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Abstract

The onco-protein epidermal growth factor (EGF) initiates a cascade that includes activation of the
ERK and AKT signaling pathways and alters gene expression. We describe a new action of EGF-
EGF receptor (EGFR), rapid anticipatory activation of the endoplasmic reticulum stress sensor, the
unfolded protein response (UPR). Within 2 min, EGF elicits EGFR dependent activation of
phospholipase C y (PLCy), producing inositol triphosphate (1P3), which binds to IP3 receptor
(IP3R), opening the endoplasmic reticulum IP3R Ca?* channels, resulting in increased intracellular
Ca?*. This calcium release leads to transient and moderate activation of the IRE1a and ATF6a
arms of the UPR, resulting in induction of BiP chaperone. Knockdown or inhibition of EGFR,
PLCy or IP3R blocks the increase in intracellular Ca2*. While blocking the increase in intracellular
Ca?* by locking the IP3R calcium channel with 2-APB had no effect on EGF activation of the
ERK or AKT signaling pathways, it abolished the rapid EGF-mediated induction and repression of
gene expression. Knockdown of ATF6a or XBP1, which regulate UPR-induced chaperone
production, inhibited EGF stimulated cell proliferation. Supporting biological relevance, increased
levels of EGF receptor during tumor progression were correlated with increased expression of the
UPR gene signature. Anticipatory activation of the UPR is a new role for EGF. Since UPR
activation occurs in <2 min, it is an initial cell response when EGF binds EGFR.

Keywords

Epidermal growth factor (EGF); Breast cancer; Unfolded protein response (UPR); Calcium; Gene
regulation

*This research was supported by NIH grant DK 071909 and DOD Breast Cancer Research Program Grant BC131871.

"Corresponding author. University of Illinois, 419 Roger Adams Lab, 600 S. Mathews Avenue, Urbana, IL, 61801, USA.,
djshapir@life.illinois.edu (D.J. Shapiro).

Conflicts of interest

The authors declare that they have no conflicts of interest with the contents of this article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu et al. Page 2

1. Introduction

Epidermal growth factor (EGF) stimulates cell proliferation and tumor growth by binding to
a family of epidermal growth-factor receptors (EGFRs). The EGFR family consists of four
members: ErbB1 (EGFR), ErbB2 (HER2/neu), ErbB3, and ErbB4 (Yarden and Pines, 2012).
Binding of EGF to EGFR leads to formation of activated EGFR dimer, which exhibits
increased autophosphorylation. Phosphorylated EGFR activates several cell signaling
pathways, including the ERK and AKT pathways and rapidly alters gene expression. The
activated signaling pathways and altered gene expression program promote cell proliferation
and invasion, and are anti-apoptotic (Masuda et al., 2012).

EGF receptor is overexpressed in many human cancers including lung, pancreatic, brain,
bladder, and breast cancer (Herbst and Langer, 2002; Holbro et al., 2003; Saxena and
Dwivedi, 2012). EGFR is expressed in most breast cancers and is overexpressed in ~50% of
triple-negative (ERa~, PR™, and HER2/neu™) breast cancers and in highly-aggressive
invasive breast cancer (IBC) (Dent et al., 2007; Zell et al., 2009; Reis-Filho et al., 2006).
EGFR over-expression is associated with larger tumors, poor differentiation, and poor
clinical outcome (Masuda et al., 2012; Sainsbury et al., 1987; Salomon et al., 1995).
Activated EGFR reduces sensitivity to anticancer drugs. Although, responses to EGFR
inhibitors given alone were modest (Baselga et al., 2005; Dickler et al., 2009; Baselga and
Arteaga, 2005), sustained inhibition of EGFR with erlotinib led to increased doxorubicin
response and death of triple-negative breast tumors (Lee et al., 2012). This suggests that
EGFR inhibitors may enhance chemosensitivity of breast tumors to cytotoxic agents.

The ability of EGF-EGFR to reduce sensitivity to anticancer drugs suggested activated
EGFR might alter responses to chemotherapy-induced stress by influencing the activity of
stress response pathways. The sensor system for endoplasmic reticulum stress is the
unfolded protein response. In the well-studied “reactive” mode of UPR activation, UPR
sensors react to an excess of unfolded or misfolded protein, metabolic stress or anticancer
drugs by activating signaling pathways that increase protein-folding capacity and reduce
protein production (Ron and Walter, 2007; Walter and Ron, 2012). Moderate activation of
the UPR is protective. Consistent with the protective role of the UPR, a correlation between
UPR activation and resistance to therapy has been described for several cancers (Auf et al.,
2010; Crozat et al., 1993; Nawrocki et al., 2005; Shuda et al., 2003; Prabhu et al., 2012). It
was widely accepted that UPR activation in tumors arose by clonal evolution and selection
of cells that survived in part because they responded to therapy-induced stress by activating
the UPR (Clarke et al., 2015; Clarke and Cook, 2015). In contrast to this well-known
“reactive” mode of UPR activation, a little studied alternative mode of UPR activation
termed “anticipatory” UPR activation occurs in the absence of endoplasmic reticulum stress
(Walter and Ron, 2012). Anticipatory UPR activation was initially described in B-cells.
Differentiation factors interleukin 4 and lipopolysaccharide induce UPR activation in B
lymphocytes prior to increased immunoglobulin synthesis. Very recent studies demonstrate
that estrogen in humans (Andruska et al., 2015a), ecdysone in insects (Liu et al., 2014; Dong
et al., 2015) and human vascular endothelial growth factor (VEGF) (Karali et al., 2014)
elicit biologically significant anticipatory activation of the UPR. Bioinformatic studies
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indicate that anticipatory estrogen activation of the UPR occurs early in breast cancer
development, prior to detection and initiation of therapy (Andruska et al., 2015a).

Many, but not all, mitogenic hormones elicit anticipatory activation of the UPR as an early
event in the proliferation program. We therefore tested whether EGF elicits anticipatory
activation of the UPR and whether rapid activation of the anticipatory UPR pathway is
important for subsequent actions of EGF-EGFR. We demonstrate EGF-EGFR-mediated
rapid anticipatory activation of the UPR through activation of phospholipase C y (PLCy),
resulting in increased production of inositol triphosphate (IP3). The IP3 binds to and opens
endoplasmic reticulum IP3 receptors (IP3R) leading to rapid efflux of calcium stored in the
lumen of the endoplasmic reticulum into the cytosol. This activates the UPR, resulting in
induction of the anti-apoptoptic chaperone BiP/GRP78/HSPA5 (Lee, 2014). Although
intracellular calcium was increased in ~1 min, blocking the increase in intracellular calcium
did not inhibit subsequent EGF-EGFR activation of the ERK and AKT signaling pathways.
However, blocking the increase in intracellular calcium completely inhibited EGF-EGFR
induction of pro-proliferation immediate early gene expression and reversed EGF-EGFR
mediated down-regulation of pro-apoptotic genes. Moreover, knockdown of the chaperone-
inducing arms of the UPR strongly inhibited EGF stimulated cell proliferation. Anticipatory
activation of the UPR is a newly revealed early action of EGF-EGFR with very different
effects on plasma membrane and nuclear EGF-EGFR-regulated pathways.

2. Experimental procedures

2.1. Cell culture

MDA MB-468 cells were maintained in phenol-red free DMEM/F12, supplemented with
10% fetal bovine serum ([FBS], Atlanta Biological, Atlanta, GA). MCF10A cells were
maintained in DMEM/F12, supplemented with 2% charcoal-dextran (cd)-stripped FBS.
MCF10A cells were supplemented with 0.5 pg/ml hydrocortisone, 10 pg/ml insulin, 20
ng/ml epidermal growth factor (EGF), and 0.1 ug/ml cholera toxin. HCC1954 cells were
maintained in RPM11640, supplemented with 10% FBS. T47D cells were maintained in
MEM, supplemented with 10% FBS. Estrogens were removed from the medium by
maintaining T47D cells for at least three days in 10% charcoal dextran treated FBS (cd-
FBS), and cells were plated in MEM containing 10% cd-calf serum.

2.2. Cell proliferation assays

Cell proliferation assays were carried out as described (Andruska et al., 2015a,b). Briefly,
cells were plated in 96-well plates at the following densities: MDA MB-468 (2000 cells/
well), T47D (2000 cells/well), MCF10A (1000 cells/well), and HCC-1954 (2000 cells/well).
Cell viability was determined using CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (MTS, Promega, WI). Cell number was determined from a standard curve of
absorbance versus cell number for each cell line.

2.3. Luciferase assay

Luciferase assay were as previously described (Cherian et al., 2012). Hela cells were plated
(300,000 cells/well in 1 ml) in 6-well plates in 10% CD-CS 3 days before transfection. On

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 4

the day of transfection, the medium was changed to 0.2 ml of Opti-MEM (Invitrogen). DNA
and Lipofectamine 3000 (Invitrogen) were diluted in Opti-MEM. A total of 2500 ng of DNA
(1260 ng of XBP1-Luc, 40 ng Renilla-Luc and 1200 ng IP3 phosphatase or PTZ carrier) was
transfected into each well at a DNA:Lipofectamine 3000 ratio of 1:1. 24 h after transfection,
20 ng/ml EGF was added and the cells were incubated for 24 h. Cells were then lysed in 100
ul of passive lysis buffer (Promega), and luciferase activity was determined using a Dual-
Luciferase Reporter Assay (Promega #£1910). XBP1-Luc and Renilla-Luc plasmids were
constructed and modified by our lab. The IP3 phosphatase plasmid was previously described
(Hernandez et al., 2008), and was generously provided by Dr. Mark Shapiro (University of
Texas Health Science Center).

2.4. Western blots

Western blotting was carried out as previously described (Masuda et al., 2012; Saxena and
Dwivedi, 2012). Briefly, whole cell extracts were prepared using RIPA lysis buffer
(Millipore, CA) and mini protease inhibitor mixture (Roche Applied Science, Germany).
Bound antibodies were detected using horseradish peroxidase-conjugated secondary
antibodies and chemiluminescent immunodetection. The following antibodies from Cell
Signaling Technology (MA) were used: Phospho-elF2a (Ser51) (#3398), elF2a (#5324),
Phospho-AKT (Thr308) (#13038P), AKT (#9272S) Phospho-p44/42 MAPK (#4370),
p44/42 MAPK (#4695), BiP (#3177). Other antibodies used: pan-1P3R (sc-28613; Santa
Cruz Biotechnology), ATF6a (Imgenex, CA), f-Actin (Sigma, Saint Louis, MO), and a-
Tubulin (Sigma, Saint Louis MO).

2.5. gRT-PCR analysis

Cells were seeded into 6-well plates and grown to ~70% confluence. For EGF regulated
gene expression assays, cells were washed two times with HEPES buffer (140 mM NaCl,
4.7 mM KCI, 1.13 mM MgCI2, 10 mM HEPES, 10 mM Glucose, pH = 7.4) and then
incubated in medium containing 100 nM 2-APB (Sigma, Saint Louis MO) or 10 uM UO126
for 5 min at 37 °C before EGF treatment. Cells were treated with a saturating concentration
(20 ng/ml) or a subsaturating concentration (2 ng/ml) of EGF or vehicle-control for the
indicated times, and RNA was extracted and purified using the Qiagen RNeasy kit. cDNA
was prepared from 1 pug of RNA with M-MuLV reverse transcriptase from New England
Biolabs. Diluted cDNA was used to perform guantitative RT-PCR using power SYBR®
Green (Life technologies, NY) with actin as the internal control.

2.6. siRNA knockdowns

siRNA knockdowns were performed using DharmaFECT1 Transfection Reagent and 100
nM ON-TARGETDplus non-targeting pool or SMARTpools for PLCy (PLCG1) or pan-IP3R
(GE Healthcare, UK). The pan-1P3R SmartPool consisted of three individual Smart-Pools,
each at 33 nM, directed against each isoform of the IP3R (ITPR1, ITPR2, and ITPR3).

2.7. Calcium imaging

A calcium-sensitive dye, Fluo-4 AM, was used to measure cytoplasmic Ca2*. Cells were
grown on 35 mm fluorodish plates (World Precision Instruments, FL) for two days prior to
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experiments. Cells were loaded with 5 uM Fluo-4 AM (Life Technologies, NY) in calcium
free HEPES buffer for 30 min at 37 °C. Cells were washed three times with the buffer and
incubated for 10 min with either 2 mM CacCl, or without CaCl,. Fluoresence was monitored
for 1 min to determine basal fluorescence intensity, and then the appropriate treatment was
added. Measurements were taken using a Zeiss LSM 700 confocal microscope with a Plan-
Four 20X objective (N.A. = 0.8) and 488-nM laser excitation (7% power). Images were
obtained by monitoring fluorescence emission at 525 nM, and data analysis was performed
using AxioVision and Zen software (Zeiss, Germany).

2.8. IP3 quantitation

MDA MB-468 cells were incubated for 10 min in 20 ng/ml EGF or vehicle. Intracellular 1P3
levels were determined by extracting cell lysate, and determining IP3 levels in an assay
based on competitive binding to a recombinant IP3R fragment (Perkin Elmer, MA) that was
saturated with 3H-1P3. Unlabeled 1P3 was used as a standard for the assays. 1.5 x 106 MDA
MB-468 cells were used in this assay and the protocol has been described recently
(Andruska et al., 2015b).

2.9. Statistical analysis

All data is reported as mean + S.E.M. A two-tailed student’s t-test is used for comparisons
between groups. One-way ANOVA followed by LSD or Tukey’s post hoc test is used for
multiple comparisons with SPSS 13.0 for Windows (SPSS, Chicago, IL, USA). Significance
was established when p < 0.05.

3. Results

3.1. EGF activates the UPR in breast cancer cells

To assess whether EGF rapidly activates the UPR, we selected a diverse set of breast cancer
cell lines with different expression levels of EGFR protein and different effects of EGF on
cell proliferation. (/) ERa* T47D breast cancer cells express low levels of EGFR, and are
EGF-dependent for cell proliferation (Fig. 1A) (Andruska et al., 2015b; Pattarozzi et al.,
2008); (7)) MCF10A pre-tumorigenic breast cells grossly overexpress EGFR, express
minimal levels of HER2/neu and are fully dependent on EGF for proliferation (Fig. 1B); (//i)
triple-negative MDA MB-468 breast cancer cells, grossly over-express EGFR through gene
amplification, and EGF does not stimulate their proliferation (Fig. 1C); and (/v) ERa~
HCC-1954 breast cancer cells, which overexpress equal amounts of EGFR and HER2/neu,
and do not depend on EGF for cell proliferation (Fig. 1D) (Sahin et al., 2007; Lin et al.,
2005).

To assess whether EGF activates the UPR, we focused on markers indicative of activation of
each arm of the UPR (Supplementary Fig. 1). The UPR regulates protein production by
autophosphorylation of the transmembrane kinase, PERK (Walter and Ron, 2012; Ron and
Walter, 2007). p-PERK phosphorylates eukaryotic initiation factor 2a (elF2a), resulting in
transient inhibition of protein synthesis. The other UPR arms initiate with activation of the
transcription factor ATF6a, leading to increased chaperone production and activation of the
ER splicing factor IRE1a, which splices the transcription factor XBP1, leading to
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production of active spliced-XBP1, increased protein folding capacity and altered mRNA
decay and translation (Walter and Ron, 2012; Ron and Walter, 2007). We first assessed
whether EGF could activate the IRE1a arm of the UPR. In response to UPR activation,
active spliced-XBP1 (sp-XBP1) enters the nucleus and regulates expression of UPR targets
(Supplementary Fig. 1A). EGF rapidly activated the IRE1a arm of the UPR, as shown by
increased splicing of XBP1 mRNA in T47D, MDA MB-468, HCC-1954 and MCF10A
breast cancer cells (Fig. 2A). Pre-treating cells with the EGFR inhibitor, erlotinib, blocked
EGF-induction of sp-XBP1 mRNA (Fig. 2B), demonstrating that activation of the IREla
arm of the UPR is dependent on activation of EGFR. Although our primary focus was on
EGF in breast cancer cells, EGF also activated the UPR in HeLa cervical cancer cells as
shown by activation of a transfected luciferase reporter activated by sp-XBP1
(Supplementary Fig. 2).

We next evaluated whether EGF activates the ATF6a arm of the UPR. ATF6a activation
involves release from the ER and transport to the Golgi apparatus where ATF6a undergoes
proteolytic cleavage to form active p50-ATF6a (Supplementary Fig. 1B) (Walter and Ron,
2012; Ron and Walter, 2007; Wu et al., 2007). Supporting rapid EGF activation the ATF6a
arm of the UPR, EGF modestly increased proteolysis of ATF6a (Fig. 2C, Supplementary
Fig. 3B), which was blocked by pre-treatment with erlotinib (Supplementary Fig. 3A).

p50-ATF6a regulates induction of BiP and other UPR-regulated chaperones (Wu et al.,
2007; Okada et al., 2002a,b). Inducing BiP increases ER protein folding capacity,
contributing to resolution of the stress, and helps reverse UPR activation (Lee, 2007). Over-
expression of BiP is linked to a poor prognosis in breast and other cancers (Luo and Lee,
2013). EGF rapidly induced BiP mRNA in T47D, MDA MB-468, HCC-1954 and MCF10A
breast cancer cells (Fig. 2D), leading to increases in BiP protein levels (Fig. 2F). Consistent
with BiP induction being dependent on activation of EGFR, pre-treating MDA MB-468 cells
with erlotinib blocked EGF-induction of BiP mRNA (Fig. 2E). While induction of BiP
MRNA led to increases in BiP protein in T47D and MDA MB-468 cells (Fig. 2F), EGF did
not increase BiP protein levels in pre-tumorigenic MCF10A cells (Supplementary Fig. 3C).
XBP1 can directly interact with and activate estrogen receptor a (Ding et al., 2003).
Although the mechanism by which XBP1-ERa interaction might impact translation is
unclear, this may provide an explanation for the different levels of BiP expression in
estrogen receptor positive T47D cells and estrogen receptor negative MCF10A cells.
Alternatively, since BiP expression is elevated in breast cancer cells relative to surrounding
normal tissue (Cook et al., 2012), the different stages of tumor development in non-
tumorigenic MCF10A cells compared to tumorigenic T47D and MDA-MB-468 cells may
play arole.

Inducing BiP helps protect cancer cells against protein-misfolding and other forms of UPR
stress (Andruska et al., 2015a). Extensive and sustained activation of the UPR is toxic. This
enabled us to test whether prior exposure of MDA MB-468 cells to EGF or to a low
concentration of the UPR activator tunicamycin (TUN) could alter the concentration of TUN
required to subsequently induce cell death. Pretreating cells with EGF or with TUN
increased the concentration of TUN required to induce cell death by ~2 fold (Supplementary
Fig. 4).

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 7

We next assessed whether EGF activates the PERK arm of the UPR. Activated PERK
induces increased elF2a phosphorylation (Supplementary Fig. 1C). EGF induced a rapid
increase in phosphorylation of elF2a (Fig. 3A,B). Phosphorylation of elF2a leads to
preferential translation of ATF4 mRNA, and we observed a moderate and transient increase
in ATF4 protein expression. In contrast, the toxic UPR activator, tunicamycin (TUN)
robustly induced ATF4 (Fig. 3C,D). Because mild and transient activation of the PERK arm
of the UPR does not induce the proapoptotic protein CHOP (Andruska et al., 2015a), CHOP
was not induced by the EGF stimulated ATF4 (Fig. 3E,F). This data demonstrates that EGF
elicits moderate and transient activation of all three arms of the UPR.

3.2. EGF activates the UPR THROUGH a PLCy-dependent mechanism

Because the pathway is activated in less than 2 min, it was unlikely that accumulation of
misfolded protein or other forms of EGF-induced stress triggered UPR activation. We
recently identified a different anticipatory pathway of UPR activation in which the estrogen,
17p-estradiol, bound to estrogen receptor o rapidly activates phospholipase C y (PLCy).
Active phosphorylated plasma membrane PLCy, hydrolyzes PIP, to diacylglycerol (DAG)
and inositol 1, 4, 5-triphosphate (IP3). The 1P3 binds to endoplasmic reticulum 1P3 receptors
opening the IP3R Ca2* channels and allowing efflux of Ca2* stored in the lumen of the
endoplasmic reticulum into the cytosol. This activates the UPR. Consistent with a role for
Ca?* efflux in UPR activation, the well-studied UPR activator thapsigargin rapidly activates
the UPR by depleting Ca%* stores in the lumen of the ER and increasing cytosol Ca2*
(Andruska et al., 2015a). Although EGF has been reported to activate PLCy, the
consequences of PLCy activation were unknown (Margolis et al., 1990). We therefore
evaluated the role of Ca2* release in EGF activation of the UPR.

EGF induced rapid phosphorylation and activation of PLCy in T47D and MDA MB-468
breast cancer cells (Fig. 4A,B). EGF-mediated phosphorylation of PLCy was blocked by
pre-treatment with the EGFR inhibitor, erlotinib (Fig. 4A,B). PLCy activation rapidly
induced IP3 (Fig. 4C).

To assess changes in the level of intracellular Ca2*, we used the calcium sensitive dye Fluo-4
AM. In the absence of extracellular Ca2*, EGF elicited a transient increase in fluorescence
in MDA MB-468 cells (Fig. 4D). Since the increase in cytosol Ca2* occurs in the absence of
extracellular Ca%*, this suggested that the source of intracellular Ca2* was the Ca2* stored in
the lumen of the endoplasmic reticulum. To identify the CaZ* channels responsible for
promoting the release of Ca2* from the ER, we assessed whether the EGFR inhibitor
erlotinib or 2-APB, which locks the IP3R Ca2* channel, blocks the EGF-mediated increase
in cytosol Ca2*. Pre-treatment of MDA MB-468 cells with erlotinib, or with 2-APB,
followed by EGF, blocked the increase in intracellular Ca2* (Fig. 4D,E). To further confirm
that PLCy activation is required for EGF to activate the UPR, we performed siRNA
knockdown of PLCy, and assessed whether EGF was still capable of activating the UPR and
inducing the widely used surrogate marker for UPR activation, the chaperone BiP.
Knockdown of PLCy blocked phosphorylation of elF2a and induction of BiP (Fig. 4F,G).
Similarly, knockdown of IP3Rs blocked EGF-induction of BiP protein (Fig. 4H). These data
demonstrate that PLCy activation, resulting in opening of the ER IP3 receptor, mediates
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transient EGF activation of the UPR. (Pathway: EGF-EGFR-p (active) — p-PLCy (active)
— IPgt— IP5:1P3R (open)— Ca2*t— UPR (activated)— BiP?).

3.3. Activation of the anticipatory UPR pathway is required for EGF-EGFR-mediated gene
expression and is important for cell proliferation

The EGF-EGFR mediated anticipatory pathway of UPR activation can be divided into a
rapid early segment that involves activation of PLCy, increased IP3, opening of the IP3R
calcium channel and increased intracellular calcium and a late segment that involves
activation of the 3 arms of the UPR and induction of BiP chaperone. Since the EGF induced
increase in intracellular Ca2* occurs in ~1 min (Fig. 4D,E), it may precede other actions of
EGF. We therefore tested whether the increase in intracellular calcium is important in
subsequent rapid effects of EGF. These rapid pathways include rapid activation of the ERK
and AKT signaling pathways and induction of pro-proliferation immediate early genes and
rapid repression of pro-apoptotic genes. EGF-EGFR induction of immediate early genes,
EGR1 and Fos is thought to play a role in EGF-mediated cell proliferation (Lee, 2007;
Murphy et al., 2002). To test whether the extremely rapid increase in intracellular Ca2* is
important for subsequent EGF induction of EGR1 and Fos, we used sub-saturating
biologically relevant concentrations of EGF. Fos and EGR1 mRNAs were robustly (>10
fold) induced after only 20 min of EGF treatment. Blocking the EGF mediated increase in
intracellular calcium with 2-APB completely blocked EGF induction of EGR1 and Fos
mRNAs (Fig. 5A). Since 2-APB also prevents EGF-mediated down-regulation of the pro-
apoptotic BIK and BIM mRNAs (Fig. 5B), 2-APB is acting as a selective modulator of
EGF-mediated gene expression and not as a general inhibitor of transcription. As expected,
inhibition of ERK signaling with the ERK inhibitor UO1026 also blocked EGF-induction of
Fos and EGR1 mRNAs (Fig. 5A). To test whether elevated intracellular calcium was
stimulating ERK activation (Chao et al., 1992), and activated ERK then induced immediate
early gene expression, we examined the effect of 2-APB on rapid EGF activation of the ERK
and AKT signaling pathways. Under the same conditions used in the gene expression
experiment, 2-APB did not inhibit rapid and robust EGF activation of the ERK and AKT
(protein kinase B) signaling pathways (Fig. 5C). Since 2-APB did not block EGF activation
of the ERK pathway, the elevated level of intracellular calcium is a previously undescribed
independent regulator of EGF-induced gene expression that works together with ERK
activation to regulate immediate early gene expression.

UPR-induced-chaperones, like BiP/GRP78, are thought to be important for cell proliferation
(Dong et al., 2008; Luo et al., 2006). We therefore evaluated the effect of UPR activation in
EGF stimulated proliferation of T47D cells. Activation of the ATF6a and IREL1a arms of the
UPR induces chaperone production. However, the IRE1a arm of the UPR also play a role in
mRNA decay and JNK mediated apoptosis (Chen and Brandizzi, 2013). To dissect out the
role of chaperone induction, instead of carrying out an IRE1a knockdown, we knocked
down XBP1 which encodes the spliced XBP1 transcription factor when cleaved by the
activated IRE1a. Compared to the control sSiRNA, knockdown of the XBP1 arm of the UPR
produced a highly significant 28% decline in EGF stimulated cell proliferation, while ATF6
knockdown produced a 35% decline (Fig. 5D). These data indicate that EGF induced UPR
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activation and the subsequent chaperone production plays an important role in EGF
stimulated cell proliferation.

The effects of EGF on the UPR and downstream pathways are depicted in Fig. 6.

3.4. Overexpression of EGFR and HER2/neu is correlated with increased UPR activation

The UPR plays an important role in cancer cell migration, metastasis and resistance to
therapy-induced apoptosis. Consistent with a role for the anticipatory UPR pathway in the
oncogenic actions of EGF, a recent report found that PLCy signaling was important for EGF
to induce an aggressive pro-metastatic phenotype (Dittmar et al., 2002). We therefore
evaluated whether over-expression of HER2/neu or EGFR was correlated with increased
activation of the UPR in tumors by evaluating a UPR gene signature (Andruska et al.,
2015a) in several publically available patient tumor cohorts.

To assess UPR activity early in EGFR* breast cancer development, we compared EGF
receptor family member expression level and UPR pathway activity in samples of
histologically normal breast epithelium, ductal carcinoma in situ (DCIS) and invasive ductal
carcinoma (IDC). Compared with normal epithelium, DCIS and IDC samples displayed
elevated levels of EGF receptor family members mRNA (Fig. 7A). Additionally, DCIS and
IDC samples displayed elevated markers of UPR activation. Besides the classic UPR maker
genes, additional UPR related genes were correlated with increased expression of EGFR.
Specifically, SERP1 mRNA, a marker for IRE1a activation (Lee et al., 2003a,b), TRIB3,
which is a marker of PERK activation (Bromati et al., 2011), and BiP chaperone, which is a
marker of ATF6a activation (Fig. 7B). These data suggest that UPR activation is correlated
with EGF receptor family member expression.

Using data from an independent cohort of 114 ERa™ breast cancers, we explored whether
the expression of HER2 mRNA correlates with the expression of UPR genes. The expression
of several UPR genes displayed highly significant correlation with the expression of HER2
genes (Supplementary Table 1).

4. Discussion

Cancer progression is often correlated with increased protein synthesis and poor glucose and
oxygen supply in the microenvironment (Ruggero, 2013; Brown and Wilson, 2004). In
response to these different intrinsic and extrinsic stresses, cancer cells activate the UPR
pathway. UPR activation has been described in several human tumors including myeloma
(Lee et al., 2003a,b), lymphoma (Jenner et al., 2003) and carcinoma of the breast (Lee et al.,
2006). The role of UPR activation in resistance of breast cancer and other tumors to
tamoxifen and other therapeutics has been extensively studied (Clarke and Cook, 2015).
XBP1 is upregulated in antiestrogen resistant breast cancer cells (Gomez et al., 2007). It
interacts with and regulates the activity of estrogen receptor (Ding et al., 2003; Fang et al.,
2004), NFxB (Gu et al., 2002) and apoptosis related proteins (Moretti et al., 2007); this may
contribute to drug resistance in these cells. Induction of BiP and other chaperones may also
play a role in this protective UPR activation (Lee et al., 2003a,b).
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These studies have focused on the reactive mode of UPR activation in which cells respond to
stress by activating the UPR and, if moderate and transient, the UPR is protective (Andruska
et al., 2015a; Ma and Hendershot, 2004). In this reactive form of UPR activation, diverse
stressors increase the level of unfolded or mis-folded proteins in the lumen of the
endoplasmic reticulum. This activates sensors in the endoplasmic reticulum membrane that
both sense the stress and activate the 3 major arms of the UPR (Supplementary Fig. 1) (Ron
and Walter, 2007; Walter and Ron, 2012; Okada et al., 2002a,b* Novoa et al., 2001).

Here we describe a fundamentally different type of very rapid UPR activation that
anticipates future needs and occurs in the absence of cell stress or accumulation of unfolded
proteins. In less than 2 min EGF triggers PLCy-mediated opening of endoplasmic reticulum
IP3R calcium channels and release of Ca?* into the cytosol. This increase in cytosol Ca?*
stimulates activation of all three arms of the UPR. Anticipatory activation of the UPR is a
newly identified common pathway shared by several mitogenic hormones. We suggest this
newly unveiled pathway is used by many, but not all, mitogenic hormones to prepare cells
for the increased protein folding load that will occur during subsequent hormone-stimulated
cell proliferation. Although this pathway is conserved from peptide hormones to steroid
hormones, there are important differences in the activation mechanisms. VEGF induced
UPR activation is not inhibited by blocking the ER calcium signal (Karali et al., 2014).
However, EGF mediated activation of the UPR is totally dependent on IP3 mediated calcium
release from the ER.

Supporting biological relevance of the UPR pathway, EGFR levels and expression levels of
UPR related genes were strongly correlated in samples from 114 ERa negative breast
cancers. Moreover, there was a parallel increase in EGFR content and UPR gene index
components as cells progress from normal mammary epithelial cells to DCIS and then to
IDC. Thus the EGF induced anticipatory UPR pathway not only facilitates tumor cell
proliferation but likely also helps protect cancer cells against subsequent apoptosis induced
by hypoxia, nutrient deprivation and therapy. Since hypoxia, nutrient deprivation and therapy
can all stimulate reactive UPR activation, the anticipatory and reactive modes of UPR
activation lead to UPR engagement throughout the entire cycle of tumor development and
therapy.

Since a key feature of rapid anticipatory activation of the UPR is an increase in cytosolic
calcium, we explored the effect of blocking this increase on well-known actions of EGF-
EGFR. The mitogenic action of EGF is mediated in part by regulation of immediate early
gene expression. Two major EGF-induced immediate early genes, c-fosand egrl encode
transcription factors important for cell cycle progression (Zwang et al., 2012; Brown et al.,
1998). Rapid (5-30 min) EGF-EGFR activation of the ERK signaling pathway is essential
for early gene expression (Figs. 5A and 6) (Murphy et al., 2002). Cytosolic calcium levels
play an important role in regulating ERK activation (Schmitt et al., 2004; Agell et al., 2002).
Moreover a massive increase in cytosol calcium due to strong and sustained cytotoxic UPR
activation is sufficient to activate the ERK pathway (Chao et al., 1992). However, blocking
the transient and moderate increase in cytosol Ca2* induced by EGF-EGFR activation of the
protective anticipatory UPR pathway did not inhibit EGF-EGFR activation of the ERK or
AKT signaling pathways (Fig. 5 and 6). Since blocking the EGF-induced increase in cytosol
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Ca?* abolished induction and repression of gene expression by EGF, the anticipatory UPR
pathway is not regulating immediate early gene expression by controlling ERK activation.
ERK activation and the elevated calcium resulting from activation of the early stages of the
anticipatory UPR pathway are independent EGF activated pathways that converge at the
level of immediate early gene expression. Since 2-APB blocks EGF-induced immediate
early gene expression without affecting EGF activation of the ERK and AKT signaling
pathways, 2-APB represents a useful new probe for dissecting the roles of immediate early
gene expression and ERK and AKT activation in downstream actions of EGF. In contrast to
2-APB, the equally useful simultaneous RNAi knockdown of all 3 functionally overlapping,
but non-homologous, endoplasmic reticulum IP3R channels (Fig. 4H) is technically
challenging and has rarely been reported.

Accumulating evidence suggests a role for UPR chaperones in regulation of cell
proliferation. One of the most abundant and well characterized UPR-induced chaperones,
GRP78/BIP, influences proliferation of embryonic cells (Luo et al., 2006). In a GRP78
heterozygous mice model where the level of BiP was reduced by about half, growth of breast
tumors was significantly reduced (Dong et al., 2008). These results suggest UPR chaperones
have functions other than facilitating protein folding within the ER. Using siRNA, we
knocked down the major UPR chaperone producing pathways, the XBP1 and ATF6 arms
(Supplementary Figs. 1 and 5), and significantly inhibited EGF stimulated cancer cell
proliferation (Fig. 5D).

These results indicate that the EGF induced anticipatory UPR pathway facilitates EGF
stimulated cell proliferation in at least two ways. First, it releases calcium from endoplasmic
reticulum stores and cooperates with the ERK signaling pathway to regulate immediate early
gene expression. Second, it increases UPR chaperone production, which facilitates EGF
stimulated cell proliferation.

Our studies add a new dimension to the cascade of events that occur when a cell is exposed
to EGF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effects of EGF on proliferation of breast cancer cell lines. Effects of EGF on proliferation of
(A) T47D breast cancer cells, (B) pre-tumorigenic MCF10A cells, (C) MDA MB-468 breast
cancer cells, and (D) HCC1954 breast cancer cells. “@” denotes cell number at day 0. Data

is mean = SEM (n = 6).
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Fig. 2.
EGF activates the IRE1a and ATF6a arms of the UPR and induces production of the

chaperone, BiP. (A) gRT-PCR comparing the effect of EGF on sp-XBP1 mRNA in T47D,
MDA MB-468, HCC1954 and MCF10A cells after EGF treatment for 2 h (n = 3; -EGF set
to 1). (B) gRT-PCR analysis of sp-XBP1 mRNA in MDA MB-468 breast cancer cells after
pre-treating MDA MB-468 cells with erlotinib or with DMSO-vehicle for 30 min, following
by treatment with EGF for 2 h (n = 3; -EGF set to 1). (C) Western blot analysis showing full-
length ATF6a (p90-ATF6a) and cleaved-ATF6a (p50-ATF6a) in EGF-treated T47D breast
cancer cells. The numbers below the gel indicate the ratio of p50-ATF6a/B-actin. (D) gRT-
PCR analysis of BiP mRNA in T47D, MDA MB-468, HCC1954 and MCF10A breast cell
lines after treatment with EGF for 4 h (n = 3; -EGF set to 1). (E) gRT-PCR analysis of BiP
mRNA in MDA MB-468 breast cancer cells after pre-treating MDA MB-468 cells with
erlotinib or DMSO vehicle for 30 min, following by treatment with EGF for 4 h (n = 3; -
EGF set to 1). (F) Western blot analysis of BiP protein levels in T47D, MDA MB-468 cells
treated with EGF. The numbers below the gel are the ratio of BiP/B-actin. Data is the mean +
SEM (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 3.

EGF activates the PERK arm of the UPR. Western blot analysis showing p-elF2a levels and
total elF2a levels in ERa™ T47D cells (A) and in MDA MB-468 cells (B) treated with EGF
for the indicated times. The numbers below the gel are the ratio of p-elF2a/a-tubulin ratio.

Western blot analysis of ATF4 levels following treatment of T47D cells (C) and MDA

MB-468 cells (D) with EGF, or with the UPR activator tunicamycin. The numbers below the
gel are the ratio of ATF4/B-actin. gRT-PCR analysis of CHOP mRNA following treatment of

T47D cells (E) and MDA MB-468 cells (F) with EGF. Concentrations: EGF, 20 ng/ml,
TUN, 10 pg/ml. Data is mean = SEM (n = 3). ***p < 0.001. n.s., not significant.
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Fig. 4.

EGF activates the UPR through PLCy-mediated opening of the IPsR Ca?* channels, leading
to the release of Ca2* from the ER into the cytosol, and UPR activation. Western blot
analysis of p-PLCy and total PLCy protein levels after treatment of (A) T47D or (B) MDA
MB-468 breast cancer cells with EGF or EGF + erlotinib. Cells were treated with either 10
UM erlotinib or vehicle-control, followed by 20 ng/ml EGF for the indicated times. The
numbers below the gel are the ratio of p-PLCy/B-actin. (C) Quantitation of intracellular 1P3
levels following treatment of MDA MB-468 cells for 10 min with or without EGF (n = 3).
(D) EGF increases intracellular calcium levels in MDA MB-468 breast cancer cells in
medium lacking calcium (0 mM CaCl,). Visualization of intracellular Ca2* using Fluo-4
AM. Color scale from basal Ca?* to highest Ca?*: blue, green, red, white. (E) Graph depicts
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quantitation of cytosolic calcium levels in MDA MB-468 breast cancer cells pre-treated with
either vehicle-control, the EGFR inhibitor, erlotinib, or the IP3R inhibitor, 2-amino propyl-
benzoate (2-APB), followed by treatment with 20 ng/ml EGF in the absence of extracellular
calcium (indicated by the black arrow, n = 10 cells). Calcium quantitation data is expressed
as mean + SE (n = 10). (F) Western blotting analysis of PLCy, p-elF2a and total elF2a
protein levels after treatment of T47D cells with 100 nM non-coding (NC) or PLCy siRNA,
followed by treatment with EGF (+EGF) or ethanol-vehicle (-EGF) for 30 min. (G) Western
blotting analysis of PLCy and BIP protein levels after treatment of T47D cells with 100 nM
non-coding (NC) or PLCy siRNA, followed by treatment with EGF (+EGF) or ethanol-
vehicle (—-EGF) for 4 h (H) siRNA knockdown of the three isoforms of the IP3R Ca2*
channel blocks EGF-induction of BiP protein in T47D breast cancer cells. Cells were treated
with either 100 nM non-coding (NC) or IP3R siRNA SmartPool, followed by treatment with
20 ng/mL EGF for 4 h. IP3R smartpool contained equal amounts of three individual
SmartPools directed against each isoform of IP3R. Data is mean = SEM (n = 3); *p < 0.05.
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Fig. 5.
EGF induced UPR activation is required for EGF regulated gene expression and cell

proliferation. (A and B) qRT-PCR of the oncogene mRNAs EGR1 and Fos and the pro-
apoptotic mMRNAs BIK and BIM in T47D cells pre-treated for 5 min with ethanol, 2-APB or
the ERK inhibitor UO126, then treated with 2 ng/ml EGF for 20 min (A), or 2 h (B) (Ca2*-
free medium; n = 3, mean £ SEM). (C) Western blot analysis showing p-ERK levels and
total ERK and p-AKT and total AKT levels in T47D cells treated with 2 ng/mL EGF with or
without 2-APB pretreatment. (D) EGF stimulated proliferation of T47D breast cancer cells
treated with 100 nM non-coding (NC), ATF6 or XBP1 siRNA SmartPool (n = 6).
Proliferation rates were normalized to cells treated with non-coding (NC) siRNA. *p < 0.05;
***p < 0.001.
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Fig. 6.
Schematic of the pathway of EGF induced anticipatory UPR activation.
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Fig. 7.

Increased expression of EGF receptors is correlated with increased expression of the UPR
gene signature. Expression of (A) EGF receptors and (B) UPR sensors and UPR-regulated

and invasive ductal carcinoma (n = 5). Normal epithelial samples were set to 1. Data is mean

genes in samples from normal breast epithelial cells (n = 5), ductal carcinoma in situ (n = 9),
+ SEM, *p < 0.05.
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