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iASPP suppression mediates terminal UPR and improves
BRAF-inhibitor sensitivity of colon cancers
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Unfolded protein response (UPR) signaling is activated under endoplasmic reticulum (ER) stress, an emerging cancer hallmark,
leading to either adaptive survival or cell death, while the mechanisms underlying adaptation-death switch remain poorly
understood. Here, we examined whether oncogene iASPP regulates the switch and how the mechanisms can be used in colon
cancer treatment. iASPP is downregulated when cells undergo transition from adaptation to death during therapy-induced ER
stress. Blocking iASPP’s downregulation attenuates stress-induced cell death. Mechanistically, Hu-antigen R (HuR)-mediated
stabilization of iASPP mRNA and subsequent iASPP protein production is significantly impaired with prolonged ER stress, which
facilitates the degradation of GRP78, a key regulator of the UPR, in the cytosol. Because iASPP competes with GRP78 in binding the
ER-resident E3 ligase RNF185, and tips the balance in favor of cell death. Positive correlation between the levels of HuR, iASPP, and
GRP78 are detectable in colon cancer tissues in vivo. Genetic inhibition of iASPP/GRP78 or chemical inhibition of HuR not only
inhibits tumor growth, but also sensitizes colon cancer cells’ responses to BRAF inhibitor-induced ER stress and cell death. This
study provides mechanistic insights into the switch between adaptation and death during ER stress, and also identifies a potential
strategy to improve BRAF-inhibitor efficiency in colon cancers.
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INTRODUCTION
Cancer cells are constantly subjected to intrinsic and extrinsic
stresses, many of which can disrupt endoplasmic reticulum (ER)
homeostasis by inducing the accumulation of misfolded proteins
inside the ER [1, 2]. To cope with ER stress, cells have evolved
elegant mechanisms to sense the intensity and duration of a
stress, with the intention of mitigating it via an integrated signal
transduction pathway termed the unfolded protein response
(UPR) [3]. However, if ER stress cannot be resolved, the UPR leads
to cell death (terminal UPR) [4]. Although increased ER stress
normally facilitates adaptive survival in cancer cells, it can be
exploited for cancer treatment [5]. As such, increased knowledge
about how cells switch between the two divergent UPR signaling
outputs, adaptation or cell death, is urgently needed because it
may offer new opportunities to tip the balance toward cell death,
inhibiting tumor growth and improving treatment efficiency. In
mammalian cells, the UPR is initiated by three sensors embedded
in the ER membrane: activating transcription factor 6 [6], inositol-
requiring enzyme 1α (IRE1α) [7], and PRKR-like ER kinase [8]. Under
non-stressed conditions, GRP78 is constitutively bound to the
three sensors, preventing their activation [4]. Upon ER stress,
GRP78 preferentially binds to unfolded proteins, so that the three
sensors are rapidly activated and transduce stress signals to the
cytosol and nucleus [3]. Paradoxically, the UPR signals simulta-
neously activate both survival and cell-death effectors [9]. It is
known that the activation of ER chaperones, such as GRP78, or

transient attenuation of protein translation can facilitate stress
adaptation during the UPR, while the activation of CCAAT-
enhancer-binding protein homologous protein (CHOP) and c-Jun
N-terminal kinase (JNK), and the modulation of Bcl-2-family
components facilitate the induction of apoptosis [10–13]. Efforts
have been made to understand the binary switch process
between life and death. For example, DNA damage-responsive
pro-apoptotic factor E2F1 has been shown to regulate the cell
survival/death decision under ER stress [14]. However, the
underlying mechanisms that turn off adaptation and engage
proapoptosis are still unclear and the potential applications of
such mechanisms in the context of cancer treatment are
underexplored.
Inhibitor of Apoptosis Stimulating Protein of P53 (iASPP) is an

oncogene. Increased iASPP expression is associated with drug
resistance and predicts poor prognosis in patients with colon, liver
and breast cancer, renal cell carcinoma, and leukemia [15–18].
Previous studies revealed that iASPP, despite known as a p53
inhibitor [19], has been shown to inhibit apoptosis by promoting
the activity of the antioxidative transcription factor Nrf2 in a p53-
indepedent manner [15]. It can also coordinate with a newly
reported calcium channel protein, TMCO1 (Transmembrane and
Coiled-Coil Domains 1), to maintain low basal ER calcium levels in
cancer cells [20]. Of note, both oxidative stress and changes in
calcium homeostasis can trigger ER stress leading to the UPR
[21, 22]. The connections between these processes and iASPP
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have motivated us to further investigate iASPP’s ability to
influence UPR signaling outputs.
Our data revealed a HuR-iASPP-RNF185/GRP78 axis, which is

increased in colon cancers. Chemical inhibition of HuR or genetic
inhibition of iASPP-GRP78 not only inhibited tumor growth, but
also sensitized colon cancers to BRAF inhibitor-induced ER stress
and cell death both in vitro and in vivo. Thus, we present a
mechanistic explanation for the switch from adaptation to cell
death under prolonged ER stress, and also demonstrate its
potential significance in improving the responses of colon cancers
to BRAF inhibitors.

RESULTS
Dynamic changes in iASPP expression define the switch from
initial adaptation to terminal UPR in response to ER stress
To understand whether iASPP regulates the UPR, we treated two
colon cancer cell lines, HT-29 and HCT-116, for the indicated
durations with two well-established ER-stress inducers: thapsigar-
gin (TG), an inhibitor of SERCAs, and tunicamycin (TN), an N-linked
protein glycosylation inhibitor. Cell viability assays revealed that
shorter-term (0–12 h) exposure to TG or TN elicited no obvious
toxic effects. Significant reductions in cell viability were detected
18 and 24 h after TG or TN exposure in a time-dependent manner,
as revealed by both crystal violet staining and MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assays
(Figs. 1A and S1A). We defined short-term treatment (0–12 h) as
the adaptive phase and 18–24 h as the terminal phase. Activation
of the UPR was confirmed by increase in GRP78 and ATF6 proteins,
and phosphorylation of PERK and IRE1, and their downstream
factors, ATF4 and XBP1s (Figs. 1B and S1B, C). Only with longer
treatment times, iASPP levels started to decline, which was
coincided with the switch from adaptation to the terminal UPR
(Fig. 1B). In addition, KEGG pathway enrichment analysis of
different expression genes after iASPP overexpression identified
protein processing in endoplasmic reticulum as one of top
pathways (Fig. 1C). The following Gene set enrichment analysis
(GSEA) was performed with the gene set of protein processing in
ER in the control vs. iASPP overexpression and revealed a
significant correlation between iASPP expression and protein
processing in ER (Fig. 1D). Similar results were obtained when we
divided the samples of colon cancer TCGA dataset into iASPP high
and low groups using the medium level of iASPP as a threshold
(Fig. S1D). These results inspired us to investigate whether iASPP
regulates ER stress and whether the dynamic changes of iASPP
during ER stress is essential for the shift from adaptation to death
during ER stress. To do this, we restored iASPP expression in ER-
stressed colon cancer cells. Strikingly, restoration of iASPP
expression similar to the basal level completely abolished ER
stress-induced cell death (Figs. 1E, F, S1E). Similar kinetic changes
of iASPP expression were observed in cell lines derived from other
cancer types during ER stress, such as bladder (T24) and cervical
(HeLa) cancers (Fig. S1F, G). In these cells, iASPP downregulation
coincided with increased cell death (Fig. S1H), while restoration of
iASPP expression abrogated ER-stress-induced cell death
(Fig. S1I–K). Thus, iASPP downregulation controls cellular switch-
ing from initial adaptation to cell death under ER-stress conditions.

iASPP regulates the switch by stabilizing the central UPR
regulator GRP78
We then sought to understand how iASPP controls the switch
under ER stress. We noted that the downregulation of iASPP
expression occurred at the same time as decreased expression of
GRP78 protein, a key upstream regulator of UPR sensors, during
the terminal phase (Fig. 1B). The coordinated changes of other
UPR markers were not evident (Fig. S1B). In addition, GRP78
recovery suppressed switching from adaptation to death
(Fig. S1L–N). By contrast, GRP78 knockdown (KD) promoted ER

stress-induced cell death and completely abrogated the effect of
iASPP overexpression (Figs. 2A and S2A).
We then explored whether iASPP directly regulates GRP78

expression. As shown, ectopic expression of iASPP increased
GRP78 protein levels, while inhibition of endogenous iASPP
decreased them (Fig. 2B). The impacts of iASPP on GRP78 are
likely specific, because GRP94 or protein disulphide isomerase
(PDI), which also play roles in proper protein folding in ER lumen,
were not changed by iASPP expression (Fig. 2B). iASPP had no
obvious effects on GRP78 mRNA levels (Fig. S2B). Instead, the
proteasome inhibitor MG132 completely abolished the effect of
iASPP on GRP78 expression (Fig. 2C), while the lysosome inhibitor
CQ had no effect (Fig. S2C). In addition, the half-life of GRP78 was
prolonged from about 2 to 8 h by iASPP expression in HT-29 cells
(Fig. 2D).
To understand whether and how iASPP regulates GRP78, the

kinetics of GRP78 mRNA and protein were first examined after
triggering ER stress. As shown, GRP78 mRNA levels increased at
6 h and reached a plateau 12 h after TG treatment, a point at
which both iASPP and GRP78 protein levels were visibly reduced
and cell viability had declined significantly (Fig. 2E). Therefore,
although likely to contribute, elevated GRP78 mRNA expression is
unlikely to be the main reason for the dramatic decrease of GRP78
protein levels seen with prolonged TG treatment. Of note, MG132
(but not CQ) treatment rescued TG-induced GRP78 inhibition 24 h
after TG exposure (Figs. 2F and S2D). In addition, GRP78 was also
found to be polyubiquitinated, as indicated by higher molecular
bands/smears in an immunoprecipitation (IP) assays of cultured
colon cancer cells, and levels of polyubiquitinated GRP78 were
increased by prolonged TG treatment (Fig. S2E). Recovery of iASPP
expression reduced the levels of polyubiquitinated GRP78 and
also restored GRP78 expression in the terminal phase (Fig. 2G).
Thus, iASPP downregulation leads to increased GRP78 protein
turnover, which facilitates the switch from adaptation to cell death
during prolonged ER stress.

GRP78 is a novel substrate of RNF185
We went on to ask how GRP78 protein stability is regulated and
found that genetic KD of RNF185, but not of the other ER-localized
E3 ligases (Gp78, RNF5, HRD1, and TMEM129), increased GRP78
levels (Fig. S3A). This effect was validated using independent
siRNA oligonucleotides that specifically target RNF185 (Fig. 3A). By
contrast, overexpression of wild-type (WT) RNF185, but not an
RNF185 E3 ligase activity-defective mutant (RNF185 C39A),
reduced GRP78 levels (Fig. 3A). Consistently, WT RNF185 increased
GRP78 polyubiquitination, while RNF185 C39A did not (Fig. S3B).
In addition, RNF185 overexpression-mediated GRP78 polyubiqui-
tination was detected in the presence of at cysteine (K)48, but not
K33 or K63 (Fig. S3C). An ubiquitin mutant K48R prevented the
formation of GRP78 ubiquitin chains (Fig. 3B). RNF185 KD almost
completely abolished GRP78 polyubiquitination at K48 (Fig. 3B)
and increased the protein half-life (Fig. 3C).
These data outlined above suggest that GRP78 may be a novel

substrate of RNF185, in which case, GRP78, and RNF185 should
bind with each other. Indeed, an IP assay revealed that GRP78
forms a complex with RNF185 in HT-29 cells (Fig. 3D). Their direct
interaction was further validated in vitro using purified GRP78 and
RNF185 (Fig. 3E, F). In addition, the N-terminus of GRP78 contains
a GTPase domain that is required for its binding with RNF185
(Fig. 3E). A ring domain-containing RNF185 mutant bound to
GRP78 as efficiently as full-length GRP78, while RNF185 mutant
that did not have the ring domain failed to bind (Fig. 3F). In
addition, the direct interaction between GRP78 and RNGF185 was
further validated by Proximity Ligation Assay (PLA) (Fig. 3G). Their
interaction was increased by TG. RING domain defective RNF185
mutant lost its binding ability with GRP78 (Fig. 3G).
In support of above idea that RNF185 is a key E3 ligase

to induce GRP78 degradation, GRP78 was found to be localized
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Fig. 1 Dynamic changes in iASPP expression define the switch. Representative crystal violet staining images of HT-29 and HCT-116 cells
treated with Thapsigargin (TG, 2 μg/mL) or Tunicamycin (TN, 2 μM) in indicated time durations (A) or after transfected with iASPP-v5 followed
by 24 h of TN or TG treatments (F). The images were quantified by image J and the data were plotted in the graphs (right). B, E Representative
western blot images of GRP78 and iASPP protein in HT-29 and HCT-116 cells with the same treatments as described above. β-actin was used as
a loading control. The bands were quantified by image J and the data were plotted in the graphs (right). KEGG pathway enrichment analysis
(C) and Gene set enrichment analysis (D) were performed after iASPP overexpression in HCT-116 cells. Values in the control groups were
normalized to 1. N.S. not significant *P < 0.05; **P < 0.01.
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in both cytosol and the ER lumen, as revealed by cell
permeabilization assay (Fig. 3H, I). Intriguingly, the cytosolic
fraction was more sensitive to TG-induced GRP78 decrease
(Fig. 3H, I). RNF185 KD or MG132 treatment prevented the effect
of TG (Fig. 3H, I). ER fractionation assay also demonstrated that

cytoplasmic localization of GRP78 can be restored by MG132
(Fig. S3D). Therefore, RNF185 promotes the degradation of GRP78
in the cytosol.
Furthermore, GRP78 ubiquitination at K447 was reported

previously in a mass spectrometry screening study [23]. Our data
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also show that the GRP78 K447A mutant completely lost its ability
to be ubiquitinated (Fig. 3J). In addition, unlike WT GRP78, GRP78
K447A levels did not change with RNF185 overexpression or TG
treatment (Fig. 3K, L). Therefore, RNF185 binds directly to GRP78 at
its GTPase domain through its ring domain, and induces
polyubiquitination of GRP78 at K447 in the cytosol under
prolonged ER stress, leading to proteasome-mediated GRP78
protein degradation.

iASPP disrupts the binding between RNF185 and GRP78
iASPP-regulated stabilization of GRP78 was completely abolished
by RNF185 KD (Fig. 4A). However, iASPP overexpression or KD had
no obvious effects on RNF185 expression and there was no
obvious change in RNF185 levels during ER-stress induction
(Figs. 4B and S4A, B). Intriguingly, although the level of total
GRP78 protein was reduced, the proportion of RNF185-bound
GRP78 was increased in HT-29 cells 24 h after TG exposure
compared with cells left untreated (controls) or 6 h after TG
exposure (Fig. 4C). RNF185 also bound iASPP, but the levels of
bound protein were decreased 24 h after TG treatment (Fig. 4C).
Therefore, iASPP may interfere with the binding of RNF185 with its
substrate GRP78. Indeed, an IP assay showed that binding
between GRP78 and RNF185 increased with iASPP KD (Fig. 4D)
and decreased with iASPP overexpression (Fig. 4E).
The in vitro IP assay revealed that iASPP directly interacted with

RNF185, while binding between iASPP and GRP78 was only
detected in the presence of RNF185 and GRP78 addition reduced
the binding of RNF185 with iASPP (Fig. 4F). Direct interaction
between iASPP and RNF185 in HT-29 cells was also confirmed by
PLA (Fig. 4G). In addition, all mutants containing amino acids
1-294 at the N-terminus of iASPP retained the ability to bind to
RNF185 binding (Fig. 4H). Intriguingly, the key iASPP-binding
region in RNF185 was mapped to its N-terminus, which contains
the ring domain (Fig. 4I) that is critical for its binding to GRP78
(Fig. 3F). Moreover, iASPP disrupted RNF185 and GRP78 binding in
a dose-dependent manner (Fig. 4J), which is consistent with the
data shown in Fig. 4F. Therefore, iASPP binds RNF185 at its ring
domain and interferes its binding to GRP78 via a region mapped
to (1-96aa).

Downregulation of iASPP upon prolonged ER stress is due to
the impaired HuR-mediated iASPP mRNA stabilization
Given its role in controlling the binary ER-stress switch, we
investigated the mechanisms underlying iASPP downregulation
under ER stress. As shown, iASPPmRNA expressionwas reduced in a
time-dependent manner after TG treatment, which was positively
associated with decreased iASPP protein levels (Fig. 5A). However, a
luciferase assay showed no obvious change on the reporter activity
driven by iASPP promoter after ER-stress stimulation (Fig. S5A).
Notably, in ER-stressed cells, the iASPP mRNA half-life was
approximately half that of the control cells (Fig. 5B). The
bioinformatic tool RBPmap (http://rbpmap.technion.ac.il/) predicted
97 iASPPmRNA RNA-binding proteins (RBPs), of which 25 RBPs were
positively associated with iASPP at mRNA levels in colon cancer

tissues. We narrowed down the candidates further by choosing
potential oncogenes with significantly increased protein levels in
colon cancer tissues by analysis of a public data set (The National
Cancer Institute’s Clinical Proteomic Tumor Analysis Consortium,
CPTAC) (n= 10) (Fig. S5B). The effects of these genes on iASPP
expression were examined by KD of each one (Fig. S5C). Interest-
ingly, only HuR had significant effects on iASPP expression (Fig. S5C).
In addition, the protein levels of HuR were decreased by TG in a
dose-dependent manner 18 h after TG treatment (Fig. 5C). Restora-
tion of HuR expression rescued TG-mediated iASPP mRNA and
protein downregulation (Fig. 5D). KD of HuR reduced iASPP mRNA
and protein levels under unstressed conditions (Fig. 5E). TG had
little effect on iASPP expression in HuR KD cells (Fig. 5E). Similar
phenomena were detected in the presence of two HuR inhibitors,
MS-444 and CMLD-2 (Figs. 5F and S5D).
We further dissected the molecular mechanisms of HuR-

regulated iASPP mRNA stabilization. First, AU-rich elements (AREs)
were predicted in the 3ʹ- untranslated region (UTR) of the iASPP
gene. We found that HuR overexpression rescued TG-repressed
iASPP-3ʹ-UTR luciferase reporter activity, while HuR KD decreased
it (Fig. 5G). Neither TG nor HuR was able to affect the reporter
activities of ARE mutants (Fig. 5G), and the effects of HuR
inhibitors on luciferase activity were similar to that of HuR KD
(Figs. 5H and S5E). Second, UV Cross-Linking and Immunopreci-
pitation (CLIP) assay showed that HuR was physically associated
with iASPP’s 3ʹ-UTR and that this association reduced upon TG
treatment (Fig. 5I). These data suggest that iASPP expression is
decreased as HuR levels reduce during prolonged ER stress,
because HuR binds the 3ʹ-UTR of iASPP mRNA and is required for
its stability.

HuR/iASPP is associated with GRP78 in vivo in colon cancer
tissues
To understand the association of HuR/iASPP with GRP78 in vivo in
colon cancer tissues, we collected 40 colon cancer tissue samples
and paired adjacent normal controls. GRP78 protein levels were
significantly increased in colon cancer tissues compared with
normal controls (Fig. 6A, B). This was consistent with our analysis
of a public data set (CPTAC) (Fig. S6A). Compared with the
significant difference in GRP78 protein levels between the colon
cancer samples and matched adjacent controls, the difference in
mRNA levels was slight (Figs. 6B and S6B), suggesting that post-
transcriptional mechanisms control GRP78 protein output. HuR
and iASPP were increased at both the mRNA and protein levels in
colon cancer, as shown by analysis of both the in-house samples
(Fig. 6A, C, D) and public data set (Fig. S6A, B). In addition, positive
correlation between HuR protein and iASPP mRNA or protein
levels (Fig. 6E), and between iASPP and GRP78 proteins levels
(Fig. 6F), were identified after quantification of the relative
expression levels of HuR, iASPP, and GRP78. Furthermore,
expression levels of all three proteins were positively correlated
with advanced stages of colon cancer (Fig. 6G–I). In contrast,
RNF185 expression was unchanged in colon cancer samples
compared with normal controls (Figs. 6A, J and S6A, B). As

Fig. 2 iASPP regulates the switch by stabilizing GRP78. A Representative crystal violet staining images of HT-29 and HCT-116 cells with the
indicated treatments. The images were quantified by image J and the data were plotted in the graphs (right). Representative western blot
images of iASPP, GRP78, GRP94 and PDI protein in cells after iASPP knocking down (KD) or overexpression (OE) (B), iASPP KD combined with
proteasome inhibitor MG132 (40 μM) (C), or iASPP OE combined with 100 μg/mL CHX treatment in indicated time durations (D) in HT-29 and/
or HCT-116 cells. β-actin was used as a loading control. E The mRNA levels of GRP78 were measured by qRT-PCR assays after treated with
2 μg/mLTG in indicated time in HT-29 and HCT-116 cells. F Representative western blot images of GRP78 and iASPP protein in HT-29 and HCT-
116 cells after treated with TG and/or MG132. β-actin was used as a loading control. G GRP78 ubiquitination (Ub-GRP78) was determined in
HT-29 and HCT116 cells by immunoprecipitation (IP) of GRP78 followed by western blot of anti-HA after transfection of iASPP-v5 and
Ubiquitin (Ub)-HA followed by TG treatment in the presence of MG132 (20 μM). β-actin was used as a loading control. The staining images (A)
and western blots bands (D) were quantified by Image J and Values in the control groups were normalized to 1. N.S., not significant *P < 0.05;
**P < 0.01 (A, D, E).
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expected, RNF185 was not association with HuR, iASPP, or GRP78
expression (Fig. S6C–E) or with clinical stages of colon cancer
(Fig. 6K). These data, combined with the data from in vitro studies,
suggest that HuR may contribute iASPP’s expression and the
subsequent stabilization of GRP78 in vivo.

Chemical or genetic inhibition of HuR/iASPP-GRP78 inhibits
tumor growth and sensitizes colon cancer cells to BRAF
inhibition
The discovery of the ER-stress switch mechanism inspired us to
ask whether such a mechanism is involved in cellular responses to
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ER-stress-inducing agents. As shown, MTT assay revealed that the
IC50 values of TG were decreased by about 2-fold after genetic
inhibition of iASPP or GRP78 expression. Double KD of iASPP and
GRP78 produced no significant additional effects (Fig. 7A). KD of
GRP78 or iASPP increased apoptosis rates, as determined by
annexin V/PI staining or caspase 3/7 activity assays, while double
KD did not result in further induction of apoptosis (Fig. 7B, C).
To explore the potential clinical application of the newly

identified HuR-iASPP-GRP78 axis in cancer treatment, we examined
its effects on the sensitivity of cells to the BRAF inhibitor
vemurafenib, which has activity connected to ER-stress induction
in melanoma, and has been used in the clinic. Vemurafenib
treatment increased GRP78 levels in the early stages from 0–24 h,
but they decreased over time at 48 h after treatment (Figs. 7D and
S7A, B). Restoration of GRP78 expression decreased vemurafenib-
induced cell death (Figs. 7E and S7C, D). HuR and iASPP
downregulation were only detected at later stages of treatment
(after 24 h) (Fig. 7D). iASPP KD or treatment with a HuR inhibitor
sensitized the colon cancer cells to vemurafenib (Fig. 7F, G), but the
effect of HuR inhibition was compromised by iASPP KD (Fig. 7F, G).
We further evaluated the above findings in vivo in colon cancer

xenografts. HT-29 xenograft mice model and drug treatment were
shown in Fig. 8A. Inhibition of either iASPP or GRP78 reduced
tumor growth, while double KD produced no obvious additional
effects (Fig. 8B–D). Inhibition of either iASPP or GRP78 alone, or
double KD of iASPP and GRP78, improved the sensitivity of HT-29
xenografts to vemurafenib without obvious effects on body
weight (Figs. 8B–D, S7E). iASPP KD and GRP78-KD efficiency was
confirmed by WB of xenografts (Fig. 8E). Increased apoptosis
contributed to the tumor suppressive effect because caspase 3/7
activity was negatively correlated with tumor growth (Fig. 8F).
We also tested the effect of combining the HuR inhibitor MS-

444 with vemurafenib (Fig. 8G). Interestingly, the HT-29 xenografts
tolerated the killing effect of vemurafenib (Fig. 8H–J). MS-444 had
a mild inhibitory effect on tumor growth (Fig. 8H–J). However,
their combination had a significant inhibitory effect on tumor
growth (Fig. 8H–J) without having an obvious effect on body
weight (Fig. S7F). Examination of the expression levels of iASPP
and GRP78 in dissected xenografts revealed that MS-444 reduced
iASPP and GRP78 expression (Fig. 8K) and caspase 3/7 activity was
increased in combination group compare to single treatment
group (Fig. 8L), which is consistent with our in vitro results.

DISCUSSION
Here, we provide novel insight into how iASPP downregulation
mediates the transition. Mechanistically, iASPP competes with
GRP78 to binding with its E3 ligase RNF185, leading to increased
GRP78 stabilization. However, during prolonged ER stress, HuR-
mediated iASPP mRNA stabilization and subsequent increased
iASPP protein production is significantly impaired, which facilitates
RNF185-mediated GRP78 degradation and tips the balance in
favor of cell death. Genetic silencing of iASPP or chemical
inhibition of HuR significantly promotes GRP78 protein turnover,

subsequently inhibiting tumor growth and improving the
sensitivity of colon cancer cells to BRAF inhibitor-induced ER
stress and cell death (Fig. S8).
Given the dominant role of GRP78 in directing protein re-

folding or aiding protein degradation inside the ER, it is
unsurprising that transcriptional activation of GRP78 is essential
for UPR-induced adaptive survival [24, 25]. In line with this, GRP78
is widely overexpressed at both the mRNA and protein levels in
human cancers [26–30], and is associated with drug resistance and
poor patient outcomes [31]. Despite being regulated at the
transcriptional level, increasing evidence suggests that GRP78 may
also be regulated at the post-translational level [23, 32]. Our data
demonstrate that the E3 ligase RNF185 is required for GRP78
protein turnover under both basal and ER-stressed conditions. In
addition, GRP78 is well-known for its activity in ER. Our data
suggested that iASPP-regulated and RNF-185-mediated GRP78
degradation occurs in the cytosol based on the following
observations. Firstly, iASPP is localized at cytosol. Secondly,
GRP78 is mainly localized at the ER luminal, while its cytosolic
fraction is restored by MG132 or genetic silencing of RNF-185.
Thirdly, RNF185 is a transmembrane protein localized at ER, which
catalyze ubiqutination through its the cytosolic side. It will be also
interesting to explore whether HuR/iASPP/Grp78 axis is associated
with BRAF mutations in colon cancer samples in future, since both
are essential in ER stress regulation.
It is worth noting that the inhibition of GRP78 expression by

genetic strategies or nature products sensitizes the responses of
cancer cells chemotherapeutics; however, whether dynamic
changes in GRP78 levels are involved in regulating the switch
remains largely unexplored. Our data reveal that, GRP78 mRNA
levels remain high during the ER stress, while its protein levels are
increased at adaptive phase, but reduced in the terminal phase via
proteasome degradation. These data not only provide an explana-
tion for the discrepancy between the continuous activation of UPR
signaling-induced GRP78 transcription and the reduced adaptive
ability of cancer cells under prolonged ER stress, but also proved a
switch mechanism during prolonged ER stress.
iASPP regulates the switch between the two contrasting phases

of the UPR in a GRP78-dependent manner, which influences BRAF
inhibitor-induced cell death. This antiapoptotic activity of iASPP is
due to is ability to stabilize GRP78, and thus particularly important in
the context of ER stress. We previously show that iASPP regulates
Ca2+ homeostasis by modulating TMCO1 [33]. Given the essential
role of Ca2+ homeostasis in ER stress, it will be interesting to further
explore whether iASPP-TMCO1 axis also contributes to the
adaption/death switch. It was recently proposed that oncogenes
induce stress adaptations, which may represent a critical weak point
that could be targeted by anticancer therapies [34]. iASPP is one
such candidate that protects cancer cell from apoptosis induced by
various stresses, such as DNA damage [35], oxidative stress [36], or
ER stress. iASPP inhibition, in combination with established agents,
may elicit a more pronounced anticancer effect; however, no
effective inhibitors have been developed to target iASPP to date.
Our study reveals a novel mechanism underlying iASPP regulation

Fig. 3 GRP78 is a novel substrate of RNF185. A Representative western blot images of GRP78 in RNF185 KD or OE (WT or C39A) HT-29 cells.
B The Ub-GRP78 was determined by IP/western blot after RNF185 KD and transfection with Ub-HA (WT, K48 or K48R) in the presence of
MG132 (20 μM) in HT-29 cells. C Representative western blot images of GRP78 and RNF185 in HT29 cells treated with CHX (100 μg/mL). β-actin
was used as a loading control. The half-lives of GRP78 were quantified by image J and the data were plotted in the graph shown below. D The
interaction of endogenous GRP78 and RNF185 in HT-29 cells was determined by IP. The binding between the purified RNF185 and GRP78 (Full
length, FL) or its truncated mutants (N-terminus, N or C-terminus, C) (E), or the binding between purified GRP78 and FL RNF185 or its
truncated mutants (N or C) (F) were measured by in vitro IP assay. G The direct interaction of GRP78 and RNF185 were detected after
transfected with RNF185-Flag-(Full length, FL) or RNF185-Flag-(RING domain deletion) followed by treated with TG by PLA assay in HT-29 cells.
Cytosolic GRP78 was detected by the cell permeabilization assay followed by the western blot assay under the treatment of TG and RNF185
KD (H) or MG132 (I) in HT-29 cells. J The Ub-GRP78 (wild type, WT or K447A) was determined by IP/western blot in HT-29 cells in the presence
of MG132 (20 μM). Representative western blot images of GRP78-v5 (K, L), RNF-185-Flag (K) in HT-29 cells after the indicated treatments.
Values in the control groups were normalized to 1. N.S., not significant; **P < 0.01 (C, K–L).
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at the post-transcriptional level, HuR-mediated iASPP mRNA
stabilization, which may lead to the development of an iASPP
inhibitory strategy via chemical inhibition of HuR in cancer
treatment, at least in the content of ER stress.
HuR binds to AREs in 3′-UTR region of RNA, resulting in their

stabilization [37]. In line with our findings, HuR has been shown to
play essential roles in responses to stresses such as hypoxia,
glucose starvation, chemotherapy, radiotherapy, and targeted

therapies [38–42]. Stress-induced activation of HuR leads to the
activation of prosurvival signals and thus confers resistance to
many treatments, including PARP (Poly (ADP-ribose) polymerase)
inhibitors and the estrogen-receptor inhibitor tamoxifen [43, 44].
Our data provide the first evidence, to the best of our knowledge,
that HuR is critical in maintaining the viability of cells under ER
stress by protecting iASPP mRNA from degradation. Genetic or
chemical inhibition of HuR sensitizes colon cancer cells to BRAF

Fig. 4 iASPP competes with GRP78 to bind RNF185. Representative western blot images of GRP78 (A), iASPP (A) and RNF185 (A, B) in HT-29
and HCT-116 cells with iASPP KD and/or RNF185 KD (A), or treated with 2 ug/mL TG in the indicated time periods (B). β-actin was used as a
loading control. The bands of RNF185 were quantified by image J and the data were plotted in the graph shown on the right (B). The
interaction among GRP78, RNF185, iASPP were detected by IP of anti-RNF185 followed by WB assay after treated with TG (C), or iASPP KD (D)
or OE (E) in HT-29 and HCT-116 cells. F The binding among the purified GRP78 and RNF185 (Flag) and in vitro translated iASPP protein were
determined by in vitro IP assay. G The direct interaction of iASPP and RNF185 were detected by PLA assay in HT-29 cells. the interaction of
iASPP and GRP78 as a negative control. The interactions of purified RNF185 and iASPP fragments (mutant (M)1, M2, M3) (H), or iASPP and
RNF185 full length and fragments (FL, N, C) (I), as indicated in the diagram (H, I), or among RNF185, GRP78 and iASPP with increasing dose of
iASPP protein (J) were evaluated by in vitro IP assays. The bands of iASPP, GRP78, and RNF185 were quantified by Image J (J). Values in the
control groups were normalized to 1. N.S., not significant *P < 0.05; **P < 0.01 (B, J).
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inhibitor-induced and ER-stress-related cell death. Further
research is necessary to test the effects of HuR inhibitors in
combination with other ER-stress-inducing treatments in addition
to BRAF inhibitors.

In summary, this study provide evidence of how cells switch to
the death phase by attenuating the protective UPR mediated by
GRP78 through the HuR-iASPP axis. Targeting iASPP or HuR
promotes RNF185-induced GRP78 degradation, and sensitizes

Fig. 5 HuR-mediated iASPP mRNA degradation during prolonged ER stress. The mRNA levels of iASPP were detected by qRT-PCR assays in
HT-29 and HCT-116 cells treated with TG (A), or with ActD (B). The correlation of mRNA and protein levels of iASPP was showed in the line
graph (A). Representative western blot images of HuR (C–E) or iASPP (D–F) in HT-29 and HCT-116 cells treated with TG (C), or with HuR OE (D)
or KD (E) followed by the TG treatment, or treating with TG and/or MS-444 (F). β-actin was used as a loading control. The mRNA levels of iASPP
were detected by qRT-PCR assays in parallel with western blot analysis (D–F). The luciferase plasmids of iASPP-3′UTR (WT or mutant, MUT)
were generated as shown in G. The luciferase activities were measured by luciferase reporter assays in HT-29 and HCT-116 cells with HuR OE or
KD, in the presence or absence of TG (G), or with MS-444 treatments (H). I The binding of HuR and iASPP 3′UTR was detected by CLIP/qRT-PCR
assays in HT-29 and HCT-116 cells after TG treatment. 18S was used as the negative control. Values in the control groups were normalized to 1.
N.S., not significant *P < 0.05; **P < 0.01 (A–I).
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colon cancer cells to BRAF inhibitor (ER-stress inducer)-induced
apoptosis both in vitro and in vivo.

MATERIALS AND METHODS
Tissue samples
The pairs of human colorectal cancer tissues and corresponding adjacent
controls were acquired from the Third Affiliated Hospital of Harbin Medical
University in China (n= 40). The informed consent was obtained from all
patients. After the surgery, all samples were collected in liquid nitrogen
immediately. The study has been approved by the Research Ethics
Committee of Harbin Medical University, China.

Xenografted tumor model in vivo
The female nude mice between 4 and 5 weeks were purchased from Beijing
HFK Bioscience Co., Ltd. All animal procedures were performed according to
protocols approved by the Rules for Animal Experiments published by the
Chinese Government (Beijing, China) and approved by the Research Ethics

Committee of Harbin Institute of Technology, China. The equal number of
cells were transplanted subcutaneously into either side of flank of the same
female nude mouse (n= 5/group). The tumor size or body weights of mice
were measured weekly. After 4 weeks, the tumors of mice were isolated,
photographed and weighed and the tissues were subjected to the following
assays. The mice were treatedvemurafenib (PLX4720) (50mg/kg, oral
gavage, twice a day for 4 weeks) and/or MS-444 (25mg/kg, intraperitoneally,
every other day for 4 weeks) with PBS as controls.

Cell line and transfection
Human colorectal cancer cell lines HT-29, HCT-116, bladder cancer cell line
T24 and cervical cancer cell line HeLa were authenticated by the suppliers.
Cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM) or
RPMI-1640 medium (Gibco, Carlsbad, CA, USA), supplemented with 10%
(v/v) fetal bovine serum (Biological industries), and grown in the
humidified incubator at 37 °C with 5% CO2.
Lentilvirus expressing the short hairpin iASPP (shiASPP), shGRP78 or

scrambled shRNA (shnone) were packed in 293 T cells. 48–72 h after

Fig. 6 HuR/iASPP is associated with GRP78 in vivo in colon cancer tissues. A, B–D, J Representative western blot images of iASPP, GRP78,
RNF185, HuR protein in 40 pairs of human colon cancer tissues (T) and their matched adjacent normal controls (N). α-tubulin was used as a
loading control (A). Western blots bands were quantified by Image J and the data were shown in the graphs (B–D, J). The mRNA levels of
GRP78 (B), iASPP (C) and HuR (D) were detected by qRT-PCR assays. (E, F) The scatter diagram showed the lineal correlation of HuR protein/
iASPP mRNA (P < 0.01, E), HuR protein/iASPP protein (P < 0.01, E) or iASPP protein/GRP78 protein (P < 0.01, F) in colon cancer tissues. The
correlation between HuR (G), iASPP (H), GRP78 (I) and RNF185 (K) protein levels and tumor stages was shown in the Box plot.
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transfection, the virus was collected and infected the target cells with
polybrene (10 μg/ml). The stable cell lines were selected by limiting dilution.
The indicated siRNA sequences were listed in Supplemental Table 1.

RNA extraction and quantitative reverse transcription (qRT)
PCR
Total RNA from cancer cells or tissues was isolated by using the Trizol
(Invitrogen, USA) and performed the reverse transcription by GoScriptTM
Reverse Transcription System (Promega, USA) according to the manufac-
turer’s instruction. The resulting cDNA were subjected to the Quantitative
real-time PCR by the SYBR Premix Ex Tag II (TaKaRa, Japan) in the Vii7 real-
time PCR (Applied Biosystems, USA). Gene expressions were analyzed by
2−ΔΔCT method. The GAPDH was used as an internal control. The
sequences of primer were listed in Supplemental Table 2.

Western blot assay
Cancer cells or tissues were lysed by using urea buffer (2M Thiourea, 4%
CHAPS, 40mM Tris-Base, 40mMDTT, 2% Pharmalyte) and sonicated to break
DNA to obtain the total protein. The indicated protein bands were visualized
by ECL. Images were detected by Image studio system (ECL, LI-COR, Lincoln,

Georgia, USA) and analyzed by Image J software. The corresponding
antibodies used in this study were listed in Supplemental Table 3.

Luciferase activity assay
The iASPP promoter or 3′UTR sequence was inserted into PGL3-basic or pMIR-
REPORT luciferase reporter plasmid, respectively. The pMIR-iASPP-3′UTR
mutant (MUT) were cloned by using mutagenesis kit according to the
manufacturer’s introduction using pMIR-iASPP-3′UTR as the template. Cells
were transfected with a mixture containing the indicated luciferase reporters
plasmids and Renilla luciferase by using Lipofectamine 2000. The luciferase
activities were measured using Dual-Luciferases Reporter Assay System
(Promega, Madison, WI, USA) in Fluorescence microplate reader at absorbance
of 528 nm for luciferase and 405 nm for renilla. The relative luciferase activities
in the controls were normalized with the Renilla luciferase activities.

Purification of recombinant protein
The indicated gene sequences were cloned into the pGEX-6p-1 expression
vector. Protein expression was induced in the E. coli strain BL21 (DE3) by
adding 0.1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG). The recom-
binant protein were purified by BeyoGold™ GST-tag Purification Resin

Fig. 7 Chemical or genetic inhibition of HuR/iASPP-GRP78 inhibits sensitizes colon cancer cells to BRAF inhibition in vitro. A Cell viability
was determined by MTT assay and the IC50 was showed in bar graph in iASPP and/or GRP78 KD cells in the indicated TG treatment. The apoptosis
levels were detected by Annexin V/PI staining (B, G) and caspase 3/7 activity (C, F) assays by TG treatment in iASPP and/or GRP78 KD HT-29 cells
(B, C), or vemurafenib treatment in HT-29 cells (F, G). Representative crystal violet staining images, quantification of images, representative western
blot images of GRP78, iASPP and HuR in HT-29 cells exposed to vemurafenib for the different time periods (D) or in GRP78-v5 overexpressing HT-29
cells in the presence of vemurafenib (E). Line graphs (A) or Bar graphs (A–G) represent the mean ± SEM from three independent assays. *P < 0.05;
**P < 0.01; N.S. not significant. (A–G). #P < 0.05; ##P < 0.01 compared to TG or vemurafenib treatment control (B, C, F, G).
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(Beyotime, China) and elucidated by elution buffer. The protein purity was
validation by comassie brilliant blue staining.

In vitro translation
Briefly, the mixture included 1 μg indicated plasmid, 1 μL unlabeled
methionine (1 mM) and 40 μL TNT® Quick Master Mix in a total volume
50 μL was incubated at 30 °C for 90min according to the manufacturer’s
instructions (L1171, Promega). The resulting proteins were ready for
in vitro IP assays, as described below.

Immunoprecipitation (IP) assay
Cells lysed in NETN buffer (50mM Tris-HCl pH 8.0, 150 mM NaCl,1% NP-40,
1 mM EDTA) supplemented with Proteinase Inhibitor Cocktail

(MedChemExpress, USA) or in vitro purified or translated proteins were
pre-cleaned by protein G sepharose beads (GE Healthcare, USA) at 4 °C.
The resulting mixtures were incubated with the blocked protein G
sepharose and the primary antibodies or the control IgG on a rotating
wheel at 4 °C overnight. The beads were collected and washed four times
with the cold NETN buffer followed by western blot assays.

UV-cross-linking RNA-IP (CLIP)
The interaction between RNA and protein were determined by CLIP assay
as described [45]. Briefly, the cells were subjected to the UV cross-link at
400 mJ/cm2 followed by lysis in a buffer supplemented with the fresh
Protease Inhibitor Cocktail and RNase inhibitor (Thermo Fisher, Rockford,

Fig. 8 Chemical or genetic inhibition of HuR/iASPP-GRP78 sensitizes colon cancer cells to BRAF inhibition in vivo. The schematic diagram
of the treatment strategies for the xenograft bearing nude mice. HT-29 cells with different genetic modifications were inoculated into nude mice
and then subjected to the PBS or vemurafenib treatment (A). HT-29 cells were inoculated into nude mice and then subjected to the vemurafenib
and/or MS-444 treatments (G). HT-29 xenograft volumes in the indicated time periods (B, H), tumor images (C, I) or tumor weight (D, J) were
presented with the indicated treatments. Representative western blot images of iASPP, GRP78, and RNF185 (E, K) and caspase 3/7 activity (F, L) of
the indicated xenografts. β-actin was used as a loading control. The average values are present in the graphs (B, D, H, J) (means ± SD) (n= 5 for
each group). *P < 0.05; **P < 0.01; N.S. not significant; #P < 0.05; ##P < 0.01 compared to vemurafenib treatment control (D, F).
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IL). The pre-cleaned lysates were incubated with the indicated antibody or
the control IgG on a rotating wheel at 4 °C overnight. The immunopre-
cipitated RNA was elucidated and analyzed by qRT-PCR for the target RNA
of interest by qRT-PCR.

Ubiquitination assay
Cells were transfected with the indicated plasmids and treated with 20 µM
MG132 (MedChemExpress) for 6 h before harvest. The cells were lysed in lysis
buffer containing 2% SDS, 150mM NaCl, 10mM Tris-HCl, pH 8.0 supple-
mented with Protease Inhibitor Cocktail (MedChemExpress) freshly. The
resulting lysates were subjected to the IP and western blot assays.

Proximity Ligation Assay (PLA)
The PLA assays were performed using Duolink® reagents (Sigma-Aldrich)
according to the manufacturer’s instructions. The signal was amplified by
ligation and detected by confocal microscope (LSM880).

Cell permeabilization
Digitonin can selectively permeabilize the plasma membrane rather than
the organelle membrane, as previously reported [46]. Briefly, the indicated
cells were collected, half of cells were resuspended in transport buffer
(20mM HEPES, pH 7.4, 110mM potassium acetate, 2 mM magnesium
acetate, 0.5 mM EGTA) supplemented with proteinase inhibitor cocktail.
Cell permeabilization assay was performed in 0.01% digitonin for 5 min on
ice. After centrifugation, the pellet and supernatant were collected to
further western blot assay.

ER fractionation assay
The assay was performed as described previously [47]. Briefly, cells were
lysed with MTE buffer (270mM D-mannitol, 10mM Tris-Cl, pH7.4, 0.1 mM
EDTA) supplemented with proteasome inhibitor cocktail (MedChemEx-
press, USA) and further disrupted by sonication. The lysate was centrifuged
at 1400 g, 4 °C for 10min to yield nucleus-enriched pellet. The supernatant
was subjected to another round of centrifuge at 15,000 g at 4 °C for 10min
to separate crude ER containing supernatant from crude mitochondria
(pellet). The supernatant was then loaded on a sucrose gradient and
centrifuged at 152,000 g at 4 °C for 70min. The top part of solution was
collected as the cytosol and the median portion observed “white band”
was collected by syringe and centrifuged at 126,000 g, 4 °C for additionally
45min. The pellet was obtained as the ER fraction. All collected lysates
were subjected to western blot analysis.

XBP1 splicing assay
XBP1 splicing assay was performed by PCR. Briefly, the indicated primers
were used to amplify both unspliced and spliced sequence of human XBP1
mRNA to generate the products of 289 and 263 bp, respectively. The
resulting products were showed on 2% agarose gels with ethidium
bromide staining. The primer sequence of XBP1 was listed in Table S1.

MTT assay
Briefly, the same amounts of cells was planted in 96 well plates. After the
indicated treatment, the cells were incubated with MTT solution (0.5 mg/
mL) for 4 h at 37 °C and formazan was dissolved with 100 μL DMSO. The
absorbance of 490 nm was measured by Microplate Reader (Tecan Austria
GmbH 5082, Grodig, Austria).

Crystal violet staining
Cells after the indicated treatments were fixed with 4% formaldehyde at
room temperature for 30min, and then stained with 0.1% crystal violet
solution for 20min. After washed four times with PBS, the plates were
photographed and the images were quantified.

Apoptosis assay
The apoptosis assay were performed by Annexin V and propidium idodide
(PI) staining according to the manufacturer’s instructions (Sungene,
Tianjin). The positive stained cells were analyzed by flow cytometry
(FCM) within 1 h. All reactions were carried out in the dark.

Caspase 3/7 activity assay
The caspase 3/7 activity was measured using Caspase-Glo 3/7 Assay
Systems (Promega) according to the manufacturer’s instructions. The assay

was repeated for three times independently, which was represented as a
fold-increase of fluorescence calculated by comparing to untreated
controls.

Statistical analysis
Statistical analysis was performed by the GraphPad software, version 6.0. The
experiments were repeated independently at least for three times. Data were
showed as means ± standard error of the means (SEM) or standard Deviation
(SD). Student t-test was used to analyze the statistical significance between
the two groups. P < 0.05 were considered as significant.

DATA AVAILABILITY
All data are present in the manuscript and the Supplementary Materials. Additional
data related to this paper may be requested from the corresponding author.
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