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RIPK1 regulates survival of human melanoma
cells upon endoplasmic reticulum
stress through autophagy

Qi Luan,"? Lei Jin,?> Chen Chen Jiang,? Kwang Hong Tay,? Fritz Lai, Xiao Ying Liu," Yi Lun Liu,' Su Tang Guo," Chun Ying Li,?
Xu Guang Yan,' Hsin-Yi Tseng,"* and Xu Dong Zhang"*

'School of Biomedical Sciences and Pharmacy; University of Newcastle; NSW, Australia; School of Medicine and Public Health; University of Newcastle; NSW, Australia;
3Department of Dermatology; Xijing Hospital; Fourth Military Medical University; Xi‘an; China

Keywords: autophagy, cell death, endoplasmic reticulum stress, melanoma, RIPK1

Abbreviations: 3-MA, 3-methyladenine; AMPK, AMP-activated protein kinase; ATF6, activating transcription factor 6; Baf Al,
bafilomycin A;; CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2: 3; EIF2AK3/PERK, eukaryotic translation
initiation factor 2-a kinase 3; ER, endoplasmic reticulum; ERN1/IRE1, endoplasmic reticulum to nucleus signaling 1; HSF1, heat
shock transcription factor 1; HSPAS, heat shock 70kDa protein 5 (glucose-regulated protein: 78kDa); MAP2K1/MEKI, mitogen-
activated protein kinase kinase 1; MAPK, mitogen-activated protein kinase; MAPK1/ERK2, mitogen-activated protein kinase 1;
MAPK3/ERKI, mitogen-activated protein kinase 3; MAPK8/JNK1, mitogen-activated protein kinase 8; MAPK9/JNK2, mitogen-
activated protein kinase 9; MAPK11/p38f3, mitogen-activated protein kinase 11; MAPK12/p38vy, mitogen-activated protein kinase
12; MAPK13/p388, mitogen-activated protein kinase 13; MAPK14/p38a, mitogen-activated protein kinase 14; NFKB1, nuclear
factor of kappa light polypeptide gene enhancer in B-cells 1; PRKAA1, protein kinase AMP-activated: a 1 catalytic subunit; RIPK1,
receptor (TNFRSF)-interacting protein kinase 1; SQSTM1/p62, sequestosome 1; TG, thapsigargin; TM, tunicamycin; TNFRSF1A/
TNEFRI1, tumor necrosis factor receptor superfamily: member 1A; UPR, unfolded protein response; XBP1, x-box binding protein 1.

Although RIPK1 (receptor [TNFRSFl-interacting protein kinase 1) is emerging as a critical determinant of cell fate in
response to cellular stress resulting from activation of death receptors and DNA damage, its potential role in cell
response to endoplasmic reticulum (ER) stress remains undefined. Here we report that RIPK1 functions as an important
prosurvival mechanism in melanoma cells undergoing pharmacological ER stress induced by tunicamycin (TM) or
thapsigargin (TG) through activation of autophagy. While treatment with TM or TG upregulated RIPK1 and triggered
autophagy in melanoma cells, knockdown of RIPK1 inhibited autophagy and rendered the cells sensitive to killing by
TM or TG, recapitulating the effect of inhibition of autophagy. Consistently, overexpression of RIPK1 enhanced
induction of autophagy and conferred resistance of melanoma cells to TM- or TG-induced cell death. Activation of
MAPKS8/JNK1 or MAPK9/JNK2, which phosphorylated BCL2L11/BIM leading to its dissociation from BECN1/Beclin 1, was
involved in TM- or TG-induced, RIPK1-mediated activation of autophagy; whereas, activation of the transcription factor
HSF1 (heat shock factor protein 1) downstream of the ERN1/IRE1-XBP1 axis of the unfolded protein response was
responsible for the increase in RIPK1 in melanoma cells undergoing pharmacological ER stress. Collectively, these
results identify upregulation of RIPK1 as an important resistance mechanism of melanoma cells to TM- or TG-induced
ER stress by protecting against cell death through activation of autophagy, and suggest that targeting the autophagy-
activating mechanism of RIPK1 may be a useful strategy to enhance sensitivity of melanoma cells to therapeutic agents
that induce ER stress.

Introduction signaling and is emerging as an important determinant of cell

fate in response to cellular stress, in particular, to activation of

RIPK1 (receptor [TNFRSF]-interacting protein kinase 1) isa  death receptors such as the TNFRSF1A/TNFR1 (tumor necrosis
protein Ser/Thr kinase that mediates both cell survival and death  factor receptor superfamily, member 1A).14 Upon TNFRSF1A
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stimulation, RIPK1 is stabilized through K63 (Lys63)-linked
polyubiquitination, which activates NFKB1 (nuclear factor of
kappa light polypeptide gene enhancer in B-cells 1) and MAPKSs
(mitogen activated protein kinases) to promote cell survival.”®
However, on conditions where K63-linked ubiquitination of
RIPK1 is inhibited, RIPK1 switches its function to that of pro-
moting apoptosis.>> In addition, when activation of CASP8
(caspase 8, apoptosis-related cysteine peptidase) is limited, deubi-
quitinated RIPK1 recruits RIPK3 leading to programmed necro-
sis (necroptosis) in some types of cells.”” Although many studies
in recent years have primarily focused on the role of RIPK1 in
induction of cell death,"** 7ipkl™'~ mice display extensive apo-
ptosis and die at age 1 to 3 d," indicative of the importance of a
prosurvival role of RIPKI in cells.

Endoplasmic reticulum (ER) stress is characterized by accu-
mulation and aggregation of unfolded and/or misfolded proteins
in the ER lumen. The ER responds to ER stress by activating a
range of signaling pathways,®'" which couples the ER protein
folding load with the ER protein folding capacity and is termed
the ER stress response or the unfolded protein response (UPR).
The UPR of mammalian cells is initiated by 3 ER transmem-
brane proteins, ATF6 (activating transcription factor 6), ERN1/
IRE1 (endoplasmic reticulum to nucleus signaling 1), and
EIF2AK3/PERK (eukaryotic translation initiation factor 2-a
kinase 3).>'" The UPR is essentially a cellular protective
response, but excessive or prolonged UPR can kill cells primarily
by induction of apoptosis.'*'* Of note, previous studies have
shown that many types of cancer cells including melanoma cells
are relatively resistant to apoptosis triggered by pharmacological
ER stress inducers such as tunicamycin (TM) and thapsigargin
(TG)."'® A number of mechanisms, such as upregulation of the
prosurvival BCL2 family protein MCLI1 and activation of the
mitogen-activated protein kinase kinase 1 (MAP2K1)-MAPK1/3
and phosphoinositide 3-kinase (PI3K)-AKT signaling pathways
contribute to reduced susceptibility of melanoma cells to phar-
macological ER stress-induced cell death.'®”

Besides induction of apoptosis, ER stress can also activate
autophagy, which is essendally a lysosomal degrading process
through sequestering proteins and organelles into autophagosomes
(autophagic vesicles) that eventually fuse with lysosomes for degra-
dation.?*?* Similar to the UPR, autophagy is a prosurvival mecha-
nism that recycles cellular constituents to maintain nutrient supply
in cells under stresses such as nutrition deprivation.”* However,
prolonged or excessive autophagy is often associated with cell
death.”>% In the pathogenesis of cancer, autophagy is thought to
be a double-edged sword, as it functions to promote or inhibit can-
cer development and progression in a stage- and context-dependent
manner. Nevertheless, accumulating evidence has shown that
autophagy in general promotes cancer cell survival under various
cellular stress conditions including ER stress.”” "

A number of mechanisms have been shown to contribute to
activation of autophagy by ER stress, such as induction of
HSPA5/GRP78 (heat shock 70kDa protein 5 [glucose-regulated
protein, 78kDa]) and activation of the EIF2AK3-EIF2S1-ATF4
axis of the UPR and the calcium-CAMKK-AMPK signaling
pathway.”>?%3% Activation of MAPK8/9 by ER stress also
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activates autophagy through phosphorylation of prosurvival
BCL2 family proteins including BCL2 and BCL2L1/BIM thus
dissociating them from BECN1/Beclin 1 that plays a critical part
in initiation of autophagy flux.>*?° Similarly, the other prosur-
vival protein MCLI can also bind to BECN1 and disruption of
the association triggers autophagy.””*® Tt seems therefore that
ER stress may activate autophagy through varying mechanisms
depending on cell types and stimuli in question.

HSF1 (heat shock transcription factor 1) is an evolutionarily
conserved transcription factor that not only plays an important
role in orchestrating cellular responses to heat shock, but is also
involved in many other biological processes, such as cell division,
insulin signaling, and embryonic development.”” The expression
of HSF1 is upregulated in many types of cancers including mela-
noma that promotes cancer cell survival, invasion, and migra-
tion.>**® Unlike many transcription factors, HSF1 binds to
DNA as a trimer.””*! Binding of each DNA-binding domain in
an HSF1 trimer to a single heat shock element (an nGAAn
sequence) is necessary for HSF1-mediated transactivation of its

target genes. 3941

Noticeably, activation of HSF1 is primarily
regulated by posttranslational modification such as phosphoryla-
tion and interactions with various binding partners.**

In this study, we have studied the role of RIPK1 in response of
human melanoma cells to pharmacological ER stress induced by
TM or TG. We show here that RIPK1 is upregulated in mela-
noma cells after treatment with TM or TG, and is important for
protection of melanoma cells from TM- or TG-induced apopto-
sis by induction of autophagy. Moreover, we show that RIPK1-
triggered autophagy is executed by MAPK8/9-mediated phos-
phorylation of BCL2L11 thus leading to its disassociation from
BECNI, and that upregulation of RIPK1 by ER stress is caused
by a transcriptional increase mediated by HSF1 downstream of
the ERN1-XBP1 axis of the UPR.

Results

RIPK1 is upregulated in human melanoma cells under ER
stress induced by TM or TG

We examined the expression of RIPKI in Mel-RM and
MM200 cells in response to pharmacological ER stress induced
by TM or TG. These cells were relatively resistant to cell death
induced by TM or TG even when it was used at a concentration
(3 pM and 1 pM for TM and TG, respectively) at which induc-
tion of cell death reached a “plateau” (Fig. S1A).%® Activation of
the UPR was evidenced by induction of HSPAS, the active
(spliced) form of XBPI mRNA, and DDIT3/CHOP, phosphor-
ylation of EIF2S1, and cleavage of ATF6 (Fig. 1A and Fig. S1B
and C). Remarkably, induction of ER stress upregulated RIPK1
in both Mel-RM and MM200 cells (Fig. 1A). This was associ-
ated with elevation in its mRNA expression that was caused by a
transcriptional increase instead of changes in the stability of the
mRNA, as indicated by its turnover rates, which remained similar
in cells before and after treatment with TM or TG as shown in
actinomycin D-chasing assays (Fig. 1B and C). Upregulation of
RIPK1 by TM and TG was confirmed in another 4 melanoma
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Figure 1. RIPK1 is upregulated in human melanoma cells under ER stress induced by TM or TG. (A) Whole cell lysates from Mel-RM and MM200 cells with
or without treatment with tunicamycin (TM) (3 wM) (left panel) or thapsigargin (TG) (1 wM) (right panel) for the indicated periods were subjected to
western blot analysis of RIPK1, HSPA5, and GAPDH (as a loading control). The numbers represent fold changes of HSPA5. The data shown are representa-
tive of 3 individual experiments. (B) Total RNA from Mel-RM and MM200 cells with or without treatment with TM (3 M) (left panel) or TG (1 wM) (right
panel) for the indicated periods were subjected to gPCR analysis of RIPKT mRNA expression. The relative abundance of the RIPKT mRNA before treatment
was arbitrarily designated as 1 (n = 3, mean £SEM). (C) Total RNA from Mel-RM and MM200 cells treated with TM (3 wM) or TG (1 wM) for 16 h followed
by treatment with actinomycin D (100 ng/ml) for the indicated period was subjected to gPCR analysis for the expression of RIPKT mRNA. The relative
abundance of the RIPKT mRNA without actinomycin D treatment was arbitrarily designated as 1 (n = 3, mean +SEM, *P < 0.05, Student t test). (D) Whole
cell lysates from ME4405, Sk-Mel-28, Mel-CV, IgR3 and Mel-RMu melanoma cells and HEMn-MP melanocytes treated with TM (3 wM) or TG (1 wM) for
16 h were subjected to western blot analysis of RIPK1, HSPA5, and GAPDH (as a loading control). The numbers represent fold changes of HSPA5. The
data shown are representative of 3 individual experiments.
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cell lines (ME4405, SK-Mel-28, Mel-CV, and IgR3) that were
relatively resistant to ER stress-induced cell death (Fig. 1D and
Fig. S1D and E).** However, RIPK1 was not significantly
increased by ER stress in Mel-RMu cells and melanocytes that
were comparatively sensitive to cell death induced by ER stress,
although the UPR was similarly activated in these cells by TM
and TG (Fig. 1D and Fig. SIB-E). Of note, cell death induced
by TM or TG in melanoma cells and melanocytes was mainly

due to apoptosis, as it was markedly inhibited by the general cas-
pase inhibitor z-VAD-fmk (Fig. SIF).

RIPK1 protects melanoma cells from killing by TM and TG

We focused on examination of the functional importance of
RIPK1 upregulation in response of melanoma cells to pharmaco-
logical ER stress by knocking down R/PKI with 2 individual
shRNAs in Mel-RM and MM200 cells (Fig. 2A). Strikingly,
RIPKI knockdown markedly reduced viability of melanoma cells
upon treatment with TM or TG (Fig. 2B).* This was also
reflected by reduction in long-term survival in clonogenic experi-
ments (Fig. 2C). Introduction of a construct expressing shRNA-
resistant cDNA of RIPKT reversed the inhibitory effect of RIPK1
knockdown on cell survival (Figs. 2D and E), demonstrating the
specificity of the RIPKI shRNA, and consolidating that RIPK1
plays a role in promoting survival of melanoma cells undergoing
TM- or TG-induced ER stress. Consistently, overexpression of
RIPK1 enhanced survival of melanocytes upon treatment with
TM or TG (Figs. 2F and G). The role of RIPK1 in protection of
melanoma cells from cell death induced by pharmacological ER
stress was further confirmed by knockdown of R/PKI in Mel-
RMu cells, which were relatively sensitive to ER stress-induced
apoptosis. Although R/PK1 knockdown alone did not cause sig-
nificant cell death in Mel-RMu cells, it further enhanced killing
induced by TM or TG (Fig. S2A and B).

RIPK1 protects melanoma cells from TM- or TG-induced
apoptosis by activation of autophagy

Since autophagy protects against apoptosis induced by ER
stress,”® "% we examined if RIPK1-mediated protection of mel-
anoma cells upon treatment with TM or TG is associated with
activation of autophagy. Indeed, TM or TG triggered autophagy
in Mel-RM and MM200 cells as evidenced by conversion of
MAPILC3A (microtubule-associated protein 1 light chain 3 a)-I
into MAP1LC3A-II, aggregation of MAP1LC3A-II, formation
of double-membrane autophagosomes, and degradation of
SQSTM1/p62 (sequestosome 1) (Fig. 3A to C and Fig. S3A).>
However, only moderate activation of autophagy was observed in
Mel-RMu cells after treatment with TM or TG (Fig. S3B).
Blockade of autophagy at late stages by bafilomycin A; (Baf A1)
or inhibition of autophagy induction by 3-methyladenine
(3-MA) rendered Mel-RM and MM200 cells more sensitive to
killing by TM or TG (Fig. 3D and E),» indicating that autoph-
agy plays a role in protection of melanoma cells from TM- or
TG-induced cell death. This was further confirmed by knock-
down of the autophagy protein ATG5 or ATG7, which similarly
sensitized Mel-RM and MM200 cells to cell death induced by
TM or TG (Fig. 3F to I). Cell death induced by TM or TG in
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Mel-RM and MM200 cells with autophagy inhibited was
blocked by z-VAD-fmk, indicating that autophagy protects mela-
noma cells from ER stress by inhibiting apoptosis (Fig. S3C).

To investigate the relationship between RIPK1 upregulation
and autophagy triggered by TM or TG, we monitored induction
of autophagy by ER stress in Mel-RM and MM200 cells with
RIPK1 stably knocked down. Intriguingly, TM- or TG-induced
autophagy was mitigated in R/PKI knockdown Mel-RM and
MM200 cells (Fig. 3A to C and Fig. S3A). In contrast, it was
enhanced in Mel-RMu cells introduced with exogenous RIPK1
(Figs. 4A and B). These results suggest that RIPK1 is necessary
for activation of autophagy in melanoma cells undergoing pha-
macological ER stress. On the other hand, inhibition of autoph-
agy by 3-MA, Baf A1, or siRNA knockdown of ATG5 or ATG7
abolished protection of Mel-RMu cells from TM- or
TG-induced apoptosis by overexpression of RIPK1 (Figs. 4C
and D, and Fig. $3D and E), indicating that autophagy is
required for RIPK1-mediated protection of melanoma cells. In
support, knockdown of RIPK1 did not further sensitize Mel-RM
and MM200 cells to killing by TM or TG when autophagy was
inhibited (Figs. 4E and F). Collectively, these data reveal that
RIPK1 promotes survival of melanoma cells upon ER stress trig-
gered by TM or TG through activation of autophagy. Of note,
blockade of autophagy had no effect on upregulation of RIPK1
by TM or TG (Fig. 4G).

RIPK1-mediated activation of MAPKS8/9 contributes to
induction of autophagy by ER stress in melanoma cells
Since MAPKS8/9 is involved in ER stress-induced autophagy

20374749 (e examined whether it similarly

in many systems,
plays a role in activation of autophagy by RIPK1 in melanoma
cells undergoing ER stress induced by TM or TG. Indeed, induc-
tion of ER stress caused activation of MAPKS8/9 (Fig. 5A). More-
over, knockdown of MAPKS/9 attenuated induction of
autophagy by TM or TG in Mel-RM and MM200 cells
(Figs. 5B and C), suggesting that activation of MAPKS8/9 is
involved in TM- or TG-induced autophagy. Consistent with
this, inhibition of MAPKS8/9 by the specific inhibitor SP600125
or knockdown of MAPKS8/9 reduced viability of Mel-RM and
MM200 cells upon treatment with TM or TG (Figs. 5D and E).

We further examined the role of RIPKI in activation of
MAPKS8/9 in melanoma cells upon treatment with TM or TG.
While knockdown of RIPKI inhibited activation of MAPKS8/9
in Mel-RM and MM200 cells (Fig. 5A), overexpression of
RIPK1 promoted MAPKS8/9 activation in Mel-RMu cells by
TM or TG (Fig. 5F). On the other hand, inhibition of MAPKS/
9 did not impinge on TM- or TG-induced upregulation of
RIPK1 in Mel-RM and MM200 cells (Fig. 5C). These results
indicate that activation of MAPK8/9 by ER stress is mediated by
RIPK1 in melanoma cells. In support, MAPK8/9 was coimmu-
noprecipitated with RIPK1 in melanoma cells upon treatment
with TM or TG (Fig. 5G). Moreover, inhibition of MAPKS8/9
suppressed ER stress-induced autophagy in Mel-RMu cells over-
expressing RIPK1 (Fig. 5F), substantiating the role of activation
of MAPK8/9 in RIPKI1-mediated ER stress-induced autophagy

in melanoma cells.
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Figure 2. RIPK1 protects melanoma cells from killing by TM or TG. (A) Whole cell lysates from Mel-RM and MM200 cells transduced with the control or
RIPK1 shRNA treated with tunicamycin (TM) (3 wM) or thapsigargin (TG) (1 wM) for 16 h were subjected to western blot analysis of RIPK1, HSPA5, and
GAPDH (as a loading control). The data shown are representative of 3 individual experiments. The numbers represent fold changes of HSPA5. (B) Mel-RM
and MM200 cells transduced with the control or RIPKT shRNA were treated with TM (3 wM) or TG (1 M) for 48 h. Cell viability was measured by Cell-
Titer-Glo assays (n = 3, mean £SEM, *P < 0.05, Student t test). (C) Mel-RM and MM200 cells transduced with the control or RIPKT shRNA were seeded
onto 6-well plates at 2000 cells per well in medium containing TM (1 wM) or TG (0.3 wM). Twelve d later, cells were fixed and stained with crystal violet.
The data shown are representative of 3 individual experiments. (D) Mel-RM and MM200 cells stably transduced with the control or RIPK7 shRNA were
transiently transfected with a shRNA-resistant mutant form of RIPK1 (pCMV-MYC-mut-RIPK1). Twenty-four h later, whole cell lysates were subjected to
western blot analysis of RIPK1 and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (E) Mel-RM and MM200
cells stably transduced with the control or RIPK1 shRNA were transiently transfected with a shRNA-resistant mutant form of RIPK1 (pCMV-MYC-mut-
RIPK1). Twenty-four h later, cells were treated with TM (3 wM) or TG (1 M) for another 48 h. Cell viability was measured by CellTiter-Glo assays (n = 3,
mean +SEM, *P < 0.05; Student t test). (F) Whole cell lysates from HEMn-MP melanocytes transfected with the pCMV-MYC or pCMV-MYC-RIPK1 were sub-
jected to western blot analysis of RIPK1 and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (G) HEMn-MP
melanocytes transfected with pCMV-MYC or pCMV-MYC-RIPK1 were treated with TM (3 wM) or TG (1 uM) for 48 h. Cell viability was measured by Cell-
Titer-Glo assays (n = 3, mean SEM, *P < 0.05, Student t test).
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necroptosis in melanoma cells undergoing pharmacological ER

We also tested whether MAPK8/9-mediated activation of
autophagy leads to formation of the ripoptosome and triggers

stress, as does it in other types of cancer cells under different con-
ditions.”® Exposure of Mel-RM and MM200 cells to TM or TG
did not affect the expression levels of BIRC2/cIAP1 (baculoviral
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Figure 3. For figure legend, see page 981.
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IAP repeat-containing 2) and BIRC3/cIAP2, nor did it trigger
formation of a ripoptosome, as neither TM nor TG triggered
recruitment of CASP8 and FADD (Fas [TNFRSFG6]-associated
via death domain), which are key components of the ripopto-
some, to RIPK1 (Fig. S4A and B). In contrast, RIPKI and
CASP8 and FADD were readily coprecipitated in cells treated
with the genotoxic stress trigger etoposide that was included as a
control (Fig. S4A and B).>! Consistent with these finding,
TM- or TG-induced cell death in melanoma cells with or with-
out RIPK1 knocked down could not be inhibited by the RIPK1
kinase inhibitor necrostatin-1, whereas it was blocked by z-VAD-
fmk, indicative of induction of apoptosis rather than necroptosis
(Fig. $4C).>? Therefore, induction of the formation of the ripop-
tosome and necroptosis by MAPKS8/9-mediated activation of
autophagy is highly cell type- and context-dependent.

MAPKS8/9 activation phosphorylatess BCL2L11 and
disassociates it from BECN1 in melanoma cells undergoing ER
stress

Disruption of the physical association between prosurvival
BCL2 family proteins and BECN1 triggers autophagy.”” We
examined whether this contributes to ER stress-induced autoph-
agy in melanoma cells. While BCL2L1 did not appear to be
physically associated with BECN1, BCL2 was coimmunoprecipi-
tated with BECN1 (Fig. 6A). However, ER stress did not alter
the amount of BCL2 associated with BECN1 (Fig. 6A). These
results suggest that displacement of BCL2L1 and BCL2 from
BECNI is not likely to play a major role in ER stress-induced
autophagy in melanoma cells. On the other hand, although ER
stress caused reduction in the association between MCL1 and
BECNI, this change was not affected by knockdown of RIPKI
(Fig. 6A), suggesting that displacement of MCL1 from BECN1
similarly does not play a role in RIPK1-mediated induction of
autophagy by ER stress in melanoma cells.

The BH3-only protein BCL2L11 recruits BECN1 to micro-
tubule and thus suppresses activation of autophagy.”” However,
phosphorylation of BCL2L11 disassociates the binding thus
freeing BECN1 that initiates autophagy.” Indeed, associated
with the increase in activation of MAPK8/9, BCL2L11 phos-
phorylation was enhanced in melanoma cells upon induction of

ER stress (Fig. 6B), pointing to a role of MAPKS8/9 in ER stress-
induced BCL2L11 phosphorylation. This was confirmed by inhi-
bition of BCL2L11 phosphorylation with the MAPK8/9 inhibi-
tor SP600125 (Fig. 6B). The increase in BCL2L11
phosphorylation was associated with a decrease in the amount of
BCL2L11 coimmunoprecipitated with BECN1 (Fig. 6C), sug-
gesting that displacement of BCL2L11 from BECNI is involved
in induction of autophagy in melanoma cells undergoing ER
stress. Indeed, shRNA knockdown of BCL2LI1 enhanced ER
stress-induced autophagy even when RIPKI was also knocked
down or MAPKS8/9 was inhibited (Figs. 6D-F). Nevertheless,
BCL2L11 knockdown did not enhance autophagy induction by
ER stress when BECN1 was also knocked down (Figs. 6D, G
and H), consolidating the role of BECNI in activation of
autophagy mediated by disassociation of BCL2L11 in melanoma
cells under ER stress.

We also examined whether the CAMKK2 (calcium/calmodu-
lin-dependent protein kinase kinase 2, 3)-AMP-activated protein
kinase (AMPK) signaling pathway that has been implicated
in ER stress-induced autophagy in other types of cells is involved
in autophagy induced by pharmacological ER stress in melanoma
cells.>>> Although treatment with TM or TG caused phosphor-
ylation of PRKAA1 (protein kinase, AMP-activated, a 1 catalytic
subunit) in Mel-RM and MM200 cells, indicative of activation
of calcium-CAMKK2-AMPK signaling (Fig. S5), the CAMKK2
inhibitor STO-609 did not affect the induction of autophagy
and upregulation of RIPK1 by TM or TG (Fig. S5), suggesting
that the calcium-CAMKK2-AMPK pathway does not play a
major role in TM- or TG-induced upregulation of RIPK1 and

activation of autophagy in melanoma cells.

Activation of HSF1 downstream of XBP1 is responsible for
transcriptional upregulation of RIPK1 by TM or TG in
melanoma cells

To identify the signaling pathway(s) of the UPR responsible
for transcriptional upregulation of RIPK1 in melanoma cells
under ER stress, we took advantage of melanoma cell lines defi-
cient in the expression of ERN1, ATF6, or EIF2AK3, which were
established by shRNA knockdown with lentiviral transduction
(Fig. 7A).'4 Knockdown of ERNI or ATFG, but not knockdown

Figure 3 (See previous page). RIPK1 protects melanoma cells from TM- or TG-induced apoptosis by activation of autophagy. (A) Whole cell lysates from
Mel-RM and MM200 cells transduced with the control or RIPK7 shRNA were subjected to western blot analysis of RIPK1 and GAPDH (as a loading control).
The data shown are representative of 3 individual experiments. (B) Mel-RM and MM200 cells transduced with the control or RIPKT shRNA were treated
with tunicamycin (TM) (3 M) (upper panel) or thapsigargin (TG) (1 wM) (lower panel) for 16 h. Whole cell lysates were subjected to western blot analysis
of SQSTM1, MAP1LC3A, and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (C) Electron microscopy
images showing ultrastructures of Mel-RM cells transduced with the control or RIPK7 shRNA 1 treated with TM (3 wM) for 24 h. Arrowheads point to dou-
ble-membraned autophagosomes. The data shown are representative of 3 individual experiments. (D and E) Mel-RM and MM200 cells with or without
pretreatment with bafilomycin A; (Baf A1) (10 nM) (D) or 3-methyladenine (3-MA) (5 mM) (E) for 1 h were treated TM (3 wM) or (TG) (1 wM) for another
48 h. Cell viability was measured by CellTiter-Glo (n = 3, mean £SEM, *P < 0.05, Student t test). (F) Whole cell lysates from Mel-RM and MM200 cells
transfected with the control or ATG5 siRNA were subjected to western blot analysis of ATG5 and GAPDH (as a loading control). The data shown are repre-
sentative of 3 individual experiments. (G) Mel-RM and MM200 cells transfected with the control or ATG5 siRNA were treated with TM (3 wM) or TG (1 M)
for 48 h. Cell viability was measured by CellTiter-Glo (n = 3, mean £SEM, *P < 0.05, Student t test). (H) Whole cell lysates from Mel-RM and MM200 cells
transfected with the control or ATG7 siRNA were subjected to western blot analysis of ATG7 and GAPDH (as a loading control). The data shown are repre-
sentative of 3 individual experiments. (I) Mel-RM and MM200 cells transfected with the control or ATG7 siRNA were treated with TM (3 wM) or TG (1 wM)
for 48 h. Cell viability was measured by CellTiter-Glo (n = 3, mean £SEM, *P < 0.05, Student t test).
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of EIF2AK3, partially inhibited upregulation of RIPK1 by TM
and TG (Fig. 7B). Moreover, deficiency in ERN1 or ATF6 reca-
pitulated partially the inhibitory effect of RIPKI knockdown on
ER stress-triggered autophagy (Figs. 4F and 7B). Thus, RIPK1

upregulation in melanoma cells under ER stress is mediated by
the ERN1 and ATFG6 branches of the UPR.

The ERN1 and ATFG pathways of the UPR converge on
XBP1.%> We thus tested whether XBP1 plays a part in ER
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stress-induced RIPK1 upregulation in Mel-RM and MM200
cells with XBPI knockdown (Fig. 7C). Indeed, XBP1 deficiency
blunted upregulation of RIPK1, and recapitulated the inhibitory
effect of RIPKI knockdown on activation of autophagy
(Figs. 4F and 7D). These results point to an important role of
XBP1 in RIPKI upregulation in melanoma cells undergoing
pharmacological ER stress. However, as a transcription factor,
XBP1 does not seem to be directly responsible for the transcrip-
tional increase in RIPK1, as no potential XBP1 binding site was
identified in the RIPK1 promoter by in silico analysis.

To search for the active region of the R/PKI promoter in
response to ER stress, an array of incremental deletion luciferase
reporter constructs (pGL3-RIPK1-) included in the —1643 to
+25 fragment of the promoter were transiently transfected into
Mel-RM and MM200 cells (Fig. 8A and Fig. S6A and B). Induc-
tion of ER stress enhanced transcriptional activity in all the con-
structs but pGL3-RIPK1-65 to 425 (Fig. 8A and Fig. S6B). The
smallest fragment that was responsive to ER stress was pGL3-
RIPK1-168 to +25 (Fig. 8A and Fig. S6B). Therefore, the frag-
ment between —168 and —65 is necessary for the ER stress-
induced transcriptional increase in RIPK1 in melanoma cells.

The —168 to —065 region of the RIPKI promoter has 3 pre-
dicted binding sites for the transcription factor HSF1 (Fig.
S6C), which is known to promote survival of cells under various
stress.”®® Indeed, HSF1 was upregulated by ER stress in Mel-
RM and MM200 cells but there was no noticeable alteration in
HSF1 expression in Mel-RMu cells upon ER stress (Fig. 7B and
D and Fig. S6D). ChIP assays demonstrated that HSF1 bound
to the —168 to —65 fragment of the RIPKI promoter, similar to
its binding to the promoter of its bona fide target, HSPAIA/
HSP70-1, which was included as a control (Figs. 8B and C). In
contrast, XBP1 was not found to be associated with the promoter
(Fig. 8B). Consistent with the notion that binding of each
DNA-binding domain in an HSF1 trimer to a single heat shock
element is necessary for HSF1-mediated transactivation of its tar-
get genes,””*! mutation of any of the binding sites diminished
the transcriptional activity of pGL3-RIPK1-168 to —65 even
upon induction of ER stress (Fig. 8D and Fig. S6C and E).
These results indicate that binding of HSF1 to the —168 to —65
region is required for ER stress-triggered RIPK promoter activa-
tion in melanoma cells. In support, knockdown of HSFI

inhibited upregulation of the RIPK1 protein in Mel-RM and
MM200 cells by TM or TG (Fig. 8E and F). Similarly, it also
inhibited TM- or TG-induced upregulation of the RIPKI
mRNA, which was due to inhibition of transcription of the
RIPKI gene rather than changes in RZ/PKI mRNA stability, as
the turnover rates of the RIPK1 transcript remained unaltered in
cells with or without HSFI knockdown (Fig. S7A and B). More-
over, knockdown of HSFI blocked TM- or TG-triggered activa-
tion of MAPK8/9 and induction of autophagy, and sensitized
Mel-RM and MM200 cells to TM- or TG-induced cell death
(Fig. 8E-G).

The findings that RIPK1 was upregulated by TM or TG
downstream of XBP1 and that HSF1 similarly played an impor-
tant role in TM- or TG-triggered upregulation of RIPK1 suggest
that HSF1 and XBP1 are functionally related in regulation of
RIPK1 by pharmacological ER stress in melanoma cells
(Figs. 7D and 8F). To confirm this, we tested the reciprocal effects
of knockdown of XBPI and HSF1 on the expression of each other
in Mel-RM and MM200 cells upon treatment with TM or TG.
The results showed that knockdown of XBPI blocked upregulation
of HSF1 by TM or TG (Fig. S7C). This was due to inhibition of
HSFI transcription, as XBPI knockdown reduced the levels of
HSFI mRNA, which was not caused by changes in its stability as
shown in actinomycin-D chasing assays (Fig. S7D). In contrast,
knockdown of HSFI did not affect activation of XBP1 in mela-
noma cells triggered by TM or TG (Fig. S7E). These data suggest
that HSF1 is transcriptionally upregulated downstream of XBP1
in melanoma cells under pharmacological ER stress. Importantly,
along with the increase in its expression, phosphorylation of HSF1
at Ser230 and Ser326 that is known to enhance its transactivation
activity was increased in Mel-RM and MM200 cells upon treat-
ment with TM or TG,>**? which was however inhibited when
XBP1 was knocked down (Fig. S7F). In contrast, phosphorylation
of HSF1 was not altered in Mel-RMu cells.

Discussion
In this report, we provide evidence that RIPK1 plays a critical

role in survival of human melanoma cells undergoing pharmaco-
logical ER stress induced by TM or TG through activation of

Figure 4 (See previous page). RIPK1 protects melanoma cells from TM- or TG-induced apoptosis by activation of autophagy. (A) Whole cell lysates from
Mel-RMu cells stably transfected with pCMV-MYC or pCMV-MYC-RIPK1 were subjected to western blot analysis of RIPK1 and GAPDH (as a loading con-
trol). The data shown are representative of 3 individual experiments. (B) Mel-RMu cells stably transfected with pCMV-MYC or pCMV-MYC-RIPK1 were
treated with tunicamycin (TM) (3 wM) or thapsigargin (TG) (1 wM) for 16 h. Whole cell lysates were subjected to western blot analysis of SQSTM1,
MAP1LC3A and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (C) Mel-RMu cells stably transfected with
PCMV-MYC or pCMV-MYC-RIPK1 were treated with TM (3 wM) or TG (1 wM) for 48 h with or without pretreatment with bafilomycin A, (Baf A1) (10 nM)
for 1 h. Cell viability was measured by CellTiter-Glo assays (n = 3, mean £SEM, *P < 0.05, Student t test). (D) Mel-RMu cells stably transfected with
pCMV-MYC or pCMV-MYC-RIPK1 were transiently transfected with the control or ATG5 siRNA followed by treatment with TM (3 wM) or TG (1 wM) for
48 h. Cell viability was measured by CellTiter-Glo assays (n = 3, mean £SEM, *P < 0.05, Student t test). (E) Mel-RM (left panel) and MM200 (right panel)
cells transduced with the control or RIPKT shRNA were treated with TM (3 M) or TG (1 uM) for 48 h with or without pretreatment with Baf A1 (10 nM)
for 1 h. Cell viability was measured by CellTiter-Glo assays (n = 3, mean £SEM, *P < 0.05, Student t test). (F) Mel-RM and MM200 cells transduced with
the control or RIPK1 shRNA were treated with TM (3 wM) (upper panel) or TG (1 wM) (lower panel) with or without pretreatment with Baf A1 (10 nM) for
1 h. Whole cell lysates were subjected to western blot analysis of MAP1LC3A and GAPDH (as a loading control). The data shown are representative of 3
individual experiments. (G) Whole cell lysates from Mel-RM and MM200 cells treated with TM (3 M) or TG (1 wM) for 16 h with or without pretreatment
with Baf A1 (10 nM) for 1 h were subjected to western blot analysis of RIPK1 and GAPDH (as a loading control). The data shown are representative of 3
individual experiments.
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Figure 5. RIPK1-mediated activation of MAPK8/9 contributes to induction of autophagy by ER stress in melanoma cells. (A) Mel-RM and MM200 cells
transduced with the control or RIPKT shRNA were treated with tunicamycin (TM) (3 M) or thapsigargin (TG) (1 wM) for 16 h. Whole cell lysates were sub-
jected to western blot analysis of RIPK1, pMAPK8/9, MAPK8/9, and GAPDH (as a loading control). The data shown are representative of 3 individual
experiments. (B) Whole cell lysates from Mel-RM and MM200 cells transfected with the control or MAPK8/9 siRNA were subjected to western blot analysis
of MAPK8, MAPK9 and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (C) Mel-RM and MM200 cells trans-
fected with the control or MAPK8/9 siRNA were treated with TM (3 wM) or TG (1 M) for 16 h. Whole cell lysates were subjected to western blot analysis
of RIPK1, SQSTM1, MAP1LC3A, and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (D) Mel-RM and
MM200 cells were treated with TM (3 uM) or TG (1 M) for 48 h with or without pretreatment with the MAPK8/9 inhibitor SP600125 (10 wM) for 1 h.
Cell viability was measured by CellTiter-Glo assays (n = 3, mean £SEM, *P < 0.05, Student t test). (E) Mel-RM and MM200 cells transfected with the con-
trol or MAPK8/9 siRNA 1 were treated with TM (3 wM) or TG (1 wM) for 48 h. Cell viability was measured by CellTiter-Glo assays (n = 3, mean £SEM,
*P < 0.05, Student t test). (F) Mel-RMu cells stably transfected with pCMV-MYC or pCMV-MYC-RIPK1 were treated with TM (3 wM) or TG (1 M) for 16 h
with or without pretreatement with SP600125 (10 wM) for 1 h. Whole cell lysates were subjected to western blot analysis of pMAPK8/9, MAPK8/9,
SQSTM1, MAP1LC3A, and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (G) Whole cell lysates from Mel-
RM cells treated with TM (3 wM) or TG (1 wM) for 16 h were immunoprecipitated by RIPK1 antibody. The resulting precipitates were subjected to western
blot analysis of RIPK1 and MAPK8/9. The data shown are representative of 3 individual experiments.
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autophagy. While RIPK1 was upregulated in melanoma cells rel-
atively resistant to TM- or TG-induced apoptosis, knockdown of
RIPK1 inhibited activation of autophagy and rendered the cells
susceptible to killing by TM or TG. Conversely, introduction of
exogenous RIPK1 into melanocytes and melanoma cells that
were sensitive to ER stress-induced apoptosis enhanced induction
of autophagy and protected the cells from ER stress-induced kill-
ing. Moreover, our results showed that induction of autophagy
by RIPK1 in melanoma cells upon treatment with TM or TG
was due to activation of BECNI as a result of its disassociation
from BCL2L11 that was phosphorylated by MAPK8/9, and that
TM- or TG-induced upregulation of RIPK1 was caused by a
transcriptional increase mediated by HSF1 downstream of the
ERN1-XBP1 axis of the UPR (Fig. 9).

Although RIPK1 can mediate both cell survival and death sig-
naling, many studies in recent years focused on its role in induc-
tion of apoptosis and programmed necrosis (necroptosis) by
various cellular stresses.>*>° In particular, the role of RIPK1 in
apoptosis and necrosis of cancer cells in response to therapeutic
agents is being increasingly reported.”* Indeed, overexpression of
RIPK1 causes apoptosis in many types of cells,””® suggesting
that RIPK1 may function primarily as an antisurvival protein in
cells. Nevertheless, 7ipkl™'~ mice display extensive apoptosis in
selected tissues and die at age 1 to 3 d, suggesting that RIPK1
plays a crucial role in cell survival in a context- and cell type-
dependent fashion." Indeed, we found that RIPK1 was important
for survival of melanoma cells undergoing pharmacological ER
stress. This not only reveals the biological role of RIPK1 in mela-
noma cells in response to ER stress, but also bears important
practical implications, as it is known that melanoma cells have
in general adapted to ER stress, and that this adaptation contrib-
utes to melanoma development, progression, and resistance to
treatment.®’ Therefore, these results identify RIPK1, similar
to upregulation of MCL1 and activation of PI3K-AKT and
MAP2K1-MAPK1/3 signaling,"®'® as another adaptive mecha-

nism that confers resistance of melanoma cells to apoptosis

triggered by pharmacological ER stress, and suggests that target-
ing the prosurvival mechanism of RIPK1 may be a useful
approach to overcome adaptation of melanoma cells to ER stress.

How does RIPK1 promote melanoma cell survival upon phar-
macological ER stress? Our results showed that this was due to
activation of autophagy that protects cells against ER stress-
induced atpoptosis.zo’46 Evidence in support of this came from
the findings that knockdown of RIPKI inhibited induction of
autophagy in melanoma cells resistant to cell death induced by
TM or TG, whereas inhibition of autophagy abolished the
RIPK1-mediated protection. Moreover, overexpression of
RIPK1 enhanced activation of autophagy and inhibited killing
by ER stress in sensitive melanoma cells. In the case of activation
of TNFRSF1A or DNA damage, RIPK1 promotes cell survival
primarily through activation of NFKB1."** In addition, activa-
tion of MAPK1/3 may also be involved.! However, although
inhibition of NFKB1 or MAPKI1/3 activation enhanced ER
stress-induced apoptosis,' %
part in RIPK1-mediated protection of melanoma cells, as knock-
down of RIPK1 did not alter the activation levels of NFKB1 or
MAPKI1/3 in melanoma cells when ER stress was induced (Fig.
S8 and data not shown). This suggests that RIPK1 does not have
a role in activation of NFKB1 or MAPK1/3 by ER stress trig-
gered by TM or TG in melanoma cells. The mechanism(s)
involved in the differential effects of RIPK1 on activation of
NFKB1 or MAPK1/3 in cells under different cellular stresses
remains to be investigated. Regardless, our results clearly demon-
strated an important role of RIPK1 in activation of autophagy in
melanoma cells by TM or TG.

BECNI that plays a crucial role in autophagosome formation

neither of them appeared to play a

is a BH3-only protein and can be in physical association with
prosurvival BCL2 family proteins such as BCL2L1, BCL2, and
MCL1.37:38:6465 Thjg represents an important negative regula-
tory mechanism of BECN1-dependent autophagy. Indeed, dis-
placement of BCL2 and BCL2L1 from BECNI1 has been shown
to contribute to ER stress-induced zlutophagy.31 Given that

Figure 6 (See previous page). MAPK8/9 activation phosphorylates BCL2L11 and dissociates it from BECN1 in melanoma cells undergoing ER stress.
(A) Whole cell lysates from Mel-RM cells transduced with control or RIPK7 shRNA 1 cells treated with tunicamycin (TM) (3 wM) for 16 h were immunopre-
cipitated by BECN1 antibody. The resulting precipitates were subjected to western blot analysis of BECN1, BCL2L1, BCL2, and MCL1. The data shown are
representative of 3 individual experiments. (B) Whole cell lysates from Mel-RM cells treated with TM (3 wM) for 16 h with or without pretreatment with
the MAPK8/9 inhibitor SP600125 (10 wM) for 1 h were subjected to western blot analysis of RIPK1, pMAPK8/9, MAPK8/9, pBCL2L11 (using a phosphory-
lated BCL2L11-specific antibody), and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (C) Whole cell lysates
from Mel-RM cells treated with TM (3 M) for 16 h with or without pretreatment with the MAPK8/9 inhibitor SP600125 (10 M) for 1 h were subjected to
immunoprecipitation with an antibody against BECN1. The resulting precipitates were subjected to western blot analysis of BECN1 and BCL2L11. The
data shown are representative of 3 individual experiments. (D) Whole cell lysates from Mel-RM and MM200 cells transduced with the control or BCL2L11
shRNA were subjected to western blot analysis of BCL2L11 and GAPDH (as a loading control). The data shown are representative of 3 individual experi-
ments. (E) Mel-RM and MM200 cells stably transduced with the control or BCL2L11 shRNA were transduced with RIPKT shRNA 1 and treated with TM
(3 M) or thapsigargin (TG) (1 wM) for 16 h. Whole cell lysates were subjected to western blot analysis of SQSTM1, MAP1LC3A, or GAPDH (as a loading
control). The data shown are representative of 3 individual experiments. (F) Mel-RM and MM200 cells stably transduced with the control or BCL2L11
shRNA were treated with TM (3 wM) or TG (1 uM) for 16 h with or without pretreatment with the MAPK8/9 inhibitor SP600125 (10 M) for 1 h were sub-
jected to western blot analysis of SQSTM1, MAP1LC3A, or GAPDH (as a loading control). The data shown are representative of 3 individual experiments.
(G) Mel-RM and MM200 cells with BCL2L11 stably knocked down were transduced with the control or BECNT shRNA. Twenty-four h later, whole cell
lysates were subjected to western blot analysis of BECN1 or GAPDH (as a loading control). The data shown are representative of 3 individual experiments.
(H) Mel-RM and MM200 cells with or without BCL2L11 and BECN1 co-knocked down were treated with TM (3 wM) or TG (1 wM) for 16 h. Whole cell
lysates were subjected to western blot analysis of SQSTM1, MAP1LC3A, and GAPDH (as a loading control). The data shown are representative of 3 individ-
ual experiments.
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Figure 7. XBP1 plays an important role in RIPK1 upregulation in melanoma cells upon ER stress. (A) Whole cell lysates from Mel-RM and MM200 cells
transduced with the control, ERN1, ATF6, or EIF2AK3 shRNA were subjected to western blot analysis of ERN1 (left panel), ATF6 (middle panel) or EIF2AK3
(right panel) and GAPDH (as a loading control). The numbers represent knockdown efficiencies. The data shown are representative of 3 individual west-
ern blot analyses. (B) Mel-RM and MM200 cells transduced with the control, ERNT, ATF6, or EIF2AK3 shRNA were treated with tunicamcyin (TM) (3 wM) or
thapsigargin (TG) (1 M) for 16 h. Whole cell lysates were subjected to western blot analysis of HSF1, RIPK1, SQSTM1, MAP1LC3A, and GAPDH (as a load-
ing control). The data shown are representative of 3 individual experiments. (C) Mel-RM and MM200 cells transfected with the control or XBP1 siRNA
were subjected to RT-PCR for the analysis of XBPT mRNA. GAPDH was used as a loading control. The data shown are representative of 3 individual gPCR
analyses. (D) Mel-RM and MM200 cells transfected with the control or XBP1 siRNA were treated with TM (3 M) or TG (1 wM) for 16 h. Whole cell lysates
were subjected to western blot analysis of HSF1, RIPK1, SQSTM1, MAP1LC3A, and GAPDH (as a loading control). The data shown are representative of 3

BCL2 and MCLL1 are both upregulated in melanoma cells by ER
stress,'” it seems likely that disassociation of one or more of these
BCL2 family proteins from BECNI is similarly involved in
RIPK1-mediated, TM- or TG-induced autophagy in melanoma
cells. However, BCL2L1 did not appear to bind to BECNI,
whereas the association of BCL2 with BECN1 was not altered by
induction of ER stress in melanoma cells. Although the amount
of MCL1 associated with BECN1 was reduced by TM or TG,
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this was not related to RIPK1. Therefore, none of these prosur-
vival BCL2 family proteins plays a part in regulation of autoph-
agy by RIPK1 in melanoma cells upon pharmacological ER
stress.

Contrary to the observations with prosurvival BCL2 family
proteins, we found that displacement of the BH3-only protein
BCL2L11 is involved in activation of autophagy by ER stress in
melanoma cells. Indeed, BCL2L11 was coimmunoprecipitated
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Figure 8. Heat shock factor protein 1 (HSF1) is responsible for transcriptional upregulation of RIPK1 in melanoma cells upon ER stress. (A) Mel-RM (left
panel) and MM200 (right panel) cells transfected with the indicated pGL3-basic based reporter constructs were treated with tunicamycin (TM) (3 M) for
16 h followed by measurement of the luciferase activity (n = 3, mean £SEM, *P < 0.05, Student t test). (B) Formaldehyde-cross-linked chromatin of Mel-
RM and MM200 with or without treatment with TM (3 wM) for 16 h was subjected to immunoprecipitation with antibody against HSF1 (top panel) or
XBP1 (bottom panel). The precipitates were subjected to PCR amplification using primers for the —168 to +25 region of the RIPK1 promoter. The data
shown are representative of 3 individual experiments. (C) Formaldehyde-cross-linked chromatin of Mel-RM and MM200 with or without treatment with
TM (3 wM) for 16 h was subjected to immunoprecipitation with antibody against HSF1. The precipitates were subjected to PCR amplification using pri-
mers for the HSP70-1 promoter. The data shown are representative of 3 individual experiments. (D) Mel-RM and MM200 cells transfected with indicated
pGL3-basic based reporter constructs were treated with TM (3 M) for 16 h followed by measurement of the luciferase activity (n = 3, mean £SEM,
*P < 0.05, Student t test). (E) Whole cell lysates of Mel-RM and MM200 cells transfected with the control or HSF1 siRNA were subjected to western blot
analysis of HSF1 and GAPDH (as a loading control). The data shown are representative of 3 individual experiments. (F) Mel-RM and MM200 cells trans-
fected with the control or HSF1 siRNA were treated with TM (3 M) or thapsigargin (TG) (1 wM) for 16 h. Whole cell lysates were subjected to western
blot analysis of RIPK1, SQSTM1, MAP1LC3A, pMAPK8/9, MAPK8/9, and GAPDH (as a loading control). The data shown are representative of 3 individual
experiments. (G) Mel-RM and MM200 cells transfected with the control or HSF1 siRNA were treated with TM (3 wM) or TG (1 M) for 48 h. Cell viability
was measured by CellTiter-Glo (n = 3, mean £SEM, *P < 0.05, Student t test).
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BCL2L11 is known to bridge the inter-
action between BECN1 and the dynein
light chain LC8 and thus inhibits
autophagy through targeting BECNI1
to the cytoskeleton.”> Nevertheless,
phosphorylation of BCL2L11 abrogates
binding of LC8 to BCL2L11, causing
their disassociation and activation of
autophagy.”> We found that ER stress
increased phosphorylation of
BCL2L11, which conceivably contrib-
uted activation of autophagy by freeing
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Figure 9. Induction of autophagy by RIPK1 in melanoma cells upon pharmacological ER stress was due
to activation of BECN1 as a result of its disassociation from BCL2L11. A schematic illustration of the
proposed pharmacological ER stress-XBP1-HSF1-RIPK1-MAPK8/9-autophagy pathway.

knocked down. As a BH3-only protein,
BCL2L11 plays a role in apoptosis
induction by directly neutralizing pro-
survival BCL2 family proteins.°®®” Our results suggest that
BCL2L11 also plays an indirect role to facilitate ER stress-
induced killing of melanoma cells by inhibition of autophagy.
BCL2L11 can be phosphorylated by the MAPKs MAPK1/3,
MAPKS/9, and MAPK14/p38c,°*”° which have all been
reported to contribute to autophagy.”’”*””'7> However, similar
to MAPK1/3 activation, activation of MAPK11/12/13/14 by ER
stress was not affected by knockdown of RIPKI in melanoma
cells under ER stress as detected using an antibody against phos-
phorylated MAPK11/12/13/14 in western blot analysis, suggest-
ing that neither MAPK1/3 nor MAPK11/12/13/14 plays a part
in RIPKI1-mediated induction of autophagy by ER stress
(Fig. S8). On the other hand, activation of MAPK8/9 by ER
stress was responsible for activation of autophagy downstream of
RIPK1 through phosphorylation of BCL2L11. This was demon-
strated by 1) ER stress enhanced MAPKS8/9 activation in mela-
noma cells; 2) knockdown of RIPKI inhibited activation of
MAPKS8/9 by ER stress; 3) inhibition of MAPKS8/9 abolished ER
stress-induced autophagy even when RIPK1 was overexpressed;
4) MAPKS8/9 was coimmunoprecipitated with RIPK1 in mela-
noma cells upon treatment with TM or TG; and 5) inhibition of
MAPKS8/9 reduced BCL2L11 phosphorylation by ER stress.
Consistent with the role of MAPKS8/9 in induction of autophagy,
inhibition of MAPKS8/9 reduced viability of melanoma cells
under ER stress. Although this is in contrast to the notion that
MAPK8/9 contributes to induction of apoptosis by ER stress,”®
it is conceivable that the involvement of MAPKS8/9 in regulating
cell survival and death is cell type- and context-dependent.
MAPKS8/9 has been reported to contribute to cell survival under
various experimental conditions.”””® Our results demonstrated
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that, although the mechanism(s) involved remains undefined,
RIPK1 preferentially utilizes MAPK8/9 to phosphorylate
BCL2L11 and activate autophagy thus protecting against apopto-
sis in melanoma cells under pharmacological ER stress. However,
whether other factors such as HSPA5 and DDIT3 are involved
in RIPK1-mediated, ER stress-induced autophagy in melanoma
cells needs to be clarified, but the expression of these proteins was
not affected by RIPK7 knockdown in melanoma cells upon treat-
ment with TM or TG (data not shown).

We identified HSF1 as the transcription factor responsible for
transcriptional upregulation of RIPK1 during pharmacological
ER stress in melanoma cells resistant to ER stress-induced apo-
ptosis. Evidence in support of this includes, 1) the smallest frag-
ment of the RIPKI promoter that was activated in response to
ER stress had 3 consensus HSF1 binding region; 2) HSFI1
directly bound to this fragment; 3) mutation of the any of the
HSF1 binding sites abolished activation of the RIPK1 promoter
by ER stress; 4) HSFI knockdown inhibited RIPK1 upregulation
by ER stress; and 5) phosphorylation of HSF1 at Ser230 and
Ser326 that is known to enhance its transactivation activity was
also increased by TM or TG in resistant melanoma cells.
HSF1 expression is increased in many forms of cancers and
plays a role in promoting cell survival.”®”*** Our finding that
HSF1 was not activated by pharmacological ER stress in mela-
noma cells sensitive to apoptosis induced by TM or TG sug-
gests that additional mechanisms contribute to regulation of
HSF1 in melanoma cells, which are nevertheless differentially
regulated in the cells undergoing pharmacological ER stress.
Further studies to clarify the mechanisms involved are clearly
warranted.
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TM- or TG-induced upregulation of RIPK1 was partly inhib-
ited in melanoma cells with ERN1 or ATF6 knocked down, sug-
gesting that these pathways of the UPR contributes to the
increase in RIPK1 caused by pharmacological ER stress in mela-
noma cells. Upon activation, ERN1 cleaves XBPI mRNA, pro-
ducing a splicing form that encodes a transcription factor.®’
Activated ATFG, as a transcription factor, activates downstream
target genes of the UPR such as XBP1.** The conjunction of the
ERN1 and ATF6 arms of the UPR on XBP1 suggests that XBP1
may be responsible for the increase in HSF1 triggered by the
UPR. This was confirmed in melanoma cells by knockdown of
XBPI, which inhibited upregulation of HSF1 by TM or TG.
These results are consistent with the important role of XBP1 in
transcriptional upregulation of some other prosurvival factors
including ETS1 and MCL1 by ER stress in melanoma cells.'”"”

In summary, we have demonstrated that RIPK1 promotes mel-
anoma cell survival upon pharmacological ER stress induced by
TM or TG through activation of autophagy that is mediated by
disassociation of BCL2L11 from BECNI as a consequence of
phosphorylation of BCL2L11 by MAPKS8/9. Moreover, we have
shown that RIPK1 upregulation by ER stress in melanoma cells is
mediated by HSF1 downstream of the ERN1-XBP1 axis of the
UPR. Therefore, RIPK1 appears to be a novel adaptive mechanism
to ER stress in melanoma cells by acting as a key player of a signal-
ing pathway of ERNI1-XBP1-HSF1-RIPK1-MAPK8/9-BECN1
that mediates ER stress-triggered activation of autophagy through
displacement of BCL2L11 from BECNI1 (Fig. 9). However, as
TM and TG are not applicable in the clinic and do not represent
the main mechanisms of therapeutic induction ER stress, the
potential impact of our observations on anticancer therapy needs
to be further validated using clinically relevant ER stress inducers.

Materials and Methods

Cell lines

The human melanoma cell lines Mel-RM, MM200,
ME4405, Sk-Mel-28, Mel-CV, IgR3, and Mel-RMu were
obtained as described previously.”> They were cultured in
Dulbecco’s  Modified Eagle’s Medium  (Sigma-Aldrich,
D7777) supplemented with 5% fetal bovine serum (Ausgenex,
FBS500-S). The human melanocyte line (HEMn-MP) was
purchased from Life Technologies (C-102-5C) and cultured as
previously described.®® This study was approved by the human
ethics committee of the University of Newcastle.

Antibodies, recombinant proteins, and other reagents

The antibodies (Ab) against RIPK1 (sc-7881) used for immu-
noprecipitation and antibodies against SQSTM1/p62  (sc-
28359), BECN1 (sc-48341), HSPAS5 (sc-13968), ATFG6
(sc-166659),  EIF2AK3  (sc-13073),  phospho-MAPK1/3
(sc-7383), XBP1 (sc-8015), BIRC2/cIAP1 (sc-271419), BIRC3/
cIAP2 (sc-7944) and phospho-HSF1 (Ser230) (sc-30443-R)
were purchased from Santa Cruz Biotechnology. The Ab used
against RIPK1 for western blotting was from BD Biosciences

(551042). The Abs against HSF1 (4356), ATG5 (8540),
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MAPKS8/9 (9252), phospho-MAPK8/9 (9251), phospho-
BCL2L11 (4581), MAPK1/3 (9102), phospho-MAPK11/12/
13/14 (9216), MAPK11/12/14 (9212), phospho-PRKAAI
(2531), PRKAA1 (2532), phospho-ACACA (3661), ACACA
(3662), phospho-EIF2S1 (9721) and EIF2S1 (9722) were pur-
chased from Cell Signaling Technology. The Abs for ERNI
(ab37073), ATG7 (ab52472), MAPKS8 (ab10664), MAPK9
(ab76125) and phospho-HSF1 (Ser326) (ab76076) were pur-
chased from Abcam, and the mouse mAb GAPDH antibody was
purchased from Ambion (AM4300). The rabbit polyclonal Ab
against MAP1LC3A/LC3A (AP1802a) and BCL2L11 (IMG-
171) were purchased from Abgent and Imgenex, respectively.
Bafilomycin A; (B1793), 3-MA (M9281), actinomycin D
(A9415), tunicamycin (TM) (T7765), thapsigargin (TG)
(T9033) and necrostatin-1 (N9037) were purchased from
Sigma-Aldrich and the MAPKS8/9 inhibitor, SP600125
(420119), the pancaspase inhibitor, z-VAD-fmk (627610), and
the CAMKK2 inhibitor, STO-609 (570250), were purchased

from Calbiochem.

Cell viability

Cell viability was quantitated using the Cell Titer-Glo® Lumi-
nescent Cell Viability Assay kit (Promega, G7571) as described
previously.®* Briefly, cells were seeded at 5,000 cells per well
onto opaque flat-bottomed 96-well culture plates and allowed to
grow for 24 h followed by the desired treatment. Cells were then
incubated with CellTiter-Glo® for 10 min at room temperature.
Luminescence was recorded with a Synergy™ 2 multidetection

microplate reader (BioTek, Winooski, VT).

Clonogenic assays

Clonogenic assays were performed as described previously.®”
Briefly, cells were seeded at 1,000 cells/well onto 6-well culture
plates and allowed to grow for 24 h followed by the desired treat-
ment. Cells were then allowed to grow for a further 12 d before
fixation with methanol and staining with 0.5% crystal violet.
The images were captured with a Bio-Rad VersaDoc™ image

system (Bio-Rad, Gladesville, NSW).

Immunoprecipitation (IP)

The method used was as described previously with minor
modification.®® Briefly, 500 wl of lysates were precleared by
incubation with 30 pl of Protein A/G PLUS Agarose beads
(Santa Cruz, sc-2003) packed beads on a rotator at 4°C for 1 h.
Five pg of the specific antibody or corresponding IgG was then
added to the precleared lysate and rotated at 4°C for 2 h. Follow-
ing that, 30 i of freshly packed beads were added into the mix-
ture and incubated overnight on a rotator at 4°C. The beads
were then pelleted by centrifugation and washed 3 times with
ice-cold lysis buffer. The resulting immunoprecipitates was then
subjected to western blot analysis.

Western blotting
Western blot analysis was carried out as described previ-

ously.®? Labeled bands were detected by Luminata™ Crescendo
Western HRP substrate (Millipore, WBLURO0100) and images
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were captured with ImageReader LAS-4000 (Fujifilm, Minato,
Tokyo).

Quantitative reverse transcription and real-time PCR
(¢PCR)

Total RNA was isolated using RNeasy mini kit (Qiagen,
74106) following the manufacturer’s instructions. RNA was
reverse transcribed into cDNA using qScript (Quanta Bioscien-
ces, 95048-500) following the manufacturer’s instructions.
qPCR was performed using the ABI Prism 7900HT sequence
detection system (Life technologies, Carlsbad, CA) with specific-
gene primers: Active XBP! forward 5'- TGC TGA GTC CGC
AGC AGG TGC-3'; Active XBPI reverse 5'- GCT TGG CTG
ATG ACG TCC CCA C-3'; RIPKI forward 5- AGG CTT
TGG GAA GGT GTC TC —3'; RIPKI reverse 5'- CGG AGT
ACT CAT CTC GGC TTT-3'; ACTB (B-actin) forward, 5'-
GGC ACC CAG CAC AAT GAA G-3'; ACTB reverse, 5'-GCC
GAT CCA CAC GGA GTA CT-3'). The following PCR cycle
was used: Standard Fast Cycle 95°C for 20 sec, 40 cycles of 95°C
for 1 sec and 60°C for 20 sec using PerfeCTa® SYBR® Green
FastMix®, ROX™ (Quanta Biosciences, 95073-012). Cycle
threshold (Cr) values for specific genes were normalized to the
Cr value for the housekeeping gene, ACTB. The fold changes of
mRNA expressed were determined by comparison with ACTB,
where the control sample was arbitrarily designated as 1, and the
values of the relative abundance of mRNA of other samples were
calculated accordingly. The specificity of the qPCR was con-
trolled using a nontemplate control.

Detection of XBP1 mRNA splicing

The method used for detection of unspliced and spliced XBP!
mRNAs was as described previously.'® Briefly, reverse transcrip-
tion-PCR (RT-PCR) products of XBPI mRNA were obtained
from total RNA extracted using primers 5-CGG TGC GCG
GTG CGT AGT CTG GA-3' (forward) and 5-TGA GGG
GCT GAG AGG TGC TTC CT-3' (reverse). The RT-PCR
products were digested with Apall to distinguish the active
spliced form from the inactive unspliced form. Subsequent elec-
trophoresis revealed the inactive form as 2 cleaved fragments and
the active form as a noncleaved fragment.

Small interference RNA

The siRNA constructs for A7GS5, ATG7, HSF1, PRKAAI,
MAPKS/9 and their nontargeting control were purchased from
GenePharma (A10001). The siRNA construct for XBPI (siGE-
NOME SMARTpool M-009552-02-0010) and nontargeting
control (siGENOME SMARTpool D-001206-13-20) was from
Dharmacon. Transfection of siRNA was carried out as described
previously.®

Short hairpin RNA (shRNA) knockdown

Sigma-Aldrich MISSION® Lentiviral Transduction Particles
for shRNA-mediated knockdown of ERNI (SHCLNV-
NM_001433), ATF6 (SHCLNV-NM_007348) and EIF2AK3
(SHCLNV-NM_032025) were purchased from Sigma-Aldrich
and used as described previously.'® The human RIPKI shRNA

www.tandfonline.com

(TG320591), BCL2L11 shRNA (TG306422), BECNI shRNA
(TG314484) and scrambled shRNA (TG300130), were pur-
chased from Origene, and were used to infect cells according to
the manufacturer’s protocol.

Plasmid vectors and transfection

The pCMV-MYC-RIPK1 (HG11268-M-M) construct was
purchased from Sino Biological Inc.. A mutant RIPK1 construct
containing 4 silent mutations within the RIPK7 shRNA1 target
sequence was also cloned into pCMV-MYC vector. The
mCherry-hLC3B-pcDNA3.1  (40827) was purchased from
Addgene. Cells were transfected with 2 pg plasmid in Opti-
MEM medium (Life Technologies, 31985070) with Lipofect-
amine 2000 reagent (Life Technologies, 11668019) according to
the manufacturer’s protocol.

Detection of RFP-MAP1LC3A puncta

Autofluorescence of cells transfected with the mCherry-
hLC3B-pcDNA3.1 vector (Addgene, 40827) with or without
treatment were observed under an Olympus FV1000 confocal
laser scanning microscope (Olympus, Shinjuku, Tokyo).

Luciferase-reporter constructs

The RIPKI promoter sequence from 1643 bp upstream to
25 bp downstream of the human R/PKI gene transcription start
site was cloned by genomic PCR using human genomic DNA as
a template. Deletions of the promoter were generated by PCR
with 5" primers and a fixed 3’ primer. The sequences of these for-
ward primers were: 5'-TCC CCC GGG TTG CTG AGT AGT
ATC CCA TCG-3' (—1643 to +25), 5'-CCG CTC GAG GCC
AGT GTT TGG TGT ATT AGT C-3' (—1101 to +25), 5'-
CGC TCG AGA CAA TGG CTC ACA CCT GTA AT-3'
(=430 to +25), 5'- CGC TCG AGA CTG ACA AAG TGA
GAC CCT G-3' (—168 to +25), 5'-CGC TCG AGT ACA
GGG TAC AGC TCT GCC G-3' (=65 to +25). The reverse
primer was: 5'-CCA AGC TTA AGG ACA TGT CTG GTT
GCA TTC-3'. Mutagenesis of the RIPK1 binding site was per-
formed by PCR using oligonucleotides carrying mutations at the
presumed HSF1 core recognition sites, in combination with the
antisense primer. These RIPKI promoter fragments were cloned
into promoterless luciferase reporter plasmid pGL3-Basic Lucif-
erase Vector (Promega, E1751). A 1.6 kb fragment of the RIPK1
promoter was subcloned into the pGL3-Basic Luciferase Vector
as described.'” Cells were transiently transfected with luciferase
constructs together with the pRL-TK vector (Promega, E2241)
as a control for transfection efficiency. The luciferase activity was
measured using the Dual Luciferase Reporter Assay System
(Promega, E1910) with a Synergy 2 multi-detection microplate
reader.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to analyze
cell morphology and intracellular structure to determine the type
of cell death in melanoma cell lines as described previously.**
Briefly, cells were harvested, chemically fixed in 2.5% glutaralde-
hyde and 2% paraformaldehyde in 0.1 M sodium phosphate
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buffer (pH 7.2), washed and then embedded in molten 4% aga-
rose gel. Trimmed agar blocks containing fixed cells were subse-
quently fixed in 1% osmium tetroxide. En bloc staining of
samples was carried out by submerging agar blocks in 2% uranyl
acetate. Agar blocks were then rinsed in water and dehydrated.
Next, resin infiltration was performed by submerging blocks in
increasing gradients of ethanol and Procure Resin (SPI Supplies,
02659-AB), followed by embedding in pure Procure Resin. Sam-
ples in resin were then polymerized by incubating them at 60°C
for 24 h. Polymerized resin blocks were then cut to 70-nm-thick
sections. Sections were mounted onto Formvar non-carbon-
coated grids and positively stained with 2% uranyl acetate and
lead citrate solution. Stained samples on grids were visualized
using a Tecnai™ G2 Spirit BioTwin (FEIL, Hillsboro, OR,
9921219/D1275).

ChIP analysis

Analysis was performed using the ChIP Assay Kit (Upstate,
17-295). Briefly, cells were cross-linked using 1% formaldehyde
at 37°C for 10 min. After washing, cells were resuspended in
200 wl SDS lysis buffer. DNA was sheared to small fragments by
sonication. The recovered supernatant fraction was incubated
with antibodies overnight on a rotor at 4°C. After washing, the
precipitated protein-DNA complexes were dissolved in 1x TE
(10mM Tris-HCl, 1mM EDTA, pH 8.0) buffer and incubated
at 65°C for 4 h. DNA was then purified with phenol/

chloroform, and a fraction was used as PCR template to detect
the presence of the promoter sequences between —168 and +25
of RIPKI. The promoter sequences of HSPAIA/HSP70-1 was

used as a positive control.
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