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Abstract

Background—Curative therapy for childhood sarcoma presents challenges when complete
resection is not possible. lonizing radiation (XRT) is used as a standard modality at diagnosis or
recurrence for childhood sarcoma, however local recurrence is still problematic. Most childhood
sarcomas are TP53 wild type at diagnosis, although approximately 5-10%have MDM2
amplification or overexpression.

Procedures—The MDM2 inhibitor, RG7388, was examined alone or in combination with XRT
(20 Gy given in 2 Gy daily fractions) to immune-deficient mice bearing Rh18 (embryonal) or a
total of 30 Gy in 2 Gy fractions to mice bearing Rh30 (alveolar) rhabdomyosarcoma xenografts.
RG7388 was administered by oral gavage using two schedules (daily x 5; schedule 1 or once
weekly; schedule 2). TP53, and TP53-responsive gene products (p21, PUMA, DDB2, MIC1) as
well as markers of apoptosis, were analyzed.

Results—RG7388 showed no significant single agent antitumor activity. Twenty Gy XRT
induced complete regressions (CR) of Rh18 with 100 percent tumor regrowth by week 7, but no
tumor regrowth at 20 weeks when combined with RG7388. RG7388 enhanced time to recurrence
combined with XRT in Rh30 xenografts compared to 30 Gy XRT alone. RG7388 did not enhance
XRT-induced local skin toxicity. Combination treatments induced TP53 responsive genes more
rapidly and to a greater magnitude than single agent treatments.
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Conclusions—RG7388 enhanced the activity of XRT in both rhabdomyosarcoma models
without increasing local XRT-induced skin toxicity. Changes in TP53-responsive genes were
consistent with the synergistic activity of RG7388 and XRT in the Rh18 model.
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Introduction

Rhabdomyosarcoma (RMS), a malignancy derived from primitive skeletal muscle precursor
cells, is a rare cancer predominantly occurring in early childhood to young adulthood. There
are approximately 350 new cases of pediatric rhabdomyosarcoma (RMS) diagnosed per year
in the United States [1]. The 5-year overall survival (OS) rate for patients with RMS is 70%
to 75% in the recent IRS and International Society of Pediatric Oncology (SIOP) study [2], a
substantial improvement compared to the 55% 5-year survival in the first Intergroup study
(IRS-I; [3]). However, control of the primary site is still a major source of treatment failure.
In the Intergroup RMS Study-1V approximately two-thirds of relapses were local-regional
[4], suggesting an inherent resistance to radiotherapy in this childhood malignancy.

The two predominant forms of RMS are embryonal and alveolar. Embryonal RMS is
characterized by frequent loss of heterozygosity at 11p15 [5,6] with paternal disomy and
overexpression of IGF-2 through loss of imprinting of the 11p15 locus [7]. The alveolar
subtype is characterized by reciprocal translocations between chromosomes 2 and 13
[t(2;13)] [8] that encodes Pax3/FOXO1 or chromosomes 1 and 13 [t(1;13)] [9] that encodes
Pax7/FOXOL1 (termed fusion positive) [10]. With the exception of young patients with TP53
germline mutations [11], TP53 mutations in RMS are relatively rare, around 5% whereas
amplification of MDM2 has a slightly greater incidence [12].

Reconstitution of a functional p53 pathway is an attractive anticancer strategy. The
interactions between p53 and its two principal regulatory molecules (MDM2/MDM4)
involve a large protein-protein interface hence it was for some time considered a difficult
target for pharmacological intervention [13]. Recently drugs have been developed that
effectively inhibit the MDM2-mediated degradation of p53 or inhibition of MDM2
transcription [14]. Among these, compounds with quite diverse structures have been
investigated, including peptides, chalcones [15], spiro-oxindoles [16], benzodiazepinediones
[17], the compound RITA [18], and cis-imidazolines (Nutlins) [14]. Most of these
compounds exhibited in vitro activity, while the Nutlins have also demonstrated impressive
activity in animal models with limited toxicity [14]. The cis-imidazoline, RG7112, is an
orally available inhibitor of the MDM2-p53 interaction [19] that entered clinical trials. Dose
limiting toxicity was neutropenia/thrombocytopenia in sarcoma patients [20] and
thrombocytopenia in combination with cytarabine in AML patients [21]. RG7112 has been
shown to promote apoptosis of megakaryocyte progenitor cells, and also affected mature
megakaryocytes by blocking DNA synthesis during endomitosis and impairing platelet
production, providing an explanation for RG7112-induced thrombocytopenia [22]. The
finding of the p53-MDM2 auto-regulatory loop in normal megakaryocytopoiesis suggests
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that thrombocytopenia may be an on-target toxicity associate with targeting the MDM2-
TP53 interaction, potentially making combination of these agents with hemato-toxic
therapies a challenge.

In preclinical studies, RG7112 showed excellent activity against childhood acute leukemia
models, but rather disappointing single agent activity against a range of childhood solid
tumor xenografts [23]. Because of its hemato-toxicity this agent may be a challenge to
combine with current chemotherapy regimens used for treatment of childhood solid tumors.
However, conceptually, activation of TP53 should enhance cell killing by agents such as
ionizing radiation (XRT). Small molecule inhibitors of MDM2 have been shown to enhance
radiation sensitivity in cell culture [24-26] whereas mixed backbone oligonucleotides were
also shown to increase radiation-induced tumor inhibition in vivo [27]. RG7388, is a second
generation agent based upon a pyrrolidine scaffold, that blocks the MDM2-TP53 interaction,
leading to activation of TP53 and downstream genes. RG7388 is more potent and selective
than RG7112, having good oral bioavailability and a superior pharmacokinetic profile
compared to RG7112 [28]. Here we have evaluated RG7388 in combination with daily
fractionated XRT against two models of childhood rhabdomyosarcoma.

Materials and Methods

In vivo studies

The patient derived rhabdomyosarcoma xenografts Rh18 (embryonal histology, fusion
negative) and Rh30 (alveolar histology, fusion positive) have been described previously
[29]. CB17 SC female mice bearing each xenograft line were dosed orally with RG7388 on
two schedules. For Schedule 1 doses of 40 or 80 mg/kg were administered daily for 5 days.
For Schedule 2, mice received 100 mg/kg or 100 mg/kg BID once per week for three
consecutive weeks. Drug dosing was given 2—4 hr before XRT. Mice received fractionated
flank-irradiation treatments in clinically-relevant 2-Gy daily doses as previously described
[30,31]. Mice were monitored daily for skin reaction starting on day 15 from the first day of
irradiation treatments through day 43. A numeric grade is given based on a rating system
according to the severity of the reaction as described previously [32] Dose density, complete
response (CR) rates, recurrence rates, 20-week failure rates, event-free survival, and
treatment related events were assessed as previously described [30,32]. The experiment
design was fully discussed and approved by the National Radiation Group (NRG) Oncology
and Translational Research program (TRP) of the sarcoma working group.

Pharmacodynamic studies

The samples were ground under liquid nitrogen and stored at —80°C. 50 mg of samples was
lysed with 400 pl of cell lysis buffer and spun through giashredder to homogenize. For
conventional western blotting 20 pg of lysate was run on a 4-12% Bis-Tris gel and
transferred to PVDF membrane with an iBlot. The membranes were probed with appropriate
antibodies and chemiluminescent substrate. p53 (2527), PUMA (12450), PARP (9532),
Cleaved Caspase 3 (9661), and Micl (8479) were obtained from Cell Signaling
Technologies (Danvers, MA). MDM2 (TA311996) was obtained from Origene.
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For capillary electrophoresis separation (Protein Simple, Bio-Techne, Minneapolis, MN
lysate was diluted to 2 mg/ml and electrophoresed as recommended by the manufacturer.
Proteins were immobilized to the capillary and identified using a primary antibody and an
HRP-conjugated secondary antibody and chemiluminescent substrate. The signal is detected
and quantitated. Antibodies against DDB2 (5416), p21 (2947) and GAPDH (5174) were
obtained from Cell Signaling Technologies.

Statistical Analysis

Results

For in vivo testing xenograft models, criteria for defining an event (4 times the tumor
volume at the start of treatment) were similar to that used by the Pediatric Preclinical
Testing Program [29]. Log-rank test was used to compare the time-to-event curves between
groups. The comparison of cumulative tumor volumes between treatment groups was
conducted by using analysis of variance (ANOVA) and Holm’s method was used to adjust
for multiplicity within each xenograft model. SAS 9.3 was used for this analysis (SAS, Inc.).

Sensitivity to XRT

lonizing radiation treatment was given as 2 Gy fractions 5-days per week. For Rh18
xenografts we assessed the response to 10 and 30 Gy, Figure 1A. With increasing dosage
there was an increased number of tumors with complete regression (CR). Following 10 Gy
there was transient regression of all tumors with rapid regrowth. In contrast, at 30 Gy only 4
of 10 tumors regrew with a median time to regrowth of 10 weeks. For Rh18 a dose of 20 Gy
was selected for combination studies. Rh30 xenografts were more radio-resistant, Figure 1B.
At 20 Gy 10 of 10 tumors recurred within 7 weeks. Because of the rapid relapse following
20 Gy in this model, 30 Gy was chosen as the dose to combine with XRT.

Combination studies

RG7388 was well tolerated at 80 mg/kg on the daily x 5 schedule (schedule 1) and once
weekly x 2 at 200 mg/kg (given as split doses 12 hr apart; Schedule 2). RG7388 was
administered 2 hr before XRT (2 Gy) daily for 5 days (Schedule 1) and a split dose given 12
hr and 2 hr pre-irradiation (Schedule 2). Consistent with our previous study of RG7112 [23],
RG7388, as a single agent, had no significant effect on the growth of Rh18 xenografts
administered on either schedule (P=0.8959 and P=0.5011 for Schedule 1 and 2,
respectively), Figure 2. Radiation treatment (20 Gy) induced complete regressions followed
by regrowth of all tumors with the median event time of 89.6 days compared to control
tumors that evented at day 9.5 (P=0.0287). In contrast combination of XRT (20 Gy) with
either 80 mg/kg RG7388 (Schedule 1) or 200 mg/kg (Schedule 2) resulted in complete
tumor regressions with no regrowth of tumors during the 19 weeks of observation. Thus,
RG7388 given on either schedule significantly potentiated XRT (P<0.0001 for both
schedules vs control).

For Rh30 combination studies the dose of XRT was increased to 30 Gy. XRT alone induced
CR in 8 of 10 mice with a median time to recurrence (>0.1cm3) of 7.5 weeks. In contrast, all
tumors demonstrated CR (<0.1 cm3), and only 6 of 10 mice the combination group on
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schedule 1 showed consistent regrowth (median time to regrow ~9 weeks). The combination
of XRT on Schedule 2 also showed all tumors in CR but all recurred within the period of
observation (19 weeks), with a median time to recurrence of 9 weeks. As shown in Figure 3,
regrowth of Rh30 tumors following 30 Gy showed a plateau in growth before tumors
evented (4X pretreatment volume). Similarly tumors regrowing after combination treatment
showed poor or irregular regrowth. We found that the cumulative tumor volumes at the end
of the period of observation (day 134) was significantly smaller for the combination group
in Schedule 1 (P=0.0005) and Schedule 2 (P=0.0029) when compared with tumors receiving
30 Gy alone, Supplemental Figure 1A. Kaplan-Meier analysis for Rh18 and Rh30
xenografts are presented in Supplemental Figure 1B.

Pharmacodynamic studies

Tumor samples were derived from untreated tumors, or tumors following 2, 4 or 6 Gy XRT
and 24 and 48 hr after the last XRT fraction with or without RG7388, or at the same time
points from mice treated for 3 days with RG7388 alone (80 mg/kg). As the mechanism of
RG7388 is to prevent MDM2-induced proteolysis of TP53, the action of this drug should
manifest in upregulation of TP53 responsive gene products p21, PUMA and DDB2 [33,34].
Combination treatment slightly increased detection of TP53 at 24 Hr. DDB2, a TP53
responsive gene is reported to enhance the proteolysis of p21, and low levels of DDB2 have
been reported to confer resistance to DNA damage through increased p21 accumulation
[35]. In Rh18 xenografts, RG7388/XRT or XRT alone slightly induced DDB2 by day 1 of
treatment, but thereafter levels were lower than controls. Levels of DDB2 slightly increased
at 24 hr, but subsequently decreased slightly in tumors treated with RG7388 alone, Figure 4.
RG7388/XRT increased p21 levels over the 3 days of treatment, and p21 decreased by 48 Hr
after the last dose, although by this time GAPDH (and tubulin, not shown) had decreased
suggesting few viable cells remained in tumor tissue following combination treatment. XRT
alone induced p21 with maximal levels achieved after 6 Gy (day 3), although p21 remained
relatively stable up to 48 hr post XRT, whereas p21 was maximal at 3 days in tumors treated
with RG7388 alone. Both XRT and combination treatments induced PARP cleavage over
the first 48 hr, although caspase 3 and cleaved caspase 3 were not detected in Rh18
xenografts. Similarly, macrophage inhibitory cytokine (Micl), a marker of sensitivity to
MDM?2 inhibitors [36] was not detected.

Pharmacodynamic changes induced by each treatment were similar in Rh30 xenografts to
those determined in Rh18 xenografts. One notable exception was the greater induction of
DDB2 which persisted in XRT and combination treated tumors. In contrast, RG7388
induced DDB2 relatively slowly being maximal between 48-96 hr. TP53, MIC1 and
Caspase 3 were not detected in Rh30 xenografts under control or treatment conditions,
Figure 5.

Local XRT-induced skin toxicity was assessed using a scale of damage previously described
[32]. Skin toxicity scores for treatment groups receiving cumulative doses of XRT at 10, 20,
or 30 Gy were compared to mice receiving RG7388 (80 mg/kg, schedule 1 or 200 mg/kg,
schedule 2) combined with 20 Gy (Rh18) or 30 Gy (Rh30). Overall, the average maximum
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skin toxicity scores were slightly lower in combination treatments compared to XRT alone,
Figure 6.
Discussion

In a previous study, we reported that RG7112, an inhibitor of MDM2-TP53 interaction, had
very significant activity against xenograft models of childhood acute lymphoblastic
leukemia, but rather modest activity against childhood solid tumors causing regressions in
only 5 of 26 models with wild type p53. In contrast, TP53 wild type cell lines derived from
childhood solid tumors were equally sensitive to leukemia cell lines to RG7112 in vitro [23].
The reason for the lack of antitumor activity for RG7112 against solid tumors in mice is
unknown. Several studies have reported the synergy between MDM2-TP53 inhibitors and
cytotoxic chemotherapy, however these studies were also restricted to hematopoietic cells in
vitro [37-39]. In several of these studies, normal bone marrow cells appeared relatively
resistant compared to the malignant cells. Against retinoblastoma cells, in vitro, nutlin-3
enhanced the cytotoxic effect of topotecan, and showed synergistic activity when
administered with topotecan that was given by subconjunctival administration in a mouse
model of retinoblastoma [40]. The cyclin-dependent kinase inhibitor, roscovitin, also
potently synergized with nutlin-3a [41]. In mouse models nutlins and RG7112 have shown
no significant toxicity. However, the phase I trial of RG7112 revealed a high incidence of
thrombocytopenia and neutropenia as dose limiting toxicities [42]. Of note, this study
evaluated RG7112 in patients with liposarcoma, a tumor with frequent amplification of
MDM2, and having wild type TP53 [43]. Clinical benefit was modest, with one partial
regression (5%) and stable disease in 14 of the 20 patients. Thus this clinical experience is
similar to that predicted from pediatric preclinical solid tumor models suggesting only
modest single agent activity, despite wild type TP53 status.

The marked thrombocytopenia and neutropenia manifest in the clinical trial of liposarcoma,
raises concerns regarding the combination of MDM2 inhibitors with chemotherapeutic
agents that induce hematopoietic toxicity. Similarly, there is the potential that stabilizing
TP53 may induce toxicity in radiosensitive tissues [24], although it has been postulated that
the effectiveness of ionizing radiation could be improved by inhibition of MDM2 [25].
Antisense MDM2 enhanced radiation sensitivity [26], and the MDM2 inhibitor PXN727
radio-sensitized HCT-116 TP53 wild type cells but not those deleted for TP53 [44]. Our
study would support the concept that a small molecule inhibitor of MDM2 can enhance
XRT given in clinically relevant daily fractions. Consistent with our previous study with
RG7112, there was little single agent activity for RG7388 on either the 5-day or weekly
schedule against Rh18 (MDM2 amplified, wild type TP53) or Rh30 (wild type TP53)
rhabdomyosarcoma models. RG7388 is approximately 10-fold more potent in inhibiting
MDM?2 interaction with TP53 [28], thus the failure to demonstrate single agent activity for
both RG7112 and RG7388 requires further study in these models. However, the potentiation
of XRT by RG7388 was quite dramatic in Rh18 xenografts, on both schedules, whereas it
was statistically significant but less obvious in the Rh30 model. Pharmacodynamic results
indicate that the induction of TP53 genes in tumors treated with RG7112 + XRT was
significantly greater than after XRT or RG7388. The induction of p21 was greatest in
combination treated tumors, although it is difficult to assess the magnitude in Rh18
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xenografts due to cell death during the initial period of treatment. We used an index for skin
toxicity to see if the effects of XRT were exacerbated by concurrent RG7388 treatment.
Mouse skin has long been used to study basic radiation biology principles - such as the
shape of the radiation survival curve at low radiation doses [45] or the effect of changes in
repopulation during fractionated irradiation [46]. These principles apply to human skin
treated with radiotherapy. The skin of severe combined immune-deficient mice, in which
these xenografts are propagated, is also hypersensitive to XRT [47]. Thus, although
extrapolation from mouse toxicity data to clinical application can be problematic, the data
showing no enhancement of toxicity to skin in a mouse strain where skin is hypersensitive to
XRT, suggests that this may not be an issue in human trials.

In summary, RG7388 treatment enhanced the antitumor activity of daily-fractionated
radiation treatments in two models of childhood rhabdomyosarcoma without exacerbating
radiation-induced skin toxicity. Although further preclinical studies are required to extend
these results to other tumors, the combination may increase the local control for
rhabdomyosarcoma compared to XRT alone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Dose response to XRT given in daily 2 Gy fractions; tumor bearing mice received no

treatment (Control), or received 2 Gy five-days per week until a c
or 30 Gy was achieved. A. Rh18; B. Rh30.
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Figure2.
Responses of Rh18 xenografts. Individual growth curves for Rh18 rhabdomyosarcoma

xenografts treated with XRT daily x 5 (2 Gy fractions), with or without RG7388. Mice
received no treatment (Control), RG7388 (80 mg/kg daily x 5; schedule 1), or 200 mg/kg
weekly x 2 (Schedule 2), XRT alone (20 Gy) or XRT combined with RG7388 on either
schedule. Tumor diameters were measured weekly.
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Figure 3.

Responses of Rh30 xenografts. Individual growth curves for Rh30 rhabdomyosarcoma
xenografts treated with XRT five-days per week (2 Gy fractions), with or without RG7388.
Mice received no treatment (Control), RG7388 (80 mg/kg daily x 5; schedule 1), or 200
mg/kg weekly x 2 (Schedule 2), XRT alone (30 Gy) or XRT combined with RG7388 on
either schedule. Tumor diameters were measured weekly.
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Figure4.
Pharmacodynamic responses for Rh18 xenografts. Tumor-bearing mice were administered

RG7388 (80 mg/kg) daily for 3 days with or without XRT (2 Gy daily x 3). Tumors were
harvested at the indicated times during treatment and 24 and 48 Hr after the final dose of
XRT. DDB2, p21 and GAPDH were determined using a Protein Simple machine, other
samples were determined using conventional immunoblotting as described in Materials and
Methods.
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Figure5.
Pharmacodynamic responses for Rh30 xenografts. Tumor-bearing mice were administered

RG7388 (80 mg/kg) daily for 3 days with or without XRT (2 Gy daily x 3). Tumors were
harvested at the indicated times during treatment and 24 and 48 Hr after the final dose of
XRT. DDB2, p21 and GAPDH were determined using a Protein Simple machine, other
samples were determined using conventional immunoblotting as described in Materials and
Methods.
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Figure®6.

Skin toxicity was assessed using the scoring system: 0 = No visible reaction; 1 = Faint
erythema and/or faint dry desquamation, 2 = Patchy dry desquamation; 3 = Confluent dry
desquamation; 4 = Patchy moist desquamation; 5 = Confluent moist desquamation.
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