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Background: Previous studies have shown the central role of 78 kDa glucose-regulated protein 

(GRP78) in colorectal cancer (CRC) survival and chemoresistance. In the present study, we 

aimed to design a GRP78 inhibitor and test its potential to inhibit CRC cells growth.

Materials and methods: Computer-aided drug design was used to establish novel compounds 

as potential inhibitors of GRP78. Discovery Studio 3.5 software was used to evaluate a series 

of designed compounds and assess their mode of binding to the active site of the protein. The 

cytotoxicity of the designed compounds was evaluated using the MTT assay and the pro-

pidium iodide method. The effect of the inhibitor on the expression of GRP78 was evaluated 

by immunoblotting.

Results: Among the designed compounds, only potassium-3-beta-hydroxy-20-oxopregn-5-

en-17-alpha-yl sulfate (PHOS) has a potential to inhibit the growth of CRC cells. Inhibition of 

cellular growth was largely attributed to downregulation of GRP78 and induction of apoptotic 

cell death.

Conclusion: These results introduce PHOS as a promising GRP78 inhibitor that could be used 

in future studies as a combination with chemotherapy in the treatment of CRC patients. Our 

ongoing studies aim to characterize PHOS safety profile as well as its mechanism of action.

Keywords: UPR, apoptosis, GRP78, CRC, chemotherapy, computer-aided drug design 
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Introduction
Cellular conditions such as hypoxia, alterations in glycosylation status, and disturbances 

of calcium flux can lead to the accumulation of unfolded and/or misfolded proteins in 

the endoplasmic reticulum (ER) lumen and challenge the function of the ER–Golgi 

network, resulting in ER stress.1–3 The ER responds to stress conditions by unfolded 

protein response (UPR), which involves activation of a range of signaling pathways 

that couple ER protein folding load with ER protein folding capacity.1–3

The UPR is of fundamental importance for the survival of all eukaryotic cells under 

conditions of ER stress. The 78 kDa glucose-regulated protein (GRP78), also called 

heat shock protein A5 (HSPA5) or binding immunoglobulin protein (Bip), mediates 

UPR by sequestration of unfolded proteins, which activate three ER transmembrane 

protein sensors: activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 

(IRE1), and double stranded RNA-activated protein kinase-like ER kinase (PERK).1–3 

These activations involve phosphorylation and homodimerization of IRE1 and PERK, 

and relocation and proteolytic cleavage of ATF6.1–3

In addition to the UPR sensing, GRP78 protein acts as ER chaperone that facilitates 

proper protein folding and targets misfolded proteins for degradation by proteasome. 
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It is also involved in ER calcium binding.1–3 Elevated expres-

sion of GRP78 has been reported in several cancers, such as 

breast cancer, colorectal cancer (CRC), and prostate cancer.4,5 

Moreover, GRP78 expression has been associated with tumor 

development and growth, vascularization, metastasis, and 

positively correlated with cancer resistance to chemotherapy 

including CRC cells.4,6,7 It has been shown that cancer cells 

may have adapted to ER stress by activation of the UPR 

without resulting in apoptosis.8,9 The central feature of this 

adaptive response is the maintenance of the expression of 

proteins that facilitate survival, such as GRP78.9

Structurally, GRP78 is a monomer that is composed of 

654 amino acids and contains an active site that is fit for ATP 

binding (ATPase pocket). This pocket can be exploited to 

design inhibitors which possess an affinity to this active site 

more than ATP, to be successful.10

Our previous studies have shown that CRC cells differen-

tially express GRP78 protein, thus variably respond to chemo-

therapy. For example, the constitutive expression of GRP78 in 

SW480 cells was higher than that in the chemotherapy sensi-

tive HCT116 cells.11,12 The rationale of the present study was 

to study the active site of GRP78 inhibitors utilizing computer-

aided drug design techniques. Based on computer modeling, 

the active site will be subjected to mapping procedure using 

structure-based pharmacophore modeling in Discovery Studio 

3.5 based on commercially available compound database. 

Molecules showing the best scoring rate will be tested against 

both sensitive (HCT116) and resistant (SW480) CRC cells 

and their toxicity will be determined as a possible future use 

in chemotherapy combination against CRC.

Materials and methods
Computer-aided drug design 
Pharmacophore design
Protein GRP78 was searched for any crystallized structures 

in the Protein Data Bank, and this resulted in identifying a 

series of crystallized proteins that vary in the nature of the 

ligand crystallized inside the active site and the resolution of 

the crystallization process (Table 1).13 After manual investiga-

tion of the crystallized proteins using Discovery Studio 3.5 

(BIOVIA, San Diego, CA, USA), the selection was finalized 

by choosing a protein that has an ATP molecule in the active 

site and with a good resolution, namely, 3LDL.10 The crystal 

structure of 3LDL has a resolution power of 2.3 Å, which is 

considered an acceptable resolution for the structure-based 

drug design strategy (Figure 1). The 406 amino acids which 

are the nucleotide-binding domain of this protein have been 

downloaded from the Protein Data Bank and cleaned according 

to Prepare Protein protocol. The whole protein structure is not 

available in the Protein Data Bank.14 The protein structure was 

then minimized to local minima to ensure the protein has been 

relaxed and all the strain that was found during the process of 

crystallization has been alleviated. In this step, a strategic step 

by drawing the attached ligand (ATP) was performed. Next, 

possible interactions of ATP were studied to design a molecule 

that has similar properties to ATP. This step was performed 

using Receptor–Ligand Interaction Generation protocol.14 

Thereafter and using Ligand Pharmacophore Mapping, the 

selection of a potent inhibitor was confirmed.15 Finally, screen-

ing of commercially available chemical compounds, namely 

ALDRICHCPR (Sigma-Aldrich Co., St Louis, MO, USA), was 

performed as described in previous studies.16,17

Antitumor activity
The acute cytotoxic effect of the compounds on CRC cell 

lines (American Type Culture Collection, Manassas, VA, 

USA) was determined using the MTT assays. This study 

was approved by the Scientific Research Committee at the 

Deanship of Research, Jordan University of Science and 

Technology, and the Scientific Research Funds at the Min-

istry of Higher Education and Scientific Research, Amman, 

Jordan. Further ethical approval was not required for this 

study as it did not involve human- or vertebrate animal-

related biological materials or data. Briefly, cells were seeded 

Table 1 A sample of four crystal structures found in the Protein 
Data Bank which show their PBB codes, resolution they were 
crystallized upon, and type of ligand attached to each of them

Crystal structure code Resolution–legend bound

3LDN 2.2 Å – No ligand (Apo)
3LDO 1.95 Å – AMPPNP
3LDL 2.3 Å – ATP
3IUC 2.4 Å – ADP

Abbreviation: PBB, ProteinBoxBot.

Figure 1 A 3D structure of 78 kDa glucose-regulated protein where the active site 
is occupied with an ATP molecule.
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at 5,000/well onto flat-bottomed 96-well culture plates and 

allowed to grow for 24 hours before the desired treatment. 

Cells were then incubated with a wide range of compound 

concentrations (0–100 µM) for 72 hours. Cells were then 

labeled with MTT from the Vybrant MTT Cell proliferation 

assay kit (Molecular Probes, Eugene, OR, USA) according 

to the manufacturer’s instruction and the resulting formazan 

was solubilized in dimethylsulfoxide (DMSO). Absorbance 

was read using a microplate reader at 540 nm.

Apoptosis
Apoptotic cells were determined by the propidium iodide 

method.18 In brief, CRC cells were adhered overnight in a 

24-well plate at a concentration of 1×105/well in 10% fetal 

calf serum (FCS). Cells in suspension were added on the day 

of the assay. The medium was removed and 1,000 μL of fresh 

medium and 10% FCS containing one of the proposed GRP78 

inhibitors at 50 µM was added. Then, cells were incubated 

for 72 hours at 37°C, followed by medium removal. Adhered 

and suspended cells were washed once with phosphate-

buffered saline (PBS). The medium and PBS were placed in 

a 12×75 mm Falcon polystyrene tube and centrifuged at 200× 

g for 5 minutes. A hypotonic buffer 1 mL (propidium iodide, 

50 μg/mL, in 0.1% sodium citrate plus 0.1% Triton X-100; 

Sigma-Aldrich Co) was added directly to the cells adhered 

in the 24-well plate. The buffer was gently pipetted off, and 

added to the appropriate cell pellet. The tubes were placed at 

4°C in the dark overnight before flow cytometric analyses. The 

propidium iodide fluorescence of individual nuclei was mea-

sured in the red fluorescence using a Facscan flow cytometer 

(Becton Dickinson, Mountain View, CA, USA) and the data 

were registered in a logarithmic scale. At least 104 cells of each 

sample were analyzed. Apoptotic nuclei appeared as a broad 

hypodiploid DNA peak, which was easily distinguished from 

the narrow hyperdiploid peak of nuclei in the CRC cells.

Protein expression analysis
Cell extracts were prepared as described previously19 and 

the protein content was determined by the Bradford assay. 

Briefly, a total of 30 µg of total protein was added to each 

well of 12% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) gels. Electrophoresis was 

carried out. Then, proteins on the gels were transferred onto 

nitrocellulose membranes. Membranes were blocked using 

5% skim milk before overnight incubation with the primary 

antibodies at a concentration of 1:100 v/v. Incubation of 

membranes with horseradish peroxidase–conjugated goat 

antirabbit IgG or goat antimouse IgG (1:2,000 v/v; Bio-Rad 

Laboratories Inc., Hercules, CA, USA) was performed at 

room temperature with shaking for 1 hour. Labeled bands 

were detected with Immuno-Star HRP Chemiluminescent 

kit and the images were captured and quantified using the 

VersaDoc image system (Bio-Rad). The relative expression 

of detected proteins was determined as shown previously.20 

Briefly, the relative expression of GRP78 was determined 

by dividing the densitometric value of GRP78 by that of the 

glyceraldehyde-3-phosphate dehydrogenase.

Statistical analysis
Data are expressed as mean ± standard error. The statistical 

significance of intergroup differences in normally distributed 

continuous variables was determined using Student’s t-test. 

P-values #0.05 were considered statistically significant. 

P-values ,0.05 and ,0.001 are indicated by * and **, 

respectively.

Results
Computer-aided drug design 
pharmacophore design
The protein preparation step produced a protein cleaned 

from the common problems in the input protein structure for 

further processing by other protocols in Discovery Studio 

software. The software standardized atom names, inserted 

missing atoms in residues, and removed alternate conforma-

tions. It also removed water and ligand molecules as required 

by the setting of Advanced-Keep Waters and Advanced-Keep 

Ligands. It inserted missing loop regions based on SEQRES 

data. It optimized short and medium size loop regions with 

the LOOPER algorithm, minimized the remaining loop 

regions, and calculated the pKa and protonated the structure. 

The prepared protein is ready for processing to the next steps 

which depend mainly on its quality.14

The ATP molecule was used as a scaffold to find the most 

important interactions with the active site; these interactions 

were used to design a drug that could bind to the active site 

instead of ATP (Figure 2). The next step was to generate a 

pharmacophore that reflects the best interactions of ATP with 

active site and use it to find new inhibitors. A set of features 

from the binding ligand were identified such as hydrogen 

bond acceptor, hydrogen bond donor, hydrophobic, negative 

ionizable, positive ionizable, and ring aromatic. The features 

that match the interactions between the binding ligand and 

the protein were used to build the pharmacophore models. 

Excluded volumes were added based on the locations of 

atoms on the protein, which can optionally add a shape con-

straint to the pharmacophores using Add Shape Constraint. 

The generated pharmacophore models were ranked based on 

a measure of sensitivity and specificity and the top models 
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were selected. The pharmacophore models were enumerated 

and then the selectivity was estimated based on a Genetic 

Function Approximation model.21

The automated Ligand Pharmacophore Mapping protocol 

produced ten pharmacophores that could be important for 

ligand binding (Figure 3). A final pharmacophore that was 

built based on matching the most important interactions has 

been sketched in Figure 4. The pharmacophore contains 

many features and we left this large number intentionally 

to find many molecules, which have the possibility to bind 

as many features as possible to compete with ATP for the 

active site.

The generated pharmacophore was exploited to extract 

possible inhibitors from a commercially available compound 

Figure 2 The 2D structure of the ATP molecule and type of interactions performed in the active site.

Figure 3 A generated pharmacophore showing the most important features ATP 
can perform; this figure shows only three pharmacophores of the ten generated.

Figure 4 The final pharmacophore used for extracting the potential 78 kDa glucose-
regulated protein inhibitors from the Protein Data Bank (blue, negative ionizable 
feature; green, hydrogen bond acceptor; purple, hydrogen bond donor; and light 
brown, vectored aromatic feature).
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library named ALDRICHCPR. The structures in this library 

were screened over the accepted pharmacophore and then 

the compound that has the highest possibility to match the 

pharmacophore was selected. This process has generated 

nine candidate compounds (Table 2) which scored the best in 

which the structures were shown. Four of the nine compounds 

have been purchased according to the availability of stock 

from Sigma-Aldrich Co. They were R270776, R285986, 

S781819, and R214035. The most active compounds were 

mapped on the generated pharmacophore (Figure 5).

To explore the cytotoxicity of these designed GRP78 

inhibitors, the most active compounds were tested at differ-

ent concentrations (0–100 µM) against HCT116 and SW480 

CRC cell lines using the MTT assay (Table 3). These cells 

were chosen based on their different expression of the GRP78 

levels and variable sensitivity degrees to chemotherapy (5, 9). 

Results shown revealed that the only active compound was 

R214035 (potassium-3-beta-hydroxy-20-oxopregn-5-en-

17-alpha-yl sulfate [PHOS]). The optimal concentration of 

PHOS to induce cell growth inhibition was 50 µM. It has 

a molecular weight of 450.644 Da and a cholesterol-based 

scaffold, which bears a big possibility to be a safe compound 

for human use.

Next we studied whether the reduction in cell viability was 

due to induction of apoptosis. HCT116 and SW480 CRC cells 

were incubated with PHOS at 50 µM for 72 hours. Apoptotic 

cells were measured by the propidium iodide method. Results 

in Figure 6 show that PHOS significantly (P=0.041) induces 

apoptosis in HCT116 cells but not in SW480. The potential 

of PHOS to induce apoptosis was largely attributed to its 

effect in downregulation of the antiapoptotic protein GRP78, 

particularly in HCT116 cells (Figure 7).

Discussion
Resistance of human CRC cells to the available chemo-

therapeutic agents is considered a major obstacle for suc-

cessful treatment. The GRP78 is one of the most abundant 

chaperones in the ER lumen. It is a 78 kDa protein, also 

known as binding immunoglobulin protein, with antiapop-

totic properties.22 Under physiological conditions, GRP78 

binds to transmembrane proteins that form the UPR arm. 

Upon ER stress and initiation of UPR, GRP78 dissociates 

from transmembrane proteins and its expression increases 

to regulate the ER homeostasis and increase the folding 

capacity of the ER.23

GRP78 is believed to play a major role in the resistance of 

CRC to the available treatment modalities. Elevated expres-

sion of GRP78 has been reported in several cancers, such 

Table 2 The codes and structure of the nine candidate compounds 
that have been selected as GRP78 competitive inhibitors

Code Structure

R834777

R270776

L217107

R553441

R285986

S781819 (4)

R834777

R214035

HO

O
O

O
O–

O
S

R553441 O

O

O
OH

CI

HN N

N

N
NHN
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as breast cancer and prostate cancer.4,5 Moreover, GRP78 

expression has been associated with tumor development 

and growth, vascularization, metastasis, and correlated with 

cancer resistance to chemotherapy.5–7 It seems that some 

cancer cells may have adapted to ER stress by activation 

of the UPR without ending in apoptosis8,9 via maintaining 

the expression of proteins that facilitate survival, such as 

Table 3 Percentage of cell viability for HCT116 and SW480 
treated with different GRP78 inhibitors

GRP78 designed 
inhibitor concentration

Cell viability % 
for HCT116

Cell viability % 
for SW480

R270776
Control 100 100
5 µM 100 100

10 µM 100 100

25 µM 99±1 100

50 µM 99±1 100

100 µM 98±1 99±1
R285986

Control 100 100
5 µM 100 100

10 µM 100 100

25 µM 100 100

50 µM 100 100

100 µM 99±1 100
S781819

Control 100 100
5 µM 100 100

10 µM 100 100

25 µM 100 100

50 µM 99±1 100

100 µM 98±1 99±1
R214035

Control 100 100
5 µM 100 100

10 µM 98±1 98±1
25 µM 73±5 95±1
50 µM 65±6 90±3
100 µM 65±5 90±3

Note: Data presented as mean ±  standard error of the mean.

Figure 5 The structure of the candidate for 78 kDa glucose-regulated protein 
inhibitors named R214035 mapped over the generated pharmacophore.

Figure 6 Potassium-3-beta-hydroxy-20-oxopregn-5-en-17-alpha-yl sulfate (PHOS)-
induced apoptosis in colorectal cancer cell lines.
Notes: Cells were either treated or untreated with PHOS (50 µM) for 72 hours. 
Thereafter, apoptosis was measured by the propidium iodide method using flow 
cytometry. Bars indicate mean of three individual experiments ± standard error.

Figure 7 Potassium-3-beta-hydroxy-20-oxopregn-5-en-17-alpha-yl sulfate (PHOS) 
significantly inhibited the expression of enhanced 78 kDa glucose-regulated protein 
(GRP78). 
Notes: (A) Cells were pretreated with PHOS for 24 hours before the whole cell 
lysates (30 µg) were subjected to Western blot analysis. Western blot analysis 
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels was included 
to show that an equivalent amount of protein was loaded in each lane. Data are 
representative of two individual experiments. (B) The relative expression of GRP78 
was determined by dividing the densitometric value of GRP78 by that of the GAPDH 
control (the intensity of the bands was quantified using Bio-Rad VersaDocimage 
system) columns. Mean of three individual experiments ± standard error is shown.

GRP78.9 Previous studies have shown that GRP78 is associ-

ated with the enhanced proliferation of colorectal carcinoma 

cell lines and their resistance to apoptosis.24 Overexpression 

of GRP78 protein was shown in colon carcinoma tissue of 
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Chinese patients and suggested as a biomarker for their 

malignant transformation.25

Consistently, our studies showed that GRP78 expression 

increased with the progression from early to advanced CRC 

stages.11 In addition, a significant association was found 

between GRP78 expression and response to chemotherapy.12 

Moreover, GRP78 was found to be constitutively activated 

in CRC cell lines and CRC tissues isolated from patients.26 

Furthermore, levels of GRP78 were inversely associated with 

sensitivity of CRC cells to chemotherapy-induced apoptosis. 

Inhibition of GRP78 by small interfering RNA (siRNA) 

resulted in increased sensitivity of CRC cells to chemothera-

peutic agents. Based on the above findings, development 

of an effective inhibitor of GRP78 might be considered an 

innovative approach in the treatment of CRC patients.

Results in the present study indicate that PHOS, out of 

four used compounds, has the potential to induce apoptosis in 

the HCT116 CRC cell line. Induction of apoptosis is largely 

attributed to the inhibition of GRP78 levels as shown by 

immunoblotting. To a very small and insignificant degree, 

PHOS inhibits proliferation of SW480 cells. This might be 

explained by the high constitutive expression of GRP78 in 

SW480 cells in which the decrease in GRP78 levels induced 

by PHOS was insufficient to modulate signaling pathways 

downstream of GRP78 involved in misfolded proteins 

response. Further investigations are required to explore this 

mechanism.

It has been shown that transcriptional inhibition of GRP78 

by siRNA increases in vitro and in vivo chemotherapy-

induced cell death.12,27 In addition, inhibition of GRP78 by 

using nucleoside analogs has been shown to inhibit cancer 

cell proliferation.10 This was due to binding of these analogs 

to the ATPase domain of GRP78 and resulted in enhanced 

synthesis of procaspases, thus enhancing apoptotic cell 

death. Other studies have shown that treatment of cancer 

cells with natural products such as epigallocatechin gallate 

and honokiol might inhibit cancer cell growth by binding 

and inhibiting GRP78.28,29

The structure of PHOS is a steroidal one. Steroids are a 

group of lipids that comprise a wide variety of structurally-

related compounds acting as physiological regulators as well 

as hormones in vivo. Various steroidal hormones including 

estrogens, androgens, progestins, glucocorticoids, and miner-

alocorticoids are chemically synthesized and have vital roles 

inside human bodies.30 There are several anticancer drugs that 

are steroidal in nature and used mainly in the treatment of 

several cancer types. Among these are exemestane, cyproter-

one acetate, and formestane which act as aromatase inhibitors 

used in the treatment of breast and prostate cancers.31,32

The mechanism by which GRP78 mediates tumor pro-

liferation and progression is not clear. However, GRP78 

has been shown to activate different signaling pathways by 

acting as a cell surface coreceptor. A study by Zhang et al 

showed that resistance of breast and prostate cancer cells to 

chemotherapy is associated with relocalization of GRP78 to 

the cell surface, binding of GRP78 to PI3K, and activation 

of PI(3,4,5)P3 production.33

Another mechanism by which GRP78 might antago-

nize apoptotic cell death is by modulating the activity of 

Bcl-2 family proteins. GRP78 has been found to inhibit the 

proapoptotic protein Bax and caspase-7.34 In addition, GRP78 

was shown to bind physically to caspase-7 and prevent its 

activation.35 Moreover, GRP78 might promote cancer growth 

by enhancing the expression levels of antiapoptotic pro-

teins, particularly Mcl-1 (unpublished data). Indeed, further 

investigations are needed in order to clarify the relationship 

between the steroidal structure of PHOS and its potential to 

inhibit GRP78 activity.

In summary, among the designed compounds as potential 

inhibitors of GRP78, only PHOS inhibited proliferation and 

induces apoptosis in CRC cells. Moreover, the inhibition of 

cellular growth and apoptotic cell death was largely attributed 

to downregulation of GRP78. Further experimental work 

is recommended to shed light on the mechanism by which 

PHOS can modulate the expression of GRP78 to be utilized 

in chemotherapy combination regimens in the treatment of 

CRC patients.
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