choninic acid reagents. Protein samples were then suspended
in SDS loading buffer. After boiling, 10 pg of protein from
each sample was separated by 10% SDS—polyacrylamide gel
electrophoresis, and then transferred to Immobilon PVDF
membranes. The membranes were probed with antibod-
ies using standard techniques. Finally, the signals were
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expression levels of AKT1. D Comparison of expression levels of
mTOR. E Comparison of expression levels of RRAS. F Comparison
of expression levels of RRAS2. G Comparison of expression levels of
ARAF. H Comparison of expression levels of MAPK1. I Comparison
of expression levels of MAPKO. *P <0.05, **P<0.01, ***P<0.001,
#x4k%P < (0,001 (student’s t test)

visualized using ECL Plus and exposed film. Each assay
was carried out in triplicate.

Immunocytochemistry analysis

Immunofluorescence staining was used to analyze
B-catenin expression in cytoplasm and nucleus. The proce-
dure was carried out as previously described [39]. In brief,
cells were washed gently with PBS, fixed in 10% formalin
at room temperature for 20 min, treated with 0.5% Triton
X-100 for 5 min at 4 °C and then blocked with 5% normal
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Fig. 11 Schematic diagram showing inhibitory roles of PD and CTX
in the signaling pathways involved in CRC metastasis. CTX inhibits
EGFR-mediated signaling pathways, whereas PD inhibits (-catenin-

goat serum overnight at 4 °C. Slides were incubated with
primary antibody for 1 h at 37 °C. After washing with
PBS, the slides were incubated with FITC-conjugated sec-
ondary antibody and DAPI for 1 h at 37 °C. Subsequently,

mediated signaling pathway. The co-treatment of PD and CTX inhib-
its CRC cell migration and enhances CRC cell adhesion ability, lead-
ing to suppressed metastasis of CRC

the slides were washed with PBS to remove antibody and
then sealed. The slides were photographed immediately
using a fluorescence microscope (Olympus, Tokyo, Japan).
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In vivo pulmonary tumor metastasis model
and treatment

HT29 and CaCo?2 cells were trypsinized and injected into the
tail vein of nu/nu nude mice (6-week-old, female, Institute of
Medical Laboratory Animals, Chinese Academy of Medical
Sciences) with a concentration of 2 x 10°/0.2 ml to establish
a model for metastatic lung tumors. PD and/or CTX were
administered intraperitoneally after tumor cell injection. PD
was dissolved in the solution of PEG400: Saline: Ethanol
with a volume ratio 400:300:200. PD was administered at
2.5 mg/kg three times per week. CTX was administered at
8 mg/kg for HT29 and 0.4 mg/kg for CaCo2 three times per
week. Mice were sacrificed 2 weeks after tumor cell injec-
tion, and tumor nodules on the surface of the lungs were
counted. Survival times were compared among groups. All
animal experiments complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 8023, revised 1978) and was approved
by the Ethics Committee of Tianjin Union Medical Center.

Statistical analyses

Statistical analyses were performed using statistical anal-
ysis in Graphpad or Excel. The results were presented as
mean + standard error of mean (SEM). Statistical signifi-
cance between two groups was analyzed using Student’s t
test. P value of < 0.05 was considered significant.

Conclusions

Latent metastasis of CRC commonly occurs and then may
progress rapidly within a few months or years after first
operation that is even followed by targeted therapy treat-
ment. As an EGFR TKI, CTX is commonly used to treat
CRC to prevent metastasis and recurrence after operation.
Although the addition of CTX to chemotherapy improves the
overall survival of patients with advanced inoperable meta-
static disease in some studies, its usage in the perioperative
setting in patients with operable disease confers a significant
disadvantage in terms of overall survival [2]. The potential
mechanism is not clearly understood yet. As an EGFR TKI,
CTX can be combined with other drugs to inhibit EGFR
or its downstream signaling pathways, leading to decreased
resistance [40]. In this work, CCK-8 results showed that
CTX/PD suppressed CRC cell proliferation. Label-free
quantitative proteomics analyses showed that CTX/PD/
CTX and PD altered protein expression patterns in CRC
cells distinctly. Moreover, bioinformatics analysis suggested
that key proteins in pf-catenin-mediated pathway, which reg-
ulates cell migration and polarity, were downregulated by
PD treatment. Western blot results further confirmed that

@ Springer

PD used as single treatment or combined with CTX can
downregulate p-catenin translocation, and c-Myc, Cyclin
D1, MMP-7 expression levels, which may result in suppress-
ing cell migration and invasion. Our scratch wound-healing
and transwell invasion assays found that PD inhibited migra-
tion and invasion of cells, when it was administered with
CTX, and p-catenin activator (CHIR) reversed this effect.
In vivo experiments suggested that PD inhibited metastasis
in pulmonary metastasis model of nude mice. Additionally,
PD and CTX modulated the expression levels of certain key
proteins in PI3K/Akt/mTOR and Ras/Raf/MAPK signaling
pathways. To the best of our knowledge, this is the first time
to show that PD inhibited metastasis of CTX treated KRAS
wild-type CRC cells via inhibition of B-catenin (Fig. 11).
Our findings provide a potential strategy by applying PD as
an adjunctive therapy with CTX, to suppress CRC metastasis
and improve CRC prognosis.
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