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Negative correlation of single-cell PAX3:FOXO1 expression
with tumorigenicity in rhabdomyosarcoma
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Rhabdomyosarcomas (RMS) are phenotypically and functionally
heterogeneous. Both primary human RMS cultures and low-
passage Myf6Cre,Pax3:Foxo1,p53 mouse RMS cell lines, which
express the fusion oncoprotein Pax3:Foxo1 and lack the tumor
suppressor Tp53 (Myf6Cre,Pax3:Foxo1,p53), exhibit marked het-
erogeneity in PAX3:FOXO1 (P3F) expression at the single cell level.
In mouse RMS cells, P3F expression is directed by the Pax3
promoter and coupled to eYFP. YFP'°"/P3F'®” mouse RMS cells
included 87% G0/G1 cells and reorganized their actin cytoskeleton
to produce a cellular phenotype characterized by more efficient
adhesion and migration. This translated into higher tumor-
propagating cell frequencies of YFP'°"/P3F'°" compared with
YFPMEh /p3FhiEh cells, Both YFP'°"/P3F'°" and YFP"'"/P3FiE" cells
gave rise to mixed clones in vitro, consistent with fluctuations
in P3F expression over time. Exposure to the anti-tropomyosin
compound TR100 disrupted the cytoskeleton and reversed en-
hanced migration and adhesion of YFP'°"/P3F°” RMS cells. Het-
erogeneous expression of PAX3:FOXO1 at the single cell level may
provide a critical advantage during tumor progression.
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Introduction

Rhabdomyosarcoma, the most common soft tissue sarcoma in chil-
dren and adolescents, comprises two main genotypes defined by the
presence or absence of PAX gene rearrangements (1, 2). Canonical PAX
translocations juxtapose the N-terminus of the paired-box genes PAX3
or PAX7 with the C terminus of the transcription factor FOXOT (3). PAX3:

FOXO1(P3F) has been detected in 55% and PAX7:FOXO1(P7F)in 22%
of alveolar histology RMS tumors (4). Both PAX gene fusions act as
major oncogenic drivers. P3F was shown to cooperate with the
master transcription factors MYOG, MYOD, and MYCN to recruit
superenhancers and establish autoregulatory loops that enforce
its myogenic and oncogenic transcriptional program (5). P3F knock-
down in human and mouse RMS cell lines was linked to a decrease in
proliferation rates (6, 7). Patients with RMS harboring P3F are more
likely to present with metastatic disease and relapse quickly de-
spite aggressive therapy. Extremely poor survival rates call for a
deeper understanding of the biology of P3F+ RMS (2).

Several independent studies confirm that ectopic P3F alone does
not induce RMS tumors in mice (14, 8). Additional oncogenetic hits
are necessary to initiate P3F-expressing myogenic tumors from
cells of both myogenic and non-myogenic lineage (9, 15), provided
that ectopic P3F is expressed before the introduction of these
additional oncogenic events (16). This observation is consistent
with genomic subclonality analyses in human tumors identifying
P3F as a founding event in P3F+ RMS (11). PAX-translocated RMS
tumors have extremely low overall mutation rates (10), but they
tend to harbor regions of genomic amplification, often involving the
proto-oncogene MYCN, the cell cycle regulator CDK4, and the TP53
pathway modulator MDM2 (11, 12). Indeed, transcriptional profiling
indicated widespread inactivation of TP53 signaling in P3F+ RMS
(13). Keller et al established a mouse model of P3F-expressing
alveolar RMS by combining conditional activation of biallelic P3F
expression from the endogenous Pax3 locus and homozygous
deletion of Tp53 in Myf6-expressing maturing mouse myofibers (14).
In this system, P3F is linked to an eYFP fluorescent marker gene,
which is expressed as a second cistron downstream from an in-
ternal ribosome entry site (IRES) on the same mRNA, so that P3Fand
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YFP expression strongly correlate and YFP fluorescence can be used
as a surrogate for P3F transcription from the Pax3 locus (17, 15). YFP
activity in such Myf6Cre+/-,Pax3:Foxo1+/+,p53-/- mouse RMS tu-
mors was previously shown to differ between individual tumor cells
and fluctuate over time, consistent with heterogeneous and dy-
namic expression of P3F at the single cell level (18). This study
aimed to clarify the functional impact of variable P3F expression at
the cellular level in Myf6Cre+/-,Pax3:FoxoT+/+,p53-/- mouse RMS
tumors. Our observations reveal higher tumor-propagating po-
tential of P3F°" cell states than P3F"S" cell states.

Results
Variable cellular P3F dose in mouse and human RMS cells

In mouse U23674 and U21459 cells (established from Myf6Cre+/-,
Pax3:Foxo1+/+p53-/- mouse sarcomas), expression of P3F is di-
rected by the Pax3 promoter and coupled to an eYFP fluorescent
marker, which is activated as a second cistron downstream from an
encephalomyocarditis virus—derived IRES (17). As previously de-
scribed (18), the U23674 and U21459 cell pools are composed of cells
expressing different YFP levels. To explore whether similar cell-to-
cellvariability of P3F transcript levels may also occurin human RMS,
single-cell digital droplet PCR was performed to quantify the ab-
solute number of P3F and GAPDH mRNA molecules per single cell in
three human RMS patient-derived primary cell cultures (IC-pPDX-
35, RMSZH003, and SJRHB013759_X1) and in two human cell lines
(Rh41 and Rh30) (Figs 1A and B and S1B and Table S1). P3F was
detected in 41 of 83 (49%) GAPDH-expressing IC-pPDX-35 cells, 17 of
79 (22%) GAPDH-expressing RMSZH003 cells, 21 of 87 (24%) GAPDH-
expressing SJRHB013759_X1 cells, 53 of 85 (62%) GAPDH-expressing
Rh41 cells, and 12 of 46 (26%) GAPDH-expressing Rh30 cells (Fig 1A).
Normalization of P3F expression based on GAPDH expression
highlighted that cells with equivalent numbers of GAPDH mRNA
molecules displayed substantial variation in P3F expression (Fig 1B
and C). We conclude that, similar to what was observed in Myf6-
Cre,Pax3:Foxo1,p53 mouse RMS tumors (18), there is substantial cell-
to-cell variability in P3F expression in the human RMS cell pool.

Fluctuation of P3F expression in mouse RMS cells between P3F"e"
and P3F'°" states

To further investigate the behavior of RMS cells expressing different
P3F levels, U23674 cells were subfractionated by fluorescence-
activated cell sorting (FACS) to discriminate YFPME" (Y-H) and
YFP" (Y-L) cell subsets (Fig S1A; purity of sorted populations >98%),
with gates determined based on fluorescence detection in YFP-
negative and YFP-positive control samples. On average, U23674
cells contained 26% + 8.5% YFPME" and 74% + 8.5% YFP'°" cells. RT-
gPCR (Fig 2A) and Western blot (Fig 2B) confirmed that the YFPMS"
(Y-H) subset of U23674 cells expressed higher levels of P3F than
significantly lower P3F levels in YFP'" (Y-L) and unfractionated (U)
U23674 cells, and absent P3F in normal skeletal muscle (SM, Fig 2A).

For each U23674 cell subset (i.e,, unfractionated, YFP"&"/p3Fhish
or YFP'®"/P3F'°" cells), 20 cells per well were plated into 96-well
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plates (Fig 2C). Clones formed in 291 of 1,220 (23.9%) YFP'®"/P3F'o¥
U23674 cells, 64 of 1,220 (5.2%) YFP"S"/ P3FM8N Y23674 cells, and 114
0f 1,220 (9.3%) unfractionated U23674 cells (Fig 2D; P < 0.001). These
differences were confirmed in three independent experiments.
Thus, surprisingly, YFP"/P3F°" U23674 cells exhibited higher
clonal activity in vitro than YFP"€"/p3FNieh U23674 cells.

Clones originating from unfractionated, YFPMS"/P3FMe" and
YFP'O"/P3F'®" U23674 cells were allowed expansion for up to 11 d
(Fig 2C). Average expression of P3F mRNA in day 11 (d11) clones
originating from unfractionated, YFP"€"/P3F"€" and YFP'OY/p3Fiow
U23674 cells was determined by RT-QPCR and found to be similar
(Fig 2E). The proportion of YFP"€"/P3F"e" and YFP'"/P3F°Y cells in
d11 clones was further analyzed by FACS. Interestingly, all d11
clones, including those arising from YFP'"/P3F®" cells, contained
both YFP'®"/P3F'°" and YFP"e"/P3FMe" cells. Specifically, there were
132% + 7.4% YFP"8"/P3F"e" cells in clones originating from un-
fractionated cells compared with 27.5% + 26.2% YFP"€"/ p3FNieh cel(s
in clones originating from YFP"€"/p3FMiEN cells (P = 0.93) and 7.9% *
2.6% YFP"€1/p3FNieh colls in clones originating from YFP'©"/P3Fio”
cells (P = 0.54; Fig 2F). Thus, remarkably, when cultured in vitro,
YFP%/P3F®" U23674 cells gave rise to clones containing YFPM&/
P3FMEN as well as YFP'©/P3F'°" cells and vice versa. This obser-
vation is consistent with dynamic expression of P3F in single U23674
cells, as previously reported by Kikuchi et al (18).

For comparison, we evaluated the dynamics of expression in
myogenic cells of a fluorescent protein that was not linked to P3F
expression. C2C12 mouse myoblasts were transduced with empty
vector (EV) pMSCV-Flag-IRES-GFP retroviruses, and EV-GFP™&" and
EV-GFP'°" cells were separated by FACS sorting (purity > 98%) (Fig
S2A). Twenty sorted EV-GFP"€" and EV-GFP'°" cells per well were
plated into 96-well plates. Clones were allowed to expand for 10 d
and analyzed by FACS. In contrast to results obtained when YFP was
coupled to P3F expression (Fig 2), EV-GFP-expressing cells showed
stable fluorescence phenotypes and similar clonal efficiencies. In
particular, clonal efficiency was 6.3% for EV-GFPM8" and 6.4% for EV-
GFP'" cells (Fig S2B). Day 10 (d10) clones arising from EV-GFPe"
cells contained 99% + 13% GFPMS" cells, whereas d10 clones
originating from EV-GFP'°" cells contained 0% + 0% GFP"" cells (Fig
S2C and D). These data provide further support to the notion that
dynamic expression patterns seen in cells expressing YFP coupled
to P3F reflect variation in P3F expression.

Changes in P3F dose in mouse RMS cells in response to
environmental changes

To examine if changes in the cell environment influenced the
proportion of YFP"€"/P3F"€" and YFP'O"/P3F'O" 123674 cells, we
measured the percentage of YFP"€"/P3F"e" cells in U23674 and
U21459 cells grown in medium containing different glutamine and
glucose concentrations (Figs S3A and B and S4A and B), plated at
different densities (Figs S3C, D, and F-H and S4C), cultured on
surfaces covered with different matrices (Figs S3E and S4F) and
exposed to different drugs (Figs S31-K and S4D and E). We observed
that higher glutamine levels led to an increase in the percentage of
YFPME/P3FMEN Y23674 cells (2% + 0.3% versus 15% + 0.8% YFPME"/
P3F"e" cells in medium containing 0.05 mM versus 4 mM glutamine,
P =0.001, Fig S3A) and U21459 cells (2.3% + 0.1% versus 4.4% + 0.2%
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Figure 1. Cell-to-cell variability in P3F expression in RMS.

(A, B) Evaluation of P3F and GAPDH mRNA expression at the single-cell level by RT-digital droplet PCR in IC-pPDX-35 (n = 88 cells), RMSZH003 (n = 88 cells), and
SJRHB013759_X1 (n = 88 cells) human patient-derived RMS cell cultures as well as Rh41 (n = 88 cells) and Rh30 (n = 48 cells) human RMS cell lines. (A) P3F expression was
detected in 22-49% of GAPDH-expressing cells in patient-derived RMS cell cultures and in 26-62% of GAPDH-expressing cells in human RMS cell lines. (B) Remarkable cell-
to-cell heterogeneity in P3F expression as evidenced by representation of P3F/GAPDH ratios. Each dot represents the mRNA content of one cell. Bars indicate medians +
interquartile ranges. (C) 2D representation of droplets generated from two IC-pPDX-35 cells with P3F"€" (upper panel, marked in green) or P3F®" (bottom panel, marked in
red) profiles with the same level of GAPDH mRNA. Please see Fig S1B for single-cell P3F and GAPDH expression in each line.
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Figure 2. Higher clonogenic activity of YFP'®"/P3F'°" than YFP"€"/P3F"" mouse U23674 RMS cells.

The mouse RMS cell line U23674 was sorted into YFPM'"/P3FMEN and YFP'OY/P3F'®Y cells (purity > 98%). (A, B) RT-QPCR and (B) WB demonstrated enrichment of P3F in the
YFP'" (Y-H) compared with the YFP'®" (Y-L) and unfractionated (U) cell subsets. Skeletal muscle cells served as P3F"€ control cells. (C, D) Clonally sorted YFP"/p3F‘o¥
cells exhibited significantly higher clonal activity (291 [23.9%] clones out of 1,220 cells plated) than YFPME"/P3FME" (64 [52%] clones out of 1,220 cells plated) and
unfractionated U23674 cells (114 [9.3%] clones out of 1,220 cells plated). (C, E, F) The composition of clones arising from unfractionated, YFP"'€"/ P3FMe" and YFP' /p3FoW
U23674 cells was analyzed 11d after plating by (E) RT-QPCR (four clones per cell subset analyzed) and by (F) FACS (three clones per cell subset analyzed): (E) P3F expression
levels in clones arising from unfractionated, YFP"€"/P3FNMe" and YFP'/P3F°% cells were similar. (F) Clones arising from unfractionated, YFPM'€"/P3FNMe" and YFP'ov/p3Flow
contained a mix of YFPM&" and YFP'®" cells. Differences in clonal activity were evaluated for statistical significance by chi square test; differences in P3F expression and
cell composition by one-way ANOVAs (****P < 0.001; ***P < 0.01; **P < 0.01; ns P > 0.05). All experiments were replicated three times. Please see Fig S2 for clonal expansion of
€2C12 cells transduced with retroviruses expressing GFP. Please see Fig S3 for differences in the proportion of YFPME" U23674 cells cultured under different conditions.

YFPNSN/p3Fhish cells in medium containing 0.05 mM versus 4 mM
glutamine, P < 0.0001, Fig S4A). Changes in glucose concentrations in
the medium did not affect the percentage of YFP"8"/P3F"i€h J23674
and U21459 cells (Fig S3B).

Differences in the extracellular matrix used for cell culture also
influenced the percentage of YFPMS"/P3FM8" cells. When cells were
grown on laminin or Matrigel, the percentage of YFPMeh/p3Fhish
U23674 cells was reduced compared with cells grown on uncoated
surfaces (21% + 0.4% YFP"€"/P3FMe" cells on laminin and 13% + 0.6%
YFP"€N/P3FNiEN cells on Matrigel versus 32% + 1.2% YFP&"/p3phien
cells on uncoated surfaces; P < 0.001, Fig S3E). Exposure to fibro-
nectin did not alter the percentage of YFPM"/P3FMEN 23674 cells
(Fig S3E). Exposure to Matrigel, but not laminin or fibronectin, also
reduced the percentage of YFP"€"/P3Fi€" (21459 cells compared
with culture uncoated surfaces (2.1% + 0.4% YFPM&"/p3FMe" cells on
Matrigel versus 3.9% + 0.6% YFP"€"/P3F"€" cells on uncoated
surfaces; P < 0.05, Fig S4F). Moreover, culture at higher cell densities,
achieved by seeding cells in triangle-shaped wells (Fig S3C) or at
higher cell numbers per well (Fig S3D and F-H), increased the
percentage of YFPME"/p3FNieN Y23674 and U21459 cells. For example,
cells seeded at 30,000 cells per well on uncoated surfaces con-
tained more YFP"8"/P3FME" cells than those seeded at 5,000 cells

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

per well on uncoated surfaces (44% + 0% versus 25% + 3.4%; P =
0.001; Fig S3D).

Finally, U23674 and U21459 cells were treated with two chemo-
therapy drugs used for treatment of RMS (vincristine, dactinomycin;
48 h exposure each) and with the anti-tropomyosin compound TR100
for 12 h. Vincristine raised the percentage of YFPM&"/P3FiEN U23674
cells (60% + 0.8% versus 41% + 1.1% YFPM8"/P3FM8" cells among
vincristine-treated compared with control cells; P = 0.0007; Fig S3I)
and U21459 cells (4.5% + 0.4% versus 3.6% + 0.2% YFP"1/P3FMish cells
among vincristine-treated compared with control cells; P < 0.05; Fig
s4D), and dactinomycin decreased the percentage of YFP"®"/p3fnien
U23674 cells (334% + 3% versus 43.4% + 11%; YFP"E"/P3FME" cells
among dactinomycine-treated compared with control cells; P = 0.006;
Fig S3)) and U21459 cells (3.7% + 0.4% versus 5.6% + 0.6% YFPME"/
P3F"e" cells among dactinomycine-treated compared with control
cells; P < 0.05; Fig S&4E). Exposure to TR100 did not change the pro-
portion of YFPM81/P3FMisN and YFP'OY/P3Fo" U23674 cells (Fig S3K).

Extended analyses revealed reduced absolute numbers of YFP'®
and YFP"'" cells exposed to vincristine and low-glutamine conditions
(50,008 + 0 Vincristine-exposed and 48,791 + 1,865 glutamine-deprived
versus 121,727 + 1,821 control YFP'*" cells, P < 0.01 and 25992 + 0
vincristine-exposed and 25210 + 964 glutamine-deprived versus
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only resulted in a trend towards lower absolute numbers of YFP""  stages compared with YFP"€"/P3F"€" cells (Figs 3D and E and S5A and
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Figure 3. Higher tumor-propagating activity of YFP'°"/P3F'°" than YFP""/P3F"€" mouse U23674 RMS cells.

(A) Unfractionated (U), YFP"€"/P3FMEN (Y-H), and YFP'"/P3F'®" (Y-L) U23674 cells were implanted into the extremity muscles of NOD.SCID mice and allowed to expand
for up to 4 mo. (B) YFP'®"/P3F'°" cells formed significantly more tumors at the injection sites than YFP"'€"/P3F"" and unfractionated U23674 cells. (C) Limiting dilution
analysis revealed significantly higher tumor-repopulating cell frequencies within the YFP'®"/ P3F'®" than the YFP"S"/ P3FMeN subset of cells: 1in 7,781 YFPME"/P3FMEN U23674
cells (95% confidence interval: 1in 2,332-25,964 cells) versus 1in 65 YFP'®Y/P3F'°" U23674 cells (95% confidence interval: range 1in 28-151 cells; P < 0.0001). (D, E) Hoechst
33342 staining determined YFP'®"/P3F'°" cells contained 87% + 0.2% cells in the GO/G1 phases, and 11% * 0.3% cells in the G2/M phases of the cell cycle. YFPME"/p3Fhieh
cells contained 46% + 3.7% cells in GO/G1, and 49% + 3.2% cells in G2/M. (F, G) The composition of tumors arising from unfractionated, YFPMS"/p3Fie" and YFP'o¥/p3Fiow
U23674 cells was analyzed by (F) Western blotting (two to three clones per cell subset analyzed) and by (G) FACS (two to three clones per cell subset analyzed): (F) P3F
expression levels in clones arising from unfractionated, YFP"€"/P3F"€" and YFP'®"/P3F'°" cells were similar. (G) Tumors arising from unfractionated, YFP"€"/P3F€" and,
notably, YFP'©"/P3F®" cells contained a mix of YFP"S" and YFP'Y cells. Differences in tumor propagating capacity were evaluated for statistical significance by log-rank
(Mantel-Cox) tests; differences in cell composition by ordinary one-way ANOVAs (ns P > 0.05). Limiting dilution analyses were performed as described by Bonnefoix et al
(51) using the limdil function of the StatMod package (author GK Smyth, http://bioinfwehi.edu.au/software/limdil/). Experiments were replicated three times.
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YFP' cells, P < 0.5 and 5.8% + 0.7% vincristine-exposed versus 2.5%
15% control YFP™E" cells, P < 0.001, Fig S5C and D) and a lower
percentage of G2/M YFP"" cells cultured in low-glutamine condi-
tions (17.0% + 12.8% glutamine-deprived versus 40.6 + 3.1 control G2/M
YFP"8" cells, P> 0.01, Fig S5F). Taken together, our observations do not
indicate that high P3F levels protect cells from stress-induced ap-
optosis by inducing a G2/M block.

Higher tumor-propagating capacity of P3F'°"/YFP'°" compared
with P3F"E"/YFPME" mouse RMS cells

As YFP'©"/P3F'" U23674 cells formed significantly more clones than
YFP8N/P3FNiEN 23674 cells, we next examined the ability of YFP©Y/
P3F% and YFP"e"/P3FM8" 23674 cells to form tumors in immuno-
compromised mice immediately after sorting. For each U23674 cell
subset (i.e, unfractionated, YFP""/P3FM&" and YFP'"/P3F" cells),
500 cells each were injected into the cardiotoxin preinjured gas-
trocnemius muscles of NOD.SCID recipients (Fig 3A). Secondary tumors
developed in five out of six mice injected with YFP'*"/P3F" U23674
cells, two out of six mice injected with YFPM€"/P3FE" 423674 cells, and
three out of six mice injected with unfractionated U23674 cells (P < 0.05,
Fig 3B). These differences were confirmed in three independent trans-
plantation experiments. Consistent with these observations, limiting
dilution analyses (1-5,000 cells implanted in a total of four injections
each) revealed that the frequency of tumor-repopulating cells was 1
in 7,781 YFP"'8N/P3FNE 23674 cells (95% confidence interval: 1 in
2,332 to 25,964 cells) versus 1 in 65 YFP'Y/P3FY U23674 cells (95%
confidence interval: range 1in 28 to 151 cells; P < 0.0001) (Fig 3C and
Table S2). Thus, YFP'"/P3F'" U23674 cells clearly exhibited higher
tumor-propagating capacity than YFP™€"/P3F"€" U23674 cells.

It was previously shown that YFP fluorescence in U23674 cells is
markedly increased during cell division (18). We therefore used
Hoechst 33342 staining to confirm that YFPMS"/P3F"" cells con-
tained significantly more cells in the G2/M stages of the cell cycle
compared with YFP'©"/P3F'®" cells (49% + 3.2% versus 11% + 0.3%; P <
0.0001, Fig 3D and E). In contrast, YFP"/P3F®" cells, which
exhibited significantly higher tumor-propagating capacity, included
more cells in GO/G1stages compared with YFP"'8"/P3FMEN cells (87% +
0.2% versus 46% + 37%; P < 0.0007, Fig 3D and E).

P3F/YFP expression in allograft tumor cells was evaluated by
Western blot (Fig 3F) and by FACS (Fig 3G). Again, YFP"S"/p3FNish cells
were detected in allograft tumors originating from unfractionated
U23674 cells (20.9% + 12.6%), YFP"S"/P3FEM (22.2 + 26.2), and YFP'™"/
P3FO" 23674 cells (7.8% + 2.6%) (Fig 3G). Differences in the per-
centage of YFPM8"/P3FMEN cells did not reach statistical significance.
Infiltrating and surrounding host cells may account for YFP'"/P3F‘oW
cells in allograft tissue arising from transplanted YFP"8"/P3FMish cells.
However, the presence of YFP""/P3FN8" cells in tumors originating
from YFP'®“/P3F°" 123674 cells (Fig 3G) further supports dynamic
expression of the fusion oncogene in U23674 cells.

No effect of P3F expression levels on the proportion of apoptotic
cells in RMS

Higher P3F levels in tumor cells may be toxic and induce cell death,
thereby accounting for lower clonogenic and tumor-propagating

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

capacity of YFP"8"/P3FMi8h 23674 cells. Annexin V (Ann V) staining
was used to demonstrate similar rates of living (80% + 11.5% versus
74.7% + 8.8%, P> 0.99) and apoptotic (13.4% + 8% versus 7.6% + 3.5%,
P > 0.99) YFPS"/P3FNEN and YFP'OY/P3F® U23674 cells. There
was a trend towards lower percentages of necrotic/late apoptotic
YFPMIEN / P3FNISN versus YFPYO/ P3FOW U23674 cells (5.7% + 6.1% versus
15.3% + 6.3%, P = 0.09), but these differences did not reach statistical
significance (Fig 4A and B). These observations indicate that dif-
ferences in the efficiency of tumor and clone formation by YFPM&"/
P3F"€" U23674 cells are not due to higher rates of apoptosis among
cells expressing higher levels of the fusion oncogene. In U23674
cells, YFP and P3F are expressed from the targeted Pax3:FoxoT-ires-
eYFP allele (18), which allows for siGFP-induced knockdown of P3F
expression (Figs 4C and S6A). As published previously (6, 7), P3F
silencing reduced the proliferation rate of U23674 cells (Fig 4D). Yet,
similar to data obtained with YFPM&"/P3FMS" and YFP'o"/p3Ftow
U23674 cells, there were no significant differences in the rates of
living (73.7% + 9% versus 67% + 13.5%, P = 0.36), apoptotic (8.2% +
4.4% versus 11.8% + 5.1%, P > 0.99), and necrotic cells (14.3% + 52%
versus 17.1% + 9.3%, P > 0.99) between U23674 cells transfected with
scrambled (Scr) control siRNA or with siGFP (Fig 4E and F). Ex-
pression of cleaved caspase 3 (Cl-Casp 3) and cleaved PARP (Cl-
Parp) also did not change after Pax3:Foxo1 silencing (Fig 4G).

P3F was also silenced in the high-passage human RMS cell lines
Rh30 (Fig S6B) and Rh5 (Fig S6E). Similar to effects in U23674 cells,
P3F silencing reduced the proliferation rate of Rh30 cells (Fig S6C)
and Rh5 cells (Fig S6F). Expression of cleaved caspase three and
cleaved PARP likewise did not change after Pax3:Foxo1 silencing in
Rh30 cells (Fig S6D) or in Rh5 cells (Fig S6G).

Differential regulation of genes involved in ECM-receptor
interaction and focal adhesion in YFP'®"/P3F'°" versus
YFP"E"/p3FMigh mouse RMS cells

To further delineate the underpinnings of differences in clonal
activity and tumor-propagating capacity of U23674 cell subsets,
the gene expression profiles of YFP"€"/p3Fien yFplow/p3plow and
unfractionated U23674 cells were examined immediately after
sorting (Clariom S Assay, mouse; Affymetrix). This analysis revealed
profound differences in the transcriptome of YFPM8/p3Fhish yersus
YFP'©/P3F'°" and unfractionated U23674 cells (Fig 5A). We focused
our subsequent analyses on transcripts that were differentially
regulated between YFP'®"/P3F'°Y and YFP"€"/P3Fe" 123674 cells
(Table S3, logFC < -1 or >1, false discovery rate [FDR] < 0.01). The most
significantly enriched pathways among these differentially regu-
lated genes included cell junction, plasma membrane region, ex-
tracellular matrix, and cell surface (FDR < 0.05, Fig 5B and Table S4).
Transcripts involved in focal adhesion (Fig S7) and regulation of the
actin cytoskeleton (Fig S8) were differentially expressed in YFPMS/
P3F"EN cells versus YFP'"/P3F" cells. Differentially regulated can-
didate genes included Integrin a 8 (Itga8), Cadherin 4 (Cdh4), Rho
family GTPase 2 (Rnd2), Integrin a 5 (ltga5), Thrombospondin 3
(Thbs3), EGF containing Fibulin Extracellular Matrix Protein 1(Efemp1),
and Laminin Subunit Alpha 5 (Lamabs). QRT-PCR in siGFP compared
with control and scramble U23674 cells confirmed that lower P3F
dose (Fig 5C) was associated with lower levels of Itga8 (Fig 5D) (16,
17) and Cdh4 (Fig 5E) (18), both involved in cell-cell adhesion.
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Figure 4.

Lower P3F dose did not change the proportion of apoptotic cells in mouse U23674 RMS cells stained with Annexin V (Ann V).

(A, B) The proportions of alive Ann V-/7AAD- and apoptotic Ann V+/7AAD-cells among YFP"'8"/P3FMeN (v-H) and YFP"/P3F'W (v-L) U23674 cell subsets were similar.
(C) There was a trend towards lower percentages of necrotic/late apoptotic Ann V+/7AAD+ Y-H cells (C) P3F silencing in siGFP U23674 mouse RMS cells compared with
control (ctrl) cells and cells exposed to scramble (scr) siRNA. (D) Reduced P3F expression in si-GFP U23674 cells correlated with lower proliferation rates compared with
control and scramble cells. (E, F) The proportions of living, apoptotic, and necrotic cells among scramble and siGFP U23674 cells were also similar. (G) Levels of cleaved
Caspase 3 (Cl-Casp 3) and cleaved PARP (CI-PARP) were similar among control, scramble, and si-GFP U23674 cells. Etoposide-treated U23674 cells were included as
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Conversely, higher levels of P3F were associated with higher ex-
pression of Rnd2 (Fig 5F) (19), which regulates organization of the
actin cytoskeleton, and with higher expression of Itga5 (Fig 5G) (20,
21), Thbs3 (Fig 5H) (22, 23), Efemp1 (Fig 51) (24), and Lamas (Fig 5)) (25),
all involved in adhesion/cell-ECM interaction. Also, differences in
expression of myogenic regulatory factors between YFPe"/p3phish
and YFP'"/P3F'°" cells were explored. Significantly higher levels of
myoblast determination protein 1 (MyoD1) and a trend towards
higher expression of paired-box transcription factor 7 (PAX7) and
myogenic factor 5 (Myf5) in YFPME" / p3FNie cells were noted (Fig S9).

Next, chromatin accessibility sites in YFP"8"/P3F"i€" and YFP'o™/
P3F'% cells were investigated by Assay for transposase-accessible
chromatin using sequencing (ATAC-Seq) (26). The Pax3 promoter
region showed higher ATAC-Seq signals in YFP"8"/P3FNEN cells. As
P3F expression in mouse U23674 cells is directed by the endoge-
nous Pax3 promoter, this observation is consistent with higher
transcription of P3F in YFPMSN/p3FNEN cells (Fig 5K). P3F fusion
protein DNA-binding motif also represented the most significantly
enriched motif in YFPME"/P3FMe cells (Fig 5L). Overall, YFP"€"/
P3F"" cells contained ~30 times more chromatin accessible sites
than YFP'®"/P3F°Y cells (4,592 peaks in YFPMS"/P3Fe" cells versus
142 peaks in YFP'©/P3F'°" cells, Tables S5 and S6). Gene Set En-
richment Analysis demonstrated that genes involved in gene on-
tology (GO) categories for cell motility, locomotion, and adhesion
again were significantly enriched among those that had stronger
ATAC-Seq signals in YFP'®"/P3F°" cells (Table S7).

Lower P3F expression changes the cytoarchitecture, adhesion,
and migration capacities of mouse RMS cells

Enrichment of genes involved in adhesion among those differen-
tially regulated between YFP°Y/P3F'®" and YFPMEN/p3FMieN cells
pointed towards differences in cell adherence and migration ca-
pacity. As YFP/P3F expression in individual U23674 cells was un-
stable and fluctuated over time, we chose to investigate the
adhesion capacity of YFP'°"/P3F'®" and YFP"8"/P3F"E" cells using
siRNA-mediated down-regulation of P3F expression. Indeed, siGFP
U23674 cells, in which P3F levels are suppressed, exhibited higher
cell surface areas than control, scramble U23674 cells (1.2 + 0.8 mm?
versus 0.4 + 0.2 mm?, P < 0.0001, Fig 6A). Also, when equal numbers
of siGFP and scramble U23674 cells were allowed to adhere to
the surface of a tissue culture plate for 2 h before toluidine blue
staining of adherent cells, siGFP U23674 cells displayed significantly
higher adhesion capacity than scramble U23674 cells (1.9 + 0.09
versus 0.6 + 0.1, P < 0.0001; Fig 6B).

Cell spreading and adhesion require the establishment of cir-
cumferential adhesion zones along the cell surface and may co-
incide with changes in cytoarchitecture. U23674 cells were stained
using paxillin and phalloidin antibodies to visualize focal adhesion
points (Fig 6C and D-F) and actin filaments (Fig 6D, G, and H), re-
spectively. Paxillin staining demonstrated a significantly higher
number of paxillin-rich focal adhesion points per cell in siGFP (Fig

6F, lower panel) compared with scramble (Fig 6F, middle panel)
U23674 cells (47.5 + 253 versus 8.3 + 5.8 adhesion points per cell, P <
0.01, Fig 6C). Phalloidin staining visualized thin, short actin fibers in
scramble U23674 cells (Fig 6H, middle panel), whereas robust actin
stress fibers were aligned throughout siGFP U23674 cells (Fig 6H,
lower panel). The observation that siGFP U23674 cells exhibited
highly organized actin stress fibers (Fig 6H, lower panel) and more
focal adhesion points (Fig 6F, lower panel) is consistent with the
more effective spreading and adhesion of cells expressing lower
P3F doses. As adhesion and spreading capacities of cells impact on
their ability to migrate, we also plated U23674 cells in serum-free
media on Boyden transwell migration filters to investigate transwell
migration. Significantly higher numbers of siGFP (Fig 6l, far right
panels) compared with scramble (Fig 6I, middle panels) U23674
cells migrated through pores (98 + 31.6 versus 43 + 11.8, P < 0.0001,
Fig 61 and )).

A second low-passage cell line established from Myf6Cre,Pax3:
Foxo1,p53 mouse sarcoma cells (U21459) was used to confirm that
lower P3F dose by siGFP silencing (Fig S10A) correlated with higher
cell surface areas (0.75 + 0.61 mm? versus 0.2 + 0.09 mm?, P < 0.0001,
Fig S10B), more efficient adhesion to plastic surfaces (P < 0.0007; Fig
5100), increased numbers of paxillin-rich focal adhesions per cell
(24 + 6.7 versus 4.6 + 3.6 focal adhesions per cell, P < 0.0001, Fig S10D
and E-G), increased stretching of the actin cytoskeleton (Fig
S10H-J), and higher migration activity (133 + 15 versus 9 + 5 mi-
grated cells per well, P < 0.0007; Fig S10K and L) compared with
scramble cells. Lower P3F dose in U21459 cells (Fig S11A) also
correlated with lower Itga8 (Fig S11B), Cdh4 (Fig S11C), and Rnd2 (Fig
S1D) as well as higher Itga5 (Fig S11E) and Thbs3 (Fig S11F)
expression.

However, lower P3F dose did not correlate with more efficient
adhesion to uncoated plastic surfaces and surfaces covered with
collagen I, collagen I, collagen IV, fibronectin, laminin, tenascin, or
vitronectin in the high-passage human RMS cell lines Rh5 (Fig S12A
and B), Rh30 (Fig S12C and D), and Rh41 (Fig S12E and F). As long-
term ex-vivo passage may have introduced artefacts, we also
attempted to silence P3F expression in human, low-passage primary
RMS cell cultures and evaluate differences in adhesion capacity. Un-
fortunately, these experiments were hampered by substantial toxicity
and poor cell survival. After siP3F silencing of fusion oncogene ex-
pression in CF1 cells (Fig S13A), we did not detect any differences in
adhesion to uncoated plastic surfaces (Fig S13B).

Reversal of adhesive phenotype of P3F'°" cells by chemical
disruption of the actin cytoskeleton in mouse RMS cells

TR100 belongs to a class of anti-tropomyosin compounds, which
targets cytoskeletal tropomyosin-containing filaments in cancer
cells with high specificity (36) (Fig 7A-0). Increased stretching of the
actin cytoskeleton in siGFP U23674 cells (Fig 70, upper panel) was
disrupted by TR100 treatment in siGFP U23674 cells (Fig 70, lower
panel). Also, the increase in paxillin-rich adhesion points observed

positive controls. Differences in the percentage of living/apoptotic and necrotic cells were evaluated for statistical significance by ordinary one-way ANOVAs (ns P > 0.05).
Differences in cell growth were evaluated by nonlinear regression (ns P > 0.05, ****P < 0.001). Experiments were replicated three to five times. See Fig S6 for transient
silencing of P3F in human Rh30 and Rh5 RMS cells and its effects on proliferation and apoptosis.
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Figure5. Transcriptional profiling identifies differences in the expression of genes involved in cell surface/matrix interaction in YFP"'€"/p3Fhigh yersus YFP'©"/p3Fio”

mouse U23674 RMS cells.

(A) The gene expression profiles of YFP"'8"/P3FM&" and YFPY"/P3F'¥ cells were distinct as evidenced by principal component analysis. (B) Pathway analysis of genes
differentially regulated in YFPMS"/ P3FMeM versus YFP'"/P3F'° cells revealed enrichment of transcripts involved in cell junction and extracellular matrix (based on the GO
cellular components database). (C) RT-QPCR confirmed silencing of P3F in si-GFP compared to control and scramble U23674 cells. (D, E, F, G, H, 1, J) RT-QPCR also

confirmed differential expression of candidate genes in (D, E) cell-to-cell adhesion (/tga8 and Cdh4), (F) cytoskeletal organization (Rnd2), and (G, H, I, J) cell-to-extracellular
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in siGFP U23674 cells (Fig 7M, upper panel) was reduced in TR100-
treated U23674 cells (Fig 7M, lower panel). There were 16.4 + 3.8
adhesions points per cell in TR100-treated U23674s compared with
35+ 5.6 adhesion points per cell in DMSO-treated siGFP U23674s (P <
0.01, Fig7P). In fact, the number of focal adhesion points per cell was
similar in TR100-treated siGFP and DMSO-treated scramble U23674
cells (e.g., 16.4 + 3.8 versus 15 + 1 adhesion points in TR100-treated
SiGFP versus DMSO-treated scramble cells, P > 0.9, Fig 7P). Further-
more, more efficient adhesion of siGFP U23674 cells to the surface of
the culture dishes was reduced in TR100-treated siGFP U23674 cells (P
<0.0001, Fig 7Q), so that the adhesion capacity of TR100-treated siGFP
U23674 cells was similar to that of scramble DMSO-treated U23674
cells (P = 0.03, Fig 7Q). Finally, the higher migration activity seen in
transwell migration assays of siGFP U23674 cells (Fig 7U, left panel)
was abrogated by exposure to TR100 (Fig 7S-U, right panel). We
observed 16 + 4 migrated cells per well for TR100-treated U23674s
compared with 70 + 16 migrated cells per well for DMSO-treated siGFP
cells (P < 0.0001, Fig 7R). Migration of TR100-treated siGFP cells and
DMSO-treated scramble cells were similar (e.g, 16 + 4 versus 11 + 3
migrated cells per well for TR100-treated siGFP compared with DMSO-
treated scramble cells, P > 0.99, Fig 7R).

Similar results were obtained with TR100 treatment of U21459
mouse RMS cells (Fig S14A-R). Again, the organization of the actin
cytoskeleton (Fig S14R upper panel) and increased number of focal
adhesion points (Fig S140 upper panel, Fig S14S) observed in siGFP
U21459 cells was reversed by exposure to TR100 (Fig S14R and O
lower panels, Fig S14S). Also, more efficient adhesion to the surface
oftissue culture dishes (Fig S14T) and increased transwell migration
(Fig S14U-X) seen in siGFP U21459 was reduced by treatment with
TR100.

Discussion

The tumor cell pool in any given cancer is phenotypically and
functionally heterogeneous. This heterogeneity arises as a con-
sequence of hierarchical organization, clonal evolution, adaption to
microenvironmental, and systemic cues and/or reversible changes
in tumor cell properties (27). Cells within the RMS cell pool are
known to differ in their expression of cell surface antigens (28),
mutational spectrum (11), and degree of tissue-specific differen-
tiation (29). We confirm that low-passage mouse Myf6Cre+/-,Pax3:
Foxo1+/+,p53-/- RMS cell lines and low-passage human RMS cell
cultures contain cells expressing markedly heterogeneous P3F
levels (17). Within the Myf6Cre+/- Pax3:Foxo1+/+p53-/- RMS cell
pool, a large portion of YFP"€"/P3FMS" cells are in the G2/M phases
of the cell cycle, and higher P3F expression correlates with higher
proliferation rates. By contrast, YFP'®¥/P3F'°" U23674 cells are

mostly in the GO/G1 phases of the cell cycle (17) and reorganize their
cytoarchitecture to produce a cellular phenotype prone to adhe-
sion and migration. These differences translate into higher clonal
activity and increased tumor-propagating capacity of P3F'°" U23674
cells. Chemical disruption of the actin cytoskeleton, for example, by
exposure to the anti-tropomyosin compound TR100 (30), reduced
the ability of YFP'®"/P3F®" mouse RMS cells to adhere and migrate.
TR100 and other actin-depolymerizing agents may be of therapeutic
value in RMS.

At the single cell level, P3F levels fluctuate over time (15). Kikuchi
etal reported that P3F expression increased in pre-mitotic cells. P3F
was highly expressed in the G2 cell cycle phase, which correlated
with increased Pax3 promoter activity in G2 and was shown to
mediate cell cycle adaptation and survival of cells exposed to
genomic stress (15). Our observations suggest that variable P3F
expression within the RMS cell pool involves transition between
phenotypes prone to adhesion and phenotypes predisposed to
proliferation. Such adaptive plasticity may provide tumors with a
critical advantage during progression through different malignant
stages and may allow tumor cells to adapt to environmental
challenges. P3F°" cells may drive metastatic spread at an early
stage, which might explain why patients with PAX-translocated RMS
frequently harbor micrometastatic disease at first presentation and
develop metastases very early (31, 2). Exposure to chemotherapy
drugs was shown to change the proportion of P3F"€" and P3F'o"
cells, which may contribute to the development of drug resistances.

Interestingly, the melanoma cell pool was recently shown to
contain transcriptionally distinct populations of cells, which
transition between proliferative and invasive phenotypes to drive
melanoma progression (32, 33, 34, 35, 36). Slow-cycling melanoma
cells with an invasive phenotype expressed high levels of the re-
ceptor tyrosine kinase AXL (37), which was one of the most strongly
up-regulated genes in YFP'°"/P3F'°" compared with YFP"&" / p3Fnieh
mouse RMS cells (logFC 2.6, Table S3). Also, Franzetti et al proposed
that Ewing sarcomas, a class of bone sarcomas typically expressing
the EWS:FLIT fusion oncoprotein, displayed phenotypic plasticity
because of dynamic fluctuations in EWS:FLIT expression at the
single cell level (38). EWS:FLITY cells were less cohesive and
expressed higher levels of actin-binding proteins involved in the
assembly of the cytoskeleton compared with EWS:FLIT"€" cells (38).
The transition from proliferative to invasive phenotypes was trig-
gered by environmental cues such as extracellular matrix stiffness
(33), presence of certain extracellular ligands (e.g, TGFB) (33), and
nutrient/oxygen availability (25). We note that cell densities, glu-
tamine availability, chemical exposures, and certain extracellular
matrix components also influenced the proportion of YFPMeN/
P3F"€M and YFP'O"/P3F'®Y cells within the mouse Myf6Cre+/-,Pax3:
Foxo1+/+p53-/- RMS cell pool. Yet, the mechanisms driving

matrix interaction (ltgas, Thbs3, Efemp1, and Lamas) in si-GFP compared with control and scramble U23674 cells. (K) Assay for transposase-accessible chromatin using
sequencing (ATAC-Seq) demonstrated higher ATAC-Seq signals in the PAX3 promoter region in YFP"€"/P3F"8" cells. (L) P3F fusion protein DNA-binding motif represented
the most significantly enriched motif in YFP"S"/P3FNish cells. PCR data were evaluated for statistical significance by ordinary one-way ANOVAS (ns P = 0.05, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). See Figs S5 and S6 for the differential expression of transcripts involved in focal adhesion and in the regulation of the actin
cytoskeleton, respectively, in YFP"S"/ P3FMeN versus YFP©" /P3FO% cells. See Table 53 for a list of genes differentially regulated genes in YFPS"/P3FNish yersus YFP!OW/ p3Fiow
cells (logFC < -1 or >1, false discovery rate [FDR] < 0.01); see Table S4 for pathways enriched in genes differentially regulated (logFC < -10r >1, FDR < 0.01) in YFP€"/p3FNieh
versus YFP'°"/P3F°" cells (FDR < 0.05); see Tables S5 and $6 for genes with stronger ATAC-Seq signals in YFP'©"/P3F'" and YFP""/P3FMeN U23674 cells; see Table S7 for
pathways enriched among genes with stronger ATAC-Seq signals in YFP'"/P3F° cells.
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Figure 6. Lower P3F dose in mouse U23674 RMS cells changed cytoarchitecture, adhesion and migration.

(A) The cell surface area of si-GFP U23674 cells was higher than that of control and scramble U23674 cells 2 h after plating. (B) Also, the number of adherent si-GFP cells
was higher than that of control and scramble cells, as evidenced by Toluidine Blue staining 2 h after plating. (C, D, E, F) Si-GFP cells (F, bottom panel) contained more focal
adhesion points per cell compared to control and scramble cells (F, upper and middle panels), as visualized by Paxillin immunocytochemical staining. (G, H) Phalloidin
staining revealed re-organization of the actin cytoskeleton with formation of robust stress fibers in si-GFP cells (H, bottom panel) compared with control and scramble
cells (H, upper and middle panels). (1, J) Si-GFP cells (I, far right panels) exhibited higher migration capacity than control and scramble cells (I, far left and middle panels).
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fluctuating P3F expression in mouse RMS remain unclear. It is important
to note that the endogenous Pax3 promoter, which drives P3F ex-
pression in Myf6Cre+/- Pax3:Foxo1+/+p53-/- mouse RMS cells (14),
displayed higher ATAQ-Seq signals in YFP"'®"/ P3F"8" U23674 cells. We
speculate that changes in P3F expression may be a consequence of
core regulatory circuits that establish and maintain cellular prop-
erties through their extended regulatory networks (39).

P3F'°" RMS cells are mostly in the GO/G1 phases of the cell cycle,
prone to adhesion and with higher tumor-propagating potential
than P3F"€" cells. It is conceivable that they represent a stem-like
cellular state. This is interesting, as increasing evidence supports
that extracellular matrix proteins provide a physical and bio-
chemical niche to promote stem cell survival by establishing
anchorage/homing sites that serve as a reservoir for external
factors, allow for formation of focal adhesions and mediate acti-
vation of mechanotransduction pathways (40). The ability to bind to
extracellular matrix components was previously linked to clono-
genic activity and tumor-forming capacity in sarcoma cells.
Buchstaller et al demonstrated that laminin-negative malignant
peripheral nerve sheet tumor (MPNST) cells displayed lower tumor-
forming capacity thanin laminin-positive MPNST cells. Lower tumor-
forming capacity of laminin-negative MPNST cells was augmented by
coinjecting cells with laminin/Matrigel into mouse recipient animals
(41).

Cell-to-cell heterogeneity in P3F expression was present within
the mouse Myf6Cre,Pax3:Foxo1,p53 RMS cell pool, but also in human
primary RMS cell cultures and RMS cell lines. However, one im-
portant limitation of our studies is that we were unable to re-
produce a correlation between lower P3F expression and higher
capacity to adhere to a variety of different surface matrices in
human RMS cell lines Rh30, Rh41, or Rh5, which could be due to
fundamental differences in mouse and human tumors or, more
likely, due to artefacts introduced by long-term passage of the
human cell linesinvitro. Our subsequent attempts to silence P3F
expression in low-passage human primary RMS cell cultures
were hampered by substantial toxicities and poor survival of
siP3F-transfected cells. P3F silencing in CF1 primary human RMS
cells was not associated with changes in cell adhesion to plastic
surfaces. Of note, melanoma studies also indicated that ectopic
expression of the melanoma transcriptional master regulator
microphthalmia-associated transcription factor (MITF) did not
necessarily induce phenotype switching, possibly because epigenetic
modifications were necessary for MITF to drive the transition be-
tween phenotypes (32). Further single-cell analyses will be needed to
clarify differences in gene expression signatures linked to distinct
phenotypes within the RMS cell pool.

Taken together, our studies highlight variable P3F expression
at the cellular level in human primary RMS cell cultures and
Myf6Cre+/-,Pax3:Foxo1+/+p53-/- mouse RMS tumors, and we dem-
onstrate the functional consequences of this heterogeneity with
respect to tumorigenic and invasive potential. Importantly, higher

proportions of cells in the GO/G1 phase of the cell cycle among YFP'®"/
P3F8" cells may contribute to their higher tumor-propagating and
clonogenic capacity. Because of its central role in RMS malignancy,
the P3F fusion oncogene has generally been considered an ideal
target to selectively attack tumor cells. Yet, our data clearly indicate
that eliminating P3F"" cells only by targeting the fusion oncogene
may not cure the disease. This is supported by published observa-
tions in genetically engineered mouse RMS tumors, which regressed
after withdrawal of inducible P3F followed by rapid recurrence with-
out re-activation of P3F (42). It will be important to understand the
mechanisms that direct fluctuations in P3F expression at the cellular
level, to design treatment regimens, that might be able to overcome
plasticity, for example, by using metronomic therapies that avoid
adaptation, prevent development of resistance and set the stage for
each other.

Materials and Methods
Mice

NOD/CB17-Prkdc®“® /) (NOD.SCID) mice were bred and maintained
at the Center for Experimental Models and Transgenic Service
(CEMT) Freiburg. All animal experiments were approved by the
Regierungsprasidium Freiburg (G-16/136).

Cell lines

Mouse U23674 and U21459 RMS cell lines were established in mouse
sarcomas, which arose spontaneously in Myf6Cre,Pax3:Foxo1,p53
mice (Table S1). In these mice, expression of Myf6-Cre converted the
two normally functioning Pax3 alleles into conditional P3F knock-in
alleles by fusing exons 1-7 of Pax3 to a 9.3-kb 3’ genomic region of
Foxo1l. P3F was linked to an eYFP fluorescent marker gene, which
was expressed as a second cistron downstream from an IRES. The
mice also carried conditional Tp53 knockouts on both alleles. For
the experiments reported here, U23674 cells were used at passage
13-24, and U21459 at passage 7-24. U23674 and U21459 cells were
grown in DMEM (41965-039; Gibco), supplemented with 10% FBS
(F7524; Sigma-Aldrich), and 1% Penicillin/Streptomycin (PS, 15140-
122; Gibco).

SJRHB013759_X1 primary RMS cell cultures were established from
a recurrent inguinal P3F fusion-positive RMS tumor diagnosed in a
19-yr-old male, IC-pPDX 35 primary RMS cell cultures from a re-
current P3F fusion-positive RMS tumor diagnosed in a 13-yr-old
male, RMSZH003 from a recurrent pelvic P3F fusion-positive RMS
tumor diagnosed in a 3-yr-old female and CF1from a 1.8-yr-old boy
with disseminated disease (43). For the experiments reported here,
SJRHB013759_X1 cells were used at passage 5-9, IC-pPDX 35 cells at
passage 3-9, RMSZH003 cells at passage 4-7 and CF1 at passage 7-15

Data were evaluated for statistical significance by ordinary one-way ANOVA statistical test (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Experiments were
replicated three times. See Fig S9 for the effects of P3F silencing on the cytoarchitecture, adhesion, and migration of mouse U21459 cells. See Fig S10 for the effects of P3F
silencing on the expression of candidate genes involved in cell-to-cell adhesion, cytoskeletal organization, and cell-to-extracellular matrix interaction in mouse U21459
cells. See Fig S11 for the effects of P3F silencing on the adhesion capacities of human Rh5, Rh30, and Rh41 cells. See Fig S12 for the effects of P3F silencing on the

adhesion capacities of CF1 human patient-derived RMS cell cultures.
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A Figure 7. Chemical disruption of the
actin cytoskeleton in U23674 mouse
RMS cells reversed the effects of lower
P3F dose on cell adhesion and
migration.

(A,B,C,D,EFG,H,IJ K L M, N, O)
Visualization of the actin cytoskeleton
and focal adhesion points per cell by
phalloidin and paxillin staining of
U23674 cells treated with the anti-
tropomyosin compound TR100 or
carrier only (DMSO). (0) TR100
disrupted increased stretching of

the actin cytoskeleton in siGFP cells.
(M) TR100 also reversed the higher
number of focal adhesion points per cell
in siGFP cells. (P) Quantification of
focal adhesion points per cell
confirmed that TR100 reduced the
higher number of adhesion points
observed in DMSO-treated siGFP cells
to numbers than those observed in
control and scramble cells treated
with DMSO. (Q, R, S, T, U) Exposure to
TR100 also abrogated (Q) more efficient
adhesion and (R, S, T, U) higher
migration capacity of DMSO-treated
SiGFP cells to levels similar to those
observed in control and scramble
cells treated with DMSO. Data were
evaluated for statistical significance by
ordinary one-way ANOVAs (ns P >

0.05, *P < 0.05, **P < 0.01, ***P < 0.001,
%P < 0.0001). Experiments were
replicated three times. See Fig S13 for
the effects of TR100 treatment on
organization of the actin cytoskeleton,
adhesion and migration in mouse
U21459 cells.
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(Table S1). SJRHB013759_X1, IC-pPDX 35, and RMSZH003 were cul- 18B; Peprotech), and 20 ng/ml EGF (AF-100-15; Peprotech). CF1 were
tured in Neurobasal Medium (10888022; Gibco) supplemented with grown in RPMI supplemented with 10% FBS and 1% PS.

1% penicillin/streptomycin (15140-122; Gibco), 1x Glutamax (35050 Mouse C2C12 cells and human RD cells (used as YFP"®8 control
Gibco), 2x B27 (17504044, Life Technologies), 20 ng/ml bFGF (AF-100- cells), mouse Kras(G12v); P16p19™* mouse RMS cells (used as YFPP®
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control cells [44]); and human HEK293T cells were grown in DMEM
supplemented with 10% FBS and 1% PS. Rh5, Rh30 and Rh41 human
RMS cells (Table S1) were grown in DMEM supplemented with 20%
FBS and 1% PS.

Short tandem repeat analyses of human (Table S8) and mouse
(Table S9) cell lines used in this study was performed by Eurofins.

FACS

Cells were suspended in HBSS with 2% FBS. Antibody staining was
performed for 20 min on ice. Before FACS sorting, cells were labeled
with 7AAD (559925; BD Biosciences) to exclude dead cells. Cells were
sorted twice using a MoFlo Astrios flow cytometer. Purity checks
were performed to confirm that the sorted YFPP°® and YFP"®S cell
subsets had a purity of >98% using a YFP expression threshold
determined by the background fluorescence of YFP™® C2C12 cells.

Cell cycle analysis

U23674 cells were stained with Hoechst 33342 (H1339; Invitrogen)
at a final concentration of 5 ug/ml for 45 min at 37°. Cells were
then centrifuged at 300g for 5 min and resuspended in HBSS sup-
plemented with 2% FBS. FACS analysis was performed on LSRFortessa
from Becton Dickinson.

Clonal assays

Twenty U23674 cells per well were sorted into 96-well plates and
allowed to expand into clones. Formation of clones was evaluated
after 6-11 d using a microscope (Axiovert 40C Microscope; Carl
Zeiss). Clones were harvested 11 d after plating and subjected to
RNA isolation or flow cytometry analysis.

Sarcoma transplantation

Sarcoma cells were sorted, reconstituted in HBSS with 2% FBS, and
injected at defined numbers into the gastrocnemius muscles of
1-3-mo-old, anesthesized NOD.SCID mice as previously described
(44). Recipient tissue was preinjured 24 h before cell injection with
25 ul of a 0.03 mg/ml solution of cardiotoxin (from Naja naja
mosambica; Sigma-Aldrich). Mice were followed up for up to 4 mo
after transplantation. The extremity muscles of mice that did not
develop palpable tumors were dissected 4 mo after transplantation
to exclude tumors.

Tumor-bearing mice were euthanized, and tumors were har-
vested. Tumor tissue was digested in DMEM supplemented with
0.2% collagenase type Il (17101-015; Gibco) and 0.05% Dispase
(17105-041; Gibco) for 90 min at 37° in a shaking water bath and
mechanically dissociated as described before (22). Red blood cells
were removed using ammonium-chloride-potassium (ACK) Lysing
Buffer (A1049201; Thermo Fisher Scientific) for 3 min on ice.

Transcriptional profiling and pathway analysis
Total RNA was isolated using TRIzol Reagent (15596018; Ambion) and

quantified using a 2.0 Qubit fluorometer (Invitrogen). RNA integrity
was confirmed using an Agilent 2100 Bioanalyzer. Kit, Clariom S
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Assay, and mouse array (902931; Affymetrix) was performed according
to the manufacturer’s instructions. CEL files were processed with the
Oligo R package (45) and intensity were RMA normalized. A linear-
based model (46) was used to identify differentially regulated genes
in YFPE"/ P3FNi8N versus YFP'OY/P3F°", Regulated genes with a fold-
change (logFC) < -1 or >1 and a FDR < 0.01 were selected for gene set
analysis using Fisher's exact test. Databases were downloaded from
MSigDB (47) Consensus pathDB (48). Raw data are accessible on gene
expression omnibus (GEO) using the following GSE ID: GSE153894.

Transposase-accessible chromatin using sequencing (ATAC-Seq)

ATAC-Seq was performed on mouse U23674 YFP"8"/p3fMieh and
YFP'©"/P3F'®" cells as previously described (26). Briefly, 23k cells
were collected and centrifuged at 500g for 5 min at 4°C. The su-
pernatant was discarded without disturbing the cell pellets, which
were resuspended in 50 ul of cell lysis buffer (Tris=HCL, pH 7.4, 10 mM
NaCl, 3 mM MgCl,, and 0.1% NP40) and centrifuged at 500g for 5 min
at 4°C. The supernatant was removed carefully and resuspended in
freshly prepared Tn5 reaction buffer (12.5 ul 1X TD buffer [Illuminal,
1 ul Tn5 transposase, and 115 ul nuclease-free water). The trans-
position reaction was incubated at 37°C for 30 min and then pu-
rified using the Zymo ChIP clean up kit. Transposed DNA was
subjected to five cycles of indexed PCR amplification using New
England Biolabs Next Ultra Il Q5 Master Mix and custom-indexed
primers. Quantitative RT-PCR was performed to determine the
optimal number of PCR cycles for linear amplification without
saturating ATAC-Seq libraries. ATAC-Seq libraries were then quan-
tified using Qubit (Invitrogen), normalized, pooled, and sequenced
on an Illumina HiSeq 4000 sequencer (paired-end 125 bp, on average
100 M reads per library). FASTQ files were processed by trimming
Illumina adapters and Tn5 sequences with trimmomatic before
alignment to the mouse genome (build mm10) using bowtie2. Du-
plicate and mitochondrial reads were removed. The HOMER pipeline
was used to determine transcription factor motifs, which were
enriched in specific cell types (49). Gene Set Enrichment Analysis was
performed as previously described (47, 50). Raw data are accessible
on GEO using the following GSE ID: GSE154452.

Si-RNA silencing and retroviral transduction

SiRNA-silencing was performed using Lipofectamine RNAiMax
Transfection Reagent (13778030; Invitrogen) according to the manu-
facturer’s instructions. SiRNAs were obtained from Dharmacon (ON-
TARGET plus nontargeting control pool for the scramble and si-GFP).
PMSCV-Flag-IRES-GFP retrovirus was produced in HEK293T cells,
cotransfected with pMSCV-Flag-IRES-GFP (29.3 ug), pCMV-Gag-Pol
(9.75 pg), and pMD2VSV.G (4.9 pg). Retrovirus-containing super-
natant was concentrated by ultracentrifugation at 19,500 rpm (rMAX
161, rMIN 75.3, rAV 1182mm) using a Sorvall WX Ultra Series 80
centrifuge (Thermo Fisher Scientific) for 3 h at 4°C.

Annexin V staining
Apoptosis was evaluated by Annexin V-APC staining (550474; BD

Bioscences) according to the manufacturer’s protocol using a FACS
canto flow cytometer. 7AAD was used for viability staining. U23674
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and Rh30 cells treated with etoposide at a concentration of 50 uM
were used as positive controls.

Western blotting

Cell pellets were lysed using cell lysis buffer (9803S; New England
Biolabs) supplemented with protease/phosphatase inhibitor cock-
tail (5872S; Cell Signaling Technology). Proteins were resolved on
SDS-polyacrylammide gels and blotted onto Immuno-Blot poly-
vinylidene difluoride (PVDF) membranes (1620177; Bio-Rad), which
were blocked with PBST 3% non-fat dry milk, incubated with
primary antibodies overnight at 4°C, washed, and hybridized for
1 h at room temperature using goat anti-mouse/rabbit immuno-
globulin G (IgG) (H + L)-HRP Conjugate (1706516/15; Bio-Rad)
depending on the origins of the primary antibody. Detection was
performed using the ECL Select Western Blotting Detecting
Reagent (RPN2235; Amersham). The following antibodies were
used: anti-B actin (1:50,000, AC15; Sigma-Aldrich), anti-Pax3:Foxo1
(1:500, C29H4; Cell Signaling Technology), anti-PARP (1:1,000, 9542;
Cell Signaling Technology), and anti-Cleaved Caspase 3 (1:500,
9664; Cell Signaling Technology).

Real-time PCR

Total RNA was isolated using TRIzol Reagent (15596018; Ambion)
according to the manufacturer's instructions and quantified using a
NanoDrop Spectrophotometer (Thermo Fisher Scientific). RNA was
reverse-transcribed using Superscript Il First Strand (18080051; Invi-
trogen). Real-time PCR was performed using SybrGreen (4309155;
Thermo Fisher Scientific). The relative expression of each gene was
defined from the threshold cycle (Ct), and relative expression levels
were calculated by using the 2-DDCt method. Mouse Gapdh or Actin was
used as housekeeping genes. Primer sequences are listed in Table S10.

Single-cell reverse transcriptase droplet digital PCR (RT-ddPCR)

One RMS cell per well was sorted in 96-well plates containing
45 pl Single-Cell Lysis Bufferand 0.5 ul Single-Cell DNase | (Single-
Cell Lysis Kit, 4458235; Ambion) using a Moflo Astrios. The reaction
was stopped by adding 0.5 ul of single-cell stop solution. cDNA
synthesis was performed after adding 2.5 ul of RT reaction mix
(iScript Advanced cDNA Synthesis kit, 17725038; Bio-Rad) for a total
volume of 10 ul. Droplet digital PCR amplification of Pax3:Foxo1
(FAM) and Gapdh (HEX) was performed in a final volume of 25 ul by
adding the ddPCR Supermix for Probes No UDP (Bio-Rad), the FAM
and HEX probes to the cDNA mix. Droplets were generated using
the QX100 Droplet Generator (Bio-Rad) with 70 ul Droplet Generation
Oil (Bio-Rad) and 40 ul of the resulting water-in-oil droplet emulsion
was then thermocycled at 95° C for 10 min, followed by 40 cycles of 95° C
for30sand 61.3°Cfor 1 min. Final enzyme deactivation took place at 98°
for 10 min. Individual droplets were analyzed using the Q100 Droplet
Reader and Quantasoft Software. The following probe sequences were
used: 5’-/56-FAM/CATTGGCAA/ZEN /TGGCCTCTCACCTCAGAA/3IABKFQ/-3’
(P3F FAM probe), 5'-/5HEX/ACCACAGTC/ZEN/CATGCCATCACTGCCACC/
3IABKFQ/-3" (GAPDH HEX probe).

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

Immunocytochemistry

Cells were fixed using 4% PFA, permeabilized with 02% Triton X-100,
blocked with Vector M.O.M. Immunodetection Kit (BMK-2202) containing
10% goat serum, and incubated with Alexa Fluor 488-conjugated anti-
phalloidin (1:1,000, A12379; Thermo Fisher Scientific) at room temperature
for 1 h, Alexa Fluor 594-conjugated anti-Phalloidin (1:100, ab176757
Abcam) at room temperature for 1 h or anti-Paxillin (1:100, 610051; BD
Biosciences) at 4°C overnight. Alexa Fluor 594 goat anti-mouse 1gG
(1:200) was used for secondary antibody staining at room temperature
for 1 h. Antibodies were diluted in Vector M.O.M. Immunodetection Kit
(BMK-2202) containing 10% goat serum. Nuclei were stained with Dapi.
Images were obtained using a Zeiss LSM 710 confocal microscope.

Adhesion assays

Cells were seeded at 100,000 cells per well using non-coated 24-
well plates and allowed to adhere to the plate for 2 h at 37° before
removal of the supernatant and non-adherent cells. To quantify
adhesion, cells were fixed with 4% PFA for 30 min, washed with PBS,
stained with Toluidine Blue for 1 h, air dried overnight, and dis-
solved in 2% SDS solution. Optical density was measured at 620 nm.
To evaluate cell surface areas, adherent cells were imaged using a
HBO 100 AXIO microscope (Carl Zeiss), and cell surface areas were
measured for 15 representative fields using Image).

For the human Rh5, Rh30, and Rh41 sarcoma cell lines, adhesion
assays were carried out using the ECM Cell Adhesion Array Kit
(ECM540; Millipore) according to the manufacturer’s instructions.
Briefly, cells were seeded at 20,000 cells per well, allowed to adhere
for 2 h at 37° and stained according to the manufacturer’s in-
structions. The absorbance was then measured at 560 nm. For each
well, the ratio between the absorbances obtained for cells grown on
coated and non-coated surfaces was calculated.

Migration assay

Cells were seeded at 300,000 cells per well in serum-free medium
using cell culture inserts (353093; Falcon) in six-well plates. Cells
were allowed to migrate for 8 h at 37°. Migrated cells were then
stained with crystal violet for 30 min. Excess crystal violet was
removed, and the inserts were air dried overnight. Cells were im-
aged using a HBO 100 AXIO microscope (Carl Zeiss).

Drug exposures

U23674 cells were pretreated with 10 yM TR100 (SML1065; Sigma-
Aldrich) and U21459 cells with 15 yuM TR100 for 12 h and then seeded
for paxillin/phalloidin immunocytochemistry staining, adhesion,
and migration assays as described above. Control cells were treated
with vehicle (DMSO) only.

To evaluate the drug effects on the proportion of YEP"€"/P3F"" and
YFPY/P3FO" 23674 RMS cells, U23674 cells were seeded at 30,000
cells/well in 96-well plates and then treated with 2.5 nM dactinomycin
(Recordati) for 48 h, 5 nM vincristine (Tewa Ratiopharm) for 48 h, or
10 uM TR100 for 12 h. Control cells were treated with vehicle only. The
percentage of YEP™E"/P3FMEM U23674 RMS cells was measured by FACS.
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Environment effects on the proportion of YFP"E"/P3Fhih U23674
RMS cells

To evaluate nutrient effects, cells were seeded at 50,000 cells/well
in six-well plates (flat bottom) in medium containing 0.5 mM glu-
tamine and 25 nM glucose. After 24 h, the medium was replaced with
medium containing increasing concentrations of glutamine (0.05,
0.5, and 4 mM) and 25 nM glucose. Alternatively, the medium was
replaced with a medium containing increasing concentrations of
glucose (2.8, 25 nM) and 0.5 mM glutamine. To evaluate cell density
effects, cells were seeded at 10,000 cells/well in flat bottom and
triangle bottom 96-well plates in DMEM. Alternatively, cells were
plated in flat bottom 96-well plates in DMEM at increasing cell
densities as indicated. Finally, to evaluate matrix effects, surfaces
were coated with laminin 50 pg/ml (L2020; Sigma-Aldrich), Matrigel
(354234; Corning), and fibronectin 5 pg/ml (FCO10; Millipore). The
percentage of YFPhigh/P3Fhigh U23674 RMS cells was evaluated by
FACS 72 h after changing the medium or 48 h after seeding.

Statistics

Differences in % YFP expression, candidate gene expression by RT-
QPCR, proportion of Annexin V-/7AAD-living cells, proportion of
Annexin V+/7AAD-apoptotic cells, proportion of Annexin V+/7AAD+
necrotic cells, cell surface areas, cell adhesion, number of focal
adhesions/cell as evidenced by paxillin staining, and cell migration
were tested for significance using one-way ANOVAs with Bonfer-
roni's multiple comparisons. Environmental differences in the
percentage YFP"€"/P3F"e" and YFP'®"/P3F°" cells and changes in
the adhesion capacity of human RMS cells were tested for sig-
nificance using two-tailed t test for unpaired data. Differences in
cell growth were evaluated by nonlinear regression analysis. Dif-
ferences in clonal activity were tested for significance using a chi
square test. Differences in tumor-propagating capacity were
evaluated statistically using log-rank (Mantel-Cox) tests. Limiting
dilution analyses were performed based on Bonnefoix et al (51)
using the limdil function of the StatMod package (author GK Smyth,
http:/ /bioinfwehi.edu.au/software/limdil/). For single-cell digital
droplet PCR data, P3F expression was normalized based on GAPDH
expression, and cell-to-cell variability was illustrated using the
interquartile range of the normalized expression median.

Data Availability

The datasets produced in this study are available in the following
databases: Raw RNA-Seq data are accessible on GEO using the
following GSE ID: GSE153894. Raw ATAQ-Seq data are accessible on
GEO using the following GSE ID: GSE154452.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202001002.

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

Acknowledgements

We thank J Bodinek-Wersing at the Lighthouse Core Facility of the Albert
Ludwigs Universitat Freiburg for excellent flow cytometry support. We are
grateful to D Pfeifer in the genomics laboratory at University Medical Center
Freiburg for help with microarray processing and to S Burdach, J Rohr,
C Flotho, and M Erlacher for helpful comments on the data. This work was
funded by the Deutsche Forschungsgemeinschaft (DFG [HE 7673/1-1]; to
S Hettmer). S Hettmer was supported by the Berta-Ottenstein-Program for
Advanced Clinician Scientists, Faculty of Medicine, University of Freiburg. AJ
Wagers was supported by an National Institutes of Health (NIH) Pioneer
Award (DP1 0D025432) and Joslin Diabetes Center funds. The article pro-
cessing charge was funded by the Baden-Wuerttemberg Ministry of Science,
Research and Art and the University of Freiburg in the funding programme
Open Access Publishing

Author Contribution

C Regina: formal analysis, investigation, visualization, methodology,
and writing—original draft, review, and editing.

E Hamed: formal analysis, investigation, and writing—review and
editing.

G Andrieux: formal analysis, investigation, methodology, and wri-
ting—review and editing.

S Angenendt: investigation and writing—review and editing.

M Schneider: investigation.

M Ku: formal analysis, investigation, methodology, and writing—
review and editing.

M Follo: formal analysis, investigation, methodology, and writing—
review and editing.

M Wachtel: resources, formal analysis, and writing—review and
editing.

E Ke: formal analysis and writing—review and editing.

K Kikuchi: investigation and writing—review and editing.

AG Henssen: investigation and writing—review and editing.

BW Schafer: resources, formal analysis, and writing—review and
editing.

M Boerries: formal analysis, investigation, methodology, and wri-
ting—review and editing.

AJ Wagers: conceptualization, resources, formal analysis, and wri-
ting—review and editing.

C Keller: conceptualization, resources, formal analysis, and wri-
ting—review and editing

S Hettmer: conceptualization, resources, data curation, formal
analysis, supervision, funding acquisition, investigation, visualiza-
tion, methodology, project administration, and writing—original
draft, review, and editing

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

1. HettmerS, Li Z, Billin AN, Barr FG, Cornelison DD, Ehrlich AR, Guttridge DC,
Hayes-Jordan A, Helman LJ, Houghton PJ, et al (2014)
Rhabdomyosarcoma: Current challenges and their implications for

https://doi.org/10.26508/1sa.202001002 vol 4 | no 9 | €202001002 16 of 18


http://bioinf.wehi.edu.au/software/limdil/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153894
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154452
https://doi.org/10.26508/lsa.202001002
https://doi.org/10.26508/lsa.202001002
https://doi.org/10.26508/lsa.202001002

<4< o . o
s2el» Life Science Alliance

10.

12.

13.

15.

developing therapies. Cold Spring Harb Perspect Med 4: a025650.
doi:10.1101/ cshperspect.a025650

Missiaglia E, Williamson D, Chisholm J, Wirapati P, Pierron G, Petel F,
Concordet JP, Thway K, Oberlin O, Pritchard-jones K, et al (2012) PAX3/
FOXO1 fusion gene status is the key prognostic molecular marker in
rhabdomyosarcoma and significantly improves current risk
stratification. J Clin Oncol 30: 1670-1677. doi:10.1200/)C0.2011.38.5591

Barr FG, Galili N, Holick J, Biegel JA, Rovera G, Emanuel BS (1993)
Rearrangement of the PAX3 paired box gene in the paediatric solid tumour
alveolar rhabdomyosarcoma. Nat Genet 3: 113-117. doi:10.1038/ng0293-113

Barr FG, Smith LM, Lynch JC, Strzelecki D, Parham DM, Qualman SJ,
Breitfeld PP (2006) Examination of gene fusion status in archival
samples of alveolar rhabdomyosarcoma entered on the intergroup
rhabdomyosarcoma study-Ill trial: A report from the Children’s
Oncology Group. J Mol Diagn 8: 202-208. doi:10.2353/jmoldx.2006.050124

Gryder BE, Yohe ME, Chou HC, Zhang X, Marques J, Wachtel M, Schaefer B,
Sen N, Song Y, Gualtieri A, et al (2017) PAX3-FOXO1 establishes myogenic
super enhancers and confers BET bromodomain vulnerability. Cancer
Discov 7: 884-899. doi:10.1158/2159-8290.CD-16-1297

Bernasconi M, Remppis A, Fredericks W), Rauscher FJ 3rd, Schafer BW
(1996) Induction of apoptosis in rhabdomyosarcoma cells through
down-regulation of PAX proteins. Proc Natl Acad Sci U S A 93:
13164-13169. d0i:10.1073/pnas.93.23.13164

Kikuchi K, Tsuchiya K, Otabe O, Gotoh T, Tamura S, Katsumi Y, Yagyu S,
Tsubai-Shimizu S, Miyachi M, lehara T, et al (2008) Effects of PAX3-FKHR
on malignant phenotypes in alveolar rhabdomyosarcoma. Biochem
Biophys Res Commun 365: 568-574. doi:10.1016/j.bbrc.2007.11.017

Ren YX, Finckenstein FG, Abdueva DA, Shahbazian Vv, Chung B, Weinberg
KI, Triche TJ, Shimada H, Anderson M) (2008) Mouse mesenchymal stem
cells expressing PAX-FKHR form alveolar rhabdomyosarcomas by
cooperating with secondary mutations. Cancer Res 68: 6587-6597.
doi:10.1158/0008-5472.CAN-08-0859

Naini S, Etheridge KT, Adam SJ, Qualman SJ, Bentley RC, Counter CM,
Linardic CM (2008) Defining the cooperative genetic changes that
temporally drive alveolar rhabdomyosarcoma. Cancer Res 68:
9583-9588. d0i:10.1158/0008-5472.CAN-07-6178

Shern JF, Chen L, Chmielecki J, Wei JS, Patidar R, Rosenberg M, Ambrogio
L, Auclair D, Wang ), Song YK, et al (2014) Comprehensive genomic
analysis of rhabdomyosarcoma reveals a landscape of alterations
affecting a common genetic axis in fusion-positive and fusion-negative
tumors. Cancer Discov 4: 216-231. doi:10.1158/2159-8290.CD-13-0639

. Weber-Hall S, Anderson J, McManus A, Abe S, Nojima T, Pinkerton R,

Pritchard-Jones K, Shipley J (1996) Gains, losses, and amplification of
genomic material in rhabdomyosarcoma analyzed by comparative
genomic hybridization. Cancer Res 56: 3220-3224.

Sachs JR (1987) Inhibition of the Na,K pump by vanadate in high-Na
solutions. Modification of the reaction mechanism by external Na acting
at a high-affinity site. J Gen Physiol 90: 291-320. d0i:10.1085/jgp.90.2.291

Abraham J, Nufiez-Alvarez Y, Hettmer S, Carrio E, Chen HI, Nishijo K,
Huang ET, Prajapati SI, Walker RL, Davis S, et al (2014) Lineage of origin in
rhabdomyosarcoma informs pharmacological response. Genes Dev 28:
1578-1591. doi:10.1101/gad.238733.114

Keller C, Arenkiel BR, Coffin CM, El-Bardeesy N, DePinho RA, Capecchi MR
(2004) Alveolar rhabdomyosarcomas in conditional Pax3:Fkhr mice:
Cooperativity of Ink4a/ARF and Trp53 loss of function. Genes Dev 18:
2614-2626. doi:10.1101/gad.1244004

Kikuchi K, Hettmer S, Aslam MI, Michalek JE, Laub W, Wilky BA, Loeb DM,
Rubin BP, Wagers AJ, Keller C (2014) Cell-cycle dependent expression of a
translocation-mediated fusion oncogene mediates checkpoint
adaptation in rhabdomyosarcoma. PLoS Genet 10: €1004107. doi:10.1371/
journal.pgen.1004107

Sheppard D (2000) In vivo functions of integrins: Lessons from null mutations
in mice. Matrix Biol 19: 203-209. doi:10.1016/50945-053x(00)00065-2

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33

34.

https://doi.org/10.26508/1sa.202001002 vol 4 | no 9 | 202001002

Schnapp LM, Breuss JM, Ramos DM, Sheppard D, Pytela R (1995)
Sequence and tissue distribution of the human integrin alpha 8 subunit:
A beta 1-associated alpha subunit expressed in smooth muscle cells. J
Cell Sci 108: 537-544. d0i:10.1242/jcs.108.2.537

Kourtidis A, Lu R, Pence LJ, Anastasiadis PZ (2017) A central role for
cadherin signaling in cancer. Exp Cell Res 358: 78-85. doi:10.1016/
j.yexcr.2017.04.006

Gottesbiihren U, Garg R, Riou P, McColl B, Brayson D, Ridley A (2013)
Rnd3 induces stress fibres in endothelial cells through RhoB. Biol Open
2: 210-216. d0i:10.1242/bi0.20123574

Morgan MR, Byron A, Humphries M}, Bass MD (2009) Giving off mixed
signals: Distinct functions of alpha5betal and alphavbeta3 integrins
in regulating cell behaviour. IUBMB Life 61: 731-738. d0i:10.1002/
iub.200

Gong C, Yang Z, Wu F, Han L, Liu Y, Gong W (2016) miR-17 inhibits ovarian
cancer cell peritoneal metastasis by targeting ITGA5 and ITGB1. Oncol
Rep 36: 2177-2183. d0i:10.3892/0r.2016.4985

Bornstein P, Devarayalu S, Edelhoff S, Disteche CM (1993) Isolation and
characterization of the mouse thrombospondin 3 (Thbs3) gene.
Genomics 15: 607-613. d0i:10.1006/gen0.1993.1114

Simanovsky M, Berlinsky S, Sinai P, Leiba M, Nagler A, Galski H (2008)
Phenotypic and gene expression diversity of malignant cells in human
blast crisis chronic myeloid leukemia. Differentiation 76: 908-922.
doi:10.1111/}.1432-0436.2008.00270.x

Timpl R, Sasaki T, Kostka G, Chu ML (2003) Fibulins: A versatile family of
extracellular matrix proteins. Nat Rev Mol Cell Biol 4: 479-489.
d0i:10.1038/nrm1130

Kikkawa Y, Ogawa T, Sudo R, Yamada Y, Katagiri F, Hozumi K, Nomizu M,
Miner JH (2013) The lutheran/basal cell adhesion molecule promotes
tumor cell migration by modulating integrin-mediated cell attachment
to laminin-511 protein. J Biol Chem 288: 30990-31001. doi:10.1074/
jbc.M113.486456

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf W) (2013)
Transposition of native chromatin for fast and sensitive epigenomic
profiling of open chromatin, DNA-binding proteins and nucleosome
position. Nat Methods 10: 1213-1218. doi:10.1038/nmeth.2688

Meacham CE, Morrison SJ (2013) Tumour heterogeneity and cancer cell
plasticity. Nature 501: 328-337. d0i:10.1038/nature12624

Hettmer S, Lin MM, Tchessalova D, Tortorici SJ, Castiglioni A, Desai T, Mao
J, McMahon AP, Wagers AJ (2016) Hedgehog-driven myogenic tumors
recapitulate skeletal muscle cellular heterogeneity. Exp Cell Res 340:
43-52. d0i:10.1016/].yexcr.2015.10.008

Morotti RA, Nicol KK, Parham DM, Teot LA, Moore J, Hayes J, Meyer W,
Qualman SjChildren’s Oncology Group, (2006) An immunohistochemical
algorithm to facilitate diagnosis and subtyping of rhabdomyosarcoma:
The Children’s Oncology Group experience. Am J Surg Pathol 30:
962-968. d0i:10.1097/00000478-200608000-00005

Stehn JR, Haass NK, Bonello T, Desouza M, Kottyan G, Treutlein H, Zeng J,
Nascimento PR, Sequeira VB, Butler TL, et al (2013) A novel class of
anticancer compounds targets the actin cytoskeleton in tumor cells.
Cancer Res 73: 5169-5182. doi:10.1158/0008-5472.CAN-12-4501

Pantel K, Alix-Panabiéres C, Riethdorf S (2009) Cancer micrometastases.
Nat Rev Clin Oncol 6: 339-351. doi:10.1038/nrclinonc.2009.44

Arozarena |, Wellbrock C (2019) Phenotype plasticity as enabler of
melanoma progression and therapy resistance. Nat Rev Cancer 19:
377-391. d0i:10.1038/541568-019-0154-4

Kim 1S, Heilmann S, Kansler ER, Zhang Y, Zimmer M, Ratnakumar K,
Bowman RL, Simon-Vermot T, Fennell M, Garippa R, et al (2017)
Microenvironment-derived factors driving metastatic plasticity in
melanoma. Nat Commun 8: 14343. doi:10.1038/ncomms14343

Tirosh 1, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ,
Rotem A, Rodman C, Lian C, Murphy G, et al (2016) Dissecting the

17 of 18


https://doi.org/10.1101/cshperspect.a025650
https://doi.org/10.1200/JCO.2011.38.5591
https://doi.org/10.1038/ng0293-113
https://doi.org/10.2353/jmoldx.2006.050124
https://doi.org/10.1158/2159-8290.CD-16-1297
https://doi.org/10.1073/pnas.93.23.13164
https://doi.org/10.1016/j.bbrc.2007.11.017
https://doi.org/10.1158/0008-5472.CAN-08-0859
https://doi.org/10.1158/0008-5472.CAN-07-6178
https://doi.org/10.1158/2159-8290.CD-13-0639
https://doi.org/10.1085/jgp.90.2.291
https://doi.org/10.1101/gad.238733.114
https://doi.org/10.1101/gad.1244004
https://doi.org/10.1371/journal.pgen.1004107
https://doi.org/10.1371/journal.pgen.1004107
https://doi.org/10.1016/s0945-053x(00)00065-2
https://doi.org/10.1242/jcs.108.2.537
https://doi.org/10.1016/j.yexcr.2017.04.006
https://doi.org/10.1016/j.yexcr.2017.04.006
https://doi.org/10.1242/bio.20123574
https://doi.org/10.1002/iub.200
https://doi.org/10.1002/iub.200
https://doi.org/10.3892/or.2016.4985
https://doi.org/10.1006/geno.1993.1114
https://doi.org/10.1111/j.1432-0436.2008.00270.x
https://doi.org/10.1038/nrm1130
https://doi.org/10.1074/jbc.M113.486456
https://doi.org/10.1074/jbc.M113.486456
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nature12624
https://doi.org/10.1016/j.yexcr.2015.10.008
https://doi.org/10.1097/00000478-200608000-00005
https://doi.org/10.1158/0008-5472.CAN-12-4501
https://doi.org/10.1038/nrclinonc.2009.44
https://doi.org/10.1038/s41568-019-0154-4
https://doi.org/10.1038/ncomms14343
https://doi.org/10.26508/lsa.202001002

<4< o . o
s2el» Life Science Alliance

35.

36.

37.

38.

39.

40.

41,

42.

43.

multicellular ecosystem of metastatic melanoma by single-cell RNA-
seq. Science 352: 189-196. doi:10.1126/science.aad0501

Wiwanitkit V (2010) A point-of-care test for HIN1 influenza. Disaster Med
Public Health Prep 4:100; author reply 100-1. doi:10.1001/dmphp.4.2.100-a

Hoek KS, Eichhoff OM, Schlegel NC, Dobbeling U, Kobert N, Schaerer L,
Hemmi S, Dummer R (2008) In vivo switching of human melanoma cells
between proliferative and invasive states. Cancer Res 68: 650-656.
doi:10.1158/0008-5472.CAN-07-2491

Sensi M, Catani M, Castellano G, Nicolini G, Alciato F, Tragni G, De Santis G,
Bersani |, Avanzi G, Tomassetti A, et al (2011) Human cutaneous
melanomas lacking MITF and melanocyte differentiation antigens
express a functional Axl receptor kinase. J Invest Dermatol 131:
2448-2457. doi:10.1038/jid.2011.218

Franzetti GA, Laud-Duval K, van der Ent W, Brisac A, Irondelle M, Aubert S,
Dirksen U, Bouvier C, de Pinieux G, Snaar-Jagalska E, et al (2017) Cell-to-
cell heterogeneity of EWSR1-FLI1 activity determines proliferation/
migration choices in Ewing sarcoma cells. Oncogene 36: 3505-3514.
doi:10.1038/0nc.2016.498

Durbin AD, Zimmerman MW, Dharia NV, Abraham BJ, Iniguez AB,
Weichert-Leahey N, He S, Krill-Burger JM, Root DE, Vazquez F, et al (2018)
Selective gene dependencies in MYCN-amplified neuroblastoma
include the core transcriptional regulatory circuitry. Nat Genet 50:
1240-1246. d0i:10.1038/541588-018-0191-z

Nallanthighal S, Heiserman )P, Cheon D) (2019) The role of the
extracellular matrix in cancer stemness. Front Cell Dev Biol 7: 86.
doi:10.3389/fcell.2019.00086

Buchstaller J, McKeever PE, Morrison SJ (2012) Tumorigenic cells are
common in mouse MPNSTs but their frequency depends upon tumor
genotype and assay conditions. Cancer Cell 21: 240-252. doi:10.1016/
j.ccr.2011.12.027

Pandey PR, Chatterjee B, Olanich ME, Khan J, Miettinen MM, Hewitt SM,
Barr FG (2017) PAX3-FOXO1 is essential for tumour initiation and
maintenance but not recurrence in a human myoblast model of
rhabdomyosarcoma. J Pathol 241: 626-637. d0i:10.1002/ path.4867

Bharathy N, Berlow NE, Wang E, Abraham J, Settelmeyer TP, Hooper JE,

Svalina MN, Ishikawa Y, Zientek K, Bajwa Z, et al (2018) The HDAC3-SMARCA4-
miR-27a axis promotes expression of the PAX3:FOXO1 fusion oncogene in
rhabdomyosarcoma. Sci Signal 11: eaau7632. doi:10.1126/scisignal.aau7632

Single-cell PAX3:FOXO1 in rhabdomyosarcoma Regina et al.

44,

45.
46.

47.

48.

49.
50.

51.

https://doi.org/10.26508/1sa.202001002 vol &4 | no 9 | €202001002

Hettmer S, Liu J, Miller CM, Lindsay MC, Sparks CA, Guertin DA, Bronson
RT, Langenau DM, Wagers AJ (2011) Sarcomas induced in discrete subsets
of prospectively isolated skeletal muscle cells. Proc Natl Acad Sci U S A
108: 20002-20007. doi:10.1073/pnas.1111733108

Carvalho BS, Irizarry RA (2010) A framework for oligonucleotide
microarray preprocessing. Bioinformatics 26: 2363-2367. doi:10.1093/
bioinformatics/btq431

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK (2015) limma
powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res 43: e47. doi:10.1093/nar/gkv007

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al (2005) Gene set
enrichment analysis: A knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 102:
15545-15550. d0i:10.1073/pnas.0506580102

Kamburov A, Stelzl U, Lehrach H, Herwig R (2013) The ConsensusPathDB
interaction database: 2013 update. Nucleic Acids Res 41: D793-D800.
doi:10.1093/nar/gks1055

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C,
Singh H, Glass CK (2010) Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol Cell 38: 576-589. d0i:10.1016/
j.molcel.2010.05.004

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J,
Puigserver P, Carlsson E, Ridderstrale M, Laurila E, et al (2003) PGC-
Talpha-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nat Genet 34: 267-273.
d0i:10.1038/ng1180

Bonnefoix T, Bonnefoix P, Verdiel P, Sotto JJ (1996) Fitting limiting
dilution experiments with generalized linear models results in a test of
the single-hit Poisson assumption. J Immunol Methods 194: 113-119.
d0i:10.1016/0022-1759(96)00077-4

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

18 of 18


https://doi.org/10.1126/science.aad0501
https://doi.org/10.1001/dmphp.4.2.100-a
https://doi.org/10.1158/0008-5472.CAN-07-2491
https://doi.org/10.1038/jid.2011.218
https://doi.org/10.1038/onc.2016.498
https://doi.org/10.1038/s41588-018-0191-z
https://doi.org/10.3389/fcell.2019.00086
https://doi.org/10.1016/j.ccr.2011.12.027
https://doi.org/10.1016/j.ccr.2011.12.027
https://doi.org/10.1002/path.4867
https://doi.org/10.1126/scisignal.aau7632
https://doi.org/10.1073/pnas.1111733108
https://doi.org/10.1093/bioinformatics/btq431
https://doi.org/10.1093/bioinformatics/btq431
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gks1055
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1038/ng1180
https://doi.org/10.1016/0022-1759(96)00077-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202001002

	Negative correlation of single-cell PAX3:FOXO1 expression with tumorigenicity in rhabdomyosarcoma
	Introduction
	Results
	Variable cellular P3F dose in mouse and human RMS cells
	Fluctuation of P3F expression in mouse RMS cells between P3Fhigh and P3Flow states
	Changes in P3F dose in mouse RMS cells in response to environmental changes
	Higher tumor-propagating capacity of P3Flow/YFPlow compared with P3Fhigh/YFPhigh mouse RMS cells
	No effect of P3F expression levels on the proportion of apoptotic cells in RMS
	Differential regulation of genes involved in ECM-receptor interaction and focal adhesion in YFPlow/P3Flow versus YFPhigh/P3 ...
	Lower P3F expression changes the cytoarchitecture, adhesion, and migration capacities of mouse RMS cells
	Reversal of adhesive phenotype of P3Flow cells by chemical disruption of the actin cytoskeleton in mouse RMS cells

	Discussion
	Materials and Methods
	Mice
	Cell lines
	FACS
	Cell cycle analysis
	Clonal assays
	Sarcoma transplantation
	Transcriptional profiling and pathway analysis
	Transposase-accessible chromatin using sequencing (ATAC-Seq)
	Si-RNA silencing and retroviral transduction
	Annexin V staining
	Western blotting
	Real-time PCR
	Single-cell reverse transcriptase droplet digital PCR (RT-ddPCR)
	Immunocytochemistry
	Adhesion assays
	Migration assay
	Drug exposures
	Environment effects on the proportion of YFPhigh/P3Fhigh U23674 RMS cells
	Statistics

	Data Availability
	Supplementary Information
	Acknowledgements
	Author Contribution
	Conflict of Interest Statement
	1.Hettmer S, Li Z, Billin AN, Barr FG, Cornelison DD, Ehrlich AR, Guttridge DC, Hayes-Jordan A, Helman LJ, Houghton PJ,  (2 ...


