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reticulum stress
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California San Diego, CA 92093
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Abstract

Cell surface translocation of the chaperone glucose regulated protein 78 kDa (GRP78) is a key
event that promotes cancer cell survival during endoplasmic reticulum stress. Here, we identify
Ga-Interacting Vesicle Associated Protein (GIV) - an enhancer of pro-survival signaling during
ER stress - as a binding partner of GRP78. We show that GIV and GRP78 interact in an ER stress-
dependent manner through their respective carboxyl terminal domains and that GIV aids in the
localization of GRP78 to the plasma membrane. Kaplan-Meier analysis of disease-free survival in
cancer patients shows poor prognosis for patients with high expression of both GIV and GRP78,
further suggesting a vital role of these two proteins in enhancing cancer cell viability.
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INTRODUCTION

Endoplasmic reticulum (ER) chaperones play vital roles in maintaining normal ER function.
The 78 kDa glucose regulated protein (GRP78), also known as Immunoglobulin Binding
Protein (BiP), is one of the best characterized of these chaperones!2. GRP78 is regarded as
the master regulator of ER function as it plays important roles in multiple events including
protein folding and assembly, targeting of misfolded proteins for ER-associated protein
degradation (ERAD), and sensing of the increased misfolded protein load in the ER (termed
ER stress) to activate the unfolded protein response (UPR)34. The UPR is an evolutionarily
conserved signaling response that works to alleviate the stress by temporarily shutting down
general protein translation and increasing ERAD, and selectively enhancing the expression
of chaperone proteins such as GRP78 to facilitate correct protein folding®~’.

Traditionally, GRP78 is regarded as an ER luminal protein due to the KDEL retention motif
at its carboxyl terminus8. However, in the past several years, multiple studies have reported
GRP78 in other subcellular locations including the cytosol, mitochondria, and cell
surface®14, Of these locations, localization to the cell surface is believed to be one of the
pivotal events that aid in enhanced cell survival, angiogenesis, invasion, and chemoresistance
in cancer cells1®. Cell surface GRP78 has been shown to interact with a number of proteins,
such as Cripto and B1-Integrin, to promote cell survival and proliferation through activation
of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway6-19. However, the exact
mechanism by which GRP78 reaches the cell surface and activates PI3K-Akt signaling
remains elusive.

Recently, our laboratory identified Ga-Interacting Vesicle Associated Protein (GIV), aka
Girdin, as a key protein that promotes cell survival during ER stress20. GIV, a prototypical
member of the family of guanine nucleotide exchange modulators (GEMs), has been
extensively studied for its role in the activation of heterotrimeric G protein signaling
downstream of multiple cell surface receptors?l:22. |t has been shown to regulate numerous
cellular processes including cell migration, autophagy, and intracellular vesicular
trafficking23. Our recent work added UPR to the repertoire of cellular functions of GIV by
showing that it mediates activation of the pro-survival PI3K-Akt pathway and dampens the
induction of the pro-apoptotic transcription factor, CCAAT/enhancer binding protein
homologous protein (CHOP), thus enhancing cell survival in the face of ER stress20. Despite
these insights, the molecular mechanism by which GIV senses ER stress and couples
survival signaling to ER stress remained unknown. Here, we show that GIV interacts with
GRP78 in an ER stress-dependent manner. We mapped the interacting domains on GIV and
GRP78 and provide evidence that GRP78 is not restricted to the ER under ER stress
conditions. It can localize to other subcellular locations including the cytosol and plasma
membrane with the latter being dependent on GIV. Further, using a Boolean analysis of
human colorectal, liver, and breast cancer transcriptomes, we show that high level of GIV in
tumors with high GRP78 expression is associated with lower disease-free survival across all
cohorts analyzed. Together, our work provides evidence for a collaborative role for GIV and
GRP78 in ensuring cell survival under ER stress conditions.

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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MATERIALS AND METHODS

Materials and Reagents:

All reagents used were of analytical grade. Antibodies against GIV (catalog #133371,
#393757), GRP78 (catalog #13968, #376768), and glutathione S-transferase (GST; catalog
#5399) were obtained from Santa Cruz Biotechnology, Dallas, TX. Antibodies against
calnexin (catalog #2679), epidermal growth factor receptor (EGFR; catalog #4267), total
Akt (tAkt; catalog #4691), phospho-Akt (pAkt-S473; catalog #4060), cleaved poly ADP-
ribose polymerase (c-PARP; catalog #5625), CHOP (catalog#2895), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; catalog #5174), actin (catalog #3700), and tubulin
(catalog #2128) were from Cell Signaling Technology, Danvers, MA. Anti-hexa-histidine
(catalog #ab18184) was from Abcam, Cambridge, MA. Goat anti-rabbit and goat anti-mouse
IRDye 680RD and IRDye 800CW secondary antibodies for immunoblotting were from Li-
COR Biosciences, Lincoln, NE. Goat anti-rabbit Alexafluor Plus 647 and goat anti-mouse
Alexafluor Plus 488 secondary antibodies for immunofluorescence were from Invitrogen,
Carlsbad, CA. ProLong Gold Antifade Mountant with DAPI was from ThermoFisher
Scientific, Waltham, MA.

Cell Culture and Transfection:

HelLa and Cos7 cells (American Type Culture Collection) were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Hyclone, Logan, UT) supplemented with 10% Fetal
Bovine Serum (FBS; Hyclone) and 1X Penicillin, Streptomycin, and Glutamine (PSG;
Corning, Manassas, VA). HeLa scrambled shRNA (Scr-shRNA) control and HeLa GIV-
shRNA cell lines were a kind gift from Dr. Mikel Garcia-Marcos (Boston University, MA)24,
These cell lines were maintained in DMEM supplemented with 10% FBS, 1X PSG, and 1
pg/mL Puromycin (Gibco, Grand Island, NY). Cells were maintained in a humidified
atmosphere containing 5% CO, at 37°C. Dulbecco’s phosphate buffered saline (DPBS) and
trypsin (0.25%) containing 2.21mM EDTA were from Hyclone and Corning, respectively.
Transfections were performed using TransIT®-LT1 reagent (Mirus Bio, Madison, WI)
following the manufacturer’s instructions. ER stress was triggered by incubating cells with
medium containing tunicamycin (10 pug/mL; Sigma) for desired time-points. The control
cells for tunicamycin treatment were incubated in medium containing dimethylsulfoxide
(DMSOQ). The GST-GRP78 constructs were a kind gift from Dr. Sue Firth (University of
Sydney, Australia)2.

Immunoblotting:

Samples were separated using standard sodium dodecy! sulfate-polyacrylamide gel
electrophoresis and electrotransferred to Immobilon™ FL PVDF membranes (EMD
Millipore). The recipes for buffers and transfer conditions for GIV were as previously
described?8. Infrared imaging with two-color detection and quantification of blots were
performed according to the manufacturer’s protocols using the Odyssey Fc imaging system
(Li-COR Biosciences). All immunoblotting images were processed and assembled using
Image Studio Lite (Li-COR Biosciences), Adobe Photoshop, and Adobe Illustrator software.

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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Recombinant Protein Expression and Purification:

Plasmids encoding Hisg-GIV-CT (residues 1660-1870), GST-GRP78 (residues 1-654),
GST-GRP78-NT (residues 1-340), and GST-GRP78-CT (residues 341-654) fusion
constructs were used to express these proteins in the £. co/i BL21-DE3 strain. Cells were
grown in Luria Bertani broth containing the appropriate antibiotic at 37°C to early log phase
(ODgg ~0.6-0.8) and protein expression was induced with 0.5 mM isopropy! p-d-1-
thiogalactopyranoside (IPTG) at 25°C for 1h for GST-GRP78 constructs, or at 37°C for 2h
for Hisg-GIV-CT. Affinity purification of solubilized proteins was carried out using
glutathione-agarose resin and HisPur Cobalt Resin per the manufacturer’s (ThermoFisher
Scientific) protocol.

GST Pull-Down Assays:

For in vitro pull-down assays, equimolar amounts (0.2 pM) of bacterially expressed and
purified Hisg-GIV-CT was incubated with either GST-GRP78, GSTGRP78-NT, GST-
GRP78-CT or GST alone immobilized on glutathione-agarose beads in binding buffer (50
mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM CaCly, 2 mM DTT, 0.5% Triton X-100,
protease inhibitors) for 16-18h. The /n cellufo pull-down assays were performed as
previously described?’. Briefly, lysates of cells expressing GST-GIV constructs were
incubated with glutathione-agarose beads for 16-18h at 4°C. The proteins bound to the
beads were washed, eluted off, and analyzed by immunoblotting.

Differential Centrifugation:

HeLa cells grown on 10 cm plates to 90-95% confluency were treated with either
tunicamycin or DMSO for 6 h, trypsinized, washed with DPBS, and incubated with
hypotonic extraction buffer (10 mM HEPES, pH 7.8, 25 mM potassium chloride, 1 mM
EGTA, protease and phosphatase inhibitors) for 20 min. The hypotonic extraction buffer was
removed, and the cells were resuspended in isotonic extraction buffer (10 mM HEPES, pH
7.8, 250 mM sucrose, 25 mM potassium chloride, 1 mM EGTA, protease and phosphatase
inhibitors) and lysed with a total of 75 strokes of a Dounce homogenizer. The homogenate
was centrifuged at 1,000xg for 10 min at 4°C to remove nuclei. The post nuclear supernatant
(PNS) was then centrifuged for 1 h at 100,000xg at 4°C. The resulting supernatant (cytosolic
fraction) and pellet (membrane fraction; resuspended in a volume of 1X isotonic extraction
buffer equivalent to the cytosolic fraction) were analyzed by immunoblotting.

Cell Surface Protein Labeling:

Scr-shRNA and GIV-shRNA cells grown on 10 cm plates to 90-95% confluency were
treated with tunicamycin or DMSO for 6h. Cell surface proteins were then separated from
intracellular proteins using the Pierce™ Cell Surface Protein Isolation Kit
(ThermosScientific) per the manufacturer’s protocol. Briefly, cell surface proteins were
biotinylated, the labeling reaction was quenched before the cells were lysed, and the
biotinylated fraction was separated from the unlabeled fraction through affinity purification
with a streptavidin-conjugated resin. The labeled and unlabeled fractions were analyzed by
immunoblotting.

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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Proximity Ligation Assay:

HeLa cells seeded on glass coverslips were grown to 60-70% confluency, washed three
times with PBS, and fixed for 25 min at room temperature with 4% (vol/vol)
paraformaldehyde (Alfa Aesar, Haverhill, MA). After washing with PBS, cells were
permeabilized for 20 min and processed for proximity ligation assay (PLA) using the
Duolink /n situ PLA kit (Sigma-Aldrich; catalog #DU092101) according to the
manufacturer’s instructions. PLA dots were quantified using the DuoLink image tool from
the manufacturer.

Immunofluorescence Microscopy:

Cells grown on coverslips were fixed, blocked, and permeabilized, followed by sequential
incubations for 1h each with primary and secondary antibodies. Cells were mounted on glass
slides using the ProLong Gold Antifade Mountant with DAPI. Images were taken using the
Olympus Fluoview 1000 confocal laser scanning system mounted on an inverted microscope
(Olympus 1X-81) with either the 40X oil immersion UPLFLN (NA 1.30, WD 0.20 mm) or
the 60X oil immersion PLAPON (NA 1.42, WD 0.15 mm) objective. The images were
analyzed using ImageJ.

Analysis of gene expression data:

Gene expression data from three different cancer types (colorectal cancer, liver cancer,
breast cancer) were collected from the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) website28:29, The colorectal cancer dataset was
prepared by pooling data from GSE13067, GSE14333, GSE17538, GSE31595, GSE37892,
GSE33113, and normalizing them together using Robust Multi-chip Average (RMA)
algorithm. Similarly, the breast cancer dataset was pooled from GSE2034, GSE2603 and
GSE12276. GSE14520 (n = 242) was used for the liver cancer dataset. Patient survival data
were carefully annotated for Kaplan-Meier analysis. To derive optimal cut-off values of gene
expression levels, they were ordered from low to high and a rising step function was
computed to define a threshold by StepMiner algorithm30. A noise margin of +/- 0.5 around
StepMiner threshold was used to soften or harden the actual threshold. Almost all colorectal
cancer and liver cancer samples were observed to have high levels of GRP78 (HSPAS)
expression. Therefore, GIV high and low values were employed to perform Kaplan-Meier
analyses using R statistical software (R version 3.4.4 2018-03-15). For the breast cancer
dataset, both HSPAS high and low values were observed. Therefore, GIV high samples were
compared to GIV low within HSPA5 high samples in breast cancer separated independently
by Estrogen receptor 1 (ESR1) high and low samples.

Statistical Analysis:

The densitometric analysis was performed using the Image Studio software (Li-COR
Biosciences). All graphical data were prepared and statistical analyses were performed using
GraphPad Prism. Statistical significance between the difference of means was calculated
either by a one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test or by a paired student’s #-fest. *p<0.05; **p<0.01, ***p<0.001, ****p
<0.0001.

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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RESULTS
GIV and GRP78 interact during ER stress

Recent work from our laboratory showed that GIV plays a crucial role in enhancing cell
survival during ER stress by activating the PI3K-Akt pathway and by downregulating the
pro-apoptotic response of the UPR20, Since GRP78 is another well-known contributor to
survival in cells undergoing ER stress, we asked whether GIV and GRP78 interact with each
other. Because we previously determined that the expression of the C-terminal region of
GIV (residues 1660-1870) is sufficient to rescue the viability of GIV-depleted cells during
ER stress?0, we hypothesized that the C-terminus of GIV might mediate the protein-protein
interactions during the UPR. To this end, we performed GST pull-down assays on cleared
lysates of Cos7 cells transiently expressing GST-GIV-CT. As shown in Figure 1A,
endogenous GRP78 was pulled down with GST-GIV-CT (lane 3) whereas neither GST alone
nor GST-GIV N-terminus (NT; residues 1-220) showed any interaction with GRP78 (Figure
1A, lanes 1 and 2), suggesting that GRP78 specifically interacted with GIV-CT. We next
wished to see whether induction of ER stress would affect the GIVeGRP78 interaction. Cos7
cells transiently expressing GST alone or GST-GIV-CT were either treated with tunicamycin
or DMSO (vehicle control) for 6h. Tunicamycin induces ER stress by blocking N-linked
glycosylation, a critical post-translational modification involved in the processing and
maturation of newly synthesized proteins in the ER, resulting in the accumulation of
unprocessed proteins in the ER lumen. The lysates of these cells were then subjected to a
GST pull-down. As shown in Figure 1B, treatment with tunicamycin greatly enhanced the
interaction of GST-GIV-CT with GRP78 as compared to the DMSO control (compare lanes
2 and 4). On the other hand, GRP94, another ER luminal chaperone, showed very minimal
interaction with GST-GIV-CT under similar conditions (Figure 1B), implying specificity of
the GIV*GRP78 interaction. Together, these results demonstrated that GIV-CT can bind
GRP78 and that this interaction is promoted in an ER stress-dependent manner. We
confirmed that full length GIV also binds to GRP78 by performing a similar pull-down on
cell lysates expressing GST-tagged full length GIV (GST-GIV-FL; residues 1-1870). The
cells were incubated with tunicamycin for 6h prior to lysis. As shown in Figure 1C, GST-
GIV-FL was able to pull-down GRP78, indicating that full length GIV and GRP78 interact
during ER stress.

Next we asked if the GIV<GRP78 interaction that we observed using cell lysates in pull-
down assays also occurred between the endogenous proteins in intact cells subjected to ER
stress. To test this, we performed a proximity ligation assay (PLA), which allows /n situ
detection of protein-protein interactions with single molecule resolution. As shown in Figure
1D, we observed ER stress-dependent interaction between endogenous GIV and GRP78 in
HeLa cells as indicated by the significantly increased (~7-8 fold) average incidences of
interaction per cell upon tunicamycin treatment. Together with the /n cel/lulo pull-down
experiments, these findings confirmed that the interaction between GIV and GRP78 occurs
in cells under ER stress conditions.

To determine if the interaction between GIV and GRP78 is direct, and if so, which domain
of GRP78 may interact with GIV, we next performed /n vitro binding assays between

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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bacterially expressed and purified Hisg-GIV-CT and either full length or individual domains
of bacterially expressed and purified GST-GRP78. As shown in Figure 1E, GST-GRP78-FL
was able to pull-down Hisg-GIV-CT indicating that the interaction observed between the two
recombinant proteins is likely direct (lane 2). For the individual domains, GST-GRP78-CT,
but not GSTGRP78-NT was able to pull down Hisg-GIV-CT (lanes 3 and 4), suggesting that
the interaction between GIV and GRP78 is mediated through the substrate binding C-
terminal domain of GRP78.

GRP78 co-localizes with GIV during ER stress

Under normal homeostatic conditions, GRP78 resides within the ER8. GIV, on the other
hand, is a cytosolic protein that can peripherally associate with membranes31:32, Because
these two proteins reside in different cellular compartments under normal conditions, we
next wished to identify the subcellular location where these two proteins interact during ER
stress. To do this, we first performed differential centrifugation to fractionate cell lysates into
cytosolic and membrane fractions. As shown in Figure 2A, GIV partitioned to the membrane
as well as cytosolic fractions under both control and ER stress conditions. GRP78 on the
other hand, partitioned mostly to the membrane fraction under control (DMSO) conditions,
but showed an equal distribution to both membrane and cytosolic fractions when treated
with tunicamycin (Figure 2A). These data suggest that during ER stress, in addition to being
present in the ER, GRP78 can also localize to the cytosol, which is where the GIVV*GRP78
interaction could potentially take place. We also performed immunofluorescence microscopy
to visualize the sub-cellular location of GRP78 in ER stressed cells. As shown in Figure 2B,
in cells treated with DMSO, GRP78 co-localized with the ER membrane protein calnexin
(upper panels). Upon treatment with tunicamycin, GRP78 staining appeared stronger as
expected due to increased expression (Figure 2B, lower panels). It showed a broader
localization pattern surpassing that of calnexin and could also be visualized along the plasma
membrane (lower panels, white arrows and inset). When we co-stained tunicamycin treated
cells for GIV and GRP78, the two proteins appeared to co-localize inside the cell on internal
membranes (Figure 3, top panels) as well as at the plasma membrane (bottom panels).

ER stress-induced cell surface localization of GRP78 is mediated by GIV

Multiple studies have shown that GRP78 is able to localize to the cell surface in numerous
types of cancer®33-37, Because we observed co-localization between the two proteins at the
plasma membrane, we next determined whether the localization of GRP78 to the cell surface
is influenced by GIV. We performed a cell surface protein biotinylation assay using Sulfo-
NHS-SS-Biotin to biotinylate the exposed primary amines of cell surface proteins in control
(Scr-shRNA) and GIV-depleted (GIV-shRNA) Hel a cells. Cells were incubated with either
DMSO or tunicamycin for 6h before biotinylation was performed. As shown in Figure 4A,
ER stress led to enhanced level of GRP78 in the cell surface protein fraction in Scr-shRNA
cells (compare lanes 1 and 2). However, in the GIV-shRNA cells, GRP78 translocation to the
cell surface upon ER stress was impaired (Figure 4A, compare lanes 3 and 4) and was
significantly less than that observed in Scr-shRNA cells (Figure 4B), suggesting that GIV
plays a role in the translocation of GRP78 to the cell surface.

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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The cell surface localization of GRP78 has been previously shown to be important for
activation of the PI3K-Akt pathway3®. Because we previously demonstrated that GIV
mediates the activation of the PI3K-Akt pathway in ER stressed HeLa cells?0 and because
translocation of GRP78 to the cell surface requires GIV (Figure 4A and B), we predicted
that GIV-depleted cells will have reduced Akt activation even upon prolonged ER stress
which markedly increases expression of GRP78. To test this, we treated Scr-shRNA and
GIV-shRNA cells with tunicamycin for 0, 3, 6, 12, 18, and 24h and analyzed the cell lysates
by immunoblotting. As shown in Figure 4C, Scr-shRNA cells showed increased activation of
Akt (as confirmed by blotting for pAkt-S473) peaking at 3—6h and sustained over the entire
course of treatment (lanes 1-6). The GIV-shRNA cells on the other hand, showed a very
modest level of Akt activation initially (3—6h) which declined thereafter even though GRP78
level rose comparable to the control cells (lanes 7-12). Consistent with dampened pro-
survival signaling, the GIV-shRNA cells also show enhanced pro-apoptotic response as
determined by the levels of c-PARP and CHOP (Figure 4D). Together, these results
suggested that GIV may have little or no impact on the transcription/translation/stability of
GRP78 in response to UPR; instead, the primary and crucial role that it performs is that of
facilitating the localization of GRP78 to the plasma membrane from where sustained
activation of the pro-survival PI3K-Akt signals may be initiated.

High expression of GIV and GRP78 is associated with shorter disease-free survival in
patients with colorectal, liver, and breast cancers

High expression of GRP78 has previously been correlated to a poor prognostic outcome for
patients affected with many different cancers3®. To determine if this is exacerbated by a
concomitant high expression of GIV, we carried out a comparative gene expression analysis
to assess the effect of high vslow expression of GIV on the disease-free survival of patients
with colorectal, liver, and breast cancer expressing high levels of GRP78 (see methods).
Samples were divided into “low” and “high” subgroups with regard to GRP78 (HSPA5) and
GIV (CCDC88A) gene expression levels using the StepMiner algorithm, implemented
within the hierarchical exploration of gene-expression microarrays online (HEGEMON)
software3? (Figure 5). Kaplan-Meier analyses of the disease-free survival showed that
among patients whose tumors had high GRP78 expression, concomitant expression of GIV
at high levels correlated to a significantly poorer prognosis compared to those with low GIV
(Figure 5). This trend was true for all four groups tested — colorectal cancer (Figure 5A),
liver cancer (Figure 5B), breast cancer with low estrogen receptor 1 (ESR1) expression
(Figure 5C), and breast cancer with high ESR1 expression (Figure 5D). These analyses
suggested that cancers with high expression of GRP78 and GIV expression are more robust,
resulting in lower disease-free survival of the affected patients. In addition to the diverse
cohorts (mixed population of patients with different treatments and various stages) described
above, we also analyzed a selected group of colorectal cancer patients all of whom received
cytotoxic chemotherapy (Figure S1). These samples were subgrouped based on high vs low
expression of both GRP78 and GIV. Our analysis indicated that while the disease-free
survival in patients expressing high levels of both proteins was significantly reduced
compared to those expressing high levels of GRP78 alone, the outcome of patients
expressing low GRP78 was unchanged regardless of the expression level of GIV (Figure
S1). This analysis suggested that GIV may likely be involved in promoting chemoresistance

FEBS Lett. Author manuscript; available in PMC 2021 March 01.
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in tumors experiencing ER stress and UPR (increased GRP78 expression), but not in tumors
with low or no ER stress/UPR (low GRP78 expression).

DISCUSSION

GRP78 has been hailed as a master regulator of the UPR and an important player in
promoting cancer survival, chemoresistance, and metastasis®®-42. This study has identified
GV, another key regulator of the UPR and contributor to cell survival during ER stress, as a
binding partner of GRP78 and has addressed the functional importance of this interaction in
an ER stressed cell.

Our domain mapping experiments showed that these two proteins can bind directly to each
other through their respective C-terminal domains (Figure 1E). The C-terminal region of
GI1V has been shown to interact with many proteins including (but not limited to) receptor
tyrosine kinases, heterotrimeric G proteins, PI3K, Akt, and actin, serving as the hub of the
signaling events that contribute to important properties of cancer cells such as survival,
invasion, and metastasis?1:23, GIV-CT is predicted to be intrinsically disordered, which
makes it a good signaling platform that can be molded (¢e.g. via post-translational
modifications) to serve as a binding partner for multiple effectors?3. It also makes an
excellent site for interaction with the C-terminal substrate binding domain of GRP78, which
binds to unstructured regions on partially folded client proteins*445. Interestingly, Gipie,
another member of the GEM family has also been shown to interact with GRP78 and serve
as a regulator of the UPR in endothelial cells*6. However, this study suggested that GIV did
not bind to GRP78, which contradicts our findings here. This difference could be due to
different cell lines used, Matsuhita et a/. used human umbilical vein endothelial cells
(HUVECS) while we used HelL a cells as our primary model system to study the interaction
between endogenous GIV and GRP78. Incidentally, HeLa cells and many other cancer cell
lines do not express detectable level of Gipie?® suggesting that regulation of ER stress may
be carried out by different members of the GEM family depending on the specific cell type.

Our data show that under ER stress conditions, GRP78 is also found in the cytosol (Figure
2). There are a few plausible mechanisms through which this could happen. GRP78 can be
retrotranslocated from the ER lumen to the cytosol using the ERAD pathway as shown by
Duriez et al®. In this study, the authors showed that the hepatitis B virus precore protein is
retrotranslocated from the ER to the cytosol using the ERAD pathway and in the process
translocates GRP78 to the cytosol as well. Since ERAD is upregulated during ER stress to
help restore cellular homeostasis*’, it is possible for GRP78 to hitchhike with
retrotranslocating misfolded proteins to the cytosol. Another mechanism could be through a
global change in permeability of the ER membrane as shown by Wang et a/19. Here the
authors showed that ER membrane permeability is altered in cells treated with tunicamycin
and thapsigargin, which allows passage of ER luminal proteins including GRP78 and protein
disulfide isomerase to the cytosol. The third possible mechanism is the translation of an
alternatively spliced mRNA form of GRP78 that is missing the signal sequence as shown by
Ni et a/11. The authors showed that the alternatively spliced transcript devoid of the signal
peptide sequence is stabilized under conditions of ER stress leading to accumulation of
cytosolic GRP78, which retains all the functional aspects of the protein. Regardless of
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whether one or all of the abovementioned mechanisms play a role in cytosolic localization of
GRP78, the cytosol presents a likely site of interaction between GIV and GRP78.

Our co-localization results using immunofluorescence microscopy (Figure 3) indicate that
these proteins can potentially also interact on internal membranes as well as the plasma
membrane. It is possible that the reticular pattern of co-localization that we observed
represents binding of GIV to GRP78 that is retrotranslocating out of the ER. The integrity of
the ER-to-Golgi trafficking has been shown to be partially required for the cell surface
translocation of GRP78 in HelLa cells4 and GIV has been shown to play a role in regulating
vesicular trafficking at the Golgi32. It is possible that in addition to directly binding to the
retrotranslocated GRP78 in the cytosol and mediating its localization to the cell surface by
an as yet unknown mechanism, GIV may also mediate trafficking of the pool of GRP78 that
escapes the ER due to saturation of the KDEL receptors upon increased expression of
chaperones during ER stress. Such pool of GRP78 will fail to return to the ER and would
continue along the anterograde secretory pathway, ultimately being secreted from where it
can associate with the cell surface peripherally through interaction with its binding partners.
Whether this is indeed the case, needs to be investigated.

Previous studies have shown cell surface expression of GRP78 in many different types of
tumor cells1533-37 however, the exact mechanism by which this translocation occurs is not
well understood. It has been suggested that GRP78 must bind a substrate protein to
translocate to the plasma membrane in order to promote cancer cell survival through
activation of the PI3K-Akt pathway3®. One study has shown that the substrate-binding
activity of GRP78 is required for its cell surface translocation further suggesting that this
process is mainly dependent upon GRP78 binding to client proteins!#. Interestingly,
antibodies targeting the C-terminus of GRP78 have been shown to curb cancer cell survival
and migration through inhibition of the PI3K-Akt pathway!836:48_Given that the interaction
between GIV and GRP78 is mediated through the C-terminal domain of the latter, and that
GIV depletion retards cell surface translocation of GRP78 and Akt activation, our data
establish a crucial role for GIV in mediating the cytoprotective functions attributed to
GRP78. The significant decline in disease-free survival in patients with tumors expressing
high levels of GRP78 and GIV compared to those expressing high levels of GRP78 alone
(Figures 5, S1) further supports the key role GIV plays in augmenting cancer cell survival.

Conclusions:

The results presented in this study have characterized a novel interaction between GIV and
GRP78 by mapping the binding regions on both proteins; by analyzing the /n situ binding
between endogenous GIV and GRP78 under ER stress; by identifying the sub-cellular
locations where these proteins can interact; and by determining the potential role of this ER
stress-dependent binding event in facilitating localization of GRP78 to the plasma
membrane. Finally, worse prognosis for the disease outcome in cancer patients
concomitantly expressing high levels of these proteins further highlights the important role
for these two proteins in enhancing cancer cell viability. Our current and future efforts are
aimed at investigating the mechanism(s) by which GIV promotes cell surface translocation
of GRP78 to enhance cell survival signals.
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Figure 1. GRP78 and GIV interact in an ER stress-dependent manner.
A. A GST pull-down assay was performed using lysates of Cos7 cells expressing GST, GST-

GIV-NT or GST-GIVCT. B. Cos7 cells expressing GST or GST-GIV-CT were treated with
either DMSO or tunicamycin for 6 h before a GST pull-down was performed. Ponceau S
staining shows the GST-tagged proteins from the pull-downs (A, B). C. Cos7 cells
expressing either GST or GST-GIVFL were treated with tunicamycin followed by lysis and
a GST pull-down. The pull-downs (A-C)were analyzed for binding to GRP78 and the
immunoblots of the lysates confirm expression of the indicated proteins. D. HeLa cells
treated with either DMSO or tunicamycin were fixed and analyzed for /n situ interaction
between endogenous GIV and GRP78 by performing a proximity ligation assay (PLA). The
PLA dots (red) per cell were quantified from a total of 25-30 cells per experiment (right)
from 3 independent experiments. Data are presented as mean + S.E.M. ** *p <0.001. Scale
bar =10 um. E. 7op. The schematic shows the different GST-tagged GRP78 constructs used
for the experiment. Bottom. Equimolar amounts (0.2 uM) of bacterially expressed and
purified GST-GRP78 protein constructs immobilized on glutathione agarose beads were
incubated with purified Hisg-GIV-CT overnight. The pull-down samples were analyzed for
Hisg-GIV-CT binding. Lanes 5-7 show the % input control for Hisg-GIV-CT used in the
binding. Ponceau S staining shows GST-GRP78 constructs.
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Figure 2. GRP78 localization is not restricted to the ER during ER stress.
A. Lysates of HeL a cells treated with either DMSO or tunicamycin for 6h were separated

into cytosolic and membrane fractions by differential centrifugation. The fractions were
analyzed by immunoblotting. GAPDH is used as a cytosolic marker and Calnexin as an ER
marker. B. HeLa cells treated with tunicamycin or DMSO for 6h were fixed and stained for
GRP78 (red), calnexin (green) and DAPI (blue). Cells were visualized by confocal
microscopy. The arrows point to the localization of GRP78 along the cell periphery. The cell

FEBS Lett. Author manuscript; available in PMC 2021 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Limso et al.

Page 16

periphery is outlined by the dashed white line in the bottom, merged panel. The inset shows
enlargement of the boxed region. Scale bar = 10 pm.
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Figure 3. GRP78 co-localizes with GIV in tunicamycin treated cells.
A. Hela cells treated with tunicamycin were fixed and stained for GRP78 (red), GIV

(green), and DAPI (blue). The cells were visualized by confocal microscopy. The arrows
point to the co-localization along the cell periphery. The cell periphery is outlined by the
dashed white line in the merged images. Scale bar = 10 pm.
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Figure 4. ER stress induced cell surface localization of GRP78 and Akt signaling is reduced in
GIV depleted cells.

A. Scr-shRNA and GIV-shRNA cells were treated with tunicamycin or DMSO for 6h
following which the cell surface proteins were biotinylated and separated from the non-
biotinylated fraction through affinity purification using the streptavidin-agarose resin. The
biotinylated (cell surface proteins) and flow-through (intracellular) fractions were then
analyzed by immunoblotting. EGFR served as a cell surface protein control, and GAPDH as
an intracellular protein control. B. The % cell surface localization of GRP78 was calculated
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by densitometric analysis. The Scr control was plotted to 100% and the relative %
localization in GIV-shRNA cells was calculated. n=3. Errors bars represent + S.E.M. *p
<0.05. C. and D. Scr-shRNA and GIV-shRNA cells were ER stressed using tunicamycin for
the indicated time-points before lysis. The cell lysates were analyzed by immunoblotting.
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Figure 5. Concurrent high expression of GIV and GRP78 correlates with poor prognosis for
disease free survival of colorectal, liver, and breast cancer patients.

A.. Expression pattern of CCDC88A (GIV) was analyzed in colorectal cancer (CRC) dataset
(JSTOM, n = 466, pooled data from GSE13067, GSE14333, GSE17538, GSE31595,
GSE37892, GSE33113). StepMiner threshold minus 0.5 was used for CCDC88A. Almost all
CRC have high levels of HSPA5 (GRP78) expression. B. Expression pattern of CCDC88A
was analyzed in hepatocellular carcinoma (HCC) dataset (GSE14520, n = 242). StepMiner
threshold plus 0.5 was used for CCDC88A. Almost all HCC have high levels of HSPA5
expression. C, D. Gene expression data from three different datasets (GSE2034, GSE2603,
GSE12276) were combined to create the Breast Cancer database (n = 572). Duplicate
samples were carefully removed and all data were normalized together. The dataset mainly
contains breast cancer patients with distant metastases such as bone, lung and brain.
StepMiner threshold minus 0.5 was used for ESR1, HSPA5, CCDC88A. ESRL1 low patients
(C, n=165) and ESR1 high patients (D, n=290) expressing high HSP5A were further
categorized into groups of patients based on expression levels of CCDC88A.
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