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reast Cancer Cells
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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-
resistantMCF7 breast cancer cells (MCF7-LR) represents a clinically relevantmodel to studymechanisms 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 complexwith the partner protein, CD44v, as demonstrated by in
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 interactionwithCD44v aswell as its cell surface expression, and enforced expressionof 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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breviations: GRP78, 78-kDa glucose-regulated protein; ER, endoplasmic reticulum;
GRP78, cell surface GRP78; MCF7-LR, tamoxifen-resistant MCF7; PRR, proline-
h region; CD44v, CD44 containing variant exon 3 to 10; vHA, HA-tagged CD44
ntaining variant exon 3 to 10
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reast cancer is among the leading causes of cancer deaths in
omen [1]. Estrogen receptor–positive breast cancer accounts for
out 70% of breast cancer patients [2]; thus, the estrogen
ceptor antagonist tamoxifen is the most widely used adjuvant
rmonal therapy. However, tamoxifen resistance is responsible
r the relapse of about one-third of these patients [3]. MCF7 is
e of the best studied estrogen receptor–positive breast cancer
ll lines. We recently discovered that 78-kDa glucose-regulated
otein (GRP78, also referred to as BiP or HSPA5) was
regulated intracellularly and on the cell surface of tamoxifen-
sistant MCF7 breast cancer cells (MCF7-LR) compared to the
rental nonresistant MCF7-L cells [4]. Thus, these cells provide a
inically relevant model for the investigation of how GRP78
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localizes from the endoplasmic reticulum (ER) to the cell
rface.
GRP78 belongs to heat-shock protein-70 (HSP70) family, and it is
major chaperone protein that facilitates protein folding and quality
ntrol in the ER [5]. It also regulates ER stress by its interaction with
e unfolded protein response (UPR) stress sensors in the ER [5–7].
RP78 consists of a NH2-terminal ER signal sequence, an ATPase
main, a substrate binding domain (SBD), and a COOH-terminal
DEL motif, where it facilitates the retrieval of GRP78 by the KDEL
ceptor from Golgi back to ER [8]. GRP78 is also observed on the
ll surface of various cancer cells, and its cell surface expression could
further enhanced by stress conditions [4,9,10]. Cell surface

RP78 (csGRP78) regulates novel cell signaling pathways beyond its
aditional protein foldase activity in the ER [4,9,11]. Importantly,
GRP78 is preferentially expressed in cancer cells and minimally in
rmal cells, making it an attractive target for cancer therapeutics,
cluding breast cancer [7,12–17]. Evidence is emerging on how
RP78 relocalizes from the ER to the cell surface. First, recent studies
vealed that csGRP78 largely exists as a peripheral protein at the
asma membrane, where it associates with transmembrane or GPI-
chored proteins for its anchor on the cell surface [10]. Second,
RP78 harboring a mutation in the T453D substrate binding
main exhibited about 80% reduction of its cell surface expression
HeLa cervical cancer cells, suggesting substrate binding function of
RP78 was required for its cell surface expression [10]. Third, it has
en reported that the GRP78 co-chaperone MTJ-1, a transmem-
ane protein and also referred to as DnaJC1 (DnaJ homolog
bfamily C member 1), was required for cell surface expression of
RP78 in mouse macrophages [18]. However, GRP78 harboring
197H DnaJ binding mutation [19] showed similar level of cell
rface expression as wild-type GRP78 in HeLa cells [10].
dditionally, MTJ-1 was not detected on the cell surface of hepatoma
d other cell lines which express csGRP78 [20]. Collectively, these
sults suggest that the requirement of MTJ-1 or the human
molog, HTJ-1, for csGRP78 expression is likely to be cell context-
pendent, and this issue remains an open question.
Since current studies support the notion that cell surface expression
GRP78 is dependent on its capacity to form complex with

ansmembrane proteins, GPI-anchored proteins, co-chaperones, and
ely folding substrates, we speculate that CD44, a transmembrane
ll surface protein abundantly expressed in tamoxifen-resistant
CF7 cells [21,22], may be a folding substrate of GRP78 and, in
ch capacity, contribute to the cell surface expression of GRP78 in
e context of these resistant cells. CD44 is a highly heterogeneous
ngle-pass type I transmembrane glycoprotein, and it is regulated by
sttranslational modifications and alternative splicing [23,24]. It is a
ajor cell surface receptor of hyaluronan [25] and serves as a co-
ceptor of FGF2, HGF, VEGF, and osteopontin [23]. The
pression of CD44 variant isoforms enhanced the lung colonization
breast cancer stem-like cells [24], and CD44v3-10 but not

D44v8-10 or CD44s was correlated with poor prognosis of breast
ncer patients [26]. In this study, we determined that GRP78 forms
mplex with CD44v3-10 through the region containing PPP
lyproline sequence localized close to the COOH-terminus of
RP78 and further discovered that mutation of this PPP polyproline
quence impedes GRP78 expression on the cell surface in the
CF7-LR cells. Enforced expression of an expression plasmid
ntaining secretory signal peptide and 20 amino acids spanning the
RR reduced CD44v protein level and led to increase in apoptotic
arkers. Our studies uncovered critical functions of the COOH-
rminal proline-rich region of GRP78 in its cell surface expression
d may have clinical implications in lowering the viability of
moxifen-resistant breast cancer.

aterials and Methods

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

ntibodies
We used the following primary antibodies for the proteins listed:
RP78 from Dr. Parkash S. Gill at USC (MAb159), CD44v3 from
hermo Fisher Scientific (BMS144, Waltham, MA), glutathione S-
ansferase (GST) tag from Santa Cruz Biotechnology, Inc. (sc-138,
allas, TX), HA tag from Santa Cruz Biotechnology, Inc. (sc-805,
allas, TX), FLAGM2 from Sigma-Aldrich (F1804, St. Louis, MO),
nnexin II from BD Biosciences (610068, San Jose, CA), β-actin
om Sigma-Aldrich (A5316, St. Louis, MO), Phospho-STAT3
705) from Cell Signaling Technology (9145, Danvers, MA),
AT3 from BD Biosciences (610190, San Jose, CA), Cyclin D1

om Santa Cruz Biotechnology, Inc. (sc-753, Dallas, TX), cleaved
aspase-3 from Cell Signaling Technology (9661, Danvers, MA),
d cleaved PARP from Cell Signaling Technology (5625, Danvers,
A). Secondary antibodies were purchased from Santa Cruz
iotechnology, Inc. (Dallas, TX), LI-COR Biosciences (Lincoln,
E), and Enzo Life Sciences (Farmingdale, NY).

lasmids and Cloning
The GST-tagged full-length human GRP78 (FL, a.a. 19-654) and
uncated mutants including NH2-terminal half (N, a.a. 19-407),
OOH-terminal half (C, a.a. 413-654), ΔKDEL (a.a. 19-650),
C11 (a.a. 19-643), ΔC17 (a.a. 19-637), ΔC73 (a.a. 19-581), and
73 (a.a. 582-654) were inserted in-frame into pGEX-4T-1
pression plasmid (GE Healthcare, Chicago, IL) at BamHI and
hoI sites. The FLAG-tagged full-length human GRP78 bearing a
OOH-terminal PPP to AAA (a.a. 640-642) mutation was generated
PCR amplification of the GRP78 coding sequencing from FLAG-
gged human GRP78 (wild-type) expression plasmid using the
verse primer containing modified sequence. The PCR product was
serted in-frame into pcDNA3 expression vector (Thermo Scientific,
altham, MA) at BamHI and XhoI sites. The hemagglutinin (HA)-
gged CD44v3-10 (CD44v-HA) expression plasmid was generated
PCR amplification from cDNA library of MCF7-LR cells using
e reverse primer containing HA tag sequence, and the PCR product
as inserted in-frame into pcDNA3 expression vector (Thermo
ientific, Waltham, MA) at KpnI and ECoRI sites. All constructs
ere verified by sequencing. We used the following primers:
D 4 4 v 3 - 1 0 - H A 5 ′ - C G G G G T A C C A T G G A -
A AGTTTTGGTGGCACGCAGCCT - 3 ′ a n d 5 ′ -
CGGAATTCTTAAGCGTAATCTGGAACATCGTATGGG-
ACACCCCAATCTTCATGTCCACATTCT-3′; GST-GRP78
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L) 5′-CGCGGATCCATGGAGGAGGAGGACAAGAAG-
AGGA - 3 ′ a n d 5 ′ - C CGCTCGAGCTACA ACT -
ATCTTTTTCTGCT - 3 ′ ; G S T -GR P 7 8 (N ) 5 ′ -
GCGGATCCATGGAGGAGGAGGACAAGAAGGAGGA-3′
d 5′-CCGCTCGAGCTAACCAGAGAGCACACCAGC-3′;
ST-GRP78 (C) 5 ′ -CGCGGATCCATGGACCTGG-
ACTGCTTGATGTA-3′ and 5′-CCGCTCGAGCTACAACT-
ATCTTTTTCTGCT-3 ′ ; GST-GRP78 (ΔKDEL) 5 ′ -
GCGGATCCGAGGAGGAGGACAAGAAGGAGGA-3′ and 5′-
CGCTCGAGCTATTCTGCTGTATCCTCTTCACCAG-3′;
ST-GRP78 (ΔC11) 5′-CGCGGATCCGAGGAGGAGGACAA-
AAGGAGGA-3′ and 5′-CCGCTCGAGCTAAGTTGGGG-
AGGGCCTGCA - 3 ′ ; G S T - GR P 7 8 (ΔC 1 7 ) 5 ′ -
GCGGATCCGAGGAGGAGGACAAGAAGGAGGA-3′ and 5′-
CGCTCGAGCTAACTTCCATAGAGTTTGCTGA-
AATTGG-3′; GST-GRP78 (ΔC73) 5′-CGCGGATCCGAG-
A G G A G G A C A A G A A G G A G G A - 3 ′ a n d 5 ′ -
CGCTCGAGCTACTTTTCTTTATCTCCAATCTGATTC-3′;
ST-GRP78 (C73) 5 ′ -CGCGGATCCCTGGGAGG-
A A A C T T T C C T C T G - 3 ′ a n d 5 ′ -
CGCTCGAGCTACAACTCATCTTTTTCTGCTG-3′; and
LAG-GRP78 (AAA mutan t ) 5 ′ -CGCGGATCCAT-
AAGCTCTCCCTGGTGGC-3′ and 5′-CCGCTCGAGCTA-
AACTCATCTTTTTCTGCTGTATCCTCTTCACCAGTTGC
GCAGCGCCTGCACTTCCATAGAGTTTGCTGA-3′.
The expression plasmids for small peptides containing a previously
scribed [27] secretory and sorting sequence of α-melanocyte-
imulating hormone at NH2-terminus were generated by insertion of
e annealed synthetic DNA oligonucleotides into pcDNA3
pression plasmid at BamHI and ECoRI sites. All constructs were
rified by sequencing. For the plasmid containing wild-type
quence (P), we used the following oligonucleotides: 5′-GATC-
ATGCCGAGATCGTGCTGCAGCCGCTCGGGGGCCCTGT
GCTGGCCTTGCTGCTTCAGGCCTCCATGGAAGTGCGT
GCTGGTGCCTGGAGAGCAGCCAGTGTCAGGACCTCAC
ACGGAAAGCAACCTGCTGGAGTGCATCCGGGCCTGCA
GCCCCGCGAGGGCAAGCGCATCAGCAAACTCTATGGA
GTGCAGGCCCTCCCCCAACTGGTGAAGAGGATACAGC
GAATAAG-3′ and 5′-AATTCTTATTCTGCTGTATCCTCTT
ACCAGTTGGGGGAGGGCCTGCACTTCCATA -
AGTTTGCTGATGCGCTTGCCCTCGCGGGGCTTG-
AGGCCCGGATGCACTCCAGCAGGTTGCTTTCCGTGGT-
AGGTCCTGACACTGGCTGCTCTCCAGGCACCAGC-
ACGCACTTCCATGGAGGCCTGAAGCAGCAAGGCCAG-
AACAGGGCCCCCGAGCGGCTGCAGCACGATCTCGG-
ATG-3′; for the plasmid containing mutant sequence (mP), we
ed the following oligonucleotides: 5′-GATCCATGCCGA-
ATCGTGCTGCAGCCGCTCGGGGGCCCTGTTGCTGG
CTTGCTGCTTCAGGCCTCCATGGAAGTGCGTGGCTG
TGCCTGGAGAGCAGCCAGTGTCAGGACCTCAC
ACGGAAAGCAACCTGCTGGAGTGCATCCGGGCCTGCA
GCCCCGCGAGGGCAAGCGCATCAGCAAACTCTATG
AAGTGCAGGCGCTGCCGCAACTGGTGAAGAGGATA
AGCAGAATAAG-3′ and 5′-AATTCTTATTCTGCTG
ATCCTCTTCACCAGTTGCGGCAGCGCCTGCACTT
C A T A G A G T T T G C T G A T G C G C T T G C C C T
GCGGGGCTTGCAGGCCCGGATGCACTCCAGC
GGTTGCTTTCCGTGGTGAGGTCCTGACACTG
C T G C T C T C C A G G C A C C A G C C A C G C A C
TCCATGGAGGCCTGAAGCAGCAAGGCCAGCAACA
GGCCCCCGAGCGGCTGCAGCACGATCTCGGCATG-3′.

RNA Knockdown and GRP78 Overexpression
Cells were transfected with Lipofectamine RNAiMAX Reagent
hermo Fisher Scientific, Waltham, MA) containing siRNA
harmacon Inc., Lafayette, CO) to the final concentration of 60

by reverse transfection. Twenty-four hours post–siRNA
ansfection, plasmids containing FLAG-tagged wild-type or mutant
RP78 were transfected into cells using BioT reagent (Bioland
ientific, Paramount, CA). Culture media were replaced 5 hours
st–BioT transfection with fresh media containing 60 pM siRNA.
e used the following siRNAs: siGrp78_3′ untranslated region
TR) 5′-CUUAAGUCUCGAAUGUAAUdTdT-3′; sictrl: 5′-
AGAUCGUAUAGCAACGGUdTdT-3′.

lasmid Transfection
Plasmids were transfected into subconfluent cells with BioT
agent (Bioland Scientific, Paramount, CA) according to the
anufacturer's instruction. Culture media were replaced 5 hours
sttransfection, and cells were harvested 48 hours posttransfection
r further analyses.

estern Blotting
Cells were lysed by radioimmunoprecipitation (RIPA) lysis buffer
ntaining 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5%
dium deoxycholate, 1% NP-40, 0.1% SDS, and a protease and
osphatase inhibitor cocktail (Roche, Basel, Switzerland). Whole
ll lysates were cleared by centrifugation at 4°C and 13,000 rpm for
minutes. Proteins were analyzed by 10% SDS-PAGE and then

ansferred at 4°C overnight on nitrocellulose membranes (Bio-Rad
boratories, Hercules, CA). Membranes were blocked by Tris-
ffered saline containing 0.05% Tween-20 (TBST) and 5% nonfat
y milk at room temperature for 1 hour followed by incubation with
imary antibody at 4°C overnight. Membranes were washed three
es with TBST and then incubated with fluorescent IRDye-labeled
tibodies or HRP-conjugated secondary antibodies. Fluorescent
Dye signal was detected by Odyssey (LI-COR Biosciences,
ncoln, NE). HRP signal was visualized by an ECL chemilumines-
nt substrate (Thermo Fisher Scientific, Waltham, MA) and then
antified with Image Lab software (Bio-Rad Laboratories, Hercules,
A).

munofluorescence and Confocal Microscopy
For detection of endogenous GRP78 and CD44 containing v3
on intracellularly in MCF7-LR cells, cells were grown for 48 hours
subconfluence on sterile coverslips. Coverslips were sequentially
ated with 50 μg/ml poly-L-lysine in ultrapure water (Sigma-
ldrich, St. Louis, MO) at RT for 1 hour and then 100 μg/ml
llagen I from rat tail (Corning Inc., Corning, NY) in 0.02% acetic
id at RT for 2 hours. The cells were fixed in 4% paraformaldehyde
lectron Microscopy Sciences, Hatfield, PA) in Dulbecco's
osphate-buffered saline (DPBS) at RT for 10 minutes and then
rmeabilized by 0.3% saponin in PBS at RT for 15 minutes. Then
e cells were incubated with blocking buffer containing 4% BSA and
01% saponin in PBS at RT for 3 hours. The primary antibody
ainst GRP78 (MAb159, a kind gift from Dr. Parkash S. Gill at
SC) was incubated with the cells at 4°C overnight in blocking
ffer, followed by staining with the AlexaFluor-568 secondary
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tibody (Thermo Scientific, Waltham, MA) at 37°C for 40 minutes.
hen the cells were treated with M.O.M. Mouse Ig Blocking Reagent
ector Laboratories, Inc., Burlingame, CA) at 37°C for 3 hours to
ock mouse immunoglobulin from the primary antibody against
RP78. The cells were then incubated with the primary antibody
ainst CD44 variable exon 3 at 4°C overnight in blocking buffer,
llowed by staining with the AlexaFluor-647 secondary antibody
hermo Scientific, Waltham, MA) at 37°C for 40 minutes. Each
ep was followed by four washes in PBS containing 0.01% saponin.
overslips were rinsed once with ultrapure water (Sigma-Aldrich, St.
ouis, MO) before mounting with Vectashield anti-fade medium
ntaining DAPI (Vector Laboratories, Inc., Burlingame, CA). Z-
ack images were obtained on a Leica TCS SP8 confocal microscope
uipped with a 63×/1.4 NA oil DIC objective lens and Leica
pplication Suite 10 Software (Leica Microsystems, Wetzlar,
ermany).
For detection of endogenous GRP78 and CD44 containing v3
on on the cell surface, MCF7-LR cells were grown for 48 hours to
bconfluence on sterile coverslips. Coverslips were coated as
scribed above. The cells were fixed in 4% paraformaldehyde
lectron Microscopy Sciences, Hatfield, PA) in DPBS at RT for
minutes and then incubated with blocking buffer containing 4%

SA in PBS at RT for 1 hour. The primary antibody against GRP78
Ab159) was incubated with the cells at 4°C overnight in blocking
ffer, followed by staining with AlexaFluor-594 secondary antibody
hermo Scientific, Waltham, MA) at RT for 1 hour. Then, the cells
ere treated with M.O.M. Mouse Ig Blocking Reagent (Vector
aboratories, Inc., Burlingame, CA) at RT for 2 hours. Then the cells
ere incubated with the primary antibody against CD44 variable
on 3 (Thermo Scientific, Waltham, MA) at 4°C overnight in
ocking buffer, followed by staining with AlexaFluor-488 secondary
tibody (Thermo Scientific, Waltham, MA) at RT for 1 hour.
overslips were washed four times following each step and rinsed
ce with ultrapure water (Sigma-Aldrich, St. Louis, MO) before
ounting with Vectashield anti-fade medium containing DAPI
ector Laboratories, Inc., Burlingame, CA). Z-stack images were
tained on a Zeiss LSM 510 confocal microscope equipped with a
lan-Apochromat 100×/1.4 NA oil DIC objective lens and LSM 510
rsion 4.2 SP1 acquisition software (Carl Zeiss, Oberkochen,
ermany). Confocal images were analyzed using Adobe Photoshop
S2 software (Adobe Inc., San Jose, CA) with the same settings for all
nditions under comparison.

urification of GST-tagged Recombinant Proteins
Plasmids containing GST-tagged full-length GRP78 or deletion
utants were transformed into E. coli (BL21). The expression of the
ST-fusion proteins was induced with 4 mM isopropyl-β-D-
iogalactoside when the optical density (OD600) of bacterial broth
lture reached 0.5. Bacteria were then incubated at 37°C and
0 rpm for 4 hours to allow the expression of recombinant proteins.
ells were then lysed in TBS containing 50 mM Tris-Cl, pH 7.5,
0 mM NaCl, 1 mg/ml lysozyme, 1% Triton X-100, and protease
d phosphatase inhibitor cocktails (Thermo Scientific, Waltham,
A). Bacterial cells were then sonicated for 4 minutes with
seconds on and 20 seconds off, followed by centrifugation at

C and 11,500 rpm for 1 hour. Supernatant was collected and
cubated with Glutathione-Sepharose 4B beads (GE Healthcare,
hicago, IL) at 4°C for 12 hours. Recombinant GST-tagged protein
as eluted with freshly prepared reduced glutathione (10 mM,
gma-Aldrich, St. Louis, MO) at 4°C for 12 hours. The solution
ntaining recombinant proteins was then buffer-exchanged to
BS using protein concentrators (Pall Corporation, Port
ashington, NY). Recombinant proteins in TBS containing
% glycerol were snap-frozen in liquid nitrogen and then stored
−80°C.

Vitro GST Pull-Down Assay
Recombinant GST-tagged proteins were coupled to Glutathione-
pharose 4B beads (GE Healthcare, Chicago, IL) at 4°C for 4 hours.
hen, the beads were incubated with 1 mg whole cell lysate collected
om 293T cells transiently expressing HA-tagged CD44v3-10 at 4°C
ernight in IP lysis buffer (Thermo Fisher Scientific, Waltham, MA;
mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 5%

ycerol, 1% NP-40). The beads were then washed six times with IP
sis buffer, and the bound proteins were eluted from the beads with
ual volume of 2× SDS sample buffer.

urification of Cell Surface Proteins
Experiments were performed according to previously described
otocol [10]. Briefly, cell surface proteins were biotinylated with
5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scien-
fic, Waltham, MA) at 4°C for 30 minutes, and excessive biotin was
enched by four washes with glycine (100 mM) in PBS at 4°C.
ells were then lysed with RIPA lysis buffer (50 mM Tris–HCl,
7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40,

1% SDS, and a protease and phosphatase inhibitor cocktail). The
otinylated cell surface proteins were captured on high-capacity
eutrAvidin agarose resin (Thermo Fisher Scientific, Waltham,
A).

ST-1 Viability Assay
Cell viability was assessed with the WST-1 reagent (Roche,
dianapolis, IN). Briefly, 24 hours posttransfection in six-well
lture plate, 3000 cells per well were reseeded into 96-well culture
ates with 100 μl culture medium per well. Then, in another
hours, the cell viability was measured by incubating each plate

ith 10 μl per well of WST-1 substrate for 3 hours, and then the
ates were read at a wavelength of 450 nm with a reference
avelength of 655 nm.

tatistical Analysis
Data are presented as means ± SEM from three biological repeats.
values were calculated via two-tailed unpaired Student's t test.
atistical significance was represented as *P ≤ .05, **P b .01, and
*P b .001.

esults

olocalization of GRP78 with CD44v Both in the ER
ompartment and on the Cell Surface
In permeabilized MCF7-LR cells, immunofluorescent staining and
nfocal microscopy showed that endogenous GRP78 was expressed
undantly in the perinuclear as expected for its ER protein folding
nction (Figure 1A). As a transmembrane protein, CD44 is
nthesized in the ER and traffics to the cell surface. CD44v, a
riant isoform of CD44 containing variable exon 3 to 10 that is
undantly expressed in the MCF7-LR cells, was detected in the
tosolic and perinuclear region as well as inside the nucleus.
olocalization of GRP78 and CD44v was detected in the perinuclear



Figure 1. GRP78colocalizeswithCD44v inMCF7-LRbreast cancer cells. (A) Immunofluorescenceand confocal images showing thedistribution
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 μm. Signals were visualized with 63×/1.4 NA objective on a Leica TCS SP8 confocal microscope. Scale bars, 20 μm.
(B) Immunofluorescenceandconfocal imagesshowing thedistribution andcolocalizationofGRP78 (red) andCD44v (green) on thecell surfaceof
nonpermeabilizedMCF7-LR breast cancer cells. GRP78 andCD44vwere detected byMAb159 and anti-CD44v3 antibodies, respectively. TheM.
O.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 μm.Cell peripherieswere outlinedwith black lines.
Signals were visualized with 100×/1.4 NA objective on an LSM 510 confocal microscope. Scale bars, 20 μm.
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Figure 2. The COOH-terminal proline-rich region of GRP78 is essential for forming complex with CD44v in 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; ΔKDEL, a.a. 19-650; ΔC11, a.a. 19-643; ΔC17, a.a. 19-637; ΔC73, a.a. 19-581; C73, a.
a. 582-654. 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 in vitro GST pull-down assay. GST or
GST-tagged GRP78 wild-type and mutant proteins purified from E. 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.
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gion (Figure 1A). Since GRP78 is a major chaperone protein in the
R, it is likely that CD44v is a folding substrate of GRP78. In
npermeabilized cells, GRP78 and CD44v were detected on the cell
rface and showed substantial colocalization (Figure 1B). These
sults suggest that GRP78 and CD44v colocalize both in the ER
mpartment and on the cell surface.

equirement of the COOH-terminal PRR of GRP78 for
orming Complex with CD44v In Vitro
We next characterized the region of GRP78 binding to CD44v. A
hematic drawing of the identified ER signal, ATPase domain,
bstrate binding domain, and the KDEL Golgi-to-ER retrieval motif
GRP78 is shown in Figure 2A. A panel of GST-tagged GRP78
letion mutants was created (Figure 2A). We purified the
combinant GST-tagged GRP78 full-length (FL) and deletion
utants from E. coli (BL21) and then incubated them with whole cell
sates containing transiently expressed HA-tagged CD44v (vHA,
igure 2B). The immunoblots of these GST pull-down assays
vealed that GRP78 binds CD44v via the regions localized in its
OOH-terminal half region (Figure 2C). The binding of FL, C (a.a.
3-654), and ΔKDEL mutants to vHA was comparable when the
ount of binding was normalized to the level of input GST-tagged
oteins. Interestingly, an increased complex formation was observed
on deletion of the last 11 amino acids of GRP78 (ΔC11, a.a. 19-
3), suggesting that this deletion likely exposed this region for more
fective binding and/or forming a more stable complex. The deletion
the last 17 amino acids of GRP78 (ΔC17, a.a. 19-637) reduced its
pacity to form complex with vHA. The deletion of the last 73
ino acids of GRP78 (ΔC73, a.a. 19-581) abolished binding to
A. These results suggest that the amino acids between 638 and 643
GRP78 are essential for forming complex with vHA. We then
plored if the COOH-terminal region of GRP78 devoid of the
bstrate binding domain was sufficient for complex formation with
A. Surprisingly, the last 73 amino acids of GRP78 alone (C73)
uld not form complex with vHA (Figure 2D). Collectively, these
sults indicate that a.a. 638 to 643 of GRP78 are essential but not
fficient for GRP78 to form complex with CD44v. A closer look at
e amino acid sequence between a.a. 638 and 643 of GRP78
vealed a PRR containing three consecutive prolines between a.a.
0 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, substrate binding domain. (B) Western blot analysis of MCF7-LR cells
transfected with FLAG-tagged GRP78WT, AAA, or pcDNA3 backbone vector (v). Annexin II and β-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 b .01 by Student's t test. (D) Schematic illustration of siRNA designed to target 3′UTR ofGrp78. 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 below the β-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 t test.
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mentional protein structure of human GRP78 modeled by I-
ASSER [28–30] showed that these three consecutive prolines
eated a turn in a less structured region of the last 27 amino acids of
RP78 (C27) as depicted in Figure 2E.
ce
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he Importance of the COOH-terminal PRR of GRP78 for Its
ell Surface Expression and Modulation of STAT3 Signaling
Proline-rich region plays important roles in mediating protein-
otein interactions, and the specificity of interactions can be finely
ned by the proline-rich sequence [31]. On the cell surface, GRP78
rgely exists as a peripheral protein [10] and associates with GPI-
chored [11,32,33] or transmembrane partner proteins [18,34,35].
nce the PRR is essential for GRP78 to form complex with CD44v,
e hypothesized that the COOH-terminal PRR of GRP78 may be
itical for its cell surface expression through its ability to form
mplex with partner proteins such as CD44v. To test this
pothesis, we created expression plasmids in pcDNA3 backbone
ctor (v) for FLAG-tagged human GRP78 (F-GRP78) wild-type
T) and mutant harboring a PPP to AAA mutation (AAA) at a.a.
0-642 (Figure 3A). We then purified cell surface proteins of
CF7-LR cells transfected with v, WT, or AAA plasmids by cell
rface biotinylation and high-capacity avidin pull-down, and we
und that the AAA mutant showed about 65% decrease of cell
rface expression compared to the WT (Figure 3, B and C). These
sults indicate that the COOH-terminal polyproline sequence of
RP78 plays a previously unidentified role in mediating its cell
rface expression in tamoxifen-resistant breast cancer cells.
We next explored the signaling function of this polyproline
quence by transfecting the v, WT, and AAA mutant into MCF7-LR
lls. As a proof of principle, we focused on the activation of signal
ansducer and activator of transcription 3 (STAT3) through
osphorylation at Tyr705 (pY705) because it is a common signaling
thway of CD44 [36,37] and GRP78 [38] and plays important roles
cell proliferation and migration in breast cancer. GRP78 is
undantly expressed in MCF7-LR cells; thus, we co-transfected the
asmids for transient expression with the siRNA targeting the 3′
TR of endogenous Grp78 mRNA (Figure 3D). We observed about
% reduction of STAT3 activation upon knockdown of GRP78 and
increase of STAT3 activation when WT GRP78 was transiently
pressed, and this stimulation was blunted when AAA was
troduced (Figure 3, E and F). This result suggests that the
lyproline sequence close to the COOH-terminus of GRP78 is a
vel regulator of STAT3 activation in tamoxifen-resistant breast
ncer cells.

onservation of the COOH-terminal Polyproline Sequence of
RP78 in Higher Eukaryotic Organisms
A closer examination at the amino acid sequence of human
RP78 revealed that another consensus proline-rich region (a.a.
7-496) containing a classical xPPxP (IPPAP, a.a. 487-491) motif
d 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-TASSERmodel 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.
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otif (a.a. 640-642). The three-dimensional localizations of these
o proline-rich regions were mapped to the corresponding sites on
e computational GRP78 protein structure (a.a. 413-654)
odeled by I-TASSER, and the result showed that these two
quences were both localized to more unstructured regions of
RP78 protein (Figure 4A). The proline residue, P495, localized
tween a.a. 487 and 496, was reported to facilitate the substrate
nding function of GRP78 [39]; however, the function of the PPP
quence close to the COOH-terminus of GRP78 is largely
known.
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Multiple sequence alignment provides insights into the evolution-
y, structural, and functional relationships among the amino acid
quences. We applied Clustal analysis using MEGA-X software [40]
compare the proline-rich sequences of GRP78 homologs from a
verse set of species (Figure 4, B and C). Interestingly, we found that
e GRP78 COOH-terminal PPP polyproline sequence was
nserved among Homo sapiens, Rattus norvegicus, Gallus gallus, Xe-
pus laevis, and Stylophora pistillata. Although Latimeria chalumnae,
iapulus caudatus, and Octopus bimaculoides did not show triproline
quence, they exhibited two consecutive proline residues. However,
ccharomyces cerevisiae and GRP78 homolog DnaK in Escherichia
li did not show proline residues in their COOH-termini (Figure
). These results suggest that the presence of GRP78 COOH-
rminal polyproline sequence is likely a unique feature in higher
karyotic organisms. On the other hand, the IPPAP/PQ proline-rich
gion was highly conserved among all species, with Octopus
maculoides and GRP78 homolog DnaK in Escherichia coli exhibiting
ngle amino acid variances (Figure 4C). We then asked whether the
P polyproline sequence is unique to GRP78 or common to heat
ock family proteins. Therefore, we examined the COOH-terminal
ino acid sequences of human heat shock 70 (HSP70) and 90
SP90) family chaperones (Figure 4D). We did not observe PPP
lyproline sequence in these heat shock family proteins. Of note,
SC70, HSP90α, and HSP90β showed two consecutive prolines.
his result indicates that the COOH-terminal PPP polyproline
quence is unique in GRP78 among the listed heat-shock proteins in
man.

romotion of Apoptosis in Tamoxifen-resistant Breast Cancer
Enforced Expression of a Short Peptide Bearing the PRR of
RP78
Overexpression of GRP78 in tumor lesions from breast cancer
tients has been associated with the development of therapeutic
sistance, and knockdown of GRP78 can resensitize tamoxifen-
sistant breast cancer cells to tamoxifen [41]. Thus, we investigated
e feasibility of utilization of small peptide encoding the COOH-
rminal PRR of GRP78 to target potential protein-protein
teractions mediated by the PRR of GRP78 in tamoxifen-resistant
east cancer cells. We first constructed expression plasmids in a
DNA3 backbone vector (v) containing wild-type (P) or mutant
P) sequence encoding 20 amino acids spanning the COOH-
rminal polyproline sequence (a.a. 631-650) of GRP78. These
quences were preceded by a previously described secretory and
rting peptide of α-melanocyte-stimulating hormone (SSP) [27]
igure 5A). We selected this region because it is localized in between
D and KDEL motif, and it preserves some conformational and
quence information in addition to the PPP sequence, as previous
udies have shown that the flanking region of core proline-rich
quence also substantially contributed to the specificity and affinity
PRR-mediated protein-protein interactions [42,43]. The inclusion
the sorting and secretory sequences predicted that the peptides

ould be localized to the ER as well as secreted into the medium. We
en analyzed the MCF7-LR cells transfected with the plasmids as
ell as the cells applied with the conditional media (cM) obtained
om the culture media of transfected cells as depicted in Figure 5B.
otably, more cells became rounded and detached from the culture
rface when they were transfected with the plasmid containing wild-
pe PRR sequence (P) compared to the cells transfected with v and
P plasmids (Figure 5C). Further analyses of the cell lysates from
ansfected cells by SDS-PAGE and immunoblotting revealed that
e cells transfected with the plasmid containing wild-type PRR
quence (P) exhibited a significant reduction of CD44v level as well
a reduction of proliferation marker Cyclin D1. Additionally, they
monstrated an increase in apoptotic markers cleaved Caspase-3
d PARP compared to the v and mP controls (Figure 5D). In
reement with this result, cells transfected with the plasmid
ntaining wild-type PRR sequence (P) displayed a decrease of cell
ability as shown byWST-1 assay (Figure 5E). These results further
monstrate the functional importance of the COOH-terminal
R of GRP78.
To test the functionality of the secreted peptides, we treated
CF7-LR cells with the cM harvested from the culture media of
ansfected cells (Figure 5F). Similar to cells transfected with the
asmids, cells treated with the cM collected from the cells transfected
ith the plasmid containing wild-type PRR sequence (P), but not the
P sequence, showed a significant reduction of CD44v level and a
crease in proliferation marker Cyclin D1 (Figure 5F). However,
ese reductions did not lead to change of cell morphology (data not
own) and increase in cell apoptotic markers (Figure 5F). This was
ely because the forced expression would continuously supply the
all peptides, while the amount in the collected conditional media is
iting.

iscussion
amoxifen resistance presents a major challenge for the treatment of
trogen receptor–positive breast cancer as that is associated with
sease relapse and a poor prognosis. Therefore, it is important to
entify molecular pathways that can be used to target tamoxifen-
sistant breast cancer cells. Our previous studies revealed that in
man tamoxifen-resistant breast cancer cell line MCF7-LR, the
olecular chaperone GRP78 was elevated both intracellularly and on
e cell surface [4]. This same cell line also expressed a very high level
CD44v. Interestingly, both GRP78 and CD44 have been
cumented to play important roles in mediating endocrine
sistance in breast cancer [21,22,44,45]. In this study, while we
plored the physical and functional relationship between GRP78
d CD44v in the MCF7-LR cells, we uncovered several novel
dings that advance our understanding on the requirement of
RP78 to express on the cell surface and how CD44v level and
gnaling are modulated in these cells.
Through confocal microscopy, we observed substantial colocaliza-
ns of GRP78 and CD44v in the intracellular compartments and on
e cell surface of MCF7-LR cells. Their cytosolic colocalizations are
esumably in the ER since GRP78 is a major ER resident protein,
d this suggests that CD44v is a folding substrate of GRP78.
terestingly, we found that most of the cultured cells showed nuclear
D44v. Because we used the antibody against the extracellular
riable exon 3 of CD44v for the immunofluorescent staining, it is
ely that it is the full-length CD44v in the nuclei. All CD44
oforms contain a bipartite nuclear localization signal (NLS) at their
tosolic COOH-terminal region [46], and the full-length CD44 was
ported internalized upon ligand binding. The internalized full-
ngth CD44 formed complex with STAT3 in the cytosol and
cilitated the acetylation and activation of STAT3, and then the
mplex traveled together into the nucleus and binding to the
omoter of Cyclin D1, leading to elevated expression of Cyclin D1
7]. The same study [47] also showed that the nuclear CD44 bound
the 5′ sequence of the Grp78 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 α-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 μm. (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. β-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 t 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 b .01 ***P b .001 by Student's t 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. β-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 t test.
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termined whether nuclear CD44 can directly facilitate the
pression of Grp78 at the transcriptional level.
GRP78 has well-established roles as a chaperone protein that
cilitates substrate folding through its SBD domain (a.a. 413-627)
d the subsequent releasing of the substrate through the ATP
drolysis by the ATPase domain (a.a. 19-407). Despite these
vances, the function of the COOH-terminal sequence between a.a.
8 and 650 preceding the KDEL Golgi-to-ER retrieval motif is
rgely unknown, although antibodies against the COOH-terminal
gion of GRP78 have shown efficacy in suppressing cancer growth
d metastasis [14,20]. Here, we uncovered that the GRP78 COOH-
rminal proline-rich region containing three consecutive prolines (a.
640-642) is essential for complex formation with CD44v as
monstrated by the in vitro GST-binding assay. However, such
pacity is not sufficient and likely also dependent on the substrate
nding function of GRP78 as we have found that the last 73 amino
ids alone are unable to form complex with CD44v, whereas the
bdomain spanning the COOH-terminal half from a.a. 413 to 654
sufficient. Importantly, we identified that this PPP polyproline
quence is critical for GRP78 expression on the cell surface of
CF7-LR cells. Since GRP78 colocalized with CD44v both
tracellularly and on the cell surface, it is tempting to speculate
at the cell surface transmembrane protein CD44v forms complex
ith GRP78 in the ER and facilitates GRP78 cell surface
anslocation.
Proline-rich sequence is an important mediator of protein-protein
teractions [31]. A previous genome-wide study [48] showed that
e frequencies of PPP and PPG motifs were low in prokaryotes and
astically increased with the complexity of eukaryotic organisms.
ere, we found that the COOH-terminal PPP polyproline sequence
uniquely presented in the GRP78 of higher eukaryotic organisms
t not the yeast (S. cerevisiae) and E. coli as shown from the result of
ultiple sequence alignment. This implies that the PPP polyproline
quence of GRP78 may have functions specific to higher eukaryotes.
terestingly, the result of multiple sequence alignments suggests that
e PPP sequence is evolved from a D/E rich region. Proline is
npolar and is the only cyclic amino acid. It is often found in turns
loops or at the end of α-helix. Its amino acid property is very
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fferent from the acidic amino acid aspartic acid (D) and glutamic
id (E). This further supports the idea of functional divergence of the
P polyproline sequence during evolution. Additionally, the PPP
lyproline sequence is localized in a region with a lot more sequence
riance compared to the region bearing IPPAP/PQ sequences within
e substrate binding domain among the analyzed species. In future
udies, it will be interesting to determine whether the PPP sequence/
gion may bear functions independent of the traditional view of
RP78 as a foldase.
GRP78 and CD44v have both been reported to mediate STAT3
gnaling in breast cancer cells [38,49], and STAT3 signaling is also
portant in mediating tamoxifen resistance in breast cancer cells [36].
e found that this polyproline sequence is essential for STAT3
tivation mediated by enforced expression of GRP78, providing the
st evidence that the COOH-terminal polyproline sequence is a
eviously unidentified modulator of STAT3 activation. In testing the
nctional consequence of enforced expression of the COOH-terminal
ptide of GRP78 (a.a. 631-650) inMCF7L-R cells, we discovered that
forced expression of the wild-type peptide but not themutant bearing
AA mutation to the PPP motif caused dramatic rounding of the cells
ading to detachment, associating with substantial decrease in CD44v
vel, increase of apoptotic markers, and reduction in cell viability. This
ises the interesting possibility that enforced expression of this GRP78
OOH-terminal peptide may disrupt the interaction of GRP78 with
D44 as well as other unidentified binding/folding candidate proteins
itical for promoting tamoxifen resistance, thus representing a novel
proach to combat endocrine resistance in breast cancer. Taken
gether, we identified that the COOH-terminal polyproline sequence
GRP78 is a new evolutionary feature gained by higher eukaryotic
ganisms, and our biochemical and cellular studies supported the
rspective that this sequence harbors previously unidentified signaling
nctions in regulating cell surface expression of GRP78 and STAT3
tivation in tamoxifen-resistant breast cancer cells. The basic and
inical implications of these findings warrant vigorous investigation in
e future.
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