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Abstract

Human dedifferentiated liposarcoma (DDLPS) is a rare but lethal cancer with no driver mutations
being identified, hampering the development of targeted therapies. We and others recently reported
that constitutive activation of Notch signaling through overexpression of the Notchl intracellular
domain (NICD®E) in murine adipocytes leads to tumors resembling human DDLPS. However, the
mechanisms underlying the oncogenic functions of Notch activation in DDLPS remains unclear.
Here, we show that Notch signaling is activated in a subset of human DDLPS and correlates

with poor prognosis and expression of MDMZ2, a defining marker of DDLPS. Metabolic analyses
reveal that murine NICDOE DDLPS cells exhibit markedly reduced mitochondrial respiration

and increased glycolysis, mimicking the Warburg effect. This metabolic switch is associated

with diminished expression of peroxisome proliferator-activated receptor gamma coactivator la
(Ppargcla, encoding PGC-1a protein), a master regulator of mitochondrial biogenesis. Genetic
ablation of the NICDOE cassette rescues the expression of PGC-1a and mitochondrial respiration.
Similarly, overexpression of PGC-1a is sufficient to rescue mitochondria biogenesis, inhibit the
growth and promote adipogenic differentiation of DDLPS cells. Together, these data demonstrate
that Notch activation inhibits PGC-1a to suppress mitochondrial biogenesis and drive a metabolic
switch in DDLPS.

“ Correspondence and requests for materials should be addressed to Shihuan Kuang. skuang@purdue.edu.
AUTHOR CONTRIBUTIONS

P-CT designed the study, performed experiments, and wrote the manuscript. XC performed RNA-seq data analysis and interpretation.
BDE supported the tumor transplant studies. REP provided human samples and interpreted the results. SK conceived the project,
designed the study, analyzed the data, and wrote the manuscript. All the authors have reviewed and revised the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/
$41388-023-02768-6.

Reprints and permission information is available at http://www.nature.com/reprints


http://www.nature.com/reprints

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tien et al. Page 2

INTRODUCTION

Human liposarcomas (LPS) arise from adipocytes and account for ~20% of sarcomas

in adults [1]. Based on histological features, LPS are classified into four subtypes, well-
differentiated liposarcoma (WDLPS), dedifferentiated liposarcoma (DDLPS), myxoid/round
cell liposarcoma, and pleomorphic liposarcoma [2, 3]. Among these, DDLPS constitute
15-20% of LPS and has a potential metastasis rate of 15-20% [4]. Whole genome
sequencing analysis of human LPS identifies amplifications of chromosome 12q13-15 as

a hallmark of DDLPS. This region includes MDMZ2, CDK4, and HMGAZ genes, leading

to MDM_Z2 overexpression [5]. The MDMZ2-encoded protein is an E3 ubiquitin ligase that
promotes ubiquitination and degradation of p53 tumor suppressor [6]. However, no study
has indicated MDM2 as a driver mutation of LPS [7]. Additionally, targeted therapy using
MDM?2 inhibitors alone has an unsatisfactory objective response rate of 5% in patients with
DDLPS [8-10]. Therefore, oncogenic driver genes of LPS have yet to be identified, but
heterogeneity of tumor cells that often contain many different genetic alterations even within
the same subtype hampers identification of critical drivers of LPS [11].

Notch signaling plays a key role in the initiation, proliferation, and stemness of cancer cells
[12-15]. We have previously identified Notch signaling as a driver mutation of DDLPS
tumorigenesis in a transgenic mouse model and developed a Notch-driven murine DDLPS
cell line named mLPS1 cells [16, 17]. The mLPS1 cells express a constitutively active
Notchl intracellular domain (NICD) under the control of RosaZ6 locus [17]. Consistent with
our findings in mice, analysis of whole genomic sequences of human DDLPS reveals that
7% of the patients had Notchl DNA copy number amplification [18]. Although this is a

low frequency as a common driver mutation, many other tumor-driving mutations have been
shown to converge on the Notch signaling pathway, making Notch signaling the top pathway
implicated in head and neck squamous cell carcinomas [19]. Consistent with this notion,

the DDLPS marker MDM2 have been shown to positively regulate Notch signaling through
directly modulate Notch receptor activity or indirectly modulate degradation of Numb, an
inhibitor of Notch signaling [20-22]. However, the mechanism by which Notch signaling
regulates tumorigenesis of DDLPS cells remains unclear.

Notch signaling has been reported to rewire cellular metabolism towards glycolysis in
Drosophilawing discs [23]. Cellular metabolic switching is a hallmark of tumorigenesis
that facilitates the adaptation of cancer cells to various environmental stresses and
stemness. Depending on the context, cancer cells utilize anaerobic glycolysis to support
fast proliferation, known as the Warburg effect [24] or oxidative phosphorylation to
generate energy more efficiently. In addition to regulating cancer cell proliferation, several
studies have indicated that glycolytic metabolism plays a functional role in regulating
human pluripotent stem cell states [25]. Specifically, high rates of glycolysis diminish
the differentiation of human embryonic stem cells [26]. In accordance with the function
of glycolysis in human pluripotent stem cells, changes in cell metabolism may similarly
regulate cell differentiation and switch the status of cancer stem cells.

In this study, we tested the hypothesis that Notch signaling reprograms cellular metabolism
in liposarcomas to maintain cancer cell stemness. We first examined expression of Notch
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pathway genes in human DDLPS tissues and cells. We found that the levels of Notch-related
genes were positively correlated with MDM_Z2 expression. Furthermore, we took advantage
of our newly established mLPS1 cells to show that Notch signaling regulates cancer stem
cell states by inhibiting mitochondrial biogenesis to facilitate glycolysis. In addition, RNA-
seq analysis indicated that mitochondrial function and oxidative phosphorylation (OXPHQS)
genes were significantly repressed in Notch-driven DDLPS. We further showed that Notch
activation suppresses the expression of PGC-1a., a master regulator of mitochondrial
biogenesis [27]. Overexpression of PGC-1a. in mLPS1 cells increased mitochondrial
biogenesis, altered cancer stem cell metabolism, and stimulated cell differentiation. These
observations point to a previously unrecognized role of Notch signaling in regulating
metabolism of DDLPS.

NOTCHL1 is frequently overexpressed in human DDLPS

To assess the role and clinical significance of NOTCH signaling in DDLPS, we measured
MRNA levels of MDMZ (a defining marker of DDLPS) and NOTCH pathway genes in
human LPS samples. MDMZ oncogene encodes an E3 ubiquitin-protein ligase that promotes
p53 ubiquitination and proteasomal degradation. In human DDLPS, more than 95% of
the patients showed MDMZ2amplification and high MDM2 expression was correlated to
cancer proliferation and poor prognosis [1, 6]. Pearson’s correlation coefficient analysis
revealed that NOTCHI mRNA expression was positively correlated with MDM?Z levels in
WDLPS and DDLPS tissues (Fig. 1A). We further focused on DDLPS, a more malignant
LPS subtype with a lower patient survival rate compared to WDLPS. Both NOTCH1 and
its downstream target HESZ mRNA levels were strongly correlated with MDMZ levels in
DDLPS (Fig. 1B, C).

Next, we examined the mRNA levels of MDMZ2and NOTCH target HE'YZ in human
primary liposarcoma cells. Consistent with our finding in human DDLPS tissues, primary
DDLPS cells more frequently had elevated mRNA levels of MDMZ2and HE Y1 compared
with WDLPS cells (Fig. 1D, E). Moreover, analysis of various human primary liposarcoma
cells confirmed that HES1 protein expression was elevated in human DDLPS and positively
correlated with MDM2 expression (Fig. 1F). In addition, analysis of the liposarcoma
dataset in The Cancer Genome Atlas (TCGA) [28] revealed that patients with HEYZ DNA
amplification had worse overall survival than patients without A£YZ amplification in both
sarcomas (Fig. 1G) and DDLPS (Fig. 1H) cohorts. These results together suggest that
NOTCH signaling is activated in human DDLPS and associated with tumor malignancy and
poor prognosis.

Inhibition of NICD transcriptional activity suppressed growth of human and mouse DDLPS

cells

We next sought to directly examine the role of NOTCH signaling in DDLPS with inhibitors.
Gamma secretase inhibitors (GSls) have been widely used to inhibit the cleavage and
generation of NICD [29], but these inhibitors carry two major limitations. The first is the
off-target effects that cause gastrointestinal toxicity [30, 31] and the second is the lack of
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efficiency in tumors featuring NICD amplification independent of cleavage of full-length
Notch receptors. To overcome the limitations, we took advantage of two small-molecule
compounds, IMR1 and CB103, that target the NICD transcriptional complex to inhibit the
expression of downstream target genes [32, 33]. RT-gPCR analysis showed that treatment of
human dedifferentiated LPS246 cells with 1 uM IMR1 or 1 uM CB103 significantly reduced
NOTCHI and HESI expression (Fig. 2A, B). The reduced levels of Notch-related genes
were associated with lower cell viabilities, with the half maximal inhibitory concentration
(IC50) of 61 uM and 119 uM for IMR1 and CB103, respectively (Fig. 2C, D). In addition,
human WDLPS cells with a higher HEYZ level (WDLPS135) were more sensitive to

the Notch inhibitors than WDLPS80.2 cells that have a lower HEY1 level (see Fig. 1E)
with a much lower IC50 of 149 uM (Supplementary Fig. S1). We also evaluated the

effects of IMR1 and CB103 on mLPS1 cells, a murine NICDOE DDLPS cell line that we
established from the AdipogCre-Rosa\N'°P mouse DDLPS tumor tissue [17]. In agreement
with the human cell line results, IMR1 or CB103 inhibited the expression of Notch1 and its
downstream target genes at 20 uM (Fig. 2E, F). Furthermore, IMR1 and CB103 suppressed
mLPS1 cell viability, with 1C50 values of 98 and 83 uM, respectively (Fig. 2G, H). The
treatment of Notch inhibitor had no effects on cell apoptosis in mLPS1 and LPS246 cells
(Supplementary Fig. S2A), suggesting the reduced viability upon Notch inhibitor treatment
is mainly due to a reduction in proliferation. This result is consistent with the current
finding that abrogating oncogene in liposarcoma diminishes cancer stem cell phenotypes and
inhibits cancer growth but does not stimulate cell apoptosis [34].

The cellular response to the NICD inhibitors in mLPS1 cells was further determined using a
colony formation assay. We observed that IMR1 and CB103 (20 uM) significantly reduced
the colony area (determined by colony density and size) of mLPS1 cells (Fig. 21). We next
examined the tumor-suppressing ability of CB103 by treating mice bearing mLPS1-tumors
after subcutaneous cell transplantation (Supplementary Fig. S3A). The daily treatment with
40 mg/kg CB103 tended to reduce tumor growth and obviously reduced tumor-associated
skin necrosis (Supplementary Fig. S3B, C). At the end of the treatment, all except one of the
CB103 treated LPS were smaller than vehicle treated LPS, leading to a lower average tumor
weight (Supplementary Fig. S3D, E), though the difference was not statistically significant.
These results demonstrate a key role of Notch signaling in supporting mouse and human
DDLPS cell growth.

Notch signaling is essential for maintaining cancer stem cell (CSC) stemness [35]. To
explore the effect of NICD inhibition in CSC marker gene expression of DDLPS, we
performed RT-gPCR analysis in mLPS1 cells after treatment with IMR1 or CB103. The
results indicated that the mRNA levels of the CSC markers Nanog, Oct4, Cd73, Cd90, and
Cd105were all downregulated by IMR1 or CB103 (Fig. 2J, K). These results highlight a
role of Notch signaling in CSC marker gene expression in DDLPS.

Reversal of NICD®E in mLPS1 cells suppresses their growth and tumorigenesis

Tumor cells often exhibit “oncogene addiction”, where their malignancy is dependent on the
expression of an oncogene, such as Myc [36]. To determine if the NICDOE mLPS1 cells are
addicted to Notch signaling, we used CRISPR-CAS9 genome editing to remove the NICDOE
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cassette in the mLPS1 cells. We created the NICD©E-cassette knockout (mLPS12ANICD)
cell line using two guide RNAs targeting exons 29-30 and 31-32 in the NICD©E cDNA,
respectively (Fig. 3A). This targeting strategy will leave the endogenous Notchl gene intact
as both gRNAs spanned exons. The fidelity of the targeting was validated by genomic
DNA sequencing, showing a 2-bp deletion in both gRNA-targeting regions (Fig. 3A). The
MRNA levels of Notch signaling pathway genes Notchl, Hes1, Heyl, and Heyl, were all
significantly downregulated in the mLPS12NICD cells by more than 90%, compared to
mLPS1 cells (Fig. 3B). Furthermore, western blot analysis confirmed that NICD protein
was decreased to an undetectable level in the mLPS1ANICD ce|ls, the protein levels of GFP
that is independently translated via an internal ribosomal entry sequence (IRES) was only
moderately reduced (Fig. 3C).

The mLPS1ANICD cells exhibited much reduced growth kinetics (Fig. 3D) and clonogenicity
(Fig. 3E) when compared to their parental mLPS1 cells. This is most likely due to reduced
cell proliferation as the inhibitors had no effects on cell apoptosis (Supplementary Fig.
S2B). Consistently, the expression of mesenchymal and cancer stem cell markers, Cd73,
Cd90, and Cd105, was also significantly lower in the mLPS12ANICD cells than in mLPS1
cells (Fig. 3F). We further investigated the tumorigenicity of mLPS1 and mLPS12ANICD cels
after subcutaneous transplantation into immune deficient NRG mice. Tumorigenicity and
propagation of the mLPS1ANICD cells was completely abolished based on tumor volume
measurements (Fig. 3G, H). By contrast, all transplanted mLPS1 cells grew into tumors of
various sizes (Fig. 3G, H). At the end point, the weight of transplanted mLPS12NICD ce||s
was 100-fold lower than the tumors grew from the mLPS1 cells (Fig. 3I). These results
demonstrate that Notch signaling is essential for mLPS1 proliferation and tumorigenesis;
and further suggest that Notch signaling addiction may underly pathogenesis of mLPS1
cells.

Notch signaling restricts re-differentiation of liposarcoma cells

Notch signaling is a well-established master regulator of organ development that determines
cell fate and controls cell differentiation [37, 38]. Notch signaling suppresses differentiation
of human adipose-derived mesenchymal stem cells towards mature adipocytes [39].
Furthermore, pathological profiling revealed that 10% of the WDLPS cases transform into
DDLPS [1], a poorly differentiated subtype, even though the two subtypes had similar
genomic mutations [5]. Thus, we examined whether Notch signaling restricts adipogenic
differentiation to promote DDLPS. We evaluated the expression of mature adipocyte
markers in mLPS1 and mLPS1ANICD cells. The mRNA levels of adipogenic differentiation-
related markers were all up-regulated in mLPS1ANICD cells (Fig. 4A), suggesting that
Notch activation suppresses adipogenic differentiation of liposarcoma cells. We treated
mLPS1 and mLPS1ANICD cells with adipogenic medium and analyzed differentiation by
immunofluorescent staining with BODIPY, a lipid probe (Fig. 4B). Lipid droplets were
only found in mLPS1ANICD byt not mLPS1 cells, although the rate of re-differentiation

is very low and the differentiated cells did not resemble adipocytes. Furthermore, gene
expression analysis revealed that the mLPS1 cells were resistant to adipogenic induction
and showed no changes (or even reductions) in the expression of mature adipocyte markers
(Fig. 4C). In contrast, the mLPS1ANICD cells expressed significantly higher levels of mature
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adipocyte markers after treatment with adipogenic medium (Fig. 4D). Together, these results
demonstrate that the constitutive activated Notch signaling in mLPS1 cells restricts their
re-differentiation into adipocytes.

Notch signaling regulates mitochondria biogenesis and oxidative phosphorylation in

mLPS1 cells

Tumorigenesis of cancer cells is preceded by metabolic reprogramming [40]. Notch
signaling is a well-established driver of many types of cancers [41]. Notch mutations have
been reported to cause infrequent long-tail mutations [19], promote chromosomal instability
[42], and regulate cellular metabolism [43]. We hypothesized that Notch signaling underlies
cancer cell stemness through regulating cellular metabolism. To test this hypothesis,

we first measured the mitochondrial DNA content of mLPS1 and mLPS1ANICD cells,
Mitochondrial to nuclear DNA ratios were significantly lower in mLPS1 cells than in
mLPS1ANICD ce|ls (Fig. 5A), suggesting that NICDCE inhibits mitochondrial biogenesis.
Indeed, flow cytometric analysis of cells stained with MitoTracker further revealed that
mLPS1 cells had significantly lower mitochondrial intensity than did mLPS12NICD cels
(Fig. 5B). Since mitochondria play an essential role in energy generation by regulating
glycolysis and oxidative phosphorylation (OXPHOS), we further evaluated how NICDE
affects energy metabolism. The mLPS1ANICD cel|s secreted less lactate despite higher
glucose uptake (Fig. 5C, D), and produced more ATP (Fig. 5E) than the mLPS1 cells.

We further examined energy metabolism by measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR). We observed higher OCR associated with both basal
and maximal respiration in mLPS1ANICD cells than in mLPS1 cells (Fig. 5F). Conversely,
ECAR associated with basal glycolysis and glycolytic capacity were lower in mLPS1ANICD
cells than in mLPS1 cells (Fig. 5G). These results indicate that Notch activation promotes
Warburg glycolysis and Notch inhibition increases mitochondrial biogenesis and stimulates
oxidative phosphorylation, thereby acting as an anti-Warburg agent.

Notch signaling inhibits mitochondrial biogenesis by downregulating PGC-1a

To elucidate how Notch signaling induces metabolic reprogramming and oncogenic
transformation of adipocytes, we performed RNA-seq to compared gene expression of
mLPS1 and mLPS1ANICD cells. This analysis revealed 6,876 genes whose expression

were downregulated or upregulated by more than 1-fold between the two cell lines. By
overlapping this RNA-seq with our previous RNA-seq comparing NICDCE liposarcoma
with NICDCE adipose tissues (GSE80433), we identified 584 co-upregulated and 703 co-
downregulated genes (Fig. 6A). The RNA-seq results were confirmed by RT-qPCR analysis
of Notch and Ppargclaexpression in mLPS1 and mLPS12NICD cells (Supplementary Fig.
S4A, B). Selective co-upregulated and co-downregulated genes were illustrated in (Fig. 6B,
Supplementary Fig. S4C). Among these are Apargcla, a master regulator of mitochondrial
biogenesis that is upregulated in the mLPS1ANICD cells relative to mLPS1 cells (Fig.

6C). This observation is consistent with the report that Notch signaling effector HES1
binds to the Ppargclapromoter region to inhibit its transcription [44]. We also treated
LPS246 with Notch inhibitor IMR1 and CB103, and found that the treatment elevated
PPARGCIA mRNA levels (Supplementary Fig. S4D). Consistent with our earlier finding
that mLPS12NICD cells have higher levels of mitochondrial respiration, we found that
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mitochondrial complex-associated genes were upregulated in mLPS12NICD cells compared
to mLPS1 cells (Fig. 6D). Furthermore, KEGG and GO analyses revealed that the
“Metabolic pathways” and “Lipid metabolic process” were the most upregulated pathways/
processes in the mLPS1ANICD ce|ls (Fig. 6E). These results support our finding that Notch
signaling regulates cellular metabolism in DDLPS.

We next analyzed PPARGCIA mRNA levels in human sarcoma patients available in the
TCGA database. The results showed that patients with high PPARGC1A expression had
significantly higher survival rates and better prognosis (Fig. 6F). We further explored
PPARGCI1A expression in different human tumors using genome array analysis. The results
revealed that patients with DDLPS had relatively lower PPARGCI1A expression levels than
those with WDLPS (Fig. 6G). These data support a model in which NICD©E regulates
cellular metabolism by inhibiting PGC-1a mediated mitochondrial biogenesis.

Overexpression of PGC-1a restores mitochondrial biogenesis and respiration in mLPS1

cells

To investigate the role of PGC-1a in DDLPS, we overexpressed PGC-1a in mLPS1

cells using a doxycycline (Dox) inducible system (mLPS1 TetO-PGC1a©F). As high
concentrations of Dox inhibit cell proliferation and metabolism [45], we tested Dox dose
response and found that 1ug/mL of Dox induced PGC-1a expression without affecting
mLPS1 cell growth (data not shown). mLPS1 TetO-PGC1aCF cells were treated with
1ug/mL Dox to induce PGC-1a expression, at both mRNA (Fig. 7A) and protein (Fig.

7B) levels. Control cells that were transfected with empty vector were also treated with

Dox identically. To further explore the contribution of PGC-1a. to the metabolic phenotype
of mLPS1 cells, we examined mitochondrial abundance in mLPS1 TetO-PGC1a.CF cells
after Dox induction. We observed that PGC-1a significantly increased mitochondrial density
based on mitochondrial DNA content (Fig. 7C). Next, we examined the mitochondrial
content using MitoTracker staining in mLPS1 TetO-PGC1a.9F and mLPS1 TetO-empty
vector cells after Dox treatment. Consistently, PGC-1a expression in mLPS1 cells increased
the mitochondrial density (Fig. 7D). We also used the Seahorse bioanalyzer to measure OCR
in MLPS1 TetO-PGC1a.F cells and mLPS1 TetO-empty vector control cells. Expression of
PGC-1a in mLPS1 cells led to higher basal and maximal respirations (Fig. 7E) and reduced
anaerobic glycolysis with lower ECAR production (Fig. 7F). Together, these results indicate
that PGC-1a expression facilitates mitochondrial biogenesis, which promotes oxidative
phosphorylation and reduces anaerobic glycolysis in mLPS1 cells.

PGC-1a suppress mLPS1 cell growth in vitro and in vivo

We next investigated how PGC-1a overexpression affects growth of mLPS1 cells. The
mLPS1 TetO-PGC1aCF cells and empty vector control cells were treated with Dox or
vehicle control. The results showed that only the Dox treated TetO-PGC1a.CF cells exhibited
reduced cell growth in vitro (Fig. 8A). In addition, Dox treatment in TetO-PGC1aCF cells
expressed significantly lower levels of the cancer stem cell markers Manog, Oct4, and Sox2
(Fig. 8B). In consistence with the result, PGC-1a overexpression decrease cell migration
ability (Supplementary Fig. S5A, B). To test the function of PGC-1a in stimulating cancer
cell differentiation, we treat mLPS1 cell with adipocyte differentiation medium combine
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with PGC-1a agonist Forskolin. As expected, Forskolin stimulation of PGC-1a enhanced
adipogenic differentiation of mLPS1 cells (Supplementary Fig. S5C). To further evaluate
the role of PGC-1a in tumor growth and maintenance in vivo, NRG mice were injected
subcutaneously with mLPS1 TetO-empty vector cells in the left flank and mLPS1 TetO-
PGC1a.CE cells in the right flank so that both control and PGC1a.©E cells are grown in

the identical host environments. Dox-induced PGC1a.CF effectively prevented skin necrosis
induced by mLPS1 cells (Fig. 8C), and significantly decreased tumor growth in terms of
volume (Fig. 8D), but only marginally decreased the average tumor weight (Fig. 8E, F). RT-
gPCR analysis confirmed that PGC-1a expressing tumor cohorts exhibited high Ppargcia
mRNA levels (Fig. 8G). Moreover, we observed that the percentages of Ki67-positive cells
were significantly decreased in allograft tumors derived from mLPS1 TetO-PGC1a.©F cells
(Fig. 8H, I). These results demonstrate that even partial PGC-1a restoration inhibits in vitro
proliferation and in vivo tumor growth in DDLPS.

Notch inhibitors enhance liposarcoma response to chemotherapeutic drugs

To investigate the clinical potential of Notch inhibition in human LPS treatment, we treat
liposarcoma cells with the first-line chemotherapy drug Doxorubicin combined with Notch
inhibitor CB103. In vitro treatment of Notch inhibitor enhanced Doxorubicin efficacy

in inhibiting LPS246 cell growth (Supplementary Fig. S6A). Further, combining Notch
inhibitor with adipocyte differentiation medium stimulated expression of mature adipocyte
markers Pparg, Adipog, and Leptin (Supplementary Fig. S6B). These results establish

a foundation for future development of Notch inhibitor-based treatments against human
liposarcomas.

DISCUSSION

DDLPS is the most malignant subtype of liposarcomas and has a poor patient survival

rate. Although rapid advances in the molecular analysis of DDLPS have identified many
oncogenic mutations in human DDLPS [5], the specific driver mutation of DDLPS remains
unclear and has not been recapitulated in animal models [46]. Here, we implicate Notch
signaling as a driver mutation in murine DDLPS by demonstrating that reversal of Notch
overexpression abrogates tumorigenicity of mLPS1 cells. We also provide evidence that
Notch signaling supports LPS proliferation and regulates LPS metabolism. We further
extend murine data to show that Notch activation is associated with MDM2 expression, a
defining marker of human LPS tissues and cells, and show that inhibition of Notch signaling
reduces proliferation of human LPS246 cells.

Notch signaling is critical for homeostasis of cancer stem cells (CSCs) through regulating
cell fate, differentiation, and metabolism. However, the underlying mechanism of Notch
signaling in DDLPS is unclear. In this study, we establish a model in which Notch

signaling regulates LPS cellular metabolism by inhibiting mitochondrial biogenesis and
facilitates anaerobic glycolysis to maintain CSCs function (Fig. 8J). To acquire cell
stemness, cancer cells leverage the cellular metabolism to better utilize available nutrients
and oxygen to support cell survival and proliferation. However, the mechanism of metabolic
reprogramming in CSCs in DDLPS is unclear. In DDLPS, cancer cells prefer glycolysis
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to maintain cell proliferation, and a recent study reports that overexpression of miR-133a
causes a metabolic shift from glycolysis to mitochondria oxidative phosphorylation to
suppress cell proliferation [47]. Here, we show that Notch signaling also plays a role

in reprogramming cell metabolism by suppressing PGC-1a expression and mitochondrial
respiration. Linking these two independent studies, miR-133 has recently been reported to
inhibit Notch signaling to suppress tumorigenesis of oral squamous cell carcinoma [48].
Our results further suggest that activation of PGC-1a may represent a potential therapy for
re-differentiating LPS cells into well-differentiated lipid-accumulating cells.

PGC-1a is a master regulator of mitochondrial biogenesis. Overexpression of PGC-1a
promoted mitochondrial respiration in the Notch overexpressing mLPS1 cells. Consistently,
mLPS1 proliferation in vitro and tumor growth in vivo were both reduced by overexpression
of PGC-1a.. However, the overall tumor size and weight were only marginally reduced
when tumors were isolated from mice. This may be attributed to the dosage- and context-
dependent effects of PGC-1a on cancer cells and niche supporting cells that both contribute
to tumorigenesis. In this scenario, PGC-1a overexpression in the cancer cells significantly
reduced lesion to the tumor microenvironment, manifested by remarkably less skin necrosis
(indicated by purple) at the site of tumor burden. The skin lesion may have contributed

to the significantly larger tumor size, when tumors were measured in situ with a caliper
without removing the skin. In addition, the PGC-1a level is very high in our dox-induced
overexpression model, such high levels of PGC-1a expression may bring about non-specific
effects that counteract its tumor-suppressor function. In other studies, PGC-1a stimulates
breast cancer metastasis without inhibiting cell proliferation [49], but it suppresses the
proliferation and metastatic capacity of prostate cancer cells [50]. The extremely low

levels of PGC-1a in Notch overexpressing mLPS1 cells suggest that an inhibition of
mitochondrial biogenesis leads to the Warburg effect. Nevertheless, other Notch targets may
also play a role in regulating LPS cell metabolism. Future CRISPR screening will facilitate
identification of such targets.

Notch signaling plays multiple roles in DDLPS. Besides stimulating glycolysis, Notch
activation inhibits cancer cell differentiation. RNA-seq analysis revealed that expression

of Nr2f2 (nuclear receptor subfamily 2 group F member 2) was elevated in Notch-
overexpressing cells. Nr2f2 has been reported to repress adipocyte differentiation [51]. Thus,
the high level of Nr2f2 in Notch-driven liposarcoma cells may have put a brake on the
differentiation program to maintain the cancer cells in a dedifferentiated state. Consistent
with this prediction, CRISPR/CASQ9 deletion of the NICD-overexpressing cassette only had
little effects on the differentiation of mLPS1 cells when induced in an adipogenic medium.
Although Notch inhibition significantly upregulated the expression of adipogenic genes in
mLPS1 cells, the vast majority NICD KO cells cannot fully mature into lipid-laden cells
resembling mature adipocytes. Therefore, Notch inhibition appears to mainly function to
initiate re-differentiation of liposarcoma cells but not sufficient to promote maturation of
the cells into large lipid droplet containing adipocytes. Future studies should explore if
co-targeting Notch signaling and its downstream effectors such as Nr2f2 will promote more
efficient re-differentiation of mLPS1 cells.
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We examined two newly developed Notch inhibitors (IMR1 and CB103) and target NICD
transcriptional complex independent of NICD cleavage from the Notch receptors [33, 52].
These new inhibitors are advantageous in treatment of cancers such as leukemia and

a rare population of LPS driven by Notch amplification mutations that produce NICD
independent of ligand binding. While these inhibitors robustly inhibited cell proliferation,
they had limited effects in suppressing tumor growth in vivo. Future studies should focus
on optimizing the dosage, treatment duration and route of drug delivery to see if the
inhibitor has better effects. Considering that both Notch inhibitor and PGC-1a activation
reduces skin lesions, combinatorial treatment of tumors with Notch inhibitor and PGC-1a
activator may improve the in vivo efficacy. Notably, CB-103 has been tested in phase /11
study to investigate the safety, tolerability and efficacy in solid tumors and blood caners
(NCT03422679). Studies in mouse models of LPS will further establish its potential in
human LPS treatment.

In summary, our findings demonstrate a new role of Notch signaling in supporting

DDLPS progression through regulating cell metabolism. Specifically, activation of Notch
favors glycolytic metabolism and inhibition of Notch promotes mitochondrial oxidative
respiration through upregulation of PGC-1a.. Despite the promising data demonstrating in
vitro efficacy in inhibiting LPS cell proliferation, pharmacological inhibition of NICD or
genetic activation of PGC-1a has limited effects on LPS suppression. Given that genetic
abrogation of ectopic Notch expression abolishes the tumorigenicity of mLPS1 cells in vivo,
the lack of efficacy of the pharmacological inhibitors suggests that they either does not
fully block Notch signaling or presents side effects that support tumor growth. In light of
these limitations, future study should aim to identify more potent Notch inhibitors with

less side effects, or to optimize the regime of drug delivery and dosage to accomplish

more effective Notch inhibition. Another future direction is to explore if combining Notch
inhibitor with other targeting strategies would produce better efficacy in LPS treatment. For
example, our data show that activation of PGC-1a promotes cancer cell differentiation in
vitro and partially reduce tumor growth in vivo, it is plausible to predict that combining
Notch inhibitor and PGC-1a activator will lead to better targeting efficacy. Notch inhibitors
can also be combined with inhibitors of glycolytic metabolism [53], or with conventional
chemotherapies to achieve better therapeutic effects.

METHODS

Patients and clinical samples

Mice

De-identified frozen human liposarcoma tissues were obtained from the CHTN tissue bank
or collected by co-author Raphael Pollock under the approved institutional review board
protocol. Liposarcoma subtypes were classified according to the surgical pathology reports.

Tumor allograft experiments were approved by the Animal Care and Use Committee of
Purdue University. NRG (NOD-RAG1~~IL2Ry ") mice (2-4 months old) provided by
Purdue University Biological Evaluation Shared Resource were used as recipients. Cells (1
x 10%) were resuspended in 50-100 uL PBS and injected into the left or right flank. After
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cell injection, the mice were monitored daily, and tumor length and width were measured
using a digital caliper once palpable tumors were detected and randomized assign to each
group. The grafted mice were treated with vehicle, CB103 (40 mg/kg/day), or 1 mg/mL
doxycycline (Dox) in water (Tokyo Chemical Industry, D4116) supplemented with 1%
sucrose (Fisher Scientific, S5-500), to inhibit Notch or to activate PGC-1a.. The allograft
tumors were dissected for downstream analysis at the end of the experiment or if the
length reaches 3 cm, whichever comes first. Mice were housed under standard laboratory
conditions, including a 12 hr light/dark cycle, with free access to food and water.

Human primary WDLPS cells LPS80.2, LPS123, and LPS135 and primary DDLPS cells
LPS187, LPS120, and LPS27 were established by Raphael Pollock. Human LPS246
(DDLPS) cells were provided by L. Chin (MD Anderson Cancer Center, Houston, TX,
USA) [54]. Human primary liposarcoma cells and cell line were cultured in DMEM
(Sigma, D5796) containing 10% FBS (Corning, 35-010-CV) and penicillin (100U/ mL)/
streptomycin (100 pg/mL) (Hyclone #SV30010). The mouse liposarcoma cell lines mLPS1,
mLPS1ANICD ' m| PS1 stably transfected with TetO-Empty or TetO-PGC1a.CF vectors were
cultured in RPMI1640 (Corning, 10-040-CV) containing 10% FBS and penicillin (100
U/mL)/streptomycin (100 ug/mL). Cells were certified as mycoplasma-free by RT-qPCR
analysis of the mycoplasma-specific 16 s rRNA gene region.

Vector construction and cell transfection

The doxycycline-inducible TetO-PGC1a.°F mLPS1 and empty vector control cells were
generated using the Sleeping Beauty transposon system (Addgene #60497). The PGC-1a
cDNA sequence was subcloned from the TRIPZ-haPGC1A plasmid (kindly provided

by Arkaitz Carracedo) [50]. mLPS1ANICD cells were generated by clustered regularly
interspaced short palindromic repeats (CRISPR) targeting, catalyzed by CRISPR-associated
protein 9 (CAS9) and directed by a guide RNA (gRNA) that recognizes specific sequences
of NICD (Addgene #62988). The efficiency of gene silencing or overexpression was verified
using qPCR and western blotting.

Genotyping analysis of CRISPR editing cells

PCR was performed using genomic DNA extracted from the mLPS1ANICD

cells. For Sanger sequencing, PCR amplification was performed using the
forward primer 5"-AGCTCTGGTTCCCTGAGGGTTT-3" and reverse primer 5'-
CAGTCTCATAGCTGCCCTCAC GG-3’ to generate a 910 bp product.

Cell growth assay and adipogenic differentiation assay

Cell proliferation was evaluated by counting the number of cells using a hemocytometer.
Stock Doxorubicin (Cayman 15007) was dissolved in DMSO at 10 mM and diluted in
culture medium to a final concentration of 300 nM. For combination treatment, CB103
concentration was 20 uM. LPS246 cells were seeded onto 24-well plates (1 x 10 cells/well)
and incubated at 37 °C with 5% CO,. Doxorubicin and/or CB103 were added to cells next
day and cells were continually cultured for up to 5 days. Cell numbers were examined daily.
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For adipogenic differentiation of LPS cells, the cells were seeded into 24-well culture plates
until they reached 90% confluency. To induce adipogenic differentiation, culture medium
was replaced with the adipocyte differentiation medium containing 33 uM biotin, 0.5 pM
human insulin, 17 pM pantothenate, 0.1 uM dexamethasone, 2 nM triiodothyronine, 500
UM IBMX (3-isobutyl-1-methylxanthine), 30 uM indomethacin, and 2% FBS for 8 days
and medium were refreshed every 3 days. After 8 days in differentiation medium, culture
medium was changed to adipocyte maturation medium containing 0.5 uM human insulin, 2
nM triiodothyronine, and 2% FBS for 6 days. Adipogenic differentiation was confirmed

by staining with BODIPY (Thermo Scientific, #D6003) and Hoechst 33342 (#H3570;
Invitrogen). Images were acquired using a fluorescence microscope (Leica DMI6000B;
Wetzlar, Germany).

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay

Cells were seeded in 96-well plates at a density of 3 x 103 cells/well. Cells were treated
with vehicle control, CB-103 (HY-135145, Medchemexpress) or IMR-1 (HY-100431,
Medchemexpress) at various concentrations in 200 pL complete medium for 48 h.

Colony formation

Liposarcoma cancer cells at a density of 5 x 102 cells/well were placed in six-well plates
and cells were treated with 20 uM CB-103 or 20 uM IMR1 for 14 days. The cells were
then washed with PBS and fixed with methanol/acetic acid 3:1 (vol/vol) for 5 min at
room temperature. The colonies were stained with 0.1% crystal violet (Coleman & Bell
Company). Stained colonies were photographed and analyzed using the ImageJ software.

Cell death assay by TUNEL (Terminal dUTP nick end labeling)

The mLPSL1 cells were treated with IMR1, CB103 treatment for 24 hr and
deoxyribonuclease (Invitrogen, AM1907) were used as the positive control. Cell apoptosis
were detected with an apoptosis detection kit (Biotium) and a fluorescence microscope
(Leica DMI16000B; Wetzlar, Germany).

Wound-healing assay

The mLPS1 TetO-Vector and mLPS1 TetO-PGC1a.OF cells were seeded into six-well plates
in 80% confluence. Upon cell attachment (~6 h), 1 ug/mL doxycycline was added into the
medium. After cells reached 100% confluence as a monolayer, a scratch in the monolayer
of cells was generated using a 100 pl plastic pipette tip. Images were captured with a light
Leica microscope at 0, 6, and 20 h. ImageJ software was used to determine the relative
migration in each group.

Western blot

Membranes were blocked with 5% non-fat milk for 1 h at room temperature, followed
by overnight incubation at 4 °C with the following specific primary antibodies: actin
(A5441, 1:5000; Sigma-Aldrich), NICD (MAB5352, 1:1000; Sigma-Aldrich), HES1
(AB5702, 1:1000; Sigma-Aldrich), MDM2 (OP46, 1:1000; Calbiochem), and PGC-1a
(ST1202, 1:1000; Sigma-Aldrich). HRP-conjugated secondary antibodies were incubated
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for 1 h at room temperature. Membranes were developed using the western blot luminol
reagent (Santa Cruz Biotechnology) and imaged using the FluorChem R image system
(ProteinSimple).

Real-time quantitative PCR and mitochondrial DNA (mtDNA) content determination

Total RNA was extracted using TriReagent (Sigma-Aldrich #T9424) and converted into
cDNA using M-MLYV reverse transcriptase (Invitrogen #28025-021). All reactions were run
in triplicate and normalized using 18 s as the internal control gene. To determine mtDNA
content, total DNA was extracted from the cell samples using phenol/chloroform. gPCR
was run to quantify the mtDNA copy number. MT-ND1 was used as the standard for
mitochondrial DNA (mtDNA), and HK2 was used as the nuclear DNA (nDNA) normalizer
to calculate the mtDNA/nDNA ratio. Quantitative PCR was performed on a LightCycler

96 real-time PCR system (Roche). Fold changes in gene expression were calculated using
the comparative Ct method (AACt). The mouse-specific primer sequences are listed in
Supplementary Table 1.

MitoTracker Staining

Cells were incubated with MitoTracker Deep Red FM reagent (Invitrogen, M46753)
1:10000 in PBS at 37 °C for 30 min. After staining was complete, cells were gently washed
once with PBS. The samples were analyzed by flow cytometry using a BD FACS Avria lll
flow cytometer at the Purdue Flow Cytometry and Cell Separation Facility. The data were
analyzed using FlowJo version 10.4.

Glucose uptake, lactate production, and ATP assay

For glucose uptake, mLPS1 and mLPS1ANICD cells were seeded in 24-well plates at a
density of 1 x 10° cells/well and co-cultured in RPMI 1640 medium supplemented with
10% FBS for 16 h. The cells were then washed with PBS and cultured for 6 h in fresh
RPMI 1640 medium. The culture medium was collected, and glucose uptake was analyzed
using a OneTouch Ultra 2 Blood Glucose Meter (Lifescan). For the lactate production and
ATP assays, the lactate production was analyzed using the L-Lactate Assay Kit Il (Eton
Bioscience) according to the manufacturer’s instructions. Simultaneously, cell lysates were
collected to measure ATP production using an ATP Detection Assay Kit (Cayman, 700410),
following the manufacturer’s instructions.

Seahorse XF cell mitochondria stress and glycolysis stress analysis

The mitochondrial respiratory capacity was determined using the XF Cell Mito Stress Test
Kit (Agilent Technologies, 103015-100). The cells were seeded in an XFe24 cell culture
microplate at a density of 4 x 104 cells/well. Five replicates were set up for each of the
following groups: (1) mLPS1, (2) mLPS1ANICD (3) mLPS1 TetO-Vector + Dox and (4)
mLPS1 TetO-PGC1aOF + Dox. Briefly, cells were seeded in a microplate for 12 h at

37 °C. The mLPS1 TetO-Vector and mLPS1 TetO-PGC1a.CF cells were pretreated with

1 mM doxycycline for 48 h prior to seeding into an XFe24 cell culture microplate. The
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
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following the manufacturer’s instructions. OCR and ECAR values were normalized to the
number of cells in each well [55].

RNA-seq analysis

The mLPS1 and mLPS1ANICD cells were collected from three batches of different passage
numbers. Total RNA was extracted using TriReagent (Sigma-Aldrich #T9424) and prepared
for RNA-seq analysis at BGlI America (Cambridge, MA, USA). RNA-seq libraries were
constructed and sequenced using the DNBSEQ platform (DNBSEQ Technology). The clean
reads were quality-checked using FastQC and subsequently aligned to the mouse reference
genome (version mm10) using Salmon with default parameters [56]. Differential expression
was determined using a cutoff significance level of FDR (padj) < 0.05, using the DESeq2
[57]. RStudio software was used for data visualization, and pathway analysis was performed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO)
platforms. Transcriptome data were deposited into the GSE210457 dataset.

Kaplan—Meier curve of overall survival of liposarcoma patients

Kaplan—Meier curves of disease-specific survival of patients with liposarcoma and
dedifferentiated liposarcoma, stratified by tumor expression of HEY1, were generated
using cBioPortal (http://www.https://cbioportal.org) from TCGA Cell, 2017 dataset.
Overall survival of sarcoma patients stratified by tumor expression of PPARGC1A

from TCGA database (BMC Cancer, 2014) using PROGgeneV?2 platform analysis (http://
gepia.cancer-pku.cn/index.html). PPARGC1A expression levels in human liposarcoma
tissues were determined using Genevestigator (https://genevestigator.com) in the
HS_AFFY_U133PLUS_2-1 dataset.

Statistical analysis

All experiments were independently repeated at least thrice, and the number of replicates
is provided in the figure legends. Statistical analyses and graphs were generated using
Microsoft Excel and GraphPad Prism, version 9. Data are presented as the mean + SD.
Statistical analysis was performed using a two-tailed unpaired t-test with the following
significance indicators: *P < 0.05, **P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Notch activation is correlated with MDM2 expression and poor prognosis in human
liposarcomas.

A-C Positive correlation of Notch signaling related genes (VOTCHI1, HESI) with MDMZ2

in human well-differentiated liposarcoma (WDLS, n = 13) and dedifferentiated liposarcoma
(DDLPS, n = 12). Black dots, WDLPS. Red dots, DDLPS. R, correlation coefficient, and P

values were generated using Pearson’s correlation. D, E MDMZ2and HEYZI mRNA levels in
7 human liposarcoma cell lines (n = 3). Data are presented as mean + SD, *P < 0.05, **P

< 0.001. F Immunoblots of MDM2 and HES1 proteins in various human liposarcoma cells.
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G, H Kaplan—Meier curve of overall survival in sarcoma and dedifferentiated liposarcoma
patients from the TCGA dataset using cBioPortal platform analysis. The sarcoma samples
were segregated into HEY1 amplification (2.4%, n = 5), HEY1 no alterations (n = 201)
groups. The dedifferentiated liposarcoma patients were segregated into HEY1 amplification
(4%, n = 2), HEY1 no alterations (n = 48). The P value was calculated using a log-rank
(Mantel-Cox) test.
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Fig. 2. Effect of Notch transcriptional inhibitors (IMR1 and CB103) on human LPS246 and
murine mLPS1 cells.

A, B RT-gqPCR showing that IMR1 and CB103 inhibits NOTCHI and HESI gene expression
in LPS246 cells (n = 3). C, D Representative dose-response curves of LPS246 to varying
concentrations of IMR1 and CB103, and the corresponding and ICsq values (n = 6). E, F
Relative levels of Notch related genes in mLPS1 cells treated with IMR1 or CB103 (n = 3).
G, H Representative dose-response curves of mLPS1 to varying concentrations of IMR1 and
CB103 and the corresponding ICgq values (n = 6). | Clone formation assay of mLPS1 cells
treated with vehicle control (DMSO), IMR1, or CB103 (n = 3) (left), and the quantification
of colony area (right). J, K Effect of IMR1 and CB103 on mRNA levels of cancer stem cell
markers in mLPS1 cells (n = 3). Data are presented as mean + SD, *P < 0.05, **P < 0.001.
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Fig. 3. NICD is responsible for the tumorigenic potential of mLPS1 cells.
A CRISPR targeting strategy to ablate the Rosa-N/CDPF cassette in mLPS1 cells. The

NICD cDNA containing exon 28 to 34 of Notch1 gene was inserted into the Rosa26 locus.
Two guide RNAs (QRNAs) each spanning two exons were designed to target the NICDOE
transgene without affecting the endogenous Noitch1 gene. The sequencing results validated
the correct targeting. B Relative mMRNA levels of Notch related genes in mLPS1 and mLPS1
NICD knockout (mLPS12ANICD) cells (n = 3). C NICD and GFP protein levels in mLPS1 and
mLPS1ANICD ce|ls. D Cell proliferation of mLPS1 and mLPS12NICD celis (n = 5). E Colony
formation assay of mLPS1 and mLPS12ANICD cells (n = 3). Representative pictures of colony
size (left) and quantification of colony area (right) were shown. F RT-gPCR analysis of
mesenchymal stem cell markers Cd73, Cd90, and Cd105in mLPS1 and mLPS1ANICD
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cells (n = 3). G Tumorigenicity of mLPS1 and mLPS12NICD ce|ls after subcutaneous

transplantation into the left and right flanks of NRG mice, respectively (n = 5). H Images
of the grafted tumors after surgical removal from the NRG recipient mice. | The average
weights of the tumors (n = 5). Data are presented as mean * SD, *P < 0.05, **P < 0.001.
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Fig. 4. Notch activation suppresses mLPS1 cell differentiation into adipocytes.
A RT-gqPCR analysis showing expression of mature adipocyte marker genes in mLPS1

and mLPS12NICD cells, B Fluorescent staining images of lipid droplets (labeled with
BODIPY in green as indicator of adipogenic differentiation) in mLPS1 and mLPS1ANICD
cells after treated with adipocyte differentiation medium, visualized by immunofluorescence
microscopy. Scale bars, 50 pm. Nuclei were counterstained with DAPI (blue). C RT-

gPCR analysis showing relative levels of mature adipocyte markers in mLPS1 cells at

24 h after expose to adipocyte differentiation medium. D RT-qPCR analysis of mature
adipocyte marker expression levels in mLPS12NICD ce|ls at 24 h after expose to adipocyte
differentiation medium. Data are represented as mean = SD. *P < 0.05, **P < 0.001. n.s., not
significant.
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Fig. 5. Notch signaling regulates mitochondrial biogenesis and respiration in mLPS1 cells.
A RT-gPCR analysis of mitochondrial DNA (MT-ND1) versus nuclear DNA (HK2) content

in mLPS1 and mLPS1ANICD cells (n = 3). B mLPS1 and mLPS12NICD cells were

stained with the MitoTracker Red FM probe and analyzed by Flow cytometry (n = 3).
Histograms show the fluorescence intensity corresponding to mitochondrial mass (left) and
quantification of high MitoTracker signal cells (right). C Glucose uptake of mLPS1 and
mLPS1ANICD ce|ls based on measuring reduction of glucose in culture media over 6 h (n

= 4). D lactate production (n = 6) of mLPS1 and mLPS12NICD ce|ls based on measuring

Oncogene. Author manuscript; available in PMC 2023 October 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tien et al.

Page 25

lactate concentration in culture media over 16 h. E ATP production (n = 6) of mLPS1

and mLPS1ANICD ce||s based on measuring chemical luminescence signaling in cell after

20 min incubation with reaction buffer. F Cellular respiration was monitored using the
Seahorse bioscience extracellular flux analyzer (Left). The oxygen consumption rate (OCR)
was normalized to protein abundance. The OCR corresponding to basal respiration (middle)
and maximal respiratory capacity (right) in mLPS1 and mLPS12ANICD cells were shown (n
=5). G Seahorse bioscience extracellular flux analysis of extracellular acidification rate
(ECAR) in mLPS1 and mLPS12NICD celis (left). The basal glycolysis (middle) and maximal
glycolytic capacity (right) were quantified in bar graphs (n = 5). Data are presented as mean
+ SD of three reading cycles, for each cycle n =5, *P < 0.05, **P < 0.001.
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Fig. 6. Notch signaling regulates mLPS1 cell metabolism and PGC-1a, whose reduced expression
is correlated with poor prognosis of sarcomas, and with dedifferentiated status of liposarcomas.

A Venn diagram showing the overlap of differentially expressed genes in mLPS1 vs
mLPS1ANICD ce|ls (green) and NICDOE LPS vs adipose tissues (red). Co-upregulated
genes represent those suppressed by NICD highly expressed in adipocytes, and the co-
downregulated genes represent those activated by NICD highly expressed in LPS cells. B
Volcano plot of differentially expressed genes in mLPS1 and mLPS12NICD cells and those
co-upregulated or co-downregulated in A. C Heatmap visualization of the co-upregulated
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and co-downregulated genes. D Heatmap showing mitochondrial metabolic genes regulated
by NICD. E Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses of the top 10 activated pathways in mLPS12NICD cells compared to mLPS1 cells.
Results of KEGG and GO analysis were determined to be significant by using a criterion
of FDR.Q < 0.05 and a P < 0.05 is shown. F Kaplan—Meier curve of overall survival of
sarcoma patients based on PPARGCI1A transcripts per million (TPM), data from TCGA
database (BMC Cancer, 2014) analyzed with the PROGgeneV2 platform. G Bar chart
showing PPARGCI1A expression in human liposarcoma tissues (Genevestigator) ranked by
expression level from high (Top) to low (Bottom). Different types of human liposarcomas
and neoplasms are shown on the left-hand side. Tumor tissue from the same region and
source were grouped in the same color marker for comparison. The numbers of samples are
listed on the right. Error bars represent standard deviation.
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Fig. 7. PGC-1a expression promotes mitochondrial biogenesis and respiration in mLPS1 cells.
A PpargcIamRNA levels in mouse inguinal white adipose tissue, brown adipose tissue,

TetO-mPGC1a.©F stably transfected 293 T cells, and TetO-mPGC1aOF stably transfected
mLPS1 cells with or without doxycycline (Dox) induction (n = 3). B PGC-1a protein levels
in TetO-mPGC1a.©F 293 T and mLPS1 cells treated with or without Dox. C RT-qPCR
analysis of mitochondrial DNA (MT-ND1) and nuclear DNA (HK2) in TetO-Empty vector
and TetO-mPGC1a©F mLPS1 cells with Dox treatment (n = 3). D TetO-Empty vector

and TetO-mPGC1a©F mLPS1 cells were stained with the MitoTracker Red FM probe and
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analyzed by flow cytometry (n = 3). E The oxygen consumption rate (OCR) was measured
with Seahorse in TetO-Empty vector and TetO-mPGC1a©F mLPS1 cells treated with Dox.
OCR corresponding to basal mitochondrial respiration (middle) and maximal mitochondrial
respiratory capacity (right) were shown (n = 5). F The extracellular acidification rate
(ECAR) of TetO-Empty vector and TetO-mPGC1a.9F mLPS1 cells treated with Dox. ECAR
corresponding to basal glycolysis (middle) and glycolytic capacity (right) were shown (n =
5). Data are presented as mean = SD of three reading cycles for each cycle, n =5, *P < 0.05,
**P < 0.001.
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Fig. 8. PGC-1a expression attenuates mLPS1 cell proliferation and tumorigenesis.
A Cell proliferation of TetO-Empty vector and TetO-mPGC1a.OF stable transfected mLPS1

cells treated with doxycycline (dox) or vehicle control (veh) (n = 3). B RT-gPCR analysis
of the relative mRNA levels of cancer stem cell markers in Veh or Dox treated TetO-
mMPGC1a©E mLPS1 cells (n = 3). C The mLPS1 TetO-mPGC1a.©F cells and mLPS1
TetO-Empty vector cells were subcutaneously transplanted into NRG mice and treated
with Dox via drinking water (n = 5) for 21 days. D Tumor growth curves based on

tumor volume calculation obtained from caliper measurement. E Morphology and (F)
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average weight of the transplanted tumors. G RT-gPCR analysis of PGC-1a expression

in the transplanted tumors. H Immunofluorescent staining shows the relative expression of
PGC-1a and Ki67 in the mLPS1 TetO-Empty vector and the mLPS1 TetO-mPGC1a©F
allograft tumors. Nuclei were stained by DAPI. | Quantitation of Ki67 positive cells in

H. Data are represented as mean = SD. *P < 0.05, **P < 0.001. J Graphic illustration

of how Notch signaling regulates cancer cell differentiation and mitochondrial function in
liposarcoma.
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