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remains unknown. In this study we investigated the response of chemothera-
peutic drugs in colon cancer cells that are with (SW620 and SW480) and
without aberrations (FET-1 and Caco2) in SMAD signaling. These results
showed that curcumin, 5-fluorouracil and their combinations induced less cell
death in SMAD signaling non-responsive cells, while the apoptosis was (>2
fold) higher in SMAD responsive cells. Furthermore, these results showed
that the apoptosis in SMAD non-responsive cells was reversed and increased
(~2-fold) upon ectopic expression of SMAD-4. Finally, correlation with
patients undergoing chemotherapy for colon cancer showed a strong
association between SMAD aberration and tumor relapse in chemotherapy.
Overall, the present data showed that SMAD signaling modulates the drug
responses and their signaling status should be considered while designing

Introduction

SMAD family of proteins is implicated in TGF-f signa-
ling mediated epithelial growth inhibition (Massague et
al., 2008). Upon ligand binding to TGF-f receptors
(TGFBRI and II), phosphorylation of receptor-activated
SMADs (R-SMADs), SMAD2 and SMAD3, occur, which
then bind to the common mediator SMAD (co-SMAD)
SMAD4 (Abdollah et al., 1997; Souchelnytskyio et al.,
1997; Shi et al., 1997; Chacko et al., 2001 and 2004). The
resulting complex then relocates into the nucleus and
regulates the expression of many genes. This process
could also be regulated by another inhibitory SMAD,
SMADY. Mutations causing aberrations in this signaling
process are common in human malignancies including
colorectal cancer (CRC). In sporadic CRCs, SMAD4 and
TGFBR2 mutations are associated with ~ 10 and 15% of
patients respectively (Fleming et al., 2013).

chemotherapy regimen for colon cancer patients.

The SMAD proteins are highly homologous with 2
conserved regions, an N-terminal Mad homology
domain-1 (MH1) and a C-terminal Mad homology
domain-2 (MH2) (Frederick et al., 2002; Miyazono et
al., 2000). The MH1 domain regulates the nuclear
import, DNA binding and transcriptional activity,
while the MH2 domain mediates SMAD protein homo-
and hetero-oligomerization , and cytoplasmic anchoring
(Frederick et al., 2002; Miyazono et al., 2000). Mutations
in SMADs, in particular SMAD4, show a characteristic
distribution with respect to its domain structure. The
majority of changes cluster in the MH2 domain and
often altering SMAD4 hetero-oligomerization with the
R-SMADs (Fleming et al., 2013).

Despite the SMAD protein functions is known in the
onset and the progression of CRC cancer, evidence for
their role in modulating the drug responses is limited.
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Altered NF-kB signaling due to abnormal SMAD
signaling has been recently implicated with CRC cancer
cell survival (Grau et al, 2006). However, a direct
evidence for SMAD signaling to modulate the drug-
induced apoptosis is not known.

In the present study, the SMAD signaling activation
using SMADA4 protein levels as readout in drug induced
apoptosis in colon cancer cells were studied.

Materials and Methods
Cell culture, treatinents and over expression

Human colo-rectal cells (Caco2, FET, SW620 and
SW480) were purchased from ATCC and maintained in
DMEM (Invitrogen, NY, USA) supplemented with 10%
FBS. The drugs (curcumin and 5-fluorouracil) were
purchased from Sigma, MO, USA. 5 pM treatments
were given to cells in all experiments, as it is the lowest
of all ICs) concentration determined for all drug
treatments in the tested cell lines (data not shown). For
SMAD4 over-expression experiments, SMAD4-EGFPC1
plasmid was constructed and transfected using
lipofectamine 2000 (Invitrogen, NY, USA), and enriched
by Geniticin selection (Invitrogen, USA).

Viability assay

The growth-inhibitory effects of drugs were examined
using a 3, 4, 5-dimethyl-2H-tetrazolium bromide assay
(MTT; Sigma-Aldrich), as per manufacturer’s instruc-
tions. Briefly, equal numbers of cells were incubated
with drugs or DMSO treatments for 24 hours, followed
by additional incubation with MTT for 4 hours. The
MTT formazan was then measured and used as a
quantitative measure of cell viability. The value
obtained in control was set as reference and relative
difference in percent viability is used to efficacy of drug
treatments.

Ethidium bromide and acridine orange (Et-Br/AO)
staining

Live and apoptotic cells were differentiated from others
by acridine orange (AO) and ethidium bromide (Et-Br)
staining as described previously (Sang et al., 2014).
Stained cells were analyzed immediately by counting
from at least three random in each experiment. Mean
value from at least three independent experiments were
provided.

Western blotting

Total protein from cells was extracted in lysis buffer
(Pierce, Rockford, IL, USA) and quantified using the
Bradford method. A total of 30 pg of protein was
separated using 4-12% Bis-Tris gel and then transferred
to a PVDF membrane (Millipore, Bedford, MA). The
membrane was blocked with 5% dry milk and
incubated overnight at 4°C with rabbit antibodies

against SMAD4 or actin (1:1000, Cell Signaling, USA).
After subsequent incubation with secondary antibodies,
membrane was developed with ECL (Pierce, USA) and
detected using Bio Imaging Systems (UVP, USA). The
relative protein levels were calculated based on actin
protein as a loading control.

Chemotherapy correlation

Patient information, were conducted as per the
institute’s ethical guidelines and under the supervision
of WeiFang Medical University, Shandong, China.

As evaluating the correlation between SMAD mutation
and chemotherapy response was interesting, a random
heterogeneous patient population info spanning with
mutations identified and unidentified and also span-
ning patients with both positive chemotherapy
response and also with patient conditions with tumor
relapsing within three years since first chemotherapy
were analyzed. Three year time frame was selected to
demarcate the tumor relapse and recovery phenotype,
based on the empirical observation of tumor relapse in
patients. However, there is still a possibility of reco-
vered patients to have a relapsed tumor later than three
years, but per the needs of the study grouped based on
three year time frame as most tumor relapse would
occur well before this time frame. Also, the tumor
relapse was based on the primary site- here it is colon
cancer. The sample group included both male and
female patient ranging in the age group of >40 years
were included. In order to avoid any sample bias
during statistical analysis it is ensured that SMAD
mutations patient populations alone were maintained
less than 20% of total population info (N =157).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism (Version 6). Data were analyzed using one-way
ANOVA analysis and statistical significance was set at
minimal value of p<0.05. All values are listed as mean *
standard deviation.

Results

MTT assay was performed for evaluating their cell
viability. The viability of SW620 and SW480 cells in
curcumin alone treated cells was 71.1 and 69.2%, with
5FU alone was 67.2 and 71%, but with the combination
curcumin - 5-fluorouracil was reduced to 48.2 and 44 %
respectively (Figure 1). Similarly, viability of FET and
Caco2 cells was 41 and 43% cells in curcumin alone
treated conditions, 47 and 49% cells in 5-fluorouracil
treated condition, and 23 and 19% in synergistic
treatment conditions. These results indicate that the
SMAD signaling responsive cell lines is more sensitive
to drugs than SMAD signaling non-responsive cell
lines. In addition, the drug combinations could induce
more cell death than the individual treatments in all the
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Figure 1: Evaluation of cell viability by MTT assay

MTT assay showing the effect of drug treatments on viability of cells. Cells were treated with individual drug treatments or
combinations for 24 hours. Each point value represents a mean value from three independent experiments and represents a
percent viability of cells remaining after drug treatments. SMAD responsive cells (FET-1 and Caco2) showed more response in
general and further augmented in combination treatments. Statistical significance was seen as (*p<0.01) between individual drug
treatments and combinations

SW620 SW480 FET-1
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Figure 2: Morphological characteristics of cell death in drug induced apoptosis

Cells were treated with drugs and were evaluated for apoptosis using ET-Br/AO staining in all four cells (Green- Live cells;
Orange/red- Dead cells). Increased apoptosis were observed in SMAD responsive cells (FET-1 and Caco2) both in individual and
combination treatments than in SMAD non-responsive cells (SW620 and SW480). Inlet numerical value represents the mean
percentage of orange/red cells (apoptotic cells) observe in synergistic drug treatments of 5FU and curcumin from three
independent experiments. Scale bar 25 mm.
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Figure 3: Evaluation of SMAD proteins in drug induced apoptosis

Cells were treated with drugs and were evaluated for SMAD 4 protein levels. SMAD4 levels were increased in FET-1 and Caco2

cells (>3-fold). Beta-actin was used as a loading control

cell lines, but more prominently in SMAD responsive
cell lines.

Ethidium bromide/acridine orange (Et-Br/AO) stain-
ing was done to investigate the quantitative and
qualitative changes in nuclear condensation/apoptosis.
The untreated cells showed green color, representing
normal cells. At 5 uM concentration of curcumin and 5-

fluorouracil treatment on all cell lines, orange colored
cells indicating DNA damage was observed. Cell
shrinkage and nuclear condensation (smaller nuclei)
were observed after treatments. However, there were
only a few percentages of cells (~20-30%) showed these
features in individual treatments in FET-1 and Caco2
cells and were minimal in SW620 and SW480 cells (<

20%). In summary, individual treatments showed
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Figure 4: Overexpression of SMAD4 and improved drug response

SMAD4 overexpressing cells were treated with drugs and cell viability was evaluated by MTT assay. Each point value represents a
mean value from three independent experiments and represents a percent viability of cells remaining after drug treatments.
SMAD non-responsive cells SW620 and SW480 that are previously less prone to apoptosis now exhibited increased apoptosis. A
similar trend of increased apoptosis were seen in other cells (FET-1 and Caco2) as well upon overexpressing SMAD4 in them.
Statistical significance was seen as (*p<0.01) between individual drug treatments and combinations of only SW620 and SW480
cells alone as there were only few cell viability in any of the treatments in FET-1 and Caco?2 cells
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Figure 5: Association of chemotherapy response with
causative mutations

Patients (n = 157) were grouped into three groups based on
the mutations (SMAD family (n = 26), non-SMAD (n = 104)
and unidentified (n = 27). The response seen in these patients
after chemotherapy were graphed, which exhibit a strong
associa-tion between SMAD mutations and tumor relapse

relatively lower percentage of cells positive for
apoptosis (Figure 2). Furthermore, to some extent they
also showed cell morphology without nuclear conden-
sation or cell shrinkage suggesting for some necrotic-
like cell death. In contrast, synergistic treatments in all
cells and more prominently included the apoptotic like
changes, while there is no increase in necrotic like
changes. This suggests that with more drug availability
specific preferences to certain apoptosis causing path-
ways are prominent and hence there is an increase only
in apoptosis.

In SW620 and SW480 cells SMAD 4 was undetectable
due to the nature of the mutations. In contrast, Caco2
and FET-1 cells showed an up-regulation of >3-fold
induction in individual treatments and further aug-
mented in combination treatments (Figure 3). However,
for other SMAD proteins such as SMAD 2/3 and
SMAD?7, a marginal up regulation and down-regulation
was seen only in combination treatments respectively
and there was no change in either SW620 or SW480
(data not shown). These data together suggest as
SMAD4 as a critical modulator associated with drug
induced effects in these cells.

Given that, SMAD4 expression is modulated upon drug
treatments, we reasoned, whether SMAD4 could be
mediating the drug-induced apoptosis in these cells. To
evaluate, we ectopically overexpressed SMAD4 in these
cells and subjected to drug treatments. Our results
indicate that, ectopic expression of SMAD4 cells
increased the response of cancer cells and increased the
apoptosis in FET and Caco2 cells (Figure 4). More

importantly, drug treatments induced increased apop-
tosis in SW620 and SW480 cells as well upon
overexpressing SMAD4 in them. Taken together, these
results suggest a direct role for SMAD4 in drug-
induced apoptosis.

Give with our observation in these cells, we also
evaluated if there is any correlation between SMAD
mutations and chemotherapy outcomes. We did corre-
lative analysis with 157 patients (130-mutations
previously identified) subjected to chemotherapy and
their outcomes known. Our data showed a strong
association (>95%) between aberrant SMAD gene
mutations (all SMAD genes) and tumor relapse after
chemotherapy (Figure 5), suggesting that SMAD
signaling is critical to mediate effective chemotherapy.
Although, our cell line data indicate that only SMAD4
is largely changed with tested drug treatments (FET-1
and Caco2 cells), our patient-treatment information
analysis showed that mutations in other SMAD genes
were also associated with the tumor relapse phenotype.
We speculate that other SMAD gene mutations could
impact on SMAD4 functions and cause impaired
response in chemotherapy.

Discussion

Colon cancer continues to remain as one of the major
malignancy in most countries (Labianca et al., 2010).
Abnormalities in SMAD signaling have a major role in
the development of colon cancer (Massague et al., 2008;
Fleming et al., 2013). In the present study the efficiency
of drugs in inducing apoptosis was analyzed in four
colon cancer cell lines, FET, Caco2, and two related
SMAD nonresponsive cells, SW620 and SW480. The
drugs (5-fluorouracil and curcumin) were selected
based on their utility in CRC chemotherapy or their
ability to induce apoptosis in a wide range of cancer
cells. The MTT assay results show that both drugs were
able to decrease the viability and the effects were more
in the combination treatments. Earlier reports have
shown that curcumin can induce apoptosis in many
cancer cell lines (Hossain et al., 2012). However, in
colon cancer cells it remains largely unknown. On the
other hand, 5-fluorouracil has been widely used for
colon cancer chemotherapy, and discrepancies in
outcomes are observed (Pasetto et al., 2006). These data
indicate that both the drugs mediated prominently only
in a subset of cancer cells tested. SW620 and SW480
being SMAD non-responsive mutant lines showed less
apoptosis induction, suggesting that SMAD proteins
may mediate drug-induced apoptosis. In accordance
with the induction of increased apoptosis by these
drugs the expression levels of SMAD proteins is also
positively modulated in SMAD responsive cells. The
SMAD dependence is further confirmed as the
phenotype is reversed and increased cell death is seen
upon over expression of SMAD4 in SW620 and SW480.
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SMAD proteins are known to modulate to wide range
of processes and are associated with many signaling
pathways such as NF-kappa B, PI3K/AKT pathways
(Grau et al., 2006, Zhang et al., 2013). Dissecting the
pathways with the context of drug induced responses
would be of more importance to understand the role
SMAD in mediating the apoptosis. Most anticancer
drugs induce DNA damage and apoptosis in by
inducing single and double strand DNA breaks (ssb
and dsb, respectively. It is known that if a chromosomal
break has been created, the tumor suppressor pathway
genes (TSG) such as, p53 level rises, gets stabilized and
induces cell cycle arrest and apoptosis (Lai et al., 2012).
Although, further investigations are required on TSG
levels and its relation with SMAD signaling, our data
suggest that a classical DNA damage response
mediated by TSG to cause apoptosis may depend on
SMADs, at least in the colon cancer suggesting for
further modulations of chemotherapy. This hypothesis
is further augmented by strong association of tumor
relapse and SMAD signaling conditions in patients.

Conclusion

SMAD signaling mediates the drug-induced apoptosis
in colon cancer cells and also possibly mediates the
chemotherapy response in patients of colon cancer, and
hence could be used as predictive tool and design
chemotherapy accordingly.
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