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Abstract
Overexpression of the unfolded protein response (UPR) master regulator GRP78 is associated
with poor prognosis and therapeutic resistance in numerous human cancers, yet its role in
endometrial cancers (EC) is undefined. To better understand the contribution of GRP78 to EC, we
examined its expression levels in EC patient samples and EC cell lines. We demonstrate that
GRP78 overexpression occurs more frequently in EC tissues compared to that found in normal
endometrium, and that GRP78 expression occurs in most EC cell lines examined. Functional
analysis demonstrated that GRP78 is inducible by cisplatin in EC cells, and siRNA knockdown of
GRP78 augments chemotherapy-mediated cell death. Examination of AKT and GRP78 expression
demonstrated that inhibition of AKT activity by MK2206 blocks GRP78 expression in EC cells.
SiRNA studies also revealed that knockdown of GRP78 reduces but does not abrogate AKT
activity, demonstrating that GRP78 is required for optimal AKT activity. In the presence of
MK2206, siRNA knockdown of GRP78 does not augment AKT mediated survival in response to
cisplatin treatment, suggesting that GRP78’s anti-apoptosis functions are part of the AKT survival
pathway. Targeted therapies that reduce GRP78 expression or activity in cancers may serve to
increase the effectiveness of current therapies for EC patients.

INTRODUCTION
Endometrial cancer (EC) affects over 47,000 women annually making it the most common
gynecologic cancer in the United States 1. While early stage EC is typically treated with
surgery, advanced and/or recurrent EC typically requires systemic chemotherapy regimens
and/or radiotherapy 2. Unfortunately most current chemotherapeutic regimens used in
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advanced EC patients have only modest activity 3. While new therapies are being tested, the
development of additional treatments that can improve the efficacy of existing therapies may
have the greatest immediate benefit to patients with advanced or recurrent EC. Elucidation
of the mechanisms in the unfolded protein response (UPR) suggests that modulating the
function of specific UPR components may augment the cytotoxic effects of current
chemotherapeutic regimens 4.

The UPR primarily functions to correct misfolded proteins which accumulate in the
endoplasmic reticulum (ER) during cellular stress. Regulation of the UPR, which serves to
restore normal protein processing, is mediated by members of the ER chaperone family.
While a number of the ER chaperones cooperate in the stress response, the glucose regulated
protein 78 (GRP78) is the most abundant and is an essential UPR regulator 5. During ER
stress GRP78 promotes PERK and IRE1 activation by dissociating from these ER signaling
molecules and subsequently coupling with misfolded proteins to aid in trafficking 5. While
the UPR/GRP78 can be induced during normal physiologic processes, such as adipogenesis,
many pathological states are associated with GRP78 overexpression and UPR activation 5, 6.
Evidence demonstrates that GRP78 overexpression occurs in numerous human cancers,
including breast, prostate, lung, ovarian, and colorectal carcinoma 7–11. Furthermore,
GRP78 overexpression in these cancers is strongly associated with increased malignancy,
poor patient outcome, and chemoresistance 12–16.

How GRP78 expression contributes to resistance in response to cytotoxic chemotherapies is
not fully understood, yet reducing GRP78 expression restores sensitivity in some models 4.
Recent reports suggest that in addition to its ER protein trafficking role, GRP78 also
promotes cell survival by interacting with and blocking the pro-apoptotic functions of BIK
and caspase-7 15, 17. Other studies show that while the majority of GRP78 exist within the
ER, some GRP78 resides on the cell membrane acting as a co- receptor that regulates the
MAPK and PI3K/AKT survival/proliferation pathways 4, 18–20. The ability of GRP78 to
regulate AKT would appear to be important in the development of chemoresistance; studies
examining the effects of cisplatin on kinase signaling in cancer cells suggest that AKT
activity is critical for attenuating chemotherapy-mediated cytotoxicity 21–24. Furthermore,
data suggest that the acquisition of chemoresistance by cancers, such as lung,
osteosarcomas, and ovarian, results from increases in activation of the PI3K/mTOR/AKT
pathway 25–27. This may have particular importance in endometrial cancers where loss of
PTEN activity with resultant constitutive activation of the PI3K/mTOR/AKT pathways, has
been reported to occur in upwards of 60% of patient tumors 28–30.

To better understand the role of GRP78 in chemotherapeutic resistance in endometrial
cancers, we analyzed its expression in patient tumor samples. Immunohistochemical
analysis showed that GRP78 overexpression occurs more frequently in malignant tissues
compared to that in normal endometrium. In vitro examination demonstrated that EC cell
lines grown under normal conditions have differential expression of GRP78. Treatment of
EC cell lines with cisplatin is capable of inducing GRP78 expression, and loss of GRP78
significantly augments cisplatin-mediated cytotoxicity by enhancing the cleavage of
apoptotic markers, Poly (ADP-ribose) polymerase (PARP) and caspase-3. Examination of
AKT and MAPK activity revealed that only AKT phosphorylation changed with cisplatin
treatment, and preceded GRP78-induction by 24h. Use of the small molecule pan-AKT
inhibitor MK2206, which reduced AKT activity in all lines tested, blocked constitutive
GRP78 expression and cisplatin-mediated induction of GRP78. Further examination also
demonstrated that GRP78 knockdown by siRNA reduced AKT activity. This suggests that in
EC cells, GRP78 may be both an upstream- and downstream regulator of AKT, whereby
GRP78 expression is dependent upon AKT activity, and that GRP78 expression in turn
further enhance AKT activity. Studies with MK2206 showed that at concentrations where
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AKT activity was blocked, there was no additive cytotoxic effects in response to cisplatin
with GRP78 knockdown compared to controls, suggesting that GRP78-mediated survival
functions are part of the AKT cascade. Collectively our data highlight the importance of
GRP78 in the response of EC cells to chemotherapeutic treatments. Whether directly
targeting GRP78 itself, or blocking AKT activity and reduction of GRP78 expression proves
to have the greatest impact potentiating current EC treatments merits further study.

Materials and Methods
Clinical endometrial tissue specimens, histologic preparation, and examination

Formalin-fixed, paraffin-embedded endometrial tissue micro arrays (TMAs # EMC1501,
#EMC1502) consisting of normal endometrium and endometrioid adenocarcinomas samples
were purchased from Pantomics (Richmond, California, www.pantomics). TMAs were
deparaffinized and rehydrated in declining grades of ethanol. Antigen retrieval was
performed using the Retrievagen A kit (BD Pharmingen, Carpenteria, CA) in a pressure
cooker. Endogenous peroxidases were blocked with 3% H2O2-PBS (Thermo Fisher
Scientific, Pittsburg, PA) for 12 min at room temperature (RT). Non-specific epitopes were
blocked with 5% normal horse serum for 20 min at RT. Sections were incubated with
primary antibodies (GRP78, 1:200, ab21685, Abcam, Cambridge, MA) at 4°C overnight
with appropriate negative controls. Vectastain Elite avidin-biotin complex (ABC) kit
(Vector Laboratories, Burlingame, CA) was used with the species-specific secondary
antibodies (45 min) per manufacturer instructions followed by 3,3′-diaminobenzidine
(DAB, Phoenix Biotechnologies, Huntsville, AL) and counterstaining with Gill’s No. 3
hematoxylin (Sigma-Aldrich, St. Louis, MO). GRP78 overexpression was evaluated in all
samples by a board-certified gynecologic pathologist (PMF) and scored using a semi-
quantitative scale 13.

Cell lines and culture conditions
All human endometrial cancer cell lines were a generous gift from Dr. Gottfried Konecny
(UCLA). AN3CA, ECC-1, Ishikawa, and MFE-296, were maintained in Dulbecco essential
media supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin, and
streptomycin (Life Technologies, Grand Island, NY). ARK1, Hec-1A, Hec-1B, SMG-11,
Spec-L cells were grown in RPMI supplemented with 10% FBS, 2 mM L-glutamine,
penicillin, and streptomycin. All cell lines were authenticated by mitrochondial sequencing
(7.1.11) and frozen stocks created for each verified cell lines. All cell lines discarded after
an additional 20–25 passages and replenished with the initial verified frozen stock.

Transient and Lentiviral siRNA knockdowns
The siRNA sequences used for transient transfections were previously described 31:
siGRP78 is 5′-ggagcgcauugauacuagatt-3′ and siCon is 5′-aaggagacguauagcaacggu-3′.
Transfection was performed using the INTERFERin siRNA transfection reagent (Polyplus,
New York, NY USA) according to the manufacturer’s protocol. Briefly, 1×106 cells were
plated per well in a 6-well plate. The next day, 25 ng of siRNA oligo’s were mixed with
10uL of INTERFERin reagent in 200uL of serum free media, incubated for 15 minutes and
added to cells. Media was replaced 24h later, and cells were treated with cisplatin and/or
MK2206 (Sellick chemicals, Boston, MA) as detailed in the methods. For all EC50 analyses
siRNA lentiviruses for GRP78 and control were utilized (Santa Cruz Biotechnology,
siGRP78 lenti: sc-44261-V, control; siCon sc-108080) due to the length of experiments and
the need for extended knock down. For lentiviral transfections, 0.5×105 cells were plated per
well in a 12-well plate, and 24h later, cells were pretreated with 1 mL of media with
Polybrene (5ug/mL). Following a 5-minute incubation, cells were infected with the lentiviral
constructs (MOI=5). Fresh media was placed on each infected well 24h later, and after an
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additional 48h incubation, cells were trypsinized and utilized for calculation of EC50
studies.

Quantitative Western analysis
Cells were solubilized in 20 mM Tris-Cl (pH 8.0), 137 mM NaCl, 1% Triton X-100, 1 mM
Na3VO4, and 2 mM EDTA with protease inhibitor (Roche Diagnostics). Cell lysates were
separated by SDS/Polyacrylamide gel electrophoresis on 4–20% pre-cast NuPage Tris-
Glycine gradient gels (Invitrogen) and then transferred to PVDF membranes. Membranes
were blocked with Odyssey blocking buffer (Li-COR) and incubated with primary
antibodies. All antibodies, unless otherwise noted were used at 1:1000 dilution. Membranes
were probed with antibodies against GRP78, pAKT, AKT, poly (ADP-ribose) polymerase
(PARP), pERK1/2, caspase-3, and caspase-9 (all from Cell Signaling Technology, Danvers,
MA), and vinculin (1:10,000, Serotec, Raleigh, NC). Odyssey secondary antibodies Goat
anti-rabbit IRDye 680 and Goat anti-mouse IRDye 800) were added at 1:2000 according to
manufacturer’s instructions (Blots were imaged using an Odyssey Infrared Imaging System
(Li-COR Biosciences). Scans were imaged at 169μm. Quantification was performed on
single channels with the analysis software provided.

MTT analysis of cell proliferation and EC50 determination
In vitro proliferation was assessed with tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) as described previously. Briefly, 1,000 cells of each
cell type (transfected or parental) were plated per well onto 96-well microtiter plates in
minimum essential medium (MEM) with 10% FBS. One platewas developed immediately
after cells had adhered (at approximately 4 h), and other plates were developed every 24
hours for 5 days. For EC50 calculations, 1,000 cells were plated per well onto 96-well
microtiter plates in MEM with 10% FBS. Cells were treated 24h later and allowed to grow
for 5 additional days. Cisplatin treatment was performed with a 9-point 3-fold dilution
(100μM – 0.046uM) dose, with untreated as a control. Assays were done by incubating each
plate with 20 μL of MTT substrate for 2 h followed by removal of medium and addition of
200 μL of dimethylsulfoxide. Plates were read at a wavelength of 570 nm. EC50s were
calculated using Graphpad Prism 5.0 non-linear regression analysis.

Statistical analyses
Statistical analyses were performed with Graphpad Prism 5.0 software (GraphPad Software,
San Diego, CA), with Student’s t tests or Fisher’s exact tests as appropriate. Significance (P
< 0.05) was determined with 95% confidence intervals.

Results
GRP78 is elevated in EC patient samples and is present in most EC cell lines

Immunohistochemical analysis of GRP78 overexpression in clinical samples revealed that
GRP78 overexpression was detectable in a significantly greater number of malignant tissue
samples compared to normal uninvolved endometrium tissue samples. In 30% (9 of 30) of
normal endometrium GRP78 overexpression was detected compared to 73.8% (192 of 260)
of the malignant samples examined (p= 0.0235). Analysis of basal protein levels in nine EC
cell lines demonstrated GRP78 expression occurred at some level during non-stressed
growth conditions. Cell lines with minimal GRP78 expression included ECC-1, HEC-1A,
and Ishikawa. In comparison, the EC cell lines AN3CA, ARK1, and SMG-11 had elevated
basal levels of GRP78 (Fig. 1B).

Examination of the cell lines for the presence of the PTEN protein demonstrated that GRP78
expression does not appear to correlate with PTEN expression in EC cells. High GRP78
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expression occurred in the PTEN positive lines SMG-11 and MFE-296, as well as in the
PTEN-deficient lines AN3CA and SPEC-1S (Fig. 1B).

Cisplatin induces GRP78 expression in EC cells
To determine if cisplatin treatment is capable of inducing GRP78, EC cells were treated with
cisplatin (1 μM) for 24h, 48h, and 72h and analyzed by Western blot. As shown in Figure
1C, cells with minimal basal levels (Ishikawa, ECC-1) showed an increase in GRP78 protein
levels after 48h of cisplatin treatment that was comparable to that seen after thapsigargin
(Tg) treatment. In cell lines that expressed high basal levels of GRP78 (AP3CA and ARK1),
treatment by cisplatin (or thapsigargin) only modestly induced GRP78 in the ARK1 cell line
above levels observed prior to chemotherapy treatment (Fig. 1C). This data demonstrates
that cisplatin is capable of inducing GRP78 in endometrial cancer cells.

GRP78 knockdown augments cisplatin mediated toxicity and apoptosis in endometrial
cancer cells

While cisplatin can induce GRP78 expression in EC cells, we sought to determine if GRP78
expression enhances survival in response to cisplatin treatment. Using siRNA targeting,
GRP78 levels were reduced by greater than 80% in Ishikawa (Fig. 2A, left panel) and
AN3CA cells (Fig 2A, right panel) compared to parental or siRNA controls. Comparison of
the effects of the knockdown on each cell line showed that loss of GRP78 augmented the
cytotoxicity mediated by cisplatin chemotherapy (Fig. 2B, left panel). In Ishikawa cells,
where GRP78 was induced by cisplatin treatment, knockdown of GRP78 decreased the
EC50 of cisplatin by greater than 5-fold (1.56 μM to 0. 26μM, p=0.029) (Fig. 2B, left panel,
Table 1). In AN3CA cells, which have high basal levels of GRP78, knockdown of GRP78
caused a similar reduction of the cisplatin EC50, from 1.05 μM to 0.20 μM (p=0.038) (Fig.
2B, right panel, Table 1).

To ensure that the shifts in EC50’s observed with cisplatin treatment and GRP78 knockdown
were a result of enhanced cell survival as opposed to changes in cell proliferation, cell
doubling times were calculated in the absence of cisplatin. Reduced GRP78 levels in
Ishikawa cells resulted in no significant change in proliferation times (32.5+/− 1.5h for
controls vs. 33.5 +/− 2.0h for GRP78 knockdowns, p>0.05, data not shown). While a slight
reduction in doubling time was observed in AN3CA cells that had reduced GRP78 protein
levels, the change in proliferation rates between cells with GRP78 knockdown and controls
was not significant (23.0 +/− 3.1 h vs. 26 +/− 1.8 h, p>0.05, data not shown). While these
data suggest that GRP78 regulates cell survival during cisplatin exposure, it is uncertain if
GRP78 regulates growth or survival mechanisms during chemotherapy treatment. To better
understand the role of GRP78 in response to cisplatin, Ishikawa and AN3CA cell lines with
GRP78 knockdown were treated with cisplatin and examined by western analysis. In
Ishikawa cells, reduction of GRP78 levels by siRNA targeting itself did not result in
detectable changes in levels of the apoptotic markers PARP and caspase-3 prior to cisplatin
treatment, demonstrating that under normal growth conditions, a reduction of GRP78 levels
had little effect upon apoptotic pathway activation (Fig. 2C). In response to cisplatin
treatment, loss of GRP78 expression in Ishikawa cells led to a more rapid onset and
increased levels of cleaved PARP. Quantitative analysis revealed that the loss of GRP78
expression results in a 80% increase in cleaved PARP by 48h after cisplatin treatment,
compared to no detected cleaved PARP levels at a similar time point in cells with GRP78
(Fig. 2C, right panel). At 72h after cisplatin treatment PARP cleavage becomes detectable in
control cells. However, cells with GRP78 siRNA knockdown continued to have greater
levels of cleaved PARP (60% vs. 85% percent, respectively). Examination of cleaved-
caspase 3 in Ishikawa cells showed a similar trend to that of PARP cleavage; loss of GRP78,
when accompanied with cisplatin treatment, was associated with earlier and greater levels of
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cleaved caspase-3 compared cells with intact GRP78 protein (Fig 2C). Similar to our results
in Ishikawa cells, knockdown of GRP78 in AN3CA cells resulted in changes in both PARP
and caspase-3 levels in response to cisplatin (data not shown). Combined, these data
demonstrate that GRP78 expression promotes cell survival in EC cells in response to
chemotherapeutic agents.

GRP78 protein levels are regulated by AKT activity in endometrial cancer cells
Next, we sought to determine if AKT phosphorylation was induced by cisplatin in EC cells,
as reported in other cancers, and if so, whether or not this activity was required for the
changes observed in GRP78 expression 21. As shown in Fig. 3, Ishikawa and AN3CA cells
were subjected to cisplatin treatment and changes in AKT activity were determined by
western blot. In Ishikawa cells. AKT activity increased at 24h and 48h post-treatment
following an initial decrease in AKT activity at 8h (Fig. 3A). The observed increase in AKT
activity preceded the induction of GRP78 expression by 24h (Fig. 3A). To determine if the
increase in AKT activity in Ishikawa cells is a prerequisite for increased GRP78 expression,
we utilized the AKT-specific inhibitor, MK2206, to block AKT activation. As expected,
Ishikawa cells pretreated with MK2206 (50nM) demonstrated a loss of basal phospho-AKT
levels compared to control cells prior to cisplatin treatment (Fig 3B, lanes 1 and 2). In
addition to the loss of phospho-AKT, however, basal levels of GRP78 were reduced greater
than 85% compared to untreated cells (Fig. 3B). Cisplatin treatment, which increased
GRP78 levels over 2-fold in control Ishikawa cells was unable to induce GRP78 in the
setting of AKT inhibition (Fig. 3B). Similar results were observed in the ECC-1 cell line
with MK2206 treatment; AKT inhibition again blocked cisplatin-mediated GRP78 induction
(data not shown). In AN3CA cells, which have high basal levels of GRP78 expression
cisplatin treatment only modestly increased phospho-AKT above untreated levels (1.0 vs
1.2), and appeared to cause minimal changes in GRP78 expression levels above that in
untreated control cells (Fig. 3C). Treatment of AN3CA cells with MK2206 reduced both
basal AKT activity and constitutive GRP78 expression prior to and with the addition of
cisplatin (Fig. 3D). Similar results with MK2206-induced GRP78 reduction where observed
in the ARK1 cell line, which similarly to AN3CA also expresses high basal levels of GRP78
(data not shown). To ensure that these results were not specific to MK2206, we also treated
Ishikawa and AN3CA cells with the pan-AKT inhibitor GSK690693. Similar to that seen
with MK2206, pharmacologic inhibition of AKT with GSK690693 abrogated basal and
cisplatin-induced GRP78 expression by 78% and 98%, respectively (data not shown). Our
data here demonstrate that AKT activity is required for both maintaining basal levels and for
inducing GRP78 expression in response to cisplatin.

GRP78 knockdown reduces AKT activity in EC cells
While we demonstrated that AKT activity regulates GRP78 expression in endometrial
cancer cells, other studies suggest that GRP78 regulates AKT and/or MEK/ERK
1/2 19, 31–33. To discern if GRP78 also regulates AKT expression in endometrial cancer
cells, GRP78 knockdown was performed by siRNA and changes in AKT and ERK 1/2
activity were determined. In Ishikawa cells, which have low basal levels of GRP78
expression, GRP78 knockdown resulted in a modest decrease in constitutive AKT activity
under normal growing conditions (Fig. 4A, lanes 1 and 5). With cisplatin treatment, control
cells showed increased AKT activity by 24h, followed by increased GRP78 levels at 48h
after treatment (Fig. 4A lanes 1–4). Contrary to this, Ishikawa cells with GRP78 knockdown
had no increase in AKT activity at any time point during cisplatin treatment (Fig. 4A, lanes
5–8). ERK 1/2 activity remained unchanged in Ishikawa cells with GRP78 knockdown
compared to controls cells prior to and during cisplatin treatment. These data suggest that
GRP78 contributes to increased AKT activity in response to cisplatin, and the loss of GRP78
has no discernible effect on MEK/ERK activity in Ishikawa cells. In AN3CA cells, which
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have high basal levels of GRP78 expression, knockdown of GRP78 expression reduced
constitutive AKT activity by 50% compared to controls with endogenous GRP78 (Fig. 4B,
lanes 1 and 5). While treatment of controls cells with cisplatin increased AKT activity
slightly, in knockdown cells AKT phosphorylation remained reduced compared to cell with
GRP78 (Fig. 4B). ERK activity, similar to that observed in Ishikawa cells, remained
unchanged with GRP78 knockdown. These data demonstrate that GRP78 contributes to, but
is not a requirement, for AKT phosphorylation in EC cells.

Small molecule inhibition of AKT blocks the contribution of GRP78 to cisplatin resistance
To better understand the relationship of GRP78 expression and AKT activity in mediating
survival in EC cells, we treated GRP78 siRNA control or GRP78 knockdown cells with the
AKT inhibitor MK2206 at different concentrations and subjected them to cisplatin
treatment. As expected, at concentrations where MK2206 (5nM) did not inhibit AKT or
GRP78 expression there was no difference between similar groups in the response to
cisplatin with or without MK2206. All cells with intact GRP78 expression had comparable
EC50s (Parental and siRNA control), whereas cells with GRP78 knockdown were more
sensitive to cisplatin than cells with GRP78 as previously observed (Fig. 5B, Table 1). At
concentrations where MK2206 (50nM) reduced AKT activity and the substituent loss of
GRP78 was observed, both siRNA control cells and siRNA GRP78 targeted cells had
comparable EC50s in response to cisplatin, suggesting that MK2206 effectively blocked
GRP78 expression and its contribution to cisplatin resistance (cisplatin+siCon+MK2206
(50nM); EC50=0.07 uM+/− 0.01uM, cisplatin+siGRP78+MK2206 (50nM); 0.05uM +/−
0.02 uM, (Fig. 5B, Table 1). In AN3CA cells we found similar results, at concentrations of
MK2206 (5nM) where no loss of AKT activity and GRP78 expression occurred siRNA to
GRP78 effectively sensitized cells to cisplatin. However at levels where MK2206 (50nM)
blocked AKT activity and GRP78 expression was reduced, both control cells and GRP78
knockdown cells had similar IC50s. Again suggesting that for in vitro models AKT
inhibition can effectively block GRP78s contribution to survival in response to cisplatin in
EC cell by negating its expression.

Discussion
Cisplatin comprises the backbone for most chemotherapy regimens for EC even though they
typically only show modest anti-tumor activity in advanced stage disease 34. The
development of additional targeted combination therapies that can improve the efficacy of
traditional platinum-based chemotherapeutics, such as cisplatin, may prove to have the
greatest immediate benefit for EC patients. While the list of potential target candidates for
these therapies is expanding, members of the unfolded protein response, including GRP78,
are being actively explored 5. Data supporting potential GRP78 targeting include cancers,
such as melanoma, breast, prostate, and glioma, where its expression is associated with poor
prognosis and disappointing responses to existing therapies, 10, 13, 35, 36. However, the
extent of GRP78 expression and its contribution to disease progression and chemoresistance
in EC remains unclear.

Our analysis of normal endometrium and endometrioid adenocarcinomas patient samples
demonstrates that GRP78 overexpression occurs more frequently in malignant tissue than in
normal endometrium (p=0.0265). Examination of GRP78 levels also demonstrates that the
ER chaperone is detectable in most EC cell lines, and its expression does not appear to
correlate with PTEN status. Because of the association of GRP78 with chemoresistance in
other cancers we initially investigated the effects of cisplatin on EC cells. Similar to results
in observed in other cancers, cisplatin treatment increases AKT activity in EC cells 37. We
also show cisplatin is capable of inducing GRP78 in EC cells, suggesting that GRP78 may
act in EC to counter chemotherapeutic mediated cytotoxicity through enhancing AKT
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activity or other mechanisms yet undefined. Indeed knockdown of GRP78 by siRNA
targeting in EC cells increased cisplatin mediated apoptosis. This suggests that therapeutic
blockade of GRP78 function may have a clinical impact for the treatment of EC 38. This has
been further postulated following the identification of cell membrane-associated GRP78,
which reportedly acts as a multifunctional co-receptor that promotes PI3K/AKT activity in
some cancer cells 19, 39, 40. Treatment of prostate cancer cells with anti-GRP78 antibodies,
which targets the fraction of membrane-associated GRP78, has inhibitory effects on cell
survival 19, 41, 42. While these results are encouraging, auto-GRP78 antibodies from prostate
cancer patients block cancer cell apoptosis, suggesting that distinct domains on membrane-
associated GRP78 elicit dramatically different responses 43. Since the majority of GRP78
exists in the ER, therapies that readily cross the plasma membrane and block GRP78’s ER-
functions directly, or regulatory pathways that control global GRP78 expression, may
represent more potent therapeutic strategies 44.

As we have shown, AKT is critical for inducing and maintaining GRP78 expression in EC
cells. Blocking AKT activity with a small molecule pan-AKT inhibitor (MK2206) prevented
cisplatin-mediated GRP78 induction and reduced constitutive expression of the ER
chaperone. Furthermore, treatment of EC cells with MK2206 at concentrations where AKT
activity was inhibited, established that GRP78 contribution to cisplatin mediated resistance
could effectively be negated. Work in other models also suggest a dependence upon AKT
activity for GRP78 regulation; in HEK293 cells PI3K/AKT activity is necessary for GRP78
induction in response thapsigargin, and in murine embryonic fibroblast IGF mediated
induction of GRP78 also requires PI3K/AKT activity 45, 46. This suggests that GRP78 is a
downstream target/regulator of the AKT signaling network, and AKT may be one of
primary regulators of GRP78 expression. If true, the association of GRP78 with other
pathological conditions may suggest that interrupting the PI3K/AKT signaling axis may
extend beyond cancer specific treatments.

In addition we also demonstrate not only is GRP78 regulated by AKT, but we also show that
GRP78 expression promotes AKT activity and is required to enhance AKT activity in
response to cisplatin. Other studies examining the relationship of GRP78 and AKT
activation have suggested that AKT activity is mediated in large by GRP78 31–33. We show,
however, that while GRP78 expression contributes to AKT activity, loss of GRP78
expression by siRNA targeting does not completely abrogate AKT activity. Therefore, we
propose that in addition to being a downstream target of AKT, GRP78 expression
contributes to and enhances AKT activity in EC cells. Since AKT is a central survival
regulator, the ability of GRP78 to maintain AKT activity and promote survival during times
of stress, such as those encountered during chemotherapy treatment, serves to enhance drug
resistance. It is generally accepted that AKT activity contributes to drug resistance 47, 48.
Given the fact that AKT activity also controls GRP78 levels, this regulatory feedback loop
would logically in turn serve to maintain GRP78 expression, increase AKT function, and
sustain GRP78-mediated survival functions, possibly by blocking the pro-apoptotic
functions of BIK and caspase-7 15, 17.

In summary, our study here demonstrates that GRP78 is an important mediator in EC cell
survival and may represent a promising therapeutic target in tumors where its expression
occurs. We show for the first time that GRP78 expression is associated with malignant
disease in EC patients. Furthermore our results demonstrate that GRP78 contributes to
cisplatin resistance, a critical aspect of EC progression. The development of therapies to
block GRP78 function(s), either directly or indirectly, offers the potential to substantially
improve existing treatments and provide a unique opportunity to circumvent the ability of
GRP78-expressing tumors to overcome current therapies.
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Significance and novelty

We show for the first time that GRP78 expression is associated with malignant disease
and chemoresistance in endometrial cancers (EC). Our data demonstrate that cisplatin
induces AKT activity and subsequent GRP78 expression. Inhibition of AKT activity
blocks GRP78 expression, showing that GRP78 expression is AKT-dependent.
Furthermore reduction of GRP78 levels by siRNA-targeting augments cisplatin-mediated
cytotoxicity. Targeted therapies that reduce GRP78 expression or activity may increase
the effectiveness of therapies in EC.
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Figure 1. Assessment of GRP78 expression in human endometrial tissues and cell lines
A, GRP78 patient tissue analysis. Graphical representation of normal endometrium and EC
tissues samples strained for GRP78 expression. Samples where strong GRP78 detection
occurred were considered positive. B, Western blot analysis of GRP78 and pTEN expression
in nine endometrial cancer cell lines. Vinculin was used as an internal loading control. C,
Western blot time course analysis of the ability of cisplatin (1 uM) to induce GRP78
expression in the EC cell lines Ishikawa, ECC-1, AN3PCA, and ARK1. Vinculin was used
as an internal loading control. Thapsigargin, a known GRP78 inducer was used as a positive
control (TG).
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Figure 2. Effect GRP78 knockdown on cisplatin mediated cytotoxicity and apoptosis in human
endometrial cancer cells
A, Western blot analysis of GRP78 levels in lentivirus infected siRNA controls (siCon) and
siRNA-GRP78 knockdown cells (siGRP78) in Ishikawa (left) and AN3CA cells (right).
Cells were grown for the same time length as those in EC50 studies to ensure extended
knockdown. B, EC50 assay examining the effectiveness of cisplatin, cisplatin+SiCon and
cisplatin + siGRP78 cytotoxicity in Ishikawa (left) and AN3CA cells (right) lentiviral
infected cells. C, Western blot analysis of apoptotic regulatory proteins in Ishikawa (left)
and AN3CA cells (right). Cells were transient transfected with control siRNA scrambled
(siCon) or siRNA-GRP78 specific sequences (siGRP78) and levels of GRP78, PARP,
cleaved PARP, Caspase-3, and cleaved caspase-3 determined after treating with cisplatin
(1uM) for the times indicated. Vinculin was used as an internal loading control.
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Figure 3. Requirement for AKT activity in GRP78 expression in endometrial cancer cells
A, Western blot analysis of cisplatin (1uM) treated Ishikawa cells (left) and AN3CA cells
(right) for levels of GRP78, phospho-AKT, and total AKT, and with graphical
representation of image analysis of changes in pAKT activity. Vinculin was used as an
internal loading control. B, Analysis of Ishikawa cells (left) and AN3CA cells (right)
pretreated with or without the AKT inhibitor MK2206 (50nM) followed by cisplatin
treatment (1uM). Levels of GRP78, phospho-AKT, total AKT, and phospho-ERK 1/2 were
determined by western analysis. Changes in GRP78 levels accompanying AKT inhibition
represented by graphical representation of image analysis for GRP78 are displayed. Vinculin
was used as an internal loading control.
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Figure 4. Effect of GRP78 knockdown on AKT and ERK 1/2 signaling in endometrial cancer
cells
A, Western analysis of siRNA controls (siCon) and GRP78 knockdowns (siGRP78)
transiently transfected as described and treated with and without cisplatin for 24, 48 and 72
hours. Ishikawa cells (upper) and AN3CA cells (lower) were probed for levels of GRP78,
phospho-AKT, phospho-ERK, and total AKT. Vinculin was used as an internal loading
control.
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Figure 5. Effect of AKT inhibition and GRP78 knockdown on cisplatin mediated cytotoxicity
A, Western analysis examining the dose response MK2206 on AKT and GRP78 in Ishikawa
cells. B EC50 assays examining the cytotoxic effects of cisplatin on Ishikawa as described in
materials and methods. Treatment groups were parental control (Cisplatin), or cisplatin with
siRNA control (Cisplatin+siCon), or cisplatin+GRP78 knockdown (Cisplatin +siGRP78)
with or without combination with MK2206 (5nM, 50nM). Graph is representative of one of
five independent experiments. C, Western analysis examining the dose response MK2206 on
AKT and GRP78 in AN3CA cells. B EC50 assays examining the cytotoxic effects of
cisplatin on AN3CA as described in materials and methods. Treatment groups were parental
control (Cisplatin), or cisplatin with siRNA control (Cisplatin+siCon), or cisplatin+GRP78
knockdown (Cisplatin +siGRP78) with or without combination with MK2206 (5nM, 50nM).
Graph is representative of one of five independent experiments.
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Table 1

Condition Ishikawa EC50 AN3CA EC50

Cis (=Cisplatin) 1.56 +/−0.30 uM 1.05 +/−0.29 uM

Cis+siCon 1.62 +/−0.32 uM 1.15 +/−0.29 uM

Cis+siGRP78 0.26 +/−0.20 uM 0.20 +/−0.15 uM

Cis+SiCon+MK2206 (5 nM) 1.59 +/−0.40 uM 0.92 +/−0.22 uM

Cis+SiGRP78+MK2206 (5 nM) 0.25 +/−0.13 uM 0.25 +/−0.05 uM

Cis+SiCon+MK2206 (50 nM) 0.07 +/−.01 uM 0.05 +/−0.01 uM

Cis+GRP78+MK2206 (50 nM) 0.05 +/−0.02 uM 0.05 +/−0.02 uM
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