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TF6α Activation Enhances Survival
gainst Chemotherapy and Serves
s a Prognostic Indicator in
steosarcoma1,2
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Abstract
Patientswithmetastatic or relapsed/refractory osteosarcoma (OS) have a 5-year survival rate ofb30%. This has remained
unchangedover several decades.Oneof the factors contributing to lackof improvement in survival is thedevelopment of
chemoresistance. Hence, elucidating and targeting the mechanisms that promote survival against chemotherapy and
lead to chemoresistance is pivotal to improving outcomes for these patients. We identified that endoplasmic reticulum
(ER) stress-activated transcription factor, ATF6α, is essential for the survival of OS cells against chemotherapy induced
cell death. ATF6α cleavage and activity were enhanced in OS cells compared to normal osteoblasts and knockdown of
ATF6α expression enhanced sensitivity of OS cells against chemotherapy induced cell death. This was in part due to
increased Bax activation. Pharmacologic inhibition or knock-down of downstream targets of ATF6α, protein disulfide
isomerases (PDI) and ERO1β, a thiol oxidase that is involved in the re-oxidation of PDIs also independently induced
pronouncedkillingofOScells followingchemotherapy.Analysis of primary tumors fromOSpatients reveals that patients
with high levels of nuclear ATF6α: (1) also had increased expression of its downstream targets the chaperone BiP and
enzyme PDI, (2) had a significant likelihood of developingmetastasis at diagnosis, (3) had significantly poorer overall and
progression free survival, and (4) had poorer response to chemotherapy. These findings suggest that targeting survival
signaling by the ATF6α pathway in OS cells may favor eradication of refractory OS tumor cells and ATF6α could be a
useful predictor for chemo-responsiveness and prognosis.
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steosarcoma is the most common and aggressive primary bone
ncer in children and adolescents, with 400 new cases per year [1].
lthough less common than brain tumors or acute lymphoblastic
ukemia, OS accounts for a disproportionate number of the cancer
ortality observed in children. The standard treatment strategy for
tients with newly diagnosed OS consists of surgery in combination
ith multi-agent chemotherapy consisting of doxorubicin, cisplatin,
ethotrexate, and ifosfamide, which have remained unchanged over
e past 30 years [1,2]. Although this therapy helps tumor
toreduction and remission rate, the long-term survival has
ateaued and remains at 60–70% [2,3]. Additionally, prognosis for
tients who have progressive or recurrent disease is less than 20%
,4]. OS has a complex karyotype and sequencing of tumors has
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vealed significant tumor-to-tumor variability through diverse and
merous structural variations with the exception of dysfunctional p53
virtually all clinical cases with frequent translocations in intron 1 of
e TP53 gene [5]. As a result, identifying a consistent therapeutic target
at can improve outcome for these patients has proven to be elusive.
nce tumors that do not respond to initial therapy or recur have
echanisms that are integral to pathogenesis and survival/resistance
ainst therapy, delineating such mechanisms will yield not only a
eater knowledge of the tumor biology ofOS but will also be indicative
methods of circumventing the mechanisms of resistance.
The ER is the primary organelle where the folding of secretory
oteins occurs [6]. Several physiological and pathological conditions
ch as cancer, perturb the cellular microenvironment causing protein
isfolding and accumulation of unfolded proteins referred to as ER
ress and activation of the unfolded protein response (UPR). UPR is an
aptive signaling pathway that results in the coordinated activation of
ree ER transmembrane proteins, protein kinase-like endoplasmic
ticulum kinase (PERK), inositol-requiring 1α (IRE1α) and activating
anscription factor 6α (ATF6α), which allows for protein folding in the
R by up-regulating chaperones such as BiP/GRP78 [6]. Activation of
RK phosphorylates eukaryotic translation initiation factor 2α
IF2α) that attenuates protein synthesis. Activation of IRE1α leads
the non-canonical splicing and activation of the transcription factor
-box-binding protein-1 (XBP-1) as well as mRNA expression levels
rough regulated IRE1-dependentmRNA decay (RIDD) and controls
e activation of the c-jun N-terminal kinase (JNK) pathway [7]. The
ird arm of the UPR, ATF6α, is a type II trans-membrane protein that
ntains a cytosolic cAMP-responsive element-binding protein
REB)/ATF basic leucine zipper (bZIP) domain. Under non-
ressed conditions, ATF6α is retained in the ER through interaction
ith BIP [8]. During ER stress ATF6α is released from BiP and
anslocates to the Golgi apparatus via COPII mediated vesicular
ansport [9], where it is activated via regulated intermembrane
oteolysis by Site-1 and Site-2 proteases (S1P and S2P). The cleaved
-terminal cytoplasmic domain of ATF6α [pATF6α(N)], which has
e bZIP DNA-binding domain and a transcriptional activation
main, translocates into the nucleus and activates the transcription of
target genes by binding to a cis-acting element, known as the ER

ress response element (ERSE) and UPR element (UPRE) [10,11].
lthough PERK, IRE-1α and ATF6α activated target genes such as
iP, are widely associated with the survival and therapy resistance of
veral different cancers, few studies have looked at the direct impact of
TF6α and its underlying mechanisms in promoting tumor cell
rvival and therapy resistance. ATF6α expression and activity were
own to be elevated during carcinogenesis and cisplatin resistance of
CC; however, the functional relevance of this increase in ATF6α to
ese processes was not examined [12]. Recently, a few studies have
monstrated a functional role for ATF6α in in tumor cell survival and
erapy resistance. In head and neck tumors AFT6α promoted survival
dormant tumor cells by regulating RHEB expression and mTOR
naling [13]. Higa et al showed that activation of ATF6α In leukemia
lls was essential for resistance to imatinib treatment [14]. While in
ioblastoma ATF6α was also implicated in promoting survival against
diation therapy via regulation of NOTCH expression [15]. Although
PR has been shown to be activated in osteosarcoma [16], whether
has a role in conferring resistance to chemotherapy has not yet
en established.
Here we report that ATF6α activation promoted survival against
splatin and irinotecan induced apoptosis in OS cells. We further
monstrate that this survival is mediated in part by ATF6α regulated
rgets, BiP, PDI and ERO1β. We also provide the first evidence that
e levels of active nuclear ATF6α is an independent prognostic
dicator irrespective of metastatic status and histologic response to
eatment for overall and progression-free survival in patients with OS.

aterials and Methods

eagents and Antibodies
The following antibodies were obtained from Cell Signaling
anvers, MA); rabbit anti-p-eIF2α (Ser51), total eIF2α, anti-
eaved caspase-3, GM130 and rabbit anti-calreticulin, and PDI.
ouse monoclonal Anti-ATF6α antibody that recognizes both full-
ngth and cleaved nuclear forms of ATF6α was from Novus
iologicals (for IF and IHC analysis) and Bioacademia (for WB).
nti- GAPDH was from Life Technologies. Anti-BiP and active Bax
tibodies were from BD Biosciences. HRP conjugated anti-mouse
d anti-rabbit IgG Abs were from Vector Laboratories (Burlingame,
A). Fluorescence-conjugated secondary antibodies were from
olecular Probes (Thermo Fisher). Cisplatin, dithiothreitol
TT), tunicamycin™, and PDI inhibitor 16F16 were from Sigma
t. Louis, MO). GSK2606414 was from Tocris, STF083010 and
inotecan were from Calbiochem and Thapsigargin (Tg) was from
sher Scientific.

ell Lines
U2OS and 143b cells were a kind gift from Dr. Richard Gorlick's
boratory.
and hFOB cells were obtained from ATCC. The cells were
aintained in DMEM supplemented with 10% fetal bovine serum
der standard conditions, hFOB cells were maintained in DMEM-
am’s F-12 medium according to ATCC's instructions. All cell lines
ere authenticated by our experimental mouse shared resource core
cility (www.emss.azcc.arizona.edu) to match cells to their previously
blished identities and to detect any cross-contamination.

ytotoxicity Assay
The OS cell lines and osteoblasts were plated at 4x103 cells/well
to 96-well white-walled plates and allowed to adhere for 24 hours
fore drug treatments. The cells were then exposed to serial dilutions
cisplatin or irinotecan and were incubated at 37oC for an
ditional 24 hours. Cell viability was then determined using the
ellTiter-Glo Luminescent Cell Viability assay (Promega).

munoblotting
After treatments, cells were placed on ice, washed twice with PBS,
d lysed by boiling for 5-10mins in SDS sample buffer without
ducing agent (50 mM Tris [pH 6.8], 2% sodium dodecyl sulfate,
% glycerol) supplemented with Complete mini protease and
osphatase inhibitor cocktail tablets (Roche Diagnostics, and
erce), 20 mM β-glycerophosphate, and 10 mM NaF for Western
alysis. Lysates were centrifuged at 13,000 rpm for 15min at 4°C.
otein concentrations of each sample were determined using BCA
otein assay kit as recommended by the manufacturer (Pierce,
ercules, CA). Proteins were resolved on sodium dodecyl sulfate–8%
lyacrylamide gels and transferred onto Immun-Blot® PVDF
embrane with a wet transfer system (Bio-Rad). Membranes were
ocked in blocking buffer (PBS containing 0.1% Tween 20 and 5%
im milk). Primary antibodies were used at indicated dilutions
able S2). The blots were incubated in blocking buffer for 1h at

http://www.emss.azcc.arizona.edu
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om temperature in blocking buffer (for ATF6α) or overnight at
0C followed by incubations with secondary antibodies at room
mperature for 1h. The proteins were then analyzed by immuno-
otting and detected using LumiGLO chemiluminescent substrate
stem (Kirkegaard & Perry Laboratories) and visualized by exposure
autorad blue X-ray film (Research Products International).

uciferase Assays
The cells were transiently transfected with either pGEM3-BiP-Luc
gift from Dr. Linda Hendershot, St Jude’s Children’s Hospital) or
ATF6-GL3 reporter construct (a gift from Dr. Ron Prywes,
olumbia University, New York). Transfection and luciferase assays
ere performed using Viafect and Dual Luciferase Assay kit
romega), respectively, following manufacturer's instructions.

mall Interfering RNA Transfections
siRNAs to ATF6α were obtained from Santa Cruz Biotechnology
TF6α#1 cat. #sc-37699), and Thermor Fisher Scientific (ID#
23543). siRNAs to ERO1β and control siRNA were also from
hermo Fisher Scientific (ID# s32182 and cat.#AM4611). siRNAs
0 nM) were delivered into OS cells using siPORT NeoFx (Thermo
isher) following manufacturer's instructions. The down-regulation
ATF6α and ERO1β mRNA and protein levels were analyzed by
CR using the 2-ΔΔCt method, western blotting and immunoflu-
escence, respectively.

munohistochemistry (IHC)
IRB approval from Phoenix Children’s Hospital (PCH) was
ceived prior to accessing patient data and tumor samples. Patients
ith a diagnosis of OS who were treated at PCH and had follow-up
ta available were included in this study. Formalin-fixed paraffin
bedded (FFPE) archived primary tissue samples collected at the

me of diagnosis as well as some available metastatic samples were
trieved from the institutional tumor bank and de-identified.
ormal age matched liver and lung tissue were used as the control
ecimens. Immunohistochemical analysis was performed using anti-
TF6α mouse monoclonal antibody (Novus Biologics). Briefly,
llowing deparaffinization the antigens were retrieved using antigen
trieval buffer (10mM Sodium Citrate, pH 6.0) by heating the
mples to 90°C in a microwave oven for 12 min; the samples were
en cooled and washed three times with PBS. The samples were then
etreated with 6% hydrogen peroxide solution in methanol for 30
in and then blocked for one hour at room temperature in blocking
ffer (5%NGS in PBS-0.4% Triton X-100). The sections were then
cubated with the primary antibodies at the indicated dilutions
able S2) (1% NGS in PBS-0.4% Triton X-100) overnight at 4°C
d washed with washing buffer (PBS-0.4% Triton X-100). The
ctions were then exposed to biotin-labeled goat secondary
tibodies for 1h and immunoreactions were developed with an
idin-biotin complex (Vectastain ABC elite kit, Vector Laboratories,
A, USA) and the sites of peroxidase binding were demonstrated
ith diaminobenzidine. After counterstaining with hematoxylin,
ides were dehydrated in ascending concentrations of ethanol and
lene and mounted, cover-slipped and labeled. IHC stained slides
om each subject were reviewed by the institutional sarcoma
thologist. Based on the percentage of tumor cells positive for
clear ATF6α (ATF6α(N)), tumors were graded as high (≥50% of
mor cells positive for ATF6α(N)) or low (b50% of tumor cells
sitive for ATF6α(N)) expressers. The percent of ATF6α(N)
sitive cells was assessed using two independent methods: grading by
e institutional pathologist, and manual quantification by an
dependent observer both of whom were blinded to the clinical
ta. We had pathologist verification on all of the 40 samples, but
anual quantification was only done on a 35 of 40 samples. The
anual quantification of percent of tumor cells positive for
FT6α(N) was done by counting cells in two fields, double stained
r ATF6α(N) and hemotoxylin over the total number of cells. The
reement between ATF6α(N) levels as observed by manual counting
ethod and reading by a single pathologist was assessed using
eighted kappa statistic. The κ coefficient was 0.44 (95% confidence
terval (95%CI) 0.21-0.65) indicating moderate agreement. For all
odels and Kaplan-Meier analysis only the pathologist’s score was
ed as the pathological determinate.

direct Immunofluorescence
U2OS and 143b cells were plated on coverslips in 24-well plates at
density of 3 to 4×104 cells/well. Cells were then transfected with
GFP-ATF6α plasmid (Addgene). Forty-eight hours post-
ansfection, cells were treated with DTT for the indicated time
ints and fixed in 4% formaldehyde for 20 min on ice and then
ocked for 1h at room temperature with 5% normal goat serum in
BS containing 0.1% Tween 20. Cells were then incubated with
imary anti-GM130, and secondary anti- bodies for 1 h at room
mperature in blocking buffer. For analysis of ATF6α levels cells
ere fixed and process as described above, 48h post siRNA
ansfections. The cells were then stained with anti-ATF6α and
ti-calreticulin antibody at the concentrations indicated in Table S2.
or analysis of cleaved caspase 3 or Bax activation, 24 hrs. post siRNA
ansfections, cells were treated with the indicated drugs for 18-20h.
ells were then fixed and processed as previously described above.
ilutions of primary antibody were as indicated in Table S2.
overslips were then mounted on microscope slides using Prolong-
old antifade mounting medium with DAPI (Thermo Fisher) to
ain for DNA and observed using a Zeiss confocal microscope for
orescence detection. For quantification of ATF6α and calreticulin
e MFI±S.E of 50 individual cells were measured using Zen
ftware.

PCR
Total RNA was extracted from cells at 48 h after siRNA
ansfection using TRIzol reagent (Invitrogen) according to the
anufacturer's instructions. cDNA synthesis was carried out using
cript first-strand synthesis system (Quantas). qPCR analysis was
ne using SYBR green (Life Technologies) in a 7500 FAST system
pplied Biosystems). The primer sequences used here are listed in
able S1 in the supplemental material. Relative mRNA levels were
lculated using the 2-ΔΔCt method.

rug Combination Studies
o evaluate whether the cytotoxic effects of dual drug combinations
16F16 with cisplatin or irinotecan were synergistic, additive or
tagonistic, drug combinations at several non-constant ratios were
itially evaluated. For the median effect analysis, the compounds
ere combined at ratio of 50:1(cisplatin/irinotecan:16F16) in part
sed on CI values observed in the non-constant ratio experiments.
he CI method of Chou and Talalay [18] was used to analyze the
ture of the interaction between cisplatin or irinotecan and 16F16
ing Compusyn software (Combosyn, Paramus, NJ). In summary,



Neoplasia Vol. 21, No. 6, 2019 ATF6α and OS therapy resistance Yarapureddy et al. 519

Image of Figure 1


th
va
or
w
is
w
dr
do
2/
in
T
w

S

su
th
w
do
pl
re
(o
su
an
T
in
se
st
ve
da
st
us
D
w
te

R

O

ch
th
O
(a
pr

ex
A
tr
le
th
lin
w
A
os
st
A
m
w
fo
ab
in
an
G
fo
E
at
lo
de
an
D
as
G
tr
G
D
th
tr
w
le
co

Fi
ex
ba
in
co
5X
ei
ag
tr
w
P

520 ATF6α and OS therapy resistance Yarapureddy et al. Neoplasia Vol. 21, No. 6, 2019
e interaction of the two drugs was quantified by determining a CI at
rious levels of cytotoxicity or fraction affected. CI values of less than
greater than 1 indicate synergism or antagonism, respectively,

hereas a value of 1 indicates additivity. Each data point represented
the mean ± SE of at least three independent experiments, each of
hich was performed in triplicate. Furthermore, we evaluated the
ug dose in a synergistic combination. This was designated as the
se reduction index (DRI): (DRI)1= (Dx)1/(D)1 and (DRI)2=(Dx)
(D)2 where DRI N1, which showed that combinations could result
reduced drug doses compared with the doses for each drug alone.
wo-way ANOVA and post hoc Tukey’s multiple comparison tests
ere used to determine whether the DRIs were significant.

tatistical Methods
Two clinical outcomes, progression-free survival (PFS) and overall
rvival, were analyzed. Time to overall survival was calculated from
e date of diagnosis to the date of death (death from all causes). PFS
as calculated from the date of diagnosis to the date of first
cumented recurrence (for recurrence-free survival). Kaplan-Meier
ots were used to estimate the probabilities of overall survival and
currence/progression-free survival for this cohort. Log-rank tests
verall and stratified) were used to compare the differences in
rvival or recurrence in subgroups. All P values reported in the
alyses are 2-sided and values .05 or less were considered significant.
he multivariate models used forward selection of factors that
dicated at least a minimal univariate association (0.10). Backward
lection was used to verify the variables that remained in the
rongest model (assessed as accounting for the most variability). SAS
rsion 9.4 was used for the data analysis. For our in vitro studies,
ta are presented as mean of 3-5 independent experiments ±
andard errors of the means. All statistical analyses were performed
ing GraphPad Prism statistical software (GraphPad Software, San
iego, CA). The level of significance was set at P b .05. and results
ere compared using unpaired-t-test followed by Mann Whitney
sting unless otherwise mentioned in the figure legend.
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an
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m
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U
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steosarcoma Cell Lines Activate Markers of UPR
The UPR is known to promote survival against stressors such as
emotherapy in several solid tumors [19]. We therefore examined
e activation of the UPR sensors ATF6α, PERK, and IRE-1α in
S cell lines following treatment with ER stress inducers DTT
reducing agent that reduces disulfide bonds), Tm (an inhibitor of
otein N-glycosylation) or Tg (an inhibitor of ER Ca2+ ATPase). To
gure 1.OS cells activate the UPR pathways (A) OS cells were treated w
tent of cleavage of endogenous ATF6α. Full-length ATF6α (F.L) and cle
nd (*). Anti-GAPDH was used as loading control (B) Quantification o
dicated ER stressor. Graph represents mean ± S.E of 6 independ
mparison tests. The level of significance was set at a P value of b.05
UPRE (upper panel)- or BiP promoter-dependent luciferase reporters
ght hours post transfection cells were treated with DTT (1mM) for 6 h
ainst Renilla luciferase. Columns represent mean±S.E. of four dete
eated with Tm for the indicated times and analyzed byWB for phosph-
as extracted from OS cells following treatment with Tm in the presen
CR, using primers that amplify both unspliced and spliced mRNA spe
amine ATF6α activation we measured the cleavage of endogenous
TF6α, an established marker for ATF6α activation following
eatment with ER stress inducers. We found that while the basal
vels of full-length ATF6α were similar in both the OS cell lines and
e osteoblasts, within 30 minutes of exposure to DTT, both OS cell
es showed robust increases in the cleavage of ATF6α (ATF6α(N))
hen compared to the osteoblasts (Figure 1, A and B). 50-75% of
TF6α was cleaved after 1 h of treatment in the OS cells compared to
teoblasts (Figure 1A lanes 2-3,6-7 and 10-11 and 1B ). Previous
udies have shown that the extent of ER stress-induced cleavage of
TF6α varied depending on inducers added, with cleavage being
uch more extensive in cells treated with DTT than in those treated
ith Tm or Tg [20,21]. In agreement with these findings we also
und that while all three ER stress inducers, DTT, Tm and Tg were
le to induce cleavage of ATF6α, the extent of cleavage was more
tense and rapid with DTT than Tg or Tm (Figures 1A vs S1, A
d B). Next to confirm cleavage of ATF6α, we transiently expressed
FP-ATF6α fusion protein in OS cells and examined its localization
llowing treatment with ER stress inducers. Although ATF6α is an
R localized protein, as previously reported GFP-ATF6α is expressed
much higher levels and showed a more diffused ER and golgi
calization (Figure S1C, a-c), which was due to the partial
gradation of GFP-ATF6α that could result in stronger GFP signal
d diffuse staining [22]. However, within 30 mins of treatment with
TT, GFP-ATF6α was exported from the ER to the Golgi apparatus
the GFP fluorescence co-localized with the staining of GM130 a
olgi marker in both OS cell lines. (Figure S1C,g-l). Within 2h of
eatment with DTT, we were able to detect a moderate increase in
FP signal in the nucleus as it co-localized with the nuclear stain
API (Figure S1C, s-x). This was more pronounced in U2OS cells
an 143b cells (Figure S1C, s vs v). Tg and Tm also induced
anslocation of GFP-ATF6α although to a much lesser extent and
ith slower kinetics (data not shown).To demonstrate that cleavage
ads to ATF6α activation, we monitored the activity of reporter
nstructs containing UPRE or ERSE [23]. Following treatment with
TT, similar to other reports [20,21], we found an increase in
anscriptional activity from both elements in OS cell lines, U2OS
d 143b (Figure 1C). Treatment with Tm also resulted in an
crease in transcriptional activity (Figure S1D).
We next examined if PERK and IRE-1 were also activated in OS
lls. Following treatment with Tm both phosphorylation of eIF2α, a
arker of PERK activation, and splicing of XBP-1, a marker of IRE-1
tivation, were induced in both OS cell lines (Figure 1, D and E
mpare lanes 5 and 10). Together these results suggest that both
2OS and 143b cell lines robustly activate all three UPR sensors in
sponse to ER stressors.
ith 1 mMDTT for the indicated times and analyzed byWB for the
aved nuclear fragment (N) are indicated along with a background
f ATF6α (F.L) and ATF6α (N) over time upon treatment with the
ent experiments. Two-way ANOVA followed by Tukey’s multi-
. *P b .05, **P b .01. (C). OS cell lines were co-transfected with
(lower panel) and a constitutive Renilla luciferase reporter. Forty-
and lysates were analyzed for luciferase expression, normalized
rminations; *P b .05,**P b .01, ***P b .001. (D) OS cells were
Ser-51- eIF2α. Total eIF2α levels served as loading control.(E) RNA
ce or absence of STF083010. XBP1 splicing was determined by
cies.
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own-regulation of ATF6α But Not Inhibition of
ERK or IRE-1 Renders OS Cells Susceptible to
hemotherapy-Induced Apoptosis
While OS is considered sensitive to triple chemotherapy with
splatin, doxorubicin and methotrexate, resistance to this regimen is
t uncommon as evidenced by variable degree of histologic necrosis
ted in tumor samples after neo-adjuvant chemotherapy with about
-30% of tumors having a poor response to upfront therapy. In
dition, very few other effective chemotherapeutic agents exist at
lapse. We examined if one or more of the UPR sensors could
omote survival against chemotherapy. We chose cisplatin and

Image of Figure 2
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inotecan as our two agents as cisplatin is a known active agent and
inotecan is a known inactive agent [24] against OS and therefore
ere tested if we could show increased chemosensitivity following
odulation of UPR sensors. Cytotoxicity assays of OS cells showed
at IC50 of U2OS and 143b cells were significantly different when
mpared to the osteoblasts for both cisplatin and irinotecan
eatment (Figures 2A and S2B). While U2OS cells had higher
50s for both drugs than that of hFOB cells, 143b cells were more
nsitive than osteoblasts to both cisplatin and irinotecan treatments
igures 2A and S2B). The higher tolerance of osteoblasts to
emotherapy drugs compared to OS cells such as 143b is not new
d has previously been demonstrated [25].
Because of the previously characterized role of ATF6α in
otecting leukemia and glioblastoma cells from chemotherapy and
diation induced apoptosis [14,15], we investigated whether or not
TF6α can similarly protect OS cells from chemotherapy induced
optosis. We found that cisplatin treatment by itself was able to
duce the cleavage of ATF6α in both OS cell lines (Figure S1B).
lthough the extent of cleavage was less compared to other ER
ressors, it was sufficient to induce expression of PDI, a key
wnstream target of ATF6α activation (Figure S1E). This suggests
at chemotherapeutic stress can also activate ATF6α signaling. Next,
ing two different siRNAs to ATF6α (siATF6α#1 and siATF6α#2)
e were able to significantly down-regulate the ATF6α gene
anscript and protein levels (40-50% decrease in mRNA and protein
vels) (Figure 2, B and C), in both U2OS and 143b cells.
munofluorescence analysis also showed a decrease in the intensity
ATF6α signal that co-localized with the ER marker calreticulin
igure S2, C and D). We found that while down-regulation of
dogenous ATF6α did not affect basal survival or proliferation of
e OS cells in vitro, (Figure 2D and S2E) both siRNAs resulted in a
gnificant increase in the sensitivity of U2OS and 143b cells to
splatin induced cell death (Figures 2,D and E and S2F) as measured
an increase in caspase 3 activation using immunofluorescence as
scribed in methods. We found that cisplatin induced a 4-6-fold
crease in caspase 3 activation in OS cells expressing control siRNA.
his activation was further enhanced by 2-3-fold following ATF6α
wn-regulation. Similarly, irinotecan induced caspase 3 activation
as also significantly increased following ATF6α down-regulation by
th siRNAs (Figures 2D, right panel and S2F right panel).
gure 2. Effect of ATF6α silencing on sensitivity to cisplatin trea
ncentrations of cisplatin or irinotecan. Twenty-four hours post-treatm
ere normalized to an untreated control well and graphed, and half ma
e dose-response curve as the concentration of the drug that produced
ntrol wells. Data are presented as means ± standard errors of the me
ear regression and the significance of differences between IC50 were
mparison tests The significance scores of all treatments versus
**P b .0001, hFOB vs U2OS, ****P b .0001and IC50 irinotecan hFOB
NA from siControl and siATF6α expressing OS cells was extracted and
ainst 18s rRNA expression. Data represent mean ± SE of 3 independ
S cells transfected with sicontrol and siATF6α siRNAs were analyzed b
nel). GAPDH was used as a loading control and quantified using
dependent experiments. **P b .01, *P b .05 siATF6α versus siContro
ith cisplatin (12.5 μM)(left panel) or irinotecan (20 μM-143b, 50 μM for U
eaved caspase-3 antibody and analyzed for caspase-3 activation by i
lls was analyzed using Zen software and expressed as a fold-change a
ousand DAPI positive cells were scored for caspase-3 activation. C
rformed in triplicate. **P b .01, *P b .05 siATF6α+drug versus siCo
eaved caspase-3 positive cells in siControl and siATF6α expressin
notecan (lower panel).
rthermore, ATF6α down-regulation also resulted in a 2-4-fold
crease in the IC50 for cisplatin in both OS cell lines (Figure S2G).
ue to the low transfection efficiency of osteoblasts (b2%) we were
able to assess the role of ATF6α knockdown on sensitivity to
splatin or irinotecan in these cells. The above results suggest that
tivation of ATF6α following chemotherapeutic stress could protect
S cells from therapy induced apoptosis.
Next we examined whether PERK or IRE-1α signaling, which are
ell-known inducers of chemoresistance and metastasis in several
ncers [26–28] also have pro-survival functions in OS cells. Utilizing
e compounds GSK2606414 (GSK) and STF083010 (STF) that
ve been shown to effectively inhibit PERK and IRE-1 signaling
spectively [27,28], we were able to significantly reduce both basal
d Tm induced GADD153 mRNA levels as well as XBP-1 splicing
igures 3A and 1E). Both inhibitors were effective in sensitizing OS
lls to ER stress mediated apoptosis (Figure S3A). Furthermore,
eatment with increasing concentrations of these inhibitors did not
fect OS cell viability (Figure 3B). However, co-treatment with these
hibitors did not enhance sensitivity either to cisplatin or irinotecan
duced cell death or enhance caspase3/7 activation (Figure 3C, S3B
d Tables S3 and S4). We also analyzed the effect of PERK and
E1α inhibition on the ability of hFOB cells to survive cisplatin or
inotecan treatment. While PERK inhibition did not affect hFOB
nsitivity to cisplatin or irinotecan, IRE-1 inhibition did affect
nsitivity of hFOB cells to irinotecan induced cell death (SFigure 3C
d Tables S3 and S4). These findings suggest that while IRE-1
gnaling may affect tolerance of hFOB cells to chemotherapy drugs,
like ATF6α neither PERK nor IRE-1 signaling is essential for
rvival against chemotherapy in OS cells.
TF6α Targets BiP, PDI and ERO1β are Required for
nhanced Survival Against Chemotherapy
he mechanisms by which ATF6α may be linked to anti-apoptotic
gnaling are largely mediated by its regulation of BiP/GRP78, which
well-known to suppress pro-apoptotic signals and caspase-7 activity
9] and potentiate survival signaling through Akt [30].
We have previously demonstrated that chemoresistance in
rmant head and neck tumor cells was in part mediated by BiP-
pendent inhibition of Bax activation [17]. As down-regulation of
TF6α resulted in decreased BiP expression (Figure 4, A and B), we
tment. (A) OS and hFOB cells were treated with increasing
ent, cell viability was measured as described in methods. Data

ximal inhibitory concentration (IC50) values were calculated from
a 50% decrease in the mean luminescence relative to untreated

ans from three to 4 separate experiments. Curves were fit by non-
calculated using one-way ANOVA and post hoc Tukey’s multiple
hFOB groups are indicated; IC50 cisplatin, hFOB vs 143b,
vs 143b, ****P b .0001, hFOB vs U2OS, ****P b .0001 (B) Total
expression of ATF6α levels was quantitated by qPCR, normalizing
ent experiments. **P b .01; ***P b .001. (C) Protein lysates from
yWB for the expression of ATF6α as described inmethods (upper
ImageJ (lower panel). Columns represent mean± SE of three
l (D) siControl and siATF6α expressing OS cell lines were treated
2OS) (right panel) overnight, and then fixed and stained with anti-

mmunofluorescence. The percent of cleaved caspase-3 positive
fter normalization to untreated siControl cells. Approximately one
olumns represent mean± SE of five independent experiments
ntrol + drug. (E) Representative immunofluorescence images of
g OS cells following treatment with cisplatin (upper panel) or
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Figure 3. Effects of PERK and IRE1α inhibition in OS cells on cisplatin treatment. (A) Total RNA extracted from OS cells following
treatment with Tm (2 μg/mL) for 12 h in the presence or absence of PERK or IRE1α inhibitors GSK2606414 (GSK) and STF083010 (STF)
were quantitated for GADD153 mRNA levels by qPCR, normalizing against 18S rRNA expression. Data represent mean ± S.E of four
independent experiments. *P b 0/05, **P b .01, ***P b .001. (B) Cytotoxicity assay of OS cells following treatment with increasing
concentrations of GSK or STF for 24 h. Data represent mean ± SE of 3 independent experiments. (C) Cytotoxicity assay of OS cells
following treatment with increasing concentrations of cisplatin in the presence or absence of GSK (100 nM) or STF (30 μM) for 24 h and
cell viability was measured as described in methods. Data represent mean ±SE of three independent experiments.
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estioned whether this would also lead to an increase in Bax
tivation. Bax activation was measured using an anti-human Bax
7 antibody, which binds to an epitope in the NH2-terminal region
mino acids 13-19) that is exposed only upon activation. As Bax is
tivated prior to caspase-3 activation, acute treatment with cisplatin
0μM for 8h) resulted in a significant increase in Bax activation in
S cell lines. We found that down-regulation of ATF6α further
creased Bax activation in both OS cell lines by 2-fold. (Figure 4, C
d D). Like BiP, other ATF6α target genes are also cytoprotective,
nctioning to increase the folding capacity of the ER to homeostasis
3]. qPCR analysis of some of these targets showed that both basal
d Tm induced mRNA levels of genes involved in protein folding
ch as PDI (PDIA4) and ERO1β (Figures 4E and 5A), as well as
nes involved in protein degradation such as DERL3 and
ERPUD1 (data not shown), were significantly down-regulated
llowing ATF6α knockdown. Since members of the PDI family,

Image of Figure 3
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DIA5, PDIA4 and PDIA6 have been shown to regulate
emosensitivity [31], we tested the inhibitory activity of 16F16,
PDI inhibitor and the cisplatin/16F16 combination on OS
ll proliferation, using Cell Titer Glo assay. As shown in
igure 4F,16F16 alone inhibited the growth of U2OS, and 143b
lls with IC50s of 8.66 and 9.90μM respectively. To examine
hether inhibition of PDI synergizes with cisplatin or irinotecan, OS
lls were co-treated for 24h with cisplatin and 16F16 at 6 different
mbination ratios of cisplatin:16F16 (1:1 to 500:1) ratios and the
action affected (FA) and combination index (CI) values were
lculated using Compusyn and the Chou and Talalay method [18]
described in methods. For most combinations tested synergistic
teraction was noted at all effect levels (CI range 0.3 to 0.9) except in
2OS cells where some degree of antagonism was seen with 1μM
F16 (Figure 4G and Table 1). In agreement with these findings,
hile the addition of both 1μM and 10μM doses of 16F16 lead to a 2
d 4-fold increase in cisplatin induced apoptosis (caspase 3
tivation) in 143b cells only a combined treatment of cisplatin
ith 10μM 16F16 lead to a 12-fold increase in apoptosis in U2OS
lls (Figure S4A). A similar combinatorial treatment with irinotecan
d 16F16 also displayed synergism with combination with 16F16 at
μM showing moderate to strong synergy in U2OS and 143b cells
spectively (Figure 4G and Table 1). These results suggest that
mbinational use of inhibitors of PDI with chemotherapy drugs may
ve synergistic effect against OS. Because our aim was to achieve
aximal effect of the drugs tested on OS cells, combinations that
sulted in Fa b0.5 was therefore considered irrelevant. Based on
ese, treatment of both OS cell lines with a constant ratio
mbination of cisplatin or irinotecan:16F16 at 50:1 showed a
gnificant favorable reduction in dose for both cisplatin (U2OS,
.1-fold; 143b, ~1.6-fold) and irinotecan (U2OS, ~1.9-fold; 143b,
.6-fold) for all data points that yielded a Fa N0.5 (Table 2). These
ta suggest that inhibition of PDIs can significantly potentiate the
totoxic effects of both cisplatin and irinotecan on OS cells.
We next tested whether ERO1β, a thiol oxidase that is involved in
e re-oxidation of PDIs, also had a role in enhancing tumor cell survival
ainst chemotherapy. We found that siRNA to ERO1β resulted in a
gnificant decrease in ERO1βmRNA levels (Figure 5B) and led to a 3-
fold increase in sensitivity to cisplatin induced caspase-3 activation in
3b and U2OS cells when compared to siRNA control cells (Figure 5,
and D). Taken together, our in vitro data support that in addition to
TF6α, inhibition of its downstream targets independently, also served
critical mediators of survival against chemotherapy in OS cells.
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igh nuclear ATF6α levels serve as an independent
rognosticator in OS patients
o determine if there is a correlation between ATF6α signaling and
sponse to therapy and/or outcome, we performed retrospective
alysis of banked OS patient samples for the expression of ATF6α.
orty patients with OS diagnosis were eligible for this study. The
edian age of the patients was 13 years (range: 3-18 years). Of the 40
tients, 21 were male and 19 were female. The treatment was
andardized across all patients consisting of cisplatin and doxorubicin
ith high dose methotrexate. All other patient characteristics such as,
te of the primary tumor, presence of metastases at diagnosis, relapse,
gree of histological necrosis, overall and progression-free survival
tcome are tabulated in Table 3.
We measured the levels of ATF6α in the nucleus, which represents
e cleaved and transcriptionally active form of ATF6α. The antibody
ed recognizes both full-length as well as the cleaved active forms of
e protein (ATF6α(N) (Figure S4B). The specificity of the antibody
ainst ATF6α was confirmed using IF (Figure 2D) and immuno-
stochemical staining of both OS cells treated with ER stress inducer
m and normal tissues from age-matched patients (Figure S4B). The
aining of the full-length uncleaved form of ATF6α was in the peri-
clear/cytoplasmic region (Figure S4B). However, the staining of
e cleaved transcriptionally active form of ATF6α, ATF6α(N), was
edominantly nuclear. Among the 40 patients, 10 (25%) were
TF6α(N) high expressers (Figure 6A) and 30 (75%) were
TF6α(N) low expressers (Figure 6B). The ATF6α(N) expression
so correlated with BiP and PDI expression levels (Figure 6, A and
), as ATF6α(N) high tumors were associated with high BiP and
DI expression when compared to ATF6α(N) low tumors. We also
amined if there was any association between ATF6α(N) levels in
e primary tumor and the presence of metastasis at diagnosis and
erall metastases. We found a significant association between
TF6α(N) levels and the presence of metastasis at diagnosis with 5 of
(50%) of patients with ATF6α(N) high tumors having metastasis
diagnosis as compared to only 5 of 30 (16%) of the ATF6α(N) low
mors (P = .04). Furthermore, an additional 4 of 10 of patients who
d high ATF6α (N) levels in their primary tumor at the time of
agnosis developed metastases later on during the course of the
sease. Overall, 9 of 10 (90%) of patients in the ATF6α(N) high
oup had metastasis as compared to 10 of 30 (33%) in the
TF6α(N) low group (P = .002). These findings suggest that
bgroups of patients who present with ATF6α(N) high tumors at
agnosis may be associated with high risk of developing metastatic
sease overall. Analysis of ATF6α(N) levels in matched metastatic
d primary lesions from the same patient showed that a large
oportion of the ATF6α(N) high patients were also ATF6α(N) high
their metastasis (Figure S4C). These findings suggest that patients
ith ATF6α(N) high primary tumors had a higher likelihood of
veloping metastasis that were also ATF6α(N) high.
Since our in vitro studies revealed that ATF6α activation promoted
rvival against chemotherapy, we tested whether there was an
sociation between ATF6α(N) levels in the primary tumor and the
sponse to chemotherapy. As the chemotherapy treatment protocol
ven to these patients before surgery was uniform, chemotherapy
sistance was defined based on the current standard definitions of
or (b90% histologic necrosis) versus good (N90% histologic
crosis) response as seen in the primary tumor upon definitive
section after 2 cycles of chemotherapy. Using these criteria our
eliminary analysis showed that patients with ATF6α(N) high
mors had a trend towards poorer histologic response when
mpared to the patients with ATF6α(N) low tumors (58.7 +
.1% vs 70.7 + 35.8, respectively), however this trend did not reach
atistical significance (P = .41) (Table 4).
Despite the small number of patients with ATF6α(N) high
mors, 70% (7/10) of these patients died from the disease compared
20% (6/30) of patients whose tumors had low ATF6α(N)

vels (median overall survival = 36.8 months vs N58.0 ± 28.9
onths, P = .04). Moreover, patients with ATF6α(N) high tumors
so had a significantly shorter time to relapse as compared to patients
ith ATF6α(N) low tumors (30.8 ± 15.5 vs. 55.8± 28.0, P = .01,
able 3). Analyses of overall (Table 5) and PFS (Table 6) in patients
ho had ATF6α(N) high vs. low tumors, showed that patients who
d ATF6α(N) high tumors had significantly worse overall survival
nivariate-HR, 5.446; 95% CI,1.814- 16.344; P = .003) as well as
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S (univariate-HR, 6.69; 95% CI, 2.502- 17.888; P = .0002) than
ose with ATF6α(N) low tumors (Figure 7, A and B). In a multivariate
alysis the magnitude of the effect of ATF6α(N) high tumors on overall
rvival (HR, 5.105; 95%CI, 1.151- 22.648; P = .0001) and PFS (HR,
76; 95% CI,1.654-20.111; P b .0001) was more significant even after
justing for the presence of metastasis at the time of diagnosis and
stologic necrosis. These results suggest that ATF6α levels could be an
dependent prognostic indicator for patients with OS.

Image of Figure 4


Figure 5. Functional role of ERO1β on OS cell survival against chemotherapy.(A) and (B) Total RNAs extracted from siRNA expressing OS
cells with and without Tm treatment were quantitated for expression levels of ERO1βmRNA levels by qPCR analysis after normalizing to
18s rRNA Bar mean ± SE of 3 independent experiments. (C) Quantitation of caspase 3 activation in OS cells following ERO1β down-
regulation in the presence or absence of cisplatin. Graph represents mean ± SE of 3 independent experiments and compared to their
respective si-ctrl cisplatin treated samples for statistical analysis *P b .05, **P b .01. (D) Representative immunofluorescence images of
cleaved caspase-3 positive cells in siControl and siERO1β expressing OS cells following treatment with cisplatin.

Figure 4. Functional role of BiP and PDI on OS cell survival against chemotherapy. (A) qPCR analysis of ATF6αmRNA levels in OS cells and
(B) corresponding decrease in BiP protein levels as measured by WB (lower panel). GAPDH served as loading control. (C) siRNA
transfected OS cells were treated with or without cisplatin (50 μM) for 8 h, were fixed and stained with α-Bax 6A7 antibody and analyzed
for Bax activation by immunofluorescence. Percent Bax positive cells was then quantitated. Column represents mean ± S.E of three
independent experiments performed in triplicate (D) Representative immunofluorescence images of Bax activation in sictrl and siATF6α
expressing cells with and without cisplatin treatment., (E) Total RNAs extracted from siRNA expressing OS cells with and without Tm
treatment were quantitated for expression levels of PDIA4 mRNA levels by qPCR analysis after normalizing to 18s rRNA. (F) OS cells were
treated with increasing concentrations of 16F16 for 24 h. Cell viability was measured as described in methods and IC50 was calculated as
described in Figure 2. (G-H) Combination index (CI) vs fraction affected (Fa) plots obtained from the median-effect analysis program
(Combosyn,). (G) cisplatin (H) irinotecan; Symbols represents actual combination data points. CI b1, =1 and N1 indicates synergism,
additive effect and antagonism, respectively. *P b .05, **P b .01, ***P b .001.
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Table 1. Combination Screening for Drug Synergy in Osteosarcoma

U2OS 143b

Fa (%) Cisplatin
or Irinotecan Alone

16F16 Fa (%)
Cisplatin or
Irinotecan Alone

16F16

1 μM 10 μM 1 μM 10 μM

Fa (%) CI Fa (%) CI Fa (%) CI Fa (%) CI

Cisplatin (μM) 10 9.6± 10.2 6.9±1.6 1.51 50.1±18.8 0.87 14.2±8.1 15.8±7.2 0.83 79.8±4.0 0.82
50 47.2±6.7 47.9±11.2 0.92 59.2±13.3 0.93 79.1±6.7 83.2±8.3 0.46 86.0±9.3 0.89
100 57.1±8.5 59.6±9.7 0.81 68.6±7.6 0.90 79.7±6.9 85.4±6.8 0.77 87.310.2 0.84
500 89.3±13.6 89.5±14.2 0.72 98.1±1.1 0.35

Irinotecan (μM) 10 9.2±3.1 18.6±5.8 0.66 42.5±5.1 0.85 33.45±13.4 51.3±14.7 0.85 75.2±15.1 0.55
50 30.3±1.6 26.9±7.4 1.63 63.7±4.2 0.80 63.7±21.0 74.6±29.6 0.56 85.3±16.3 0.23
100 48.8±8.2 45.9±5.1 1.73 74.3±4.0 0.92 72.275±11.5 82.6±16.5 0.46 89.7±10.9 0.23
500 97.2±0.3 97.2±0.6 0.71 97.1±0.4 0.75 87.45±0.4 90.4±5.0 0.43 94.7±2.9 0.51

Table with select Fa values and CI of different combinations cisplatin or irinotecan with 16F16. synergy calculations were done using the Chou and Talalay combination index (CI), based on the median-
effect and mass-action principles.

Table 2. Combination Index and Dose Reduction Value for Cisplatin and Irinotecan at Constant Ratio of 50:1 with 16F16

%
Inhibition

U2OS 143b

CI Conc (μM) Dose
Reduction

P
Value

CI Conc (μM) Dose
Reduction

P -
Value

Alone Combined Alone Combined

cisplatin (uM) 50 1.01 46.82 44.91 0.99 0.71 14.25 10.78 1.33 n.s
75 0.97 87.18 81.37 1.10 0.66 42.20 27.97 1.51 n.s
90 0.94 162.35 147.45 1.12 .0053 0.58 124.96 72.63 1.72 b.0001
95 0.92 247.81 220.92 1.13 b.0001 0.53 261.46 139.05 1.88 b.0001

irinotecan (uM) 50 0.89 81.33 70.92 1.15 0.87 14.86 12.88 1.16
75 0.68 216.77 147.36 1.48 0.40 80.68 32.30 2.50 .002
90 0.53 577.73 306.79 1.91 0.18 437.87 80.98 5.41 b.0001
95 0.45 1125.32 505.69 2.28 .0051 0.11 1383.50 151.32 9.15 b.0001

U2OS and 143b cells were treated with cisplatin or 16F16, alone or in combination, for 24h. CI, combination index. A CI of N1, 1, and b1 indicates antagonism, additive effect, and synergism,
respectively. Dose reduction (fold) = the IC50 value of an inhibitor tested alone/the IC50 value of the same inhibitor tested in combination with another inhibitor.
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iscussion

he present study demonstrates that activation of UPR transcription
ctor ATF6α in OS cells protects them from chemotherapy induced
optosis via BiP, PDI and ERO1β dependent pro-survival
echanisms. Furthermore, we show that ATF6α activation is an
dicator of poor prognosis in osteosarcoma irrespective of the
etastatic status or the histological response to treatment, two well
aracterized indicators of OS prognosis.
While the role of UPR transducers in chemoresistance and tumor
ogression have been extensively studied [19] there is limited
ble 3. Association Between ATF6α and Characteristics of Osteosarcoma Patients (n = 40)

mor Site Overall
n = 40

Living
n = 27

Femur 21 15
Humerus 7 5
Tibia 6 5
Other limb 3 1
Axial 3 1
verall Metastases 19 7
Metastases @ diagnoses 10 4
necrosis
(Mean±S.D.)

67.8+ 37.7 76.7 +

verall survival (months, Median ±S.D.) 52.7 + 28.4 62.8 +
me to relapse (months) 49.6 + 27.5 58.6 +
F6α nuclear
Low 30 24
High 10 3

Wilcoxon rank sum test.
n = 37, alive = 27, died = 10.
idence for the role of ATF6α in promoting survival and
emoresistance of tumor cells. Here we demonstrate that all three
ms of the UPR, PERK, IRE-1 and ATF6α are activated in OS cells
on exposure to inducers of ER stress. In agreement with these
dings preliminary in silico analysis of gene expression datasets from
tients with primary OS indicated that the expression of UPR genes
ch as those examined in our manuscript, ATF6α, XBP, PDI and
RO1β were induce 1.5-6-fold. Furthermore, analysis of pathway
richment of these datasets using Enrichr, indicated that Protein
ocessing in ER pathway was among the top five pathways enriched
Died
n = 13

P Value for Survival Differences †

6 n.s.
2
1
2
2
12 .0001
6 .04

31.0 43.7 + 45.0 .02

28.1 31.8 + 14.6 b.0001
27.9 30.8 + 14.7 .0002

6 .003
7
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Figure 6. Immunohistochemical analysis of expression of human ATF6α, BiP and PDI in OS primary tumors. (A) Representative images of
diagnostic OS tumors from three patients showing high ATF6α (N) (arrow), BiP and PDI expression in the tumor cells. (B) Representative
images of OS tumors with low ATF6α (N), BiP and PDI expression. Note the perinuclear staining of ATF6α indicating endoplasmic
reticulum localization in these OS tumor cells (arrowheads). P, parenchyma; T, tumor. Scale = 10 μm.

Table 4. Summary of Osteosarcoma Patient Characteristics by High or Low Levels of ATF6α (n = 40)

ATF6α(N)
Low
n = 30

ATF6α(N)
High
n = 10

P value for
Survival
Differences †

Proximal 28 9 n.s.
Axial 2 1
Overall metastases 10 9 0.002

Metastases @ diagnoses 5 5 0.04
% necrosis

(Mean±S.D.)
70.7 + 35.8 58.7 + 44.1 0.41

Survival months
(Median±S.D.)

58.0 + 28.9 36.8 + 20.7 0.04

Months to relapse
(Median+S.D.)

55.8 + 28.0 30.8 + 15.5 0.01

† Wilcoxon rank sum test
n = 37, ATF6α Low = 28, ATF6α High = 9.
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tumors from osteosarcoma patients (P = 2×10-5), which is a strong
dicator of UPR activation. Furthermore, vast majority of the genes
riched in the ER protein folding machinery pathway (such as
DIA4, PDIA6, ERO1β, grp78, DNAJC1 etc., which were induced
10-fold) were also key players of the UPR (unpublished
servations).
ATF6α was robustly activated in both the OS cell lines tested when
mpared to human osteoblasts. While the levels of full-length
TF6α were similar between the normal osteoblasts and the OS cell
es, the extent of cleavage of ATF6α was more robust in the OS cells
mpared to the osteoblasts. These data suggest that the increased
eavage of ATF6α could be due to increased ER➔ Golgi trafficking
ATF6α. Our preliminary bioinformatics analysis of gene

pression profiles from osteosarcoma patients compared to normal
ssue shows an enrichment in expression of genes involved in ER➔
olgi protein trafficking (unpublished observations). Our findings

Image of Figure 6
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Table 5. Association between ATF6α (N) levels and models of overall survival among forty
osteosarcoma patients

Characteristics Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

ATF6α(N) Low (0) or High (1) 5.446 (1.814, 16.344) .003 4.045 (1.248, 13.109)
Metastasis at diagnosis 4.207 (1.395, 12.689) .011 2.670 (0.821, 8.689) .004
ATF6α(N) Low (0) or High (1) 8.608 (2.248, 32.965)
Percentage of necrosis * 0.982 (0.967, 0.997) .017 0.978 (0.962, 0.994) .0005
ATF6α(N) Low (0) or High (1) 5.105 (1.151, 22.648)
Metastasis at diagnosis 7.196 (1.247, 41.506)
Percentage of necrosis 0.969 (0.948, 0.990) .0001

Including ATF6α in the analysis leads to a 4.5- fold improvement in the model of overall survival of
osteosarcoma.

* results and models that include the percentage of necrosis are based on the data of n = 37.
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re suggest that increased trafficking of ATF6α could account for
e increased ATF6α activation in OS cells.
Although the ATF6α pathway functionally overlaps to varying
grees with both the PERK and IRE-1 pathways [32], animals that
ck one or both copies of ATF6α fail to survive persistent stress
sults to the ER even in the presence of functional IRE-1α and
RK pathways [23]. This suggests that ATF6α could play a critical
le in the chronic adaptive response, by regulating cell survival and
uld be a beneficial response for tumor cells when facing cytotoxic
ress induced by strong chemotherapeutic drugs. In agreement with
is, we found that while OS cells have an active and intact UPR,
wn-regulation of ATF6α was sufficient to enhance sensitivity to
emotherapy mediated cell death by activating pro-apoptotic
echanisms. While PERK and IRE-1 are also active in OS cells,
hibition of these pathways did not enhance chemosensitivity to
splatin or irinotecan. We find that similar to BiP knockdown
TF6α knockdown also led to increased Bax activation. While this
uld be due to ATF6α regulation of BiP, whether ATF6α can also
gulate Bax directly needs to be elucidated. Studies in Arabidopsis,
ve shown that the Arabidopsis homolog of Bax inhibitor -1 (AtBI1)
ntains ER stress response elements (ERSEs) in its promoter region
at are conserved in other ATF6α regulated targets such as BiP, PDI,
lnexin etc. [33]. Whether such ERSEs are present in the human
molog is unknown, but the possibility that BI-1 could be a direct
anscriptional target of ATF6α is interesting and warrants further
vestigation.
We further elaborated on the pro-survival function of ATF6α by
amining the role of another key transcriptional targets PDI and
RO1β in this process. ERO1s reoxidize PDIs during protein
fu
to
sh
gl
di
fo
im
A
no
ve
os
A
en
vi
se

ble 6. Association Between ATF6α (N) Levels and Models of Progression-Free Survival Among
steosarcoma Patients (n = 40)

aracteristics Univariate Analysis Multivariate Analysis

HR (95% CI) P HR (95% CI) P

F6α Low (0) or High (1) 6.690 (2.502, 17.888) .0002 4.912 (1.735, 13.904)
etastasis at diagnosis 5.029 (1.910, 13.239) .001 3.283 (1.180, 9.138) .0001
F6α Low (0) or High (1) 9.182 (2.926, 28.814)
rcentage of necrosis 0.988 (0.975, 1.001) .071 0.985 (0.972, 0.999) .0002
F6α Low (0) or High (1) 5.767 (1.654, 20.111)
etastasis at diagnosis 5.316 (1.484, 19.044)
rcentage of necrosis 0.980 (0.943, 0.996) b.0001

cluding ATF6α in the analysis leads to a 7.6-fold improvement in the model of PFS.
Results and models that include the percentage of necrosis are based on the data of n = 37.
lding. The increased sensitivity of OS cells to cisplatin following
I inhibition, as well as ERO1β knockdown, suggest that these
zymes could also have pro-survival functions in OS. Since PDIA5
talyzed disulfide bond formation of ATF6α was shown to regulate
TF6α trafficking and activation [14], the enhanced sensitivity of OS
lls to chemotherapy following PDI inhibition could be in part due
its regulation of ATF6α and therefore needs to be further

amined. But whether these enzymes can have anti-tumor effects
dependent of ATF6α is not known.
Our findings here suggest that PDI inhibitors could be a potential
ug candidate that can be used in combination with chemotherapy
ugs to potentiate cytotoxic killing of OS cells. Since PDI physiology
here cysteine oxidation, reduction, and isomerization of disulfide
nds is accomplished in short sequence and is influenced by
ditional enzymes, like ERO1-α and β that restore oxidative
tential of PDI, the extent to which these drugs can impair PDI
tivity or how profoundly restoration of enzymatic activity by ERO1
affected in vivo cannot be elucidated as to date there are no reliable
ethod for measuring PDI activity in cells. However, given the
nergism of PDI inhibitors with chemotherapeutic drugs, the effects
these inhibitors as a combinatorial treatment for OS patients is
orth further examination.
In the case of ERO1s, studies have shown that ERO1α promoted
mor cell survival and therapy resistance by regulating the oxidative
otein folding of molecules such as VEGF, MHC-Class-I molecules,
-L1 and cytokines [34–36]. Although a role for ERO1β in cancer
ogression and chemoresistance is yet to be delineated, ERO1β
uld function similar to ERO1α in mediating oxidative protein
lding. Recently, Tien et al. demonstrated that oxidative folding of
OTCH protein, a critical mediator of OS pathogenesis [37], is
verely impaired in drosophila larvae that lack the ERO1 gene,
ading to accumulation of improperly folded NOTCH in the ER
mpartment, induction of UPR, and developmental impairment
8]. Our preliminary analysis revealed that cisplatin induced
OTCH signaling was attenuated in OS cells following down-
gulation of ERO1β as well as ATF6α (unpublished observations).
hile the ATF6α regulation of NOTCH could be transcriptional as
eviously suggested [15], it is possible that regulation of oxidative
otein folding of NOTCH via the ERO1β-PDI axis could also have
role and contribute to decreased survival against cisplatin induced
ll death and subsequent chemoresistance.
The cytoprotective role of ATF6α activation extends beyond
mor cells and chemoresistance. For instance, cardiac tissue from
TF6α knockout mice displayed increased damage and decreased
nction following myocardial ischemia/reperfusion injury, compared
wildtype littermates [39]. Also, ATF6α signaling has also been
own to have a cytoprotective/neuroprotective role in certain
omerular diseases and nervous tissue disorders such as Huntington’s
sease [40,41]. Furthermore, conditional activation of ATF6α in the
rebrain neurons was also protective as it reduced infarct volume and
proved functional recovery in a mouse model of stroke [42].
dditionally, ATF6α activation also plays a critical role during
rmal development and tissue homeostasis. Most notably during
rtebrate embryogenesis, bone morphogenetic protein stimulates
teoblast differentiation and mineralization through Runx2 induced
TF6α activation [43]. But ATF6α activation can also contribute to
hanced apoptosis, during mouse embryonic muscle development
a caspase 12 activation [44]. These finding suggest that ATF6α
rves as an important homeostatic regulator operating in a cell and
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Figure 7. Probability of overall and progression free-survival according to ATF6α(N) expression in patients with OS. A, Overall Survival. B,
Progression-free survival.
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ssue specific manner, however significant gaps in knowledge still
main to filled.
Chemoresistance is a significant problem for patients with OS. The
stologic response to treatment at the time of resection is a known
ognostic factor for OS patients. Attempts to improve outcome of
or responders by escalating or intensifying the doses or using
stoperative chemotherapy regimens that are different from the
eoperative treatment failed although their histologic response
edicted improved prognosis [45]. These studies highlighted the
ed for not only new therapeutic agents, but also the need for a
ognostic marker other than histologic response that can accurately
edict at diagnosis both the prognosis as well as the sensitivity to
emotherapy. Our in vitro findings suggest ATF6α signaling could
redict chemoresponse. Although the association between
TF6α(N) levels and percent necrosis in patient samples did not
hieve statistical significance, these pilot studies are promising and
arrants further examination.
Another prognostic indicator is the presence of metastasis. While
proximately 20% to 25% of newly diagnosed patients present with
ert metastasis, a similar percentage of patients with localized disease
so relapse within 5 years and develop pulmonary metastasis.
ecently, expression of ATF6α regulated chaperone BiP/grp78 was
own to be enhanced and necessary for lung metastatic progression
OS cells [46]. In agreement with these findings we also found that
e levels of grp78 were up-regulated in lung metastasis (unpublished
servations). Our findings here suggest that measuring the levels of
p78 activator ATF6α(N) levels could be a good predictor for the
currence of metastasis at diagnosis and later during disease
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ogression. While the late recurrence could be due to the
velopment of resistance, it also suggests that these OS patients
e harboring dormant disease at the time of diagnosis [47]. Studies
ve shown the existence of disseminated OS tumor cells in the bone
arrow at the time of diagnosis in patients who do not present with
tectable metastasis and this correlated with relapses in these patients
8]. Therefore, identification of factor(s) that can stratify patients
ith localized disease for the presence or absence of latent
icrometastatic disease will potentially be useful for tailoring
erapies. Given the role of ATF6α in the survival of dormant
sseminated tumor cells [13], we hypothesize that high ATF6α(N)
vels could also predict the existence of latent disseminated disease at
e time of diagnosis in subgroups of OS patients that can have late
currences.
Our study demonstrates that ATF6α levels could be a good
ognostic indicator. However, it is limited by the fact that it is a
all sample number, which curtails the power of this study. Also, it
a retrospective analysis of an existing patient cohort from one
stitution. Therefore, confirmation in a subsequent larger study will
critical to determine if the associations identified here are indeed
usal. Despite these limitations, the results obtained here are
omising. Knowing the nuclear levels of ATF6α in OS tumors at the
me of diagnosis can be useful tool to help make better assessments of
e prognosis and treatment response for subgroups of patients and
ilor therapies accordingly, if validated in a larger study. Moreover,
entifying and targeting ATF6α modulated survival mechanisms
uld be a more suitable way to re-establish sensitivity to existing
eatments and improve therapeutic efficacy.
In summary our data establish an important role for UPR activated
anscription factor ATF6α in OS response to chemotherapy and
ognosis. The results of this study show that active ATF6α
TF6α(N)) level is up-regulated in OS tumors and is associated
ith decreased overall and progression free survival, poor response to
emotherapy and increase incidence of metastasis. In agreement
ith these findings genetic or pharmacologic inhibition of ATF6α or
s downstream effectors such as ERO1β and PDI increased the
nsitivity of OS cells to cisplatin and irinotecan treatment. Taken
gether our data suggest that ATF6α activation may serve as a
tential target to limit OS metastasis and decrease therapeutic
sistance.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.02.004.
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