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Mutation in the TP53 gene positively correlates with increased incidence of chemoresistance in different cancers. In this study, we
investigated the mechanism of chemoresistance and epithelial-to-mesenchymal transition (EMT) in colorectal cancer involving the
gain-of-function (GOF) mutant p53/ephrin-B2 signaling axis. Bioinformatic analysis of the NCI-60 data set and subsequent hub
prediction identified EFNB2 as a possible GOF mutant p53 target gene, responsible for chemoresistance. We show that the mutant
p53-NF-Y complex transcriptionally upregulates EFNB2 expression in response to DNA damage. Moreover, the acetylated form of
mutant p53 protein is recruited on the EFNB2 promoter and positively regulates its expression in conjunction with coactivator
p300. In vitro cell line and in vivo nude mice data show that EFNB2 silencing restores chemosensitivity in mutant p53-harboring
tumors. In addition, we observed high expression of EFNB2 in patients having neoadjuvant non-responder colorectal carcinoma
compared with those having responder version of the disease. In the course of deciphering the drug resistance mechanism, we
also show that ephrin-B2 reverse signaling induces ABCG2 expression after drug treatment that involves JNK-c-Jun signaling in
mutant p53 cells. Moreover, 5-fluorouracil-induced ephrin-B2 reverse signaling promotes tumorigenesis through the Src-ERK
pathway, and drives EMT via the Src-FAK pathway. We thus conclude that targeting ephrin-B2 might enhance the therapeutic
potential of DNA-damaging chemotherapeutic agents in mutant p53-bearing human tumors.
Cell Death and Differentiation (2016) 23, 707–722; doi:10.1038/cdd.2015.133; published online 23 October 2015

Ephrin-B2, member of the largest receptor tyrosine kinase
family, is a bidirectional signaling molecule important in
development,1 vascularization,2 nervous system patterning
(axon guidance),3,4 angiogenesis,5,6 and cancer.5 The pre-
sence of the Eph receptor on neighboring cells is a key
determinant in activating the signaling cascade in the
interacting ephrin-B2 expressing cells.5

The TP53 gene is frequently mutated in human cancers.7 It
is evident that many of these mutant forms of the p53 protein
not only lose their tumor-suppressive function, but also gain
new oncogenic properties independent of the wild-type
function.8,9 Termed the gain-of-function (GOF) hypothesis,
this notion first received support when the ectopic expression
of different missense p53 mutants (R175H, R273H, D281G,
and V143A) in TP53-null cells was shown to promote
tumor formation in mice.10 GOF mutant p53 proteins are
divided into two main classes based on their structures.
Members of the first class have disrupted sequence-specific
contacts with DNA (DNA contact mutants; for example,
R273H), whereas those belonging to the second have

disrupted global conformation (conformational/structural
mutants; for example, R175H).7

Tumors carrying mutant p53 do not respond well
to chemotherapy.11,12 Clonogenic survival assays revealed
that mutant p53-expressing cells are more refractory
to the cytotoxic effects of chemotherapeutics.13 The over-
expression of GOF mutant p53 might directly enhance
tumor cell resistance to anticancer agents.14,15 Such
selective GOF of mutant p53 might contribute to chemother-
apeutic failure.12

In this study, we performed systematic bioinformatic
analyses to build a novel prediction model, identifying several
potential GOF mutant p53 target genes. We show that one
such target gene, EFNB2, is responsible for chemoresis-
tance. Furthermore, silencing of EFNB2 promoted high
sensitivity to 5-fluorouracil (5-FU) both in vitro and in vivo.
We further explored the mechanism of chemoresistance and
epithelial-to-mesenchymal transition (EMT) involving drug-
induced ephrin-B2 reverse signaling in mutant p53-harboring
tumors.
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Results

Predicting gene signatures that confer chemoresistance
to mutant p53 tumors. We used a ‘response engineering
module’ to connect the inherent gene signature of mutant
p53 cancer cells with chemoresistance16 (Supplementary
Figure S1A). The NCI-60 cell lines (http://dtp.nci.nih.gov) with
known sensitivity against 1400 chemical compounds17 were
classified into p53 wild-type and mutant groups (Supplementary
Table S1 and S2). Cell lines with normalized log10 (GI50) values
at least 0.8 above or below the mean were defined as
resistant or sensitive to the respective compounds
(Supplementary Figure S1B). We selected 36 compounds
that satisfied the above criteria for at least 10 cell lines (five
each for resistant and sensitive), and showed significant
difference (Po0.05) between the number of sensitive and
resistant mutant p53 cell lines (Supplementary Table S3).
Interestingly, most of the p53 mutant cell lines showed
chemoresistance, whereas wild-type p53 cell lines were
sensitive (Figure 1a). 5-FU-resistant and -sensitive cell lines
of the NCI-60 cell repertoire are enlisted in Supplementary
Table S4. To generate the gene expression signature, we
selected four commonly used anticancer drugs: 5-FU,
doxorubicin, carboplatin, and camptothecin. We further
refined the analysis by classifying the NCI-60 cell lines
based on the presence of GOF mutant and wild-type p53
(Supplementary Table S5). The analysis revealed that GOF
mutant p53-bearing cell lines were mostly resistant to at least
37 compounds compared with those bearing wild-type p53
(Po0.05; Supplementary Figure S1C). Interestingly, all the
drugs except camptothecin appeared in both the analyses
(Figure 1a and Supplementary Figure S1C).
Next, to build a drug-specific gene signature, each gene in

the NCI-60 gene expression data set (GEO ID: GSE5846) was
evaluated based on two criteria: (1) correlation between
expression of the gene and GI50 values of resistant versus-
sensitive cell lines and (2) differential expression of the gene in
resistant versus-sensitive cell lines. The Gene Set Enrichment
Analysis tool18 was used to obtain a gene signature that might
contribute to the drug-resistant phenotype of mutant p53 cell
lines (see Methods for details). We found 884 genes showing
differential expression in 5-FU-resistant versus -sensitive cell
lines (Po0.003; enrichment score= 0.36). Similar analysis
was carried out for doxorubicin (921 genes), carboplatin (1345
genes), and camptothecin (105 genes). The heat map showed
significant differential expression in the sensitive versus
resistant NCI-60 cell lines in response to the individual drugs
(Figure 1b, Supplementary Table S6).

Identification of hub proteins from four gene signatures.
Altogether, 2975 unique genes were selected from four

gene signatures that offer chemoresistance (Supplementary
Table S7). Of these, 262, which showed resistance to any two
drugs, were extracted (Supplementary Table S7). These 262
genes were then utilized to identify the ‘hubs’ involved in
protein–protein interactions of cellular signaling systems
(Supplementary Figure S2A). Human-specific interactors
with significant confidence scores for these proteins were
extracted from the IREF-Index19 and STRING databases.20

Among these 262 proteins, 171 presented 1315 unique
interactions with 1144 different proteins from both the
databases. We used a statistical method, where proteins
possessing more than nine interactions were defined as hubs
for the 1st level interaction network (see Methods for details).
Forty-two unique hubs were identified of which 40 belonged
to the 262 gene signatures (Figure 1c). Twelve of these hubs
were common to the 106 hubs (Supplementary Figure S2B)
that came from the 2nd level interaction network, comprising
of 4844 interactions among the 1135 proteins (see Methods
for details). All interactions were mapped to their four original
source databases (Supplementary Figure S2C). Enrichment
of cellular pathways, as defined by the KEGG (Kyoto
Encyclopaedia of Genes and Genomes) database,21 was
also analyzed for the hubs and hub clusters (hub+inter-
actors). Key signaling pathways such as JAK-STAT, cytokine-
cytokine receptor interaction, MAPK, TGF-beta, and other
diverse types of cancer pathways (for example, cancers of
the colon, breast, pancreatic and so on), were found to be
highly enriched by the hubs alone (Figure 1d) as well as with
their interacting proteins (Supplementary Figure S2D). The
average Pearson correlation coefficient for all the 42 hub
genes and their interacting partners waso0.5, indicating that
the identified hubs might act as ‘date hubs’ linking different
function-specific modules or complexes within the cellular
pathways (Figure 1e). The importance of the 42 hubs
was further established by their involvement in multiple
cellular localizations, pathways, and biological processes
(Supplementary Figure S2D). This was also supported by the
observation that their interactors possessed higher connec-
tivity and are involved in multiple cellular processes
(Supplementary Figure S2E).

Expression of ephrin-B2 is regulated by mutant p53 in
DNA-damaging context. We determined the IC50 values for
5-FU, adriamycin, and etoposide in the human colorectal
cancer cell line SW480 and its metastatic counterpart
SW620, where the latter was found to be more resistant
(Supplementary Figures S3A and B). Comparison of the
mRNA expression of 40 hub genes in these cell lines
(GEO ID: GSE 1323) showed that EFNB2 is significantly
upregulated in SW620 cells (Supplementary Figure S3C).
Similar analysis of the NCI-60 data set also revealed that

Figure 1 Predicting gain-of-function (GOF) mutant p53 regulated gene signature. (a) Classification of sensitive/resistant cell lines on the basis of wild-type and mutant p53
status across 1400 drugs. (b) Heat map showing differential gene expression pattern. (c) 1st level interaction network of 262 genes. Nodes that belonged to 262 gene set are
larger in size. Hubs (n= 42) are red in color. Only two hubs (ubiquitin and EGFR) do not belong to the original 262 genes. (d) Count of pathways for 42 hubs. Total 76 unique
pathways are classified into seven groups according to their overall action. Total number of hub proteins mapped onto a particular group of pathways is marked at the base of each
bar. (e) Pearson’s correlation coefficient (PCC) of expression is calculated for 42 hub and their interactors in 11 cancer types. Distribution of PCC for each hub is represented by a
box plot. Mean of the distribution are marked by the red square on the boxes. The white stars indicate the PCC of co-expression in colorectal cancer. The number of GO cellular
component (CC), GO biological process (BP), and pathways (PTH) are presented by the three colored bar codes at the top of the box plot
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EFNB2 expression is significantly high in GOF mutant
p53-harboring cells compared with those harboring wild-
type p53 (Supplementary Figure S3D). Thus, we conclude
that EFNB2 can potentially impart chemoresistance to GOF
mutant p53-harboring cancer cells. Further, we observed
both dose- and time-dependent increase in ephrin-B2
protein and mRNA expressions in GOF mutant p53 cells
upon 5-FU treatment (Supplementary Figures S4A–D;

Supplementary Figures S5A and B). However, 5-FU did not
alter ephrin-B2 expression either in wild-type p53 or
HCT116p53− /− cells (Supplementary Figures S4A–D;
Supplementary Figures S5A and B). Knockdown of mutant
p53 in MIAPaCa2 and SW480 cell lines also did not change
ephrin-B2 expression upon drug treatment suggesting the
requirement of mutant p53 (Figure 2a). Furthermore, ectopi-
cally expressed contact-defective mutant (R273H), but not

Figure 2 Gain-of-function mutant p53 transcriptionally activates ephrin-B2. (a) Ephrin-B2 protein level remains unchanged upon addition of 5-FU in mutant p53 siRNA
(80 nM) treated- MIAPaCa-2 and SW480 cells but upregulation was noticed upon drug treatment in scrambled siRNA-treated cells. (b) Transient transfection of gain-of-function
mutant p53 (R273H) in HCT116p53− /− cells showed increase of ephrin-B2 expression upon 5-FU addition, whereas wild-type p53 transfected cells served as a control. (c)
EFNB2 promoter activity remain constant upon incubation of mutant p53 siRNA (80 nM) and 5-FU in four different endogenous mutant cells, whereas sharp increment of EFNB2
promoter activity has been noticed upon treatment of drug in scrambled siRNA-treated cells. Immunoblot is showing decrease in p53 expression. (d) Increase of EFNB2 promoter
activity has been observed by co-transfection of either R273H or R175H mutant p53 cDNA plasmids along with drug treatment. Wild-type p53 transfected cells served as a
control. Immunoblot is showing overexpression of p53 protein. All histograms were expressed as means± S.D. of three independent experiments. *, **, ***, and **** indicate
P≤ 0.05, P≤ 0.01, P≤ 0.001, and P≤ 0.0001, respectively. Histograms show densitometric values of band intensity
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wild-type p53, induced ephrin-B2 expression in 5-FU-treated
HCT116p53− /− cells (Figure 2b). We also observed
high levels of EFNB2 mRNA in three stable GOF mutant
p53-harboring H1299 cells under 5-FU-treated conditions,
but not in parental p53-null H1299 cells (Supplementary
Figure S5C). In addition, we observed a dose-dependent
increase in EFNB2 promoter luciferase activity in four
endogenous mutant p53 cells (Supplementary Figure S5D).
The 5-FU-induced exogenous EFNB2 promoter luciferase
activity in the four mutant p53 cells was abolished when
mutant p53 was knocked down (Figure 2c). Furthermore,
ectopic expression of mutant p53 in HCT116p53− /− cells
induced high luciferase activity while that of wild-type p53
failed to evoke any response in presence of 5-FU (Figure 2d).
Moreover, chromatin immunoprecipitation (ChIP) experi-
ments in both endogenous and ectopically expressed GOF
mutant p53 cells revealed recruitment of the mutant protein
on the EFNB2 promoter (Supplementary Figures S6A and B).
However, it is notable that not all mutant forms of p53 are
equally proficient in being recruited to the promoter
(Supplementary Figures S6A and B). Interestingly, H179Q
mutant p53 failed to recruit on the EFNB2 promoter in vivo
(Supplementary Figure S6B). Taken together, our findings
suggest that some p53 GOF mutants, not the wild-type
counterpart, transcriptionally activate EFNB2 expression in
response to DNA damage.

Transcriptional activation of EFNB2 promoter by mutant
p53 requires CCAAT module. Bioinformatic analysis
revealed the absence of wild-type p53 consensus binding
site and presence of two CCAAT modules in the EFNB2
promoter (Supplementary Figure S7A and B). Indeed, ectopic
expression of CCAAT-binding wild-type NF-YA protein ele-
vated the luciferase activity in mutant p53-expressing stable
H1299 cell lines, whereas the dominant-negative form
of NF-YA22 yielded decreased activity (Figure 3a). We also
observed high EFNB2 promoter-driven luciferase activity
upon DNA damage in non-silencing controls but not in
p53-knocked down SW480 cells (Supplementary Figure S7C).
Further, ectopic expression of both the wild-type and
dominant-negative forms of NF-YA did not alter the luciferase
activity in mutant p53-knocked down cells (Supplementary
Figures S7D and E). In addition, co-immunoprecipitation
experiments revealed mutant p53 and NF-Y interaction in
non-silencing control but not in mutant p53-knocked down
cells under both 5-FU-treated and untreated conditions
(Figure 3b). Reciprocal co-immunoprecipitation produced
similar results in SW480 cells involving mutant p53, NF-YA,
and NF-YB (Supplementary Figure S8A). However, the
H179Q mutant p53, which did not recruit on EFNB2 promoter
earlier, failed to interact with NF-YA (Supplementary
Figure S8B). We observed that NF-YA and NF-YB recruit-
ment on the EFNB2 promoter requires mutant p53
(Figure 3c), and occupancy of the NF-Y-mutant p53 complex
increased following DNA damage in non-silencing control
cells (Figure 3c). Surprisingly, total mutant p53 recruitment on
the EFNB2 promoter did not change post drug treatment both
in non-silencing control and p53-knocked down cells
(Figure 3c). Conversely, mutant p53 recruitment on the
EFNB2 promoter was abrogated upon NF-YA knockdown in

SW480 cells (Figure 3d). This knockdown, however, did not
abolish NF-YB recruitment on the EFNB2 promoter
(Figure 3d) as NF-YB and NF-YC heterodimerization is a
prerequisite for NF-YA association.22 Wild-type p53 recruit-
ment on the NF-Y target promoter EFNB2 was also not
observed in HCT116 cells (Supplementary Figure S8C). On
the contrary, NF-YA recruitment was significantly increased in
these cells upon 5-FU treatment (Supplementary Figure S8C).
Our findings were bolstered by a report that the mutant
p53-NF-Y complex binds to Plk2 promoter containing CCAAT
boxes.23 The authors also showed that unlike mutant p53,
recruitment of wild-type p53 on the Plk2 promoter occurs
through the canonical p53 binding sites.23 Therefore, we
conclude that the NF-Y-mutant p53 transcription complex
recruits on the EFNB2 promoter, thus activating its expres-
sion in a DNA damage-dependent manner.

DNA damage-induced acetylated mutant p53–p300
interaction facilitates ephrin-B2 transactivation. To under-
stand the mechanism of DNA damage-induced transcription
of EFNB2 by the NF-Y-mutant p53 complex, we investigated
the post-translational modification of mutant p53. We observed
significant dose- and time-dependent increase (Supplementary
Figures S9A and B, respectively) in its acetylated form (K382)
upon treatment with 5-FU, doxorubicin, and etoposide.
We also observed a concomitant increase in ephrin-B2
levels, suggesting that acetylated mutant p53 activates
transcription (Supplementary Figures S9A and B). This was
further supported by the observation that inhibiting acetyla-
tion by anacardic acid did not evoke drug-induced activation
of ephrin-B2 (Supplementary Figure S9C). Next, we
observed enrichment of acetylated mutant p53 on the
endogenous EFNB2 promoter in 5-FU-treated cells versus
untreated controls (Figure 3e). In line with this observation,
p300 was also selectively recruited on the EFNB2 promoter
following drug treatment in SW480 cells (Figure 3e). In a
co-immunoprecipitation experiment, we noticed increased
association of p300 with mutant p53 upon DNA damage in
non-silencing control, but not in p53-knocked down, SW480
cells (Supplementary Figure S9D). Earlier, it was demon-
strated that a triply acetylated peptide involving residues
380–386 of wild-type p53 (380–386; K381Ac/K382Ac/
K386Ac) inhibits transcription regulatory function of the
protein.24 However, the same was not true for a mutant
peptide (380–386; K381A/K382A/L383A).24 We employed
these two peptides in a ChIP experiment to test whether the
triply acetylated (wild-type) peptide could also inhibit the
recruitment of acetylated GOF mutant p53 on the EFNB2
promoter (Figure 3e). We observed enhanced p300 and
acetylated mutant p53 (K382) recruitment on the EFNB2
promoter upon DNA damage in SW480 cells pretreated with
the unacetylated (mutant) peptide (Figure 3e). In contrast, the
recruitment was inhibited in presence of the triply acetylated
(wild-type) peptide (Figure 3e). Similarly, pretreatment of
SW480 cells with the triply acetylated (wild-type), but not
unacetylated (mutant), peptide inhibited DNA damage-
induced ephrin-B2 protein expression (Figure 3f and
Supplementary Figure S9E). Interestingly, peptide treatment
had no effect on either the drug-induced acetylation (K382) of
mutant p53 or the total endogenous mutant p53 level.

Ephrin-B2 reverse signaling imparts chemoresistance to mutant p53 tumors
SK Alam et al

711

Cell Death and Differentiation



Figure 3 Mutant p53 in association with NF-Y facilitates ephrin-B2 transactivation. (a) Dual Luciferase assay showing ectopic expression of wild-type (WT) NF-YA protein
enhances EFNB2 promoter activity. (b) Co-immunoprecipitation experiment showing the presence of mutant p53 and NF-Y complex in scrambled shRNA-transduced SW480
cells. (c) Chromatin immunoprecipitation (ChIP) experiment showing recruitment of NF-YA, NF-YB, and mutant p53 proteins on the endogenous EFNB2 promoter in control
shRNA-transduced, but not in p53 shRNA-transduced SW480 cells. (d) Chromatin immunoprecipitation (ChIP) experiment showing recruitment of mutant p53, NF-YA, and NF-
YB protein on the endogenous EFNB2 promoter in control siRNA-transfected cells, but not in NF-YA siRNA-transfected SW480 cells. (e) ChIP assay in mutant p53-harboring
SW480 cells showing recruitment of acetyl-p53 (Lys 382) and p300 on the EFNB2 promoter in the presence of triply acetylated (wild-type) peptide (380–386; K381Ac/K382Ac/
K386Ac) and unacetylated (mutant) peptide (380–386; K381A/K382A/L383A). (f) Triply acetylated peptide (380–386; K381Ac/K382Ac/K386Ac) treatment in mutant p53-
harboring SW480 cells inhibit 5-FU-induced enhancement of ephrin-B2 expression. All histograms were expressed as means± S.D. of three independent experiments. *, **, ***,
and **** indicate P≤ 0.05, P≤ 0.01, P≤ 0.001, and P≤ 0.0001, respectively. Histograms show densitometric values of band intensity
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We thus conclude that drug-induced upregulation of ephrin-
B2 in mutant p53 cells is preceded by p300 recruitment on
the EFNB2 promoter following mutant p53 acetylation
(Figure 8d).

Ephrin-B2 knockdown sensitizes mutant p53 tumor cells
to DNA-damaging chemotherapeutic agents in vitro. Mutant
p53 tumors exhibit chemoresistance by virtue of their GOF
activities.12 Altered levels of ephrin-B2 lead to a more
aggressive tumor phenotype and are associated with
shortened survival in patients with colorectal cancer.25 Here,
we observed increased ephrin-B2 expression in SW480
cells upon treatment with chemotherapeutic agents
(Supplementary Figure S9A and B). In addition, ephrin-B2
knockdown in SW480 cells and R273H mutant p53-
expressing H1299 cells resulted in decreased cell viability
upon DNA damage and the phenotype is rescued by ephrin-
B2 expression in SW480 cells (Figures 4a and b;
Supplementary Figure S10A). We observed caspase-3 and
PARP-I cleavage upon ephrin-B2 knockdown in SW480 cells
treated with chemotherapeutic agents, indicating apoptotic
death (Supplementary Figures S10B and C). Ephrin-B2
knockdown also sensitized other GOF mutant p53-
harboring cells of diverse tumor origins (Supplementary
Figures S11A–D). Furthermore, ectopic expression of
ephrin-B2 in chemosensitive HCT116 cells harboring wild-
type p53 conferred enhanced drug resistance
(Supplementary Figures S11E and F). Next, we generated
four ephrin-B2-knocked down stable cell lines, of which three
showed effective knockdown (Supplementary Figures S12A
and B) and lower IC50 values compared with control cells
(Supplementary Figure S12C). Ephrin-B2 stable knockdown
cells exhibited significant decrease in both radii and areas of
spheroids upon 5-FU treatment in three-dimensional (3D) cell
culture system (Figures 4c and d). Moreover, cell viability
assays in 3D culture indicated significant killing with lower
IC50 values (Figure 4e). In addition, each knocked down cell
exhibited time-dependent increase in PARP-I and caspase-3
cleavage upon 5-FU treatment (Figure 4f). Notably, silencing
of ephrin-B2 alone did not induce apoptosis, but sensitized
cells toward conventional chemotherapeutic agents. We
conclude that chemoresistance in mutant p53 cells is due
to transcriptional activation of EFNB2 by mutant p53, and
perturbations of ephrin-B2 can sensitize mutant p53-bearing
cancer cells to DNA-damaging chemotherapeutic agents.

Ephrin-B2-knocked down tumors are sensitive to 5-FU
in vivo. We next examined tumor growth in nude mice
inoculated with either non-silencing control or ephrin-B2-
knocked down SW480 cells. Further, these mice were either
treated with 5-FU (5 mg/kg) or left untreated (see Methods for
details). The control mice did not show any significant change
in either tumor volume or weight between the PBS- and
5-FU-treated groups (Figure 5a and b; Supplementary
Figure S13A). On the contrary, ephrin-B2-knocked down
tumors showed significantly decreased volume and weight
upon 5-FU treatment (Figures 5a and b; Supplementary
Figure S13A). Notably, the control tumors achieved signifi-
cant volume (4200mm3) after 16 days of inoculation,
whereas the ephrin-B2-knocked down tumors achieved the

same only after 32 days. This supports the role of ephrin-B2
in tumorigenesis reported earlier.26 We further observed that
both ABCG2 and ABCC1 expression increased markedly
upon drug treatment in the control, but not in the knocked
down mice group (Figure 5c and d). We confirmed efficient
knockdown of ephrin-B2 in the tumors, (Supplementary
Figure S13B) whereas mutant p53 expression remained
unaltered between the two groups (Supplementary
Figure S13C). To ascertain whether our findings in the cell
line and mice are reflected in human colon cancer patients,
we determined the expression of ABCC1, ABCG2, and
EFNB2 in neoadjuvant therapy-resistant (Supplementary
Figure S13D) and -sensitive (Supplementary Figure S13E)
FFPE tumor tissue sections. Detailed patient history is
provided in Supplementary Table S8. Both ABCC1 and
EFNB2 expression was increased in patients with no
response against neoadjuvant therapy, versus those with
response (Figures 5e and f). ABCG2 mRNA was not
detectable, suggesting it had low or no expression at all
(data not shown). Thus, we conclude that ephrin-B2 is a key
determinant in conferring chemoresistance that involves
major drug transporter genes.

Ephrin-B2 reverse signaling confers drug resistance to
mutant p53 cancers via the JNK/c-Jun pathway. To
investigate the mode of ephrin-B2 signaling (forward or
reverse) that promotes chemoresistance, we treated mutant
p53-harboring SW480 cells and its EFNB2 stably knocked
down counterpart with both the agonists- EphB4 Fc and
ephrin-B2 Fc- that in turn activate ephrin-B2 reverse and
EphB4 forward signaling, respectively. We observed an
increase in ABCG2/BCRP in control cells in the presence
of EphB4 Fc compared with control Fc (Figure 6a). However,
the ABCG2 levels were unaltered in ephrin-B2-knocked down
cells as well as post ephrin-B2 Fc stimulation (Figure 6a).
Thus, ephrin-B2 reverse, and not EphB4 forward, signaling
enhances the ABCG2 levels. We also observed increment in
the ABCG2 mRNA level in presence of 5-FU, but not under
ephrin-B2-knocked down condition (Figure 6b). However,
ectopic expression of ephrin-B2 in the knocked down
cells restored the ABCG2 levels (Figure 6b). Moreover, the
MAPK family member JNK and its downstream member
c-Jun showed increased phosphorylation in agonist-treated
(EphB4 Fc) control versus knocked down cells (Figure 6c).
In addition, we observed reduced phosphorylation of both
JNK (T183/Y185) and c-Jun (S63) upon 5-FU treatment in
knocked down cells compared with the controls (Figure 6d).
We also observed enhanced recruitment of c-Jun and RNA
polymerase II on the ABCG2 promoter following 5-FU
treatment in control but not in the knocked down cells,
suggesting its regulation by c-Jun27 (Figures 6e and f). We
observed that knockdown of JNK in SW480 cells resulted in
PARP-I cleavage upon 5-FU treatment (Figure 6g). This
suggests that JNK is a key determinant of apoptosis, and
ephrin-B2 imparts chemoresistance and helps to evade
apoptosis through JNK signaling (Figure 8d). Altogether, we
conclude that under DNA-damaging conditions, GOF mutant
p53 increases ephrin-B2 expression, which in turn induces
ABCG2 expression through the c-Jun/JNK signaling pathway
(Figure 8d).
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Figure 4 Knockdown of ephrin-B2 in mutant p53 cancer cells showing drug sensitivity. (a) Cell viability assay in endogenous SW480 cells and (b) R273H mutant p53-expressing
stable H1299 cell lines showed enhanced sensitivity to 5-FU (10 μg/ml for 48 h). (c) Fluorescence micrograph showing clear spheroids in three-dimensional (3D) cell culture assay. ‘r’
represents radius. Scale bar denotes 200 mm. (d) Dose-dependent decrease of spheroid size (μm) and area (×10− 2 mm2) in 3D cell culture. (e) Dose-dependent decrease of cell
viability in 3D cell culture. (f) Immunoblot showing time-dependent increase of PARP-I and Caspase-3 cleavage in ephrin-B2 knocked down cell lines. All histograms, spheroid size,
and IC50 data were expressed as means±S.D. of three independent experiments. *, **, ***, and **** indicate P≤ 0.05, P≤ 0.01, P≤ 0.001, and P≤ 0.0001, respectively
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Ephrin-B2 reverse signaling promotes cancer cell pro-
liferation and drives EMT in mutant p53 cancers. Ephrin-
B2 reverse signaling transmits extracellular signals to the
nucleus through the Src family of kinases.28 Indeed, we too
observed increased phosphorylation of both Src (Y418) and

p44/p42 MAPK (T202/Y204) in agonist-treated control but not
in knocked down cells (Figure 7a). Similarly, ephrin-B2-
knocked down cells presented lower phosphorylated Src and
p44/p42 MAPK upon 5-FU treatment, clearly implying ephrin-B2
as a stimulant for cell proliferation (Figure 7b). Furthermore,

Figure 5 Silencing of ephrin-B2 inhibits tumor growth in vivo upon 5-FU treatment. (a) Representative graphs indicate tumor growth rate in either non-silencing control or
ephrin-B2 knocked down SW480 cells. (b) The weight of the tumors was measured in gms. Histograms are represented as means±S.E.M. (c and d) Total RNAwas isolated from
SW480 shScrambled (n= 5) and SW480 shEphrin-B2#53 (n= 5) tumors. Expression of two genes (ABCG2 and ABCC1) was measured. (e and f) Total RNA was isolated from
neoadjuvant therapy-resistant human colon carcinoma (n= 10) and neoadjuvant therapy-sensitive human colon carcinoma (n= 10). mRNA expression of two genes (ABCC1
and EFNB2) was measured
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Figure 6 Ephrin-B2 reverse signaling exhibits chemoresistance influencing ABCG2 expression. (a) Immunoblot analysis of ABCG2 in agonist-treated SW480 cells (b) mRNA
expression of ABCG2 in ephrin-B2 knocked down and overexpressed condition. (c) Immunoblot analysis of phospho-JNK and phospho-c-Jun in agonist-treated SW480 cells.
(d) Cells were harvested at 48 h post 5-FU treatment and subjected to immunoblot analysis with α-phospho-JNK and α-phospho-c-Jun. Silencing of ephrin-B2 was ascertained
with α-ephrin-B2. (e) ChIP assay showing recruitment of c-Jun and RNA polymerase II on the EFNB2 promoter. (f) ChIPAssay showing recruitment of RNA polymerase II and no
recruitment of c-Jun on the GAPDH promoter. (g) Knockdown of JNK protein in SW480 cells increases PARP-I cleavage. Histograms show densitometric values of band intensity
and express as means±S.D. of three independent experiments. * indicates P≤ 0.05
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Figure 7 Ephrin-B2 reverse signaling promotes cell proliferation in mutant p53 cancer. (a) Immunoblot analysis of α-phospho SRC and α-phospho p44/p42 MAPK in agonist-
treated cells. (b) Cells were harvested at 48 h post 5-FU treatment and subjected to immunoblot analysis with α-phospho SRC and α-phospho p44/p42 MAPK. (c) Knockdown of
Src protein and (d) ERK (p44/p42 MAPK) protein in SW480 cells increase PARP-I cleavage with concomitant decrease in PCNA expression. (e) 5-FU induced decrease of
viability in SW480 cells following pretreatment with either Src or ERK siRNA. All histograms were expressed as means± S.D. of three independent experiments. *, **, ***, and ****
indicate P≤ 0.05, P≤ 0.01, P≤ 0.001, and P≤ 0.0001, respectively. Histograms show densitometric values of band intensity
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we observed increased apoptosis along with concomitant
decrease in survival and proliferation in Src and p44/p42
MAPK (ERK)-knocked down cells, establishing the essenti-
ality of ephrin-B2 reverse signaling in this process (Figures
7c–e). Thus, inhibition of ephrin-B2 expression decreases the
survival and proliferation rates and hence, sensitizes cancer
cells to apoptotic cell death (Figure 8d).
Cancer cells with EMT phenotypes are shown to be

unresponsive to chemotherapy.29,30 Src and its associated
tyrosine kinase, FAK, are at the core of the EMT phenotype.31

Here, we observed abrogation of FAK phosphorylation (Y576/
Y577) in ephrin-B2-knocked down cells (Figure 8a), which was
reduced even in presence of 5-FU (Figure 8b). Subsequent
investigation of EMT markers in both control and knocked
down cells revealed substantial enhancement of E-cadherin
protein expression in the knocked down cells treated with
either agonist (Figure 8a) or 5-FU (Figure 8b). Moreover, we
observed significant changes in both SNAI-1 and ID-1
expression levels following agonist treatment (Figure 8a).
We also observed reduced expression of vimentin, snail, and
slug proteins in EFNB2-knocked down cells upon 5-FU
treatment, clearly indicating the involvement of ephrin-B2 in
the EMT process (Figure 8b). Furthermore, we noticed high
E-cadherin and low vimentin expression in SW480 cells
following FAK knockdown (Figure 8c). Based on the above
results, we propose that GOFmutant p53-mediated ephrin-B2
activation modulates the EMT process by virtue of Src/FAK
signaling, thereby promoting drug resistance (Figure 8d).

Discussion

Half of the human cancers carry p53 mutations.7 Some of
these mutant proteins are potentially oncogenic, capable
of promoting tumorigenesis through different cellular
mechanisms.32–34 Managing drug-resistant cancer is challen-
ging, and a combinatorial approach is required to enhance
drug sensitivity. Based on a previously described predictive
methodology to tap genetic contributions to drug sensitivity,16

we designed a new model to identify gene signatures that
might contribute to GOF mutant p53-mediated chemoresis-
tance. Our prediction analysis identified a hub gene, EFNB2
that presented differential expression between GOF mutant
and wild-type p53-bearing cell lines when treated with
chemotherapeutic agents. This observation was supported
by a report that mutant p53-harboring ovarian cancer cells
exhibit high EFNB2 expression compared with those harbor-
ing wild-type p53.35 Hubs are generally associated with
greater importance in regulating key cellular pathways, and
perturbations of genes encoding hubs aremore likely to confer
lethality than those of non-hubs.36 Hence, identification of
mutant p53-bound hub genes and subsequent perturbation of
their expression might be crucial in understanding the
mechanism(s) of chemoresistance, and greatly facilitate
therapeutic intervention in a large proportion of tumors.
The bidirectional signaling molecule ephrin-B2 becomes

clustered upon interaction with its Eph receptor37 and
activates key signaling moieties such as Src,28 PDGFRβ,37

VEGFR2,38 STAT3,39 and many more. Until date, only one
study has reported the involvement of Eph-ephrin signaling in
conferring radioresistance, but the mechanism is poorly

understood.40 The ABC transporter family of genes- ABCC1,
ABCB1, and ABCG2- are engaged in imparting multidrug
resistance to cancer cells. It is known that wild-type
p53 represses ABCB1 expression,41 whereas mutant p53
activates it.42 In this study, we report for the first time that
ephrin-B2 reverse signaling regulates ABCG2 expression
through JNK-c-Jun signaling in mutant p53-expressing cancer
cells. Eph receptors induce EMT through oncogenic signaling
pathways such as Wnt, Ras/MAPK, Akt-mTOR, and Notch.43

We also observed that the Src/FAK signaling is involved in the
EphB4/ephrin-B2–induced EMT process. Perturbation of
ephrin-B2 reverses the EMT phenotype by E-cadherin down-
regulation and hence makes mutant p53-expressing cancer
cells more susceptible to chemotherapeutics.
In summary, ephrin-B2 downregulation inhibits colon

carcinoma cell growth, promotes apoptosis, reverses the
EMT phenotype, and decreases drug resistance in vitro as
well as in mouse model. Neo-adjuvant therapy-resistant
colorectal tumors also exhibit high EFNB2 and ABC transporter
gene expression. Thus, targeting the members of Eph/Ephrin
signaling pathways such as ephrin-B2 has the potential to
circumvent drug resistance when applied in conjunction with
other conventional chemotherapeutic agents. This further
suggests that many more genes are yet to be identified whose
deregulation is central to some of the key features exhibited by
GOF mutant p53 tumors, enhanced chemoresistance being
one of them.

Materials and Methods
Cell culture. Human colon cancer cell lines HCT116p53+/+ (CCL-247), and
SW480 (CCL-228), human pancreatic cancer cell lines MIAPaCa2 (CRL-1420), and
PANC-1 (CRL-1469) and human breast cancer cell lines MDA-MB231 (HTB-26),
and SkBr3 (HTB-30) were purchased from American Type Culture Collection.
HCT116p53− /− and Huh-7 cell line was a kind gift from Professor Bert Vogelstein
(Johns Hopkins University, Baltimore, MD, USA) and Dr. Suvendra Nath
Bhattacharyya (CSIR-Indian Institute of Chemical Biology, Kolkata, India),
respectively. Mutant p53-expressing stable cell lines (H1299-EV, H1299-R175H,
and H1299-R248W) were kind gifts from Dr. Varda Rotter (Weizmann Institute of
Science, Israel) and H1299-R273H cell line was generated in our laboratory. All cell
lines were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco). All cell lines
were routinely screened and tested negative for mycoplasma contamination.

3D cell culture. Cells were seeded onto round-bottom non-tissue culture–
treated 96-well plates (BD Biosciences, San Jose, CA, USA) at a concentration of
5000 cells/well in 100 μl DMEM (Gibco), containing 10% FBS (Gibco) and
supplemented with 20% methylcellulose stock solution (Sigma-Aldrich, St. Louis,
MO, USA). The methylcellulose stock solution was prepared as described
previously.44 Spheroids were grown under standard culture conditions (5% CO2 at
37 °C) and drug treatment was carried out for 72 h.

Plasmids and peptides. 1106-bp (−929 nt to +176 nt respective to the
transcription start site) long region of the human EFNB2 promoter was a kind gift
from Dr. Christopher CW Hughes (University of California, Irvine, CA, USA) and it
has been thoroughly characterized in another study.45 The Renilla luciferase
construct (pRL-TK) was purchased from Promega Corp (Madison, WI, USA). The
wild-type p53 (pCMV-p53) and the mutant p53 (pCMV-R175H and pCMV-R273H)
expression plasmids were a kind gift from Dr. Bert Vogelstein (Johns Hopkins
University, Baltimore, MD, USA) and full-length EFNB2 cDNA clone was purchased
from Origene Technologies (Rockville, MD, USA). Δ4YA13 vector (NF-YA) and
Δ4YA13m29 dominant-negative vector (DN-NF-YA) were a kind gift from Dr.
Giovanni Blandino (Regina Elena Cancer Institute, Rome, Italy). Triply acetylated
wild-type peptide (380–386; K381Ac/K382Ac/K386Ac) and mutant peptide
(380–386; K381A/K382A/L383A) were synthesized in our laboratory24 and were
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Figure 8 Ephrin-B2 reverse signaling drives EMT in mutant p53 cancer. (a) Agonist-treated cells were subjected to immunoblot analysis with α-phospho FAK, α-E-cadherin,
α-SNAI-1, and α-ID-1. (b) 5-FU-treated non-silencing control and ephrin-B2 knocked down cells were subjected to immunoblot analysis with α-phospho FAK, α-E-cadherin, α-
Vimentin, α-Snail, and α-Slug. Silencing of ephrin-B2 was ascertained with α-ephrin-B2. (c) Perturbation of FAK in SW480 cells reverses EMT phenotype. (d) Model of our
working hypothesis showing ephrin-B2 expression is upregulated in response to DNA damage by NF-Y/mutant p53/p300 complex. Drug induced ephrin-B2 reverse signaling
evade apoptosis and impart chemoresistance involving JNK/c-Jun signaling. Ephrin-B2 reverse signaling also drives EMTand promotes cancer cell proliferation involving Src/FAK
and Src/ERK signaling, respectively
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used at different concentrations for 48 h. The concentration of peptide was
measured by standard BCA (Thermo Scientific, Rockford, IL, USA) method.

Drugs and agonists treatment. For induction of DNA damage, four
cytotoxic drugs such as 5-FU (Sigma-Aldrich), doxorubicin (Sigma-Aldrich),
etoposide (Sigma-Aldrich) and cisplatin (Sigma-Aldrich) were used at different
doses for indicated times. Two agonists, EphB4 Fc, and ephrin-B2 Fc (R&D
Systems, Minneapolis, MN, USA), at a concentration of 2 μg/ml were used to induce
ephrin-B2–mediated reverse and forward signaling, respectively.

siRNA treatment. Cells were seeded in 6-cm dishes and cultured for 18–24 h.
The next day, cells were washed with PBS, added Opti-MEM reduced-serum
medium (Gibco) and transfected with either 80 nmol/l human TP53 siRNA (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or 80 nmol/l human EFNB2 siRNA
(Santa Cruz Biotechnology and Dharmacon, Lafayette, CO, USA) or 100 nmol/l
human SRC siRNA (Dharmacon) or 100 nmol/l human JNK siRNA (Dharmacon) or
100 nmol/l human ERK siRNA (Dharmacon) or 100 nmol/l human FAK siRNA
(Dharmacon) or 80 nmol/l human NF-YA siRNA (Santa Cruz Biotechnology) or
Negative Control siRNA (Ambion Inc., Austin, TX, USA) using DharmaFECT 4
(Dharmacon). After 5 h, antibiotic-containing DMEM supplemented with 10% FBS
was added and cells were incubated for a total of 72 h before further processing.

Short hairpin RNA transfection. pGIPZ lentiviral short hairpin RNA
(shRNA) vectors for human EFNB2, TP53, and non-silencing control were
purchased from Open Biosystems (Thermo Scientific) and were prepared as
previously described.46 SW480 cells were infected with lentiviral shRNA; after
puromycin (Gibco) selection, stable selected cells were used for the experiments.

Xenograft tumor model. Six- to 8-week-old female nude mice (BALB/C; nu/
nu) were obtained from the National Institutes of Health and housed in the
institutional animal facilities. All animal work was performed under protocols
approved by the Mayo Clinic Institutional Animal Care and Use Committee.

Patient samples. Neo-adjuvant therapy-resistant (n= 10) and -sensitive
(n= 10) colon carcinomas were obtained from the archive samples of the hospital
section at Mayo Clinic in Rochester, MN, USA. Before sample collection, written
informed consent was taken from each patient and the study was approved by the
Mayo Clinic Institutional Review Board.

In-vivo antitumor activity. To establish tumor growth in nude mice, either
5 × 106 non-silencing control cells or stable ephrin-B2 knockdown SW480 cells,
resuspended in 100 μl of PBS, were injected subcutaneously into the left flank.
Tumors were allowed to grow for 16–30 days until they reached significant volume
(4200 mm3), and mice were then randomized into two groups (five animals per
group). Group 1 was treated with PBS alone, whereas group two was treated with
5-FU. Drug at doses of 5 mg/kg was administered three times in a week intra-
peritoneally. After 10 successive treatments, all tumor-bearing mice were killed by
asphyxiation with CO2; tumors were removed, weighed, and measured. A part of
each tumor was homogenized to obtain total cellular RNA that was used for real-
time PCR-mediated expression analysis.

Transfection and luciferase assays. For the dual-luciferase reporter
assay, promoter luciferase constructs (0.5 μg), along with pRL-TK plasmids
(0.1 μg), were co-transfected into different cells using Polyfect (Qiagen, Hilden,
Germany). The cells were incubated in Opti-MEM reduced-serum medium (Gibco)
for 5 h and then switched to antibiotic-containing DMEM containing 10% FBS. After
48 h of incubation, the cells were harvested and luminescence was measured
according to manufacturer’s protocol (Promega Corp). For transient overexpression
assay, cells were seeded in 6-cm dishes and cultured for 18–24 h. The next day,
cells were washed with PBS (Gibco), Opti-MEM reduced-serum medium was added
and cells were transfected with cDNA expression plasmids at indicative doses. After
5 h, antibiotic-containing DMEM supplemented with 10% FBS was added and cells
were incubated for a total of 48 h before further processing.

Quantitative real-time PCR. Total RNA from different cell lines was isolated
using either TRIZOL (Invitrogen, Carlsbad, CA, USA) or RNeasy Plus (Qiagen)
according to manufacturer’s protocol. Isolated RNA (5 μg) was treated with DNase-I
(Promega Corp) and 1 μg of the DNase-treated RNA was used for cDNA
preparation with random hexamer (Invitrogen) and MMLV-RT (Promega Corp).

Real-time PCR was performed in the 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) with power SYBR Green PCR Master Mix
(Applied Biosystems). The comparative threshold cycle method (ΔΔCt) was used
to quantify relative amounts of product transcripts with GAPDH as endogenous
reference controls. Primer sets for various genes are enlisted in Supplementary
Table S9.
All the human patients’ samples were available on slides as paraffin sections, and

total cellular RNA was extracted using RNeasy FFPE kit (Qiagen). Of the isolated
total RNA, a 100-ng amount was used for cDNA preparation using iScript (Biorad,
Hercules, CA, USA) according to the manufacturer’s protocol. Real-time PCR was
performed in the 7500 Real-Time PCR System (Applied Biosystems) using power
SYBR Green PCR Master Mix (Applied Biosystems). The comparative threshold
cycle method (ΔCt) was used to quantify relative amounts of product transcripts with
GAPDH as endogenous reference controls. Primer sets for various genes are listed in
Supplementary Table S9.

ChIP assays. ChIP assay was done with EZ-ChIP kit from Millipore (Billerica,
MA, USA) according to the manufacturer’s protocol. PCR amplification from the
immunoprecipitated chromatin was done with different promoter primers
(Supplementary Table S9). In the amount of 10 μg each, anti-p53 antibody (Santa
Cruz), anti–RNA polymerase II antibody (Santa Cruz), anti-p300 antibody (Santa
Cruz), anti–acetyl-p53 antibody (Upstate, Billerica, MA, USA), anti–NF-YA antibody
(Santa Cruz), anti–NF-YB antibody (Santa Cruz) and anti–c-Jun antibody (Cell
Signaling Technology, Danvers, MA, USA) were used for immunoprecipitation.
Normal rabbit antiserum (Cell Signaling Technology) was used as negative control
and 5% of the total lysate was used as an input control. The GAPDH promoter
primers were used as a negative control for c-Jun.

Western blot analysis. Western blot analysis was performed using antibodies
against ephrin-B2 (Abcam, Cambridge, UK; ab96264), p53 (Santa Cruz; DO-1),
PLC-γ1 (Santa Cruz; 1249), acetyl-p53 (Upstate), NF-YA (Santa Cruz; C-18) NF-YB
(Santa Cruz; FL-207) β-actin (Sigma, St. Louis, MO, USA), PARP-I (Cell Signaling
Technology; 9542), caspase-3 (Cell Signaling Technology; 9662), cleaved PAPR-I
(Cell Signaling Technology; 9541), cleaved caspase-3 (Cell Signaling Technology;
9661), p300 (Santa Cruz; C-20), ABCG2 (Cell Signaling Technology; 4477),
phospho-Src (Cell Signaling Technology; 2101), total Src (Cell Signaling
Technology; 2123), phospho p44/p42 MAPK (Cell Signaling Technology; 9101),
total p44/p42 MAPK (Cell Signaling Technology; 9102), phospho-JNK (Cell
Signaling Technology; 4668), total JNK (Santa Cruz, C-17), phospho-c-Jun (Cell
Signaling Technology; 2361), total c-Jun (Cell Signaling Technology; 9165), phospho
FAK (Cell Signaling Technology; 3281), total FAK (Cell Signaling Technology; 3285),
E-cadherin (Santa Cruz, G-10), SNAI-1 (Santa Cruz, H-130), ID-1 (Santa Cruz,
C-20), Snail (Cell Signaling Technology; 3879), Vimentin (Cell Signaling Technology;
3390), Slug (Cell Signaling Technology; 9585) in different cell lysates. Cells were
treated with different doses of cytotoxic drugs and incubated for indicated times.
Whole-cell lysates in radioimmunoprecipitation assay buffer supplemented with
protease inhibitor cocktail (Sigma) and with or without phosphatase inhibitor (Cell
Signaling Technology) were then prepared. Supernatant was collected by
centrifugation at 13 000 rpm for 10 min. Subsequently, samples were subjected to
SDS-PAGE and then transferred to polyvinyl difluoride membranes (Millipore) and
immunoblotted for the proteins of interest. Antibody-reactive bands were detected
by enzyme-linked chemiluminescence (Thermo Scientific). Densitometric values of
bands by ImageJ software are plotted. Proteins were normalized to either with
β-actin levels or with PLC-γ1 levels. In case of phospho protein, normalization was
done with their corresponding total protein level.

Apoptotic assays. To measure PARP-I cleavage, 1 × 105 SW480 cells were
seeded and transiently transfected as mentioned earlier. At indicated time points
after drug treatment, cells were fixed with 4% paraformaldehyde (Sigma) and
permeabilized with fluorescence-activated cell sorter permeabilizing solution
(BD Biosciences). Before staining, permeabilized cells were treated with heat-
inactivated 2% normal bovine serum to block nonspecific staining. Cells were then
stained with normal mouse sera or mouse anti–human-cleaved PARP-I antibody
(Cell Signaling Technology). After they were washed, cells were incubated with
multiple adsorbed Alexa Fluor 647-conjugated secondary antibody (Molecular
Probes, Invitrogen), washed, and analyzed with BD FACSAria (Becton-Dickinson,
San Jose, CA, USA).
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Cell survival assays. Cells were treated with drugs at indicated concentration
in 96-well flat-bottomed microtitre plates and cell proliferation was assessed with
WST-1 cell proliferation reagent (Roche, Basel, Switzerland) after 72 h of incubation.
Absorbance of samples was measured at 450 nm. From the absorbance values, the
viability index was calculated.
For 3D cell culture, cell viability was measured using CellTiter-Glo Luminescent

assay kit (Promega Corp) according to the manufacturer’s protocol. Luminescence
was measured and viability index has been calculated from this value. Confocal
microscopy of these spheroids has been performed using a Zeiss LSM 780 confocal
laser scan microscope.

Co-immunoprecipitation and western blotting. SW480 cells were
lysed with cold immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 0.15 M NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS), which contains 1 mM
phenylmethylsulfonyl fluoride, 1 μg/ml leupeptin, 0.5% aprotinin, and 2 μg/ml
pepstatin A. Lysate protein (500 μg) was incubated with 2 μg of indicated antibodies
at 4 °C overnight and then with 50 μl of protein G-conjugated agarose beads
(Sigma-Aldrich) at 4 °C for 3–5 h. After the beads were washed with the same
buffer, immunoprecipitates were resuspended in 2 × Laemmeli sample buffer for
western blot analysis.

Immunohistochemistry. For immunohistochemistry, 5-μm paraffin-embedded
sections of cancer tissues were deparaffinized and then subjected to hematoxylin
and eosin immunochemistry according to the manufacturer’s instructions (DAB 150;
Millipore).

Identification of gene expression signature. We used NCI-60 gene
expression data set (GEO ID: GSE5846) for identification of gene expression
signature as described previously.16 Genes, that are differentially expressed (GEO
ID: GSE5846) in resistant versus-sensitive group for 5-FU, were identified (student's
t-test; Po0.05). In addition, correlation was checked between expressions of genes
and GI50 values across cell lines (correlation Po0.05). Genes showed significant
expression change between resistant and sensitive as well as show significant
correlations with GI50 values were selected as drug-specific gene signature. The
human genes were rank-ordered based on differential expression for resistant
versus-sensitive cell lines. Gene Set Enrichment Analysis scores the relative
position of each gene in the resistant signature. A heat map was generated using
the Gene Set Enrichment Analysis tool showing significant expression difference
in the sensitive versus resistant NCI-60 cell lines to individual drugs
(see Supplementary Table S6 for the list of all differentially expressed genes).
We labeled each signature as VSR-Carbo, VSR-camptothecin, VSR- Dox and
VSR-5-FU (see Figure 1b). Such signatures provide information on biological
processes, pathways, or genes that operate in chemoresistance tumors; and scope
for targeted therapy against such modules.

Identification of hub genes. Human-specific protein–protein interactions
were extracted from the IREF-Index19 and STRING20 database. From both the
databases only experimentally established interactions were taken based on their
respective confidence scores. For IREF-Index, the confidence was measured by NP
score ≥ 2 and for STRING database the confidence was measured by experimental
score ≥ 0.7 and combined score ≥ 0.7. Two interaction levels were considered. In
the first level only the interactions mediated by 262 gene signatures (Supplementary
Table S7) were taken and in the 2nd level all interactions among their interactors
were also taken. In-house Perl scripts were used to identify the hubs. ‘Hubs’ were
defined as proteins, which showed higher connectivity than other nodes in the
network. In this study the degree threshold for defining hub was calculated by
z-score of degree. Z-score 1 was set as threshold, which corresponds to degree 9
and 20 in 1st and 2nd level networks, respectively. Construction of second level
network was important for two reasons. First, the first level network is comprised of
the direct neighbors of those 262 genes hence the network was radial and isolated
in small modules. These isolated modules were connected to each other by addition
of second level neighbors to investigate the impact of these 262 genes in a larger
context. Second, it was crucial to investigate whether the neighbors of hubs in first
level were also important when investigated in a larger network context, which
asserts that the hub proteins not only have high number of connection but also
connected to highly connected proteins also. Identification of hubs was crucial for
analysis of protein–protein interaction network because hubs were found to have
special biological properties: they tend to be more essential than non-hub
proteins,47,48 they are found to have a central role in modular organization of the

protein interaction network,36,49 and some studies indicate that hub proteins may
also be evolutionarily conserved to a larger extent than non-hubs.50 Hubs can be
divided into party hubs, which comprise a specific cellular process or protein
complex; and date hubs, which link together and convey information between
different function-specific modules or -complexes. Date hubs generally display low
co-expression correlation with their interacting partners, whereas party hubs have
high co-expression correlation. Average pearson’s correlation coefficient of mRNA
expression of 42 hub genes and their interacting partners were calculated.
Expression data were collected from different experiments performed on different
cell lines available at Oncomine database.51 Cellular pathway information for the
hubs and their interactors were collected from the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database,21 which is a collection of biological pathways. An
in-house Perl script was used to calculate the extent of co-occurrence of biological
pathways within the hub clusters. The sub cellular localization and biological
process were mapped as per gene ontology (GO) of the hubs. GO for cellular
component and biological processes were extracted from gene association file
(GOC validation date 7 October 2014) from GO database.52 mRNA expression data
were collected from different experiments performed on different cancer cell lines
available at Oncomine database.51 Expression data were collected for 11 different
types of cancer from the following data sets; Beroukhim multicancer data set
(leukemia, breast cancer, sarcoma, lung cancer, medulloblastoma, melanoma,
meningioma, myelodysplasia, overian cancer, prostate cancer, and thyroid cancer)
and Jaiswal multicancer data set (colorectal cancer, glioma, lung cancer). Date and
party hubs were calculated for each of these cancer types separately. The average
Pearson correlation coefficient of co-expression for each hub in each cancer type
was plotted as a box-whisker distribution (see Figure 1e).

Statistical analysis. Statistical significant differences between groups were
determined by the Student's t-test using GraphPad QuickCalcs online software
(http://www.graphpad.com/quickcalcs/contingency1.cfm). Two tailed P-value were
defined as P≤ 0.05 (*), P≤ 0.01 (**), P≤ 0.001 (***), and P≤ 0.0001 (****).
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