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JAK-STAT signalling controls cancer stem cell properties
including chemotherapy resistance in myxoid liposarcoma
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Myxoid liposarcoma (MLS) shows extensive intratumoural heterogeneity with distinct subpopulations of tumour cells. Despite
improved survival of MLS patients, existing therapies have shortcomings as they fail to target all tumour cells. The nature of
chemotherapy-resistant cells in MLS remains unknown. Here, we show that MLS cell lines contained subpopulations of cells
that can form spheres, efflux Hoechst dye and resist doxorubicin, all properties attributed to cancer stem cells (CSCs). By
single-cell gene expression, western blot, phospho-kinase array, immunoprecipitation, immunohistochemistry, flow cytometry
and microarray analysis we showed that a subset of MLS cells expressed JAK-STAT genes with active signalling. JAK1/2
inhibition via ruxolitinib decreased, while stimulation with LIF increased, phosphorylation of STAT3 and the number of cells
with CSC properties indicating that JAK-STAT signalling controlled the number of cells with CSC features. We also show that
phosphorylated STAT3 interacted with the SWI/SNF complex. We conclude that MLS contains JAK-STAT-regulated
subpopulations of cells with CSC features. Combined doxorubicin and ruxolitinib treatment targeted both proliferating cells as
well as cells with CSC features, providing new means to circumvent chemotherapy resistance in treatment of MLS patients.

Introduction

The FET family of genes, FUS, EWSRI and TAF15 (also known
as TLS, EWS and TAFI2N, respectively), are expressed in most
tissues and cell types.' They encode homologous RNA-binding
proteins involved at several levels of gene regulation.” More
than 20 different sarcoma and leukemia entities are defined by
fusion oncogenes with FET genes as 5’ partners and with alter-
native transcription-factor-coding genes as 3’ partners.”* Myx-
oid liposarcoma (MLS) is the second most common type of

liposarcoma and is characterized by the FUS-DDIT3 or the less
common EWSRI-DDIT3 fusion oncogenes. Between 10 and
15% of the tumours contain subpopulations of round cells asso-
ciated with increased cell density and more aggressive disease.”
Most MLS tumours are genetically stable with functional TP53
system and few mutations in addition to the fusion oncogene.®
A majority of MLS patients are successfully treated with a com-
bination of surgery, radiotherapy and chemotherapy, but some
cases remain a clinical problem.
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What’s new?

JAK—STAT signalling in myxoid liposarcoma

Despite improved survival of patients, existing therapies for Myxoid liposarcoma (MLS) present shortcomings as they fail to
target all tumour cells. The nature of chemotherapy-resistant cells in MLS remains unknown, however. Here, the authors show
that myxoid liposarcomas are heterogeneous and contain subpopulations of cells with stem cell properties, including
chemotherapy resistance. Moreover, JAK-STAT signalling is active in MLS and regulates the size of the cancer stem cells-like
subpopulation via the SWI/SNF complex. The results shed light on the mechanisms of therapy resistance in MLS and point to

JAK-STAT inhibitors as a new avenue for targeted MLS therapies.

MLS is believed to originate from mesenchymal stem cells™’
and several studies have reported large intratumoural heteroge-
neity.>” These observations suggest that MLS may contain dis-
tinct subpopulations of cells, including lipoblasts, senescent
cells and proliferating progenitor cells.' Failures of modern
cancer chemotherapies commonly depend on the survival of
minorities of resistant tumour cells. The appearance of
chemotherapy-resistant cells was until recently thought to be
caused by new mutations leading to expression of multidrug
resistance genes. This view has been challenged as normal adult
tissue stem cells were reported to express drug resistance genes,
a property also found in tumour cells with stem cell character-
istics, i.e. cancer stem cells (CSCs)."" Hence, a possible explana-
tion for chemotherapy resistance in MLS is that certain tumour
cells maintain some of their stem-cell-associated drug resistance
features. However, existence, characteristics and functions of
potential CSCs in MLS remain unknown.

The aim of this study was to search for and characterize
cells with CSC properties in MLS. To assess the presence of
cells with CSC features, we performed non-adherent sphere for-
mation assay, Hoechst dye side population (SP) analysis and
tested cells for chemotherapy resistance. The canonical JAK-
STAT signalling pathway has been outlined in detail for several
cell types, including CSCs, and various tumour entities,'>" but
its role in MLS is mainly unknown. Here, we defined a role for
JAK-STAT signalling by controlling the number of cells with
CSC properties in MLS. Targeting chemotherapy-resistant cells
with CSC properties with JAK-STAT inhibitors opens up new
means for targeted MLS therapies.

Materials and Methods
Additional details are provided in Supporting Information
and methods (see Supporting Information material).

Cell culture

The myxoid liposarcoma (MLS) cell lines 2645-94, 1765-92
and 402-91'* were cultured in complete medium, containing
RPMI 1640 GlutaMAX medium supplemented with 5% fetal
bovine serum, 100 U/mL penicillin and 100 pg/mL strepto-
mycin (all Thermo Fisher Scientific, Waltham, MA, USA), at
37°C in 5% CO,. Cell passage was performed with 0.25%
trypsin and 0.5 mM EDTA (Thermo Fisher Scientific). Cells
(2-3 x 10°) were seeded in 6-well plates (TPP, Trasadingen,
Switzerland) and cultured for 24 h before treatment with rux-
olitinib (Selleckchem, Munich, Germany), leukemia inhibitory

factor (LIF) (Merck, Darmstadt, Germany) doxorubicin
(Sigma-Aldrich, St. Louis, MO, USA) or SMARCA4 RNAi
(9634811, Invitrogen, CA, USA). Cells were treated for 24 h
with 2.5 pM ruxolitinib or 30 ng/mL LIF, unless stated other-
wise. In addition, all LIF experiments were performed using
1% fetal bovine serum. For doxorubicin experiments, cells
were treated for 48 h using 140 nM, 120 nM and 30 nM for
MLS 2645-94, 1765-92 and 402-91, respectively, unless stated
otherwise. For combined ruxolitinib and doxorubicin treat-
ments, MLS 2645-94 cells were pre-treated for 48 h, while
MLS 1765-92 and 402-91 cells were pre-treated for 24 h. For
SMARCA4 knock-down cells were transfected with either
20 nM SMARCA4 RNAi or 20 nM siRNA control (4390843,
Thermo Fisher Scientific) for 48 h using HiPerFect transfec-
tion reagent according to the manufacturer’s instructions
(Qiagen, Hilden, Germany).

Non-adherent sphere formation assay

To enrich for cells with CSC properties, single-cell suspen-
sions were seeded in 6-well plates (Eppendorf, Hamburg,
Germany) pre-coated with 1.2% poly(2-hydroxyethyl methac-
rylate (Sigma-Aldrich) dissolved in 95% ethanol. For initial
determination of sarcosphere formation efficiency, cells were
seeded at a density of 2,000 cells per well in sphere medium
containing phenol red-free DMEM/F-12, 2% B27 supplement
(Thermo Fisher Scientific), 20 ng/mL epidermal growth factor
(BD Biosciences, San Jose, CA, USA), 100 U/mL penicillin
and 100 pg/mL streptomycin, as previously described.'” The
number of sarcospheres was counted after 72 h. For each
experiment, three independent wells were calculated and aver-
aged. Based on sarcosphere formation capacity, 500 (MLS
2645-94), 500 (MLS 1765-92) and 2,000 (MLS 402-91) cells
per well were used for all additional non-adherent sphere
formation assays. To test the effect of ruxolitinib, LIF, doxoru-
bicin and SMARCA4 knock-down, cells were pre-treated
in regular cell cultures before the non-adherent sphere form-
ing assay.

Side population analysis

To analyse the side population, we applied the Hoechst staining
method described by Goodell et al.'® with minor modifications.
Cells (10° cells/mL) were suspended in complete RPMI 1640
GlutaMAX medium and stained with Hoechst 34580 (Thermo
Fisher Scientific) with a final concentration of 10 pg/mL and
incubated in a shaking water-bath at 37°C for 60 min. Next,
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cells were centrifuged at 85 rcf for 3 min, resuspended in com-
plete medium and incubated at 37°C for additional 30 min, fol-
lowed by centrifugation at 85 rcf for 3 min and resuspension in
2 mL ice cold Hanks’ balanced salt solution (Thermo Fisher Sci-
entific). Thereafter, 1 mg/mL propidium iodide (Sigma-Aldrich)
was added to the cells at room temperature for 5 min. Cells
were washed twice using 2 mL Hanks’ balanced salt solution
and kept in 1 mL Hanks’ balanced salt solution. Cell aggregates
were removed by filtering using a 70 pm cell strainer (BD Bio-
sciences) and analyzed with a BD FACSAria II (BD Biosci-
ences). To discriminate the side population cells from the main
population, the ABC-transporters were inhibited using 50 pM
verapamil hydrochloride (Sigma-Aldrich) as described."”

To test if anoikis-resistant cells contained elevated number
of side population cells, 4 X 10° single MLS 2645-94 cells were
seeded in sphere medium in T175 flasks pre-coated with 1.2%
poly(2-hydroxyethyl methacrylate) dissolved in 95% ethanol.
After 16 h incubation, cells were harvested by centrifugation
at 10 rcf for 3 min. Supernatant was discarded until 4-5 ml of
medium was left, and cells were centrifuged again at 120 rcf
for 5 min and dispersed using 0.25% trypsin and 0.5 mM
EDTA. A single-cell suspension was obtained using a 25 G
needle and trypsin was inactivated with 4 mL fetal bovine
serum. After a centrifugation at 580 rcf for 5 min, cells were
resuspended in complete RPMI 1640 GlutaMAX medium and
forwarded to side population assay.

Cell proliferation

Cell proliferation was analysed using Alamar Blue assay accord-
ing to the manufacturer’s instructions (Thermo Fisher Scien-
tific). To determine ICsy-values, 1 x 10* cells per well were
seeded into 96-well plates (TPP). Cells were treated 24 h after
seeding with either 0.08-10 pM ruxolitinib for 72h or
0.35-1,400 nM doxorubicin for 28 h. To assess cell prolifera-
tion, Alamar Blue was added to the cells and incubated for 3 h
at 37°C. Fluorescence intensity was monitored in a VICTOR3
microplate reader (PerkinElmer, Waltham, MA, USA) using
540 nm excitation and 590 nm emission wavelengths. Wells
containing medium and Alamar Blue without cells were used
as control. The mean fluorescence of four replicate cultures was
used for each time point and concentration. The ICsy-value
was calculated from a dose response curve, using symmetrical
sigmoidal curve fitting (GraphPad Prism 6.0, GraphPad Soft-
ware, La Jolla, CA, USA).

Western blot

Cells for protein analysis were scraped in RIPA lysis buffer sup-
plemented with 1x Halt Protease and Phosphatase Inhibitor
Cocktail (both Thermo Fisher Scientific). Protein concentration
was determined using DC protein assay (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s instructions. SDS-
PAGE was performed with the NuPAGE system (Thermo
Fisher Scientific), according to the manufacturer’s instructions
and transferred onto PVDF membranes (Thermo Fisher
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Scientific). Membranes were blocked with either 5% skim milk
(Merck) or 5% bovine serum albumin (Sigma-Aldrich) in TBS-
T buffer (50 mM Tris-HCI, pH 6.8, 50 mM NaCl, 0.05%
Tween 20; all Sigma-Aldrich). Membranes were incubated over-
night with primary antibodies against; JAK1 (#3332, Cell
Signaling Technology, Danvers, MA, USA, diluted 1:1,000),
JAK2 (#3230, Cell Signaling Technology, diluted 1:1,000), STAT3
(#12640, Cell Signaling Technology, diluted 1:1,000),
phospho-STAT3 (#9131, Cell Signaling Technology, diluted
1:1,000), GAPDH (#ab9484, Abcam, Cambridge, UK, diluted
1:1,000). Detection was performed with Horseradish-Peroxi-
dase-conjugated secondary antibodies (32430 or 32460,
Thermo Fisher Scientific, diluted 1:1,000) combined with
Supersignal West Dura Extended Duration Substrate (Thermo
Fisher Scientific). Chemiluminescence was detected using Ima-
geQuant LAS 4000 mini (GE Healthcare Life Sciences, Little
Chalfont, UK) and bands were quantified using Multi Gauge
(Fujifilm, Tokyo, Japan) or Image].

Immunohistochemistry

Hematoxylin and eosin (H&E) staining was performed by
standard methods using a Dako Autostainer system (Dako,
Agilent, Santa Clara, CA, USA). Immunohistochemistry was
performed on formalin-fixed, paraffin-embedded tumour re-
section specimens. In brief, antigen retrieval was performed in
Dako PT-Link using EnVision™ FLEX Target Retrieval
Solution (high pH). Immunohistochemical staining was per-
formed in a Dako Autostainer Link using the EnVision™
FLEX detection system according to the manufacturer’s instruc-
tions. Primary antibodies were anti phospo-STAT3 (ab76315,
Abcam) and anti Ki67 (MIB1, Dako). Sections of lobular breast
carcinoma were used as a positive control, showing nuclear
positivity in normal ductal structures as well as in scattered
tumour cell nuclei. Processing of patient material and data has
been approved by the Regional Research Ethics Committee
(REC) in Gothenburg (reference number: 133-11).

Single-cell gene expression analysis

MLS cells were dissociated with 0.25% trypsin and 0.5 mM
EDTA, washed in PBS (pH 7.4, Thermo Fisher Scientific),
resuspended in PBS supplemented with 2% bovine serum
albumin (Sigma-Aldrich) and kept on ice until sorting. Cell
aggregates were removed by filtering through a 70 pm cell
strainer. Individual cells were sorted into 96-well PCR plates
(Thermo Fisher Scientific), containing 5 pL 1 mg/mL bovine
serum albumin and 2.5% glycerol (Thermo Fisher Scientific)
using a BD FACSAria II. Sorted plates were immediately fro-
zen on dry ice and stored at —80 °C.

Reverse transcription was performed using the GrandScript
cDNA Synthesis Kit (TATAA Biocenter, Gothenburg, Swe-
den) on 5 pL cell lysate in a 10 pL reaction containing 1x
TATAA GrandScript RT Reaction Mix and 1x TATAA
GrandScript RT Enzyme. Reverse transcription was performed
in a PTC-200 Thermal Cycler (M] research, Bunker Lake
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Blvd, Ramsey, MN, USA) at 25°C for 5 min, 42°C for 30 min
and 85°C for 5 min.

Pre-amplification was performed using iQ Supermix (Bio-
Rad) on 9 pL ¢cDNA (diluted 1:4 in water) in a 30 pL reaction
containing 1X iQ SYBR Green Supermix and a primer pool
with 40 nM each of 150 primer pairs. Pre-amplification was
run in a PTC-200 Thermal Cycler at 95°C for 3 min followed
by 20 cycles of amplification at 95°C for 20 s, 55°C for 3 min
and 72°C for 20 s followed by a final elongation step at 72°C
for 10 min. Samples were frozen on dry ice.

Quantitative PCR was performed using SYBR GrandMaster
Mix (TATAA Biocenter) on 1.5 pL pre-amplified cDNA
(diluted 1:16 in TE buffer pH 8, Thermo Fisher Scientific), in
a 6 pL reaction containing 1x SYBR GrandMaster Mix and
400 nM forward and reverse primers (Supporting Information
Table S1). Quantitative PCR was run in a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad) at 95°C for
2 min followed by 50 cycles of amplification at 95°C for 5 s,
60°C for 20 s and 70°C for 20 s followed by melt curve analy-
sis. Cycle of quantification values were determined by the sec-
ond derivative maximum method using the CFX Manager
Software version 3.1 (Bio-Rad). Single-cell data were pre-
processed and analyzed as reported using the GenEx software
(MultiD, Gothenburg, Sweden).'® Briefly, a cycle of quantifica-
tion cut-off value of 35 was applied and all values above were
replaced with 35. Data were converted to relative quantities
and missing data were replaced with 0.5 molecules. Heat-map
analysis of Spearman’s correlation coefficients was calculated
using Ward’s algorithm and Euclidean distance measure. Prin-
ciple component analysis was performed on auto-scaled data.

Microarray analysis

MLS cell lines 2645-94, 1765-92 and 402-91 were treated with
45 nM of doxorubicin, applied every second day to the cells.
Control cells together with treated cells were collected after
5 days. Total RNA was extracted using the RNeasy Micro Kit
including DNase treatment (Qiagen) according to the manu-
facturer’s recommendations and stored at —80°C. RNA qual-
ity was confirmed using Agilent RNA 6000 Nano Kit on a
2100 BioAnalyzer Instrument (Agilent) according to the man-
ufacturer’s recommendations.

For microarray analysis, 300 ng of total RNA was processed
using the WT Expression Kit (Thermo Fisher Scientific) and
10 pg cRNA was obtained which was converted to ssDNA.
Labelling and fragmentation was performed on 5.5 pg ssDNA
using the GeneChipWT Terminal Labeling and Controls Kit
(Thermo Fisher Scientific). Hybridization of 3.75 pg fragmented
and labeled ssDNA, including hybridization controls, were per-
formed using the GeneChip Human Gene 2.0 ST Array
(Thermo Fisher Scientific) in 45°C for 16 h with 60 rpm rota-
tion. Washing and staining of samples was performed using the
GeneChip Hybridization Wash and Stain Kit on a GeneChip
Fluidics Station 450 (both Thermo Fisher Scientific). Arrays were
scanned using GeneChip Scanner 3000 7G with GeneChip

JAK—STAT signalling in myxoid liposarcoma

Command Console software (both Thermo Fisher Scientific) and
values were converted to log2-transformed, RMA-normalized
values using the Expression Console Software (Thermo Fisher
Scientific). Microarray data were obtained following the MIAME
guidelines and are available at Gene Expression Omnibus with
accession number GSE110997.

Expression values for all probes from doxorubicin-treated
and control samples from cell lines 2645-94, 1765-92 and
402-91 were used. Probes with low average expression were fil-
tered away using a cut-off of 3, leaving 50,293 probes left for
analysis. Fold change values were calculated and probes at least
two-fold regulated between treated and untreated cells for each
cell line were selected. The probe set ID:s were converted to offi-
cial gene symbols using the DAVID database. The numbers of
regulated genes were calculated from the gene names obtained
after this conversion. Genes upregulated in the doxorubicin-
treated group in all three cell lines were matched against the
Hallmark gene sets on the molecular signatures database
(MSigDB) in order to identify functions and signalling pathways
related to these genes. All gene sets with a false discovery rate
(FDR)-adjusted g-value below 0.05 were included as significant.

Results

Identification of subpopulations with CSC characteristics

in MLS

The ability of cells to form spheres under non-adherent condi-
tions is a feature associated with CSCs."” Our data showed
that the three tested MLS cell lines contained cells that were
able to form non-adherent spheres (sarcospheres) with an effi-
ciency of 22, 10 and 4% for MLS 2645-94, 1765-92 and
402-91, respectively (Fig. 1a). Next, we quantified the number
of SP cells in MLS cell lines. In SP analysis, the ability of cells
to efflux the Hoechst dye via the ATP-Binding Cassette
(ABC) transporters is analyzed, where increased ABC trans-
porter activity is an activity associated with CSCs."” MLS
2645-94, 1765-92 and 402-91 contained 0.8, 0.7 and 0.0% SP
cells, respectively (Fig. 1b). To confirm the gating of SP cells,
we treated cells with the ABC-transporter inhibitor verapamil.
The number of SP cells was effectively decreased in
verapamil-treated MLS 2645-94 and 1765-92 cells, validating
the applied gating strategy to discriminate SP cells. To deter-
mine if the subpopulations of cells that form sarcospheres and
efflux Hoechst dye are overlapping, we analyzed the number
of SP cells in combination with anoikis resistance. Anoikis-
resistant cells refer to cells surviving non-adherent conditions,
harvested before forming spheres. Figure 1c shows that
anoikis-resistant MLS 2645-94 cells generated higher number
of SP cells compared to control cells.

Doxorubicin enriches for cells with CSC properties

Another feature of CSCs is resistance to chemotherapy.”® We
determined the ICs,-value of doxorubicin, a drug used as che-
motherapy in MLS patients,”" using Alamar Blue cell viability
assay. The ICso-values were 320, 110 and 29 nM for MLS
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Figure 1. Sarcosphere formation and side population analysis in MLS. (a) Sarcosphere formation efficiency of MLS 2645-94, 1765-92 and
402-91 cells. The sarcosphere formation efficiency is calculated as the fraction of formed spheres in relation to the total number of seeded
cells. Mean & SEM is shown, n = 3. (b) Side population (SP) analysis of MLS 2645-94, 1765-92 and 402-91 using Hoechst dye staining. The
left panel represents untreated control cells, while the right panel represents cells treated with verapamil. The SP cells (red) are gated and
their fraction is compared to the total viable cell population. (c) SP analysis of anoikis-resistant cells compared to non-enriched control cells.
Three independent experiments (red, orange and blue) were performed. Mean + SEM is shown, paired student t-test *p < 0.05. [Color figure

can be viewed at wileyonlinelibrary.com]

2645-94, 1765-92 and 402-91, respectively (Fig. 2a). To test
whether doxorubicin treatment affects the number of CSCs, we
performed both non-adherent sphere formation assay and SP
analysis on doxorubicin pre-treated cells. Doxorubicin treat-
ment resulted in 32, 180 and 39% more sarcospheres compared
to control for MLS 2645-94, 1765-92 and 402-91, respectively
(Fig. 2b). The SP analysis revealed 380, 210 and 43% more
Hoechst-effluxing cells in the doxorubicin resistant population
(Fig. 2¢). In addition to the SP data we showed that the protein

expression of ABCG2, a well-characterized ABC transporter,*
was upregulated in doxorubicin-treated cells (Supporting Infor-
mation Fig. S1). Altogether, these data show that doxorubicin
treatment enriches for cells with CSC characteristics.

JAK-STAT signalling is active in MLS and controls CSC
properties

JAK-STAT is known to regulate stem-cell related functions in
cancer.”>** Binding of cytokine ligands to their associated
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Table 1. Single-cell gene expression
MLS 2645-94 (n = 55) MLS 1765-92 (n = 52) MLS 402-91 (n = 56)
Gene name Pos. cells (%) Mean SD Pos. cells (%) Mean SD Pos. cells (%) Mean SD
GAPDH 100 0.0 0.9 98 -0.2 2.3 98 —0.4 1.7
ILé 15 0.0 2.7 12 —-0.4 1.9 20 0.5 3.3
LIF 2 0.0 0.3 4 0.0 0.3 11 0.2 0.7
IL6ST (GP130) 100 0.0 1.3 96 -0.7 1.8 93 -1.2 1.6
IL6R 71 0.0 1.6 98 0.4 1.0 70 -0.2 1.4
LIFR 62 0.0 4.0 87 1.3 3.1 77 1.2 3.6
JAK1 95 0.0 3.3 94 0.0 3.0 89 -1.2 3.6
JAK2 49 0.0 5.6 52 0.8 5.7 38 -0.9 5.2
TYK2 78 0.0 6.0 83 -0.1 5.5 77 —0.8 6.1
STAT1 96 0.0 2.6 96 0.3 3.5 95 -0.2 3.1
STAT2 80 0.0 6.2 67 -1.2 6.8 84 1.1 5.8
STAT3 78 0.0 5.2 90 2.5 4.2 95 1.8 3.3
STAT4 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0
STAT5A 80 0.0 2.7 54 -1.4 2.1 79 -0.8 1.7
STAT5B 75 0.0 1.6 83 0.4 1.6 61 -0.5 1.7
STAT6 85 0.0 4.2 37 —6.6 4.4 75 —2.4 4.6
PIAS1 76 0.0 4.9 63 —1.7 5.2 55 2.7 5.3
PIAS2 40 0.0 2.8 46 -0.1 2.5 64 0.9 2.6
PIAS3 80 0.0 4.8 77 -1.3 4.8 73 -1.2 5.1
PIAS4 80 0.0 2.2 83 -0.1 2.1 75 -0.5 2.1
S0CS1 2 0.0 1.9 2 -0.2 0.7 5 -0.2 0.2
50CS2 27 0.0 3.0 79 2.9 3.0 52 1.8 3.7
SOCS3 73 0.0 4.7 60 -2.2 4.3 66 -1.5 3.7
S0CS4 64 0.0 5.2 67 -0.3 4.6 48 -1.5 5.3
SOCS5 60 0.0 3.5 71 2.7 4.4 45 -0.6 3.6

Abbreviations: n, number of analysed cells; Pos. cells, percentage of cells expressing each gene; Mean, mean expression of each gene.
The mean expression of each gene was arbitrarily set to a value of one in MLS 2645-94. All expression values are shown in log2-scale, SD: standard deviation.

receptors result in JAK activation, which is followed by STAT
phosphorylation (Fig. 3a).'* To characterize which canonical
JAK-STAT genes that are expressed in MLS, we performed
single-cell gene expression profiling. The JAK (JAKI, JAK2
and TYK2) and STAT (STATI-6) family genes were analyzed
together with their inhibitors PIASI-4 and SOCSI-5 genes. In
addition, specific cytokines (IL6 and LIF) and cytokine recep-
tors (IL6R, IL6ST and LIFR. IL6ST is also known as GP130) as
well as a housekeeping gene (GAPDH) were analyzed. Expres-
sion data of each gene displayed only minor differences

between the cell lines, both regarding the number of positive
cells and their expression levels (Table 1). The largest differ-
ences were observed for SOCS2 and STAT6. SOCS2 was
expressed in most cells and to highest degree in MLS 1765-92
followed by MLS 402-91 and MLS 2645-94, while STAT6 was
expressed in most cells and to highest degree in MLS 2645-94
followed by MLS 402-92 and MLS 1765-92. The cytokines IL6
and LIF were expressed in <20% of the cells. The cytokine
receptors IL6R and LIFR were expressed in >50% of the cells
and GPI130 was expressed in almost all cells. JAKI was

Figure 2. The effects of doxorubicin treatment in MLS. (a) Doxorubicin ICso analysis in MLS 2645-94, 1765-92 and 402-91. Dose-response
curve after 48 h doxorubicin treatment was generated using Alamar Blue assay. The dashed gray horizontal line indicates 50% relative
proliferation. 1Cs, was obtained by applying a symmetrical sigmoidal curve fit. Mean & SEM is shown, n = 4. (b) Sarcosphere formation
capacity of MLS cells treated for 48 h with doxorubicin relative control. The graphs show the relative number of sarcopheres formed in control
(DMS0) and doxorubicin-treated samples 3 days after cell seeding in non-adherent sphere formation assay. Three independent experiments
(green, red and blue) were performed, where each experiment consisted of the average number of spheres formed from three technical
replicates. Mean + SEM is shown, paired student t-test *p < 0.05. (¢) Effect of doxorubicin on side population (SP) cells using Hoechst dye
staining. The top panel represents control (DMSO) cells, while the bottom panel represents cells treated with doxorubicin for 48 h. The SP
cells (red) are gated and their fraction is compared to the total viable cell population. Note that doxorubicin arrests cells in the G2 cell cycle
phase. The MLS 402-91 control is identical to the control in Figure 1b, since both experiments were analyzed at the same time. [Color figure

can be viewed at wileyonlinelibrary.com]
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Figure 3. Properties of JAK-STAT signalling in MLS. (a) Schematic overview of canonical JAK-STAT signalling. (b) Heat-map visualization of pair-wise
gene correlations using Spearman’s correlation coefficient. (c) Western blot analysis of JAK1, JAK2, STAT3 and phospho-STAT3 (p-STAT3) in MLS
2645-94, 1765-92 and 402-91. GAPDH was used as an internal protein loading control. All samples for respective antibody were analysed on the
same western blot (Supporting Information Fig. S7). Blot data are cut and reorganized for visualization purposes. (d) Immunohistochemical staining
of phospo-STAT3 and Ki67 in MLS tumour tissue. Brown staining shows reactivity with the specific antibody. Cells expressing phospho-STAT3 are
concentrated at the periphery of a tumour lobule, whereas Ki67-positive cells are scattered throughout the tumour. Scale bar is 0.1 mm. [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Ruxolitinib inhibits JAK-STAT signalling in MLS. (a) Ruxolitinib i

nhibition of JAK1/2. Western blot analysis of STAT3 and phospho-STAT3

in MLS 2645-94, 1765-92 and 402-91 cells after 24 h ruxolitinib treatment compared to untreated control (DMSO) cells. GAPDH was used as an
internal protein loading control. All samples for respective antibody were analysed on the same western blot (Supporting Information Fig. S8).
Blot data are cut and reorganized for visualization purposes. (b) Sarcosphere formation capacity relative control of MLS cells treated 24 h with
ruxolitinib. The graphs show the relative number of sarcospheres formed in control (DMSO) and ruxolitinib-treated samples 3 days after cell
seeding in non-adherent sphere-formation assay. Four independent experiments (green, red, orange and blue) were performed, where each
experiment consisted of the average number of spheres formed from three technical replicates. Mean + SEM is shown, paired student t-test
*p < 0.05. (c) Effect of ruxolitinib on cell proliferation. Dose response curve of ruxolitinib were generated using the Alamar Blue assay after 48 h
treatment. Mean + SEM is shown, n = 4. (d) Effect of ruxolitinib on cell migration. Cell migration was measured using a scratch assay, where
the relative migration ratio between control (DMSO) and ruxolitinib-treated cells was calculated. The red line at 100% indicates where

ruxolitinib-treated and untreated control cells display identical migration
wileyonlinelibrary.com]

expressed in 93% of the cells, while JAK2 and TYK2 were
expressed in 46 and 79% of the cells, respectively. All STAT
genes, except STAT4, were expressed in >50% of the cells in
all MLS cell lines. Supporting Information Figure S2 illustrates
that all three MLS cell lines display overlapping gene expres-
sion profiles. Heat-map clustering of pair-wise gene correla-
tions showed that several (JAKI; TYK2; LIFR; IL6ST;
STATI-3, 5B and 6; PIASI, 3 and 4, and SOCS4) JAK-STAT
genes were co-regulated, indicating possible common regulatory

capacity. Mean £ SEM is shown, n = 3. [Color figure can be viewed at

elements (Fig. 3b and Supporting Information Table S2).°
Trend principal component analysis of these co-regulated genes
shows that all three MLS cell lines contain subpopulation of
cells that express low levels of JAK-STAT genes, while other
subpopulations expressed them at high levels (Supporting
Information material: Movie clip).

Signalling pathway, such as JAK-STAT, activity is mainly reg-
ulated at protein phosphorylation level. Supporting Information
Figure S3 shows the relative phosphorylation level of selected
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kinases and that all tested STATs (Figs. 2, 3, 5A, 5B and 6) were
phosphorylated in the three MLS cell lines. In addition,
we confirmed the expression of JAKI, JAK2 and STAT3
proteins using western blot analysis, where MLS 2645-94 and
1765-92 displayed highest levels of phospho-STAT3 (Fig. 3c).
Immunohistochemical staining of phospho-STAT3 and Ki67 was

JAK—STAT signalling in myxoid liposarcoma

performed on tumours from nine patients operated for MLS that
had not been subjected to neoadjuvant treatment (Fig. 3d and
Supporting Information Fig. S4). Neoplastic cells with nuclear
expression of phospho-STAT3 were present in all cases, although
in varying proportions and intensity. The phospho-STAT3 posi-
tive cells constituted a minor subpopulation and were mainly
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Figure 5. Legend on next page.
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located in the periphery of tumour lobules beneath a thin fibrous
capsule. The staining ranged from scattered individual cells with
weak nuclear positivity to contiguous subcapsular clusters of neo-
plastic cells with strong nuclear reactivity. Some positivity was
occasionally noticed in lipoblasts or more mature tumoural adi-
pocytes (Supporting Information Fig. S4). The same pattern of
phosho-STAT?3 expression was observed in specimens with con-
ventional MLS histology as well as in tumours with a round cell
liposarcoma component (data not shown). The fraction of
Ki67-positivity was low to moderate with scattered Ki67-positive
neoplastic cells present throughout the tumours, without accu-
mulation of positive cells in the peripheral parts of tumour lob-
ules. These data reveal another dimension of tumour cell
heterogeneity in MLS with subpopulations with and without acti-
vated JAK-STAT signalling.

To examine whether JAK-STAT signalling affects the
number of cells forming sarcospheres, we inhibited JAK1/2
with ruxolitinib.*® Ruxolitinib treatment completely blocked
STAT3 phosphorylation in MLS without affecting STAT3
expression levels (Fig. 4a) and cells exhibited a 28, 52 and
24% reduction in sarcosphere formation capacity in MLS
2645-94, 1765-92 and 402-91, respectively (Fig. 4b). In con-
trast, JAK1/2 inhibition displayed no effects on either cell pro-
liferation (Fig. 4c) or cell migration (Fig. 4d). Altogether, these
data suggest that JAK-STAT signalling regulated the number
of CSCs, but not the number of proliferating cells.

LIF induces CSC properties through JAK-STAT and SWI/SNF
signalling

The JAK-STAT pathway can be activated by IL6-type cytokines
through dimerization of receptors, including GP130, IL6 and
LIF receptors.”” Using flow cytometry, we observed high
expression of LIFR, intermediate expression of GP130, and no
or minor expression of IL6R in MLS cell lines (Fig. 54 and
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Supporting Information Fig. S5). These data suggest that LIF is
a potential JAK-STAT signalling ligand in MLS. Hence, we
treated MLS cells with LIF and demonstrated a rapid increase
of phospho-STAT3 levels after 15-30 min stimulation and a
decline after 1 h (Fig. 5b). The cellular LIF response is in agree-
ment with other reports.”*** Furthermore, LIF phosphorylated
STATS3 through JAK1/2, since the effect of LIF was completely
inhibited by ruxolinitib (Fig. 5c). Next, we showed that LIF-
treated cells generated 46-58% more sarcospheres than control
cells in the three MLS cell lines, indicating that JAK1/2 and
STATS3 signalling positively regulate this CSC feature (Fig. 5d).
Next, we studied potential downstream protein targets of
STATS3. It has been shown that phosphorylated STAT3 acts
through interaction with the SWI/SNF complex in mouse
embryonic stem cells.”® To determine if the same mechanism
is occurring in MLS, we performed immunoprecipitation with
a SMARCA4 antibody (also known as BRG1), a core member
of the SWI/SNF complex. Figure 5e shows that phosphory-
lated STAT3 was bound to SMARCA4. Capture of SMARCA4
is shown in Supporting Information Figure S6. To confirm
that the observed interaction was important for JAK-STAT
signalling we performed knocked-down of SMARCA4 using
RNAIi. Figure 5f shows that phospo-STAT3 was downregu-
lated when the expression of SMARCA4 was decreased.
Knock-down of SMARCA4 also resulted in an average 28%
reduction in sarcosphere formation capacity (Fig. 52).

JAK-STAT inhibition reduces the number of chemotherapy-
resistant cells with CSC properties

To determine if JAK-STAT signalling could affect chemother-
apy resistance, we tested the effects of ruxolitinib in combina-
tion with doxorubicin using non-adherent sphere formation
assay. Figure 6a shows that ruxolitinib reduced the number of
doxorubicin-enriched sarcospheres. Furthermore, western blot

Figure 5. LIF acts through JAK-STAT and SWI/SNF signalling in MLS. (a) Relative protein expression level of IL6R, LIFR and GP130 in MLS
2645-94, 1765-92 and 402-91 cells determined by flow cytometry. Details are shown in Supporting Information Figure S5. (b) Western blot
analysis of phospho-STAT3 (p-STAT3) expression at different time points after LIF stimuli in MLS cells. GAPDH was used as an internal protein
loading control. All samples for respective antibody were analysed on the same western blot (Supporting Information Fig. S9). Blot data are
cut and reorganised for visualization purposes. (c) Western blot analysis of phospho-STAT3 (p-STAT3) in MLS cells after 24 h treatment with
LIF, ruxolitinib or LIF and ruxolitinib in combination. GAPDH was used as an internal protein loading control. All samples for respective
antibody were analysed on the same western blot (Supporting Information Fig. S10). Blot data are cut and reorganized for visualization
purposes. (d) Sarcosphere formation capacity relative control of MLS cells treated 24 h with LIF. The graphs show the relative number of
sarcospheres formed in control (1% FBS) and LIF-treated samples 3 days after cell seeding in a non-adherent sphere formation assay. Three
independent experiments (orange, red and blue) were performed, where each experiment consisted of the average number of spheres formed
from three technical replicates. Mean + SEM is shown, paired student t-test *p < 0.05 **p < 0.01. (€) Co-immunoprecipitation of SMARCA4.
Western blot analysis of phosphorylated STAT3 co-immunoprecipitated with nuclear extracted SMARCA4 or IgG. B represents bound
phosphorylated STAT3 to SMARCA4 or I1gG, and NB represents non-bound phosphorylated STAT3, | represents input material. Corresponding
western blots for SMARCA4 are shown in Supporting Information Figure Sé. (f) SMARCA4 and phospo-STAT3 downregulation after SMARCA4
knock-down using RNAi. The protein expression (in percentage) after knock-down related to control is shown. Each protein expression was
normalized against GAPDH expression before comparison. Corresponding western blots are shown in Supporting Information Figure S11.
(g) Sarcosphere formation capacity of SMARCA4 knock-downed MLS cells. The graph shows the relative number of sarcospheres formed in
control and SMARCA4 knock-downed samples 3 days after cell seeding in non-adherent sphere-formation assay. Three independent
experiments were performed for each MLS cell line, where each experiment consisted of the average number of spheres formed from three
technical replicates. Statistical analysis were performed by Student’s paired t-test *p < 0.05. The reduced sarcosphere formation capacity
reached statistical significance only when all three MLS cell lines were analysed together. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 6. Legend on next page.
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analysis showed that ruxolitinib completely inhibited phos-
phorylation of STAT3 also in presence of doxorubicin
(Fig. 6D).

As JAK-STAT inhibition failed to deplete all sarcospheres
we attempted to identify other chemotherapy resistance sig-
nalling pathways, by global gene expression profiling compar-
ing doxorubicin-treated cells with control cells. Figure 6c¢
shows that 51 genes were at least two-fold upregulated and
30 genes at least two-fold downregulated in all MLS cell lines.
For complete gene lists see Supporting Information Table S3.
ABC transporter genes were among the upregulated genes.
Molecular signature analysis on upregulated genes confirmed
JAK-STAT signalling, but also included other pathways and
processes such as TNFa signalling via NF-xf}, inflammatory
response, interferon gamma/alpha response and KRAS signal-
ling (Fig. 6d).

Discussion

Doxorubicin and trabectedin are both successfully applied to
treat MLS, but not all patients are responding,”' > indicating
a problem with chemotherapy-resistant cells. Several reports
suggest that many cancer forms harbor small distinct subpop-
ulations of tumour cells with stem cell characteristics that are
resistant to chemotherapy and responsible for tumour
relapse.'"** In this study, we showed that MLS cell lines con-
tain subpopulations of cells that can form sarcospheres in a
non-adherent sphere formation assay, efflux Hoechst dye and
are resistant to the chemotherapy agent doxorubicin. MLS
2645-94 contained most cells with CSC features, followed by
MLS 1765-92 and 402-91. The number of cells with CSC
properties estimated by non-adherent sphere formation assay
and SP analysis correlated between the cell lines, where MLS
2645-94 generated most sarcospheres and contained most SP
cells. This cell line was also the most resistant to doxorubicin
treatment. The SP analysis and the doxorubicin resistance
results are related, since doxorubicin has been shown to be
effluxed by ABC transporters.”® The number of cells with CSC
characteristics varied between the non-adherent condition assay
and the SP analysis, where the number of formed sarcospheres
were 15 and 27 times higher compared to the gated SP cells in
MLS 1765-92 and 2645-94, respectively. In MLS 402-91, the
number of SP cells was too low to allow any reliable
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comparison. Qur data showed that SP cells were enriched
among the cells that formed sarcospheres, but most
sarcosphere-forming cells could not efflux the Hoechst dye. SP
and non-adherent sphere formation analyses display two differ-
ent properties related to CSCs. However, these cellular func-
tions are not unique features of all CSC subpopulations®® and
may be shared by other cell types.'””” Previous studies have
also shown that non-adherent sphere forming assays usually
overestimate the number of stem cells by an order of
magnitude,”® indicating that the number of sarcosphere-
forming cells in our study only in part reflects the number of
true CSCs. Tumour take experiments in mice could reveal fur-
ther information about the absolute CSC frequency in the
tested MLS cell lines.

JAK-STAT signalling is important in tumour initiation,”
tumour development, and CSC maintenance in several tumour
entities, such as gliobastoma,** lung,*' and colon cancer.* Our
single-cell data showed that individual cultured MLS cells
expressed different amounts of canonical JAK-STAT tran-
scripts. JAK1, JAK2 and STATs were also confirmed to be
expressed at the protein level. In resection specimens, phospo-
STAT3 expression was limited to a subset of cells. Collectively,
these data suggest that MLS cells generally have the capacity to
use the JAK-STAT pathway, but only a distinct subpopulation
displays active JAK-STAT signalling. Today, no well-
characterized CSC markers exist for MLS, limiting our possibil-
ities to link specific stemness markers with JAK-STAT expres-
sion. Future, whole transcriptome analysis of CSCs at single-
cell level may enable the identification of such markers.*’

Ruxolitinib inhibition of JAK1/2 caused phospo-STAT3
downregulation and decreased the number of formed sarco-
spheres. Among the MLS cell lines, 1765-92 displayed the high-
est expression of phospho-STAT3 under normal growth
conditions and these cells also showed the largest decrease in sar-
cosphere formation capacity when treated with ruxolitinib, indi-
cating that the level of phospho-STAT3 correlates with the
number of cells with CSC properties. In addition, phosphorylated
STAT3 interacted with SMARCA4, a core component of the
SWI/SNF complex. Our experiment do not permit conclusions
about which specific protein in SWI/SNF that physically interacts
with phospo-STAT3, but our knock-down experiment shows
that SMARCAA4 is key player in JAK-STAT mediated signalling.

Figure 6. Targeting cancer stem cell like cells and proliferating cells as a strategy to treat MLS. (a) Sarcosphere formation capacity relative
control of MLS 2645-94, 1765-92 and 402-91 cells when treated 48 h with doxorubicin and ruxolitinib in combination. The graphs show the
relative number of sarcospheres formed in control (DMSO), doxorubicin- and doxorubicin/ruxolitinib-treated samples 3 days after cell seeding
in non-adherent sphere formation assay. Three independent experiments (orange, red and blue) were performed, where each experiment
consisted of the average number of spheres formed from three technical replicates. Mean + SEM is shown, paired student t-test *p ¢ 0.05
##p ¢ 0.01. (b) Phospho-STAT3 expression. Western blot analysis of phospho-STAT3 (p-STAT3) in MLS cells after 48 h treatment with
doxorubicin, ruxolitinib or doxorubicin and ruxolitinib in combination. GAPDH was used as an internal protein loading control. All samples for
respective antibody were analysed on the same western blot (Supporting Information Fig. S12). Blot data are cut and reorganized for
visualization purposes. (¢) Microarray analysis. Venn diagrams showing the number of genes, after filtering, with a two-fold upregulation or
downregulation in doxorubicin-treated MLS cells. (d) Bar chart showing, out of the 51 genes upregulated in all three cell lines, significantly
enriched (FDR g-value <0.05) gene sets among the Hallmark gene sets from the Molecular Signatures Database. [Color figure can be viewed at

wileyonlinelibrary.com]
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The SWI/SNF complex acts as a chromatin remodeling system
known to regulate stem cell properties through STAT3,**** fur-
ther supporting the hypothesis that JAK-STAT signalling con-
trols CSC features in MLS. We also showed that the upstream
JAK-STAT receptors GP130 and LIFR were expressed in MLS
cell lines. LIF, a LIFR ligand and growth factor known to main-
tain stem cells,”” elevated the number of sarcospheres through
JAK1/2 signalling. A possible source of LIF is the MLS cells
themselves, but our single-cell data showed that only few MLS
cells expressed LIF transcripts. Another potential source of LIF is
secretion from stromal cells, which was reported for other
tumour entities.***” Other cytokines and their receptors may also
be important activators of JAK-STAT signalling in MLS.

Our data showed that the doxorubicin-resistant cells
belonged to the subpopulation of cells with CSC characteris-
tics. A reduction of CSC-like cells could thus be expected to
improve the effect of this drug. Indeed, our results confirmed
that inhibition of JAK-STAT signalling decreased the number
of cells with CSC properties that resisted doxorubicin treat-
ment. By combining doxorubicin and ruxolitinib, we targeted
both proliferating cells and cells with CSC properties, resulting
in improved drug effects. Still, some doxorubicin-resistant
cells with CSC properties lacking active JAK-STAT signalling
remained. This observation was expected, since ruxolitinib-
treatment of control MLS cells failed to eliminate all cells with
the capacity to form sarcospheres. Our microarray data sup-
port JAK-STAT signalling as being a key process in doxorubi-
cin resistance. However, doxorubicin also regulated TNFo and
KRAS signalling, indicating their involvement in chemother-
apy resistance. In addition, other cellular processes, including
RET,* IGF* and SRC”’ signalling, are also active in MLS and
are therefore potential regulators of CSC properties in MLS.

JAK—STAT signalling in myxoid liposarcoma

In conclusion, our data show that MLS cell lines contain
subpopulations of cells with CSC properties defined by
sphere-forming capacity, ability to efflux Hoechst dye and
resist chemotherapy. JAK-STAT signalling is active in MLS
and regulates the size of the CSC-like subpopulation. JAK1/2
inhibition enforced the effects of doxorubicin by reducing the
number of both proliferating and CSC-like cells. Future
in vivo studies are required to confirm the clinical use of
JAK-STAT inhibition, but our results suggest that JAK-STAT
inhibition combined with chemotherapy or similar drug com-
binations could improve treatment of MLS patients.
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