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Abstract The Wnt signaling pathway plays a predominant

role in aberrant proliferation in myriad of cancers. In non-

cancerous cells, Wnts are blocked by the secreted frizzled-

related proteins (sFRPs) that are generally downregulated

in cancer cells. We have purified and characterized bacte-

rially expressed glutathione S-transferase-tagged SFRP4

from a novel clone generated from human cell origin.

Cervical cancer (HeLa) and lung cancer (A549) cells, in

which Wnt and associated genes were found to be

expressed, were treated with the purified recombinant

sFRP4, which revealed a significant dose-dependent cell

growth inhibition up to 40 %. The current investigation on

functionality of this bacterially produced recombinant

sFRP4 in arresting cancer cell proliferation is the first of its

kind, where G2/M phase arrest and early apoptosis were

evident. Increase in phosphorylated b-catenin in sFRP4

treatment indicated inhibition of Wnt pathway, which was

further confirmed by downregulation of pro-proliferative

genes, namely cyclin D1, c-myc, and survivin. Functional

activity of recombinant sFRP4 was further exploited in co-

therapy module with chemotherapeutic drugs to decipher

molecular events. Collectively, our study on purified

recombinant sFRP4 from bacterial host holds great promise

in targeting Wnt signaling for exploring new strategies to

combat cancer.
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Abbreviations

sFRP Secreted frizzled-related protein

GST Glutathione S-transferase

CRD Cysteine-rich domain

NLD Netrin-like domain

MALDI

TOF

Matrix-assisted laser desorption/ionization

time of flight

DMEM Dulbecco’s modified Eagle’s medium

cDNA Complementary deoxyribonucleic acid

RNA Ribonucleic acid

IPTG Isopropyl b-D-1-thiogalactopyranoside
PBS Phosphate-buffered saline

PMSF Phenylmethylsulfonyl fluoride

EDTA Ethylenediaminetetraacetic acid

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

HRP Horseradish peroxidase

HCl Hydrochloric acid

PI Propidium iodide

FACS Fluorescence-activated cell sorting

IAP Inhibitor of apoptosis

FITC Fluorescein isothiocyanate

AO Acridine orange

EB Ethidium bromide
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Introduction

Aberrant Wnt signaling causes increased proliferation and

reduced apoptosis in a multitude of cancers. Understanding

the underlying details of this pathway may prove to be

pivotal for the future of cancer therapy [1]. This may involve

binding of inhibitory molecules to Wnt ligands to prevent its

functioning via canonical and non-canonical pathways [2, 3]

or targeting downstream entities in the canonical Wnt

pathway [4]. One such evolving prospect in its very nascent

stage of development is the family of secreted antagonists of

Wnt signaling, called the secreted frizzled-related proteins

(sFRPs). sFRP4 is one of its prominent isoforms, having

serious implications in tumorigenesis [5]. In normal adult

cells, it binds to Wnt morphogens and prevents their binding

to corresponding transmembrane Frizzled receptor, thereby

impeding the canonical Wnt pathway. However, loss of

expression of sFRP4 due to promoter hypermethylation has

been found in several types of cancer, such as colorectal

cancer [6], bladder cancer [7], mesothelioma [8], cervical

cancer [9], and ovarian cancer [10]. This promotes the

upregulation of Wnt signaling, resulting in stabilization of a

cytoplasmic pool of b-catenin protein, which is the signaling
node of the canonical Wnt pathway. b-Catenin, in turn,

transcriptionally activates pro-proliferative genes like cyclin

D1 [11], survivin [12], and c-myc [13], thereby deregulating

cell proliferation. In non-cancerous cells, sFRPs block the

Wnts; subsequently, b-catenin is phosphorylated and

marked for degradation, leading to downregulation of pro-

proliferative genes. This gives rise to the possibility of

mimicking this scenario in case of cancer cells as well by

blocking the Wnt ligands either with functional recombinant

sFRP4 added to the cell culture media. If such a system is

designed, alterations in expression levels of downstream

molecules may be used as a tool for quantitative estimation

of the extent of inhibition of the Wnt pathway. Moreover, it

raises the question of clinical application of the recombinant

sFRP4; if aberrant proliferation of cancer cells can be

restricted by blocking the Wnt pathway with sFRP4, then

this protein may have a great potential in the field of

recombinant protein therapeutics.

Recent investigations into interactions of sFRP4 with

several Wnt ligands have created a surge of interest in

exploring its anti-proliferative activity. Both transfection

studies and exogenous addition of sFRP4 to culture have

demonstrated that it is accountable for keratinocyte dif-

ferentiation and apoptosis [14]. In breast cancer cell line

MCF-7, sFRP4-conditioned media were found to diminish

cell proliferation and downregulated Wnt signaling genes

[15]. In a similar study, transfection of sFRP4 was found to

reduce proliferation via the canonical Wnt pathway in

prostate cancer cells [16]. Interestingly, it has also been

shown to induce apoptosis in b-catenin-deficient
mesothelioma cells, suggesting that canonical Wnt path-

way-independent signaling phenomena may also be at play

[8]. However, intriguing discrepancies have been reported,

challenging the generally accepted antagonistic function of

sFRPs [17]. For instance, sFRP4 was found overexpressed

in colorectal cancer patient samples, revealing that sFRP4

may have entirely different biological roles in different

cancer types [18]. These investigations reflect the bewil-

deringly complex behavior of this signaling system. The

fact that it varies so widely in different cell types and

growth conditions necessitates further explorations into this

field.

Another compelling facet of sFRP4 that has surfaced is

its ability to chemosensitize cancer cells to conventional

drugs. So far documented in ovarian cancer cells [19] and

glioma stem cells [20], this phenomenon has the potential

to find a place for sFRP4 in the transforming field of

combination therapy, which could reduce the exacerbated

side effects of chemotherapeutic agents, while enhancing

the anticancer efficacy. However, the same may not be

applicable for bacterially expressed recombinant sFRP4 or

in case of other forms of cancer. If the Wnt blocking

efficiency of bacterially produced sFRP4 is retained in

conjunction with drugs, while the drugs induce apoptosis

via other interconnected signaling pathways, then this

system may indeed prove to be successful in a combination

module.

From the structure point of view, the N-terminal cys-

teine-rich domain (CRD) is responsible for binding to Wnt.

Each of the sFRPs, including sFRP4, has the CRD, which

shares sequence similarity with CRD of Frizzled receptors,

thus serving as putative binding sites for Wnt ligands [17].

The C-terminal domain, called the netrin-like domain

(NLD), may also function in promoting cell death, which

may or may not be via canonical Wnt pathway [21, 22].

While not much is known about the NLD, functional CRD

alone has been shown to be sufficient to suppress Wnt

signaling [23]. Posttranslational modifications in the form

of N-linked glycosylations have been found in the sFRPs, a

number of putative sites being in the NLD [24]. Although a

few potential sites are present in the CRD as well, glyco-

sylation is not essential for binding to Wnt ligand [25].

This suggested that human sFRP4 expressed in bacterial

system may retain its functionality. If the limitation of

eukaryotic protein folding can be overcome, expression in

bacterial system has the advantage of lower cost and

potential for production in bulk, which makes it a lucrative

option for potential therapeutic applications.

In this investigation, we have cloned the sFRP4 gene

from a novel source into bacterial expression vector pGEX-

4T2 containing glutathione S-transferase (GST) tag. The
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GST-sFRP4 protein, purified from Escherichia coli BL21

(DE3) cells, was characterized by matrix-assisted laser

desorption/ionization time-of-flight (MALDI TOF/TOF),

circular dichroism spectra, and Western blot analyses. We

assessed the functionality of recombinant protein on two

different cancer cell lines—cervical carcinoma (HeLa) and

lung carcinoma (A549). To the best of our knowledge, this

is the first report interpreting the structural and functional

characterization of bacterially expressed GST-sFRP4.

Further, targeting of canonical Wnt pathway was proven by

analyzing levels of b-catenin and phosphorylated b-catenin
protein as well as gene expression analysis of cyclin D1,

survivin, and c-myc. In addition, combination module was

designed with traditional chemotherapeutic drugs for aug-

mented efficiency, which also showed that functionality of

sFRP4 in blocking the Wnt pathway was retained even in

conjunction with drugs. Anticancer effect was ascertained

by cell viability assay-, dual staining-, and flow cytometry-

based cell cycle and apoptosis analyses. These data inspire

the possibility of exploiting this recombinant sFRP4 in the

avenue of possible protein therapeutics.

Materials and methods

Cell culture

Cervical cancer (HeLa), lung cancer (A549), renal cancer

(ACHN), and non-cancerous human embryonal kidney

(HEK-293) cells were purchased from National Centre for

Cell Science, India. Cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM), with 10 % FBS, 100

U/ml penicillin, 10 mg/ml streptomycin, in 5 % carbon

dioxide incubator with controlled humidity at 37 �C.

Materials

All items were purchased from Sigma Aldrich unless

mentioned otherwise.

Cloning of sFRP4

Total RNA was isolated from human renal cell carcinoma

cell line (ACHN) using Tri reagent. cDNA was synthesized

with Verso cDNA Kit (Thermo Scientific), according to

manufacturer’s protocol. The 1041-bp gene of sFRP4 was

amplified from the cDNA pool using forward primer 50-
ATGTTCCTCTCCATCCTAGTGGCGCT-30 and reverse

primer 50-GCTCACACTCTTTTCGGGTTTGTTCTC-30.
The gene was incorporated into pGEMT-Easy vector

(Promega) after overnight ligation at 4 �C. From this clone,

sFRP4 gene was PCR-amplified with gene-specific forward

primer 50-GGCGGATCCATGTTCCTCTCCATCCT-30

and reverse primer 50-GCCCTCGAGTCACACTCTTTTC
GGGT-30 containing overhangs for BamHI and XhoI

restriction sites. Subsequently, the amplified product was

subcloned into expression vector pGEX-4T2 by digestion

with BamHI and XhoI restriction enzymes, followed by its

ligation of digested vector at 37 �C. Ligated product was

transformed into E. coli DH5a. Clone was confirmed by

sequencing at Xcelris Labs Ltd., India.

Expression of sFRP4 in E. coli BL21(DE3)

Clone was transformed into E. coli BL21(DE3), which is

suitable for protein expression. Primary culture was grown

in Luria–Bertani media overnight at 37 �C under shaking

conditions. Secondary culture was given with 1 % of pri-

mary culture as inoculum. When an OD of 0.6 was attained,

sFRP4 protein was induced by IPTG (isopropyl b-D-1-thio-
galactopyranoside). Expression was optimized by varying

induction time, temperature, shaking speed, and concentra-

tion of IPTG. Maximum expression was obtained at induc-

tion temperature and time of 28 �C and 8 h, respectively.

However, upon lysis of the bacterial cells with 10 mM

phosphate-buffered saline (PBS), 1 mM phenylmethylsul-

fonyl fluoride (PMSF), and 1 mM ethylenediaminete-

traacetic acid (EDTA), protein was found to be expressed

entirely as inclusion bodies.

Purification of sFRP4 from bacterial system

For the purpose of solubilizing sFRP4 protein from the

inclusion bodies, our initial attempts involved varying

induction time, temperature, and concentration of IPTG.

When we found that the protein was still expressed as

insoluble fraction, we transformed the pGEX-4T2 holding

sFRP4 gene into different strains of bacteria, viz Rosetta-

gami and E. coli BL21 pLysS. When we still did not get the

desired results, we modified the composition of the lysis

buffer by using various detergents, such as Triton X-100,

sodium deoxycholate, and N-lauroylsarcosine. Eventually,

a concentration of 0.32 % N-lauroylsarcosine added to the

lysis buffer composition yielded in the entire protein being

expressed in the soluble fraction. To optimize binding of

GST-sFRP4 to the glutathione-agarose affinity chro-

matography column, the supernatant obtained after cen-

trifugation of lysed cells was stirred in cold for 1 h, after

addition of 1 % Triton X-100. This was then diluted two

times with 10 mM PBS, filtered, and loaded into the col-

umn in three batches, with 30 min incubation time each.

Subsequently, the column was washed 12 times with PBS,

at the end of which sFRP4 was eluted with 5 mL elution

buffer (50 mM Tris, pH 9.5, and 15 mM L-reduced glu-

tathione). Elution fractions were electrophoresed in a 12 %

sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE) to observe expression of GST-sFRP4 in the

purified elute. Further, the induction temperature and time

were reduced to 24 �C and 6 h, respectively, in order to

prevent degradation of GST from GST-sFRP4. Before

performing each of the experiments, protein was dialyzed

in stepwise manner against Tris–HCl buffer (pH 7.4),

where the final buffer concentration was maintained as

10 mM. Bradford assay was performed to estimate the

protein concentration, using bovine serum albumin as

standard.

Homology modeling and docking analyses

The structure of the binding domain (CRD or cysteine-rich

domain) of sFRP4 was predicted using PHYRE2 Protein

Fold Recognition Server, along with those of sFRP4 and

GST-sFRP4 [26]. Another protein structure prediction

server I-TASSER [27–29] was used to predict the 3D

structure of WNT7A, which has been documented to bind

to sFRP4 [30]. To ascertain whether the CRD remained

intact in case of sFRP4 and GST-sFRP4 structures, CRD

was individually overlapped with each of the two, using the

molecular visualization system PyMOL, and the root mean

square deviation value was generated in each case. Also,

CRD of sFRP4 was aligned with the crystal structure of

sFRP3 (PDB ID: 1ijxA), to verify the integrity of the

modeled structure. Thereafter, WNT7A was docked with

each of the three modeled structures, namely CRD-SFRP4,

sFRP4, and GST-sFRP4, using ClusPro server [31–34].

The docked structures were analyzed with PDBsum Gen-

erate [35, 36].

MALDI TOF/TOF analysis

Confirmation of sFRP4 sequence was done by MALDI

TOF/TOF analysis. In situ gel tryptic digestion of GST-

sFRP4 was performed using Trypsin Profile In-Gel

Digestion Kit (Sigma) following manufacturer’s protocol.

Sample was mixed with 10 mg/ml a-cyano-4-hydroxycin-
namic acid matrix in 0.1 % trifluoroacetic acid, 50 %

acetonitrile, and spotted on the MALDI target plate.

Eventually, it was analyzed with 4700 Proteomics Ana-

lyzer with TOF/TOF Optics (Applied Biosystems) equip-

ped with a diode-pumped solid-state class I laser and MS/

MS data were acquired in automatic mode.

Secondary structure analysis using circular

dichroism

Formation of secondary structure of GST-sFRP4 was

confirmed by circular dichroism analysis using a JASCO-

815 spectrometer (Jasco, Japan). Purified and dialyzed

protein was analyzed in a cuvette of 1-mm path length,

under constant flow of nitrogen gas at a rate of 5 L/min and

maintenance of constant temperature at 25 �C. Sample was

scanned at a speed of 50 nm/min, from wavelength 250 nm

to 180 nm. Background subtraction was done with Tris

buffer of concentration equal to that of the protein sample.

Expression profile analysis of genes involved

in the Wnt pathway in three different cell lines

The expression levels of six genes relevant to the Wnt

signaling cascade were checked in three different cancer

cell lines, namely HeLa, A549, and one non-cancerous cell

line HEK-293. The genes analyzed were Wnt4, Wnt7b,

Wnt10b, co-receptor LRP6, and b-catenin. Based on the

results obtained in this expression profiling study, we

proceeded with our work.

Western blotting

The technique of Western blotting was applied to assess

whether the purified protein was indeed GST-sFRP4 using

anti-GST antibody. Purified GST-sFRP4 was elec-

trophoresed on 12 % SDS-PAGE. Also, the effect of GST-

sFRP4 on the Wnt pathway of cancer cells was probed

using antibodies against b-catenin as well as its phospho-

rylated form. In this pursuit, cells were treated with GST-

sFRP4 for 24 h. Thereafter, whole cell lysate was prepared

from treated and untreated cells, with RIPA buffer, sup-

plemented with 1 mM PMSF and 1 mM EDTA. Total

protein content was estimated with Lowry assay, and 12 %

SDS-PAGE was done after loading equal amounts of pro-

tein for each sample. In all cases, protein was electroblotted

onto a PVDF membrane for 3 h at constant voltage, fol-

lowed by blocking with 4 % BSA in PBST for 2 h. Next,

the membrane was incubated overnight with the respective

primary antibodies under cold conditions. Subsequently,

membrane was washed six times with PBST, before being

incubated with horseradish peroxidase (HRP)-conjugated

secondary antibody for 2 h. Then, it was washed six times

with PBST and developed with chemiluminescence per-

oxidase substrate kit (Sigma). It should be mentioned here

that for probing phospho-b-catenin, TBST was used in all

steps, instead of PBST.

Combination therapy

Combination therapy of GST-sFRP4 with conventional

chemotherapeutic agents, cisplatin and doxorubicin, was

attempted. For all of the following experiments, this mode

of co-therapy was employed.
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Cell viability assay

Cell viability assay was conducted in order to assess the

effect of GST-sFRP4 and the co-therapy regime on HeLa

and A549 cells. For this purpose, cells were seeded at a

density of 7000 cells per well in 96-well plate and allowed

to attach for about 8 h. Subsequently, serum media was

removed, and treatment was done with the dialyzed and

quantified GST-sFRP4 (0 nM to 32 nM for HeLa and 0 to

20 nM for A549), alone and in combination with cisplatin

(0 lM to 16 lM) or doxorubicin (0 lM to 0.6 lM) in

serum-free media for 48 h. At the end of the treatment

period, MTT assay was performed, whereby live cells

converted MTT to purple formazan crystals, which were

dissolved by adding DMSO, and absorbance was deter-

mined at 550 nm. Percentage of viable cells was calculated

using the formula:

% of cell viability ¼
A550�A655ð Þsample

A550�A655ð Þcontrol
� 100

Control experiments were also performed using a Wnt

pathway inhibitor XAV939 to show that the Wnt pathway

is indeed hyperactive in HeLa and A549 cells.

Cell cycle analysis

Flow cytometric analysis of cell cycle was performed with

Fluorescence Activated Cells Sorter (FACSCalibur, BD

Biosciences, NJ, USA) to ascertain the occurrence of cell

cycle arrest, if any. Cells were seeded in six-well plates at a

density of 105 cells per well. Treatment was given in the

same manner as described previously. Concentrations of

GST-sFRP4, cisplatin, and doxorubicin added to the cells

were 12 nM, 7 lM, and 0.2 lM, respectively. After 48 h

of treatment, cells were harvested by trypsinization and

fixed with 70 % ethanol under chilled conditions. Cells

were then washed with pre-chilled PBS, and RNaseA

(Amresco) was added at a concentration of 0.2 mg/ml and

incubated for 1 h at 37 �C. Next, cells were incubated with

10 lg/ml of the nucleic acid intercalating dye propidium

iodide (PI) for 15 min in dark, before analysis.

Apoptosis detection assay

Apoptosis was detected by flow cytometry using Annexin

V-fluorescein isothiocyanate (FITC)/PI Apoptosis Detec-

tion Kit (BD Biosciences). Cells were seeded and treated as

mentioned previously. After the treatment period, cells

were harvested, washed with PBS, and incubated with

Annexin V-FITC and/or PI, following manufacturer’s

protocol. Unstained cell samples were also kept for each

mode of treatment to check auto-fluorescence. After

staining for 30 min, cells were analyzed in BD

FACSCalibur.

Acridine orange (AO)/ethidium bromide (EB) dual

staining for detection of apoptosis

Dual staining of cells with AO and EB was done to dis-

tinguish between healthy and membrane compromised

cells posttreatment. Cells were seeded in 96-well plate and

treated with the concentrations of protein and/or drugs

showing maximum cell-inhibitory effect in MTT assay.

Then, media were discarded and cells were incubated with

2 lg/ml of AO and 10 lg/ml of EB in PBS for 5 min in the

dark. Eventually, cells were washed with PBS before being

visualized under a fluorescence microscope (Nikon

ECLIPSE TS100).

Real-time PCR analysis

Real-time PCR analysis was performed to check the

expression of crucial pro-proliferative genes downstream

of the Wnt pathway, namely cyclin D1, survivin, and

c-myc. In this regard, treatment of cells was done with

same concentrations of protein/drugs as in the flow

cytometry-based experiments. RNA was extracted from

each sample with the Mammalian Total RNA Isolation Kit

(Sigma), following manufacturer’s protocol. RNA was

quantified with Nanodrop (GE Healthcare Life Sciences),

and 1 lg equivalent cDNA was synthesized using First

Strand cDNA Synthesis Kit (Thermo Scientific). With this

cDNA as template, gene-specific primers (given in sup-

porting information Table S1), and SYBR Green Master-

mix, Real-time PCR (Rotor-Gene Q, Qaigen) was done.

Statistical tests

Statistical tests were performed using GraphPad Prism.

Significance of data was determined by one-way or two-

way ANOVA, as applicable.

Results

Expression profile analysis of genes associated

with the Wnt family

The expression of six genes associated with the Wnt family

was analyzed in three different cell lines (Fig. 1a). As the

aim of this study was to target the aberrant Wnt signaling

cascade with recombinant sFRP4, we wanted to be certain

about the expression of Wnt ligands, b-catenin, and LRP6

in these cells. Out of the three Wnts, viz Wnt4, 7b, and 10b,

at least two were found expressed in all cell lines screened;
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prominent expression of co-receptor LRP6, and b-catenin
was also observed. Encouraged by these data, we pro-

ceeded to clone and purify sFRP4 in order to examine its

role in blocking Wnt signaling for possible therapeutic

applications.

In addition, a small molecule drug XAV939 (Fig. 1b, c)

was employed, which solely inhibits the Wnt/b-catenin
pathway [37]. Cell viability assays revealed that in both

cell types, IC50 value was attained at approximately

100 lM of XAV939, confirming the functionality of Wnt

pathway.

Cloning, expression, and purification of sFRP4

Cloning of sFRP4 was done from novel human source

ACHN renal carcinoma cells following the procedure

described in the ‘‘Materials and methods’’ section. As the

expression level of sFRP4 in ACHN cells was low, re-PCR

was done to obtain sufficient PCR product (Fig. 2a) for

subsequent cloning steps. sFRP4 gene was cloned into the

pGEX-4T2 via an intermediate TA vector pGEMT-Easy.

Clone was confirmed in pGEX-4T2 by digestion with

BamHI and XhoI restriction enzymes, which generated a

band corresponding to 1041 bp of sFRP4 gene (Fig. 2b).

For expression of recombinant protein in bacterial sys-

tem, we chose the common E. coli BL21 (DE3) strain.

However, the recombinant protein was completely present

as inclusion bodies. Therefore, we attempted to solubilize

the protein by varying induction temperature, time, shaking

speed, and concentration of IPTG. Strains specifically

engineered for expression of mammalian proteins were

also tried in order to solve this problem. Since none of the

methods employed seemed to yield protein in soluble form,

we proceeded to continue with BL21 (DE3) and solubilize

the GST-sFRP4 using detergents [38, 39]. We observed

optimum expression of GST-sFRP4 at 28 �C after carrying

out induction at temperatures ranging from 16 to 37 �C.
Varying the concentration of IPTG and induction time,

optimum yield of protein was obtained for 0.5 mM IPTG

and 6 h, respectively (Fig. 2c). To obtain the protein in

soluble fraction, a number of strategies involving the usage

of various detergents were implemented following the lit-

erature [38, 39]. Finally, 0.32 % of the ionic detergent

sarkosyl was used to successfully solubilize the protein

from inclusion bodies and mild stirring was done in 1 %

Triton X-100. Triton X-100 is a nonionic detergent that

probably sequestered the sarkosyl into its micelles and

helped in renaturation of the protein that had been partially

denatured by sarkosyl [40]. Eventual washing steps during

purification and the subsequent process of dialysis also

helped the removal of detergent from the system. Elec-

trophoresis of the purified GST-sFRP4 yielded a single

band at approximately 64 kDa (Fig. 2d). A faint band of

GST was also observed at 26 kDa, which could be due to

cleavage of the recombinant protein. Reduction of induc-

tion temperature from 28 to 24 �C was found to yield a

fainter band of GST. Quantifying the purified GST-sFRP4

with Bradford assay demonstrated that the total yield of

Fig. 1 a Expression profiling of

genes belonging to Wnt

signaling pathway by RT-PCR

analysis of three different cell

lines. MTT assay depicting anti-

proliferative activity of Wnt/b-
catenin pathway inhibitor

XAV939 b on HeLa cells and

c on A549 cells
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protein from 100 ml of culture was 0.3 mg. Stepwise

dialysis against Tris–HCl buffer (pH 7.4) ensured gradual

removal of detergents and renaturation of the protein.

Characterization of recombinant GST-sFRP4

Soft ionization techniques like MALDI coupled with TOF

mass spectrometry have proven to be ideal tools for protein

sequencing and fingerprinting. Here, enzymatic digestion of

purified recombinant sFRP4 in situ yielded peptide fragments,

which were analyzed in the MS/MS mode for confirmation of

protein identity. The data file was analyzed with FindPept

proteomics tool provided with ExPASy (http://web.expasy.

org/findpept/) [41, 42], which uses protein databases to

compare to experimental masses obtained. The mass spec-

trometry data are plotted in Fig. 2e, denoting the peptide

fragments specific to sFRP4.

Formation of secondary structures of any recombinant

protein is crucial for retention of its functionality. After the

rigorous process of purification with detergents and

subsequent dialysis, involving denaturation, renaturation,

and refolding steps, it was essential to know the integrity of

secondary structure. Hence, purified and dialyzed GST-

sFRP4 was subjected to circular dichroism spectral analy-

sis, which generated a spectrum of scanning wavelength

versus millidegree. Figure 2f depicts the graph of scanning

wavelength versus mean residue ellipticity (mdeg cm2

dmol-1), which was obtained by the following formula:

Mean residue ellipticity(HÞ ¼ ð100 � hÞ=Cnl

here, h is ellipticity in millidegree, C is concentration of

protein, n gives number of residues, and l gives the path

length [43].

The percentages of a-helices and b-sheets, as deter-

mined by applying Yang’s algorithm, were found to be 20

and 11.9 %, respectively.

Western blotting with anti-GST antibody confirmed the

presence of GST-tagged sFRP4 at the legitimate position

corresponding to 64 kDa of GST-sFRP4. As a control

experiment, GST protein purified from pGEX-4T2 bearing

Fig. 2 a Lane 1: DNA hyperladder, lane 2: sFRP4 amplified with

gene-specific primers from cDNA pool of ACHN cell line. b Lane 1:

DNA hyperladder, lane 2: uncut pGEX-4T2 containing sFRP4 gene,

lane 3: release of band corresponding to 1041 bp of sFRP4 on

digestion of sFRP4 pGEX-sFRP4 with BamHI and XhoI. c Expression
of GST-sFRP4 in E. coli BL21(DE3), lane 1: protein marker, lane 2:

uninduced pGEX-sFRP4, lane 3: supernatant after lysis of induced

E. coli BL21 transformed with sFRP4 gene containing pGEX-4T2,

lane 4: pellet obtained after lysis, d purification of GST-sFRP4, lane

1: protein marker, lane 2: band corresponding to 64 kDa of purified

GST-sFRP4. e Tryptic digestion of GST-sFRP4 generated a peptide

signature corresponding to the specific sequence of sFRP4, on

MALDI TOF/TOF mass spectrometric analysis, f circular dichroism
spectra depicting 20 % alpha helix and 11.9 % b-sheet
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E. coli BL21 cells, was also blotted (supporting informa-

tion Fig S1).

Prediction of 3D structure of GST-sFRP4 and its

docking with Wnt7a

Docking studies were carried out for GST-sFRP4 with one

of the Wnt ligands known to bind to sFRP4 [30]. The in

silico study was performed as there was no report available

on the functionality of the GST-tagged sFRP4 bound with

Wnt ligands. First, the 3D structures of CRD (binding

domain) of sFRP4 (henceforth referred to as CRD-sFRP4,

supporting information Fig S2A), sFRP4 (Fig S2B), GST-

sFRP4 (Fig S2C), and Wnt7a (Fig S2D) were predicted due

to lack of the reports on crystal structures of sFRP4 and

Wnts. It should be mentioned here that we have previously

reported the predicted structure of Wnt7a [3]. The only

available crystal structure of sFRP superfamily is that of

CRD of sFRP3 (PDB ID: 1IJXA) [25]. Therefore, CRD of

sFRP3 was automatically detected by Phyre2 server as a

template for predicting the structure of CRD of sFRP4. 3D

structure of Wnt7a was generated with I-Tasser prediction

server. Validation of the predicted structures was done by

aligning CRD-sFRP4 with the CRD of sFRP3 in PyMol,

which generated a root mean square deviation (RMSD)

value of 0.326 (supporting information Fig S2E), indicating

nearly similar structural folds. The same comparison was

done between CRD-sFRP4 and GST-sFRP4 structures,

which generated an RMSD value of 0.584 (supporting

information Fig S2F), respectively. Both cases demon-

strated that binding domain remained intact in the predicted

structures of sFRP4 and GST-sFRP4, as shown by negli-

gible values of RMSD. Moreover, the lower RMSD

between CRD-sFRP4 and GST-sFRP4 suggested that tag-

ging of GST to sFRP4 slightly changed the protein con-

formation in favor of binding. This may be explained on

the basis of previous studies, where tagging of GST to

recombinant proteins helps to stabilize them [44]. After

confirming the validity of the binding domain, which is

primarily responsible for binding of Wnt ligands, the

structures were docked with Wnt. Each of the CRD-sFRP4,

sFRP4, and GST-sFRP4 was separately docked with Wnt7a

using ClusPro (Fig. 3a–c, respectively). Analysis of inter-

actions between the docked structures of lowest binding

energies was done using PDBsum Generate (supporting

information Fig S3A, S3B, and S3C).

Anti-proliferative effect of GST-sFRP4

The Wnt signal transduction is known to be responsible for

aberrant proliferation in cancer cells, where inhibitory

proteins like sFRP4 are hypermethylated. Although there

are a few reports demonstrating that transfection of sFRP4

antagonizes the Wnt pathway, to the best of our knowledge

there has been no documentation of the therapeutic effect

of bacterially expressed recombinant sFRP4. In our study,

MTT assays revealed that exogenous addition of GST-

sFRP4 to HeLa and A549 cancer cells significantly inhib-

ited cell proliferation in a dose-dependent fashion (Fig. 3d,

e, respectively). HeLa cells when treated with up to 32 nM

of protein for 48 h resulted in reduction of viable cells to

below 60 %. In case of A549 cells, a similar effect was

seen at a maximum concentration of 20 nM of recombinant

protein. Postdialysis buffer controls were kept for all MTT

assays, which confirmed the complete removal of con-

taminating agents from the purified protein fractions, such

as L-reduced glutathione and detergents (data not shown).

Targeting the classical Wnt/b-catenin signaling

with GST-sFRP4

The complex nature of signaling pathways and their

intersection with a plethora of other pathways often makes

it extremely difficult to decipher their functions. Whether

the family of sFRPs always targets the canonical Wnt

pathway is a debatable issue, since there have been several

reports stating the contrary. Nearly all of the sFRPs,

including sFRP4, have been shown to behave in a con-

flicting manner [17, 18, 45, 46]. In order to understand the

underlying mechanism of cell growth inhibition observed

in the cell viability assays and to shed some light on the

implicated pathway, we probed the expression of certain

critical members of the canonical Wnt pathway. One such

central molecule is the b-catenin, which has a stable cy-

tosolic expression during Wnt signal transduction and

promotes the upregulation of downstream pro-proliferative

genes, such as cyclin D1, survivin, and c-myc. However,

when the pathway is shut down due to the presence of some

inhibitory molecule, b-catenin is phosphorylated and thus

marked for degradation, thereby blocking the transcription

of the downstream genes. Therefore, we checked the

expression levels of total b-catenin as well as its phos-

phorylated form in treated and untreated HeLa and A549

cells. After quantifying total protein content of each sample

by Lowry assay, 60 lg of protein was loaded in each well.

In both cell types, expression of b-catenin was greatly

reduced in comparison with control experiments. Specifi-

cally in case of HeLa, treated cells possessed negligible

amounts of b-catenin protein. When probed with antibody

specific for the Ser33/Ser37 phosphorylated form of b-
catenin, expression was substantially increased in treated

cells, with respect to the untreated control cells. Ratio of

phosphorylated to total b-catenin increased greatly in

sFRP4-treated HeLa cells in comparison with control cells

(Fig. 4a). Furthermore, expressions of cyclin D1, survivin,

and c-myc genes were analyzed by real-time PCR. In HeLa
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cells, expression of all of the above three genes was

reduced approximately twofold after treatment with GST-

sFRP4, with respect to untreated cells (Fig. 4b). This is in

accordance with the above Western blot analysis data,

which demonstrated that b-catenin was degraded on

treatment with GST-sFRP4 and was thus unable to tran-

scribe the downstream genes. It can be inferred from these

expression analyses that treatment with GST-sFRP4

resulted in antagonizing of the Wnt, thereby blocking

downstream signaling leading to phosphorylation and

Fig. 3 Docked structures of

Wnt7a with a CRD-sFRP4,

b sFRP4, c GST-sFRP4.

Docking was done using

ClusPro protein–protein

docking server. MTT assay

depicting dose-dependent anti-

proliferative effect of GST-

sFRP4 d on HeLa cells and

e A549 cells

Fig. 4 Expression analysis of

key players of the classical Wnt

pathway. a Western blotting

showed that ratio of

phosphorylated to total b-
catenin increased significantly

in sFRP4-treated HeLa cells

with respect to control. b Real-

time PCR analysis showed

downstream genes cyclin D1,

c-myc, and survivin genes were

repressed in treated cells.

c Western blotting of control

and treated A549 cells revealed

that ratio of phospho-b-catenin
to total b-catenin increased in

treated cells. d Real-time PCR

analysis of A549 cells showed

downregulation of c-myc and

survivin genes with respect to

untreated cells, while cyclin D1

remained nearly unaltered. Each

bar represents the fold change

in expression of a particular

gene (cyclin D1, c-myc, or

survivin) in sFRP4 treated cells

with respect to untreated cells

with a set value of 1
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subsequent ubiquitination of b-catenin. In A549 cells

(Fig. 4c, d), a similar trend was observed. Ratio of phos-

phorylated to total b-catenin increased significantly in

sFRP4-treated A549 cells in comparison with the untreated

cells. Expression of survivin gene was found to decrease

slightly (approximately 1.3-fold) and expression of c-myc

was reduced nearly twofold on treatment with recombinant

protein. However, treatment failed to induce changes in the

levels of cyclin D1 gene. All values were normalized with

respect to expression of b-actin gene. These data provided

evidence of b-catenin-dependent regulation of the canoni-

cal Wnt pathway upon GST-sFRP4 treatment.

Efficacy of co-therapy

In our earlier experiment to assess cell viability of sFRP4-

treated cells, we found that increasing the concentration or

time of treatment did not lead to any further enhancement

of anti-proliferative effect. This encouraged us to test the

potential of the recombinant sFRP4 to chemosensitize

cancer cells toward conventional anticancer drugs, in order

to augment the efficacy of recombinant sFRP4. Hence, we

designed a module of co-therapy of sFRP4 with conven-

tional anti-tumor drugs, namely cisplatin and doxorubicin.

MTT assays showed a significant increase in enhancement

of efficacy in case of combination therapy as compared to

either the protein or the drug alone. This chemosensitizing

effect of recombinant protein would help to greatly mini-

mize the adverse side effects of the drugs, when imple-

mented clinically. In HeLa cells, 3 nM of protein was

sufficient to reduce the percentage of viable cells from

90 % in case of only 4 lM cisplatin to 40 % in case of

combination therapy (Fig. 5a). A similar scenario was

observed for A549 cells, where 20–30 % reduction of

viable cells was observed in combination with protein

(Fig. 5b). In the other instance of doxorubicin (Fig. 5c, d

for HeLa and A549, respectively), cell viability was

reduced by about 20 % when sFRP4 was added to the

treatment module, even for very low concentration of

doxorubicin (0.1–0.6 lM). These results led us to under-

stand that this mode of co-therapy would be a possible

choice for futuristic cancer therapy with minimum side

effects.

Determination of cell cycle arrest by flow cytometry

To substantiate the above findings, the mode of anti-pro-

liferative effect was investigated by flow cytometric anal-

ysis and dual staining methods. FACS-based analysis was

performed to ascertain the effect of recombinant sFRP4,

alone and in combination with chemotherapeutic drugs on

the cell cycle using PI. A low concentration of sFRP4

(12 nM) was found to be sufficient to induce arrest in

G2/M phase for both cell lines (15–34 % in HeLa and

10.19–21 % in A549) in 48 h. However, in case of A549

cells, there was a significant increase in cells undergoing S

phase arrest (5 % in control to 16 % in treated). A low

range of protein concentration was selected to demonstrate

the augmented effect of co-therapy. In combination of

cisplatin with GST-sFRP4, both cells showed an increase

in percentage of cells in G2/M phase by approximately

12 %, in comparison with cisplatin alone. For HeLa, 50 %

of cells exhibited G2/M arrest on this mode of co-therapy,

whereas the percentage was 67 % for A549. In case of co-

therapy with doxorubicin, differential behavior was

observed for the two cell types. While HeLa cells exhibited

S phase arrest, A549 cells showed G2/M blocking of cell

cycle. The cell cycle analysis is depicted in Fig. 6a, b, for

HeLa and A549 cells, respectively. Graphical representa-

tion of the same is given in the supporting information (Fig

S4).

Induction of apoptosis in a co-therapy module

Onset of apoptosis was determined by exploiting its

underlying mechanism by means of Annexin V-FITC/PI

dual staining using flow cytometry. Labeled Annexin V is

an indicator of translocation of phosphatidylserine from

inner to outer leaflet of cell membrane, a characteristic

event of apoptosis. It labels both early and late apoptotic

cells till the membrane is completely disintegrated. On the

other hand, PI is a membrane impermeable dye, which can

intercalate with nucleic acids only when membrane is

damaged. Hence, this system was employed to quantita-

tively ascertain the percentages of viable (Annexin V-,

PI-), early apoptotic (Annexin V1, PI-), late apoptotic

(Annexin V1, PI1), very late apoptotic/necrotic (Annexin

V-, PI1) cells by flow cytometric analysis. Percentage of

live cells was reduced from 91.4 to 73 % for HeLa cells

and 92.5–82.8 % for A549 cells after 48 h of treatment

with a very low concentration (12 nM) of GST-sFRP4

(supporting information Fig S5 and S6 for HeLa and A549

cells, respectively); early apoptotic cells were found to

increase by 16 % for HeLa cells, whereas for A549 there

was a marginal increase in each quadrant depicting apop-

totic cells. Co-therapy resulted in an increase of late

apoptotic cell population. Graphical representation of the

same is given in the supporting information (Fig S7).

Apoptosis was also detected by bivariate analysis of dual

stained (AO/EB) cancer cells, details of which are provided

in the supporting information (Fig S8A and S8B). Hence, it

was established that recombinant sFRP4 as well as com-

bination therapy with cisplatin/doxorubicin induced an

apoptotic mode of cell death. This was in accordance with

previous reports delineating the mode of action of sFRP4 in

keratinocytes [14] and breast cancer cells [47].
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Quantitative expression profiling of Wnt

downstream genes by real-time PCR

To address the mechanism underlying the successful

application of co-therapy, we checked the quantitative

expressions of pro-proliferative genes cyclin D1, c-myc,

and survivin by quantitative real-time PCR analysis. While

all three genes are known to be regulated by the Wnt/b-
catenin pathway, their behavior after treatment with com-

bination therapy is unknown. During our investigation, we

observed that in 24 h, cyclin D1 was transcriptionally

downregulated by 30 and 10 % on treatment with cisplatin

alone, in HeLa and A549 cells, respectively (Fig. 7a, b,

respectively). However, in both cell types, there was a

significant (*50 %) difference in expression of cyclin D1

between treatment with cisplatin alone, and its combination

with GST-sFRP4, indicating a further inhibition of cell

proliferation. From this, we concluded that the recombinant

sFRP4 inhibited the Wnt pathway even in the presence of

potent anticancer drug cisplatin. Also, expression of cyclin

D1 was substantially decreased in case of co-therapy, as

opposed to either mode of treatment alone. In case of

therapy with doxorubicin alone, HeLa cells (Fig. 7a)

exhibited reduced levels of cyclin D1 (by 50 %). Although

there was a further decrease in expression level on co-

therapy with protein, it was marginal, possibly because

even in low concentrations, doxorubicin itself is potent

enough to substantially inhibit cell proliferation. However

for A549 cells, there was a distinct reduction (by nearly

40 %) in case of co-therapy, as compared to doxorubicin

alone (Fig. 7b). In addition to cyclin D1, the expression of

c-myc gene was also probed (Fig. 7c, d for HeLa and

A549, respectively). Treatment with cisplatin alone resul-

ted in nearly 20 % decrease in the level of c-myc in both

cells, compared to untreated cells. In HeLa, this expression

was further reduced by 30 % on co-therapy of cisplatin

with GST-sFRP4; whereas in case of A549 cells, co-ther-

apy brought about a further reduction by 60 % compared to

treatment with only cisplatin. Doxorubicin treatment yiel-

ded a similar effect on c-myc as seen for cyclin D1.

Treatment with drug alone lowered gene expression to 60

and 20 %, with respect to control, for HeLa and A549 cells,

respectively. In both cases, there was a further reduction of

approximately 20 % for co-therapy of doxorubicin with

recombinant sFRP4. Lastly, the expression of survivin gene

was determined (Fig. 7e, f for HeLa and A549, respec-

tively). Both the chemotherapeutic drugs had an immense

effect in decreasing the levels of survivin. Therefore, the

effect of co-therapy on survivin expression was observed to

be marginal in both cell lines. These quantitative data

revealed that while the recombinant sFRP4 as well as

conventional anticancer agents individually led to reduced

proliferation of cells, their synergistic effect proved to be

significantly more fruitful.

Fig. 5 Cell viability assay after

48 h of combination therapy,

a HeLa cells treated with

increasing concentration of

cisplatin and 20 nM of GST-

sFRP4, b A549 cells treated

with increasing concentration of

cisplatin and 12 nM of GST-

sFRP4, c HeLa cells treated

with increasing concentration of

doxorubicin and 3 nM of GST-

sFRP4, d A549 cells treated

with increasing concentration of

doxorubicin and 8 nM of GST-

sFRP4

Mol Cell Biochem (2016) 418:119–135 129

123



Discussion

In this investigation, we cloned the sFRP4 from a hitherto

unknown source—ACHN renal carcinoma cell line. ACHN

cells possess a low level of expression of sFRP4, which

compelled us to perform re-PCR in order to acquire suffi-

cient gene product for cloning. Rigorous solubilization and

purification process yielded recombinant sFRP4 ready for

application. In a previous report, we had demonstrated the

therapeutic application of bacterially expressed GST-tag-

ged sFRP1 [3, 48]. Bolstered by those results, we designed

this study with a similar, yet more mechanistic approach.

Before proceeding to experiment with the GST-tagged

sFRP4, we screened a few cell lines of different origins, to

ensure that Wnt ligands were expressed. The gene profile

obtained in our results was found to be in agreement with

previous reports documenting the expression of Wnt

ligands in cancer. In addition, docking studies revealed that

tagging with GST seemed to improve its stability of

binding to Wnt ligand. Although there is no report stating

that GST-tagged protein displays improved binding prop-

erties with target ligands, GST is known to enhance sta-

bility of the tagged protein [49], which in turn could be

responsible for its improved binding capacity.

Fig. 6 Flow cytometry-based cell cycle analysis of untreated and treated a HeLa cells, b A549 cells
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Equipped with the evidence gathered from these data, a

holistic approach was assumed in establishing the func-

tionality of recombinant sFRP4 in blocking the Wnt sig-

naling. We showed that the decrease in viability exhibited

by HeLa and A549 cells was due to inhibition of the Wnt

pathway by recombinant sFRP4. Although MALDI and

circular dichroism results demonstrated the authenticity

and intact secondary structure formation of the bacterially

expressed GST-sFRP4, blocking of the Wnt cascade

proved beyond doubt that the protein retained its func-

tionality even after extensive extraction and purification

steps. We speculate that the use of Triton X-100 to capture

sarkosyl in its micelle during solubilization of protein as

well as subsequent stepwise dialysis helped in the refolding

of the recombinant sFRP4. Although it is plausible that

expressing of the recombinant sFRP4 using yeast may

show better anti-proliferative effect due to protein folding

analogous to that in mammalian cells, but functional

expression in bacterial host in the present study is an easy

approach for generation of recombinant sFRP4.

While there are three reported pathways of Wnt acti-

vation, the canonical b-catenin-dependent signaling has

often been implicated in cancer formation and progression.

However, there have been contradictory reports stating

otherwise [17, 18]. Therefore, we validated the involve-

ment of the Wnt/b-catenin pathway by analyzing key

players of the downstream pathway by Western blotting or

quantitative real-time PCR analysis. Activation of the

signaling in most forms of cancer leads to stabilization of

free pools of b-catenin in the cytoplasm. A similar obser-

vation was made by Western blotting of total protein from

untreated HeLa and A549 cells. Translocation of the

Fig. 6 continued
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stabilized b-catenin into the nucleus activated transcription

of pro-proliferative target genes, such as cyclin D1, c-myc,

and survivin, as shown by quantitative real-time PCR.

Binding of recombinant sFRP4 with corresponding Wnt

ligands prevented the signal transduction, which led to

phosphorylation and subsequent ubiquitination of b-cate-
nin, as documented by Western blotting. Correspondingly,

downregulation of downstream genes, namely cyclin D1,

c-myc, and survivin, was observed by real-time PCR.

These experiments proved that recombinant sFRP4 exe-

cuted its anti-proliferative activity by binding to Wnts and

blocking the downstream signal cascade. However, treat-

ment with traditional anti-tumor drugs, cisplatin and dox-

orubicin also suppressed expression of these genes. As

there is no known link directly connecting Wnt cascade and

these drugs, we hypothesize that the drugs could be

inhibiting these oncogenes via other signaling pathways.

For instance, cisplatin has been reported to induce apop-

tosis mediated by p53 [50, 51], which in turn is known to

suppress cyclin D1 [52] as well as c-myc [53]. Cisplatin is

also known to be implicated in Ras/Akt/ERK pathways,

which have cyclin D1 and c-myc as their downstream

Fig. 7 Real-time PCR

expression analysis of untreated

and treated cells, a cyclin D1 in

HeLa, b cyclin D1 in A549, c c-
myc in HeLa, d c-myc in A549,

e survivin in HeLa, f survivin in

A549
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targets [54]. Survivin belongs to the inhibitor of apoptosis

(IAP) protein family and has been reported to be sup-

pressed by p53 [55]. Doxorubicin, an inhibitor of topoi-

somerase II, has been known to downregulate cyclin D1

[56], c-myc [57–59], and survivin [60, 61]. However, it

should be noted here that signaling pathways are compli-

cated, interlinked, obscure, and often behave in conflicting

manner. Hence, detailed mechanism of action by cisplatin

or doxorubicin was beyond the scope of this study. Herein,

we established that recombinant sFRP4 repressed the

expression of key members of the Wnt pathway involved in

aberrant proliferation of cancer cells. It should also be

mentioned here that significant enhancement of inhibition

of these oncogenes was observed after combination ther-

apy, as compared to individual treatment modality. Nota-

bly, effect of sFRP4 in blocking of the Wnt signaling was

not violated even in course of combination module.

The mode of cell inhibition was determined by flow

cytometric and microscopic analyses, which demonstrated

cell cycle arrest followed by apoptotic cell death. Pro-

grammed cell death is called apoptosis, which is a more

desirable form of cell elimination than necrosis. It is con-

ceivable that treatment of HeLa and A549 cells with GST-

sFRP4 as well as combination therapy with drugs induced

an appreciable arrest in the G2/M phase of cell cycle. This

would also be a logical explanation for inhibition of cell

proliferation and for the subsequent apoptosis, which was

shown to be mediated by the regulation of cell cycle. This

was consistent with previous reports defining the mode of

cell death by sFRP4 [14, 47]. Use of low concentration of

protein for FACS-based analyses may be correlated with

the percentage of apoptotic population (20–27 %) in case

of treatment with protein alone. Also, the fact that sFRP4

affected the cells by holding them in a steady-state popu-

lation possibly brought about chemosensitization to cis-

platin and doxorubicin. Individually, each of the

chemotherapeutic drugs induced an arrest in the G2/M

phase of the cycle, consistent with previous reports [56]. In

cancer, many cell cycle checkpoints, including G2/M

checkpoints, are defective, resulting in continuous prolif-

eration and a propensity to acquire chromosomal aberra-

tions causing drug resistance [62]. By causing G2/M arrest,

recombinant sFRP4 created an externally imposed cell

cycle checkpoint. This not only caused apoptotic cell death

by itself, but also made the cells susceptible to

chemotherapy, thus ensuring that a very minimal concen-

tration of drug was sufficient to produce massive apoptosis.

When applied clinically, this would be advantageous in

curtailing the undesirable side effects of these drugs. Fur-

ther detailed studying of the molecular mechanisms

involved in the dynamics of this pathway will pave the way

for its clinical usage. Recently, Wnt pathway inhibitors

have been studied successfully to block Wnt signaling in

mouse models [63, 64]. From this, it may be inferred that

the bacterially expressed recombinant sFRP4 holds

immense potential for in vivo cancer therapy.

Conclusions

Attempting to implement the existing literature on Wnt to

concoct a novel approach of employing bacterially

expressed recombinant human protein to inhibit this sig-

naling pathway, we cloned human sFRP4 and purified the

GST-tagged protein from bacterial host. The proficiency

displayed by recombinant sFRP4 in impeding the Wnt

signaling may open up new possibilities for recombinant

protein therapeutics. The functionality demonstrated by the

bacterially expressed human sFRP4 could also be exploited

for studying its interactions with various Wnt isoforms. It

could also be used to resolve the discrepancies regarding

blocking of canonical or non-canonical or any other

intersecting signaling due to binding of sFRP4 to different

Wnt ligands. Further, efficacy of the treatment module was

augmented significantly by co-therapy with traditional

chemotherapeutic drugs. The approach of compiling the

benefits of recombinant protein therapy to lower the dosage

of drugs has the potential to minimize side effects and

circumvent the development of resistance, making it a

tremendously fascinating solution for tackling a complex

disease like cancer. The highlights of this investigation

encompass the identification and possible application of a

novel mode of recombinant protein therapeutics.
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