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Simple Summary: A key molecule, EGFRVIII has been shown to provide several growth advantages
for brain tumors. However, we have found a new mechanism in which the EGFRVIII provides
increased survival to brain cancer cells when under sub-optimal conditions. Specifically, we have
found that the EGFRVIII drives the expression of a molecule called Reticulocalbin 1 (RCN1) and that
RCNI1 blocks cell stress and cell death, thereby allowing cells to survive and proliferate. Importantly,
these findings will allow for the generation of drugs that block the function of EGFRVIII and RCN1
with the hope that these drugs will induce brain cancer cell death.

Abstract: Reticulocalbin 1 (RCN1) is an endoplasmic reticulum (ER)-residing protein, involved in
promoting cell survival during pathophysiological conditions that lead to ER stress. However, the
key upstream receptor tyrosine kinase that regulates RCN1 expression and its potential role in cell
survival in the glioblastoma setting have not been determined. Here, we demonstrate that RCN1
expression significantly correlates with poor glioblastoma patient survival. We also demonstrate
that glioblastoma cells with expression of EGFRVIII receptor also have high RCN1 expression. Over-
expression of wildtype EGFR also correlated with high RCN1 expression, suggesting that EGFR and
EGFRVIII regulate RCN1 expression. Importantly, cells that expressed EGFRVIII and subsequently
showed high RCN1 expression displayed greater cell viability under ER stress compared to EGFRVIII
negative glioblastoma cells. Consistently, we also demonstrated that RCN1 knockdown reduced
cell viability and exogenous introduction of RCN1 enhanced cell viability following induction of
ER stress. Mechanistically, we demonstrate that the EGFRVIII-RCN1-driven increase in cell survival
is due to the inactivation of the ER stress markers ATF4 and ATF6, maintained expression of the
anti-apoptotic protein Bcl-2 and reduced activity of caspase 3/7. Our current findings identify
that EGFRVIII regulates RCN1 expression and that this novel association promotes cell survival in
glioblastoma cells during ER stress.
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1. Introduction

Glioblastoma is the most aggressive and lethal brain tumor in adults mainly due
to its highly proliferative, highly invasive nature and pro-survival features [1-3]. These
tumorigenic characteristics require a high demand for intracellular protein synthesis and
folding, and high and continuous levels of oxygen and nutrients such as glucose within
the tumor microenvironment [4]. The endoplasmic reticulum (ER) is responsible for the
correct folding of secretory and membrane bound proteins in mammalian cells [4,5]. Un-
der conditions of high protein synthesis and folding, low oxygen or nutrient depletion
commonly seen in glioblastoma cells and its microenvironment, the ER is unable to man-
age appropriate protein folding, resulting in the induction of ER stress [4,6]. The unfolded
protein response (UPR) is a collection of adaptive signaling pathways that sense ER stress
and either promote cell survival, or, when ER stress is too severe or prolonged, trigger
apoptosis [7,8]. When the UPR is activated, the glucose-regulated protein 78 (GRP78) un-
binds three protein sensors in the ER: inositol requiring enzyme 1 (IRE1), double-stranded
RNA-activated protein kinase (PKR)-like ER kinase (PERK) which leads to increased
expression of activating transcription factor 4 (ATF4), and activating transcription factor
6 (ATF6) that trigger parallel signaling pathways [9-11]. Activation of these pathways
results in the restoration of protein homeostasis through the inhibition of new protein syn-
thesis; the promotion of protein folding; the increase in ER-associated protein degradation
and increasing the quantity of chaperones in the ER [12,13]. However, if ER stress cannot
be resolved, the UPR switches from an adaptive survival mode towards the induction
of apoptosis, often by modulating the expression of pro- and anti-apoptotic proteins
including members of the Bcl-2 family and by increasing pro-apoptotic mechanisms such
as the initiation of caspase activity [14-17].

Recently, a novel protein, Reticulocalbin 1 (RCN1) which belongs to the CREC (Calu-
menin, Reticulocalbin 1 and 3, ERC-55, Cab-45) family was found to suppress ER stress-
mediated apoptosis in murine melanoma and renal cancer cells [5]. The RCN1 gene is
located at the 11p13 chromosome and encodes for a highly conserved calcium-binding
protein. RCN1 contains six calcium-binding motifs, a HDEL sequence and an ER retention
signal [18]. RCN1 has been reported in several malignancies [18-21], however, how its
expression is modulated and what precise role RCN1 plays in promoting tumorigenesis is
not completely understood. Currently, there is no information about any functional role of
RCN1 in glioblastoma progression. Amplification of the EGFR gene and subsequent over-
expression of EGFR protein is a common genetic alteration in primary glioblastoma, with
a frequency of approximately 40% [22-24]. The EGEFR is activated upon ligand binding
leading to subsequent downstream signaling cascades that mediate increased prolifera-
tion, migration, invasion and survival [25]. Over-expression of the EGFR in glioblastoma
is often accompanied by rearrangements of the EGFR gene leading to the expression of
EGER variants [26,27]. The most common variant is the EGFRVIII, which is not expressed
on normal non-tumorigenic tissue [26,28,29]. EGFRVIII is a mutated EGFR generated by
a deletion between exons 2-7 producing a truncated receptor that lacks 267 amino acids in
the extracellular binding domain [30,31]. This deletion is thought to generate a conforma-
tional change in the intracellular domains that permits the receptor to be constitutively
active without ligand binding [32,33]. EGFRVIII is found in about 60% of EGFR-amplified
glioblastomas. Additionally, in vivo models have shown that EGFRvIII-expressing tumors
are more highly tumorigenic than wild-type EGFR-expressing tumors [34]. The EGFRVIII
also provides increased survival following chemotherapy and radiotherapy potentially
by modulating the expression and activation of apoptosis regulating proteins [35,36].
However, the role of the EGFRVIII in regulating survival/apoptosis in response to ER
stress remains unknown. In this study, we investigate the possible relationship between
the EGFR, RCN1 and cell survival under ER stress conditions.
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2. Results
2.1. RCN1 Expression Correlates with Glioma Grade and Glioblastoma Patient Survival

As RCNI1 has recently been shown to correlate with poorer survival in prostate and
lung cancer patients [37,38] we firstly examined its expression profiles in glioma patient
samples using the TCGA database. Oncomine data mining using the TCGA dataset (1 = 542;
IDH wt and IDH mutant samples) revealed that RCN1 expression was significantly higher
in glioblastoma tissue compared to normal brain tissue (Figure 1A). Similarly, available
TCGA data from OncoLnc consisting of 650 patients illustrated that RCN1 expression was
higher in glioblastoma compared to low grade glioma (Figure 1B). Importantly, TCGA data
taken from SurvExpress (n = 148) also revealed that glioblastoma patients with tumors that
contained higher RCN1 expression had significantly poorer overall survival compared to
patients with glioblastoma tissue with lower RCN1 expression (Figure 1C).
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Figure 1. RCN1 expression correlates with glioma grade and poorer survival in glioblastoma patients.
(A) Data set obtained from Oncomine (https:/ /www.oncomine.org, access date 26 April 2018) showed
that RCN1 gene expression is 3.22 times higher in glioblastoma patient tumor tissue (1 = 542) compared
to normal brain tissue (n = 10). The y-axis indicates the log2 median mRNA levels. (B) Box-plot
comparison analysis performed with TCGA data available in OncoLnc (http:/ /www.oncolnc.org/,
access date 26 April 2018) at 50:50 upper and lower percentile, and indicated reduced RCN1T mRNA
levels in low grade glioma (1 = 510) compared to glioblastoma (n = 140). (C) The relationship between
high (Red) and low (Green) RCN1 gene expression with patient survival was determined through
mining a SurvExpress TCGA dataset. Kaplan—-Meier survival curves were evaluated from the TCGA,
n=148. * p < 0.05; ** p < 0.001.
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2.2. RCN1 Is Highly Expressed in EGFRulII Positive Glioblastoma Cells

Given that RCN1 correlated with glioblastoma patient survival, we next examined
the expression of RCN1 in a series of commercially available and patient-derived primary
glioblastoma cell lines established at the Royal Melbourne Hospital. Interestingly, RCN1
protein expression was substantially greater in cells stably transfected with EGFRvIII
(U87vIIl and U373vIII) compared to their parental EGFRVIII negative counterparts (U87 and
U373; Figure 2A). Likewise, RCN1 expression was greatest in the primary glioblastoma cell
line #41, which naturally expresses the EGFRvVIII compared to 4 other primary glioblastoma
cell lines that do not express EGFRVIII (#4, #20, #28 and #35; Figure 2B). Consistently, gene
expression of RCN1 was significantly higher in EGFRVIII positive cells compared to the
EGFRVIII negative expressing cells (Figure 2C,D). We have isolated a sub-population of
cells originally from the #41 cell line—designated #41-SCD for single cell dilution. This
sub-clone displays undetectable levels of EGFRVIII expression and, similarly to the above
results, displayed significantly less RCN1 expression compared to the #41 parental cell
line (Figure S1). Therefore, EGFRVIII expression correlated with RCN1 expression in
glioblastoma cell lines. However, immunoprecipitation assays showed that EGFRvVIII did
not associate with RCN1 (Figure S2). Interestingly, a wt EGFR/RCNT1 association was
observed in both U87vIII and U373vIII RCN1 immunoprecipitated proteins (Figure S2).
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Figure 2. EGFRVIII expression correlates with RCN1 expression in glioblastoma cell lines. (A,B). A series of EGFRVIII
positive and negative glioblastoma cell lines were lysed and assessed for EGFRVIII, RCN1 and GAPDH expression by
Western blot. (C,D) The same cell lines as above were assessed for RCN1 gene expression by qPCR. Three cell lines
with variant sub-populations with differing EGFR expression were (E) lysed and assessed for EGFR, RCN1 and GAPDH
expression by Western blot and (F) RCN1 gene expression by qPCR. (G) The relationship between high (Red) and low
(Green) EGFR and RCN1 gene expression with patient survival was determined through mining a SurvExpress TCGA
dataset. Kaplan-Meier survival curves were evaluated from the TCGA, n = 148. * p < 0.05; *** p < 0.001.
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As EGFRVIII expression correlated with RCN1 expression and as the wt EGFR asso-
ciated with RCN1, we next examined 3 glioblastoma cell lines with increased wt EGFR
compared to their parental counterparts either through stable transfection (U87wtEGFR)
or through selection and re-population of single cells isolated from the original overall
parental population—designated U87-SCD and U251-SCD for single cell dilution. The
U87-wtEGFR, U87-SCD and the U251-SCD which all express greater wt EGFR than their
parental counterparts all expressed greater levels of RCN1 both at the protein (Figure 2E)
and gene expression level (Figure 2F). In addition, TCGA data taken from SurvExpress
(n = 148; IDH wt and IDH mutant samples) indicated that patients with high levels of both
RCN1 and EGFR had reduced survival time compared to patients with low expression
of both genes (Figure 2G). Analysis of TCGA data assessing whether patients with high
EGFRVIII and RCN1 expression could not be performed due to EGFRVIII data not currently
present in these publicly assessable databases.

Surprisingly, the regulation of RCN1 expression by the wt EGFR and EGFRVIII did not
require receptor kinase activity but only the presence of either the wt EGFR or EGFRVIII,
suggesting a possible undiscovered kinase independent pro-tumorigenic function for
EGFRUVIIIL. EGF stimulation of US7wtEGFR cells did not increase RCN1 expression com-
pared to unstimulated cells (Figure S3A) while the U87 cell line with the dead kinase
version of the EGFRVIII (U87-DK) expressed similar levels of RCN1 than that of the U87vIII
cell line (Figure S3B) despite having undetectable levels of phosphorylated EGFRVIIL.
Similarly, the treatment of the naturally EGFRvIII-expressing cell line #41 with the EGFR
tyrosine kinase inhibitors erlotinib or gefitinib successfully reduced the phosphorylation of
EGERVIII but did not reduce the expression of RCN1 (Figure S3C). Taken together this data
indicates that EGFR and EGFRVIII expression regulates RCN1 expression independently of
their kinase activity.

2.3. RCN1 Expression Correlates with Increased Survival after the Initiation of ER Stress

RCN1 has recently been shown to play a role in ER stress [5]. Therefore, we next exam-
ined the cell viability of high and low RCN1 expressing cells following the pharmacological
initiation of ER stress by tunicamycin and thapsigargin. Both, the U87vIII and U373vIII cell
lines (high RCN1 expressing cells) displayed significantly greater cell survival compared to
their parental controls (low RCN1 expressing cells) after treatment with increasing doses of
tunicamyecin (Figure 3A,B) and thapsigargin (Figure 3C,D). Similarly, the primary glioblas-
toma cell line #41 (high RCN1 expressing cell) displayed significantly greater cell survival
compared to the 4 low RCN1 expressing glioblastoma cell lines (#4, #20, #28 and #35) after
treatment with tunicamycin (Figure 3E) and thapsigargin (Figure 3F). To confirm these results,
we assessed cell survival following the exposure of cells to UV light—another ER stress
inducer. Consistently, all high RCN1 expressing cells (U87vIII, U373vIII and #41) displayed
significantly greater cell survival compared to their low RCN1 expressing counterparts (U87,
U373, #4, #20, #28 and #35) after being exposed to UV light (Figure 3G-I).

In addition, the survival of U87wtEGFR, U87-DK, U87-SCD and U251-SCD cells
(which all have higher levels of RCN1 expression compared to their parental counterparts)
was also significantly greater compared to the survival of control cells after treatment with
tunicamycin (Figure S4A,B), thapsigargin (Figure S4C,D) or UV exposure (Figure S4E,F).
Finally, as glucose deprivation and the commonly used glioblastoma patient chemother-
apeutic, Temozolomide also induces ER stress we determined the survival of our RCN1
expressing cells in glucose-free media and after temozolomide treatment. Both, the U87vIII
and U373vIII cell lines (high RCN1 expressing cells) displayed significantly greater cell sur-
vival compared to their parental controls (low RCN1 expressing cells) after being cultured
in media free of glucose or after being challenged with temozolomide (Figure S4G,H).
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Figure 3. EGFRVIII expression correlates with increased survival after exposure to tunicamycin,
thapsigargin and UV light. (A-D) U87, U87vIII, U373 and U373vIII cells were treated with increasing
doses of tunicamycin (A,B) or thapsigargin (C,D) for 72 h. Cell viability was then determined using
a commercially available Cell Titer-Glo kit and samples read on a bioluminometer. Data are expressed
as % viability compared to untreated cells & S.D of at least 3 independent experiments, each with
3 experimental replicates. #4, #20, #28, #35 and #41 glioblastoma cells were treated with increasing
doses of (E) tunicamycin or (F) thapsigargin for 72 h. Cell viability was then determined as described
above. (G) U87, U87vIII, (H) U373, U373vIII and (I) #4, #20, #28, #35 and #41 glioblastoma cells were
exposed to UV light for 10 min and cell viability was examined following another 72 h as determined
above. * p < 0.05; ** p < 0.01; ** p < 0.001.
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2.4. Knockdown of RCN1 Significantly Decreases Cell Survival and RCN1 Over-Expression
Significantly Increases Cell Survival Following the Initiation of ER Stress

As EGFRVIII and RCN1 expression correlated with the increased ability of cells to
survive treatment of ER stress inducers, we next knocked down RCN1 expression using
siRNA and determined the effect of this knockdown when challenged with tunicamycin,
thapsigargin or UV exposure. Following knockdown of RCN1, the 3 EGFRVIII expressing
cells: U87vIII, U373vIII and #41 all displayed reduced cell survival when treated with
tunicamycin (Figure 4A), thapsigargin (Figure 4B) and UV exposure (Figure 4C) compared
to cells transfected with control siRNA. As low RCN1 expression levels or knockdown
of RCN1 correlated with reduced cell survival following the initiation of ER stress (tu-
nicamycin or thapsigargin treatment), we next determined if over-expression of RCN1
via stable transfection could promote cell survival following tunicamycin or thapsigargin
treatment. To perform these experiments, the #41-SCD cell line (low RCN-1 levels) was
stably transfected with an RCN1 construct to yield a cell line (#41-RCN1) that expresses
similar levels to the original #41 cell line (Figure 4D). Importantly, this re-introduction
of RCNT1 led to these cells displaying increased survival compared to the #41-SCD cell
line after tunicamycin or thapsigargin treatment (Figure 4E,F). This level of survival was
comparable to that seen in the original high RCN1 expressing #41 cell line.

2.5. RCN1 Expression Reduces ATF6 Activity When Challenged with Tunicamycin
and Thapsigargin

Tunicamycin and thapsigargin initiate ER stress through the activation of 3 pathways
(PERK-ATF4, IRE1-XBP1 and ATEFE6) collectively called the unfolded protein response. This
response triggers apoptosis in cells if the ER stress is too severe or prolonged.

As we previously demonstrated that EGFRvIII and RCN1 expression correlated with
enhanced cell survival under ER stress conditions, we next evaluated whether ATF6
activity varied in high or low expressing RCN1 glioblastoma cells. Indeed, the U87vIII
and U373vIII cell lines (high RCN1 expressing cells) displayed significantly lower ATF6
activity compared to their parental controls (low RCN1 expressing cells) after treatment
with tunicamycin and thapsigargin (Figure 5A,B). Knockdown of RCN1 in these cells
resulted in an elevated level of ATF6 activity following treatment with tunicamycin and
thapsigargin (Figure 5C,D). In addition, the exogenous RCN1 over-expressing cell line (#41-
RCN1) displayed significantly less ATF6 activity compared to the un-transfected control
cells (#41-SCD) when treated with tunicamycin or thapsigargin (Figure 5E). Conversely,
tunicamycin and thapsigargin treatment caused a significant increase in ATF6 activity in
#41 cells with knocked down RCN1 expression compared to the ATF6 activity levels in #41
cells transfected with control siRNA (Figure 5F).

As we observed that RCN1 expression correlated with ATF6 activity, we next deter-
mined if its expression also regulated other members of the unfolded protein response
pathways. Indeed, knockdown of RCN1 resulted in increased phosphorylation of EIF2«
in both U87vIII and U373vIII cell lines when treated with tunicamycin and thapsigargin
(Figure 5G). Knockdown of RCNT1 also resulted in an increase in expression of the cleaved
ATF6 (which is involved in the ER stress response) when treated with tunicamycin and
thapsigargin and thus these results were consistent with our ATF6 luciferase activity data
(Figure 5G). Finally, we assessed changes in the antioxidant response element (a surrogate
marker for NRF2 activity) and increases in ATF4 expression which are both regulated by
PERK phosphorylation. We demonstrated that knockdown of RCN1 led to increases in
ATF4 expression (Figure 5G) and increases in anti-oxidant response (NRF2 activity) when
cells were challenged with tunicamycin and thapsigargin (Figure 5H,I). Taken together this
data indicates that EGFRVIII expression and subsequent RCN1 expression inhibits UPR
activity when challenged with ER stress inducers tunicamycin and thapsigargin.
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Figure 4. RCN1 knockdown reduces and RCN1 over-expression increases cell survival after exposure
to tunicamycin, thapsigargin and UV light. U87vIII, U373vIII and #41 glioblastoma cells were
transfected with control (ll) or RCN1 (J) siRNA and then treated with (A) £ tunicamycin (50 nM),
(B) + thapsigargin (50 nM), or (C) £ exposure to UV light. Cell viability was then determined after
72 h using a commercially available Cell Titer-Glo kit and samples read on a bioluminometer as
described in Figure 3. Data are expressed as % viability compared to untreated cells + S.D of at least
3 independent experiments, each with 3 experimental replicates. (D) #41, #41-SCD and #41-RCN1
cells were lysed and assessed for EGFRVIII, RCN1 and GAPDH expression by Western blot. #41
(M), #41-SCD () and #41-RCNT1 (bars with vertical lines) cells were treated with (E) & tunicamycin
(50 nM) or (F) + thapsigargin (50 nM) and cell viability was then determined after 72 h as described
above. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. RCN1 expression inhibits Er stress response. (A) U87 and U87vIII and (B) U373 and
U373vIII cells were transfected with the ATF6 luciferase reporter construct and allowed to adhere
overnight. Cells were then treated with + tunicamycin (50 nM) or + thapsigargin (50 nM) for a
further 24 h, lysed and assessed for luciferase activity. Data are expressed as relative luciferase activity
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(fold change) by standardizing the luciferase activity of the control untreated cells to 1, and ac-
cordingly normalizing all other raw values. (C) U87VIII and (D) U373VIII cells were transfected
with either control (M) or RCN1 ([J) siRNA and the ATF6 luciferase reporter construct and allowed
to adhere overnight. Cells were then treated with & tunicamycin or £ thapsigargin for a further
24 h, lysed and assessed for luciferase activity. Data are expressed as relative luciferase activity
(fold change) by standardizing the luciferase activity of the control siRNA, control treated cells to
1, and accordingly normalizing all other raw values. (E) #41-SCD and #41-RCN1 cells were trans-
fected with the ATF6 luciferase reporter construct and allowed to adhere overnight. Cells were then
treated with & tunicamycin or & thapsigargin for a further 24 h, lysed and assessed for luciferase
activity as outlined above. (F) #41 cells were transfected with either control or RCN1 siRNA and
the ATF6 luciferase reporter construct and allowed to adhere overnight. Cells were then treated
with + tunicamycin (50 nM) or + thapsigargin (50 nM) for a further 24 h, lysed and assessed for
luciferase activity as outlined above. (G) U87VIII and U373VIII cells were transfected with control or
RCNT1 siRNA and then treated with + tunicamycin (50 nM) or + thapsigargin (50 nM) for a further
24 h, lysed and assessed for pEIF2«, total EIF2ac and ATF6 expression by Western blot. (H) U87vIII
and (I) U373vIII cells were transfected with either control or RCN1 siRNA and the ARE (antioxidant
response element) luciferase reporter construct and allowed to adhere overnight. Cells were then
treated with + tunicamycin (50 nM) or + thapsigargin (50 nM) for a further 24 h, lysed and assessed
for luciferase activity as outlined above. ** p < 0.01; *** p < 0.001.

2.6. RCN1 Expression Protects Cells from ER Stress-Mediated Apoptosis

As our EGFRVIII and high RCN1 expressing cells displayed greater survival after
treatment with tunicamycin and thapsigargin, we next evaluated whether this was due to
a reduction in the initiation of apoptosis. Indeed, the U87vIIl and U373vIII cell lines (high
RCN1 expressing cells) displayed significantly lower caspase 3/7 activity compared to their
parental controls (low RCN1 expressing cells) after treatment with tunicamycin or thapsi-
gargin (Figure 6A,B). Knockdown of RCN1 in these cells resulted in an elevated level of
caspase3/7 activity following treatment with tunicamycin and thapsigargin (Figure 6C,D).
In addition, the exogenous RCN1 over-expressing cell line (#41-RCN1) displayed signif-
icantly less caspase 3/7 activity compared to the un-transfected control cells (#41-SCD)
when treated with tunicamycin or thapsigargin (Figure 6E). Conversely, tunicamycin and
thapsigargin treatment caused a significant increase in caspase 3/7 activity in #41 cells with
knocked down RCN1 expression compared to the caspase 3/7 activity levels in #41 cells
transfected with control siRNA (Figure 6F).

We next evaluated whether the differences in caspase 3/7 activity reflected similar
differences in the gene expression of the anti-apoptotic molecule Bcl-2. Consistently, treat-
ment with tunicamycin or thapsigargin led to significant reduction in Bcl-2 gene expression
in both EGFRVIII negative parental cell lines US7MG and U373MG (low RCN1 expressing
cells). However, this tunicamycin or thapsigargin induced reduction of Bcl-2 gene expres-
sion was not seen in the U87vIII and U373vIII (high RCN1 expressing cells) (Figure 7A,B).
However, knockdown of RCN1 in U87vIII and U373VIII cells resulted in a significantly
reduced level of Bcl-2 gene expression following treatment with tunicamycin and thapsi-
gargin compared to cells transfected with control siRNA (Figure 7C,D). Taken together this
data indicates that EGFRVIII and subsequent RCN1 expression inhibits cell apoptosis when
challenged with ER stress inducers tunicamycin and thapsigargin by reducing caspase 3/7
activity and maintaining the expression of the anti-apoptotic protein Bcl-2.
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Figure 6. RCN1 expression inhibits caspase 3/7 activity. (A) U87 and U87vIII and (B) U373 and U373vIII
cells were seeded and allowed to adhere overnight. Cells were then treated with + tunicamycin (50 nM)
or + thapsigargin (50 nM) for a further 24 h, lysed and assessed for caspase 3/7 activity. Data are
expressed as relative caspase 3/7 activity (fold change) by standardizing the caspase 3/7 activity of
the control untreated cells to 1, and accordingly normalizing all other raw values. (C) U87vIII and
(D) U373VIII cells were transfected with either control (l) or RCN1 ([J) siRNA and allowed to adhere
overnight. Cells were then treated with + tunicamycin or £ thapsigargin for a further 24 h, lysed and
assessed and assessed for caspase 3/7 activity. Data are expressed as relative caspase 3/7 activity (fold
change) by standardizing the caspase 3/7 activity of the control siRNA, control treated cells to 1, and
accordingly normalizing all other raw values. (E) #41-SCD and #41-RCNT1 cells were seeded and allowed
to adhere overnight. Cells were then treated with + tunicamycin or + thapsigargin for a further 24 h,
lysed and assessed for caspase 3/7 activity as outlined above. (F) #41 cells were transfected with either
control or RCN1 siRNA allowed to adhere overnight. Cells were then treated with £ tunicamycin
(50 nM) or =+ thapsigargin (50 nM) for a further 24 h, lysed and assessed for caspase 3/7 activity as
outlined above. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 7. RCN1 expression prevents reduction in Bcl-2 gene expression. (A) U87 and U87vIII and
(B) U373 and U373VIII cells were seeded and allowed to adhere overnight. Cells were then treated
with £ tunicamycin (50 nM) or + thapsigargin (50 nM) for a further 24 h, then lysed and assessed
for Bcl-2 gene expression by qPCR. Similarly, (C) U87vIII and (D) U373vIII cells were transfected
with either control or RCN1 siRNA and allowed to adhere overnight. Cells were then treated
with + tunicamycin (50 nM) or + thapsigargin (50 nM) for a further 24 h, lysed and assessed for Bcl-2
gene expression by qPCR luciferase activity. Data are expressed as relative Bcl-2 gene expression (fold
change) by standardizing the Bcl-2 gene expression of the control untreated cells to 1, and accordingly
normalizing all other raw values. * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Discussion

Previous findings have demonstrated that the expression of the ER-localized, calcium
binding protein RCN1 correlates with progression of breast, liver, kidney, lung, prostate
and colorectal cancer [19-21,37-39] and may play an important role in mediating resistance
to treatment in uterine and nasopharyngeal carcinoma [40]. However, it is unclear as to
which receptor tyrosine kinases regulate RCN1 expression and whether RCN1 plays a role
in glioblastoma progression. Our data begins to address these unanswered important ques-
tions initially evaluating online databases. Consistently with the above studies, our data
mining demonstrated that high RCN1 expression correlates with increasing glioma grade
and predicts poorer survival in glioblastoma patients suggesting a potential role of RCN1 in
promoting glioblastoma progression. To begin to elucidate this potential pro-tumorigenic
role, we determined the gene and protein expression of RCN1 in several commercially
available parental cell lines, single cell variant sub-populations, stably transfected and
patient-derived primary and recurrent glioblastoma cell lines. We discovered that the
expression of transfected or naturally occurring EGFRVIII and wildtype EGFR strongly
correlates with increased RCN1 expression suggesting that the EGFR and EGFRVIII can
regulate RCN1 expression.

In addition, we provide several lines of evidence that the kinase activity of the EGFR
or EGFRVIII is not required for this enhanced RCN1 expression. Firstly, EGF stimulation of
wt EGFR leading to enhanced EGFR phosphorylation did not enhance RCN1 expression.
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Secondly, the expression of a dead kinase EGFRVIII in U87MG cells (U87-DK) displayed
comparable RCN1 expression to that of the U87vIII (with functional EGFRVIII kinase) and
significantly greater RCN1 expression to the parental US7MG (EGFRVIII negative) cell line.
Finally, Gefitinib and Erlotinib could successfully reduce EGFRVIII phosphorylation but
had no effect on RCN1 expression in EGFRVIII expressing cells. This data indicates that
the positive correlation between EGFRVIII and RCN1 expression is independent of the
EGFRUVIII kinase activity. Although the full-length wt EGFR has been previously shown
to have several oncogenic features that does not require its kinase activity [41-43], to the
best of our knowledge our study is to first to identify a kinase-independent property of the
EGFRvIIL. How EGFRVIII correlates with RCN1 expression without the requirement for
kinase activity is unknown. We can only speculate that the EGFRVIII expression has been
identified in the mitochondria [44,45] and that this localization may in turn lead to changes
in localization, expression or activation of key survival proteins/pathways that regulate
ER stress and apoptosis. Likewise, the EGFRVIII has been identified in the nucleus [46,47].
Whether the EGFRVIII can induce gene transcription of pro-survival markers such as
RCNT1 without kinase activity is not well known. Nonetheless, we identify that EGFRVIII
expression correlates to RCN1 expression. However, despite correlative expression of
EGFRVIII and RCN1, our immunoprecipitation studies demonstrated that EGFRVIII and
RCN1 did not associate or immuno-complex with each other. Similar to Oldrini et al. who
reported that RCN1 binds EGF-stimulated wt EGFR in the epidermoid carcinoma cell line
A431 [48], we found that RCN1 could associate with the wt EGFR in both U87vIII and
U373vIII cells despite these cell lines expressing greater levels of EGFRVIII than wt EGFR.
This disparity therefore is not due to total assessable protein levels but potentially due to
the conformational change in the EGFRvIIL

The EGFRVIII variant receptor has previously been shown to promote enhanced
survival in glioblastoma cells through mechanisms involving the inhibition of apoptosis.
Our current data supports this notion and provides the first line of direct evidence that
the EGFRVIII can suppress apoptosis when cells are under ER stress. Specifically, we
demonstrated that expression of the anti-apoptotic protein Bcl-2 and caspase 3/7 activity
was significantly reduced in our EGFRVIII expressing cell lines compared to parental cell
lines when challenged with ER stress inducers tunicamycin and thapsigargin. Similarly,
Nagane and colleagues [36] showed that U87VIII cells expressed significantly greater
expression of the anti-apoptotic protein Bcl-X;, and reduced caspase-3-like protease activity
compared to U87VIII cells when challenged with cisplatin; a chemotherapeutic that has been
shown to induce ER stress-mediated apoptosis [49,50]. Interestingly, these differences in
apoptotic markers between EGFRVIII negative and positive expressing cells were not seen
in optimal growth conditions in vitro but only emerge in sub-optimal micro-environments
often encountered by glioblastoma cells in patients including drug challenged [36], hypoxic
environments [51], in vivo growth [34], and when cultured in media without serum [34];
all inducers of ER stress.

Similarly, RCN1 has been shown to play a pro-survival role during ER stress. Sev-
eral reports indicating that RCN1 is responsible for promoting tumor survival in prostate,
liver, kidney and skin cancer cell lines under ER stress [5,38]. In addition, RCN1 deple-
tion induced ER stress in animal models and led to cell death [38,40]. However, no study
to date has evaluated whether EGFRvVIII and RCN1 co-operate to promote glioblastoma
survival. Our current data showed that cells that were positive for EGFRVIII expres-
sion and subsequently expressed high RCN1 levels displayed significantly greater cell
survival when challenged with pharmacological and environmental ER stress inducers:
tunicamycin, thapsigargin, UV exposure or reduced glucose concentration. Importantly,
exogenous introduction of RCN1 into cells also led to enhanced survival of cells when
ER stress was induced, while knockdown of RCN1 reversed this enhanced survival in ER
stress conditions. These data support the notion that EGFRVIII provides a pro-survival,
RCN1-dependent mechanism in sub-optimal, ER stress conditions. Similarly, cells with
transfected or sub-populations selected from single cell cultures displaying enhanced
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wt EGFR and subsequently higher levels of RCN1 also demonstrated greater survival
when treated with tunicamyecin, thapsigargin or exposed to UV irradiation. Our isolated
variant U87 and U251 sub-populations contained higher EGFR expression compared to
their parental population. This provides evidence that intra-tumor heterogeneity exists
within cell lines, in which the genetic landscape differs within a particular cluster of cells.
Therefore, these cells may exhibit varying resilience to sub-optimal conditions such as
low nutrient conditions, hypoxia or drug treatment compared to neighboring cells in
the same tumor population. This is particularly relevant in glioblastoma where cells
utilize nutrients and oxygen quickly and are therefore often in sub-optimal microenvi-
ronments [52]. As such cells that can prevent ER stress-mediated apoptosis triggered
by these sub-optimal conditions have a significant growth and survival advantage. We
propose that sub-populations of cells with EGFRVIII, high wt EGFR and subsequent
high RCN1 expression are likely to be more tolerant and better adapted to survive
sub-optimal growth conditions often observed in the glioblastoma micro-environment.
However, we propose this hypothesis with the caveat that most of our studies were
performed with commercially available, high passage glioblastoma cells transfected
with EGFRVIII (although we did also use a glioblastoma cell line that naturally expresses
the EGFRVIII). This is a limitation of our study and many other EGFRvIII-based studies
as the routine culturing of naturally expressing EGFRVIII cells is very rare.

Our current data where knockdown of RCN1 led to enhanced ATF6 activity and over-
expression of RCN1 mediated reduced ATF6 activity in cells when challenged with ER stress
inducers is consistent with other reports. Similar to our findings, Huang et al., showed
that knockdown of RCN1 enhanced the expression of ER stress markers GRP78, CHOP,
Herp, Erdj4, ATF4 and EDEM1 and promoted apoptosis in nasopharyngeal carcinoma
cells when challenged with the chemotherapeutic adriamycin [40]. Our current data also
showed that RCN1 knockdown leads to enhanced phosphorylation of EIF2«, increased
expression of ATF4 and enhanced activity of NRF2, members of another UPR pathway
PERK-EIF2x-ATF4 that is divergent to the ATF6 pathway. These results suggest that RCN1
may regulate more than one of the UPR pathways and as enhanced EIF2o phosphorylation
and enhanced ATF4 expression after RCN1 knockdown has been reported in other cell
types, this RCN1 regulation may be universal and not glioblastoma specific [5,38].

It has also been shown that over-expression of RCN1 led to reduced ER stress in-
duction and reduced apoptosis when treated with adriamycin. Based on these findings
we can speculate that the response to temozolomide and radiotherapy (the most used
treatment strategy for glioblastoma patients’ post-surgery) may be dependent on whether
this treatment can induce sustained ER stress and subsequent apoptosis and in turn this
may be dependent on RCN1 expression. Indeed, our results showed that EGFRVIII ex-
pressing cells (with higher RCN1 expression) had greater survival when challenged with
temozolomide compared to parental, EGFRVIII negative cell lines. Although, we did not
expand these data to explore whether temozolomide enhanced UPR activity at varying
levels based on RCN1 expression leading to the observed apoptosis, others have shown
that temozolomide triggers enhanced UPR activity mediated cell death [53]. Furthermore,
Dadey and colleagues showed that single dose radiation led to increased PERK expression
and reduced cell viability in glioblastoma cells in vitro [54].

4. Materials and Methods
4.1. Antibodies and Reagents

The rabbit polyclonal antibodies directed against pEGFR, EGFR, pEIF2«, EIF2« and
GAPDH and the mouse monoclonal antibody directed against ATF4 were all obtained from
Cell Signaling Technology (Danvers, MA, USA). The RCN1 antibody was from Abcam
(Cambridge, UK). The mouse monoclonal ATF6 antibody was from Enzo Life Sciences
(Redfern, NSW, Australia). The EGFRVIII (LMH-144) antibody was generated in house
at the Olivia Newton John Cancer Research Institute. Tunicamycin, thapsigargin and
temozolomide were all purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). EGF
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was purchased from Life Technologies (Life Technologies; Carlsbad, CA, USA) and the anti-
EGEFR inhibitors: Erlotinib and Gefitinib were obtained from Selleck Chemicals (Houston,
TX, USA). The Luciferase Reporter Assay reagents were purchased from Promega (Madison,
WI, USA). Human RCN1 and negative control siRNA were from ThermoFisher Scientific
(Scoresby, VIC, Australia).

4.2. Cell Culture

The glioblastoma cell lines U87MG, U373MG and U251MG were purchased from
ATCC. The stably transfected U87vIII, US7wtEGFR, U87-DK and U373vlIII cell lines were
all originally provided by Prof Webster Cavenee and Prof Frank Furnari (Ludwig Institute
for Cancer Research, San Diego Branch, University of California at San Diego). The primary
glioblastoma cell lines: #4, #20, #28, #35 and #41 were originally derived from 5 patients with
pathologically confirmed glioblastoma at the Royal Melbourne Hospital and subsequently
modified from neurosphere non-adherent cells to adherent cells grown in monolayer.
Use of these cell lines in the laboratory was approved by the Melbourne Health Human
Research and Ethics Committee (HREC 2012.219). All cells were maintained in Dulbecco’s
Modified Eagle’s Medium (Life Technologies) contained 5% fetal bovine serum (FBS) (Life
Technologies, Carlsbad, CA, USA), 100 U/mL penicillin and 100 pg/mL streptomycin (Life
Technologies). Cells were incubated in a humidified atmosphere of 90% air and 10% CO,
at 37 °C. DMEM Glucose-free media was purchased from Life technologies.

4.3. Generation of Cells with Varying Levels of EGFR and EGFRvIII

U8S7MG, U251MG and #41 cells were seeded at an initial concentration of 1 x 10° cells/mL
and serially diluted 1:2 across a 96-well plate with DMEM to isolate one cell/well. These
single cell clones were then allowed to proliferate, and expanded populations from single cell
origin were analyzed for EGFR and EGFRVIII expression by Western blot and qPCR. US7MG
and U251IMG cells with increased EGFR expression compared to parental were designated
U87-SCD and U251-SCD while #41 cells with decreased EGFRVIII expression compared to
parental were designed #41-SCD.

4.4. Generation of Cells with RCN1 Over-Expression and siRNA Transfection

The #41-RCN1 transfected cell line was generated by transfecting cells with the pcDNA3.1-
RCN-1 (Kindly provided by Prof Huiging Yuan; Shandong University China; [38]) using
FuGENE HD transfection reagent (Promega, Madison, WI, USA) following the manufacturer’s
instructions and selected with Geneticin (Sigma-Aldrich, St. Louis, MO, USA). Confirma-
tion of over-expression was performed by qPCR and Western blotting. Confirmed stably
transfected cells (designated #41-RCN1) were maintained in standard cell culture conditions
containing 1.0 mg/mL of Geneticin. For siRNA experiments cells were transiently trans-
fected with RCN1 or control siRNA using the HiPerFect transfection reagent (Qiagen, Hilden,
Germany) as per the manufacturer’s instructions for 24 h before subsequent treatments.

4.5. Cell Viability Assays

Cells were plated in 96-well plates and allowed to adhere overnight. Triplicate wells
were treated with varying concentrations of tunicamycin, thapsigargin, exposed to UV
(10 min) or cultured in glucose-free media for 3 days. Cells were then lysed and cell
viability relative to an appropriate control was determined using a commercially available
Cell Titer-Glo kit (Promega) following manufacturer’s instructions. Cell lysates were read
on a bioluminometer.

4.6. Western Blotting and Immunoprecipitation

Cells were lysed in a lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton-
X-100, 50 mM NaF, 2 mM MgCl,, 1 mM Na3zVO;, and protease inhibitor cocktail (Roche;
Basel, Switzerland)) and clarified by centrifugation (13,000 g for 15 min at 4 °C). For
immunoprecipitation assays, 500 ug of clarified lysates as determined by the Pierce BCA
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Protein Assay Kit (Thermo Scientific) was incubated with 5 ug of RCN1 or EGFRvIII (LMH-
144) antibody and 30 pL of washed protein G Agarose affinity beads (Sigma) overnight
at 4 °C. The next day immunoprecipitates were washed 3 times with lysis buffer and
mixed with sample buffer (Life Technologies). Proteins were then separated by SDS-PAGE
(Life Technologies), blotted onto nitrocellulose and probed with the indicated primary
antibodies. The signal was visualized using an ECL chemiluminescence detection kit (GE
Healthcare; Chicago, IL, USA) following incubation with appropriate secondary antibodies
(Biorad Laboratories; Hercules, CA, USA).

4.7. RNA Extraction and RT-PCR

Cells were seeded in 6-well plates and allowed to adhere overnight. Following cell
treatments and/or transfections, total RNA was extracted with the RNeasy Mini Kit (Qia-
gen; Hilden, Germany) following the manufacturer’s instructions. Reverse transcription
was performed using the High Capacity RNA-to-cDNA Kit (Applied Biosystems; Waltham,
MA, USA). Reverse Transcription-PCR was performed using the GeneAmp PCR System
2400 (Perkin Elmer, Waltham, MA) under the conditions of 37 °C for 60 min and 95 °C for
5 min at a reaction volume of 20 pL. In order to quantify the transcripts of the genes of
interest, real-time PCR was performed using the ViiA 7 Real-Time PCR system (Applied
Biosystems) for EGFR (Applied Biosystems, Hs01076090_m1), RCN1 (Hs01923804_g1), Bcl-
2 (Applied Biosystems, Hs04986394_s1) and GAPDH (Applied Biosystems, Hs02758991_g1).
The EGFRVIII specific primers were ordered using the sequences previously validated [55].
Amplified RNA samples was calculated using the 2~4A<T method [56].

4.8. ATF6 and ARE-Luc Luciferase Assay

Cells were transfected with the ATF6 luciferase construct (pGL4.39; Promega) or the
anti-oxidant response element luciferase construct (pGL4.37; Promega) with or without
co-transfection with control and RCN1 siRNA and allowed to adhere overnight. After 24 h,
cells were then treated with 0 and 50 nM of tunicamycin or thapsigargin for 24 h. Following
another 24 h, cells were lysed and assessed for ATF6 luciferase activity with the use of
the Luciferase Reporter Assay Kit (Promega) following the manufacturer’s instructions.
Readings from lysed cells that were treated with contol (i.e., without inhibitors) were
normalized to 1 and all subsequent readings were adjusted accordingly relative to control
treated readings.

4.9. Caspase3/7 Assay

Cells were plated in 96-well plates and allowed to adhere overnight. Triplicate wells
were treated with 0 and 50 nM of tunicamycin or thapsigargin for 24 h. Cells were then lysed
and apoptosis was measured using the Caspase 3/7-Glo assay kit (Promega) following
manufacturer’s instructions. Cell lysates were read on a bioluminometer.

4.10. OncoLnc (TCGA)

TCGA gene expression data was obtained from using the OncoLnc database (www.
oncolnc.org), access date 26 April 2018. For a given gene, the gene ID was entered and
‘GBM’ was selected. Patients belonging to either the lower or upper 25th percentiles were
chosen for the analysis.

4.11. Statistical Analysis

The statistical analyses for all Western blots, qRT-PCR and cell viability assays was
conducted with an unpaired, two-tail Student’s t-test was used to test for significance and a
minimum threshold of p < 0.05 was chosen to determine significance. The survival analyses
from OncoLnc used a log-rank t-test to determine significance and data was displayed on a
Kaplan-Meier plot.
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5. Conclusions

In conclusion, our current findings have identified that the EGFR and EGFRVIII drive
RCNT1 gene and protein expression which protects glioblastoma cells from apoptosis when
challenged with inducers of ER stress. This enhanced survival under ER stress condi-
tions may be due to the inhibition of the activity of ATF6, EIF2«c, NRF2 and caspase 3/7,
the suppression of ATF4 expression and the maintained expression of the anti-apoptotic
molecule Bcl-2. These findings that RCN1 expression confers increased survival in our cell
lines and correlates with poorer glioblastoma patient survival suggest that targeting RCN1
therapeutically to promote sustained ER stress and subsequently, trigger apoptosis, may
represent a promising alternative strategy for glioblastoma treatment.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-669
4/13/6/1198/s1, Figure S1: #41 and #41-SCD cells were lysed and assessed for EGFRvIII, RCN1 and
GAPDH expression by western blot, Figure S2: U87vIII and U373vIII cells were lysed and proteins
were immunoprecipitated using either the RCN1 or EGFRVIII antibody as described in materials and
methods, Figure S3: RCN1 expression is not regulated by EGFR activity, Figure S4: U87, U87-EGFR,
U87DK, U87-SCD, U251 and U251-SCD cells were treated with increasing doses of tunicamycin A, B
or thapsigargin C, D for 72 h.

Author Contributions: R.B.L., V.R. and J.G. conceived this study, designed the experimental plan and
wrote the manuscript. RB.L., ].G., Z.A,,SES.,, HPTN,, LP, AZ,SM., MKM. and J.J. performed the
majority of the experiments and interpreted the data. HK.G., AM.S., A HK. and A.P.M. contributed
cell lines and critical reagents and provided project direction. All authors have read and agreed to
the published version of the manuscript.

Funding: R.B.L. is a recipient of the Victorian Cancer Agency Mid-Career Research Fellowship
(MCRF15017).

Institutional Review Board Statement: Use of some cell lines in this study was approved by the
Melbourne Health Human Research and Ethics Committee (HREC 2012.219).

Data Availability Statement: Data sharing is not applicable for this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Davis, EG.; Freels, S.; Grutsch, J.; Barlas, S.; Brem, S. Survival rates in patients with primary malignant brain tumors stratified
by patient age and tumor histological type: An analysis based on Surveillance, Epidemiology, and End Results (SEER) data,
1973-1991. . Neurosurg. 1998, 88, 1-10. [CrossRef]

Furnari, F.B.; Fenton, T.; Bachoo, R-M.; Mukasa, A.; Stommel, ] M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.; Louis, D.N.; Brennan, C.;
et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment. Genes Dev. 2007, 21, 2683-2710. [CrossRef] [PubMed]
West, A.].; Tsui, V.; Stylli, S.S.; Nguyen, H.P.T.; Morokoff, A.P.; Kaye, A.H.; Luwor, R.B. The role of interleukin-6-STAT3 signalling
in glioblastoma. Oncol. Lett. 2018, 16, 4095-4104. [CrossRef] [PubMed]

Penaranda Fajardo, N.M.; Meijer, C.; Kruyt, F.A. The endoplasmic reticulum stress /unfolded protein response in gliomagenesis,
tumor progression and as a therapeutic target in glioblastoma. Biochem. Pharmacol. 2016, 118, 1-8. [CrossRef]

Xu, S.; Xu, Y; Chen, L.; Fang, Q.; Song, S.; Chen, J.; Teng, J. RCN1 suppresses ER stress-induced apoptosis via calcium homeostasis
and PERK-CHOP signaling. Oncogenesis 2017, 6, e304. [CrossRef]

Sansalone, L.; Veliz, E.A.; Myrthil, N.G.; Stathias, V.; Walters, W.; Torrens, 1.1.; Schurer, S.C.; Vanni, S.; Leblanc, R.M.; Graham,
R.M. Novel Curcumin Inspired Bis-Chalcone Promotes Endoplasmic Reticulum Stress and Glioblastoma Neurosphere Cell Death.
Cancers 2019, 11, 357. [CrossRef]

Tabas, I.; Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell Biol. 2011, 13,
184-190. [CrossRef]

Truscott, K.N.; Bezawork-Geleta, A.; Dougan, D.A. Unfolded protein responses in bacteria and mitochondria: A central role for
the ClpXP machine. IUBMB Life 2011, 63, 955-963. [CrossRef] [PubMed]

Bertolotti, A.; Zhang, Y.; Hendershot, L.M.; Harding, H.P,; Ron, D. Dynamic interaction of BiP and ER stress transducers in the
unfolded-protein response. Nat. Cell Biol. 2000, 2, 326-332. [CrossRef]

Wang, M.; Kaufman, R.J. The impact of the endoplasmic reticulum protein-folding environment on cancer development. Nat. Rev.
Cancer 2014, 14, 581-597. [CrossRef] [PubMed]

Ye, J.; Rawson, R.B.; Komuro, R.; Chen, X.; Dave, U.P,; Prywes, R.; Brown, M.S.; Goldstein, J.L. ER stress induces cleavage of
membrane-bound ATF6 by the same proteases that process SREBPs. Mol. Cell 2000, 6, 1355-1364. [CrossRef]


https://www.mdpi.com/2072-6694/13/6/1198/s1
https://www.mdpi.com/2072-6694/13/6/1198/s1
http://doi.org/10.3171/jns.1998.88.1.0001
http://doi.org/10.1101/gad.1596707
http://www.ncbi.nlm.nih.gov/pubmed/17974913
http://doi.org/10.3892/ol.2018.9227
http://www.ncbi.nlm.nih.gov/pubmed/30250528
http://doi.org/10.1016/j.bcp.2016.04.008
http://doi.org/10.1038/oncsis.2017.6
http://doi.org/10.3390/cancers11030357
http://doi.org/10.1038/ncb0311-184
http://doi.org/10.1002/iub.526
http://www.ncbi.nlm.nih.gov/pubmed/22031494
http://doi.org/10.1038/35014014
http://doi.org/10.1038/nrc3800
http://www.ncbi.nlm.nih.gov/pubmed/25145482
http://doi.org/10.1016/S1097-2765(00)00133-7

Cancers 2021, 13, 1198 18 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012,
13, 89-102. [CrossRef]

Madden, E.; Logue, S.E.; Healy, S.J.; Manie, S.; Samali, A. The role of the unfolded protein response in cancer progression: From
oncogenesis to chemoresistance. Biol. Cell 2019, 111, 1-17. [CrossRef]

Turlaro, R.; Munoz-Pinedo, C. Cell death induced by endoplasmic reticulum stress. FEBS J. 2016, 283, 2640-2652. [CrossRef]
Masud, A.; Mohapatra, A.; Lakhani, S.A.; Ferrandino, A.; Hakem, R.; Flavell, R.A. Endoplasmic reticulum stress-induced death
of mouse embryonic fibroblasts requires the intrinsic pathway of apoptosis. . Biol. Chem. 2007, 282, 14132-14139. [CrossRef]
[PubMed]

McCullough, K.D.; Martindale, J.L.; Klotz, L.O.; Aw, T.Y.; Holbrook, N.J. Gadd153 sensitizes cells to endoplasmic reticulum stress
by down-regulating Bcl2 and perturbing the cellular redox state. Mol. Cell Biol. 2001, 21, 1249-1259. [CrossRef] [PubMed]
Meares, G.P.; Zmijewska, A.A.; Jope, R.S. HSP105 interacts with GRP78 and GSK3 and promotes ER stress-induced caspase-3
activation. Cell Signal. 2008, 20, 347-358. [CrossRef] [PubMed]

Ozawa, M.; Muramatsu, T. Reticulocalbin, a novel endoplasmic reticulum resident Ca(2+)-binding protein with multiple EF-hand
motifs and a carboxyl-terminal HDEL sequence. J. Biol. Chem. 1993, 268, 699-705. [CrossRef]

Giribaldi, G.; Barbero, G.; Mandili, G.; Daniele, L.; Khadjavi, A.; Notarpietro, A.; Ulliers, D.; Prato, M.; Minero, V.G.;
Battaglia, A.; et al. Proteomic identification of Reticulocalbin 1 as potential tumor marker in renal cell carcinoma. J. Proteom.
2013, 91, 385-392. [CrossRef]

Liu, Z.; Brattain, M.G.; Appert, H. Differential display of reticulocalbin in the highly invasive cell line, MDA-MB-435, versus the
poorly invasive cell line, MCE-7. Biochem. Biophys. Res. Commun. 1997, 231, 283-289. [CrossRef] [PubMed]

Nimmrich, I.; Erdmann, S.; Melchers, U.; Finke, U.; Hentsch, S.; Moyer, M.P,; Hoffmann, I.; Muller, O. Seven genes that are
differentially transcribed in colorectal tumor cell lines. Carncer Lett. 2000, 160, 37—43. [CrossRef]

Ekstrand, A.J.; James, C.D.; Cavenee, W.K.; Seliger, B.; Pettersson, R.F.; Collins, V.P. Genes for epidermal growth factor receptor,
transforming growth factor alpha, and epidermal growth factor and their expression in human gliomas in vivo. Cancer Res. 1991,
51,2164-2172.

Libermann, T.A.; Razon, N.; Bartal, A.D.; Yarden, Y.; Schlessinger, ].; Soreq, H. Expression of epidermal growth factor receptors in
human brain tumors. Cancer Res. 1984, 44, 753-760.

Wong, A.J.; Ruppert, ].M.; Bigner, S.H.; Grzeschik, C.H.; Humphrey, P.A.; Bigner, D.S.; Vogelstein, B. Structural alterations of the
epidermal growth factor receptor gene in human gliomas. Proc. Natl. Acad. Sci. USA 1992, 89, 2965-2969. [CrossRef]

Mitchell, R.A.; Luwor, R.B.; Burgess, A.W. Epidermal growth factor receptor: Structure-function informing the design of anticancer
therapeutics. Exp. Cell Res. 2018, 371, 1-19. [CrossRef] [PubMed]

Gan, HK,; Kaye, A.H.; Luwor, R.B. The EGFRVIII variant in glioblastoma multiforme. J. Clin. Neurosci. 2009, 16, 748-754.
[CrossRef]

Luwor, R.B.; Zhu, H.J.; Walker, F; Vitali, A.A.; Perera, R.M.; Burgess, A.W,; Scott, A.M.; Johns, T.G. The tumor-specific de2-7
epidermal growth factor receptor (EGFR) promotes cells survival and heterodimerizes with the wild-type EGFR. Oncogene 2004,
23, 6095-6104. [CrossRef]

Garcia de Palazzo, LE.; Adams, G.P,; Sundareshan, P.; Wong, A.].; Testa, ].R.; Bigner, D.D.; Weiner, L.M. Expression of mutated
epidermal growth factor receptor by non-small cell lung carcinomas. Cancer Res. 1993, 53, 3217-3220.

Moscatello, D.K.; Holgado-Madruga, M.; Godwin, A.K.; Ramirez, G.; Gunn, G.; Zoltick, PW.; Biegel, ] A.; Hayes, R.L.; Wong, A.J.
Frequent expression of a mutant epidermal growth factor receptor in multiple human tumors. Cancer Res. 1995, 55, 5536-5539.
[PubMed]

Ekstrand, A.J.; Sugawa, N.; James, C.D.; Collins, V.P. Amplified and rearranged epidermal growth factor receptor genes in human
glioblastomas reveal deletions of sequences encoding portions of the N- and /or C-terminal tails. Proc. Natl. Acad. Sci. USA 1992,
89, 4309-4313. [CrossRef] [PubMed]

Sugawa, N.; Ekstrand, A.].; James, C.D.; Collins, V.P. Identical splicing of aberrant epidermal growth factor receptor transcripts
from amplified rearranged genes in human glioblastomas. Proc. Natl. Acad. Sci. USA 1990, 87, 8602-8606. [CrossRef] [PubMed]
O’Rourke, D.M.; Nute, E.J.; Davis, ].G.; Wu, C.; Lee, A.; Murali, R.; Zhang, H.T.; Qian, X.; Kao, C.C.; Greene, M.I. Inhibition
of a naturally occurring EGFR oncoprotein by the p185neu ectodomain: Implications for subdomain contributions to receptor
assembly. Oncogene 1998, 16, 1197-1207. [CrossRef]

Voldborg, B.R.; Damstrup, L.; Spang-Thomsen, M.; Poulsen, H.S. Epidermal growth factor receptor (EGFR) and EGFR mutations,
function and possible role in clinical trials. Ann. Oncol. 1997, 8, 1197-1206. [CrossRef]

Nagane, M.; Coufal, F; Lin, H.; Bogler, O.; Cavenee, W.K,; Huang, H.J]. A common mutant epidermal growth factor receptor
confers enhanced tumorigenicity on human glioblastoma cells by increasing proliferation and reducing apoptosis. Cancer Res.
1996, 56, 5079-5086.

Lammering, G.; Valerie, K,; Lin, P.S.; Hewit, T.H.; Schmidt-Ullrich, R K. Radiation-induced activation of a common variant of
EGFR confers enhanced radioresistance. Radiother. Oncol. 2004, 72, 267-273. [CrossRef]

Nagane, M.; Levitzki, A.; Gazit, A.; Cavenee, W.K,; Huang, H.]. Drug resistance of human glioblastoma cells conferred by
a tumor-specific mutant epidermal growth factor receptor through modulation of Bcl-XL and caspase-3-like proteases. Proc. Natl.
Acad. Sci. USA 1998, 95, 5724-5729. [CrossRef]


http://doi.org/10.1038/nrm3270
http://doi.org/10.1111/boc.201800050
http://doi.org/10.1111/febs.13598
http://doi.org/10.1074/jbc.M700077200
http://www.ncbi.nlm.nih.gov/pubmed/17371867
http://doi.org/10.1128/MCB.21.4.1249-1259.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158311
http://doi.org/10.1016/j.cellsig.2007.10.032
http://www.ncbi.nlm.nih.gov/pubmed/18083346
http://doi.org/10.1016/S0021-9258(18)54208-3
http://doi.org/10.1016/j.jprot.2013.07.018
http://doi.org/10.1006/bbrc.1997.6083
http://www.ncbi.nlm.nih.gov/pubmed/9070264
http://doi.org/10.1016/S0304-3835(00)00553-X
http://doi.org/10.1073/pnas.89.7.2965
http://doi.org/10.1016/j.yexcr.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30098332
http://doi.org/10.1016/j.jocn.2008.12.005
http://doi.org/10.1038/sj.onc.1207870
http://www.ncbi.nlm.nih.gov/pubmed/7585629
http://doi.org/10.1073/pnas.89.10.4309
http://www.ncbi.nlm.nih.gov/pubmed/1584765
http://doi.org/10.1073/pnas.87.21.8602
http://www.ncbi.nlm.nih.gov/pubmed/2236070
http://doi.org/10.1038/sj.onc.1201635
http://doi.org/10.1023/A:1008209720526
http://doi.org/10.1016/j.radonc.2004.07.004
http://doi.org/10.1073/pnas.95.10.5724

Cancers 2021, 13, 1198 19 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chen, X.; Shao, W.; Huang, H.; Feng, X.; Yao, S.; Ke, H. Overexpression of RCN1 correlates with poor prognosis and progression
in non-small cell lung cancer. Hum. Pathol. 2019, 83, 140-148. [CrossRef] [PubMed]

Liu, X;; Zhang, N.; Wang, D.; Zhu, D.; Yuan, Q.; Zhang, X.; Qian, L.; Niu, H.; Lu, Y,; Ren, G.; et al. Downregulation of
reticulocalbin-1 differentially facilitates apoptosis and necroptosis in human prostate cancer cells. Cancer Sci. 2018, 109, 1147-1157.
[CrossRef] [PubMed]

Yu, L.R,; Zeng, R.; Shao, X.X.; Wang, N.; Xu, Y.H.; Xia, Q.C. Identification of differentially expressed proteins between human
hepatoma and normal liver cell lines by two-dimensional electrophoresis and liquid chromatography-ion trap mass spectrometry.
Electrophoresis 2000, 21, 3058-3068. [CrossRef]

Huang, Z.H.; Qiao, J.; Feng, Y.Y.; Qiu, M.T,; Cheng, T.; Wang, ].; Zheng, C.E; Lv, Z.Q.; Wang, C.H. Reticulocalbin-1 knockdown
increases the sensitivity of cells to Adriamycin in nasopharyngeal carcinoma and promotes endoplasmic reticulum stress-induced
cell apoptosis. Cell Cycle 2020, 19, 1576-1589. [CrossRef]

Coker, K.J; Staros, ].V.; Guyer, C.A. A kinase-negative epidermal growth factor receptor that retains the capacity to stimulate
DNA synthesis. Proc. Natl. Acad. Sci. USA 1994, 91, 6967—-6971. [CrossRef]

Ewald, J.A.; Wilkinson, ].C.; Guyer, C.A.; Staros, J.V. Ligand- and kinase activity-independent cell survival mediated by the
epidermal growth factor receptor expressed in 32D cells. Exp. Cell Res. 2003, 282, 121-131. [CrossRef]

Weihua, Z.; Tsan, R.; Huang, W.C.; Wu, Q.; Chiu, C.H.; Fidler, L.].; Hung, M.C. Survival of cancer cells is maintained by EGFR
independent of its kinase activity. Cancer Cell 2008, 13, 385-393. [CrossRef] [PubMed]

Cao, X.; Zhu, H.; Ali-Osman, F; Lo, HW. EGFR and EGFRvVIII undergo stress- and EGFR kinase inhibitor-induced mitochondrial
translocalization: A potential mechanism of EGFR-driven antagonism of apoptosis. Mol. Cancer 2011, 10, 26. [CrossRef] [PubMed]
Cvrljevic, A.N.; Akhavan, D.; Wu, M.; Martinello, P; Furnari, F.B.; Johnston, A.J.; Guo, D.; Pike, L.; Cavenee, WK_; Scott, A.M.;
et al. Activation of Src induces mitochondrial localisation of de2-7EGFR (EGFRVIII) in glioma cells: Implications for glucose
metabolism. J. Cell Sci. 2011, 124, 2938-2950. [CrossRef] [PubMed]

Gururaj, A.E.; Gibson, L.; Panchabhai, S.; Bai, M.; Manyam, G.; Lu, Y.; Latha, K.; Rojas, M.L.; Hwang, Y.; Liang, S.; et al. Access to
the nucleus and functional association with c-Myc is required for the full oncogenic potential of DeltaEGFR/EGFRVIIL. J. Biol.
Chem. 2013, 288, 3428-3438. [CrossRef] [PubMed]

Lo, HW.; Cao, X.; Zhu, H.; Ali-Osman, F. Cyclooxygenase-2 is a novel transcriptional target of the nuclear EGFR-STAT3 and
EGEFRVIII-STATS3 signaling axes. Mol. Cancer Res. 2010, 8, 232-245. [CrossRef]

Oldrini, B.; Hsieh, W.Y.; Erdjument-Bromage, H.; Codega, P.; Carro, M.S.; Curiel-Garcia, A.; Campos, C.; Pourmaleki, M.;
Grommes, C.; Vivanco, L; et al. EGFR feedback-inhibition by Ran-binding protein 6 is disrupted in cancer. Nat. Commun. 2017, §,
2035. [CrossRef]

Mandic, A.; Hansson, J.; Linder, S.; Shoshan, M.C. Cisplatin induces endoplasmic reticulum stress and nucleus-independent
apoptotic signaling. J. Biol. Chem. 2003, 278, 9100-9106. [CrossRef]

Martins, I.; Kepp, O.; Schlemmer, E; Adjemian, S.; Tailler, M.; Shen, S.; Michaud, M.; Menger, L.; Gdoura, A.; Tajeddine, N.; et al.
Restoration of the immunogenicity of cisplatin-induced cancer cell death by endoplasmic reticulum stress. Oncogene 2011, 30,
1147-1158. [CrossRef]

Xie, H.; Yang, ].; Xing, W.; Dong, Y.; Ren, H. Nuclear EGFRVIII resists hypoxic microenvironment induced apoptosis via recruiting
ERK1/2 nuclear translocation. Biochem. Biophys. Res. Commun. 2016, 470, 466-472. [CrossRef] [PubMed]

Flavahan, W.A.; Wu, Q.; Hitomi, M.; Rahim, N.; Kim, Y.; Sloan, A.E.; Weil, R.J.; Nakano, I.; Sarkaria, ].N.; Stringer, B.W.; et al.
Brain tumor initiating cells adapt to restricted nutrition through preferential glucose uptake. Nat. Neurosci. 2013, 16, 1373-1382.
[CrossRef]

Noack, J.; Choi, J.; Richter, K.; Kopp-Schneider, A.; Regnier-Vigouroux, A. A sphingosine kinase inhibitor combined with
temozolomide induces glioblastoma cell death through accumulation of dihydrosphingosine and dihydroceramide, endoplasmic
reticulum stress and autophagy. Cell Death Dis. 2014, 5, €1425. [CrossRef]

Dadey, D.Y.A.; Kapoor, V.; Khudanyan, A.; Thotala, D.; Hallahan, D.E. PERK Regulates Glioblastoma Sensitivity to ER Stress
Although Promoting Radiation Resistance. Mol. Cancer Res. 2018, 16, 1447-1453. [CrossRef]

Yoshimoto, K.; Dang, J.; Zhu, S.; Nathanson, D.; Huang, T.; Dumont, R.; Seligson, D.B.; Yong, W.H.; Xiong, Z.; Rao, N.; et al.
Development of a real-time RT-PCR assay for detecting EGFRVIII in glioblastoma samples. Clin. Cancer Res. 2008, 14, 488—493.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]


http://doi.org/10.1016/j.humpath.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30172915
http://doi.org/10.1111/cas.13541
http://www.ncbi.nlm.nih.gov/pubmed/29453900
http://doi.org/10.1002/1522-2683(20000801)21:14&lt;3058::AID-ELPS3058&gt;3.0.CO;2-U
http://doi.org/10.1080/15384101.2020.1733750
http://doi.org/10.1073/pnas.91.15.6967
http://doi.org/10.1016/S0014-4827(02)00014-9
http://doi.org/10.1016/j.ccr.2008.03.015
http://www.ncbi.nlm.nih.gov/pubmed/18455122
http://doi.org/10.1186/1476-4598-10-26
http://www.ncbi.nlm.nih.gov/pubmed/21388543
http://doi.org/10.1242/jcs.083295
http://www.ncbi.nlm.nih.gov/pubmed/21878501
http://doi.org/10.1074/jbc.M112.399352
http://www.ncbi.nlm.nih.gov/pubmed/23250739
http://doi.org/10.1158/1541-7786.MCR-09-0391
http://doi.org/10.1038/s41467-017-02185-w
http://doi.org/10.1074/jbc.M210284200
http://doi.org/10.1038/onc.2010.500
http://doi.org/10.1016/j.bbrc.2015.12.122
http://www.ncbi.nlm.nih.gov/pubmed/26742423
http://doi.org/10.1038/nn.3510
http://doi.org/10.1038/cddis.2014.384
http://doi.org/10.1158/1541-7786.MCR-18-0224
http://doi.org/10.1158/1078-0432.CCR-07-1966
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	RCN1 Expression Correlates with Glioma Grade and Glioblastoma Patient Survival 
	RCN1 Is Highly Expressed in EGFRvIII Positive Glioblastoma Cells 
	RCN1 Expression Correlates with Increased Survival after the Initiation of ER Stress 
	Knockdown of RCN1 Significantly Decreases Cell Survival and RCN1 Over-Expression Significantly Increases Cell Survival Following the Initiation of ER Stress 
	RCN1 Expression Reduces ATF6 Activity When Challenged with Tunicamycin and Thapsigargin 
	RCN1 Expression Protects Cells from ER Stress-Mediated Apoptosis 

	Discussion 
	Materials and Methods 
	Antibodies and Reagents 
	Cell Culture 
	Generation of Cells with Varying Levels of EGFR and EGFRvIII 
	Generation of Cells with RCN1 Over-Expression and siRNA Transfection 
	Cell Viability Assays 
	Western Blotting and Immunoprecipitation 
	RNA Extraction and RT-PCR 
	ATF6 and ARE-Luc Luciferase Assay 
	Caspase3/7 Assay 
	OncoLnc (TCGA) 
	Statistical Analysis 

	Conclusions 
	References

