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Abstract. Decreased expression of E-cadherin correlates 
with poor prognosis in colorectal cancer. Certain E-cadherin 
signaling cascades are triggered by intercellular force or binding 
to cadherins on adjacent cells. Three-dimensional (3D) cell 
cultures represent a better approximation of cell-cell adhesion 
in vivo than two-dimensional (2D) cultures. Here, we explored 
the role of E-cadherin in colorectal cancer chemosensitivity 
in 3D cultures. Cell-cell junctions, including tight junctions, 
gap junctions, intermediate junctions and desmosomes, were 
commonly found in 3D cultures. Knockdown of E-cadherin by 
lentiviral delivery of shRNA significantly reduced chemosen-
sitivity to 5-fluorouracil and irinotecan, increased β-catenin 
protein level in HCT116 3D cultures. However, these effects 
were not observed in 2D cultures. Knockdown of β-catenin 
significantly increased chemosensitivity to 5-fluorouracil and 
irinotecan in HCT116 3D cultures and LoVo 3D cultures. 
5-Fluorouracil activated p38, ERK1/2 and JNK1/2 in a 
time-dependent manner in HCT116 3D cultures. E-cadherin 
knockdown enhanced p-p38 and p-ERK1/2, except p-JNK1/2 
in HCT116 3D cultures. Knockdown of β-catenin attenuated 
p-p38 and p-ERK1/2 in HCT116 3D cultures and LoVo 3D 

cultures. Inhibition of p-p38 or p-ERK1/2 in HCT116 3D 
cultures significantly increased chemosensitivity. Our results 
indicate E-cadherin knockdown increases β-catenin resulting 
in reduction of chemosensitivity only in 3D cultures, and 
β-catenin increasing the p-p38/p-ERK1/2 is involved in this 
mechanism.

Introduction

Cells in vivo proliferate and survive under the influence 
of adjacent cells (1-3). Cell-cell adhesion is important for 
tumor cell biological behavior, including chemosensitivity 
(1,2,4-7). Intercellular adhesion is not well recapitulated in 
two-dimensional (2D) cell cultures and this may explain, in 
part, the phenomenon that novel anticancer drugs often offer 
only a small improvement over older agents or even fail to 
offer improvement in clinical trials, though they exhibit 
exciting anticancer effect in vitro (1-6). Three-dimensional 
(3D) cell culture models represent a better approximation of 
solid tumor tissue microenvironment, including cell adhesion 
and chemosensitivity in vivo than 2D cultures (1-8).

E-cadherin (Ecad), a classic member of the cadherin family, 
is responsible for cell-cell adhesion (2,9-13). On the other 
hand, intercellular force and E-cadherin binding to cadherins 
on adjacent cells trigger certain E-cadherin signaling cascades 
(9,10,12). Decreased expression of E-cadherin is strongly 
correlated with colorectal cancer, including prognosis (14,15). 
Therefore, we explored the role of E-cadherin in colorectal 
cancer chemosensitivity using 3D cultures. E-cadherin knock-
down significantly reduced chemosensitivity via increasing 
β-catenin in 3D cultures while these effects were not observed 
in 2D cultures.

Materials and methods

Cell lines and cell culture. Human colorectal cancer cell 
lines, HCT116, HT29, LoVo and human embryonic kidney 
293T were obtained from the Cell Bank, Chinese Academy 
of Science.

2D cultures were routinely grown and passaged as previ-
ously described (4,16). In brief, cells were grown in McCoy's 5A 
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(Gibco, Grand Island, NY, USA) (HCT116 and HT29), F12K 
(Gibco) (LoVo) or DMEM (293T) (Gibco) supplemented with 
100 ml/l fetal bovine serum (Gibco), 100,000 IU/l penicillin, 
and 100 mg/l streptomycin (Gibco) under a humidified atmo-
sphere of 5% CO2 at 37˚C.

3D cultures were prepared by using the liquid overlay 
technique as previously described (2,4,17). In brief, expo-
nentially-growing cancer cells were seeded into plates what 
were previously coated with 2% agarose. Plates were gently 
horizontally swirled 10 min every 6 h for the first 24 h on an 
orbital shaker in order to form multicellular spheroids. Cells 
were incubated under a humidified atmosphere of 5% CO2 at 
37˚C. Appropriate medium was refreshed every day.

Lentiviral delivery of shRNA. E-cadherin and β-catenin were 
knocked down through the use of lentiviral vector-mediated 
shRNA interference using The RNAi Consortium System 
(Open Biosystems, Inc., Huntsville, AL, USA) according to 
the manual, respectively (18). Sense sequences of shRNAs 
targeting specific genes are AAGATAGGAGTTCTCTGATGC 
(shEcad-1) or ATACCAGAACCTCGAACTATA (shEcad-2) 
for E-cadherin (18) and GCTTGGAATGAGACTGCTGAT 
for β-catenin (shβ-catenin) (18). Control shRNA (shcontrol) is 
targeted against green fluorescent protein and the sense 
sequence of shRNA is TACAACAGCCACAACGTCTAT. 
E-cadherin/β-catenin-targeting shRNA-pLKO.1 vector or a 
control shRNA-pLKO.1 vector with the packaging plasmid 
pCMV-Dr8.91 and the enveloping plasmid pCMV-VSV-G 
were co-transfected into 293T cells with Lipofectamine® 2000 
(Invitrogen, Carlsbad, CA, USA) according to the manual. 
Virus-containing media was collected at 48 and 72 h post-
transfection, and was filtered. Cells were infected with 
lentivirus encoding shRNA targeted specific genes or control 
lentivirus, respectively. Then, cells were selected using puro-
mycin (Sigma-Aldrich, St. Louis, MO, USA). Knockdown 
efficiency was confirmed by western blotting.

Hematoxylin and eosin (H&E) staining. HCT116 3D cultures 
were collected in a 1.5 ml Eppendorf tube. Following centrifu-
gation (100 g, 2 min, 4˚C), the supernatant was discarded. The 
pellet was fixed in 4% paraformaldehyde for 30 min. Following 
centrifugation (100 g, 3 min), the pellet was placed in 100% 
ethanol and xylene for 10 min at room temperature, and then 
in paraffin for 20 min at 65˚C, respectively. The sample was 
embedded in paraffin and the paraffin-embedded sample was 
sectioned at a thickness of 10 µm. Sample slides were routinely 
stained with H&E.

Colorectal tumors were induced in C57BL/6 mice by 
azoxymethane (Sigma-Aldrich)-dextran sodium sulfate (MP 
Biomedicals, molecular weight 36,000-50,000 Da., Irvine, 
CA, USA) as previously described (19). Mice were sacrificed 
20 weeks after azoxymethane treatment and colorectums were 
excised. Colorectal tumors were fixed in 10% formalin/PBS 
and paraffin-embedded samples were sectioned at a thickness 
of 6 µm. Sample slides were routinely stained with H&E. The 
study was approved by the Ethics Committee of Southwest 
Hospital.

Immunofluorescence staining. HCT116 cells were cultured 
as monolayer on cover slides for 72 h. After fixation in 

4% paraformaldehyde for 30 min, cells were incubated in 
0.2% Triton X-100 in 2% BSA/PBS for 30 min. Antibody of 
β-catenin (Cell Signaling Technology, Beverly, MA, USA) and 
Alexa Fluor 555 goat anti-rabbit (Invitrogen) were incubated 
for 2 h and 30 min, respectively. 4',6-diamidino-2-phenylindole 
(DAPI) (1 µg/ml) (Sigma-Aldrich) was used for staining the 
nucleus of cells for 30 min.

Immunohistochemical staining. HCT116 3D cultures were 
fixed in 4% paraformaldehyde and OCT embedded samples 
were sectioned at a thickness of 10 µm. Immunohistochemistry 
was performed according to protocol of the SPlink Detection 
kits (ZSGB-Bio, Beijing, China) as previously described 
(16).

Preparation for transmission electron microscope slides. 
Sample slides were routinely prepared as previously described 
(4). In brief, 3D cultures were fixed in 2.5% glutaraldehyde, 
and then in 1% osmium tetroxide. Samples were dehydrated 
by graded alcohol, ultrathin sectioned. Sections were stained 
with uranium acetate and lead citrate, and observed using a 
transmission electron microscope (TECNAI10, Philip, The 
Netherlands).

Preparation of cell lysates. Cells were lysed in RIPA buffer 
(50 mM Tris base, 150 mM NaCl, 1% Nonidet P-40, 0.25% 
Na-deoxycholate, 1 mM EDTA) with protease inhibitors and 
phosphatase inhibitors (1 mM PMSF, 5 µg/ml leupeptin, 2 µg/
ml pepstatin, 4 µg/ml aprotinin, 10 mM NaF, 1 mM Na3VO4, 
10 mM β-glycerophosphate disodium salt pentahydrate) 
by incubating for 30 min on ice. Following centrifugation 
(26,000 x g, 16 min, 4˚C), the supernatant was collected as 
total cell protein (19).

Western blot analysis. Protein was resolved by SDS/PAGE and 
blotted on nitrocellulose membranes (Bio-Rad, Richmond, 
CA, USA) as previously described (4,16,19). Nitrocellulose 
membranes were incubated with specific primary antibodies 
overnight. After incubating with secondary antibodies, 
immunoreactive proteins were visualized by the enhanced 
chemiluminescnet substrate (Thermo Scientific, Pittsburgh, 
PA, USA).

E-cadherin antibody was from Abcam Inc. (Cambridge, 
MA, USA). β-catenin antibody, phospho-mitogen-activated 
protein kinase (MAPK) Family Antibody Sampler kit, 
α-tubulin antibody, β-actin antibody, GAPDH antibody, 
histone H3, HRP-linked secondary antibody were from Cell 
Signaling Technology.

Clonogenic assay. Clonogenic assay in vitro were routinely 
performed as previously described (20). In brief, HCT116 3D 
cultures were collected in 2 ml medium. 0.2 ml medium 
containing 3D cultures was taken into a 0.5 ml Eppendorf 
tube. Following centrifugation (100 g, 5 min), the pellet was 
detached by accutase and the cells number of the single-
cell suspension were assayed. Then, the cells number of the 
3D cultures was calculated. The same amount of HCT116 3D 
cultures was treated with 80 mg/l 5-FU for 24 h. Then, 3D 
cultures were detached by accutase and the same ratio of 
single-cell suspensions were seeded into 24-well plates 
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duplicate. Cells were cultured at 37˚C for 7 days, then stained 
with crystal violet.

WST assay for sensitivity to anticancer drugs. Cytotoxic 
activity in 2D cultures was determined by tetrazolium salt-
based proliferation assay (WST assay) using the cell counting 
kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to 
the manual as previously described (4,21). In brief, HCT116 
cells were cultured in 96-well plates as monolayer. Then, 
10 µl of a graded concentration of 5-fluorouracil (5-FU) or 
irinotecan (CPT-11) were added into each well and cultured 
for 24 h. Control cultures received 10 µl PBS only. Each 
contained 8 independent samples. After 24 h, 10 µl of WST 
solution were added to each well and the plates were incubated 
for another 2 h. Absorbance was measured at 450 nm using a 
microplate reader with reference wavelength of 650 nm. Cell 
viability was measured and compared with that of control 
cells.

Cytotoxic activity in 3D cultures was determined by WST 
using the similar way to assay cytotoxic activity in 2D cultures 
as previously described (4,17,21). Before incubating with WST, 

3D cultures were detached by accutase for 2 min. Cell viability 
was measured and compared with that of 3D cultures treated 
with PBS.

Statistical analyses. The data shown represent the mean ± 
standard error. Statistical differences between groups were 
analyzed by one-way ANOVA. p<0.05 was considered statisti-
cally significant.

Results

Cell-cell adhesion in 3D cultures. When seeded under non-
adhesive conditions, dispersed cells (HCT116 and HT29) 
aggregated automatically and formed 3D cultures (multicel-
lular spheroids) within 24 h. Cells adhered to each other 
loosely. Three days later, cells adhered tightly to other cells 
and 3D cultures could be hardly dispersed into single cells by 
pipetting (Fig. 1A-C).

To further analyze cell-cell adhesive systems, HCT116 3D 
cultures were stained with H&E. 3D cultures consisted of 
layers of cells and the cells were packed tightly (Fig. 1D). These 

Figure 1. Intercellular adhesion in 3D cultures (multicellular spheroids). (A) HCT116 cells were cultured under 3D condition and were photographed at 
different time-points. Scale bars represent 400 µm. (B and C) HCT116 and HT29 were cultured under 2D condition for 3 days and 3D condition for 5 days, 
respectively. Scale bars represent 200 µm. (D) HCT116 3D cultures were stained with H&E. The scale bar represents 50 µm. (E) Mouse colorectal cancer at 
avascular stage was stained with H&E. The scale bar represents 50 µm. (F-H) Cell-cell junctions, including tight junctions (F) (the scale bar represents 1 µm), 
gap junctions (G) (the scale bar represents 1 µm), intermediate junctions and desmosomes (H) (the scale bar represents 2 µm) were found in most cells in 3D 
cultures using a transmission electron microscope (d, day).
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structures mimic tumors at avascular stage or avascular tumor 
regions (Fig. 1E). HCT116 3D cultures were also observed 
using a transmission electron microscope. Cell-cell junctions, 
including tight junctions, gap junctions, intermediate junctions 
and desmosomes, were commonly found in 3D cultures. Cell-
cell junctions were found in most of cells (Fig. 1F-H).

E-cadherin knockdown does not change the architecture 
formation of 3D cultures. E-cadherin is expressed by a variety 
of tissues and plays a key role in mediating cell-cell adhesive 
systems (9,10). It was reported that inhibition of E-cadherin 
function in cell-cell adhesion by E-cadherin neutralizing 
antibody (SHE78-7) disrupted preformed colorectal cancer 
cell  3D cultures (6,13). In this study, E-cadherin in HCT116 
was knocked down by lentiviral delivery of shRNA. The effi-
ciency was confirmed by western blotting (Fig. 2A). HCT116 
with E-cadherin knockdown (shEcad) grew as multicellular 
spheroids as HCT116 transfected with control lentivirus 
for 16 days and no difference was observed under an invert 
microscope (Fig. 2B). LoVo cells were also employed because 
E-cadherin expression in LoVo was too low to be detected 
using western blotting (Fig. 2A). LoVo cells also automatically 

formed spheroids under 3D culture conditions (Fig. 2B). The 
above suggested that E-cadherin knockdown does not change 
the architecture formation of 3D cultures, as assessed under 
the inverted microscope.

E-cadherin knockdown in HCT116 reduces chemosensitivity 
only in 3D cultures. Intercellular force and homophilic 
binding of E-cadherin on adjacent cells trigger certain 
E-cadherin signaling cascades (9,10,12). Therefore, the func-
tion of E-cadherin in 3D cultures may be different from in 
2D cultures. Thus, the role of E-cadherin in chemosensitivity 
in 3D cultures and in 2D cultures was explored.

WST assay was performed to evaluate sensitivity to anti-
cancer drugs (Fig. 3A). The viability of parental HCT116 3D 
cultures treated with 80 mg/l 5-FU for 24 h was 45.7±3.1% 
and that of shcontrol was 47.9±3.3%. There was no significant 
difference (p≥0.05). Compare to the shcontrol, the viability 
of shEcad-1 HCT116 3D cultures treated with 80 mg/l 
5-FU increased to 66.0±2.9% (p<0.01) and that of shEcad-2 
increased to 61.8±2.5% (p<0.01). E-cadherin knockdown 
also decreased chemosensitivity to CPT-11. The viabilities 
of parental, shcontrol, shEcad-1 and shEcad-2 treated with 

Figure 2. E-cadherin knockdown does not change the architecture formation of 3D cultures, as assessed under an invert microscope. (A) E-cadherin protein 
level was assayed by western blotting. The protein was extracted from 2D cultures grown for 3 days or from 3D cultures grown for 5 days. Relative quantities of 
E-cadherin of each group were normalized to β-actin and diagramed. ND, not detectable. Each group contained 3 independent samples. (B) shcontrol HCT116, 
HCT116 with E-cadherin knockdown (shEcad) and LoVo cells were cultured under 3D condition and were photographed at different time-points. Scale bars 
represent 400 µm (d, day).
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Figure 3. E-cadherin knockdown in HCT116 reduces chemosensitivity only in 3D cultures. (A) WST assay. E-cadherin knockdown reduced chemosensitivity 
in 3D cultures. **p<0.01. NS, not significant. (B) Clonogenic assay. The number of clones is marked on the top right of each image. E-cadherin knock-
down increased the clonogenicity in 3D cultures. (C) Western blotting. Relative quantities of cleaved caspase-3 were normalized to GAPDH and diagramed. 
E-cadherin knockdown decreased 5-FU induced cleaved caspase-3. Each group contained 3 independent samples. (D) WST assay. E-cadherin knockdown did 
not significantly changed chemosensitivity in 2D cultures. NS, not significant.

Figure 4. E-cadherin knockdown in HCT116 increases β-catenin only in 3D cultures. (A) Western blotting. Relative quantities of E-cadherin were normalized 
to β-actin and diagramed. E-cadherin knockdown in HCT116 2D cultures did not detectably change β-catenin expression. Each group contained 3 independent 
samples. (B) Western blotting. Relative quantities of bands were normalized to β-actin and diagramed. E-cadherin knockdown in HCT116 3D cultures 
increased β-catenin. Each group contained 3 independent samples. (C) Immunofluorescence of β-catenin in HCT116 2D cultures. E-cadherin knockdown 
in HCT116 2D cultures did not detectably change β-catenin expression. Scale bars represent 25 µm. (D) Immunohistochemistry of β-catenin in HCT116 3D 
cultures. E-cadherin knockdown in HCT116 3D cultures increased β-catenin. Scale bars represent 50 µm.
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6 mg/l CPT-11 were 39.7±3.1, 34.0±3.7 (vs parental: p≥0.05), 
50.6±2.0 (vs shcontrol: p<0.01) and 47.1±2.3% (vs shcontrol: 
p<0.01).

Results from the clonogenic assay were consistent with the 
WST assay. E-cadherin knockdown increased the clonogenicity 
(Fig. 3B). Cleaved caspase-3 of shcontrol HCT116 3D cultures 
and shEcad-1 HCT116 3D cultures treated with 20 mg/l 5-FU 
for 24 h was analyzed by western blotting. Result showed that 
E-cadherin knockdown decreased cleaved caspase-3 (Fig. 3C).

To explore the effect of E-cadherin knockdown on 
chemosensitivity in 2D cultures, sensitivity was performed 
by WST assay (Fig. 3D). The viability of parental, shcon-
trol and shEcad-1 HCT116 cells, respectively, treated with 
20 mg/l 5-FU was 35.0±2.3, 36.4±2.0 (vs parental: p≥0.05) 
and 37.9±2.9% (vs shcontrol: p≥0.05). The viability of 
parental, shcontrol and shEcad-1 treated with 80 mg/l 5-FU 
was 23.3±2.1, 21.3±2.1 (vs parental: p≥0.05) and 24.2±2.4% 
(vs shcontrol: p≥0.05). The viability, respectively, of parental, 
shcontrol and shEcad-1 treated with 2 mg/l CPT-11 was 
40.0±1.8, 37.9±2.5 (vs parental: p≥0.05) and 41.5±3.2% 
(vs shcontrol: p≥0.05). The viabilities of parental, shcontrol 
and shEcad-1 treated with 6 mg/l CPT-11 were 24.5±2.7, 
21.0±2.5 (vs parental: p≥0.05) and 27.2±3.1% (vs shcontrol: 
p≥0.05). Thus, E-cadherin knockdown does not significantly 
change chemosensitivity in HCT116 2D cultures.

E-cadherin knockdown increases β-catenin reducing chemo-
sensitivity only in 3D cultures. Protein β-catenin was reported 
to interact with E-cadherin and was also involved in cell 
adhesion (10,22). Western blotting showed that E-cadherin 
knockdown increased β-catenin in 3D cultures but did not 
detectably increased β-catenin in 2D cultures (Fig. 4A and B). 
To confirm the result, β-catenin was assayed by immuno-
fluorescence in 2D cultures and immunohistochemistry in 
3D cultures. Immunofluorescence showed that β-catenin 
was not significantly changed by E-cadherin knockdown in 
2D cultures (Fig. 4C) while immunohistochemistry showed 
that E-cadherin knockdown increased β-catenin in 3D cultures 
(Fig. 4D).

As mentioned above, E-cadherin knockdown increased 
β-catenin and decreased chemosensitivity only in 3D cultures. 
Since it was reported that enhancing β-catenin expression 
promoted anticancer drug resistance (23), β-catenin may 
be involved in the mechanism of E-cadherin knockdown 
decreasing chemosensitivity in 3D cultures. To confirm this, 
β-catenin in HCT116 and LoVo was knocked down by lenti-
viral delivery of shRNA, respectively. After the efficiency 
was confirmed by western blotting (Fig. 5A), chemoensitivity 
to 5-FU and CPT-11 in 3D cultures was evaluated by WST 
assay (Fig. 5B). The viability of shcontrol HCT116 treated with 
80 mg/l 5-FU was 45.7±3.1% while that of β-catenin knock-

Figure 5. Knockdown of β-catenin increases chemosensitivity in 3D cultures. (A) Efficiency of β-catenin knockdown by shRNA in HCT116 and LoVo was 
assayed by western blotting. Relative quantities of β-catenin were normalized to α-tubulin and diagramed. Each group contained 3 independent samples. 
(B) WST assay. Knockdown of β-catenin enhanced chemosensitivity in 3D cultures. *p<0.05, **p<0.01. (C) Clonogenic assay. The number of clones is marked 
on the top right of each image. Knockdown of β-catenin enhanced chemosensitivity in HCT116 3D cultures. (D) Cleaved caspase-3 was assayed by western 
blotting. Relative quantities of cleaved caspase-3 were normalized to β-actin and diagramed. Knockdown of β-catenin increased 5-FU induced cleaved 
caspase-3. Each group contained 3 independent samples.
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down (shβ-catenin) HCT116 was 30.8±2.1% (p<0.01). The 
viability of shcontrol HCT116 treated with 6 mg/l CPT-11 was 
39.7±3.1% while that of shβ-catenin was 22.9±2.2% (p<0.05). 
Results in LoVo 3D cultures were similar to those in HCT116. 
The viability of shcontrol LoVo treated with 80 mg/l 5-FU was 
61.9±3.4% while that of shβ-catenin was 49.6±3.3% (p<0.05). 
The viability of shcontrol LoVo treated with 6 mg/l CPT-11 
was 62.1±3.0% while that of shβ-catenin was 44.2±3.7% 
(p<0.01).

Results from clonogenic assay were consistent with WST 
assay. Knockdown of β-catenin decreased the clonogenicity 
(Fig. 5C). It seemed that knockdown of β-catenin decreased 
both the size of clones and the clonogenicity without 5-FU 
treatment. The ratio of clonogenicity with 5-FU:clonogenicity 
without 5-FU was lower in the shβ-catenin group than in the 
shcontrol group. Cleaved caspase-3 of shcontrol HCT116 3D 

cultures and shβ-catenin HCT116 3D cultures treated with 
20 mg/l 5-FU for 24 h was analyzed by western blotting. 
Result showed that knockdown of β-catenin increased cleaved 
caspase-3 (Fig. 5D).

The above suggests that E-cadherin knockdown increases 
β-catenin to reduce chemosensitivity in 3D cultures.

MAPK pathway is involved in mechanism of E-cadherin 
knockdown increasing β-catenin to reduce chemosensitivity. 
MAPK signaling plays a critical role in the sensitivity to 
anticancer therapies (4,24-28). Also, formation of E-cadherin-
mediated cell-cell adhesion regulates MAPKs (29). Thus, the 
role of MAPKs in E-cadherin knockdown increasing β-catenin 
to reduce chemosensitivity was explored. HCT116 3D cultures 
were treated with 80 mg/l 5-FU for different time points. 
Protein p-p38, p-extracellular-signal-regulated kinase (ERK) 

Figure 6. E-cadherin knockdown increased p38 and ERK1/2 activation in HCT116 3D cultures. (A) Western blotting. Relative quantities of bands were 
normalized to GAPDH and diagramed. The protein levels of p-p38, p-ERK2/1 and p-JNK2/1 were increased by 5-FU treatment in a time-dependent manner. 
E-cadherin knockdown increased p-p38, p-ERK2/1 except p-JNK2/1. (B) Western blotting. Total p38 and ERK1/2 were not detectably changed by 5-FU 
treatment. (C) Basal p-p38 and p-ERK1/2 were assayed by western blotting. Relative quantities of bands were normalized to histone H3 and diagramed. Each 
group contained 3 independent samples. (D) Western blotting. Relative quantities of bands were normalized to β-actin and diagramed. Each group contained 3 
independent samples. (E) Western blotting. Total p38 and ERK1/2 were not detectably changed by E-cadherin knockdown in 3D cultures. (F) Western blotting. 
E-cadherin knockdown did not detectably change p-p38, p38, p-ERK1/2 and ERK1/2 in 2D cultures.
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1/2 and p-c-Jun N-terminal kinase (JNK) 1/2 were assayed 
by western blotting. 5-FU treatment increased p-p38, p-ERK 
1/2 and p-JNK 1/2 in a time dependent manner in HCT116 3D 
cultures (Fig. 6A). E-cadherin knockdown increased p-p38 
and p-ERK 1/2, except JNK1/2 (Fig. 6A). Total p38 and 
ERK1/2 protein level was not detectably changed by 80 mg/l 
5-FU treatment for 8 h (Fig. 6B). E-cadherin knockdown 
mildly increased basal levels of p-p38 and p-ERK1/2 (Fig. 6A 
and C). When treated with 80 mg/l 5-FU for 8 h, E-cadherin 
knockdown increased p-p38 and p-ERK1/2 in HCT116 3D 
cultures (Fig. 6A and D). E-cadherin knockdown neither 
changed total p38 and ERK1/2 protein level in 2D cultures 
nor in 3D cultures under treatment of 5-FU (Fig. 6E and 
F). E-cadherin knockdown did not detectably change p-p38 
and p-ERK1/2 protein level in 2D cultures, either (Fig. 6F). 
Knockdown of β-catenin also mildly decreased basal levels 
of p-p38 and p-ERK1/2 (Fig. 7A). Knockdown of β-catenin 
decreased p-p38 and p-ERK1/2 induced by 80 mg/l 5-FU 
8-h treatment both in 3D cultures and in 2D cultures (Fig. 7B 

and D). Total p38 or ERK1/2 protein level was not detectably 
changed by β-catenin knockdown (Fig. 7C and D). The results 
together with the above indicate that E-cadherin knockdown 
increases β-catenin only in 3D cultures but β-catenin enhances 
p-p38 and p-ERK1/2 both in 3D cultures and in 2D cultures.

SB202190 (p38 inhibitor) (30) and U0126 (ERK1/2 
inhibitor) (31) were used to inhibit activations of p38 and 
ERK1/2 in HCT116 3D cultures, respectively. HCT116 3D 
cultures were treated with 20 µM SB202190, 20 µM U0126 or 
DMSO 1 h following treatment of 80 mg/l 5-FU for different 
time periods, respectively. Western blotting showed that 
SB202190 remarkably inhibited p-p38 and U0126 remark-
ably inhibited p-ERK1/2 (Fig. 8A and B). WST showed that 
inhibition of p38 or ERK1/2 activation significantly increased 
HCT116 3D cultures chemosensitivity to 5-FU, respectively 
(Fig. 8C). HCT116 3D cultures were treated with 20 µM 
SB202190, 20 µM U0126 or DMSO 1 h following treatment of 
80 mg/l 5-FU for 24 h, respectively. The viabilities of DMSO, 
SB202190 and U0126 were 44.1±3.5, 26.6±2.3 (vs DMSO: 

Figure 7. Knockdown of β-catenin decreases p-p38 and p-ERK1/2. (A and B) Western blotting. Each group contained 3 independent samples. Basal p-p38 
and p-ERK1/2 (A) or p-p38 and p-ERK1/2 induced by 5-FU (B) in 3D cultures were assayed. Relative quantities of bands were normalized to α-tubulin and 
diagramed. (C) Western blotting. Knockdown of β-catenin did not detectably change p38 or ERK1/2 induced by 5-FU in 3D cultures. (D) Western blotting. 
Knockdown of β-catenin decreased p-p38 and p-ERK1/2 induced by 5-FU in 2D cultures and did not detectably change p38 or ERK1/2.
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p<0.01), and 30.0±2.6% (vs DMSO: p<0.01), thus suggesting 
that MAPK pathway is involved in E-cadherin knockdown 
increasing β-catenin to reduce chemosensitivity.

Discussion

Colorectal cancer is one of the most lethal diseases of all 
malignancies world-wide (32,33). The incidence of colorectal 
cancer in developing countries is increasing, partly attributing 
to lipid metabolism (19,32,33). More than 35% of the patients 
die within 5 years after diagnosis even in developed countries 
(32,33). This discouraging fact is largely due to the ability of a 
malignant tumor to demonstrate resistance to chemotherapies 
new, and old (4,5,25). Accumulating evidence indicates that 
microenvironment influences tumor cells biological behavior, 
including chemosensitivity (4,5). Among the myriad of 
microenvironmental factors impacting on cancer cell chemo-
sensitivity, cell-cell adhesion has recently been identified as 
key determinant (1-2,4-6,25). In 3D cultures, cells adhered to 
each other within layers of cells. All types of cell-cell junc-
tions, including tight junctions, gap junctions, intermediate 
junctions and desmosomes, were commonly found (Fig. 1). 
Their structures are very similar to tumors at avascular stage 
or avascular tumor regions (Fig. 1) (1,3,10,17), indicating 3D 
cultures have the potential to bridge the gap between mono-
layer cultures and xenografts for deciphering the function of 
cell-cell adhesive systems (1,3,10,17).

E-cadherin plays a key role in mediating cell-cell adhesive 
systems (2,6,9,10). It was reported that inhibition of E-cadherin 

function in cell-cell adhesion only by E-cadherin neutralizing 
antibody (SHE78-7) disrupted preformed 3D cultures (6,13). 
However, E-cadherin knockdown did not prevent suspension 
of HCT116 from 3D culture formation. E-cadherin protein 
in LoVo cells was too low to be detected using western blot-
ting while LoVo cells formed 3D cultures (Fig. 2). It was also 
reported that prostate cancer cell line PC-3 with E-cadherin 
epigenetically silenced, could form 3D cultures (13,34). 
Therefore, E-cadherin may not be essential for architecture 
formation of 3D cultures in vitro as tumors in vivo.

Decreased E-cadherin expression correlates with poor 
prognosis in patients with colorectal cancer (15). Intercellular 
force and homophilic binding of cadherin on adjacent cells 
trigger E-cadherin to interact with certain proteins, for 
example β-catenin, to activate signaling cascades (9,10,12,22). 
Since 3D cultures better reflect cell-cell adhesion and chemo-
sensitivity in vivo tumors (Fig. 1) (1,2,4-8,13,17) the role of 
E-cadherin in colorectal cancer chemosensitivity was explored 
in 3D cultures. E-cadherin knockdown significantly decreased 
chemosensitivity to anticancer drugs in 3D cultures but did not 
significantly change chemosensitivity in 2D cultures (Fig. 3).

Under chemotherapy, the molecular mechanisms deciding 
whether a tumor cell commits to cell death or survives are 
complex. β-catenin plays a critical role in survival and is 
involved in adhesion system (10,22,23) E-cadherin cyto-
plasmic domain contains a catenin-binding domain (10,22). 
E-cadherin knockdown increased β-catenin in 3D cultures and 
β-catenin knockdown significantly enhanced chemosensitivity 
(Figs. 3-5). In 2D cultures, E-cadherin knockdown did not 

Figure 8. Inhibition of p38 or ERK1/2 activation enhances drug sensitivity. (A) Protein p-p38 was assayed by western blotting. Relative quantities of p-p38 were 
normalized to β-actin and diagramed. (B) Protein p-ERK1/2 was assayed by western blotting. Relative quantities of p-ERK1/2 were normalized to β-actin and 
diagramed. (C) WST assay. Inhibition of p38 or ERK1/2 activation enhanced drug sensitivity. **p<0.01.
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detectably change β-catenin (Fig. 4), suggesting E-cadherin 
knockdown increases β-catenin to decrease chemosensitivity 
only in 3D cultures.

Mounting evidence indicates a critical role of apoptotic 
pathways in determining the response of human cancers to 
anticancer drugs, including 5-FU (3,25,35,36). Caspase-3 plays 
a key role in apoptosis induced by 5-FU and cleaved caspase-3 
is considered as an apoptotic marker (35). E-cadherin knock-
down significantly decreased cleaved caspase-3 induced 
by 5-FU and β-catenin knockdown significantly increased 
cleaved caspase-3 (Figs. 3C and 5D). Thus, suggesting apop-
tosis is involved in the mechanism of E-cadherin knockdown 
increasing β-catenin to reduce chemosensitivity.

Among the many cell signaling transduction pathways 
regulating apoptosis, the MAPK signaling pathway plays 
an important role in the sensitivity to anticancer therapies 
(27,28,30,31,37) Also, formation of E-cadherin-mediated 
cell-cell adhesion regulates MAPKs (29). However, the role of 
MAPKs in cancer is as pleiotropic as cancer itself (27-31,38). 
In this study, p38, ERK1/2 and JNK1/2 were dramatically 
activated by chemotherapy (Fig. 6A and B). E-cadherin knock-
down enhanced chemotherapy-induced p-p38 and p-ERK1/2, 
except p-JNK1/2 only in 3D cultures (Fig. 6). Knockdown 
of β-catenin attenuated chemotherapy-induced p-p38 and 
p-ERK1/2 both in 3D cultures and in 2D cultures (Fig. 7). 
Treatment of 3D cultures with SB202190 to inhibit p38 acti-
vation or U0126 to inhibit ERK1/2 activation significantly 
increased chemosensitivity, respectively (Fig. 7). The above 
suggests E-cadherin knockdown increases β-catenin to reduce 
chemosensitivity only in 3D cultures and β-catenin increasing 
p-p38/p-ERK1/2 is involved in the mechanism though the 
β-catenin-MAPK pathway is not unique in 3D cultures.

In conclusion, 3D cultures consist of layers of cells, 
preserving cell-cell adhesive systems. These allow a good 
model to decipher the function of cell-cell adhesive systems 
in cancer. Intercellular adhesion triggers certain E-cadherin 
signaling cascades (9,10,12). Data in this study indicate that 
E-cadherin knockdown significantly increases β-catenin 
resulting in decrease of chemosensitivity in 3D cultures 
but this effect was not detected in 2D cultures. β-catenin 
enhancing the p-p38/p-ERK1/2 is involved in this mecha-
nism, though the β-catenin-MAPK pathway is not unique in 
3D cultures.
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