
Abstract. Background/Aim: Osteosarcoma is a recalcitrant
neoplasm which occurs predominantly in adolescents and
young adults. Recently, using a patient-derived orthotopic
xenograft (PDOX) model of malignant soft-tissue sarcoma
(STS), we showed that oral recombinant methioninase (o-
rMETase), in combination with caffeine, was more efficacious
than o-rMETase alone in inhibiting STS tumor growth. In the
present report, we determined the efficacy of o-rMETase
combined with oral caffeine on a cisplatinum (CDDP)-
resistant osteosarcoma PDOX model. Materials and
Methods: Osteosarcoma PDOX models were randomly
divided into seven treatment groups (6 mice in each group):
untreated control; CDDP alone; o-rMETase alone; o-
rMETase with caffeine; CDDP plus o-rMETase; CDDP plus
caffeine; and CDDP plus o-rMETase with caffeine. Tumor
size and body weight were measured throughout the
treatment. Results: Tumors regressed after treatment with

CDDP plus o-rMETase with caffeine. Tumors treated with
CDDP plus o-rMETase with caffeine also had the most
necrosis. Conclusion: The combination of o-rMETase and
caffeine together with first-line chemotherapy was efficacious
for drug-resistant osteosarcoma and has clinical potential in
the treatment of this highly-resistant neoplasm.

Osteosarcoma is the most frequent primary malignant bone
tumor. Osteosarcoma is generally treated with a combination
of various chemotherapy drugs and surgery (1). Cisplatinum
(CDDP) has been the most effective therapeutic option for
osteosarcoma, but outcome remains poor for most
osteosarcoma patients when they develop chemoresistance (2).

Restriction of methionine (MET) selectively arrests cancer
cells in S/G2 with subsequent apoptosis (3). Cancer cells are
highly dependent addicted on MET and their need of MET
is restricted by a recombinant methioninase (rMETase). We
have previously demonstrated that cancer cells arrested by
MET restriction orally a are highly sensitive to caffeine
because it induces mitotic catastrophe (4). We recently
reported that oral rMETase (o-rMETase) inhibited tumor
growth in a chemoresistant malignant soft-tissue sarcoma
(STS) patient derived orthotopic xenograft (PDOX) model,
and that combining o-rMETase with oral caffeine increased
its efficacy (4). In addition, the tumor was regressed by
adding this combination to first-line drug doxorubicin
(DOX) (4). Thus, we consider that the administration of o-
rMETase and caffeine together with chemotherapy is a
promising strategy which could overcome chemoresistance.

In this study, we analysed the efficacy of combining o-
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rMETase and caffeine in overcoming CDDP-resistance in an
osteosarcoma PDOX model.

Materials and Methods
Animals. Athymic nu/nu nude mice (AntiCancer, Inc., San Diego,
CA, USA), 4-6 weeks old, were used (5). All experimental methods
and data collection were carried based on our previous publications
(4, 5). Anesthesia and analgesics were used to reduce any suffering
of the animals as previously reported (5, 6). All mouse studies were
performed at AntiCancer, Inc. An Institutional Animal Care and Use
Committee (IACUC) protocol particularly approved for the present
study were followed per the principles and procedures described in
the National Institutes of Health (NIH) Guide for the Care and Use
of Animals under Assurance Number A3873-1 (5, 6).

Patient-derived tumor. In this study, a fresh biopsy sample of a 14-
year-old boy with osteosarcoma in pelvis was used (6). The sample
was processed at AntiCancer, Inc. The procedures of cutting small
fragments and their subcutaneous implantation in nude mice have
been previously described (5). No chemotherapy or radiotherapy
was provided to the patient prior to biopsy (5). Written informed
consent was obtained from the patient as part of the University of
California, Los Angeles (UCLA) Institutional Review Board
approved protocol (IRB#10-001857) (6).

Establishment of an osteosarcoma PDOX model. The procedure for
establishing osteosarcoma PDOX model including subcutaneously-
implantation, harvesting of tumors, cutting them into small
fragments, mice anesthesia and wound closure with nylon suture has
been previously described (5-7). 

Recombinant methionase (rMETase) production. rMETase
production has been described previously (8).
Treatment regimen for the osteosarcoma PDOX model. The

osteosarcoma PDOX mouse models were randomly divided into 7
groups (6 mice each) (Figure 1a). Mice were treated for 2 weeks
using the following drugs: G1, untreated control; G2, CDDP (6
mg/kg, intraperitoneal (i.p.) injection, once a weekl) alone (6); G3,
o-rMETase (100 units/day for 14 consecutive days, oral
administration) alone; G4, o-rMETase + caffeine (100 mg/kg/day for
14 consecutive days, oral administration); G5, CDDP + o-rMETase;
G6, CDDP + caffeine; G7, CDDP + o-rMETase + caffeine. Treatment
started once tumors were reached 100 mm3 (6). Tumor volume and
body weight measurements were performed twice a week (6-8). The
formula to calculate tumor volume has been previously described (6-
8). Data are presented as mean±standard error of the mean (SEM). 

Histological analysis. Samples were fixed, sectioned and stained as
previously reported (6-8). 

Statistical analysis. All statistical analyses were performed as
previously reported (6-8). All p-values were two-sided and p-values
of less than 0.05 were regarded as statistically significant. 

Results 

Efficacy of the tested drugs on the osteosarcoma-PDOX. No
significant inhibition of osteosarcoma PDOX was obtained
when tumors were treated with CDDP alone, o-rMETase
alone, or with o-rMETase + caffeine compared with control:
Control vs. CDDP: p=0.91; vs. o-rMETase: p=0.48; vs. o-
rMETase + caffeine; p=0.18. In contrast, mice treated with
CDDP + o-rMETase, CDDP + caffeine, and CDDP + o-
rMETase + caffeine showed significant inhibition of tumor
growth compared to control: Control vs. CDDP + o-
rMETase: p=0.02; vs. CDDP + caffeine: p=0.003; vs. CDDP
+ o-rMETase + caffeine: p<0.001. Tumor regression was
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Figure 1. Efficacy of chemotherapy on the osteosarcoma-PDOX model. (a) Treatment regime. (b) Line graphs show tumor volume at each time
point during treatment relative to the initial tumor volume for each treatment and control group. N=6 mice per treatment group. *p<0.05; **p<0.01;
***p<0.001. Error bars: ±SEM.



observed only in the mice treated with CDDP + o-rMETase
+ caffeine. Significant differences were found in tumor
growth between the CDDP + o-rMETase + caffeine treated
group, and all the other treatment groups except for the
CDDP + caffeine treated group: CDDP + o-rMETase +
caffeine vs. CDDP: p<0.001; vs. o-rMETase: p<0001; vs. o-
rMETase + caffeine: p<0.001; vs. CDDP + rMETase:
p=0.008) (Figures 1b and 2).

Histology of the osteosarcoma-PDOX. The untreated tumor
(control) was specifically composed of viable highly-dense
tumor cells which had spindle-shaped cells with extensive
pleomorphism, many mitotic figures, and bizarre appearing
cells with hyperchromatic nuclei (6). In addition, osteoid laid
down in a lace-like pattern in between the tumor cells was
also seen (6). Tumors treated with CDDP, o-rMETase alone,
o-rMETase and caffeine, CDDP plus o-rMETase, CDDP plus
caffeine comprised viable tumor cells, although the tumor
cell density was lower compared to the control group, and
degenerative scar change in the stroma cells was also
observed. Extensive tumor necrosis with increased
inflammatory cell infiltration was seen in tumors treated with
CDDP plus o-rMETase and caffeine. The strong anti-tumor
efficacy of CDDP plus o-rMETase and caffeine treatment on

osteosarcoma-PDOX tumor was demonstrated (Figure 3a-g).

Effect of treatment on body weight. Mean body weight of the
mice significantly increased in control (p<0.001) and o-
rMETase treated group (p<0.001). However, no significant
difference was found in body weight between pre- and post-
treatment in any other treatment group (Figure 3h). No other
side effects or animal deaths were observed in any treatment
group. 

Discussion

Osteosarcoma is a frequently occurring malignant bone
tumor in young people. Osteosarcoma patients have a very
poor 5-year survival rate, because osteosarcoma is a highly
aggressive neoplasm that shows poor response to
chemotherapy drugs (9). It is often treated with a
combination of chemotherapy drugs, and surgery (1). CDDP
has been used as an effective drug for osteosarcoma,
however, outcome remains poor for most osteosarcoma
patients once they develop chemoresistance (2, 10, 11).  

The present results suggest that the osteosarcoma-PDOX
is methionine-dependent since it responds to o-rMETase.
Combining caffeine with o-rMETase can increase its efficacy
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Figure 2. Images of representative osteosarcoma-PDOX model from each treatment group at the end of treatment. (a) Untreated control. (b) CDDP
alone. (c) o-rMETase alone. (d) o-rMETase + caffeine. (e) CDDP + o-rMETase. (f) CDDP + caffeine. (g) CDDP + o-rMETase + caffeine. Arrows
show the margins of the tumors. Scale bars: 10 mm. (h) relative tumor volume for each drug treatment on day 14. 



against the osteosarcoma-PDOX tumor, which was further
strongly enhanced by adding CDDP. 

CDDP, DOX, and high-dose methotrexate are generally
given to osteosarcoma patients either alone or in
combination, as a first-line treatment (1, 6). Survival of
osteosarcoma patients has improved greatly in the past few
decades due to these chemotherapy drugs. However, the
survival rate decreases to 30-40% if the tumor is CDDP
resistance (2, 12). 

Cancer cells are MET-dependent (Hoffman effect) because

they excessively utilize MET for aberrant transmethylation
reactions (12), which is similar to a situation when cancer
cells utilize excess amount of glucose (Warburg effect) (13,
14). PET imaging of cancer with [11C]MET provides a
robust signal compared to fluorodeoxyglucose [18F]FDG
suggesting that the Hoffman effect is considerably prominent
compared to the Warburg effect (15).   

We recently reported that combining caffeine to o-
rMETase increased the efficacy of rMETase by lowering
plasma L-MET levels compared to o-rMETase alone (4), and
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Figure 3. Tumor histology and mouse body weight. (a) untreated control. (b) CDDP. (c) o-rMETase. (d) o-rMETase + caffeine. (e) CDDP + o-
rMETase. (f) CDDP + caffeine. (g) CDDP + o-rMETase + caffeine. Arrows indicate tumor osteoid. Scale bars: 100 μm. (h) Mouse body weight
(g) is depicted in bar graphs for each treatment group or control group at pre- and post-treatment times. ***p<0.001; Error bars: ±SEM.



addition of o-rMETase and caffeine in combination with
DOX resulted in regression of a DOX-resistant synovial
sarcoma (SS) PDOX (4). In the present study, o-rMETase
and caffeine combination with CDDP was effective and
induced regression of the osteosarcoma-PDOX tumor,
perhaps due to induction of mitotic catastrophe by caffeine
on rMETase S/G2-arrested cancer cells (4). Combining o-
rMETase and caffeine with CDDP could overcome CDDP-
resistance in osteosarcoma without observable toxicity.  

In conclusion, the present study determined that o-rMETase
could inhibit tumor growth of osteosarcoma-PDOX and
combining o-rMETase with caffeine could increase its efficacy.
Adding CDDP to this combination regressed the osteosarcoma-
PDOX tumor and overcame CDDP-resistance in osteosarcoma,
suggesting an important clinical potential of this strategy.
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