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Enhancing Proteotoxic Stress in Leiomyosarcoma Cells
Triggers Mitochondrial Dysfunctions, Cell Death, and

Antitumor Activity in vivo
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Leiomyosarcomas are rare and aggressive tumors character-
ized by a complex karyotype. Surgical resection with or without
radiotherapy and chemotherapy is the standard curative treat-
ment. Unfortunately, a high percentage of leiomyosarcomas
recurs and metastasizes. In these cases, doxorubicin and ifosfa-
mide represent the standard treatment but with low response
rates. Here, we evaluated the induction of proteotoxic stress as a
possible strategy to kill leiomyosarcoma cells in a therapeutic
perspective. We show that aggressive leiomyosarcomas coexist
with high levels of proteotoxic stress. As a consequence, we
hypothesized that leiomyosarcoma cells are vulnerable to further

Introduction

Leiomyosarcomas (LMS) are rare and aggressive tumors that show
some smooth-muscle features and represent approximately 10% of
soft-tissue sarcomas (STS) of adults. Leiomyosarcomas are character-
ized by high mutational burden and a complex karyotype (1, 2). Recent
progresses in genomic studies have provided a better classification of
STS, including leiomyosarcomas and outlined the complex pattern of
mutations (3-5).

The therapeutic perspectives for advanced leiomyosarcomas have
not improved during the last decades. Available treatments are surgery
and radiotherapy. Unfortunately, local recurrence and metastasis
occur in approximately 40% of patients (2). Since the 1970s, doxoru-
bicin is the first-line treatment with few additional options (6).
Recently, some hopes have been raised by olaratumab, a human mAb
that inhibits the PDGF receptor-o. Disappointingly, a phase III clinical
trial in patients with advanced STS, including several leiomyosarco-
mas, did not evidence significant differences in overall survival after

'Department of Medicine, Universita degli Studi di Udine, Udine, Italy. Diparti-
mento di Scienze Chimiche e Farmaceutiche, Universita degli Studi di Trieste,
Trieste, Italy. *Department of Clinical and Biological Sciences, University of
Torino, ¢/o San Luigi Gonzaga Hospital, Orbassano, Torino, Italy. “Sarcoma Unit,
Division of Medical Oncology, Candiolo Cancer Institute, FPO-IRCCS, Candiolo,
Torino, Italy. >Department of Oncology, University of Torino, Torino, Italy.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Claudio Brancolini, Department of Medicine, Universita
di Udine, P. le Kolbe 4, Udine 33100, Italy. Phone: 39 043 249 4381; E-mail:
claudio.brancolini@uniud.it

Mol Cancer Ther 2021;XX:XX-XX
doi: 10.1158/1535-7163.MCT-20-0521

©2021 American Association for Cancer Research.

increases of proteotoxic stress. The small compound 2¢ is a
strong inducer of proteotoxic stress. In leilomyosarcoma cells, it
triggers cell death coupled to a profound reorganization of the
mitochondrial network. By using stimulated emission depletion
microscopy, we have unveiled the existence of DIABLO/SMAC
clusters that are modulated by 2c. Finally, we have engineered a
new version of 2c¢ linked to polyethylene glycol though a short
peptide, named 2cPP. This new prodrug is specifically activated
by proteases present in the tumor microenvironment. 2cPP
shows a strong antitumor activity in vivo against leiomyosarco-
mas and no toxicity against normal cells.

treatment with doxorubicin plus olaratumab versus doxorubicin plus
placebo (7). Hence, new therapeutic approaches are urgently needed.

An unbalanced proteostasis triggers proteotoxic stress and, if
unresolved, leads to cell death (8). In general, cancer cells present
higher levels of proteotoxic stress. The increased metabolic and
proliferative rates require elevated levels of protein synthesis, a process
prone to errors (9). They are also more exposed to reactive oxygen
species (ROS) and starvation, which can cause protein misfold-
ing (8, 10). Aneuploidy, copy-number alterations, and the accumu-
lation of point mutations in coding sequences are additional sources of
proteotoxic stress (10-12). Cancer cells coexist with an increased level
of proteotoxic stress by upregulating mechanisms counteracting
protein misfolding including chaperones, the ubiquitin-proteasome
system, and macroautophagy. As a consequence, cancer cells show
an enhanced vulnerability to a further increase of proteotoxic stress
and are more prone to die (10). Therefore, a new therapeutic option
could be the exploitation of small molecules capable of triggering
proteotoxic stress (13-15). In this article, we augmented the pro-
teotoxic stress in leiomyosarcoma cells to elicit cell death. We
used the small molecule 2¢, a diaryldienone derivative, which is
a well-known inducer of proteotoxic stress. These compounds make
covalent adducts with free thiols by Michael addition (16, 17). In a
therapeutic perspective, we have also engineered a new prodrug
version of 2c that is activated in the tumor microenvironment after
proteolytic cleavage.

Materials and Methods

Cell culture conditions, drug treatments, and propidium iodide
staining

Leiomyosarcoma cell lines (SK-UT-1, SK-LMS-1, and DMR) were
validated by RNA profiling and grown as described previously (18).
The primary human uterine smooth-muscle cells (HUtSMCs) were
obtained from ATCC and used within eight passages. All cell lines were
weekly tested to be free from Mycoplasma contamination using
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Hoechst 33258 (Sigma) staining and microscopic inspection. For
propidium iodide (PI) staining, cells were collected and resuspended
in 0.1 mL of PBS and incubated with 10 pg/mL of PI (Merck), for 5
minutes at room temperature. PI fluorescence positivity was deter-
mined with Countess II FL automated cell counter (Invitrogen).

Mutation rate and genomic alteration analysis

The Cancer Genome Atlas (TCGA) tumor mutation counts
based on exome-sequencing data, as well as information on the
fraction of genome altered (FGA) defined by SNP arrays, were
downloaded from cBioPortal (19). We analyzed the whole Sarcoma
dataset (TCGA, PanCancer Atlas; n = 255) and within this dataset
the patients with leiomyosarcoma (n = 100; ref. 20). From the same
repository, we also retrieved the most recently updated matched
Cancer Cell Line Encyclopedia (CCLE) samples (21) focusing on
leiomyosarcoma cell lines.

Survival analysis

The R/Bioconductor package cgdsr was used to retrieve gene
expression (RSEM) and clinical data from patients with leiomyo-
sarcoma. The Kaplan-Meier survival analysis was performed con-
sidering the median expression value of each gene signature using
the R/Bioconductor survival package as described previously (22).
We used the “optimal” cut-off point to dichotomize the patients. To
select the best cutoff, the R/Bioconductor SurvMisc package was
used (23).

Chemicals, antibodies, and immunoblotting

The following chemicals were used: PI, Ferrostatin-1, Erastin,
Thapsigargin, and DMSO (Merck); Bortezomib (LC Laboratories);
TNF-related apoptosis-inducing ligand (TRAIL; ref. 24); Boc-D-fmk
(Abcam); Necrostatin-1 (Enzo Life Sciences); 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG; Cayman Chemicals). Immuno-
blotting was performed as described previously (25). After blocking
for 1 hour at room temperature, membranes were incubated with
the primary antibodies. The primary antibodies used were anti-Actin
and NOXA/PMAIP1 (Merck), DIABLO/SMAC (26), HDACA4 (27),
Ubiquitin (Covance), eIF20, and p-elF2a (Ser51; Cell Signaling
Technology). Next, membranes were incubated with the proper
horseradish peroxidase—conjugated secondary antibody for 1 hour at
room temperature (Merck). Blots were developed using Super Signal
West Dura (Pierce Waltham).

RNA extraction and qRT-PCR

Cells were lysed using Tri-Reagent (Molecular Research Center). A
total of 1.0 pg of total RNA was retrotranscribed by using 100 units of
M-MLV Reverse transcriptase (Life Technologies). qRT-PCRs were
performed using SYBR green technology (KAPA Biosystems). Data
were analyzed by comparative threshold cycle using HPRT and
GAPDH as normalizer.

Synthesis of 2cPP and other 2c derivatives

Inhibitors 2c and 2cPE were prepared as reported previously (28).
DU-DC2 was obtained in a 51% total yield by conversion of 2c into
the O-succinimidoyl ester 2c-OSu (28) followed by reaction of the
resulting activated ester with b-alanine. DU-MS1 was obtained in three
steps and 56% total yield from 2c-OSu: the spacer was introduced first
by reaction of the activated ester with 1,3-diaminopropane and
the resulting amine was reacted with N-Boc-(L)-leucine under stan-
dard peptide coupling conditions (EDC, HOBt). Finally, the Boc
protection was removed with trifluoroacetic acid. 2cPP was synthe-
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sized in 77% yield with a convergent approach: monomethoxy poly-
ethylene glycol (PEG; 5,000 kDa) was converted into the correspond-
ing succinimidoyl ester and this compound was reacted with b-alanine
giving the PEG-5000-spacer fragment. The Gly-Gly portion was
assembled sequentially by reaction of this fragment with glycine benzyl
ester, followed by deprotection. The coupling (EDC, HOBt)—depro-
tection (H2, Pd/C) cycle was repeated twice to introduce the two Gly
residues. The PEG-Spacer-Gly-Gly building block thus obtained
was finally coupled to DU-MS1 (EDC-HOB) giving 2cPP. All new
compounds had spectral (1H NMR, ESI-MS) data in agreement
with the structure. Full details of the syntheses will be reported
elsewhere.

Proteases analysis

The list of peptidases was obtained from MEROPS, the peptidase
database (https://www.ebi.ac.uk/merops). mRNA expression levels
(RSEM data) of the selected peptidases in patients with leiomyosar-
comas (n = 99) were derived from the Sarcoma dataset [TCGA,
PanCancer Atlas; n = 255 (20)]. The mRNA expression levels of the
selected peptidases in the leiomyosarcoma cell lines were retrieved
from the CCLE database (29).

Immunofluorescence confocal and stimulated emission
depletion microscopy

For immunostaining, cells grown on No. 1.5 coverslips were fixed
with 3% paraformaldehyde (Merck) for 20 minutes at room temper-
ature, quenched with 100 mmol/L glycine for 5 minutes, and permea-
bilized with 0.5% Triton X-100 for 5 minutes. Nonspecific binding was
blocked with 1% BSA (Merck) in PBS for 1 hour at room temperature.
Primary and secondary antibody incubations were carried out at 37°C
in PBS supplemented with 1% BSA and 0.5% Triton X-100, for 45 and
30 minutes, respectively. The following primary antibodies were used:
anti-DIABLO/SMAC [(26), 1:100 dilution]; anti-ATP Synthase 3
(Thermo Fisher Scientific, catalog No. MA1-930, 1:200 dilution);
anti-Cytochrome ¢ (CytC; Thermo Fisher Scientific, catalog No. 33-
8200, 1:100 dilution). Secondaries included Alexa Fluor 532-conju-
gated anti-mouse (catalog No. A11002) and anti-rabbit (catalog No.
A11009) antibodies, and Alexa Fluor 568-conjugated anti-mouse
(catalog No. A11019) and anti-rabbit (catalog No. A21069) F(ab’)2
fragments (Thermo Fisher Scientific, 1:100 dilution). Coverslips were
mounted in Mowiol (Merck) supplemented with 2.5% DABCO
(Merck).

Comparative confocal and stimulated emission depletion (STED)
images were acquired on a Leica TCS SP8 STED confocal micro-
scope (Leica Microsystems) equipped with a pulsed white-light
excitation laser, a 660-nm STED depletion laser, HC PL APO CS2
100%/1.40 oil objective and time-gated hybrid detectors. Excitation
was carried out at 514-nm for Alexa Fluor 532 and at 580 nm for
Alexa Fluor 568. Signal was detected at 520 to 565 and 590 to
650 nm, respectively. Both fluorophores were depleted using the
660-nm laser. Images from single optical sections were acquired in
sequential scanning mode using Leica Application Suite X (LAS X)
3.5.5 software. Contrast was linearly adjusted on the whole image
using Adobe Photoshop. Averaged intensity profiles were measured
along a 60-nm-wide line using LAS X. Each profile was normalized
to its respective peak intensity.

Leiomyosarcoma xenograft tumors in mice

Six-week-old female athymic nude-foxnlnu mice (Envigo Italy)
were utilized for SK-UT-1 xenograft experiments. Animal studies were
carried out according to the guidelines enforced in Italy (DDL 116 of
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Feb 21, 1992 and subsequent addenda) and in compliance with the
Guide for the Care and Use of Laboratory Animals, Department of
Health and Human Services Publication No. 86-23. In vivo xenografts
were established from initial subcutaneous injection of SK-UT-1 cells
in 12 mice. For DMR xenografts, 2 x 10° DMR cells were embedded in
ice-cold 50% growth factor-reduced BD Matrigel TM (BD Bio-
sciences): PBS and subcutaneously injected into the right flank of
6-week-old female NSG mice (Charles River Laboratory). When
tumor size was approximately 0.1 cm?, mice were treated intravenously
every 4 days, for three times with 170 mg/kg of 2cPP dissolved in PBS.
Before treatment, mice were randomly assigned to experimental
groups (n = 2 with 6 mice/group). All animals were checked daily,
and eventual behavioral changes, ill health, or mortality was recorded
for each animal. At the end of the experiments, mice were sacrificed
and autopsy was performed on all mice: thoracic and abdominal cavity
was open, and all major organs were macroscopically examined. Livers
from all animals were collected and weighted.

Statistical analysis

For experimental data, Student ¢ test was employed. For compar-
isons between samples >2, ANOVA test was applied coupled to
Kruskal-Wallis and Dunn multiple comparison test. We marked with
*, P<0.05; **, P <0.01; ***, P < 0.001. Unless otherwise indicated, all
the data in the figures were represented as arithmetic means + the SDs
from at least three independent experiments.

Results

Genomic alterations and proteotoxic stress in leiomyosarcomas
Induction of proteotoxic stress can be observed in relation to
genomic alterations (10, 11, 12). The overexpression of genes, as well
as the accumulation of mutations in coding regions, can alter the
normal proteostasis (12, 30). These mutations would produce protein
variants that are prone to misfolding, degradation, and aggregation.
To unveil the origin and the extent of proteotoxic stress, we
evaluated the FGA in leiomyosarcomas and in STS. FGA is the per-
centage of genome that has been affected by copy-number gains or
losses (31). More than 50% of patients with leiomyosarcomas show
avery high percentages of genetic alterations (FGA > 50%). STS groups
are a heterogeneous family of tumors that also comprise synovial
sarcomas, marked by few genomic alterations. Not surprisingly, FGA
is heterogeneous also in STS (Fig. 1A). Next, we compared the
mutations burden [(mutation counts (MC)] in relation to FGA in
leiomyosarcomas and STS (Fig. 1B and C). The mutations burden is
also heterogeneous in leiomyosarcomas, with few cases presenting
high MC (>100). Similar heterogeneity is observed in STS where
leiomyosarcomas and myxofibrosarcoma comprise cases with the
highest MC, whereas synovial sarcomas and dedifferentiated liposar-
comas are characterized by lower MC (Supplementary Fig. S1).
Afterward, we evaluated FGA and MC in three leiomyosarcoma cell
lines (RKN, SK-LMS-1, SK-UT-1). For comparison, we used fibro-
blasts as a reference of a normal genome. Interestingly, SK-LMS-1 cells
resemble leiomyosarcomas with high FGA and relative low MC. In
contrast, SK-UT-1 cells represent leiomyosarcomas, characterized by
relative low FGA but high MC (Fig. 1D). As reported previously, more
mutations are present in the cell lines compared with tissues (31). For
the subsequent studies, we selected SK-LMS-1 and SK-UT-1 cells, as
models of two different landscapes of genetic alterations observed in
leiomyosarcomas.
The small molecule 2c makes covalent adducts with free thiols of
cysteines and triggers proteotoxic stress and cell death (16, 17).
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Gene profile studies performed in B-cell chronic lymphocytic leukemia
(B-CLL) have identified, among the early response genes to 2c, several
components of the proteotoxic response, including: chaperons, pro-
teasomal subunits, and antioxidants (16). We selected a signature of
38 genes upregulated in B-CLL cells in response to 2c (Supplementary
Table S1) to evaluate its dysregulation in leiomyosarcomas. Figure 1E
shows that this general signature is highly expressed in the subgroup of
patients that shows a worse prognosis. We extracted from this general
signature a specific signature of 18 genes that collects elements of the
proteotoxic response, as defined by the Gene Ontology or by literature
(Supplementary Table S1 or Supplementary Table S2). Not surpris-
ingly, the proteotoxic signature comprises several chaperones. Inter-
estingly, patients with reduced survival are characterized by high levels
of expression of the 2c¢ proteotoxic stress signature (Fig. 1F). More-
over, there is a good correlation between patients with leiomyosarco-
mas with high MC (>46 n = 39) and the expression of the 2¢
proteotoxic signature (r = 0.46; P = 0.00325).

2c triggers proteotoxic stress, mitochondrial dysfunctions, and
cell death in leiomyosarcoma cells

The previous analysis suggests that aggressive lelomyosarcomas are
characterized by high levels of proteotoxic stress. In these tumors, a
further increase of protein misfolding could be deleterious for the
survival of the neoplastic cells. To investigate this hypothesis, we
evaluated the ability of 2¢ to trigger proteotoxic stress in SK-UT-1 and
SK-LMS-1 cells. As a measure of proteotoxic stress induction, the
mRNA levels of three chaperones: HSPAIA, HSPA6, and DNAJB6
were analyzed.

The expression levels of HSPAIA and HSPAG6 are dramatically
upregulated in the two leiomyosarcoma cells in response to 2c. In
contrast, DNAJB6 remains unaffected or slightly decreases (Fig. 2A).
The induction of 2c-dependent proteotoxic stress is coupled with the
appearance of cell death in both cell lines (Fig. 2B). This cell death is
partially dependent on caspases, as proved by the incomplete effect of
the caspase inhibitor (Fig. 2B). The combination TRAIL/bortezomib
was used as a reference for the caspase-dependent cell death. 2c-
induced cell death is unrelated to ferroptosis and only marginally
entails necroptosis (Supplementary Fig. S2A). Erastin proved the
efficiency of the ferroptosis inhibitor ferrostatin-1 (Supplementary
Fig. S2B). To further confirm the induction of proteotoxic stress, cells
were cotreated with 2c and the HSP90 inhibitor 17-AAG. The two
compounds show an additive pro-death effect, particularly when used
at low doses (Supplementary Fig. S2C). The pleiotropic nature of the
cell death response elicited by 2c was also observed in previous
studies (16, 17, 25, 26).

ECsq values for 2c are 4.47 + 1.04 umol/L in SK-UT-1 and 15.60 +
2.81 umol/L in SK-LMS-1 cells (Supplementary Fig S2D). The differ-
ential sensitivity to proteotoxic stress of the two leiomyosarcoma cells
is confirmed by other inducers of proteotoxic stress: the proteasome
inhibitor bortezomib and thapsigargin, an inhibitor of the SERCA
transport ATPase (10). Both stressors are less potent in SK-LMS-1 cells
with ECs, values of 32.79 + 0.67 umol/L (bortezomib) and 33.64 +
0.54 pmol/L (thapsigargin) compared with 23.13 + 0.75 wmol/L and
28.92 + 0.57 umol/L, respectively, in SK-UT-1 cells. In summary,
leiomyosarcoma cells with higher MC are more sensitive to proteo-
toxic stress.

Cell death in leiomyosarcoma cells is characterized by the upregula-
tion of the BH3-only protein NOXA/PMAIP1 (Fig. 2C), a component
of the apoptotic pathway elicited by endoplasmic reticulum stress (12).
The induction of caspase activity by 2c is verified by the proteolytic
processing of death substrate HDAC4 (27). As expected, 2c triggers the

Mol Cancer Ther; 2021



luliano et al.

A B 10 Leiomyosarcomas C Sarcomas
: 1.0 °
FGA : 2
100 7 , -~ o o
0.8 S o 0.8 !
o>75 o o, ’ «*%e° o
80 [50-75 " Ty s *
X @25-50 06 .; : 0.6 o
Y m<25 < O <
» 60+
£ 2 o e Q s 3%’
[} % v %
= 04 e s 04 S ” o2
& 40+ 3¢ 1. -
L} [} (]
s [ 4 o '-51.
20 4 0.2 - ’5. 0.2 5 .
we N o %o .
J oo 4 - o . ’:oi S Y
L o, Py o, (]
Py 007 10 100 1,000 00 10 100 1,000 10,000
SO ; ' ] . .
A Mutation counts (MC) Mutation counts (MC)
N
D Cell lines E F
1.0
2c general signature 2c proteotoxic stress signature
1.00 | ) ) 1.00 1 = High i
0.8 r Hiah . igh expressing
Y N b Lé%\, :;g::;'r?g B ~ Low expressing
= L X = 1
06 Z 075 N = 075 . !
< oSKLMS1 © i o 5} -
(O] -8 \ .8 - L
v 04 5 050 | ! 5 050 LIT
’ *RKN g g
2 2
0.25 0.25
02 @ P <0.0001 3 P=0.0038
0.0 HS822T  HsgeaT ® SKUT1 0.00 0.00
1 10 100 1,000 10,000 0 40 80 120 160 0 40 80 120 160
Mutation counts (MCs) Months Months
Figure 1.

Analysis of the mutational burden in patients with sarcoma and leiomyosarcoma. A, FGA in patients with sarcoma and leiomyosarcoma. Percent stacked bar charts
illustrating the distribution of patients with sarcoma (n = 255) and leiomyosarcoma (n = 100) considering the FGA parameter (patients were divided into four
groups based on this value). Data taken from the TCGA-PanCancerAtlas. B, Scatter plot showing the FGA and the distribution of MC in patients with leiomyosarcoma
(n =100). Data taken from TCGA-PanCancerAtlas. C, Scatter plot showing the FGA and the distribution of MC in patients with sarcoma (n = 255). Data taken from
TCGA-PanCancerAtlas. D, Scatter plot of FGA and MC distribution in human fibroblasts and leiomyosarcoma cell lines. Data taken from the Broad Institute CCLE
(2019) section of cBioPortal. E, Survival probability of patients having high and low median expression of the “2c general” gene signature (n = 38), as represented by
Kaplan-Meier plot. Patients with sarcoma were stratified on the basis of the optimal cut-off point. F, Survival probability of patients having high and low median
expression of the “2c proteotoxic stress” gene signature (n = 18), as represented by Kaplan-Meier plot. Patients with sarcoma were stratified on the basis of the

optimal cut-off point.

rapid accumulation of polyubiquitylated proteins (16, 28) and the
appearance of endoplasmic reticulum stress, as evidenced by elF2a.
phosphorylation (Fig. 2C). The proteolytic processing of eIF2a later
on further confirms the activation of caspases in 2c-treated cells (32).
Dose-dependent studies confirmed the induction of proteotoxic stress
by 2¢, as testified by the accumulation of polyubiquitylated proteins
and of NOXA/PMAIP1 (Supplementary Fig. S3).

Interestingly, after 2c¢ treatment, the apoptotic protein DIABLO/
SMAC accumulates as a higher molecular weight form. DIABLO/
SMAC is a mitochondrial protein released into the cytoplasm during
apoptosis. When imported into the mitochondria, it is processed by the
inner membrane peptidase complex to generate the mature form (33).
Hence, the accumulation of the DIABLO/SMAC precursor in cells
treated with 2c is indicative of defects in the import machinery,
possibly because of an early induction of the mitochondrial unfolded
protein response (34). In fact, the analysis of the mitochondria
network, using anti-DIABLO/SMAC and anti-ATP synthase (3 sub-
unit) antibodies, evidenced an early and dramatic fragmentation of
mitochondria in response to 2c¢ (Fig. 2D). In vivo time-lapse confocal
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microscopy confirmed the rapid (within 1 hour) induction of mito-
chondrial fission by 2c (Supplementary videos S1 and S2).

Sub-mitochondrial clusters of DIABLO/SMAC are perturbed by
2c treatment

To gain insight into the structural changes of the mitochondrial
network in response to 2¢, we used STED superresolution microscopy,
which provides an optical resolution below the diffraction limit (35).
The B subunit of the ATP synthase, a subunit of the multiprotein
complex localized in the mitochondrial inner membrane, including the
cristae, was selected to visualize mitochondria (36). We also analyzed
DIABLO/SMAC localization, which maturation is under 2c¢ influence.
Confocal and STED images are shown for comparison. Both leio-
myosarcoma cell lines are characterized by elongated tubular mito-
chondria. The ATP synthase shows a relative homogeneous distribu-
tion, as described previously (35, 36). STED microscopy unveiled that
DIABLO/SMAC localizes as small clusters, well separated and usually
peripheral with respect to the ATP synthase (Fig. 3). Normalized
fluorescence intensity profiles confirmed this distribution

MOLECULAR CANCER THERAPEUTICS
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Figure 2.

2c triggers proteotoxic stress and cell death in leiomyosarcoma cells. A, gRT-PCR analysis of the mRNA levels of the indicated genes in SK-UT-1 or SK-LMS-1 cells
treated with 10 umol/L of 2c for the indicated times. B, SK-UT-1 and SK-LMS-1 cells were treated for 24 hours with the indicated concentrations of 2c or with a
combination of TRAIL (2.5 ng/mL) and bortezomib (0.1 umol/L). The broad caspase inhibitor Boc-D-fmk was used (50 umol/L). Cell death was calculated as
percentage of cells positive to Pl staining. C, SK-UT-1and SK-LMS-1 cells were treated with 2¢ (10 umol/L) for the indicated times. Cellular lysates were generated and
immunoblots were performed with the indicated antibodies. Actin was used as loading control. D, SK-UT-1and SK-LMS-1 cells were treated or not with 10 umol/L 2c
for 4 hours. Immunofluorescence analysis was performed to visualize mitochondria morphology, using antibodies to visualize DIABLO/SMAC (green) and ATP
synthase-B subunit (red). Confocal images are shown in pseudocolors and were acquired with a Leica SP8 LSM.
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(Supplementary Fig. S4). The peripheral localization of DIABLO/
SMAC with respect to the ATP synthase-f is expected, because of
the different compartmentalization of the two proteins. Overall, the
described patterns of mitochondrial localization are similar in the two
leiomyosarcoma cell lines.
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Figure 3.

STED superresolution microscopy of mitochon-
dria under 2c-induced proteotoxic stress. Dual-
color confocal and STED images of SK-UT-1 and
SK-LMS-1 cells decorated with antibodies against
ATP-synthase-B subunit (green)/DIABLO/SMAC
(red) or with CytC (green)/DIABLO/SMAC (red).
Cells were untreated or treated with 5 umol/L of
2c for 4 hours. A single optical section is shown.
Magnification was applied to the boxed areas.
Bar =1 um.

2c induces a dramatic mitochondrial fragmentation. The 2D STED
analysis in 2c-treated cells evidences that some DIABLO/SMAC
clusters appear very distant from the ATP synthase domains (Fig. 3
arrows). This observation is confirmed by the analysis of the fluores-
cence intensity profiles (Supplementary Fig. S4). The origin of these
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distal DIABLO/SMAC clusters is unclear. They could represent the
accumulation of the cytosolic precursor form of DIABLO/SMAC.
To further understand the mitochondrial alterations triggered by
2¢, we performed the STED colocalization analysis of CytC and
DIABLO/SMACG, two proteins released into the cytoplasm from the
intermembrane space during apoptosis. In untreated cells, separat-
ed clusters as well as partially colocalized clusters of CytC and
DIABLO/SMAC can be observed (Fig. 3). In response to 2¢, some
partially colocalized clusters of CytC and DIABLO/SMAC persist.
In parallel, DIABLO/SMAC clusters at a certain distance from small
CytC spots appear (Fig. 3 arrowheads in the magnification). A
similar behavior is observed in the two leiomyosarcoma cells.
Normalized fluorescence intensity profiles confirmed these different
distributions (Supplementary Fig. S4). All the results were verified
by reverting the secondary antibodies labeling (Supplementary
Fig. S5 and $S6).

In summary, this analysis demonstrates the existence of specific
mitochondrial clusters of DIABLO/SMAC and that 2c triggers a
profound reorganization of the mitochondrial network and of these
clusters.

Optimization of 2c prodrug delivery in leiomyosarcoma cells

2c is poorly soluble in aqueous solutions, a limitation for its use
in vivo. Recently, we have developed a prodrug version of 2¢ (2¢cPE),
by using the PEG as a carrier. PEG promotes its solubility and
improves the delivery (Fig. 4A). An ester linkage allows the release
of active 2c from 2cPE, as operated by the secreted esterase
PLA2G7 (28). To test the antitumoral potency of 2cPE in vivo
against leiomyosarcomas, we first evaluated its ability to trigger cell
death in leiomyosarcoma cells. Surprisingly, 2cPE is unable to
trigger cell death in SK-UT-1 and SK-LMS-1 cells. The failure of
2cPE was further confirmed in DMR cells, another leiomyosarcoma
cell line (Fig. 4B).

Peptide sequences cleaved by proteases have been utilized as
bioactive linkers for the targeted delivery of specific drugs (37). The
tumor microenvironment is characterized by increased levels of
proteolytic activities, which promote tumor growth and invasion.
Prodrug maturation, by tumor microenvironment proteases, could
reduce oft-target effects of a compound. Hence, we decided to adopt a
new strategy to develop a new prodrug version of 2c. To increase its
solubility and to specifically generate the active 2c at the tumor site, the
compound was conjugated to PEG through a peptide linker. We
selected a simple peptide linker constituted by the 3 aa Leu-Gly-Gly
(LGG), a sequence that can be cleaved by different proteases secreted in
the tumor microenvironment. Figure 4C illustrates the different
proteases capable of processing the selected sequence and underlines
the different sites. As expected, several cathepsins but also metallo-
proteinases are predicted to cleave the designed sequence. Several of
the LGG proteases, particularly the matrix metalloproteinase
ADAM10 and ADAMTSS5, are highly expressed in leiomyosarcomas
(Fig. 4D). Curiously, leiomyosarcomas heterogeneously express
PLA2G?7. Tt is highly plausible that the group of leiomyosarcomas
characterized by elevated levels of PLA2G? are those characterized by
immune/inflammatory cells infiltrates (22). In fact, it is well known
that inflammatory cells, including macrophages, express high levels of
PLA2G7 (38). Next, we investigated the expression levels of the
putative LGG proteases in the two leiomyosarcoma cell lines. CTSZ,
CTSB, CTSL, CTSA, CTSD, and MMP2 are the most expressed
proteases in SK-LMS-1 cells. The same group of cathepsins are also
highly expressed in SK-UT-1 cells. In these cells the matrix metallo-
proteinase more abundantly expressed is ADAMI0, which is also
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highly expressed in tumors (Fig. 4E). An important difference between
tumors and cell lines regards the matrix metalloproteinases. In general,
they are more abundantly expressed in tumors. It is possible that this
difference stems from the presence of an activated stroma (39). The
absence of PLA2G7 expression in both cell lines explains the unre-
sponsiveness to 2cPE treatment.

Generation of the protease-activated prodrug 2cPP

The main goal of this study is to test a new therapeutic strategy
against leiomyosarcomas. Having confirmed that leiomyosarcomas
express a repertoire of extracellular proteases capable of processing the
sequence LGG, we decided to insert this sequence between the 2c and
the PEG carrier.

The cleavage of the peptide sequence, connecting 2c to PEG can
expose a negatively charged carboxy-terminus or a positively
charged amino-terminus, depending on the orientation of the
peptide sequence. To evaluate the effect of the negative and of the
positive charges linked to 2c, we synthetized two variants of 2c: DU-
DC2 with the exposed COO~ and DU-MSI with a terminal NH;"
(Fig. 5A). When the ability to trigger cell death of the two com-
pounds was compared respect to 2c, DU-DC2 resulted slightly less
potent (Fig. 5B). It is possible that the introduced negative charge
interferes with the cellular uptake of the 2¢ derivative and partic-
ularly with the interaction with the membrane. Although further
studies are necessary to prove this hypothesis, we decided to
introduce the LGG sequence with the orientation that will generate,
after the proteolytic cleavage, the exposition of the NH;* group. The
new prodrug version was synthetized and named 2cPP (2c-protease—
activated PEG-conjugated) and the structure is shown is Fig. 5C.
The new molecule contains a diaminopropane linker that joins 2¢ to
the LGG sequence and a D-alanine linker for the connection to the
PEG moiety.

When leiomyosarcoma cell lines were treated with 2cPP, they all
underwent cell death (Fig. 5D). The percentage of cell death is
comparable with 2¢ treatment, with a slightly reduced potency of
2¢PP. It is unclear whether this reduced in vitro potency is caused by a
delay in the generation of the active drug, because of the protease-
mediated processing. Similarly to 2c, 2cPP triggered cell death is
partially dependent on caspase activation (Fig. 5E).

Induction of proteotoxic stress reduces tumor formation
in vivo

To prove the antitumor efficiency of the new prodrug 2cPP in vivo
against leiomyosarcomas, we selected SK-UT-1 cells that are able to
efficiently process the prodrug in culture and show an aggressive
growth in vivo. To exclude general toxicity, we initially evaluated the 2¢
and 2¢PP against HUtSMCs, which represent the normal counterpart
of SK-UT-1 cells. Cells were treated with the compounds and after
24 hours cell death was scored. 2c induces cell death with much lower
efficiency in HUtSMC cells compared with SK-UT-1 (Fig. 6A). Most
importantly, 2cPP was totally ineffective. Next, we compared the
induction of proteotoxic stress by analyzing eIF2c phosphorylation
and NOXA/PMAIP1 upregulation (Fig. 6B). HUtSMC show a lower
level of basal eIF20. phosphorylation compared with SK-UT-1 cells.
Hence, a higher proteotoxic stress seems to characterize cancer cells, as
confirmed by the increased expression of HSFI in the two leiomyo-
sarcoma cell lines compared with normal cells (Supplementary
Fig. §7). Nevertheless, HUtSMC cells promptly augment eIF2o. phos-
phorylation in response to 2c. In contrast, NOXA/PMAIPI is upre-
gulated only in SK-UT-1 cells. Therefore, normal cells seem to be
protected from the vicious cycle of the proteotoxic stress-induced
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Figure 4.

Generation of a new prodrug version of 2c. A, Molecular structure of 2c and of its prodrug version 2cPE. B, The three leiomyosarcoma cell lines were
treated for 24 hours with the increased concentrations of 2c or 2cPE (1/2.5/5/10 umol/L). Cell death was calculated as percentage of cells positive to PI
staining. C, List of the different proteases capable of cleaving the LGG sequence at the indicated sites as downloaded from MEROPS, the peptidase
database (https://www.ebi.ac.uk/merops). Lysosomal proteases are in orange, metalloproteinases in light blue, other proteases in pink. D, Box plot
representing mRNA expression levels (RSEM data) of LGG peptidases identified through MEROPS in patients with leiomyosarcomas (n = 99). Data were
obtained from the whole Sarcoma dataset (TCGA, PanCancer Atlas; n = 255). Lysosomal proteases are in orange, metalloproteinases in light blue, other
proteases in pink and PLA2G7 is identified in gray. E, mRNA expression levels (TPMs) of LGG peptidases identified through MEROPS in SK-UT-1 and
SK-LMS-1 cell lines. Data were obtained from the database of the CCLE. Lysosomal proteases are in orange, metalloproteinases in light blue, other

proteases in pink, and PLA2G7 is identified in gray.

apoptosis. In HUtSMC, 2cPP is unable to trigger eIF2a. phosphory-
lation, thus confirming its inactivity. This result suggests that normal
cells are unable to efficiently generate the active drug by proteolytic
processing.

Next, SK-UT-1 xenografts were generated in immunocompro-
mised mice, and when the tumors reached the size of 0.1 cm?, 2cPP
(170 mg/kg) was administered intravenously, three times with 4-day
intervals. This dose, considering the in vitro data, should corre-
spond to approximately 11 mg/kg of the active compound. Alter-
natively, mice were treated with vehicle alone. 2cPP significantly
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inhibits tumor growth compared with control (Fig. 6C). The
percentage of tumor growth inhibition (TGI) is 97.6% after 2 days
from the first injection and the final TGI is 80.4%, compared with
vehicle-treated animals. As expected from this analysis, tumors
from 2cPP-treated mice weigh much less compared with those from
vehicle-treated mice (Fig. 6D). No gross toxicity was observed and
2¢PP does not induce any behavioral change or grossly visible
pathologic changes. In the treated group, two mice show slight
body weight loss (2.5%) and only a mouse evidenced a loss > 5%
during the first week. This animal promptly recover weight during

MOLECULAR CANCER THERAPEUTICS
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Figure 5.

Generation of the protease-activated prodrug 2cPP. A, Molecular structure of the new derivates of 2c with negative (DU-DC2) and positive (DU-MST1) charge.
B, SK-UT-1 cells were treated for 24 hours with the increased concentrations of 2c, DU-DC2, or DU-MS1 (1/2.5/5/10 umol/L). Cell death was calculated as
percentage of cells positive to Pl staining. €, Molecular structure of the new prodrug version of 2¢c (2cPP). Arrows indicate the possible sites of cleavage.
Spacers and PEG are also indicated. D, The three leiomyosarcoma cell lines were treated for 24 hours with the increased concentrations of 2c or 2cPP (1/2.5/5/
10 umol/L). Cell death was calculated as percentage of cells positive to Pl staining. E, The three leiomyosarcoma cell lines were treated for 24 hours with the
indicated concentrations of 2cPP. The broad caspase inhibitor Boc-D-fmk was used (50 umol/L). Cell death was calculated as percentage of cells positive to Pl
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Antitumor activity of 2cPP in vivo. A, HUtSMC and SK-UT-1
cells were treated for 24 hours with (10 umol/L) of 2c or 2cPP.
Cell death was calculated as percentage of cells positive to PI
staining. B, HUtSMC and SK-UT-1 cells were treated with 2c
(10 umol/L) for the indicated times. Cellular lysates were
generated and immunoblots were performed with the indi-
cated antibodies. Ponceau S staining was included as loading
control. C, Variations of SK-UT-1leiomyosarcoma xenografts
volume in mice following intravenous treatments with 2cPP
(170 mg/kg) or a saline solution. Arrows indicate the injec-
tions. D, At day 12, tumors were dissected and final tumor
weights measured. Mean tumor weights + SD. E, Total body
weights or net body weights (obtained by subtracting
tumors) of mice treated with 2cPP, during xenograft studies
with SK-UT-1cells. Data are show as variations (%) relative to
time 0. Arrows indicate the injections. F, Total body weights
or net body weights (obtained by subtracting tumors) of
mice treated with saline, during xenograft studies with SK-
UT-1 cells. Data are show as variations (%) relative to time O.
Arrows indicate the injections. G, Variations of DMR leio-
myosarcoma xenografts volume in mice following intrave-
nous treatments with 2cPP (170 mg/kg) or a saline solution.
Arrows indicate the injections. H, Immunoblot analysis using
the indicated antibodies in xenografted tumors treated or not
with 2cPP. Twenty-four hours after the last injection with
2cPP (170 mg/kg) or PBS alone, mice were sacrificed for the
generation of tumor extracts.
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the second week (Fig. 6E). Because of the strong TGI exhibited by
2cPP, tumors do not influence body weight of treated mice (com-
pare body weight and net body weight variations). In contrast, in
control mice tumor growth profoundly influences body weight
(Fig. 6F). Next, we validated the potent antitumor activity of 2cPP
in a second xenograft model of leiomyosarcomas using DMR cells.
2cPP was again efficient in blocking tumor growth (Fig. 6H).
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Immunoblot analysis confirmed the upregulation of NOXA/
PMAIP1 and the induction of apoptosis, testified by HDAC4
cleavage, detectable only in tumors from 2cPP-treated mice
(Fig. 6G). As observed above in vitro for SK-UT-1 (Fig. 2), after
24 hours from 2cPP injection eIF20. phosphorylation is exhausted.

In conclusion, augmenting proteotoxic stress in leilomyosarcoma
cells exerts a strong antitumor activity in vivo.
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Discussion

In this article, we have proved that raising proteotoxic stress can
trigger cell death in leiomyosarcoma cells and reduce tumor growth
in vivo. We have shown that aggressive leiomyosarcomas have an
intrinsic higher level of proteotoxic stress, a condition that could
render these tumors uncapable of managing further increases of
proteotoxic stress.

Induction of proteotoxic stress is emerging as a new therapeutic
option and compounds capable of enhancing proteotoxic stress
are under investigation (8-10, 40-42). The main targets of these
small molecules are the chaperone system and the ubiquitin-
proteasome system (UPS; ref. 10). 2¢ belongs to the family of
diaryldienone derivatives, small molecules able to alkylate various
cellular nucleophiles and cysteines in particular (13, 16, 42). 2cis a
nonselective inhibitor of the UPS because it reacts with the
catalytic cysteines of deubiquitylases (16, 28). Further studies
have shown that 2¢ can react also with cysteines exposed at the
surface of several proteins (17). Hence, these compounds can elicit
proteotoxic stress directly, through the alteration of protein folding
and indirectly, by blocking the UPS (17, 43, 44). Diaryldienone
derivatives can also affect the transport of misfolded proteins and
aggresome formation, (45) and can reduce glutathione levels (46),
thus inducing oxidative stress (43, 44). Mitochondrial functions are
strongly affected by these compounds (25, 44). From all these
dysfunctions, proteotoxic stress become unmanageable and ulti-
mately cell death occurs.

DIABLO/SMAC is a mitochondrial proapoptotic protein, whose
maturation is influenced by 2c-induced proteotoxic stress. DIABLO/
SMAC is released into the cytosol and promotes caspase activities by
inhibiting the inhibitors of apoptosis (IAP). DIABLO/SMAC matu-
ration, as operated by the mitochondrial rhomboid protease PARLn,
generates the amino-terminal IAP-binding motif (33). Few data are
available on DIABLO/SMAC mitochondrial localization. By using
two-color STED microscopy, we have defined that DIABLO/SMAC
exists in the intermembrane mitochondrial space as demarcated
clusters, partially colocalizing with CytC and distinct from ATP
synthase-B. The organization in clusters was observed also for other
mitochondrial proteins (36). In its mature form, DIABLO/SMAC acts
as a tetramer to bind IAPs (47). Its status when sequestered into the
mitochondria is unclear. Our data suggest that specific sub-
mitochondrial domains enriched for DIABLO/SMAC exist. Interest-
ingly, CytC can partially colocalize with DIABLO/SMAC clusters and
CytC can localize also in the cristae (48). Whether these colocalizing
clusters represent mitochondrial cristae deserves further studies.
Importantly, in 2c-treated cells, a dramatic mitochondrial fragmen-
tation occurs and small spots of DIABLO/SMAC appear. Because they
appear very early and much earlier than caspase activation, it is
improbable that these spots represent the mature form of DIABLO/
SMAC released from the mitochondria. Instead, because dysfunctions
in the import of mitochondrial proteins occur early in response to
proteotoxic stress, (34) they could represent the cytosolic DIABLO/
SMAC precursor.

To potentiate the antineoplastic activity of 2c, we have generated
2cPP, a prodrug version that should be activated in the tumor
microenvironment. 2cPP is inactive in its native state and gain high
potency immediately after proteases release the active 2c. The
designed sequence LGG can be cleaved by different peptidases,
including lysosomal cathepsins and certain metalloproteases, two
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families of proteases abundantly secreted in the tumor microenvi-
ronment (39, 49). By linking 2c to PEG through a peptide, we have
resolved the poor solubility of the compound, increased the spec-
ificity of action and reduced the general toxicity. As final cleaved
product 2¢, through the diaminopropane linker maintains a Lys.
This additional structure only partially influences the pro-death
activity of 2¢ in vitro. Different approaches to generate amino acid
or peptide-conjugated drugs have been exploited (37). Interestingly,
pioneering studies demonstrated that a Leu-doxorubicin prodrug
shows higher antitumor efficiency in vivo when compared with the
parental drug (50).

Overinduction of proteotoxic stress can be deleterious also for
normal cells. In uterine smooth-muscle cells, high doses of 2¢ can
trigger cell death, although at much reduced extent compared with
leiomyosarcoma cells. Importantly, the insertion of the protease
sensitive linker further reduces the toxic effect of 2¢ against normal
cells. Uterine smooth muscle cells are not influenced by 2cPP and mice
treated with 2cPP do not evidence signs of toxicity. The strong
antitumor activity of 2cPP against leiomyosarcoma cells in vivo
demonstrates that the induction of proteotoxic stress can be a valid
option to treat these malignant tumors.

Although we have focused the study on leiomyosarcomas, our
discoveries can also be applied to other tumors where proteotoxic
stress is elevated. Moreover, because we have selected a simple aa
sequence for prodrug delivery, it is highly plausible that a set of
proteases capable of activating 2cPP is present in the microenviron-
ment of different tumors.
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