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a b s t r a c t

Liposarcoma is the most common type of soft tissue sarcoma. Among the subtypes of liposarcoma,
dedifferentiated liposarcoma (DDLPS) is recalcitrant and has the lowest survival rate. The aim of the
present study is to determine the efficacy of metabolic targeting with recombinant methioninase
(rMETase) combined with palbociclib (PAL) against a doxorubicin (DOX)-resistant DDLPS in a patient-
derived orthotopic xenograft (PDOX) model. A resected tumor from a patient with recurrent high-
grade DDLPS in the right retroperitoneum was grown orthotopically in the right retroperitoneum of
nude mice to establish a PDOX model. The PDOX models were randomized into the following groups
when tumor volume reached 100mm3: G1, control without treatment; G2, DOX; G3, PAL; G4, recom-
binant methioninase (rMETase); G5, PAL combined with rMETase. Tumor length and width were
measured both pre- and post-treatment. On day 14 after initiation, all treatments significantly inhibited
tumor growth compared to the untreated control except DOX. PAL combined with rMETase was
significantly more effective than both DOX, rMETase alone, and PAL alone. Combining PAL and rMETase
significantly regressed tumor volume on day 14 after initiation of treatment and was the only treatment
to do so. The relative body weight on day 14 compared with day 0 did not significantly differ between
each treatment group. The results of the present study indicate the powerful combination of rMETase
and PAL should be tested clinically against DDLPS in the near future.
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1. Introduction

Liposarcoma (LPS) is the most common type of soft-tissue sar-
coma (STS). It consists of about 15%e25% of all STS. Histologically,
LPS is classified as either well-differentiated/atypical lipomatous
tumors, pleomorphic, myxoid/round cell, or de-differentiated.
About 40% of the LPS are well-differentiated and 10% develop into
de-differentiated liposarcoma (DDLPS) [1]. DDLPS is most common
in the retroperitoneum. DDLPS contains the genomic amplification
of the 12q13-15 chromosomal region of the mouse double minute 2
homolog (MDM2) gene [2,3]. Recently, Asano et al. [4] found that
receptor tyrosine kinase (RTK) genes were amplified in approxi-
mately one-third of DDLPS. DDLPS has the lowest survival rate
among all LPS [5] and often recurs or metastasizes due to incom-
plete resection and resistance to radiation, or first-line chemo-
therapy with doxorubicin (DOX) [5e7]. Small-molecule inhibitors
of MDM2 and cyclin-dependent kinase 4 (CDK4) were shown to be
a treatment option for DDLPS in Phase I and II clinical trials [8e10]
with limited efficacy alone on unresectable DDLPS. Therefore,
transformative individualized therapy is necessary against DDLPS.

We have developed the patient-derived orthotopic xenograft
(PDOX) mouse model of cancer for discovery of transformative
individualized therapy for recalcitrant cancer [11]. Our laboratory
pioneered the PDOX nude mouse model with the technique of
surgical orthotopic implantation (SOI) for all major cancers
[12e25]. The PDOX model, developed by us, has many advantages
over subcutaneous-transplant models [11,26].

Cancer cells have an elevated requirement for methionine (MET)
compared to normal cells. This phenomenon is termed MET
dependence [27]. MET restriction arrests tumor growth and in-
duces a selective S/G2-phase cell-cycle block of cancer cells in vitro
and in vivo [28e32].

Recent studies suggest that MET dependence is duet to exces-
sive use of MET for aberrant transmethylation reactions, termed the
Hoffman effect [33e38], analogous to the Warburg effect for
glucose in cancer [39]. The excessive and aberrant use of MET in
cancer is shown in the clinic in [11C]MET PET imaging, where high
uptake of [11C]MET results in a very strong and selective tumor
signal compared to normal tissue background. [11C]MET is better
than [18C]fluorodeoxyglucose (FDG) for PET imaging [40], sug-
gesting MET dependence is highly cancer-specific compared to
glucose dependence [41e43]. Lien et al. [44] have shown that
oncogenic PIK3CA (phosphoinositide-3-kinase, catalytic, alpha poly-
peptide) promotes MET and cysteine utilization in breast cancer
cells by inhibiting the cystine transporter. Further, dietary modu-
lation of MET can alter the levels of histone methylation [45,46].
Recently, Dai et al. [47] found no change in the location of histone
H3 lysine 4 trimethylation (H3K4me3) peaks under MET restriction
but found that MET restriction altered the response of H3K4me3
peak width and its biology [47].

Previous studies have demonstrated that MET the cleaving
enzyme, methioninase (METase), purified from Pseudomonas putida
(P. putida), is an effective antitumor agent [48e51]. For the large-
scale production of METase, the gene from P. putida was cloned in
Escherichia coli (E. coli) and a purification protocol for recombinant
METase (rMETase) has been established with high purity and low
endotoxin [52e57]. Recently, we found that oral-METase (o-MET-
ase) is superior to injectable rMETase against acquired GEM resis-
tance in pancreatic cancer (59).

Palbociclib (PAL), a CDK 4/6 inhibitor [59e61], had clinical effi-
cacy for several tumor types [10,62e66]. PAL in combination with
letrozole or fulvestran was recently approved by the US Food and
Drug Administration (FDA) for breast cancer [59,66].

The present report demonstrates the efficacy of rMETase com-
bined with palbociclib on the PDOXmodel of DOX-resistant DDLPS.
2. Materials and methods

2.1. Mice

Athymic nu/nu nude mice (AntiCancer Inc., San Diego, CA), 4e6
weeks old, were used in this study. Animal housing, their diet,
surgical procedures, and imaging were performed as previously
described [23e25]. The response of animals during surgery was
monitored to ensure adequate depth of anesthesia. The animals
were observed daily and humanely sacrificed by CO2 inhalation if
theymet the humane endpoint criteria as described in our previous
publication [23e25]. All animal studies were performed in accor-
dance with the principles and procedures outlined in the National
Institutes of Health Guide for the Care and Use of Animals under
Assurance Number A3873-1.
2.2. Patient-derived tumor

A 69-year-old male with DDLPS of the right retroperitoneum
underwent radical resection with en bloc right nephrectomy. Two
years after surgery, the DDLPS recurred locally and the patient
underwent surgical resection at Department of Surgery, University
of California, Los Angeles (UCLA). Written informed consent was
obtained from the patient as part of a UCLA Institutional Review
Board (IRB #10e001857)-approved protocol.
2.3. Surgical orthotopic implantation (SOI) for establishment of the
PDOX model of DDLPS

A fresh sample of the tumor of the patient was obtained and
transported immediately to the laboratory at AntiCancer, Inc., on
wet ice [23e25]. The sample was cut into 5-mm fragments and
implanted subcutaneously in nude mice. Subcutaneously-grown
tumors were harvested and cut into small fragments (3e4mm).
After nude mice were anesthetized, a 20-mm skin incision was
made on the left flank, and then the obliquus externus abdominis
muscle was split to reach the retroperitoneum. A single tumor
fragment was implanted orthotopically into the space between the
left kidney and retroperitoneal fat tissue to establish a PDOXmodel.
The woundwas closed with 6-0 nylon suture (Ethilon, Ethicon, Inc.,
NJ, USA) [23e25].
2.4. rMETase production

The pAC-1 rMETase high expression clone was used for rMETase
production. The fermentation procedure for host E. coli cells and the
purification protocol for rMETase was as previously described:
rMETase was purified by 3 different steps using columns of DEAE
Sepharose FF and Sephacryl S-200HR, and ActiClean Etox, which is
designed for eliminating endotoxin [57].
2.5. Treatment study design for the DDLPS PDOX

DDLPS PDOXmouse models were randomized into 5 groups of 8
mice each: G1, control without treatment; G2, DOX (3mg/kg,
intraperitoneal [i.p.] injection, weekly, for 2 weeks); G3, PAL
(100mg/kg, oral administration [p.o.], daily, for 2 weeks); G4,
rMETase (100 unit/mouse, i.p., daily, for 2 weeks); G5, PAL, 100mg/
kg, p.o., daily, for 2 weeks, combined with rMETase, 100 unit/
mouse, i.p., daily, for 2 weeks (Fig. 1). Tumor length and width were
measured both pre- and post-treatment. Tumor volume was
calculated as described [23e25]. Data are presented as mean± SD.
The tumor volume ratio is defined as described [23e25].
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2.6. Effect of treatment on tumor histology

All experimental protocols and data were collected as described
[23e25]. Fresh tumor samples were fixed in 10% formalin and
embedded in paraffin before sectioning and staining. Tissue sec-
tions (3 mm) were deparaffinized in xylene and rehydrated in an
ethanol series. Hematoxylin and eosin (H&E) staining was per-
formed according to standard protocol. Histological examination
was performed with a BHS system microscope. Images were ac-
quired with INFINITY ANALYZE software (Lumenera Corporation,
Ottawa, Canada).
2.7. Statistical analysis

SPSS statistics version 21.0 was used for all statistical analyses
(IBM, New York City, NY). Significant differences for continuous
variables were determined using the Student's t-test. Both line
graphs and bar graphs expressed mean values and error bars show
standard deviation (SD). A probability value of P was calculated
between a control group and each treatment group. P< 0.05 was
considered statistically significant.
3. Results

3.1. Effect of treatment on tumor growth

On day 14 after treatment initiation, all treatments significantly
inhibited tumor growth compared to untreated control except
DOX: (DOX: p¼ 0.76; rMETase: p¼ 0.05; PAL: p< 0.05; PAL com-
bined with rMETase p<0.001) on day 14 after initiation. PAL com-
bined with rMETase was significantly more effective than either
DOX (p< 0.001), rMETase alone (p< 0.01) or PAL alone (p< 0.01).
The combination of PAL and rMETase significantly regressed tumor
volume on day 14 after initiation of treatment (p¼ 0.01) (Fig. 2A
and B) and was the only treatment to do so.
3.2. Effect of treatment on body weight

The relative body weight on day 14 compared with day 0 did not
significantly differ between any treatment group (Fig. 3).

3.3. Effect of treatment on tumor histology

High-power microscopy of the original patient tumor demon-
strated spindle cells with hyperchromatic, enlarged nuclei. Mitotic
figures and atypical cells are present (Fig. 4A). High-power micro-
scopy of the untreated PDOX tumor showed similar features
including spindle cells with hyperchromatic and enlarged nuclei.
Mitotic figures, including atypical forms are also present (Fig. 4B).
PDOX tumors treated with DOX were comprised of viable cells
without apparent necrosis or inflammatory changes (Fig. 4C). PDOX
tumors treated with rMETase show changes in cancer cell shape
and necrosis (Fig. 4D). PDOX tumors treatedwith PAL show changes
in cancer cell shapes and fibrosis (Fig. 4E). PDOX tumors treated
with PAL combined with rMETase show extensive necrosis (Fig. 4F).

4. Discussion

DDLPS is one of the most lethal malignancies with lowest sur-
vival rate among all types of LPS [5] and often recurs or metasta-
sizes because of lack of curative treatments. Therefore,
transformative individualized therapy is needed for DDLPS. In the
present study, we show that a combination of rMETase and PAL is
effective against DDLPS. The strong efficacy of the PAL-rMETase
combination is important and the mechanism will be further
studied in the future.

Bollard et al. [65] found that PAL inhibited human liver-cancer
cell growth by promoting a reversible cell-cycle arrest and was
effective either alone or in combination with sorafenib against
hepatocellular carcinoma (HCC) [65]. PAL in combination with
fulvestrant significantly enhanced progression-free survival
compared to fulvestrant alone in patient with hormone receptor
positive, human epidermal growth factor receptor 2 (HER2)e
advanced breast cancer (ABC) progressing during prior endocrine
therapy [67]. In a randomized Phase 2 clinical trial, Finn et al. [66]
reported that PAL together with letrozole works as a first-line
treatment of patients with advanced, oestrogen receptor-positive
and HER2-negative breast cancer. Haines at al [68]. reported that
PAL together with the mitogen-activated protein kinase (MEK) in-
hibitor PD0325901 effectively inhibit Kras-mutant non-small cell
lung cancer (NSCLC) with enhanced progression-free survival
compared to animals treated with either drug alone. PAL inhibited
the growth of DOX-resistant PDOX model of Ewing's sarcoma [69].

Liu et al. [70] reported that deprivation of MET and cystine (Cys)
together inhibited the growth of glioma cells via inducing ROS and
autophagy pathways. Li et al. [71] found hyaluronic acid-modified
polyamidoamine dendrimer G5-entrapped gold nanoparticles
delivering METase strongly inhibited gastric cancer tumor growth
by disrupting the mitochondrial function of cluster of differentia-
tion 44 (CD44)-positive gastric cancer stem cell. Recently, we re-
ported that combining o-rMETase and caffeine with first-line
chemotherapy DOX regressed the DOX-resistant synovial sarcoma
(SS) in a PDOX model [72]. rMETase together with gemcitabine
(GEM) was significantly more effective compared to either agent
alone in a GEM-resistance PDOX model of pancreatic cancer [58].
rMETase in combination with DOX could overcome first-line DOX-
resistance in a PDOXmodel of undifferentiated spindle cell sarcoma
(USCS) [24].

PAL targets CDK4/6, which plays a role in the cell cycle [25,69].
MET restriction, such as with rMETase, results in a cancer-cell se-
lective S/G2 phase cell-cycle block [22,73,74] that may play an
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important role in combination with PAL, to effect tumor-regression
observed in the present study. In summary, the results of the pre-
sent study suggest that the combination of rMETase and PAL could
be developed clinically.
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