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Abstract

Alveolar rhabdomyosarcoma (aRMS) is a highly malicious childhood malignancy characterized by specific chromosomal
translocations mostly encoding the oncogenic transcription factor PAX3-FOXO1 and therefore also referred to as fusion-
positive RMS (FP-RMS). Previously, we have identified fenretinide (retinoic acid p-hydroxyanilide) to affect PAX3-FOXO1
expression levels as well as FP-RMS cell viability. Here, we characterize the mode of action of fenretinide in more detail.
First, we demonstrate that fenretinide-induced generation of reactive oxygen species (ROS) depends on complex II of the
mitochondrial respiratory chain, since ROS scavenging as well as complexing of iron completely abolished cell death.
Second, we co-treated cells with a range of pharmacological inhibitors of specific cell death pathways including z-vad
(apoptosis), necrostatin-1 (necroptosis), 3-methyladenine (3-MA) (autophagy), and ferrostatin-1 (ferroptosis) together with
fenretinide. Surprisingly, none of these inhibitors was able to prevent cell death. Also genetic depletion of key players in the
apoptotic and necroptotic pathway (BAK, BAX, and RIPK1) confirmed the pharmacological data. Interestingly however,
electron microscopy of fenretinide-treated cells revealed an excessive accumulation of cytoplasmic vacuoles, which were
distinct from autophagosomes. Further flow cytometry and fluorescence microscopy experiments suggested a
hyperstimulation of macropinocytosis, leading to an accumulation of enlarged early and late endosomes. Surprisingly,
pharmacological inhibition as well as genetic depletion of large dynamin GTPases completely abolished fenretinide-induced
vesicle formation and subsequent cell death, suggesting a new form of dynamin-dependent programmed cell death. Taken
together, our data identify a new form of cell death mediated through the production of ROS by fenretinide treatment,
highlighting the value of this compound for treatment of sarcoma patients including FP-RMS.

Introduction can be subdivided into two major subtypes, of which

alveolar rthabdomyosarcoma (aRMS) is the most unfavor-

Rhabdomyosarcoma (RMS) is the most common soft tissue
malignancy of children and young adolescents accounting
for 5-10% of all cancers in this age group [1]. RMS are
highly malignant tumors of mesenchymal cell origin that
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able one [2]. The majority of aRMS are characterized by a
tumor-specific chromosomal translocation generating the
chimeric transcription factor PAX3/7-FOXO1 (fusion-
positive RMS or FP-RMS) [3]. The overall survival rate of
patients suffering from this malignancy is poor with less
than 30%, and the recurrence rate is high with more than
48%. Further, the remaining 5-year post relapse survival
rate is only about 21% [2, 4]. Resistance of FP-RMS to
conventional treatments including chemotherapy and
radiation therapy, which mainly lead to induction of apop-
tosis, is a main cause of failure [5-7]. Hence, one of the
major resistance mechanisms is the intrinsic or acquired
ability to prevent apoptosis [8].

During the last decade a range of nonapoptotic cell death
pathways have been described [9], opening the exciting
possibility to eliminate cancer cells via alternative routes.
Besides apoptosis, regulated necrosis, including necroptosis,
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and ferroptosis, are the most studied alternative forms of cell
death [10]. A number of compounds are available that can
activate such alternative death pathways [11-16] and
thereby have an antineoplastic action.

Several types of cell death are associated with accumu-
lation of cytoplasmic vesicles including methuosis, para-
ptosis, or oncosis [17-24]. Methuosis is a recently described
form of cell death and is characterized by an accumulation
of phase lucent vesicles generated by increased macro-
pinocytosis. This type of cell death is now investigated in
different cancers where it can be induced through multiple
compounds such as vacuolin-1 [17-20]. However, a cell
death mode characterized by accumulation of vacuoles has
not yet been reported for FP-RMS.

To explore cell death inducing agents specifically in FP-
RMS, we previously screened a library of 1280 mostly
Food and Drug Administration (FDA)-approved com-
pounds using PAX3-FOXO1 activity as read-out [25]. From
this screen, we identified fenretinide (retinoic acid
p-hydroxyanilide) as one of the most effective small-
molecule compounds inducing a strong reduction of FP-
RMS tumor growth in mouse xenograft experiments.

Here, we therefore investigated the detailed mechanism
of cell death provoked by fenretinide in FP-RMS cells. The
compound activated a novel form of nonapoptotic cell death
associated with extensive accumulation of cytoplasmic
vesicles [17, 26]. Strikingly, this depended pharmacologi-
cally and genetically on the function of dynamin GTPases,
known regulators of endocytosis. These findings, together
with a long experience of fenretinide treatment in clinics for
the treatment of multiple malignancies, rejuvenate the
application of this compound in FP-RMS.

Results

Fenretinide activates a nonclassical cell death
pathway

We previously demonstrated that fenretinide-induced cell
death was associated with a reduction in PAX3-FOXO1
levels [25]. Since expression of PAX3-FOXO1 is required
for survival [27], we first explored whether the effect of
fenretinide is dependent on fusion protein depletion. For
this, we used a doxycycline inducible lentiviral shRNA
vector directed against endogenous PAX3-FOXO1 (Sup-
plementary Fig. 1A) together with a EF1-promoter driven
vector for expression of an shRNA-insensitive variant of
PAX3-FOXO1 (P3F mut) in Rh4 cells [28]. Upon induction
of shRNA, endogenous P3F protein levels were reduced to
about 20%, while levels of ectopic PAX3-FOXO1 matched
the ones of the endogenous protein. Physiologically, ectopic
expression of PAX3-FOXO1 reduced the levels of cleaved

PARP, suggesting that this can rescue cells from apoptosis.
Unexpectedly however, ectopic PAX3-FOXO1 did not
protect from fenretinide-induced cell death as measured by
the water-soluble tetrazolium-1 (WST-1) assay and western
blotting (Fig. la and Supplementary Fig. 1B), despite
maintaining exogenous PAX3-FOXO1 protein levels. These
results suggest that induction of apoptosis after fenretinide
treatment is linked to a reduction in PAX3-FOXO1 levels,
while under conditions of sustained PAX3-FOXO1 expres-
sion fenretinide induces an alternative mode of cell death.

To explore this hypothesis further, we next studied dif-
ferent well-characterized cell death pathways to evaluate
their relevance for fenretinide-mediated cytotoxicity using a
pharmacological approach. We treated two FP-RMS cell
lines (Rh4 and Rh30) with fenretinide in combination with
the apoptosis inhibitor z-vad, the necroptosis inhibitor
necrostatin (NS-1), the autophagy inhibitor 3-methyladenine
(3-MA), the ferroptosis inhibitor ferrostatin-1 (FS), and the
iron chelator deferoxamine (DFO) [29, 30] and assessed cell
viability after 48 h. Surprisingly, none of the specific cell
death inhibitors was able to rescue from cell death (Fig. 1b),
suggesting that neither induction of apoptosis, necroptosis,
ferroptosis, or autophagy play a major role in fenretinide-
induced cell death. Interestingly however, DFO almost
completely rescued cell viability. While both FS and DFO
act as reactive oxygen species (ROS) scavengers, FS is lipid-
soluble and claimed to protect from membrane lipid-
peroxidation during ferroptosis, while DFO has a more
broad ROS-protecting activity, suggesting that more broadly
produced ROS species might play an important role.

Since pharmacological inhibition is prone to certain off-
target effects, we aimed next to confirm these results using a
genetic approach. We used the CRISPR/Cas9 system in
both cell lines to knock out the essential apoptotic/necrop-
totic/autophagic pathway genes to create death pathway
ablated tumor cells. To block apoptosis, we combined
sgRNAs directed against BAK and BAX, two key players
in the intrinsic apoptotic pathway, to inhibit necroptosis we
used sgRNAs directed against RIPK1, the central kinase in
the necroptotic pathway and to block autophagy we
knocked out ATGS and 7. We achieved nearly complete
knockouts for BAK and BAX as well as a significant
reduction of RIPK1 and ATGS5 and 7 as determined by
western blot (Supplementary Fig. 1C). In parallel, we also
depleted the three genes BAK, BAX, and RIPKI in one
single cell population. In Rh4 cells, combined knockout of
BAX and BAK resulted in a nearly complete inhibition of
caspase 7 and PARP-1 cleavage after fenretinide treatment,
while in Rh30 cells both PARP-1 and caspase-9 cleavage
were less affected by the genetic manipulations, suggesting
that other apoptotic pathways are (also) involved. Similar
results were seen for the triple knockouts of BAK/BAX/
RIPK1 (Fig. 1c). Interestingly, we found that Rh4 cells do
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not express caspase-8, while Rh30 cells do (Supplementary
Fig. 1D) which might explain the differences in apoptotic
downstream effects between the two cell lines. Next, we
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determined dose-response curves with all knockout cells
after fenretinide treatment. In agreement with the pharma-
cological approach, we observed only a very small,
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<« Fig. 1 Fenretinide activates a distinct and nonclassical cell death

pathway. a Left panel: cell viability of indicated engineered Rh4 cells
treated with doxycycline and increasing concentrations of fenretinide
as determined by the WST assay. Right panel: western blot using
whole-cell lysates from indicated modified Rh4 cells after treatment or
not with 5 uM fenretinide for 48 h. b Cell viability assay of Rh4 (left
panel) and Rh30 (right panel) cells treated with increasing con-
centrations of fenretinide in combination with different cell death
inhibitors (z-vad (100 uM), NS-1 (25 uM), 3-MA (2.5 uM), FS (4 uM),
and DFO (50 uM)). ¢ Western blot using whole-cell lysates from Rh4
and Rh30 cells carrying the indicated knockouts treated with
increasing concentrations of fenretinide. PARP cleavage and caspase 7
or 9 activity was assessed. d Cell viability assay of indicated knockout
cells treated with increasing concentrations of fenretinide as assessed
by the WST assay in Rh4 (left panel) and Rh30 (right panel) cells.

nonsignificant rescue from cell death in deleted versus wild-
type cells, which was slightly more pronounced in the triple
knockout cells (Fig. 1d). Nevertheless, these results suggest
that while fenretinide engages some apoptotic features
including caspase activation, cells execute mainly an alter-
native death pathway if apoptosis is blocked. To confirm,
we performed time-lapse microscopy of wild type, as well
as BAK/BAX knockout cells under fenretinide treatment
and stained these for active caspase 3/7 and propidium
iodide (PI). After 26 h, we observed similar numbers of
cells staining positive for activated caspase and for PI,
suggesting equal execution of apoptosis and an alternative
form of cell death. This was also true for BAX/BAK
knockout cells (Supplementary Fig. 2).

Fenretinide triggers production of ROS

Based on the ability of the ROS inhibitor DFO to rescue FP-
RMS cells from fenretinide-induced cell death, we won-
dered whether ROS might be responsible for induction of
cell death.

First, we observed a strong perinuclear accumulation of
ROS with the fluorogenic pan-ROS probe CellRox after
20h of fenretinide treatment (Fig. 2a). To evaluate its
kinetics, we captured time-lapse fluorescence microscopy
images of fenretinide-treated and untreated Rh4 cells. This
revealed positively stained cells already 20 h after fenreti-
nide treatment, which started to detach and undergo cell
death 6 h later, demonstrating that ROS production precedes
initiation of cell death. In BAK/BAX/RIPKI1 knockout
cells, the onset of cell death was delayed for about 10h
(Supplementary Fig. 3A), validating that fenretinide is able
to initiate apoptosis, but cells undergo a different mode of
cell death if apoptosis is blocked.

To quantify induced ROS, we measured CellRox fluor-
escence 18 h after fenretinide treatment by flow cytometry.
This revealed that ROS levels increased by about 2.5 fold.
Staining of cells with a mitochondria-specific ROS probe
(MitoSox) showed a similar increase of about threefold

(Fig. 2b), suggesting that at least a part of fenretinide-
induced ROS species originate from mitochondria.

To determine the relevance of ROS for induction of cell
death, we used different ROS inhibitors including the
antioxidant vitamin C, DFO, FS, and the mitochondria-
specific ROS scavenger MitoTempo. The extent of reduc-
tion in ROS levels differed, with DFO and MitoTempo
reducing them below 50%, while vitamin C and FS were
considerably less effective (Fig. 2c, d and Supplementary
Fig. 3B). In agreement with these scavenging potencies,
similar to DFO (Fig. 1b) also MitoTempo was able to
completely inhibit fenretinide-induced cell death (Fig. 2d),
while vitamin C and FS had only minor effects. These
findings suggest that fenretinide induces mitochondrial
ROS, which are involved in the induction of cell death. To
evaluate the role of other sources of ROS such as lipid
second messengers or the ER, we used inhibitors against the
serine palmitoyltransferase (myriocin), and the endoplas-
matic reticulum oxidase (ERO1) in comparison with
MitoTempo, co-treated our cells with fenretinide and
assessed cell viability (Fig. 2e). Besides MitoTempo, none
of these inhibitors rescued cells from fenretinide-mediated
cell death suggesting that neither the sphingolipid pathway
nor the endoplasmatic reticulum are relevant sources of
ROS. However, a complete rescue was achieved with
MitoTempo, indicating that the mitochondria are sources of
fenretinide-induced ROS.

Production of ROS depends on complex Il of the
mitochondrial respiratory chain (MRC)

One of the major sources of ROS production is the MRC.
As the MRC is the major source of ATP production in the
cell, any interference is fatal for the tumor cell and reduces
the mitochondrial membrane potential (Aym). Hence, we
next evaluated whether the mitochondrial ROS induced by
fenretinide are produced by one of the MRC complexes. We
co-treated Rh4 cells with fenretinide and different inhibitors
targeting the five complexes of the MRC and measured the
amount of produced ROS. Inhibitors against complex I
(rotenone), III (antimycin), IV (sodium azide), and V
(CCCP) did not cause a decrease in ROS levels (Supple-
mentary Fig. 4). Instead, inhibitors of complex II, namely
TTFA and carboxin significantly reduced ROS production
in both Rh4 and Rh30 cells (Fig. 3a, b). These findings
indicate that the main target of fenretinide for ROS pro-
duction lies downstream of complex II of the MRC.

Fenretinide induces accumulation of cytoplasmic
vesicles

To further characterize fenretinide-induced cell death, we next
investigated morphological changes at the ultrastructural level

SPRINGER NATURE
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using electron microscopy (EM). For this, we treated Rh4 and
Rh30 cells with fenretinide alone or in combination with
z-vad for 48 h (Fig. 4a). Interestingly, this revealed that fen-
retinide induced an enormous vacuolization within the cyto-
plasm, which was even further enhanced in combination with
z-vad. The vacuoles had different sizes, were phase lucent and
contained only one single membrane, suggesting that they do
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not represent autophagosomes. In contrast, features of apop-
tosis were only rarely detected, most pronounced in a com-
bination of fenretinide with necrostatin (data not shown),
whereas we could readily identify chromatin condensation
and membrane blebbing after treatment with the PLK1 inhi-
bitor volasertib, which is known to induce apoptosis in RMS
cells [31] (Supplementary Fig. 5A). These findings further
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Fig. 2 Fenretinide triggers the production of reactive oxygen
species. a—d Fluorescence microscopy analysis and flow cytometry of
fenretinide-treated Rh4 cells. a Light microscopy images of fenretinide
(3 uM) treated Rh4 cells stained with a fluorogenic Pan-ROS detectant
(4 1M CellRox). Scale bar is 50 um. b Mean fluorescence index ana-
lysis of the flow cytometry data of Rh4 (upper panel) and Rh30 cells
(lower panel) treated with fenretinide (3 and 4 uM, respectively). Cells
were stained with 4 uM CellRox and 10 uM MitoSox for the detection
of total ROS and mitochondrial ROS levels, respectively. ¢ Mean
fluorescence index analysis of the flow cytometry data of Rh4 (upper
panel) and Rh30 (lower panel) cells treated with fenretinide (3 and
4 uM, respectively) and different ROS inhibitors including vitamin C
(50 uM), deferoxamine (50 uM), and ferrostatin (4 uM). Cells were
stained with MitoSox for the detection of mitochondrial ROS levels.
d Mean fluorescence index of the flow cytometry data of ROS levels in
Rh4 and Rh30 cells (upper and lower panel, respectively) after indi-
cated treatments (left panel) and cell viability of Rh4 and Rh30 cells
treated with fenretinide (3 and 4 uM, respectively) in the presence or
absence of the mitochondria-specific ROS scavenger MitoTempo
(300 uM) as determined by WST assay (right panel). e Cell viability of
Rh4 cells treated with increasing concentrations of fenretinide in
combination with different compounds including an inhibitor of the
sphingolipid pathway (myriocin (5 uM)), an endoplasmatic reticulum
stress inhibitor (Erol (5.3 uM)), and a ROS scavenger (MitoTempo
(300 uM)).

strengthen our hypothesis that fenretinide is able to trigger
multiple types of cell death.

The observed features of the phase lucent vesicles were
consistent with macropinosomes and reminiscent of cell
death forms which are associated with accumulation of
endosomes [17, 26]. We therefore wondered whether
fenretinide-induced cell death involved disturbance of
macropinocytosis or endocytosis. To study macro-
pinocytosis, we followed the uptake of fluid phase dyes like
acridine orange (AO) and lucifer yellow (LY) [20] by flow

cytometric analysis. Fenretinide indeed induced the uptake
of AO and LY (>4-fold increase, Fig. 4b and Supplemen-
tary Fig. 5B, C). Co-treatment with the ROS scavengers
vitamin C and MitoTempo almost completely abolished this
uptake, indicating that the fenretinide-induced increase in
dye uptake is downstream of ROS induction and mediated
through macropinocytosis. Addition of z-vad to fenretinide-
treated cells did not further enhance this effect. Validation
of these results by fluorescent microscopy after 48 h fen-
retinide treatment confirmed the strong increase in LY
uptake (Fig. 4c). Hence, these findings are in accordance
with the EM images and suggest that the observed vesicles
derive from an increased accumulation of endosomes,
similar to the ones described for other cytoplasmic vacuo-
lization associated cell death forms [17, 26, 32].

Fenretinide causes accumulation of early and late
endosomes

To further characterize the endosomal origin of the vesicles,
we stained fenretinide-treated cells with antibodies directed
against the early endosomal marker Rab5, the late endo-
somal marker Rab7, and the lysosomal marker LAMP-1.
Compared with untreated control, an accumulation of early
and late endosomes but not of lysosomes was observed
(Fig. 5a, upper and lower panel, and 5b). Interestingly, even
though the vesicles are acidic enough to allow AO emission
to change from green to red (Figs. 4b, Se and Supplemen-
tary Fig. 5B, C), they are unable to further mature and fuse
with lysosomes, indicating that later maturation steps are
blocked.
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Fig. 4 Fenretinide induces accumulation of cytoplasmic vesicles
and uptake of fluid phase dyes. a Electron microscopy images of
untreated or fenretinide-treated Rh4 and Rh30 cells (3 and 4 uM,
respectively; left and right panel) for 48 h (first and third from top).
Second and forth from top are Rh4 and Rh30 cells treated with fen-
retinide (3 and 4 puM, respectively) and z-vad (100 uM) for 48 h. Scale
bar is 2 um (Rh4) and 70 yum (Rh30) for first and second, and 10 and
1 um (Rh4), and 30 and 3 pm (Rh30) for third and forth panel. b Mean
fluorescence index of the flow cytometry data of fenretinide (3 and
4 uM, respectively) treated Rh4 and Rh30 cells in combination with

Based on this, we next aimed to further substantiate the
relevance of disturbed endocytosis for fenretinide-induced
cell death. We blocked the different endocytic processes
by chemical compounds and measured cell viability.
Neither inhibition of macropinocytosis by EIPA, clathrin-
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different inhibitors including vitamin C (50 uM), z-vad (100 uM), and
MitoTempo (300 uM), stained with acridine orange (2.7 uM) using
two different bandpass filters 530/30 and 670/30 (See Supplementary
Fig. 4B). ¢ Fluorescence microscopy images of Rh4 and Rh30 cells
left untreated or treated with fenretinide (3 and 4 uM, respectively) and
stained with lucifer yellow (820 uM). Scale bar is 20 um. Graphs on
the right show quantification of the relative mean density index
assessed with Fiji software. Total integrated density value of an image
was divided by the number of cells.
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independent endocytosis by filipin and genistein nor
clathrin-mediated endocytosis by chlorpromazine influ-
enced cell viability upon fenretinide treatment (Supple-
mentary Fig. 6A). Interestingly however, the dynamin
inhibitors dynasore and dyngo-4a nearly completely



Fenretinide induces a new form of dynamin-dependent cell death in pediatric sarcoma 2507

A
DMS DMSO
T T o
< < <
o ©
5 5 ‘ =
To) ~ -
Q0 o] g—
© ©
14 o S
Fenretinide Fenretinide
DMSO DMSO
= T o
o o <
< <
a a g
2 2 =
& © “_“
e} ~
o Q %
© ©
4 o 5
Fenretinide Fenretinide
B Rab 5 Rab 7 Lamp 1
% 15 %‘ 8 ‘%
& 5 5
S R = CE
o £5 o £ o £
2 B 2 2 05
] Ry Kl
g o ) ¢ o " &
OQ o\&
C D E

== DMSO
=== Dynasore

o
&
DMSO
Fenretinide

Cell Viability [AU]
o
o

o

Relative MFI (AO 670/30 [%])

(-) 1 2 3 4 5
Fenretinide (uM)

Dynasore
Fen+Dynasore

08 2
== DMSO 2 =
5 =s= Dynasore £ Q
206 Y/ = S
= g )
c
z -
£ 04 <
& =
s T
3 02 =
o g
o E=]
5 o
0.0+ ] %
0 1 2 3 4 5 6 7 8 o 4
Fenretinide (uM) &
P
@
fid

rescued from cell death (Fig. 5c, d and Supplementary  observed a significant inhibition of AO uptake by co-
Fig. 6B), both at the physiological (Fig. 5c) and the  treatment with dynasore (Fig. 5e and Supplementary
morphological level (Fig. 5d). Moreover, we also  Fig. 6C).
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Fig. 5 Fenretinide causes accumulation of early and late endo-
somes. a Fluorescence images of Rh4 cells left untreated or treated
with fenretinide (3 uM) and stained with antibodies against either
Rab5, Rab7, or Lamp-1. DAPI was used as nuclear stain. Scale bar is
20 um (upper panel) and 5 um for the magnified images (lower panel).
b Quantification of the relative mean density index assessed with Fiji
software. Total integrated density value of an image was divided by
the number of cells. ¢ Cell viability of Rh4 and Rh30 cells (upper and
lower panel, respectively) treated with increasing concentrations of
fenretinide in combination with 30 uM of dynasore. d Electron
microscopy images of untreated or fenretinide-treated Rh4 (3 uM
fenretinide) and Rh30 (4 uM fenretinide) cells (upper and lower panel,
respectively) for 48 h (lane one and three). Scale bar is 1 um. Lane two
and four show Rh4 and Rh30 cells treated with fenretinide (3 and
4 uM, respectively) and dynasore (30 uM) for 48 h. e Relative mean
fluorescence index of the flow cytometry data of fenretinide-treated
Rh4 and Rh30 cells (upper, respective lower panel) in combination
with the dynamin inhibitor dynasore (30 uM), stained with acridine
orange (2.7 uM) using the two different bandpass filters 530/30 and
670/30 (see Supplementary Fig. 6C).

To exclude, that dynasore acts via ROS scavenging, we
co-treated Rh4 and Rh30 cells and measured mitochondrial
ROS after 48 h by flow cytometry. In Rh4 cells ROS levels
were unaffected by dynasore, while we measured an almost
50% reduction in ROS levels in Rh30 cells (Supplementary
Fig. 6D), suggesting that dynasore does not generally act as
ROS scavenger and the reduction of ROS levels in Rh30
cells might occur indirectly.

To evaluate whether dynasore specifically rescued
fenretinide-mediated cell death, we screened a small-
molecule library with 204 mostly FDA-approved drugs in
Rh4 cells alone and in combination with dynasore or vita-
min C and assessed cell viability (Supplementary Fig. 6E).
Within the top cytotoxic drugs (reducing viability to
15-55%), we identified ten drugs that exerted a ROS-
dependent cytotoxic effect (cell viability change >25%),
including MLLN2238, MLNO9708, rigosertib, verdinexor, BI-
847325, ponatinib, MK-1775, VX-680, ispinesib, and ele-
sclomol (Fig. 5e, right table). In none of these cases how-
ever, dynasore could significantly enhance survival,
indicating that dynasore acts specifically on fenretinide-
induced cell death and not simply as ROS scavenger.

Fenretinide-induced vesicle formation depends on
dynamin GTPases

To validate the involvement of the dynamin GTPases in
accumulation of endosomes, we first analyzed mRNA
expression levels of the three dynamins in RMS tumor
samples (datasets Schafer and Davicioni), in comparison
with normal muscle tissue (Hofmann) using publically
available datasets (https://r2.amc.nl) (Fig. 6a). This showed
that all three dynamins are equally expressed in all samples.
Next, we measured the effect of fenretinide on dynamin 1-3
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mRNA and protein levels by qRT-PCR and western blot,
respectively. While we observed a slight downregulation of
both dynamin 1 and 2 protein, dynamin 1 mRNA levels
were upregulated suggesting that dynamins are regulated at
the posttranscriptional level in RMS cells. (Fig. 6b and
Supplementary Fig. 7). Next, we knocked out dynamin 1
and 2 in both Rh4 and Rh30 cells via CRISPR/Cas9 engi-
neering. The knockout in Rh4 cells was nearly complete for
both dynamins, while efficiency was reduced in Rh30 cells
for dynamin 1 (Supplementary Fig. 8A). Examining the
uptake of AO after fenretinide treatment in dynamin
knockout cells revealed a significant lower uptake compared
with scrambled (sc) control cells (Fig. 6¢c and Supplemen-
tary Fig. 8B, C), demonstrating significant reduction of
endocytic processes in knockout cells. Importantly, we also
detected a significant rescue from cell death over different
concentrations of fenretinide (Fig. 6d and Supplementary
Fig. 8D), which was further confirmed by phase contrast
images (Fig. 6e). Taken together, these findings indicate
that the vesicle accumulation during fenretinide treatment is
directly dependent on the dynamin GTPases. Furthermore,
they suggest that the accumulation of the endosomes is
causally and directly linked to cell death.

Discussion

One of the biggest therapeutic challenges in FP-RMS
treatment is intrinsic or acquired resistance towards con-
ventional therapies, which is the main cause for the high
recurrence rates of this type of tumor. Since survival rates of
patients with relapsed FP-RMS are still very poor [4], there
is an urgent need to identify new agents that are effective
against such resistant cells. Drugs that resensitize cells
towards chemotherapy induced apoptosis as well as com-
pounds that activate alternative, nonapoptotic cell death
pathways represent potential opportunities in this context
[33, 34]. Here, we characterized the cytotoxic effect of
fenretinide on FP-RMS cells. Fenretinide was approved by
the FDA for the treatment of childhood sarcomas in 2007.
In our study, we used drug concentrations between 3 and
12 uM to achieve macropinocytosis and cell death which is
comparable with published data and in a well-tolerated
range [35, 36].

Originally, fenretinide was detected as hit in a large
compound library screen designed to identify drugs affect-
ing PAX3-FOXOI1 activity [25]. While fenretinide indeed
affects PAX3-FOXO1 transcript levels, a more detailed
characterization of the mechanism of action suggests that its
cytotoxic effects in FP-RMS cells do not depend on
reduction of PAX3-FOXO1 levels and therefore this might
be a more downstream event following induction of cell
death. Interestingly, fenretinide-induced cell death occurred
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had a positive influence on survival of cells. In contrast,
inhibition of ROS completely protected FP-RMS cells from
fenretinide-mediated toxicity, as already described in other
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Fig. 6 Inhibition of dynamin GTPases rescues from fenretinide-
induced cell death. a mRNA levels of dynamin 1, 2, and 3 in a muscle
control set (Hofman) and two RMS tumor sets (Schafer and Davi-
cioni). Data used were extracted from the R2 genomics analysis and
visualization platform. b Western blot detection of dynamin 1-3 using
whole-cell lysates from indicated Rh4 and Rh30 cells after treatment
or not with increasing concentrations of fenretinide for 48h.
c—e Experiments using dynamin depleted cells generated by CRISPR/
Cas9 and different sgRNAs. ¢ Mean fluorescence index of the flow
cytometry data of fenretinide (3 uM) treated Rh4 and Rh30 dynamin
depleted cells (upper and lower panel, respectively), stained with
acridine orange (2.7 uM) using two different bandpass filters 530/30
and 670/30 (See Supplementary Fig. 8B). d Cell viability of Rh4 and
Rh30 dynamin depleted cells (upper and lower panel, respectively),
treated with different concentrations of fenretinide. e Phase contrast
images of Rh4 and Rh30 dynamin depleted cells left untreated or
treated with fenretinide (3 and 4 uM, respectively). Scale bar is 20 um.

cellular systems [37—40]. While it is not clear at this point
how fenretinide induces ROS mechanistically, our study
clearly demonstrates that ROS originating from the mito-
chondria plays an important and early role in fenretinide-
mediated cell death in FP-RMS cells.

Multiple studies showed that lipid second messengers are
targets of fenretinide, leading to ROS production. Cer-
amides, sphingolipid second messengers, can either be
generated de novo or via hydrolysis of sphingomyelin and
are implicated as signaling molecules during cell death [41].
Previously it was believed that fenretinide directly elevates
ceramide, however newer studies using liquid
chromatography-tandem mass spectrometry showed that it
rather elevated its precursor dihydroceramide [42-44] via
inhibition of dihydroceramide desaturase 1 [45]. Further,
fenretinide was shown to activate 12-lipoxygenase through
production of gangliosides [46] in neuroblastoma cells
which also produced ROS [47, 48]. In addition, the DNA
damage inducible transcription factor Gadd153 mRNA was
destabilized in the presence of lipoxygenase inhibitors [49],
which is upregulated in response to fenretinide treatment
[50]. However, our data did not indicate an involvement of
the sphingolipid pathway in fenretinide-induced cell death
in ARMS cells, nor could the endoplasmatic reticulum be
linked to fenretinide-induced ROS and cell death.

Downstream of ROS, fenretinide induced the formation
and accumulation of cytoplasmic vesicles. These vesicles
are surrounded by a single membrane and therefore do not
originate from the autophagy pathway which gives rise to
double-membrane autophagosomes. Instead, the vesicles
morphologically resembled endosomes, an interpretation
which was further substantiated by fluid phase dye uptake
studies showing strong enhancement of these processes by
fenretinide. Furthermore, pharmacologic as well as genetic
interference with dynamins blocked vesicle accumulation
and rescued from fenretinide-induced cell death. The
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dynamin GTPases are major mediators of endosome fission
at the plasma membrane. They are involved in both clathrin-
dependent and -independent endocytosis, but some evi-
dence suggests that they also play a role in a specific
macropinocytosis pathway involving circular dorsal ruffles
(CDR) [51, 52]. Dynamin expression in tumor cells is
comparable with the expression in muscle tissue. We found
that inhibitors of clathrin and caveolin-mediated endocy-
tosis like chlorpromazine, filipin, and genistein failed to
block fenretinide-mediated cell death. Furthermore, ultra-
structural analysis by EM showed that fenretinide-induced
vesicles have a variable size with a diameter of up to 7 um,
which is comparable with the described diameter of mac-
ropinosomes of 0.2-5 um [18]. Taken together, these data
indicate that these vesicles most likely derive through an
increased or impaired macropinocytosis.

Interestingly, blocking caspase activity by z-vad further
enhanced the number of vesicles. Hence, while some cells
might succumb by an apoptotic mechanism they will shift
the mode of cell death when this route is blocked. This is in
accordance with a delay in the onset of cell death by about
10h in the presence of z-vad as seen in our time-lapse
experiments. Also when compared with other cell death
mechanisms, apoptosis is a relatively fast process [53, 54].
Accordingly, regulated, nonapoptotic modes of cell death
such as necroptosis have only been detected after specific
inhibitors of apoptosis became available [55, 56].

For induction of the vesicle associated type of cell death
in FP-RMS cells, a special type of ROS stress seems to be
relevant since induction of ROS-dependent cell death with
other drugs including the proteasome inhibitors MLLN2238
and MLN9708, the microtubule-destabilizing agent rigo-
sertib or the selective inhibitor of nuclear export verdinexor
were not blocked by dynamin inhibitors. The mechanisms
behind these differences are currently unclear and will need
further clarification in the future.

The role of ROS as important regulators of tyrosine
kinase receptor signaling cascades [57-60], might be
another possible explanation to the formation of CDRs
after fenretinide treatment. Importantly, similar cellular
phenotypes have been described in the context of different
relatively vaguely described cell death mechanisms called
paraptosis, oncosis, and methuosis [24, 26, 32]. In case of
methuosis, vesicle accumulation has been associated with
disturbance of endosomal maturation and/or recycling.
Several different stimuli have been described that induce
this phenotype, including different small molecules as
well as activation of Ras, which stimulates macropino-
some formation via overactivation of Racl and con-
comitant decline in Arf6, at the same time impeding their
recycling (for review see Maltese et al. [17]). Ultimately,
this manifests as vesicle accumulation as seen in different
cells like glioblastoma, Ewing sarcoma and epithelial cells
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[20, 26, 61]. Whether Ras mutant tumors compensate this
effect and are less prone for methuosis is currently
unclear. FP-RMS tumors are rarely associated with Ras
mutations. Similar to methuosis, we observed an impaired
recycling of endosomes with a maturation stop at the level
of early/late endosome formation, as the vesicles acquire
markers such as Rab5 and Rab7 but not the lysosomal
marker LAMP-1. However, since pharmacological inhi-
bition and knockout of Racl as well as Arf6 in FP-RMS
cells neither affected fenretinide-mediated cell death nor
dye uptake (data not shown), this pathway does not seem
to play a major role. Hence, while the exact mechanisms
leading to maturation stop of endosomes needs further
characterization, it seems that different upstream path-
ways might be able to induce the same vacuolization
phenotype associated with cell death. Importantly how-
ever, while in all the described cases vesicle accumulation
and cell death correlate, a causal link of the two effects
has not been established yet.

Overall, our results provide evidence that fenretinide-
induced mitochondrial ROS interferes with regulation of
dynamin-dependent macropinocytosis leading to vesicle
accumulation in the cytoplasm of the cells. This is asso-
ciated with a strong cytotoxic effect in FP-RMS cells. The
fact that fenretinide engages a novel form of cell death
which is not exploited by conventional chemotherapy
agents defines it as a promising combinatorial partner for
the treatment of FP-RMS patients. Agents for a potential
combination treatment might be drugs that induce canonical
apoptosis or necroptosis or even other forms of cell death
like autophagy or ferroptosis. Since fenretinide is already in
clinical wuse in children (Clinicaltrials.gov  ID
NCT02163356) and has only moderate side effects both in
short- and long-term treatment regimens [35, 36] our find-
ings might stimulate expansion of the clinical application of
fenretinide to FP-RMS therapy in the future.

Material and methods
Cell culture

The aRMS cell lines RH4 and Rh30 (provided by Peter
Houghton, Greehey Children’s Cancer Research Institute,
San Antonio, TX, USA) and the HEK293T (ATCC, LGC
Promochem, Wesel, Germany) were maintained in Dul-
becco’s Modified Eagle Medium (DMEM, Sigma-Aldrich
Buchs, Switzerland), with 100 U/mL penicillin/streptomy-
cin (Invitrogen, ThermoFisher, Waltham, MA, USA), 2 mM
L-glutamine (BioConcept, Allschwil, Switzerland) or Glu-
tamax (Gibco, ThermoFisher, Waltham, MA, USA), and
10% fetal bovine serum (FBS) (Sigma-Aldrich Buchs,
Switzerland), in 5% CO, at 37 °C. FP-RMS cell lines were

regularly tested for mycoplasma infection, authenticated by
short tandem repeat analysis (STR profiling) in upon receipt
in 2011/2014 and positively matched with reference data
[62]. Frozen cell line stocks were used within 10-20 further
passages.

Cell viability assay

Cells were seeded at a concentration of 3000 cells (Rh4) or
2000 cells (Rh30) in 384 well polystyrol microplates
(Greiner Bio One, Kremsmiinster, Austria) format in 20 uL.
medium.

For determination of dose-response curves with single
compounds (see Table 1 in Supplementary Material and
Methods), drugs were added to the cells using a HP D300
digital dispenser (Hewlett-Packard Development Company,
L.P., Houston, TX, USA).

To assess metabolic activity 5 uL colorimetric WST-1
(Sigma-Aldrich, Buchs, Switzerland), diluted 1:1 with
DMEM, was added. After 30 min of incubation at 37 °C in
the dark, absorbance at 440 and 640 nm was measured with
a Synergy™ HT multi-detection microplate reader (BioTek,
Winooski, VT, USA). The difference of the two values was
calculated (delta optical density; AOD) and values from
pure medium were subtracted as background.

Small-molecule library screen

Cells were seeded at a concentration of 3000 cells (Rh4) or
2000 cells (Rh30) in 384 well polystyrol microplates
(Greiner Bio One, Kremsmiinster, Austria) format in 20 uL.
medium.

Drugs were diluted to a final concentration of 500 nM
and manually added in duplicates to the cells (see Table 5 in
the Supplementary Data and figures), 12 DMSO controls
were included. After 48 h treatment, effects of drugs were
determined by the cell viability assay.

Flow cytometry

For all flow cytometry experiments, 300’000 cells (Rh4) or
200’000 cells (Rh30) were seeded in Corning Costar six-
well plates (Sigma-Aldrich, Buchs, Switzerland). After
treatments, cells were detached from the plates using
Trypsin, washed once with PBS and resuspended in 0.5 ml
indicated buffer. Data were acquired with the LSRII For-
tessa (BD Biosciences, San Jose, CA, USA) flow cytometer
or the BD FACS Canto system (BD Biosciences, San Jose,
CA, USA).

The data were analyzed with FlowJo Software, Version
9.9.6 (Tree Star Inc., Ashland, Orlando, USA). The used
fluorescent stains can be found in Table 2 in Supplementary
Material and Methods.
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Pan-ROS measurement

Cells were seeded and treated with compounds according
to Table 1 in Supplementary Material and Methods for
2048 h. At the same time, CellRox Deep red (Thermo-
Fisher, Waltham, MA, USA) solution (4 uM) was added to
the media. Cells were collected, washed in PBS (Sigma-
Aldrich, Buchs, Switzerland) and resuspended in Fluoro-
Brite  DMEM live cell fluorescence imaging medium
(ThermoFisher, Waltham, MA, USA). CellRox (Thermo-
Fisher, Waltham, MA, USA) signal (50,000 events per
sample) was acquired with excitation laser 640 nm and
emission filter 670/14.

Mitochondrial ROS measurement

Cells were seeded and treated with the desired compounds
according to Table 1 in Supplementary Material and
Methods for 20—48 h. Cells were collected, washed in PBS
and resuspended in MitoSox (ThermoFisher, Waltham,
MA, USA) solution (10 uM MitoSox in PBS) for 30 min at
37°C in the dark. MitoSox signal (50,000 events per
sample) was acquired with excitation laser 561 nm, and
emission filter 570 LP, 525/50.

AO and LY uptake

Cells were seeded and treated with compounds according to
Table 1 in Supplementary Material and Methods for 48 h.
AO (2.7 uM, Sigma-Aldrich, Buchs, Switzerland) and LY
(820 uM, ThermoFisher, Waltham, MA, USA) in Fluoro-
Brite DMEM live cell fluorescence imaging medium
(ThermoFisher, Waltham, MA, USA) was added to the cells
4h prior to their preparation for flow cytometry after
removal of the culture medium. Cells were collected,
washed, and resuspended in PBS. Signals (50,000 events
per sample) were acquired with excitation laser 488 nm and
561, emission filter SOSLP, 530/30 and 635LP, 670/30 for
AO and with excitation laser 405 nm, emission filter SOSLP,
525/50 for LY.

Epifluorescence microscopy

All images were taken with a Zeiss Axio Observer micro-
scope (Zeiss, Oberkochen, Germany) equipped with a
Hamamatsu Orca Flash 4.0 V2, sCMOS cooled fluores-
cence camera (Hamamatsu, Hamamatsu City, Japan) and an
objective with x20 magnification. The violet and green
fluorescent filters were used for the imaging of DAPIL, LY,
Rab5/7, and Lamp-1 stained structures, respectively.
Fluorophores are listed in Table 2 in Supplementary
Material and Methods.
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For data processing, images were exported as TIFF files
and the mean integrated density was quantified with the
image processing program Fiji [63]. The integrated density
value of an image was divided by the number of cells
(counted on phase contrast). A minimum of four pictures
were taken for each treatment.

Rab5, Rab7, and Lamp-1 immunofluorescence
staining

A total of 50,000 cells were seeded in four-well Falcon™
chambered cell culture slides (Thermo Scientific, Thermo-
Fisher, Waltham, MA, USA) and treated with 3 uM fenre-
tinide for 48 h. After washing, cells were fixed with 4%
paraformaldehyde (PFA) (Carl Roth, Karlsruhe, Germany),
washed and quenched with 0.1 M glycin (Sigma-Aldrich,
Buchs, Switzerland) in PBS. After fixing, cells were per-
meabilized with 0.1% triton X-100 (Sigma-Aldrich, Buchs,
Switzerland) in PBS and then blocked with 4% horse serum
(Sigma-Aldrich, Buchs, Switzerland) in 0.1% triton X-100/
PBS before they were incubated with the respective primary
antibody in 0.1% triton X-100 in PBS and 4% horse serum
at 4 °C overnight in a humid chamber. Primary antibodies
used for immunofluorescence localization of rabbit anti-
Rab5 (Cat #2143) and rabbit anti-Rab7 (Cat #9367) were
obtained from Cell Signaling Technology (Danvers, MA,
USA) and mouse anti-LAMP-1 was obtained from the
Developmental Studies Hybridoma Bank (University of
Towa, Ames, 1A, USA), respectively. After three washing
steps, cells were incubated with donkey anti-rabbit IgG-
Alexa 488 (Rab5/7) or chicken anti-mouse IgG-Alexa 488
(Lamp-1) 2° Antibody (1:200) (both from ThermoFisher,
Waltham, MA, USA) in PBS with 4% horse serum for 1 h at
RT. After washing, the chamber walls were removed and
cells were mounted using Vectashield mounting medium
with  4/,6-Diamidin-2-phenylindol (Vector Laboratories,
Burlingame, CA, USA).

Live cell time-lapse microscopy

A total of 80,000 cells were seeded in 400 pl of an eight-
well 15u-Ibidi chambered cell culture slide (Ibidi GmbH,
Planegg, Germany) and treated with or without 3 uM fen-
retinide and different stains in FluoroBrite DMEM with
10% FBS and 1% Pen/Strep and r-glutamine. CellRox
(4uM) was used for pan-ROS detection, PI (1 pg/ml)
(Sigma-Aldrich, Buchs, Switzerland) was used for detection
of dead cells. For time-lapse image acquisition, the slides
were kept in a thermally stabilized and CO, controlled
chamber incubator (5% CO, at 37 °C) (Ibidi GmbH, Pla-
negg, Germany) and images were automatically taken every
20 min over a 60 h period.
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LY fluorescence microscopy

A total of 50,000 cells were seeded per well of a four-well
Falcon™ chamber slide and treated with 3 pM or 4 uM (for
Rh4 and Rh30, respectively) fenretinide for 48 h and sub-
sequently stained with LY (820 uM) in FluoroBrite DMEM
for 4 h at 37 °C and 5% CO,. Afterwards, cells were washed
with PBS and fixed with 4% PFA for 15min at room
temperature. After three PBS washes, the chamber was
removed and the cells were mounted in Vectashield
mounting medium with 4/, 6-diamidin-2-phenylindol.

Electron microscopy

A total of 300,000 (Rh4) or 200,000 (Rh30) cells were
seeded per well of a Corning Costar six-well plate (Sigma-
Aldrich, Buchs, Switzerland) and treated with 3 or 5uM
fenretinide in combination with either 100 uM z-vad, 30 uM
dynasore, 25 pM necrostatin, or 6.5 nM volasertib for 48 h
at 37 °C, 5% CO,. Treated and untreated control cells were
then fixed with 2.5% glutaraldehyde (EMS Electron
Microscopy Sciences, Hatfield, PA, USA) in 0.1 M caco-
dylate buffer (pH 7.35) (Merck AG, Zug, Switzerland) for
at least an hour. Adherent cells were scraped off the culture
dish using a cell scraper, combined with floating cells,
pelleted by centrifugation and sequentially treated with 1%
0sO, in 0.1 M cacodylate buffer for 1 h at 0°C and 2%
uranyl acetate (Merck AG, Zug, Switzerland) in H,O
overnight at 4 °C. The final pellet was immobilized with 2%
Difco Noble Agar (BD Biosciences, Allschwil, Switzer-
land) in H,O, subsequently dehydrated in an ethanol
absolute series (VWR International GmbH, Dietikon,
Switzerland) and embedded in Epon/Araldite (Sigma-
Aldrich, Buchs, Switzerland). Ultrathin (50 nm) sections
were contrasted with uranyl acetate and examined with a
CM100 transmission electron microscope (Thermo Fisher
Scientific, Eindhoven, The Netherlands) at an acceleration
voltage of 80 kV using an Orius 1000 digital camera (Gatan,
Munich, Germany), or a Talos 120 transmission electron
microscope at an acceleration voltage of 120 KV using a
Ceta digital camera and the MAPS software package
(Thermo Fisher Scientific, Eindhoven, The Netherlands).

Immunoblotting

Whole-cell extracts were prepared from cells lysed with
RIPA buffer (50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1%
NP-40, 0.5% Na-deoxycholate, ]| mM EGTA, 0.1% SDS,
50mM NaF, 10 mM sodium p-glycerolphosphate, 5 mM
sodium pyrophosphate, 1 mM sodium orthovanadate), and
supplemented with Complete Mini Protease Inhibitor
cocktail (all from Sigma-Aldrich, Buchs, Switzerland).
Proteins were separated using NuPAGE™ Novex™ 4-12%

Bis-Tris gels (ThermoFisher, Waltham, MA, USA) and
transferred to nitrocellulose membranes (GE Healthcare
Life Sciences). Membranes were blocked with 5% milk
powder in TBS/0.05% tween and subsequently incubated
with respective primary antibodies overnight at 4 °C. After
three times washing in TBS-0.05% tween, membranes were
incubated with horseradish peroxidase-linked secondary
antibody for 1 h at RT. After three additional washing steps
with TBS/0.05% tween, proteins were detected by chemi-
luminescence using either the Pierce™ ECL western blot-
ting substrate or Supersignal western blotting reagent (both
ThermoFisher, Waltham, MA, USA) and a ChemiDoc MP
(BioRad Laboratories AG, Cressier, Switzerland) or Fuji-
film LAS-3000 (Biocompare, San Francisco, USA) imager.
The images were analyzed with the software Image Lab
Version 6.0. (BioRad Laboratories AG, Cressier, Switzer-
land). All used antibodies are listed in Table 3 in Supple-
mentary Material and Methods.

qRT-PCR

Total RNA was extracted from cells using the Qiagen
RNeasy Kit (Qiagen, Hombrechtikon, Switzerland) and
reverse-transcribed using random primers and Omniscript
reverse transcriptase (Qiagen). qRT-PCR was performed
using assay-on-demands (Life Technologies) for dynamin
1, 2, and 3 (Hs01074773_mH, Hs00974698_ml, and
Hs00399015_m1) and TagMan gene expression master mix
(all Life Technologies). Cycle threshold (CT) values were
normalized to GAPDH, relative expression levels were
calculated using the AACT method. For statistical analysis
t-test was performed using ACT values.

CRISPR/Cas9-mediated knockout

Multicolored lentiCRISPR plasmids with EGFP (Addgene
Cat #75159), TagBFP (Addgene Cat #75160), or mCherry
(Addgene Cat #75161) fluorescent markers were kindly
provided by Scott McComb. The sgRNA sequences were
designed on http://crispr.mit.edu (accessed 9.2.2017) and
ordered as complementary oligos from Microsynth AG
(Balgach, Switzerland) (for sgRNA sequences see Table 4
Supplementary Material and Methods). In total, 100 uM
complementary oligos were annealed in Tango Buffer
(ThermoFisher, Waltham, MA, USA) by heating for 5 min
to 95 °C, followed by a slow cool down over 1h to RT.
Vectors, annealed sgRNA oligos, (ThermoFisher, Wal-
tham, MA, USA), Esp3l (BsmBI) (ThermoFisher, Wal-
tham, MA, USA), and T4 ligase (ThermoFisher, Waltham,
MA, USA) were combined in T4 Ligase buffer and the
following reaction was run on a T3000 thermocycler
(Biometra, Biocompare, San Francisco, USA): ten cycles
of 37 °C for 5 min and 16 °C for 10 min for restriction and
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ligation, respectively. Four microliters of the ligation
reaction was then used to transform StellarTM competent
bacteria (Clontech, Takara, Saint-Germain-en-Laye,
France) by heat shock at 42 °C for 45 s (Clontech, Takara,
Saint-Germain-en-Laye, France). Colony PCR using
RedTaq PCR mixture (Sigma-Aldrich, Buchs, Switzer-
land) and sgRNA specific primers was performed to
identify positive clones. For the production of lentiviral
particles, 293T cells were transfected with the Lenti-
CRISPR plasmid together with pVSV.G (Addgene
Cat#8454) and pPAX (Addgene Cat#12260) plasmids in a
ratio of 2.6:1:1 using either polyethylenimine (Poly-
sciences, Warrington Township, PA, USA) or calcium
phosphate (Sigma-Aldrich-Aldrich, Buchs, Switzerland).
Medium was changed after 4 h, and virus was harvested
48 h later. Viral supernatants were concentrated using an
Amicon Ultra tube Ultracel 100k (Millipore, Merck,
Schaffhausen, Switzerland). For transduction of target
cells, viral particles and 16 pg/ml hexadimethrine bromide
(Sigma-Aldrich, Buchs, Switzerland) were added to cul-
ture medium and left overnight on the cells. After 72 h,
transduction efficiency was evaluated by flow cytometry,
and positive cells were isolated by FACS sorting
with a BD Aria III 4L (BD Biosciences, San Jose, CA,
USA). Several different sgRNAs per target gene were
evaluated individually for their knockout efficiency and
the two most efficient ones were selected for further
experiments.

ShRNA-mediated knockdown

Custom lentiviral shRNA constructs containing a U6-tet
promoter driven shRNA, either sc or directed against
PAX3/FOXOL1 (target sequence: GGCCTCTCACCTCAG
AATTCA), as well as a PGK promoter driven GFP and
puromycin expression cassette were purchased from Cel-
lecta (Cellecta Inc. Mountain View, CA, USA). For con-
stitutive expression of PAX3-FOXOI1, the cDNA was
cloned into the multiple cloning site (Nhel) following the
EF1 promoter in the lentiviral plasmid pRR-CMV-Bleo-
EF1-MCS (Cellecta) also carrying a bleomycin resistance
under a CMV promoter. Generation of lentiviral particles in
HEK293T cells and transduction of the target cells was
performed as described above for the CRISPR/Cas9
knockouts.

Statistical analysis
The software GraphPad Prism (La Jolla, CA, USA) was
used for all statistical analysis (parametric paired #-test). The

data were considered significant when p < 0.05. A minimum
of three biological replicates were used.
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