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The COOH-Terminal Proline-Rich
Region of GRP78 Is a Key Regulator
of Its Cell Surface Expression and

Viability of Tamoxifen-Resistant
Breast Cancer Cells

Abstract

Translocation of 78-kDa glucose-regulated protein (GRP78) from endoplasmic reticulum (ER) to plasma membrane
represents a paradigm shift beyond its traditional function as an ER chaperone protein. Cell surface GRP78 (csGRP78)
exerts novel signaling functions, and mechanisms underlying its cell surface expression are just emerging. Acquired
tamoxifen resistance of breast cancer cells is accompanied with elevated level of csGRP78. Therefore, the tamoxifen-
resistant MCF7 breast cancer cells (MCF7-LR) represents a clinically relevant model to study mechanisms of csGRP78
expression. We discovered that a proline-rich region (PRR) containing three consecutive prolines close to the COOH-
terminus of GRP78 is important for its ability to form a complex with the partner protein, CD44v, as demonstrated by /n
vitro glutathione S-transferase pull-down assay. Proline to alanine mutations at the PRR compromised GRP78
expression level on the cell surface as evidenced by purification of biotinylated cell surface proteins. Reconstitution of
MCF7-LR cells with the PRR mutant after knockdown of endogenous GRP78 diminished the capacity of GRP78 to
stimulate STAT3 activation. The enforced expression of a short peptide bearing the PRR region of GRP78 led to
reduction of CD44v and Cyclin D1 protein levels as well as cell viability, accompanied with increase in apoptotic
signaling including cleaved Caspase-3 and PARP. These findings suggest that the COOH-terminal PRR of GRP78 is
critical for its interaction with CD44v as well as its cell surface expression, and enforced expression of the short peptide
bearing the PRR region may provide a new approach to lower the viability of tamoxifen-resistant breast cancer cells.
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Abbreviations: GRP78, 78-kDa glucose-regulated protein; ER, endoplasmic reticulum;
csGRP78, cell surface GRP78; MCF7-LR, tamoxifen-resistant MCF7; PRR, proline-
rich region; CD44v, CD44 containing variant exon 3 to 10; vHA, HA-tagged CD44

Introduction

Breast cancer is among the leading causes of cancer deaths in
women [1]. Estrogen receptor—positive breast cancer accounts for
about 70% of breast cancer patients [2]; thus, the estrogen
receptor antagonist tamoxifen is the most widely used adjuvant
hormonal therapy. However, tamoxifen resistance is responsible
for the relapse of about one-third of these patients [3]. MCF7 is
one of the best studied estrogen receptor—positive breast cancer
cell lines. We recently discovered that 78-kDa glucose-regulated
protein (GRP78, also referred to as BiP or HSPA5) was
upregulated intracellularly and on the cell surface of tamoxifen-
resistant MCF7 breast cancer cells (MCF7-LR) compared to the
parental nonresistant MCF7-L cells [4]. Thus, these cells provide a
clinically relevant model for the investigation of how GRP78
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relocalizes from the endoplasmic reticulum (ER) to the cell
surface.

GRP78 belongs to heat-shock protein-70 (HSP70) family, and it is
a major chaperone protein that facilitates protein folding and quality
control in the ER [5]. It also regulates ER stress by its interaction with
the unfolded protein response (UPR) stress sensors in the ER [5-7].
GRP78 consists of a NH,-terminal ER signal sequence, an ATPase
domain, a substrate binding domain (SBD), and a COOH-terminal
KDEL motif, where it facilitates the retrieval of GRP78 by the KDEL
receptor from Golgi back to ER [8]. GRP78 is also observed on the
cell surface of various cancer cells, and its cell surface expression could
be further enhanced by stress conditions [4,9,10]. Cell surface
GRP78 (csGRP78) regulates novel cell signaling pathways beyond its
traditional protein foldase activity in the ER [4,9,11]. Importantly,
csGRP78 is preferentially expressed in cancer cells and minimally in
normal cells, making it an attractive target for cancer therapeutics,
including breast cancer [7,12-17]. Evidence is emerging on how
GRP78 relocalizes from the ER to the cell surface. First, recent studies
revealed that csGRP78 largely exists as a peripheral protein at the
plasma membrane, where it associates with transmembrane or GPI-
anchored proteins for its anchor on the cell surface [10]. Second,
GRP78 harboring a mutation in the T453D substrate binding
domain exhibited about 80% reduction of its cell surface expression
in HeLa cervical cancer cells, suggesting substrate binding function of
GRP78 was required for its cell surface expression [10]. Third, it has
been reported that the GRP78 co-chaperone MTJ-1, a transmem-
brane protein and also referred to as DnaJCl (DnaJ homolog
subfamily C member 1), was required for cell surface expression of
GRP78 in mouse macrophages [18]. However, GRP78 harboring
R197H Dna] binding mutation [19] showed similar level of cell
surface expression as wild-type GRP78 in Hela cells [10].
Additionally, MT]J-1 was not detected on the cell surface of hepatoma
and other cell lines which express csGRP78 [20]. Collectively, these
results suggest that the requirement of MTJ-1 or the human
homolog, HTJ-1, for csGRP78 expression is likely to be cell context-
dependent, and this issue remains an open question.

Since current studies support the notion that cell surface expression
of GRP78 is dependent on its capacity to form complex with
transmembrane proteins, GPI-anchored proteins, co-chaperones, and
likely folding substrates, we speculate that CD44, a transmembrane
cell surface protein abundantly expressed in tamoxifen-resistant
MCEF7 cells [21,22], may be a folding substrate of GRP78 and, in
such capacity, contribute to the cell surface expression of GRP78 in
the context of these resistant cells. CD44 is a highly heterogeneous
single-pass type I transmembrane glycoprotein, and it is regulated by
posttranslational modifications and alternative splicing [23,24]. Itis a
major cell surface receptor of hyaluronan [25] and serves as a co-
receptor of FGF2, HGF, VEGEF, and osteopontin [23]. The
expression of CD44 variant isoforms enhanced the lung colonization
of breast cancer stem-like cells [24], and CD44v3-10 but not
CD44v8-10 or CD44s was correlated with poor prognosis of breast
cancer patients [26]. In this study, we determined that GRP78 forms
complex with CD44v3-10 through the region containing PPP
polyproline sequence localized close to the COOH-terminus of
GRP78 and further discovered that mutation of this PPP polyproline
sequence impedes GRP78 expression on the cell surface in the
MCF7-LR cells. Enforced expression of an expression plasmid
containing secretory signal peptide and 20 amino acids spanning the
PRR reduced CD44v protein level and led to increase in apoptotic

markers. Our studies uncovered critical functions of the COOH-
terminal proline-rich region of GRP78 in its cell surface expression
and may have clinical implications in lowering the viability of
tamoxifen-resistant breast cancer.

Materials and Methods

Cell Culture

Tamoxifen-resistant MCF7 breast cancer cells were a kind gift
from Dr. Rachel Schiff (Baylor College of Medicine, TX) and
cultured as previously described [21] in phenol-red free RPMI 1640
medium containing 5% charcoal-stripped fetal bovine serum, 2.5 pg/
ml fungizone, 200 mM glutamine, 10 IU/ml penicillin, and 10 pg/
ml streptomycin supplemented with 100 nM 4-hydroxy tamoxifen.
The cells were authenticated by STR DNA profiling analysis at the
reagent core facility in the USC Norris Comprehensive Cancer
Center. Only mycoplasma-negative cells were used.

Antibodies

We used the following primary antibodies for the proteins listed:
GRP78 from Dr. Parkash S. Gill at USC (MAb159), CD44v3 from
Thermo Fisher Scientific (BMS144, Waltham, MA), glutathione S-
transferase (GST) tag from Santa Cruz Biotechnology, Inc. (sc-138,
Dallas, TX), HA tag from Santa Cruz Biotechnology, Inc. (sc-805,
Dallas, TX), FLAG M2 from Sigma-Aldrich (F1804, St. Louis, MO),
Annexin II from BD Biosciences (610068, San Jose, CA), B-actin
from Sigma-Aldrich (A5316, St. Louis, MO), Phospho-STAT3
(Y705) from Cell Signaling Technology (9145, Danvers, MA),
STAT3 from BD Biosciences (610190, San Jose, CA), Cyclin D1
from Santa Cruz Biotechnology, Inc. (sc-753, Dallas, TX), cleaved
Caspase-3 from Cell Signaling Technology (9661, Danvers, MA),
and cleaved PARP from Cell Signaling Technology (5625, Danvers,
MA). Secondary antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX), LI-COR Biosciences (Lincoln,
NE), and Enzo Life Sciences (Farmingdale, NY).

Plasmids and Cloning

The GST-tagged full-length human GRP78 (FL, a.a. 19-654) and
truncated mutants including NH,-terminal half (N, a.a. 19-407),
COOH-terminal half (C, a.a. 413-654), AKDEL (a.a. 19-650),
AC11 (a.a. 19-643), AC17 (a.a. 19-637), AC73 (a.a. 19-581), and
C73 (a.a. 582-654) were inserted in-frame into pGEX-4T-1
expression plasmid (GE Healthcare, Chicago, IL) at BamHI and
Xhol sites. The FLAG-tagged full-length human GRP78 bearing a
COOH-terminal PPP to AAA (a.a. 640-642) mutation was generated
by PCR amplification of the GRP78 coding sequencing from FLAG-
tagged human GRP78 (wild-type) expression plasmid using the
reverse primer containing modified sequence. The PCR product was
inserted in-frame into pcDNA3 expression vector (Thermo Scientific,
Waltham, MA) at BamHI and Xhol sites. The hemagglutinin (HA)-
tagged CD44v3-10 (CD44v-HA) expression plasmid was generated
by PCR amplification from cDNA library of MCF7-LR cells using
the reverse primer containing HA tag sequence, and the PCR product
was inserted in-frame into pcDNA3 expression vector (Thermo
Scientific, Waltham, MA) at Kpnl and ECoRI sites. All constructs
were verified by sequencing. We used the following primers:
CD44v3-10-HA 5'-CGGGGTACCATGGA-
CAAGTTTTGGTGGCACGCAGCCT-3" and 5'-
CCGGAATTCTTAAGCGTAATCTGGAACATCGTATGGG-
TACACCCCAATCTTCATGTCCACATTCT-3’; GST-GRP78
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(FL) 5'-CGCGGATCCATGGAGGAGGAGGACAAGAAG-
GAGGA-3' and 5'-CCGCTCGAGCTACAACT-
CATCTTTTTCTGCT-3"; GST-GRP78 (N) 5'-
CGCGGATCCATGGAGGAGGAGGACAAGAAGGAGGA-3’
and 5'-CCGCTCGAGCTAACCAGAGAGCACACCAGC-3';
GST-GRP78 (C) 5'-CGCGGATCCATGGACCTGG-
TACTGCTTGATGTA-3" and 5'-CCGCTCGAGCTACAACT-
CATCTTTTTCTGCT-3'; GST-GRP78 (AKDEL) 5’-
CGCGGATCCGAGGAGGAGGACAAGAAGGAGGA-3' and 5'-
CCGCTCGAGCTATTCTGCTGTATCCTCTTCACCAG-3';
GST-GRP78 (AC11) 5-CGCGGATCCGAGGAGGAGGACAA-
GAAGGAGGA-3' and 5'-CCGCTCGAGCTAAGTTGGGG-
GAGGGCCTGCA-3"; GST-GRP78 (AC17) 5'-
CGCGGATCCGAGGAGGAGGACAAGAAGGAGGA-3' and 5'-
CCGCTCGAGCTAACTTCCATAGAGTTTGCTGA-
TAATTGG-3’; GST-GRP78 (AC73) 5'-CGCGGATCCGAG-
GAGGAGGACAAGAAGGAGGA-3’' and 5'-
CCGCTCGAGCTACTTTTCTTTATCTCCAATCTGATTC-3';
GST-GRP78 (C73) 5'-CGCGGATCCCTGGGAGG-
TAAACTTTCCTCTG-3’ and 57-
CCGCTCGAGCTACAACTCATCTTTTTCTGCTG-3’; and
FLAG-GRP78 (AAA mutant) 5'-CGCGGATCCAT-
GAAGCTCTCCCTGGTGGC-3" and 5'-CCGCTCGAGCTA-
CAACTCATCTTTTTCTGCTGTATCCTCTTCACCAGTTGC
GGCAGCGCCTGCACTTCCATAGAGTTTGCTGA-3'.

The expression plasmids for small peptides containing a previously
described [27] secretory and sorting sequence of a-melanocyte-
stimulating hormone at NH,-terminus were generated by insertion of
the annealed synthetic DNA oligonucleotides into pcDNA3
expression plasmid at BamHI and ECoRI sites. All constructs were
verified by sequencing. For the plasmid containing wild-type
sequence (P), we used the following oligonucleotides: 5'-GATC-
CATGCCGAGATCGTGCTGCAGCCGCTCGGGGGCCCTGT
TGCTGGCCTTGCTGCTTCAGGCCTCCATGGAAGTGCGT
GGCTGGTGCCTGGAGAGCAGCCAGTGTCAGGACCTCAC
CACGGAAAGCAACCTGCTGGAGTGCATCCGGGCCTGCA
AGCCCCGCGAGGGCAAGCGCATCAGCAAACTCTATGGA
AGTGCAGGCCCTCCCCCAACTGGTGAAGAGGATACAGC
AGAATAAG-3" and 5’-AATTCTTATTCTGCTGTATCCTCTT
CACCAGTTGGGGGAGGGCCTGCACTTCCATA-
GAGTTTGCTGATGCGCTTGCCCTCGCGGGGCTTG-
CAGGCCCGGATGCACTCCAGCAGGTTGCTTTCCGTGGT-
GAGGTCCTGACACTGGCTGCTCTCCAGGCACCAGC-
CACGCACTTCCATGGAGGCCTGAAGCAGCAAGGCCAG-
CAACAGGGCCCCCGAGCGGCTGCAGCACGATCTCGG-
CATG-3'; for the plasmid containing mutant sequence (mP), we
used the following oligonucleotides: 5'-GATCCATGCCGA-
GATCGTGCTGCAGCCGCTCGGGGGCCCTGTTGCTGG
CCTTGCTGCTTCAGGCCTCCATGGAAGTGCGTGGCTG
GTGCCTGGAGAGCAGCCAGTGTCAGGACCTCAC
CACGGAAAGCAACCTGCTGGAGTGCATCCGGGCCTGCA
AGCCCCGCGAGGGCAAGCGCATCAGCAAACTCTATG
GAAGTGCAGGCGCTGCCGCAACTGGTGAAGAGGATA
CAGCAGAATAAG-3" and 5'-AATTCTTATTCTGCTG
TATCCTCTTCACCAGTTGCGGCAGCGCCTGCACTT
CCATAGAGTTTGCTGATGCGCTTGCCCT
CGCGGGGCTTGCAGGCCCGGATGCACTCCAGC
AGGTTGCTTTCCGTGGTGAGGTCCTGACACTG
GCTGCTCTCCAGGCACCAGCCACGCAC

TTCCATGGAGGCCTGAAGCAGCAAGGCCAGCAACA
GGGCCCCCGAGCGGCTGCAGCACGATCTCGGCATG-3'.

siRNA Knockdown and GRP78 Overexpression

Cells were transfected with Lipofectamine RNAIMAX Reagent
(Thermo Fisher Scientific, Waltham, MA) containing siRNA
(Dharmacon Inc., Lafayette, CO) to the final concentration of 60
pM by reverse transfection. Twenty-four hours post—siRNA
transfection, plasmids containing FLAG-tagged wild-type or mutant
GRP78 were transfected into cells using BioT reagent (Bioland
Scientific, Paramount, CA). Culture media were replaced 5 hours
post—BioT transfection with fresh media containing 60 pM siRNA.
We used the following siRNAs: siGrp78_3" untranslated region
(UTR) 5'-CUUAAGUCUCGAAUGUAAUdTAT-3’; sictrl: 5'-
GAGAUCGUAUAGCAACGGUATAT-3".

Plasmid Transfection

Plasmids were transfected into subconfluent cells with BioT
reagent (Bioland Scientific, Paramount, CA) according to the
manufacturer's instruction. Culture media were replaced 5 hours
posttransfection, and cells were harvested 48 hours posttransfection
for further analyses.

Western Blotting

Cells were lysed by radioimmunoprecipitation (RIPA) lysis buffer
containing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5%
sodium deoxycholate, 1% NP-40, 0.1% SDS, and a protease and
phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Whole
cell lysates were cleared by centrifugation at 4°C and 13,000 rpm for
15 minutes. Proteins were analyzed by 10% SDS-PAGE and then
transferred at 4°C overnight on nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA). Membranes were blocked by Tris-
buffered saline containing 0.05% Tween-20 (TBST) and 5% nonfat
dry milk at room temperature for 1 hour followed by incubation with
primary antibody at 4°C overnight. Membranes were washed three
times with TBST and then incubated with fluorescent IRDye-labeled
antibodies or HRP-conjugated secondary antibodies. Fluorescent
IRDye signal was detected by Odyssey (LI-COR Biosciences,
Lincoln, NE). HRP signal was visualized by an ECL chemilumines-
cent substrate (Thermo Fisher Scientific, Waltham, MA) and then
quantified with Image Lab software (Bio-Rad Laboratories, Hercules,
CA).

Immunofluorescence and Confocal Microscopy

For detection of endogenous GRP78 and CD44 containing v3
exon intracellularly in MCF7-LR cells, cells were grown for 48 hours
to subconfluence on sterile coverslips. Coverslips were sequentially
coated with 50 pg/ml poly-L-lysine in ultrapure water (Sigma-
Aldrich, St. Louis, MO) at RT for 1 hour and then 100 pg/ml
collagen T from rat tail (Corning Inc., Corning, NY) in 0.02% acetic
acid at RT for 2 hours. The cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) in Dulbecco's
phosphate-buffered saline (DPBS) at RT for 10 minutes and then
permeabilized by 0.3% saponin in PBS at RT for 15 minutes. Then
the cells were incubated with blocking buffer containing 4% BSA and
0.01% saponin in PBS at RT for 3 hours. The primary antibody
against GRP78 (MAb159, a kind gift from Dr. Parkash S. Gill at
USC) was incubated with the cells at 4°C overnight in blocking
buffer, followed by staining with the AlexaFluor-568 secondary
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antibody (Thermo Scientific, Waltham, MA) at 37°C for 40 minutes.
Then the cells were treated with M.O.M. Mouse Ig Blocking Reagent
(Vector Laboratories, Inc., Burlingame, CA) at 37°C for 3 hours to
block mouse immunoglobulin from the primary antibody against
GRP78. The cells were then incubated with the primary antibody
against CD44 variable exon 3 at 4°C overnight in blocking buffer,
followed by staining with the AlexaFluor-647 secondary antibody
(Thermo Scientific, Waltham, MA) at 37°C for 40 minutes. Fach
step was followed by four washes in PBS containing 0.01% saponin.
Coverslips were rinsed once with ultrapure water (Sigma-Aldrich, St.
Louis, MO) before mounting with Vectashield anti-fade medium
containing DAPI (Vector Laboratories, Inc., Burlingame, CA). Z-
stack images were obtained on a Leica TCS SP8 confocal microscope
equipped with a 63x/1.4 NA oil DIC objective lens and Leica
Application Suite 10 Software (Leica Microsystems, Wetzlar,
Germany).

For detection of endogenous GRP78 and CD44 containing v3
exon on the cell surface, MCF7-LR cells were grown for 48 hours to
subconfluence on sterile coverslips. Coverslips were coated as
described above. The cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) in DPBS at RT for
10 minutes and then incubated with blocking buffer containing 4%
BSA in PBS at RT for 1 hour. The primary antibody against GRP78
(MADb159) was incubated with the cells at 4°C overnight in blocking
buffer, followed by staining with AlexaFluor-594 secondary antibody
(Thermo Scientific, Waltham, MA) at RT for 1 hour. Then, the cells
were treated with M.O.M. Mouse Ig Blocking Reagent (Vector
Laboratories, Inc., Burlingame, CA) at RT for 2 hours. Then the cells
were incubated with the primary antibody against CD44 variable
exon 3 (Thermo Scientific, Waltham, MA) at 4°C overnight in
blocking buffer, followed by staining with AlexaFluor-488 secondary
antibody (Thermo Scientific, Waltham, MA) at RT for 1 hour.
Coverslips were washed four times following each step and rinsed
once with ultrapure water (Sigma-Aldrich, St. Louis, MO) before
mounting with Vectashield anti-fade medium containing DAPI
(Vector Laboratories, Inc., Burlingame, CA). Z-stack images were
obtained on a Zeiss LSM 510 confocal microscope equipped with a
Plan-Apochromat 100x/1.4 NA oil DIC objective lens and LSM 510
version 4.2 SP1 acquisition software (Carl Zeiss, Oberkochen,
Germany). Confocal images were analyzed using Adobe Photoshop
CS2 software (Adobe Inc., San Jose, CA) with the same settings for all

conditions under comparison.

Purification of GST-tagged Recombinant Proteins

Plasmids containing GST-tagged full-length GRP78 or deletion
mutants were transformed into £. coli (BL21). The expression of the
GST-fusion proteins was induced with 4 mM isopropyl-B-D-
thiogalactoside when the optical density (ODgg) of bacterial broth
culture reached 0.5. Bacteria were then incubated at 37°C and
200 rpm for 4 hours to allow the expression of recombinant proteins.
Cells were then lysed in TBS containing 50 mM Tris-Cl, pH 7.5,
150 mM NaCl, 1 mg/ml lysozyme, 1% Triton X-100, and protease
and phosphatase inhibitor cocktails (Thermo Scientific, Waltham,
MA). Bacterial cells were then sonicated for 4 minutes with
20 seconds on and 20 seconds off, followed by centrifugation at
4°C and 11,500 rpm for 1 hour. Supernatant was collected and
incubated with Glutathione-Sepharose 4B beads (GE Healthcare,
Chicago, IL) at 4°C for 12 hours. Recombinant GST-tagged protein
was eluted with freshly prepared reduced glutathione (10 mM,

Sigma-Aldrich, St. Louis, MO) at 4°C for 12 hours. The solution
containing recombinant proteins was then buffer-exchanged to
TBS using protein concentrators (Pall Corporation, Port
Washington, NY). Recombinant proteins in TBS containing

15% glycerol were snap-frozen in liquid nitrogen and then stored
at -80°C.

In Vitro GST Pull-Down Assay

Recombinant GST-tagged proteins were coupled to Glutathione-
Sepharose 4B beads (GE Healthcare, Chicago, IL) at 4°C for 4 hours.
Then, the beads were incubated with 1 mg whole cell lysate collected
from 293T cells transiently expressing HA-tagged CD44v3-10 at 4°C
overnight in IP lysis buffer (Thermo Fisher Scientific, Waltham, MA;
25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 5%
glycerol, 1% NP-40). The beads were then washed six times with IP
lysis buffer, and the bound proteins were eluted from the beads with
equal volume of 2x SDS sample buffer.

Purification of Cell Surface Proteins

Experiments were performed according to previously described
protocol [10]. Briefly, cell surface proteins were biotinylated with
0.5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scien-
tific, Waltham, MA) at 4°C for 30 minutes, and excessive biotin was
quenched by four washes with glycine (100 mM) in PBS at 4°C.
Cells were then lysed with RIPA lysis buffer (50 mM Tris—HCI,
pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40,
0.1% SDS, and a protease and phosphatase inhibitor cocktail). The
biotinylated cell surface proteins were captured on high-capacity
NeutrAvidin agarose resin (Thermo Fisher Scientific, Waltham,
MA).

WST-1 Viability Assay

Cell viability was assessed with the WST-1 reagent (Roche,
Indianapolis, IN). Briefly, 24 hours posttransfection in six-well
culture plate, 3000 cells per well were reseeded into 96-well culture
plates with 100 pl culture medium per well. Then, in another
24 hours, the cell viability was measured by incubating each plate
with 10 ul per well of WST-1 substrate for 3 hours, and then the
plates were read at a wavelength of 450 nm with a reference
wavelength of 655 nm.

Statistical Analysis

Data are presented as means + SEM from three biological repeats.
P values were calculated via two-tailed unpaired Student's # test.
Statistical significance was represented as *P < .05, **P < .01, and
P < .001.

Results

Colocalization of GRP78 with CD44v Both in the ER
Compartment and on the Cell Surface

In permeabilized MCF7-LR cells, immunofluorescent staining and
confocal microscopy showed that endogenous GRP78 was expressed
abundantly in the perinuclear as expected for its ER protein folding
function (Figure 1A). As a transmembrane protein, CD44 is
synthesized in the ER and traffics to the cell surface. CD44v, a
variant isoform of CD44 containing variable exon 3 to 10 that is
abundantly expressed in the MCF7-LR cells, was detected in the
cytosolic and perinuclear region as well as inside the nucleus.

Colocalization of GRP78 and CD44v was detected in the perinuclear
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Figure 1. GRP78 colocalizes with CD44v in MCF7-LR breast cancer cells. (A) Immunofluorescence and confocal images showing the distribution
and colocalization of GRP78 (red) and CD44v (green) in the saponin-permeabilized MCF7-LR breast cancer cells. GRP78 and CD44v were
detected by MAb159 and anti-CD44v3 antibodies, respectively. The mouse-on-mouse (M.O.M.) control staining was performed with the same
protocol as double-stained cells but lacking the primary antibody targeting CD44v. No primary control staining was conducted without the
primary antibodies but with secondary antibodies. The nuclei were stained by DAPI in blue. Thickness of single immunofluorescent image
section: 0.3 um. Signals were visualized with 63x/1.4 NA objective on a Leica TCS SP8 confocal microscope. Scale bars, 20 um.
(B) Immunofluorescence and confocal images showing the distribution and colocalization of GRP78 (red) and CD44v (green) on the cell surface of
nonpermeabilized MCF7-LR breast cancer cells. GRP78 and CD44v were detected by MAb159 and anti-CD44v3 antibodies, respectively. The M.
0.M. control staining was performed with the same protocol as double-stained cells but lacking primary antibody targeting CD44v. No primary
control staining was conducted without the primary antibodies but with secondary antibodies. The nuclei were stained by DAPI in blue. DIC:
differential interference contrast. Thickness of single immunofluorescent image section: 0.8 um. Cell peripheries were outlined with black lines.
Signals were visualized with 100x/1.4 NA objective on an LSM 510 confocal microscope. Scale bars, 20 um.
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Figure 2. The COOH-terminal proline-rich region of GRP78 is essential for forming complex with CD44v /n vitro. (A) Schematic
representation of the human GST-tagged GRP78 wild-type and deletion mutants cloned into pGEX-4T-1 backbone vector. a.a., amino
acids. FL, a.a. 19-654; N, a.a. 19-407; C, a.a. 413-654; AKDEL, a.a. 19-650; AC11, a.a. 19-643; AC17, a.a. 19-637; AC73, a.a. 19-681; C73, a.
a. b82-654. The locations of the ER signal, ATPase domain, substrate binding domain, proline-rich region, and KDEL motif of GRP78 are
depicted on top. (B) Schematic representation of the expression construct of HA-tagged human CD44 containing variable exon 3 to 10.
EC, extracellular; TM, transmembrane; IC, intracellular. (C-D) Western blot analysis of samples from /n vitro GST pull-down assay. GST or
GST-tagged GRP78 wild-type and mutant proteins purified from £. coli (BL21) were incubated with 293T whole cell lysate containing
overexpressed CD44v-HA (vHA). (E) Upper panel: I-TASSER model of full-length human GRP78 protein. ATPase domain is in light blue.
SBD is in orange. The last 27 amino acids close to the COOH-terminus (C27) are lighted in rainbow color and by dashed circle. Arrow
indicates the PPP polyproline amino acids (red). Lower panel: The enlarged C27 area shows the polyproline amino acids (a.a. 640-642;

red) and the adjacent protein structure.

region (Figure 14). Since GRP78 is a major chaperone protein in the
ER, it is likely that CD44v is a folding substrate of GRP78. In
nonpermeabilized cells, GRP78 and CD44v were detected on the cell
surface and showed substantial colocalization (Figure 1B). These
results suggest that GRP78 and CD44v colocalize both in the ER
compartment and on the cell surface.

Requirement of the COOH-terminal PRR of GRP78 for
Forming Complex with CD44v In Vitro

We next characterized the region of GRP78 binding to CD44v. A
schematic drawing of the identified ER signal, ATPase domain,
substrate binding domain, and the KDEL Golgi-to-ER retrieval motif
of GRP78 is shown in Figure 24. A panel of GST-tagged GRP78
deletion mutants was created (Figure 2A4). We purified the
recombinant GST-tagged GRP78 full-length (FL) and deletion
mutants from E. coli (BL21) and then incubated them with whole cell
lysates containing transiently expressed HA-tagged CD44v (VHA,
Figure 2B). The immunoblots of these GST pull-down assays
revealed that GRP78 binds CD44v via the regions localized in its
COOH-terminal half region (Figure 2C). The binding of FL, C (a.a.

413-654), and AKDEL mutants to vHA was comparable when the
amount of binding was normalized to the level of input GST-tagged
proteins. Interestingly, an increased complex formation was observed
upon deletion of the last 11 amino acids of GRP78 (AC11, a.a. 19-
643), suggesting that this deletion likely exposed this region for more
effective binding and/or forming a more stable complex. The deletion
of the last 17 amino acids of GRP78 (AC17, a.a. 19-637) reduced its
capacity to form complex with vHA. The deletion of the last 73
amino acids of GRP78 (AC73, a.a. 19-581) abolished binding to
vHA. These results suggest that the amino acids between 638 and 643
of GRP78 are essential for forming complex with vHA. We then
explored if the COOH-terminal region of GRP78 devoid of the
substrate binding domain was sufficient for complex formation with
vHA. Surprisingly, the last 73 amino acids of GRP78 alone (C73)
could not form complex with vHA (Figure 2D). Collectively, these
results indicate that a.a. 638 to 643 of GRP78 are essential but not
sufficient for GRP78 to form complex with CD44v. A closer look at
the amino acid sequence between a.a. 638 and 643 of GRP78
revealed a PRR containing three consecutive prolines between a.a.
640 and 642 localized outside the SBD. A computational three-
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Figure 3. The COOH-terminal polyproline sequence of GRP78 is critical for its cell surface expression and modulates STAT3 signaling in
MCF7-LR breast cancer cells. (A) Schematic representation of FLAG-tagged human GRP78 (F-GRP78) wild-type (WT) and mutant

harboring a PPP to AAA mutation (AAA). a.a., amino acids. SBD, su

bstrate binding domain. (B) Western blot analysis of MCF7-LR cells

transfected with FLAG-tagged GRP78 WT, AAA, or pcDNA3 backbone vector (v). Annexin Il and B-actin are loading controls for cell surface
fraction and whole cell lysate, respectively. (C) Quantitative analysis of cell surface (cs) F-GRP78 levels. Data represent means = SEM
from three biological repeats. **P < .01 by Student's t test. (D) Schematic illustration of siRNA designed to target 3' UTR of Grp/8. WT and
AAA expression plasmids do not contain 3' UTR. (E) Western blot analysis of MCF7-LR cells co-transfected with v, WT, or AAA and control

(sictrl) or Grp78 siRNA targeting 3' UTR (siGrp78, 3" UTR). Numbers b

elow the 3-actin bands represent individual experimental conditions.

(F) Quantification of the ratio of pSTAT3 (Y705) and STAT3 of each experimental condition as shown in panel E. Data represent means =

SEM from three biological repeats. *P < .05 by Student's ¢ test.

dimentional protein structure of human GRP78 modeled by I-
TASSER [28-30] showed that these three consecutive prolines
created a turn in a less structured region of the last 27 amino acids of
GRP78 (C27) as depicted in Figure 2F.

The Importance of the COOH-terminal PRR of GRP78 for Its
Cell Surface Expression and Modulation of STAT3 Signaling

Proline-rich region plays important roles in mediating protein-
protein interactions, and the specificity of interactions can be finely
tuned by the proline-rich sequence [31]. On the cell surface, GRP78
largely exists as a peripheral protein [10] and associates with GPI-
anchored [11,32,33] or transmembrane partner proteins [18,34,35].
Since the PRR is essential for GRP78 to form complex with CD44v,
we hypothesized that the COOH-terminal PRR of GRP78 may be
critical for its cell surface expression through its ability to form
complex with partner proteins such as CD44v. To test this
hypothesis, we created expression plasmids in pcDNA3 backbone
vector (v) for FLAG-tagged human GRP78 (F-GRP78) wild-type
(WT) and mutant harboring a PPP to AAA mutation (AAA) at a.a.
640-642 (Figure 34). We then purified cell surface proteins of
MCEF7-LR cells transfected with v, WT, or AAA plasmids by cell
surface biotinylation and high-capacity avidin pull-down, and we
found that the AAA mutant showed about 65% decrease of cell
surface expression compared to the WT (Figure 3, B and C). These
results indicate that the COOH-terminal polyproline sequence of

GRP78 plays a previously unidentified role in mediating its cell
surface expression in tamoxifen-resistant breast cancer cells.

We next explored the signaling function of this polyproline
sequence by transfecting the v, WT, and AAA mutant into MCF7-LR
cells. As a proof of principle, we focused on the activation of signal
transducer and activator of transcription 3 (STAT3) through
phosphorylation at Tyr705 (pY705) because it is a common signaling
pathway of CD44 [36,37] and GRP78 [38] and plays important roles
in cell proliferation and migration in breast cancer. GRP78 is
abundantly expressed in MCF7-LR cells; thus, we co-transfected the
plasmids for transient expression with the siRNA targeting the 3’
UTR of endogenous Grp78 mRNA (Figure 3D). We observed about
30% reduction of STAT3 activation upon knockdown of GRP78 and
an increase of STAT3 activation when WT GRP78 was transiently
expressed, and this stimulation was blunted when AAA was
introduced (Figure 3, E and F). This result suggests that the
polyproline sequence close to the COOH-terminus of GRP78 is a
novel regulator of STAT3 activation in tamoxifen-resistant breast
cancer cells.

Conservation of the COOH-terminal Polyproline Sequence of
GRP78 in Higher Eukaryotic Organisms

A closer examination at the amino acid sequence of human
GRP78 revealed that another consensus proline-rich region (a.a.
487-496) containing a classical xPPxP (IPPAP, a.a. 487-491) motif
and a PQ sequence (a.a. 495 and 496) preceded the PPP polyproline
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Figure 4. Comparisons of the proline-rich regions of GRP78. (A) I-TASSER model of human GRP78 (a.a. 413-654) demonstrating the three-
dimentional localizations of PPP and IPPAP/PQ proline-rich sequences. The classical IPPAP motif was highlighted in magenta, the PQ
amino acids in blue, and the COOH-terminal PPP polyproline amino acids in red. (B) Results of multiple sequence alignment of GRP78
COOH-terminal proline-rich regions from a broad range of species using MEGA-X software with polyproline residues in red. DnaK is a
bacterial homolog of GRP78. Asterisk indicates conserved residue among all species. Dots show conserved residues with human (Homo
sapiens) GRP78. Dashes indicate gaps. (C) Results of multiple sequence alignment of GRP78 IPPAP/PQ proline-rich regions from a broad
range of species using MEGA-X software with the proline residues localized at the classical IPPAP motif in magenta and the proline
residue localized at the PQ amino acids in blue. DnaK is a bacterial homolog of GRP78. Asterisks indicate conserved residues among all
species. Dots show conserved residues with human GRP78. (D) The COOH-terminal amino acid sequences of other human (H. sapiens)

heat shock proteins with polyproline residues in red.

motif (a.a. 640-642). The three-dimensional localizations of these
two proline-rich regions were mapped to the corresponding sites on
the computational GRP78 protein structure (a.a. 413-654)

modeled by I-TASSER, and the result showed that these two
sequences were both localized to more unstructured regions of

GRP78 protein (Figure 4A4). The proline residue, P#° localized
between a.a. 487 and 496, was reported to facilitate the substrate
binding function of GRP78 [39]; however, the function of the PPP
sequence close to the COOH-terminus of GRP78 is largely
unknown.
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Multiple sequence alignment provides insights into the evolution-
ary, structural, and functional relationships among the amino acid
sequences. We applied Clustal analysis using MEGA-X software [40]
to compare the proline-rich sequences of GRP78 homologs from a
diverse set of species (Figure 4, B and C). Interestingly, we found that
the GRP78 COOH-terminal PPP polyproline sequence was
conserved among Homo sapiens, Rattus norvegicus, Gallus gallus, Xe-
nopus laevis, and Stylophora pistillata. Although Latimeria chalumnae,
Priapulus caudatus, and Octopus bimaculoides did not show triproline
sequence, they exhibited two consecutive proline residues. However,
Saccharomyces cerevisiae and GRP78 homolog DnaK in Escherichia
coli did not show proline residues in their COOH-termini (Figure
4B). These results suggest that the presence of GRP78 COOH-
terminal polyproline sequence is likely a unique feature in higher
eukaryotic organisms. On the other hand, the IPPAP/PQ proline-rich
region was highly conserved among all species, with Octopus
bimaculoides and GRP78 homolog DnaK in Escherichia coli exhibiting
single amino acid variances (Figure 4C). We then asked whether the
PPP polyproline sequence is unique to GRP78 or common to heat
shock family proteins. Therefore, we examined the COOH-terminal
amino acid sequences of human heat shock 70 (HSP70) and 90
(HSP90) family chaperones (Figure 4D). We did not observe PPP
polyproline sequence in these heat shock family proteins. Of note,
HSC70, HSP90«, and HSPI0P showed two consecutive prolines.
This result indicates that the COOH-terminal PPP polyproline
sequence is unique in GRP78 among the listed heat-shock proteins in
human.

Promotion of Apoptosis in Tamoxifen-resistant Breast Cancer
by Enforced Expression of a Short Peptide Bearing the PRR of
GRP78

Overexpression of GRP78 in tumor lesions from breast cancer
patients has been associated with the development of therapeutic
resistance, and knockdown of GRP78 can resensitize tamoxifen-
resistant breast cancer cells to tamoxifen [41]. Thus, we investigated
the feasibility of utilization of small peptide encoding the COOH-
terminal PRR of GRP78 to target potential protein-protein
interactions mediated by the PRR of GRP78 in tamoxifen-resistant
breast cancer cells. We first constructed expression plasmids in a
pcDNA3 backbone vector (v) containing wild-type (P) or mutant
(mP) sequence encoding 20 amino acids spanning the COOH-
terminal polyproline sequence (a.a. 631-650) of GRP78. These
sequences were preceded by a previously described secretory and
sorting peptide of a-melanocyte-stimulating hormone (SSP) [27]
(Figure 54). We selected this region because it is localized in between
SBD and KDEL motif, and it preserves some conformational and
sequence information in addition to the PPP sequence, as previous
studies have shown that the flanking region of core proline-rich
sequence also substantially contributed to the specificity and affinity
of PRR-mediated protein-protein interactions [42,43]. The inclusion
of the sorting and secretory sequences predicted that the peptides
would be localized to the ER as well as secreted into the medium. We
then analyzed the MCF7-LR cells transfected with the plasmids as
well as the cells applied with the conditional media (cM) obtained
from the culture media of transfected cells as depicted in Figure 5B.
Notably, more cells became rounded and detached from the culture
surface when they were transfected with the plasmid containing wild-
type PRR sequence (P) compared to the cells transfected with v and
mP plasmids (Figure 5C). Further analyses of the cell lysates from

transfected cells by SDS-PAGE and immunoblotting revealed that
the cells transfected with the plasmid containing wild-type PRR
sequence (P) exhibited a significant reduction of CD44v level as well
as a reduction of proliferation marker Cyclin D1. Additionally, they
demonstrated an increase in apoptotic markers cleaved Caspase-3
and PARP compared to the v and mP controls (Figure 5D). In
agreement with this result, cells transfected with the plasmid
containing wild-type PRR sequence (P) displayed a decrease of cell
viability as shown by WST-1 assay (Figure 5E). These results further
demonstrate the functional importance of the COOH-terminal
PRR of GRP78.

To test the functionality of the secreted peptides, we treated
MCEF7-LR cells with the cM harvested from the culture media of
transfected cells (Figure 5F). Similar to cells transfected with the
plasmids, cells treated with the ¢M collected from the cells transfected
with the plasmid containing wild-type PRR sequence (P), but not the
mP sequence, showed a significant reduction of CD44v level and a
decrease in proliferation marker Cyclin D1 (Figure 5F). However,
these reductions did not lead to change of cell morphology (data not
shown) and increase in cell apoptotic markers (Figure 5F). This was
likely because the forced expression would continuously supply the
small peptides, while the amount in the collected conditional media is
limiting.

Discussion

Tamoxifen resistance presents a major challenge for the treatment of
estrogen receptor—positive breast cancer as that is associated with
disease relapse and a poor prognosis. Therefore, it is important to
identify molecular pathways that can be used to target tamoxifen-
resistant breast cancer cells. Our previous studies revealed that in
human tamoxifen-resistant breast cancer cell line MCF7-LR, the
molecular chaperone GRP78 was elevated both intracellularly and on
the cell surface [4]. This same cell line also expressed a very high level
of CD44v. Interestingly, both GRP78 and CD44 have been
documented to play important roles in mediating endocrine
resistance in breast cancer [21,22,44,45]. In this study, while we
explored the physical and functional relationship between GRP78
and CD44v in the MCF7-LR cells, we uncovered several novel
findings that advance our understanding on the requirement of
GRP78 to express on the cell surface and how CD44v level and
signaling are modulated in these cells.

Through confocal microscopy, we observed substantial colocaliza-
tions of GRP78 and CD44yv in the intracellular compartments and on
the cell surface of MCE7-LR cells. Their cytosolic colocalizations are
presumably in the ER since GRP78 is a major ER resident protein,
and this suggests that CD44v is a folding substrate of GRP78.
Interestingly, we found that most of the cultured cells showed nuclear
CD44v. Because we used the antibody against the extracellular
variable exon 3 of CD44v for the immunofluorescent staining, it is
likely that it is the full-length CD44v in the nuclei. All CD44
isoforms contain a bipartite nuclear localization signal (NLS) at their
cytosolic COOH-terminal region [46], and the full-length CD44 was
reported internalized upon ligand binding. The internalized full-
length CD44 formed complex with STAT3 in the cytosol and
facilitated the acetylation and activation of STAT3, and then the
complex traveled together into the nucleus and binding to the
promoter of Cyclin D1, leading to elevated expression of Cyclin D1
[47]. The same study [47] also showed that the nuclear CD44 bound
to the 5’ sequence of the Grp/8 allele, and it remains to be
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Figure 5. Enforced expression of short peptide encoding the proline-rich region of GRP78 reduced cell viability and promoted apoptosis in
MCF7-LR breast cancer cells. (A) Schematic illustration of expression plasmids containing wild-type or mutant sequences encoding 20
amino acids spanning the proline-rich region of GRP78 (a.a. 640-642). The sequences were preceded by a secretory and sorting peptide
sequence of a-melanocyte-stimulating hormone (SSP). The plasmids were constructed in pcDNA3 backbone vector (v). P, the plasmid
containing wild-type proline-rich sequence. mP, the plasmid containing PPP to AAA mutation. (B) Schematic representation of
experimental procedures. cM, conditional media. h, hours. (C) Bright-field images of MCF7-LR cells with the enforced expression of v, P,
or mP. Images were photographed 48 hours post transfection. Scale bar, 50 um. (D) Left: Western blot analysis of whole cell lysates from
MCF7-LR cells transfected with v, P, or mP. Cells lysates were collected 48 hours posttransfection. CD44v and GRP78 were detected by
anti-CD44v3 and MAb159 antibodies, respectively. $-Actin is loading control. Right: Quantification of CD44v levels compared to the
control. Data represent means = SEM from three biological repeats. *P < .05 by Student's 7 test. (E) Quantitative analysis of cell viability
by WST-1 assay in MCF7-LR cells overexpressing v, P, or mP. Cells were analyzed 48 hours posttransfection. Data represent means =
SEM from four experimental repeats. **P < .01 ***P < .001 by Student's ¢ test. (F) Left: Western blot analysis of whole cell lysates from
MCF7-LR cells treated with ¢cM collected from MCF7-LR cells transfected with v, P, or mP. Conditional media were collected 48 hours
posttransfection and then applied to new cells for another 48 hours. CD44v and GRP78 were detected by anti-CD44v3 and MAb159
antibodies, respectively. B-Actin is loading control. Right: Quantification of CD44v levels compared to the control. Data represent means
+ SEM from three biological repeats. *P < .05 by Student's ¢ test.

determined whether nuclear CD44 can directly facilitate the
expression of Grp/8 at the transcriptional level.

GRP78 has well-established roles as a chaperone protein that
facilitates substrate folding through its SBD domain (a.a. 413-627)
and the subsequent releasing of the substrate through the ATP
hydrolysis by the ATPase domain (a.a. 19-407). Despite these
advances, the function of the COOH-terminal sequence between a.a.
628 and 650 preceding the KDEL Golgi-to-ER retrieval motif is
largely unknown, although antibodies against the COOH-terminal
region of GRP78 have shown efficacy in suppressing cancer growth
and metastasis [14,20]. Here, we uncovered that the GRP78 COOH-
terminal proline-rich region containing three consecutive prolines (a.
a. 640-642) is essential for complex formation with CD44v as
demonstrated by the in vitro GST-binding assay. However, such
capacity is not sufficient and likely also dependent on the substrate
binding function of GRP78 as we have found that the last 73 amino
acids alone are unable to form complex with CD44v, whereas the
subdomain spanning the COOH-terminal half from a.a. 413 to 654
is sufficient. Importantly, we identified that this PPP polyproline

sequence is critical for GRP78 expression on the cell surface of
MCEF7-LR cells. Since GRP78 colocalized with CD44v both
intracellularly and on the cell surface, it is tempting to speculate
that the cell surface transmembrane protein CD44v forms complex
with  GRP78 in the ER and facilitates GRP78 cell surface
translocation.

Proline-rich sequence is an important mediator of protein-protein
interactions [31]. A previous genome-wide study [48] showed that
the frequencies of PPP and PPG motifs were low in prokaryotes and
drastically increased with the complexity of eukaryotic organisms.
Here, we found that the COOH-terminal PPP polyproline sequence
is uniquely presented in the GRP78 of higher eukaryotic organisms
but not the yeast (S. cerevisiae) and E. coli as shown from the result of
multiple sequence alignment. This implies that the PPP polyproline
sequence of GRP78 may have functions specific to higher eukaryotes.
Interestingly, the result of multiple sequence alignments suggests that
the PPP sequence is evolved from a D/E rich region. Proline is
nonpolar and is the only cyclic amino acid. It is often found in turns
or loops or at the end of a-helix. Its amino acid property is very
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different from the acidic amino acid aspartic acid (D) and glutamic
acid (E). This further supports the idea of functional divergence of the
PPP polyproline sequence during evolution. Additionally, the PPP
polyproline sequence is localized in a region with a lot more sequence
variance compared to the region bearing IPPAP/PQ sequences within
the substrate binding domain among the analyzed species. In future
studies, it will be interesting to determine whether the PPP sequence/
region may bear functions independent of the traditional view of
GRP78 as a foldase.

GRP78 and CD44v have both been reported to mediate STAT3
signaling in breast cancer cells [38,49], and STAT3 signaling is also
important in mediating tamoxifen resistance in breast cancer cells [36].
We found that this polyproline sequence is essential for STAT3
activation mediated by enforced expression of GRP78, providing the
first evidence that the COOH-terminal polyproline sequence is a
previously unidentified modulator of STAT3 activation. In testing the
functional consequence of enforced expression of the COOH-terminal
peptide of GRP78 (a.a. 631-650) in MCF7L-R cells, we discovered that
enforced expression of the wild-type peptide but not the mutant bearing
AAA mutation to the PPP motif caused dramatic rounding of the cells
leading to detachment, associating with substantial decrease in CD44v
level, increase of apoptotic markers, and reduction in cell viability. This
raises the interesting possibility that enforced expression of this GRP78
COOH-terminal peptide may disrupt the interaction of GRP78 with
CD44 as well as other unidentified binding/folding candidate proteins
critical for promoting tamoxifen resistance, thus representing a novel
approach to combat endocrine resistance in breast cancer. Taken
together, we identified that the COOH-terminal polyproline sequence
of GRP78 is a new evolutionary feature gained by higher eukaryotic
organisms, and our biochemical and cellular studies supported the
perspective that this sequence harbors previously unidentified signaling
functions in regulating cell surface expression of GRP78 and STAT3
activation in tamoxifen-resistant breast cancer cells. The basic and
clinical implications of these findings warrant vigorous investigation in
the future.
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