Universita degli Studi di Trieste
Archivio della ricerca — postprint

ar'T

Mutant p53 improves cancer cells’ resistance to endoplasmic
reticulum stress by sustaining activation of the UPR regulator ATF6
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Abstract

Missense mutations in the TP53 gene are frequent in human cancers, giving rise to mutant p53 proteins that can acquire
oncogenic properties. Gain of function mutant p53 proteins can enhance tumour aggressiveness by promoting cell invasion,
metastasis and chemoresistance. Accumulating evidences indicate that mutant p53 proteins can also modulate cell
homeostatic processes, suggesting that missense pS3 mutation may increase resistance of tumour cells to intrinsic and
extrinsic cancer-related stress conditions, thus offering a selective advantage. Here we provide evidence that mutant p53
proteins can modulate the Unfolded Protein Response (UPR) to increase cell survival upon Endoplasmic Reticulum (ER)
stress, a condition to which cancer cells are exposed during tumour formation and progression, as well as during therapy.
Mechanistically, this action of mutant pS3 is due to enhanced activation of the pro-survival UPR effector ATF6, coordinated
with inhibition of the pro-apoptotic UPR effectors JNK and CHOP. In a triple-negative breast cancer cell model with
missense TP53 mutation, we found that ATF6 activity is necessary for viability and invasion phenotypes. Together, these
findings suggest that ATF6 inhibitors might be combined with mutant p53-targeting drugs to specifically sensitise cancer
cells to endogenous or chemotherapy-induced ER stress.

Introduction processes is strictly regulated, and their alterations generate a

condition referred to as endoplasmic reticulum stress (ERS)

In eukaryotic cells, the endoplasmic reticulum (ER) performs
crucial activities such as lipid biosynthesis, calcium storage,
and protein folding and secretion. Homeostasis of these
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[1]. To cope with ER stress, cells activate a specific tran-
scriptional programme known as Unfolded Protein Response
(UPR). The UPR is initiated by three independent ER-resident
transmembrane proteins: inositol-requiring enzyme-1 (IRE1),
PKR-like ER kinase (PERK) and activating transcription
factor-6 (ATF6). These sensors regulate mutually reinforcing
signalling pathways and transcriptional circuits aimed, at first,
to resolve the stress; when the burden cannot be resolved,
apoptotic cell death occurs [2].

IREla, the more evolutionarily conserved UPR receptor,
has both endoribonuclease and protein-kinase activities: the
former mediates cytoplasmic splicing of the Xbpl mRNA
to generate the transcriptional regulator XBPls [3], the
latter triggers activation of the pro-apoptotic kinase JNK by
recruitment of the TRAF2/ASK1 complex [4].

The second UPR receptor, PERK, when activated
phosphorylates the a-subunit of eukaryotic translation
initiation factor-2 (elF2a); this attenuates mRNA transla-
tion, thus reducing protein load [5]. Although cap-
dependent translation is inhibited, synthesis of selected
transcripts is increased; in particular, the transcription factor
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ATF4 is strongly induced upon elF2a phosphorylation.
ATF4 in turn upregulates ER chaperones and pro-apoptotic
genes such as CHOP/GADDI153 [6].

The third UPR receptor is the transcription factor ATF6,
which is synthesised as an ER-localised transmembrane
protein with a luminal “sensing” domain and a cytosolic
transcription transactivation domain [7]. Under ER stress
conditions, ATF6 translocates to the Golgi apparatus, where
it is cleaved by S1P and S2P proteases [8]. The cleavage
product (pS0 ATF6f) is transported into the nucleus where it
drives transcription of ER chaperones, ERAD components,
the pro-apoptotic factor CHOP, and several other homeo-
static effectors [9].

Cancer cells within tumour masses experience chronic ER
stress due to adverse conditions such as nutrient deprivation,
oxygen limitation, and high metabolic demand, all of which
reduce the protein-folding capability of the ER [10]. Moreover,
transformed cells accumulate hundreds of mutations, poten-
tially generating aberrant proteins that cannot properly fold
[11]. Not surprisingly, ERS responses have been reported in all
major cancer types [12], often correlating with advanced-stage
disease and chemoresistance [13]. This suggests that cancer
cells eventually adapt to ER stress, avoiding the pro-apoptotic
outcomes of UPR. In addition, there are evidences that ERS-
related pathways may actually promote cancer progression by
inducing EMT, stimulating angiogenesis and supporting
tumour cell dormancy [14]. Therefore, understanding the
genetic determinants that dictate adaptation of cancer cells to
ER stress is critical for developing novel clinical strategies.

One of the most frequently mutated genes in human
cancer is TP53, and strong evidences implicate missense
p53 mutants as promoters of aggressive and metastatic
phenotypes. Indeed, pS3 mutant proteins (mutp53) can
acquire novel oncogenic activities, defined as Gain of
Function (GOF), that actively promote cancer development
and progression [15, 16].

Recent studies revealed GOF activities for mutant p53 in
processes involved in the maintenance of cell homeostasis
[17], including inflammatory signalling [18, 19], response
to mechanical stress [20], proteasome activity [21] and
folding of N-glycosylated proteins [22]. Based on these
premises, we asked whether mutant p53 might intersect the
UPR to promote cancer cells’ resistance to ER stress.

Results

Mutant p53 protects cancer cells from ER stress-
induced apoptosis

To explore the role of mutp53 in the response of cancer
cells to ER stress, we performed viability assays in the
human triple-negative breast cancer (TNBC) cell line

MDA-MB-231, bearing mutant p5S3(R280K). To induce ER
stress, cells were treated with Thapsigargin (Tg) or Tuni-
camycin (Tm) for 48 hours. Under these conditions,
depletion of endogenous mutant p53 reduced viability and
increased apoptosis (Fig. la, b), suggesting that mutp53
protects these cells from this specific stress. We obtained
similar results in two additional mutant p53 cancer cell
lines, SUM-149PT (p53M2371) and PANC-1 (pS3R273H),
and we confirmed this observation in Ras-transformed
mouse embryo fibroblasts (MEFs) derived from p53 knock-
out or pS3(R172H) knock-in mice (Fig. Sla—c). Therefore,
this phenotype is not restricted to breast cancer cells.

Next, we transduced two mutant p53 variants (R280K
and R175H) in HBL-100, a transformed mammary cell line
with wild-type (wt) p53; in this model, ectopic expression
of mutp53 was sufficient to enhance resistance to ER stress
(Fig. 1c). Together, these observations indicate that mutant
p53 can be a determinant of cancer cell survival under
conditions of ER stress, potentially defining a novel mutp53
gain of function.

Cell responses to ER stress are largely mediated by
activation of the UPR; we therefore evaluated whether
mutant p53 might directly or indirectly affect expression of
UPR genes. Taking advantage of available transcriptomic
data from a previous study [21], we monitored changes in
UPR-related genes upon depletion of endogenous mutp53
in five different TNBC cell lines (see methods for details).
In all of the cell lines, UPR-related genes were significantly
affected by mutp53 depletion (Fig. 1d, Table S1), some of
them being repressed while others being induced (Table
S2). Notably, the UPR receptors IREla and PERK were
upregulated after mutp53 knockdown in MDA-MB-231
cells; this observation was validated experimentally both at
the mRNA and protein levels (Fig. 1le and S1d).

Mutant p53 dampens IRE1a- and PERK-related
signalling

IREla and PERK and have similar activation mechanisms,
and can induce either adaptive or pro-apoptotic responses [1].
To monitor their function, we analysed a panel of downstream
effectors in MDA-MB-231 cells depleted for mutant p53.
Interestingly, mutp53 knockdown enhanced the transcription
of CHOP, a target of PERK, and the production of spliced
XBP1 (XBPls), a target of IREla (Fig. 2a and S2a), con-
firming activation of the two receptors. In line with higher
PERK activity, mutp53 depletion increased the phosphoryla-
tion of elF2-alpha (Fig. S2b). Mutant p53 knockdown also
enhanced the kinase activity of IREla, increasing the phos-
phorylation of its downstream target JNK (Fig. 2b and S2c);
coherently, reintroduction of mutant p53(R280K) in MDA-
MB-231 cells depleted of endogenous mutp53 reduced the
amplitude of ERS-induced JNK activation (Fig. 2c).
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Fig. 1 Mutant p53 promotes cancer cells’ survival under ER stress
(ERS). a, b Mutant p53 knockdown reduces cancer cell viability and
increases ERS-induced apoptosis. a MDA-MB-231 cells were trans-
fected with control (siC) or two different p53 siRNAs (sip53) as
indicated. 48 hours post-transfection, cells were seeded in 96-well
plates and treated with DMSO (vehicle), Thapsigargin (Tg, 1 pM) or
Tunicamycin (Tm, 5 pg/ml) for additional 48 hours. Cell viability was
measured by ATP-lite assays; graphs summarise cell viability nor-
malised to siC-transfected untreated cells (mean + SD; n = 3; ***P <
0.001, **P<0.01). b MDA-MB-231 cells were treated as in a and
analysed by western blot. Cleaved PARP was blotted as a marker of
apoptosis. p53 was blotted to monitor knockdown efficiency, with
Hsp90 as loading control. ¢ Mutant p53 overexpression protects cells
from ER stress. HBL-100 cells were stably transduced with retroviral

In line with the above observations, overexpression of
mutant pS3(R280K) in p53-null H1299 cells gave an
opposite phenotype, with less efficient induction of
CHOP and XBP1s upon ER stress (Fig. 2d). Together,
these results suggest that mutp53 inhibits the IREla
and PERK branches of the UPR, dampening activation
of two key pro-apoptotic effectors such as CHOP and
JNK [4, 6].

B MDA-MB-231
(30 (523 (52 (52
o308 0doa
" 2} 23 w 2 2} [} " -100 kDa
cleaved PARP | — gl | _|_70 \on
p53|— = | |- - |-55kDa
Hsp90 | emm e e e | [————] -95kDa
DMSO Tg DMSO Tm
-log,, (FDR)
0 2 4 6 8 10
BT-549
HCC-1395 KK
MDA-MB-231 I:r-
0 03
MDA-MB-468
SUM-149PT
Hallmark UPR
MDA-MB-231
c 57
g ., M sc
::.’_ M sip53
(0]
IRE1 —130 kDa
3 o [= =]
€ PERK |ws @8/ _ 130 «Da
4 p53 = —55kDa
§ Hsp90 :: —95 kDa
(32}
22
»

[+]
¥ 4
w o
o x

vectors encoding mutant p53 (R280K) or p53 (R175H) as indicated.
Cells were treated and analysed as in a (mean=+SD; n=3; **p<
0.01). d Depletion of mutant p53 affects expression of UPR genes.
Genes differentially regulated upon mutp53 depletion in five TNBC
cell lines were subjected to an hypergeometric test for computing
overlaps with the geneset “Hallmark Unfolded Protein Response” from
MsigDB. Functional enrichment is plotted as —log (FDR g-value).
Colour of the bars reflects the cluster coverage (k/K). e Depletion of
mutant p53 increases IREla and PERK levels. MDA-MB-231 cells
were transfected with control (siC) or p53 (sip53) siRNAs for 48 hours
before analysis. RT-qPCR data are normalised to H3 mRNA, and
compared to the expression levels of untreated cells transfected with
siC. Immunoblots are normalised using Hsp90 as a loading control

We therefore assessed the role of CHOP and JNK in
ERS-induced apoptosis in mutp53-depleted cancer cells.
Interestingly, siRNA knockdown of either JNK or CHOP
was sufficient to reduce Tg- or Tm- induced cell death after
mutp53 knockdown, partially rescuing the impact of mutant
p53 loss (Fig. 2e, f). This indicates that both JNK and
CHOP contribute to the enhanced sensitivity to ER stress
observed in mutp53 knockdown cancer cells.
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Fig. 2 Mutant p53 dampens IREl- and PERK-related signalling.
a Mutp53 depletion increases CHOP and XBP1s mRNA levels. MDA-
MB-231 cells were transfected with control (siC) or p53 (sip53) siRNAs
for 48 hours, and treated with Tg (1 uM) for additional 8 hours. RT-qPCR
data are normalised to H3 mRNA (mean + SD; n >3, **p <0.01, ***p <
0.001; *##%p <0.0001; ns=not significant). b Mutp53 depletion
increases ERS-induced JNK phosphorylation. MDA-MB-231 were
transfected with control (siC) or p53 (sip53) siRNAs for 48 hours, and
treated with Tg for the indicated times. Phosphorylated and total JNK
levels were measured by immunoblotting; to calculate their ratio, bands
were quantified and normalised to Hsp90 by densitometry of auto-
radiography film. Endogenous p53 was blotted to verify knockdown,
Hsp90 as a loading control. ¢ Ectopic reintroduction of mutant p53
dampens ERS-induced JNK activation in mutp53 knockdown cells.
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MDA-MB-231 were transfected with control (siC) or p53 (sip53) siR-
NAs. After 24 hours, cells were transfected with pLPC-empty vector or
pLPC-HA-p53*R280K, encoding a siRNA-resistant (*) pS3 mutant.
Lysates were prepared after treatment with Tg for the indicated times.
Phosphorylated and total JNK levels were measured by immunoblotting
and quantified as in b. d Mutant p53 overexpression decreases CHOP and
XBP1Is mRNA levels. H1299 were stably transduced with retroviruses
encoding mutant p5S3(R280K) or pS3(R175H). Cells were treated and
analysed as in a (mean = SD; n = 3; *p <0.05; **p <0.01). e Both JNK
and CHOP mediate ERS-induced apoptosis in mutp53-depleted cancer
cells. MDA-MB-231 were transfected with the indicated siRNA combi-
nations for 48 hours, and were treated and analysed for viability as in Fig.
la (mean + SD; n=3; **p <0.01)



Mutant p53 sustains ATF6 activation

Having established that mutant p53 can dampen the activity
of IREla and PERK receptors, we asked if mutp53 could
also impact on ATF6 functions. To monitor ATF6 activa-
tion we used a luciferase reporter plasmid with five repeti-
tions of the ATF6 responsive element [23]. Notably,
reporter activity was sensibly reduced by mutp53 knock-
down in MDA-MB-231 cells, both in basal conditions and
upon ER stress (Figs. 3a and S3a). Similar results were
obtained by depleting mutp53 in MDA-MB-468 cells (Fig.
S3b). Conversely, overexpression of two different missense
p53 mutants in p53 wild-type (HBL-100) or p53-null
(H1299) cells resulted in increased ATF6 transcriptional
activity (Figs. 3b and S3c). Together, these data indicate
that mutp53 enhances ATF6 activation.

Since activation of ATF6 requires its proteolytic pro-
cessing to release the transcriptionally active fragment p50-
ATF6, or ATF6f [7], we analysed expression of ATF6
proteins after mutant p53 depletion in MDA-MB-231.
Notably, mutp53 knockdown induced a clear reduction of
ATF6f levels (Fig. 3c), without significant changes in ATF6
mRNA or full-length protein (Fig. S3d). To better address
this point, we analysed the kinetics of ERS-induced ATF6
cleavage in MDA-MB-231 cells; results indicate that ATF6
processing occurs at similar times after ER stress, but the
levels of p50 ATF6f are significantly lower after mutp53
depletion (Figs. 3d and S3e-g).

To test if mutant p53 may dominantly promote ATF6
activation, we analysed ATF6f levels in HBL-100 (wt p53)
stably overexpressing two different pS3 mutants (R280K
and R175H); in these cells, mutp53 clearly increased ATF6f
production (Fig. 3e). We thus conclude that oncogenic pS3
mutants can enhance ATF6 function, increasing the levels
of the active ATF6f fragment.

Based on the above, we searched for evidence of ATF6
activation in cancers with mutant p53. To this aim, we
analysed public breast cancer gene expression datasets
with reliable information on the p53 status: the
METABRIC study [25], and the BRCA cohort of TCGA
[26]. We divided samples based on the status of p53, and
measured average expression of two publicly available
lists of ATF6 target genes (see Supplementary methods
for details). As shown in Fig. 3f, both gene signatures are
more expressed in tumours with missense TP53 muta-
tions, in line with the notion that mutp53 can sustain
ATF6 activation.

ATF6 activity is required for cancer cell survival and
invasion

ATFG6 induces expression of various chaperones and protein
quality control genes [9, 27]; we therefore hypothesised that

mutant p53 may sustain oncogenic adaptation to ER stress,
at least in part, by promoting ATF6-dependent homeostatic
responses. To test this hypothesis, we studied the effects of
ATF6 depletion in MDA-MB-231 cells. We first analysed
cell survival; we found that ATF6 knockdown reduced
basal viability of these cells and, importantly, increased
their sensitivity to ER stress (Fig. 4a). Next, we analysed
cell invasivity by matrigel transwell assays; notably, ATF6
knockdown caused a substantial reduction in the number of
invaded cells (Fig. 4b). Therefore, ATF6 is required for full
manifestation of mutp53-dependent oncogenic phenotypes
of MDA-MB-231 cells.

Importantly, this observation was confirmed with
mutp53 overexpression in a p53-null cell line; in fact,
transfection of p53(R280K) increased matrigel invasion of
H1299 cells, and this effect was abolished by ATF6
knockdown (Fig. 4c). Finally, we tested the effects of ATF6
overexpression in MCF-7, a breast cancer cell line with wt
p53 and limited invasive potential; in these cells, transfec-
tion of a GFP-ATF6 fusion protein was sufficient to
increase matrigel invasion (Fig. 4d). Together, these data
suggest that resistance to ER stress in cancer cells with
mutant p53 depends not only on reduced IRE1 and PERK
function, but also on increased ATF6 activity; remarkably,
they also suggest that ATF6 could directly contribute to
mutp53-related aggressiveness.

Small molecule inhibitors of mutant p53 or ATF6
reduce cancer cells survival and aggressiveness

ER stress can theoretically be exploited to selectively target
tumour cells [11]. We therefore tested the possibility to
sensitise cancer cells to ER stress by acting on mutant p53
or ATF6 using currently available drugs.

To target mutant p53, we used the FDA-approved his-
tone-deacetylase inhibitor Suberoyl Anilide Hydroxamic
Acid (SAHA), a drug that reduces mutp53 protein levels
and shows preferential cytotoxicity in mutant p53 cancer
cells [28]. To target ATF6, we used Nelfinavir (NFV), an
anti-viral drug that inhibits S1P and S2P proteases respon-
sible for ATF6 cleavage [29, 30].

First, to choose optimal concentrations of each drug, we
performed dose-response experiments in MDA-MB-231 cells
(Fig. S4a). Next, to evaluate the impact of pharmacological
mutp53 inhibition, we tested cell viability upon treatment with
SAHA, alone or in combination with ER stressors; as
expected, SAHA increased sensitivity of MDA-MB-231 to
ER stress, recapitulating the effects of mutp53 depletion
(Fig. 5a). In line with knockdown experiments, treatment with
SAHA also reduced ATF6f levels and transactivation of the
ATF6-LUC reporter (Fig. 5b, ¢). As a control, we tested
SAHA in cells that do not express mutant p53, specifically
H1299 (p53-null) and HBL-100 (wt p53); we detected some



A MDA-MB-231 B
12004 empty vector
1000+ - [ shes3

- 800 =
=2
-1 6004
400
ool
O_
DMSO Tg Tm
MDA-MB-231

D empty vector shp53

Tg - 1h 2h 4h 6h - 1h 2h 4h 6h
ATF6tot D GINEID a» a0 GDED es aw » | 95 kDa
—70kDa

ATF6f - -

ATF6tot 1.65 146 1.60 0.85 1.07 1.28 1.23 0.98 0.73 0.07
ATF6f 0.00 0.17 1.60 1.36 0.68 0.00 0.07 0.06 0.50 0.23

== == |_55kDa

P53 |- emema—a — — — |55 kDa
Hsp90 l ]795 kDa
15
- ATF6tot -= vector
) -4 shp53
g 104
o
o
N
g 0.5
o
z
0.0 1,
15
- ATF6f -= vector
= -+ shp53
g 104
°
(5
N
g 0.5
o
z
00 b T T T T
Tg - 1h 2h 4h 6h

Fig. 3 Mutant p53 sustains ATF6 activation. a Depletion of mutant p53
reduces ATF6 transcriptional activity. MDA-MB-231 cells, stably
depleted for pS3 (shp53) or stably expressing control empty vector, were
transfected with the pSXATF6-GL3 reporter to detect ATF6 transcrip-
tional activity. After 48 hours, cells were treated with DMSO (vehicle),
Tg (1uM) or Tm (5 pg/ml) for 8 hours before processing for Dual
Luciferase assays (mean=SD; n=3; **p<0.01; ****p<0.0001).
b Mutant p53 overexpression increases ATF6 transcriptional activity.
HBL-100 cells were stably transduced with retroviruses encoding mutant
p53(R280K) or pS3(R175H). Cells were then transiently transfected with
pSXATF6-GL3 to detect ATF6 transcriptional activity as in a (mean +
SD; n=4; *p<0.05,). ¢ Depletion of mutant p53 reduces basal ATF6
processing. MDA-MB-231 cells were transfected with control (siC) or
two different p53 (sip53) siRNAs as indicated. Full-length p90 ATF6
(ATF6tot) and cleaved pS0 ATF6 (ATF6f) were detected by immuno-
blotting. p53 was blotted to monitor knockdown efficiency, Hsp90 as a
loading control (se = short exposure). d Depletion of mutant pS3 reduces
ERS-induced ATF6 cleavage. MDA-MB-231 cells expressing a control
vector or stably depleted for p53 (shp53) were treated with Tg for the

200

RN
HBL-100 C 2 2
O 2 o
w w 7]
e |
ATF6tot —95kDa
—70 kDa
ATFo6f —55 kDa

MDA-MB-231

Tg - 1h 2h 4h - 1h 2h 4h - 1h 2h 4h

ATF6tot (se) l&-——---—-———l

ATF6tot

ATF6f

ATF6tot 0.71 1.05 0.74 0.71 1.16 1.13 1.15 1.04 3.73 1.00 1.52 0.47
ATF6f 0.07 0.50 0.42 0.22 0.06 0.35 0.81 0.15 0.12 0.19 1.11 0.12

HA-D53/p53 [ S s o S S S s b @ | — 55 kDa

e ] —95 kDa

HBL-100

METABRIC (n=997) TCGA (n=522)

5 50 * *kk *kk *kk

3 =2 kil =%

(%]

<

3

3 25

E p53 status
° Bm missense
3 0.0 E3 other
=

8

1

o

5 -2.5

©

c

k=

? 50

GG_ATF6 Mont_ATF6 GG_ATF6 Mont_ATF6

indicated times. ATF6tot and ATF6f were detected by immunoblotting;
bands were quantified and normalised to Hsp90 by densitometry of
autoradiography film. Top panel shows a representative western blot.
Bottom graphs summarise the relative levels of ATF6tot and ATF6f
bands at the indicated times, with ATF6tot normalised to untreated
control cells and ATF6f normalised to the 2 hours time point in control
cells (mean + SEM; n = 4). e Mutant p53 overexpression increases ATF6
production. HBL-100 cells were transduced with retroviruses encoding
mutant p5S3(R280K) or p53(R175H) as indicated. After 48 hours, cells
were treated with Tg for the indicated times before immunoblotting to
detect full-length and cleaved ATF6 as in d. f ATF6 target genes are
more expressed in breast tumours with mutant p53. Average expression
values of ATF6 signatures in breast cancer samples classified according
to p53 status (*p <0.05, ***p <0.001 in a two-tailed unpaired r-test).
METABRIC = Molecular Taxonomy of Breast Cancer International
Consortium. TCGA = The Cancer Genome Atlas project. GG_ATF6 =
Selected GeneGlobe predicted target genes for ATF6 (www.genecards.
org). Mont_ATF6 = Manually curated list of ATF6 target genes [24]
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Fig. 4 ATF6 activity supports cancer cells’ viability and invasion.
a ATF6 depletion reduces cell viability upon ER stress. MDA-MB-
231 cells were transfected with control (siC) or ATF6 (siATF6) siR-
NAs for 48 hours. Cells were treated and analysed for viability as in
Fig. la (mean + SD; n=4; *p <0.05; ***p<0.001). b ATF6 deple-
tion reduces matrigel invasion. MDA-MB-231 cells were transfected
with control or ATF6 siRNA as in a. Graphs summarise migrated cells
per area (mean=*SD; n=4; **p<0.01). Depletion of endogenous
ATF6 was confirmed by western blot. Representative images of
migrated cells are also shown. ¢ ATF6 contributes to mutp53-induced
cell invasion. H1299 (p53-null) cells were transiently transfected with
a vector encoding mutant p53(R280K) and/or ATF6 siRNA as

inhibition of the ATF6-LUC construct in these cells, albeit
below the threshold of statistical significance (Fig. S4b).
Although we cannot exclude that SAHA has some mutp53-
independent effects on ATF6 activity, it is legitimate to

indicated. Matrigel invasion assays were performed 24 hours later.
Graphs summarise migrated cells per area (mean+SD; n=3; *p<
0.05). Expression of endogenous ATF6 and exogenous mutp53 pro-
teins was monitored by immunoblotting (bottom panel). d ATF6
overexpression increases cancer cell invasiveness. MCF-7 cells (wt
p53) were transiently transfected with a pEGFP-ATF6 expression
construct. After 24 hours, cells were seeded for matrigel invasion
assays. Graphs summarise migrated cells per area (mean = SD; n =3;
*p <0.05). Expression of GFP-ATF6 fusion proteins was monitored
by immunoblotting (bottom panel). Representative images of migrated
cells are also shown

assume that its action in cells expressing mutant p53 is largely
mediated by mutp53 downregulation.

Similarly, to evaluate the impact of pharmacological
ATF6 inhibition, we tested viability and invasiveness of
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Fig. 5 Effects of pharmacological inhibitors of mutant p53 and ATF6.
a The histone-deacetylase inhibitor SAHA reduces cell survival upon
ER stress. MDA-MB-231 cells were treated with DMSO (vehicle), Tg
(1 uM) or Tm (5 pg/ml), with or without SAHA (1 uM) as indicated.
After 48 hours, cell viability was measured as in Fig. 1a (mean + SD;
n=3; ¥**p<0.001). b SAHA reduces ATF6 cleavage. Left: steady-
state levels of endogenous full-length and cleaved ATF6 were detected
by immunoblotting after 48 hours of SAHA treatment in the absence
of ERS-inducing drugs. Right: endogenous full-length and cleaved
ATF6 were detected by immunoblotting after 72 hours treatment with
SAHA, and additional 2 hours with Tg. Mutant p53 was blotted to
monitor SAHA efficacy, with Hsp90 or actin as loading controls. ¢
SAHA inhibits ATF6 transcriptional activity. MDA-MB-231 cells
were transfected with the pSXxATF6-GL3 and after 48 hours treated
with SAHA for additional 24 hours. ATF6f transcriptional activity was

MDA-MB-231 cells treated with NFV, alone or in combi-
nation with ERS-inducing drugs. We also used the highly
specific ATF6 inhibitor Ceapin-A7 (C7) as a positive con-
trol [31]. Strikingly, both drugs phenocopied ATF6
knockdown, reducing cell survival and invasion (Fig. 5d, e).
As expected, NFV and C7 inhibited ERS-induced cleavage
of a GFP-ATF6 fusion protein, and prevented activation of
the ATF6-LUC reporter (Fig. S4c, d).

. —43 kDa

measured by Dual Luciferase assay after 8 hours of Tg treatment
(mean+SD; n=3; *p<0.05). d The ATF6 inhibitors Nelfinavir
(NFV) and Ceapin-A7 (C7) reduce cell survival upon ER stress.
MDA-MB-231 cells were treated with DMSO (vehicle), Tg (1 uM) or
Tm (5 pg/ml), with or without NFV (25 uM) or C7 (25 uM) as indi-
cated. After 48 hours, cell viability was measured as in Fig. 1a (mean
+SD; n=3; ***¥p<0.001 **p<0.01). Bottom panel shows expres-
sion of endogenous ATF6 and p53 proteins under the same treatment
conditions, with actin as loading control (se = short exposure). e ATF6
pharmacological inhibition reduces matrigel invasion. MDA-MB-231
cells were pre-treated for 24 hours with DMSO (vehicle), NFV
(12,5 uM), or C7 (12,5 uM) as indicated. Graphs summarise migrated
cells per area (mean + SD; n = 3; **p <0.01). Actin was blotted as a
control of the number of cells seeded in transwell inserts. Repre-
sentative images of migrated cells are also shown

Combined targeting of mutant p53 and
ATF6 sensitises cancer cells to ER stress

Since SAHA and NFV act on different molecular targets,
we also tested their combined use. Viability assays revealed
that treatment with the two compounds was more efficient
in reducing MDA-MB-231 viability than treatment with
single drugs - in particular upon ER stress (Fig. 6a).
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Fig. 6 Combined targeting of mutant p53 and ATF6 efficiently and
specifically sensitises cancer cells to ER stress. a SAHA and NFV
cooperatively reduce cancer cells survival upon ER stress. MDA-MB-
231 cells were treated for 48 hours with DMSO (vehicle), SAHA
(1 uM) and/or NFV (25uM), and Tg (1 uM) or Tm (5 pg/ml) as
indicated. Cell viability was measured by ATP-lite assays as in Fig. la
(mean + SD; n=3; ***p<0.001). b SAHA and NFV do not affect
viability of non-transformed cells upon ER stress. Breast epithelial
cells MCF10-A were treated and analysed exactly as in a (mean + SD;

Remarkably, calculation of the combination index (CI) [32]
revealed that the two drugs have a synergic effect (Fig.
S5a). Immunoblotting analysis confirmed the activity of
NFV and C7 on ATF6 also in the presence of SAHA (Fig.
S5b). To test if this effect is specific for cancer cells, we also
treated the non-transformed mammary cell line MCF-10A;
importantly, we observed no significant loss of MCF-10A
viability under conditions that have a strong impact on
MDA-MB-231 (Fig. 6b).

To reinforce these observations, we replaced SAHA with
Cerivastatin (CER), a drug that inhibits mutp53 stability and
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n=3; ***p<0.001, **p<0.01). ¢ MCF-10A and MDA-MB-231

cells were treated for 48 hours with DMSO (vehicle), CER (0,01 uM),
or NFV (12,5uM) as indicated. Cell viability was measured as in a
(mean + SD; n = 3; ***p <0.001). d MCF-10A, RWPE-1 and PWR-
1E cells were treated for 48 hours with DMSO (vehicle), CER
(0,01 uM) or NFV (12,5 uM) as indicated. Cell viability was measured
as in a (mean + SD; n = 3; ***p <0.001). e A simplified model of the
influence of mutant p53 on the three branches of the UPR, and its
potential impact on cellular responses to ER stress

functions indirectly by acting on the mevalonate pathway [20].
We tested CER alone or in combination with NFV, using low
concentrations to minimise toxicity and highlight potential
cooperative effects. Under these conditions, CER recapitulated
the results obtained with SAHA, further reducing cell viability
in MDA-MB-231 (Fig. 6¢) without relevant effects in non-
transformed breast or prostate cell lines (Fig. 6d).

Together, these data suggest that combined inhibition of
mutp53 and ATF6 may specifically sensitise mutant p53
cancers to therapeutic treatments that increase ER stress,
with marginal effects on normal tissue.



Discussion

Accumulating evidences indicate that mutant pS3 proteins
can act on molecular processes that control cancer cells’
homeostasis, including the resistance to protein-related
toxicity [17, 21, 22]. Here, we found that mutant p53 can
modulate the cellular response to ER stress by affecting
various components of the UPR. Specifically, mutp53
inhibits activation of the pro-apoptotic UPR effectors JNK
and CHOP, and their upstream regulators IREla and
PERK. At the same time, mutp53 stimulates activation of
the pro-survival UPR effector ATF6.

The mechanism by which mutp53 dampens ERS-
induced activation of JNK and CHOP remains to be
defined. In some cell lines, mutp53 depletion increases
IREla and PERK levels, suggesting that mutant pS3 can
inhibit expression of these receptors, which could in part
contribute to their reduced activity. It is also possible that
mutp53 indirectly dampens activation of pro-apoptotic UPR
effectors by enhancing the homeostatic activity of ATF6 —
thereby reducing the intensity of ER stress.

In addition to controlling ER homeostasis, activation of
ATF6 can modulate apoptosis and autophagy [33-35], and
various evidences implicate ATF6 in cancer. First, ATF6f is
the main transcriptional regulator of the chaperone GRP78/
BiP, which was found overexpressed in breast tumours cor-
relating with STAT3 activation and cancer cell proliferation
and migration [36]. Also, ATF6 was shown to support
adaptation and chemoresistance of dormant squamous carci-
noma cells via activation of mTOR signalling [37]. Finally, a
recent study linked ATF6 activity to pluripotency, prolifera-
tion and survival of breast cancer stem cells [38].

Our experiments indicate that ATF6 is instrumental for at
least two mutant p53 oncogenic phenotypes, namely resis-
tance to ERS-inducing drugs and cell invasion. They also
suggest that mutp53-bearing cancer cells rely on ATF6 to
help resolve ER stress, and ATF6 activity might contribute
to their aggressiveness.

The molecular mechanism by which mutant p53 pro-
motes ATF6 activation remains to be defined, and will be the
subject of future studies. Time-course experiments indicate
that mutp53 depletion reduces the amount of p50 ATF6
fragment that is produced, without changing the kinetics of
ERS-induced ATF6 cleavage. One possibility is that
mutp53 stimulates ATF6 translocation to the Golgi. Alter-
natively, mutp53 could stimulate ATF6 processing inde-
pendently of its Golgi localisation. Also, it is possible that
mutant p53 controls activity, localisation, or stability of the
mature ATF6f fragment. All these hypotheses await
experimental testing.

Mutation of p53 inevitably implies loss of wild-type (wt)
p53 functions. Although the role of wt p53 in the response
to ER stress is still unclear, with evidence for p53

involvement [39, 40] and evidence for p53-independency
[41, 42], we cannot exclude that loss of wt p53 per se can
affect the UPR. However, in the present study we have
depleted endogenous mutp53 in cancer cells, revealing a
clear addiction to its UPR-related functions. Moreover,
coherent results were obtained by introducing mutant p53 in
pS3-null or p53 wt cells. Therefore, we can reasonably
affirm that the phenotypes described are linked to expres-
sion of mutant p53 proteins.

Given the complex interconnection between the three
branches of UPR, and the fact that several target genes are
co-regulated by multiple UPR effectors, it is difficult to
establish whether ATF6 is indeed the key mediator of
mutp53 gain-of-function in this context. Nonetheless, our
data suggest that ATF6 may be targeted to reduce com-
pensatory responses and increase therapeutic efficacy in
mutant p53-bearing cancers; in fact, treatment with the
ATF6 inhibitor Nelfinavir (NFV) combined with mutp53
inhibitors SAHA or Cerivastatin significantly increased
ERS-induced cell death of a reference TNBC cell line.

We used NFV because it is approved for clinical use, but
it is not a selective ATF6 inhibitor; thus, we cannot exclude
an ATF6-independent action. Nonetheless, the highly spe-
cific ATF6 inhibitor Ceapin-A7 [31] gave identical results,
strongly suggesting that the effects of NFV in this context
are largely mediated by its action on ATF6.

In conclusion, we uncovered a novel functional axis
linking mutant p53 to the UPR, with potentially oncogenic
effects. A key node of this axis appears to be the tran-
scription factor ATF6, which is a druggable target due to its
specific mechanism of activation. Our results suggest that
inhibition of ATF6 might potentially improve treatment of
tumours harbouring TP53 gene mutations, and provide
conceptual support to stimulate further research on specific
ATF6-targeting drugs.

Materials and methods
Cell lines and drug treatments

The following human cell lines were used: MDA-MB-231
(p53R280K), MDA-MB-468 (p53R273H), SUM-149PT
(p53M2371), PANC-1 (p53R273H), HBL-100 (wt p53),
MCF-7 (wt p53), MCF-10A (wt p53), H1299 (p53 null),
PWR-1E (wt p53), RWPE-1 (wt p53) and Ras-immortalised
mouse embryonic fibroblasts (MEF) derived from p53
knock-out and pS3R172H knock-in mice. To induce ER
stress, cells were treated with 1 pM Thapsigargin (Sigma,
T9033) or 5pg/ml Tunicamycin (Sigma, T7765) unless
differently specified. To inhibit ATF6 activation, cells were
treated with 25 uM or 12.5 uM Nelfinavir mesylate hydrate
(Sigma, PZ0013), or with 25 uM or 12.5 uM Ceapin-A7 (a
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gift from Dr. Peter Walter), unless differently specified. To
inhibit mutp53, cells were treated with 1 pM SAHA (Cay-
man, 149647-78-9), or with 0.01 uM or 0.1 uM Cerivastatin
(Sigma, SMLO0005).

Cell viability and FACS analysis

For viability assay, we used ATP-lite Luminescence Assay
System (PerkinElmer, 6016943). Cells were seeded in 96-
well plates for 24 hours before treatments. ATP-lite reactions
were performed according to the manufacturer instructions,
and measured using an Enspire plate-reader (Perkin Elmer).
For FACS analysis, adherent and floating cells were har-
vested, permeabilized with 0.1% NP-40 in PBS containing
RNase A (200 pg/ml) and then stained with 50 ug/ml Propi-
dium lIodide (#P4865, Sigma). At least 2 x 10* cells were
counted in each experiment, using a FACSCalibur flow cyt-
ometer (Becton-Dickinson). Cell cycle analysis was per-
formed with FlowJo software (http://www.flowjo.com/).

Matrigel invasion assays

Cells (0.5-1 x 105) were plated in 24-well PET inserts (8 um
pore size, Falcon), coated with BD Matrigel (BD Bioscience).
Cells were seeded in low serum (0.1% FBS), and the lower
chamber was filled with high serum medium (10% FBS).
After 16 h, cells passed through the filter were fixed in 4%
PFA, stained with 0.05% crystal violet, and counted. Invasion
was scored by counting cells in 20 random non-overlapping
microscope fields at x40 magnification.

Luciferase assays

The p5xATF6-GL3 reporter vector was a gift from Ron
Prywes (Addgene plasmid #11976) [23]. For Dual Luci-
ferase assays (Promega), cells were transfected with
pSxATF6-GL3 together with pCMV-Renilla to normalise
for transfection efficiency. Luciferase activity was mea-
sured on a Promega luminometer. For luciferase assays in
siRNA-transfected cells, cells were transfected with the
indicated siRNAs for 24 hours, washed from the transfec-
tion media, transfected with plasmid DNA, and collected
24 hours later.

Gene expression analysis

Total RNA was extracted with QIAzol (Qiagen). For RT-
gPCR, 5Spg of total RNA was reverse-transcribed with
QuantiTect Reverse Transcription kit (Qiagen). Real-time
PCR was performed using SsoAdvancedTMSYBR® Green
Master Mix (Biorad) on a CFX96™ Real-Time PCR Sys-
tem (Biorad). Primer sequences are listed in Supplemental
Experimental Procedures.

Statistical analysis

All experiments have been replicated at least three times. In
graphs data are expressed as mean + SD of three indepen-
dent experiments, except when otherwise indicated. Dif-
ferences were analysed by Student’s r-test using Prism 7
(GraphPad), except when otherwise indicated. P-values <
0.05 were considered significant.
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