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Abstract

Malignant peripheral nerve sheath tumors (MPNSTS) frequently overexpress elFAF components,
and the elF4A inhibitor silvestrol potently suppresses MPNST growth. However, silvestrol has
suboptimal drug-like properties, including a bulky structure, poor oral bioavailability (<2%),
sensitivity to MDR1 efflux, and pulmonary toxicity in dogs. We compared 10 silvestrol-related
rocaglates lacking the dioxanyl ring and found that didesmethylrocaglamide (DDR) and
rocaglamide (Roc) had growth-inhibitory activity comparable to silvestrol. Structure-activity
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relationship analysis revealed that the dioxanyl ring present in silvestrol was dispensable for, but
may enhance, cytotoxicity. Both DDR and Roc arrested MPNST cells at G,/M, increased the sub-
G population, induced cleavage of caspases and poly(ADP-ribose) polymerase, and elevated the
levels of the DNA-damage response marker yH2A. X, while decreasing the expression of AKT
and ERK1/2, consistent with translation inhibition. Unlike silvestrol, DDR and Roc were not
sensitive to MDRL1 inhibition. Pharmacokinetic analysis confirmed that Roc had 50% oral
bioavailability. Importantly, Roc, when administered intraperitoneally or orally, showed potent
anti-tumor effects in an orthotopic MPNST mouse model and did not induce pulmonary toxicity in
dogs as found with silvestrol. Treated tumors displayed degenerative changes and had more
cleaved caspase-3-positive cells, indicative of increased apoptosis. Furthermore, Roc effectively
suppressed the growth of osteosarcoma, Ewing sarcoma, and rhabdomyosarcoma cells and patient-
derived xenografts. Both Roc- and DDR-treated sarcoma cells showed decreased levels of multiple
oncogenic kinases, including IGF-1R. The more favorable drug-like properties of DDR and Roc
and the potent anti-tumor activity of Roc suggest that these rocaglamides could become viable
treatments for MPNST and other sarcomas.

Precis

Rocaglamide and didesmethylrocaglamide exhibit better drug-like properties than silvestrol and
possess potent anti-tumor activity in multiple types of sarcomas

Keywords

Rocaglamide (Roc); didesmethylrocaglamide (DDR); malignant peripheral nerve sheath tumor
(MPNST); Ewing sarcoma; osteosarcoma; rhabdomyosarcoma; orthotopic; cell line-derived
xenograft (CDX); patient-derived xenograft (PDX); bioluminescence imaging (BLI)

Introduction

Malignant peripheral nerve sheath tumors (MPNSTS) are characterized as aggressive soft-
tissue sarcomas with a high risk of recurrence and metastasis. Often refractory to current
treatment, these tumors have a poor five-year survival rate of only about 20~50% (1).
Therefore, development of more effective medical therapy that eradicate MPNSTSs is of
significant clinical need. MPNSTSs can occur sporadically or arise from pre-existing
plexiform neurofibromas in patients with neurofibromatosis type 1 (NF1), a tumor
predisposition syndrome caused by mutations in the AM/FZ gene which encodes the Ras-
GTPase-activating protein neurofibromin. Importantly, even sporadic tumors frequently
harbor mutations in the A/FZ gene or the Ras pathway. Consequently, both sporadic and
NF1-associated MPNSTSs exhibit upregulation of Ras downstream kinase signaling,
including the phosphatidylinositol 3-kinase (P13K)-AKT-mammalian target of rapamycin
(mTOR) and Raf-MEK-ERK mitogen-activated protein kinases. MPNSTS also exhibit
overexpression or aberrant activation of epidermal growth factor receptor (EGFR), platelet-
derived growth factor receptor (PDGFR), and insulin-like growth factor-1 receptor (IGF-1R)
(2,3). These reports suggest that these Ras downstream kinases and deregulated receptor
tyrosine kinases (RTKs) may be therapeutic targets. Additionally, recurrent mutations in the
tumor suppressor genes COKNZA and TP53 and the subunits of the chromatin-modifying
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polycomb repressor complex-2 (PRC2), SUZ12and EED, have been identified and are
important for MPNST progression (4). Inactivation of CDKNZA and 7P53 disables the G1/S
checkpoint. The loss of PRC2 function can lead to enhanced Ras-driven gene transcription

).

As MPNSTSs often exhibit hyperactive Ras activity, statins and farnesyl transferase
inhibitors, which prevent localization of Ras to the membrane and inhibit MPNST cell
growth (6,7), have been evaluated but do not improve survival in patients with advanced
cancer (8-10). Drugs that target the deregulated RTKs and mitogenic kinases have also been
investigated in patients with MPNSTS; however, the results have so far been disappointing.
The EGFR inhibitor erlotinib elicited poor response rates in MPNSTSs with only one of 20
patients exhibiting stable disease (11). The IGF-1R blocking antibodies, such as ganitumab,
show limited objective single-agent activity (12). Sorafenib, which inhibits Raf and several
RTKSs, has only minimal activity in patients with sarcomas (13). The mTOR inhibitor
rapamyecin and its derivatives, such as everolimus, cause cytostatic responses and are being
evaluated in combination with other targeted drugs. However, a recent trial showed that
combination of everolimus with bevacizumab, a monoclonal antibody that binds vascular
endothelial growth factor (VEGF) and prevents activation of the RTK VEGF receptor, was
not effective in patients with refractory MPNSTSs (14). A phase |l study is ongoing to
evaluate the dual mTOR complexes 1 and 2 inhibitor TAK-228 in soft-tissue sarcomas
(https://clinicaltrials.gov Identifier: ). Collectively, the modest and transient patient
responses from the completed trials indicate that targeting more than one critical pathway is
likely needed to achieve a cure.

To sustain uncontrolled growth, cancer cells commonly exhibit enhanced protein translation
by upregulation of the translation machinery (15). The most highly regulated step in the
protein biosynthetic pathway occurs during translation initiation, in which the eukaryotic
initiation factor 4F (elF4F) complex is recruited to the 5’ untranslated region (5’-UTR) of
mRNA. This complex is composed of three subunits: elF4G, a scaffolding protein; elF4E, a
cap-binding protein, and elF4A, an RNA helicase which unwinds the secondary structure of
the 5’-UTR. We have shown over-expression of the three elF4F components in multiple
types of human cancer, including MPNST (16,17). Genetic inhibition of elF4A and elFAE
using short-hairpin RNAs reduces MPNST cell proliferation. In addition, the pro-survival
and pro-growth activities of several signaling pathways, such as PI3K-AKT-mTOR and Raf-
MEK-ERK frequently activated in human cancer, occur in part by facilitating elF4F-
mediated translation initiation. The mTOR kinase phosphorylates and inactivates the elF4E-
binding protein (4E-BP) translational repressors (18). Both AKT and ERKSs phosphorylate
elF4B, which then associates with and increases the helicase activity of elF4A (19).
Moreover, AKT, mTOR, and the downstream ERK1/2 kinase p90 ribosomal S6 kinase can
phosphorylate and inactivate an endogenous repressor of elF4A activity, the programmed
cell death 4 (PDCDA4) protein. Further, the mRNAS that depend upon elF4A for efficient
translation usually contain long 5’-UTRs with guanine-rich sequences termed G-
quadruplexes which can form four-stranded structures with G-tetrads stacked on one another
(15). These elF4A-dependent transcripts are often found in genes encoding oncoproteins,
transcription factors associated with super enhancers, epigenetic regulators, and kinases
(20). Interestingly, we found that the elF4A inhibitor silvestrol suppresses MPNST cell
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growth at low nanomolar of ICsg decreases the levels of multiple mitogenic kinases
including AKT and ERKSs, and profoundly impairs the growth of MPNST xenografts (16).
These results suggest that direct targeting of the translation initiation components,
particularly elF4A, might be an effective treatment strategy for these tumors.

Silvestrol is part of a large family of compounds termed flavaglines or rocaglates, which
share a cyclopenta[ 5]benzofuran structure (21,22). It possesses potent antitumor activity in
multiple other cancer models (23-25). However, silvestrol has some suboptimal drug-like
properties. It is relatively large with a bulky dioxanyl ring, making the total synthesis of
silvestrol laborious (26-28). It is a substrate for the multidrug resistance 1 (MDR1)
transporter (29) and has very limited oral bioavailability of <2% (30).

To search for compounds with better drug-like properties, we analyzed ten rocaglates that
lack the dioxanyl moiety and examined the structure-activity relationships for this compound
class. We showed that two of these compounds, rocaglamide (Roc) and
didesmethylrocaglamide (DDR), exhibited potent growth inhibitory activity with 1Csq values
comparable to silvestrol. Importantly, these rocaglamides were not sensitive to MDR1
inhibition and Roc exhibited oral bioavailability and potent anti-tumor effects against
multiple types of sarcomas.

Natural Compounds

Ten silvestrol-related rocaglates, inclusive of (-)-didesmethylrocaglamide, were isolated
from the tropical plant Ag/aia perviridis, collected in Vietnam as part of a multi-institutional
collaborative project on the discovery of new antineoplastic natural compounds. The full
structures and absolute configurations of these rocaglates were determined (31). For /n vitro
studies, purified silvestrol and related rocaglates were dissolved as a 10-mM stock in
dimethyl sulfoxide (DMSO; Sigma-Aldrich). A 60-mg sample of (-)-rocaglamide
(NSC326408) was prepared at the U.S. National Cancer Institute for /7 vivo studies.

Cell Lines, Cell Proliferation Assays, and Flow Cytometry

Various MPNST, Ewing sarcoma, osteosarcoma, rhabdomyosarcoma, schwannoma,
meningioma, and leukemia cell lines used in this study are described in Supplementary
Methods. All cell lines were authenticated by Short tandem repeat genotyping and tested to
be mycoplasma-free. Cell proliferation was assessed using resazurin assays and cell cycle
analysis was performed as previously described (32).

Western Blots

Subconfluent cells were treated with the indicated doses of Roc or DDR for 1-3 days and
lysed. Equal amounts of protein lysates were analyzed by immunaoblotting. Detailed
procedures and the antibodies used are described in Supplementary Methods.
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Pharmacokinetic (PK) analysis

Mice were administered with a 5mg/kg dose of Roc by intravenous (1V) or intraperitoneal
injection (IP) or by oral gavage (PO). Blood samples were collected before and at multiple
time-points after dosing (n=3). Plasma concentrations of Roc were analyzed using a
sensitive liquid chromatography coupled with tandem mass spectrometry (LC/MS-MS)
(Supplementary Methods).

Cell Line-Derived Xenograft (CDX) and Patient-Derived Xenograft (PDX) Models and In Vivo

Efficacy

All animal work was performed according to the protocols approved by the Institutional
Animal Care and Use Committee at Nationwide Children’s Hospital. For animal dosing,
Roc was formulated in 30% hydroxypropyl-p-cyclodextrin (HPBCD). The quantifiable,
orthotopic MPNST CDX model was generated as described previously (33). Mice bearing
established ST8814-Luc tumors (16) were randomized into three groups (n=10/group) and
treated with the predetermined maximum tolerated dose (MTD) of Roc at 4mg/kg by IP or
1.2mg/kg by oral gavage, or the vehicle HPBCD every other day. Tumor growth was
measured weekly by BLI.

To generate PDX models, the Nationwide Children’s Hospital Institutional Review Board
approved the Human Subjects Protocol. After obtaining informed written consents from the
subjects, tumor specimens were used to establish PDX models. Mice with actively-growing
PDX tumors for a Ewing sarcoma (NCH-EWS-2), an osteosarcoma (NCH-0S-7), and an
alveolar rhabdomyosarcoma (NCH-ARMS-2) reaching ~100-200 mm?3 were randomized
into two treatment groups (n=10/group) for each PDX model and treated with 3mg/kg of
Roc or HPBCD by IP every other day, followed by tumor measurement twice weekly
(Supplementary Methods).

Immunohistochemistry

Results

Sections from Roc or vehicle-treated MPNST tumors were prepared and stained with
hematoxylin and eosin (H&E) or immunostained for p-histone H3(Ser10) (pH3:; ab32107,
Abcam) or CC3 (#9664, Cell Signaling) as previously described (32).

DDR and Roc possess potent growth-inhibitory activity comparable to silvestrol

To search for compounds with better drug-like properties, we side-by-side compared ten
rocaglates lacking the dioxanyl ring (31) with silvestrol for growth-inhibitory activity in a
panel of MPNST, schwannoma, and meningioma cell lines, which we previously showed to
be sensitive to the antiproliferative action of silvestrol (16,17). We found that several of
these rocaglates maintained potent growth inhibition comparable to silvestrol. In particular,
the 1Cgq values of Roc were slightly higher than silvestrol, while DDR reliably demonstrated
~2-fold more potent than silvestrol in all cell lines tested (Fig. 1, Table 1, and
Supplementary Fig. S1), indicating that the dioxanyl moiety is dispensable for cytotoxicity.
Further structure-activity comparison discerned some positions on the

cyclopenta] flbenzofuran scaffold that affected the antiproliferative activity of rocaglates.
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Similar to previous observations, the substitution of a methoxy group at position 8b, as in
8b-O-methylrocaglaol versus rocaglaol, abolished the activity (Fig. 1). This methoxy
substitution at 8b could be partly mitigated by the addition of a methylenedioxy ring to
phenyl ring B. Additionally, the presence of amide or ester groups at position C-2 of the
benzofuran scaffold appeared to enhance the activity, as compounds such as DDR, Roc, and
methyl rocaglate were more potent than rocaglaol. Since the amide group at the C-2 position
confers superior growth inhibition, we further evaluated DDR and Roc for their mechanisms
of action.

Rocaglamides induce G,/M arrest and cell death

Flow cytometry analysis revealed that human A/FI-expressing STS26T and NMFZ-null
ST8814 MPNST cells treated with one- or two-I1Csq doses of DDR or Roc for three days
exhibited a marked increase in the Go/M fraction (Supplementary Fig. S2A and S2B). The
sub-G, fraction, suggestive of apoptosis, was noticeably prominent in treated STS26T cells,
especially at the two-1Cgy dose (Supplementary Fig. S2A). Phase contrast micrographs taken
of cells prior to cell cycle analysis showed increased floating dead cells and debris in DDR
or Roc-treated dishes. While ST8814 cells treated for three days did not show obvious signs
of cell death (Supplementary Fig. S2B), a six-day incubation resulted in increased numbers
of floating dead cells with a commensurate expansion of the sub-G; fraction (Supplementary
Fig. S2C). Collectively, these results indicate that, like silvestrol (16), DDR and Roc inhibit
MPNST cell proliferation by inducing cell cycle arrest at Go/M and subsequently, cell death.

DDR and Roc increase caspase and PARP cleavage and activate the DNA damage
response, while suppressing mitogenic signaling pathways

To confirm induction of apoptosis in rocaglamide-treated MPNST cells, we analyzed protein
expression of several markers important for this process. STS26T cells treated for 3 days
with either DDR or Roc exhibited increased cleavage of the executioner caspases-3 and 7
and their downstream substrate PARP (Fig. 2A). A concomitant decrease in the amounts of
intact caspases 3 and 7 and PARP was observed, consistent with the enhanced cleavage of
these apoptotic markers and possibly due to direct effects of these rocaglamides on protein
translation. Likewise, the levels of the pro-survival kinases AKT and ERK1/2 were
diminished in rocaglamide-treated MPNST cells. Importantly, treatment with rocaglamides
also resulted in higher levels of the DNA damage response marker yH2A.X. This increase
occurred as early as one day after DDR treatment before the occurrence of cell death (Fig.
2B). Similarly, cleavage of caspase-3 and PARP and induction of yH2A.X were also
detected in AV/FI-null ST8814 cells treated with DDR and Roc (Supplementary Fig. S3).
These results demonstrate that DDR and Roc induce apoptosis in both A/FZ-expressing and
NF1-deficient MPNST cells, possibly subsequent to the activation of the DNA damage
response.

Rocaglamides are not sensitive to MDR1 inhibition and Roc is orally bioavailable

The MDR1/P-glycoprotein (Pgp) encoded by the ABCB1 (ATP-binding cassette subfamily
B member 1) gene is implicated in limiting the bioavailability of several chemotherapeutics
and confers drug resistance in tumors that overexpress this protein. Silvestrol is a substrate

of MDR1/Pgp, which may be related to its poor oral bioavailability (29,30). To determine
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whether there are any differences in the sensitivity to MDR1/Pgp between rocaglamides and
silvestrol, we treated silvestrol-resistant 697-R leukemic cells, which overexpress
MDRZ1/Pgp (Supplementary Fig. S4), and the parental silvestrol-sensitive 697 cells with
various concentrations of each compound. Similar to previous findings (29), we found that
697-R cells were less sensitive to silvestrol inhibition than 697 cells (26 vs 3.5nM of 1Csg,
respectively; Fig. 3A). Surprisingly, DDR- and Roc-treated 697-R cells exhibited 1Csq
values very similar to those of parental 697 cells (4 vs 3nM of I1Cs5q respectively, for DDR
and 15 vs 8nM of 1Csg, respectively, for Roc; Figs. 3B and 3C). Also, we observed that
various MPNST cell lines expressed different levels of MDR1 protein (Supplementary Fig.
S4). For example, ST8814 cells expressed a higher level of MDR1 than STS26T cells.
Curiously, both cell lines showed similar sensitivity to growth inhibition by DDR and Roc
(Table 1 and Supplementary Fig. S1). Together, these results indicate that these
rocaglamides are no longer sensitive to MDR1 inhibition.

To examine the oral bioavailability, we conducted PK studies to compare mice that had been
dosed with Roc at 5mg/kg via the 1V, IP, or PO route, followed by measuring Roc
concentrations in blood samples collected at various times post dosing. Two separate studies
with three mice at each time point for each dosing route were conducted. The maximum
mean observed concentration (Cpax) reached ~11uM for the 1V route, ~4uM for the IP
route, and ~0.8uM for the PO route (Fig. 4A). Areas under the plasma concentration-time
curves (AUCq-7p) produced 245uM*min of exposure in the IV route and 142uM*min of
exposure in the PO route. The concentrations of Roc appeared to decline more slowly in the
plasma over 24h (T.,=2.4h) with the PO route compared to those dosed by the IV route
(T+,=1.5h). Based on the estimation from AUCq-75, Roc exhibited ~50% oral bioavailability,
confirming improved bioavailability of Roc over silvestrol.

Roc, when administered intraperitoneally or orally, exhibits potent anti-tumor effects in an
orthotopic MPNST model

To evaluate the /n vivo activity of Roc, we treated NSG mice bearing luciferase-expressing
ST8814-Luc tumors implanted in the sciatic nerve with Roc at the predetermined MTD
(4mg/kg by IP or 1.2mg/kg orally), or HPBCD vehicle every other day. As shown in Figs.
4B/AC, tumor bioluminescence from vehicle-treated mice steadily and rapidly increased by
>10,000-fold over four-week treatment. In contrast, tumor bioluminescence from mice
treated with Roc by IP only increased by an average of <10-fold, showing >99% reduction
in tumor luminescence compared to controls. Similarly, Roc, when administered orally, also
exhibited potent tumor inhibition with bioluminescence decreasing by >95%. In addition, we
did not observe any significant changes in body weight of animals treated with the indicated
doses of Roc, compared with vehicle-treated controls (Supplementary Fig. S5).

Histological analysis revealed that while MPNSTS treated with HPBCD vehicle for four
weeks had large nuclei with prominent nucleoli and displayed active mitotic figures (Fig.
4D, top left panel), tumors treated with Roc by IP had pleomorphic nuclei with abundant
foamy cytoplasm resembling histiocytoid degenerative changes (top middle panel). A few
enlarged tumor cells with multinucleated appearance and scattered apoptosis were present.
Degenerative changes and cell death were also observed in tumors treated with orally-
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delivered Roc (top right panel). Consistent with Go/M arrest, tumor cells treated with IP- or
orally-delivered Roc exhibited much higher prevalence of phospho-histone H3 labeling
compared to vehicle-treated tumors (middle panels). In addition, Roc-treated tumors
displayed increased numbers of cleaved caspase-3 positive cells which often coincided with
those with multinucleated-like appearance (bottom panels). Taken together, these results
indicate that Roc has oral bioavailability and possesses potent /n vivo efficacy against
MPNSTSs.

Roc and DDR have broad antitumor activity against common types of pediatric sarcoma

Since MPNSTSs comprise only ~2% of all sarcomas (34), we expanded our testing of Roc
and DDR to three other types of sarcomas more prevalent seen in children and young adults:
Ewing sarcoma, osteosarcoma, and rhabdomyosarcoma. Using a series of commonly-used
cell lines, including two Ewing sarcoma cell lines (A673 and TC32), four osteosarcoma cell
lines (143B, MG-63, Saos2, and OS17), and one rhabdomyosarcoma cell line (RD), we
showed that, as in MPNST cells, both rocaglamides were highly active against all of these
sarcoma cell lines (Supplementary Figs. S6A-C). Also, we observed that DDR consistently
exhibited lower 1Cgq values than Roc in every sarcoma cell line tested.

Subsequently, we evaluated the /77 vivo activity of Roc using PDX models for a Ewing
sarcoma, an osteosarcoma, and an alveolar rhabdomyosarcoma. We discovered that Roc was
highly potent in suppressing the growth of Ewing sarcoma PDXs and inhibited tumor growth
by an average of ~90% over four-week treatment (Fig. 5A). Similarly, the average size of
Roc-treated osteosarcoma PDX tumors was reduced by ~80% compared to those of vehicle-
treated tumors (Fig. 5B). Also, Roc inhibited the growth of rhabdomyosarcoma PDXs by
~70% (Fig. 5C). Notably, the volumes of tumors in individual Roc-treated mice showed very
little overlap with those in vehicle-treated mice, particularly for the Ewing sarcoma and
osteosarcoma PDX models (Fig. 5). Together with the findings from the MPNST model,
these results demonstrate that Roc displays significant antitumor effects against multiple
types of sarcoma.

Rocaglamides decrease multiple signaling kinases and transcription factors important for
sarcoma cell growth

To further examine the molecular mechanisms underlying the antiproliferative effects of
rocaglamides, we treated TC32 Ewing sarcoma, 143B osteosarcoma, and RD
rhabdomyosarcoma cells with one- or two-1Csq dose of DDR or Roc for 1-2 days followed
by Western blotting for several known drivers of cell survival and proliferation. Interestingly,
we found that these rocaglamides reliably reduced the levels of the B subunit of IGF-1R, an
upstream activator of PI3BK-AKT signaling, in all three sarcoma cell lines (Figs. 6A-C). We
also observed reduction of the IGF-1Rp levels in rocaglamide-treated MPNST cells
(Supplementary Fig. S7). In addition, both rocaglamides decreased the levels of AKT,
ERKSs, cyclin D1 and survivin in treated TC32, 143B, and RD cells (Fig. 6). Intriguingly, the
oncogenic fusion protein EWS-FLI1, which act as an aberrant transcription factor in Ewing
sarcoma (35), was not affected in Roc- and DDR-treated TC32 Ewing sarcoma cells (Fig.
6A). Consistent with this observation, these rocaglamides did not inhibit EWS expression in
143B osteosarcoma and RD rhabdomyosarcoma cells (Figs. 6B/C). However, the levels of
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lysine demethylase 1 (LSD1), which modulates EWS-FLI1 transcriptional activity (36), and
NKX2.2, an EWS-FL11-regulated gene necessary for oncogenic transformation (37), were
diminished by these rocaglamides in TC32 cells (Fig. 6A). Collectively, these results suggest
that rocaglamides potently suppress sarcoma growth by decreasing multiple key signaling
proteins important for tumor growth and survival.

Comparative toxicology studies in canines show that Roc does not induce pulmonary
toxicity found with silvestrol

As the next part of the standard process for developing compounds as candidates for human
evaluation, a toxicology study in dogs was conducted through a contractor of the NCI
Experimental Therapeutics program. Unexpectedly, silvestrol was found to cause massive
lung damage, while Roc did not produce adverse pulmonary findings when tested on the
same protocol at the same lab. Further details are contained in the online summary reports
for both silvestrol and Roc at: https://dtp.cancer.gov/publications/
silvestrol_rocaglamide_studies.pdf.

Discussion

For decades, treatments for MPNSTSs and other sarcomas have remained largely unchanged
with current standard of care combining surgical resection with intensive multi-agent
chemotherapy (1,34,38,39). Radiation may be used depending upon the tumor type and
clinical presentation. While this multidisciplinary treatment strategy may help local control,
it is not effective for metastatic and recurrent disease. Also, these multimodal regimens are
associated with considerable acute and long-term toxicities that impact patients’ quality of
life. Despite recent advances in understanding tumor biology and targeted therapy
development, an FDA-approved medical therapy for the treatment of these malignancies is
still not available. We previously showed that elF4A is a vulnerable point of disruption in
MPNSTSs and that the elF4A inhibitor silvestrol potently suppresses MPNST growth (16).
Regretfully, silvestrol exhibited an unexpected pulmonary toxicity in dogs and its further
development as a cancer therapy was suspended (DM Lucas, MA Phelps, AD Kinghorn, M
Grever, in preparation). We have identified two rocaglates lacking the dioxanyl ring, Roc and
DDR, with better drug-like properties than silvestrol and possessing antitumor efficacy in
multiple sarcoma models, including MPNST. Most critically, Roc did not induce the toxicity
found in dogs with silvestrol under the same conditions.

Our side-by-side comparison of 10 rocaglates lacking the bulky dioxanyl ring present in
silvestrol has allowed us to discern certain structure-activity relationships, particularly the
C-8b, C-2, and C-6 positions along the cyclopenta[ 6]benzofuran core. Consistent with
previous reports (22,40), the hydroxy group at the C-8b position is essential for
antiproliferative activity. This finding is consistent with the crystal structure of Roc
complexed with elF4A and polypurine RNA, which reveals hydrogen bonding between the
8b-OH of Roc and a guanine base in the RNA (41). Also, the phenyl rings A and B of Roc
parallel stack with RNA bases, which may explain our finding that adding a methylenedioxy
group to ring B modestly improved the growth inhibitory activity of rocaglates with
methylated 8b-OH (Fig. 1). It is possible that this methylenedioxy ring may enhance the
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affinity of the rocaglates to the elF4AA-RNA complex, partially compensating for the loss of
8b hydrogen bonding.

Among the rocaglates lacking the dioxanyl ring that we evaluated, DDR was the most
potent, suggestive of the importance of having a simple primary amide group at the C-2
position. While the presence of a dioxanyl ring instead of a methoxy group at the C-6
position enhances the potency of silvestrol compared with methyl rocaglate (22,42), our data
indicated that this ring is not required for cytotoxicity. However, it appears to play an
important role in MDR1-induced resistance as Roc and DDR are no longer susceptible to
this inhibitory effect. Consistent with this notion, we detected a higher level of MDRL1 in
ST8814 MPNST cells than that in STS26T cells (Supplementary Fig. S4), while the 1Cgq
values of Roc and DDR in ST8814 cells were similar to those in STS26T cells (Table 1 and
Supplementary Fig. S1). The MDRL1 transporter binds to silvestrol and is thought to limit its
oral bioavailability (29). Our PK analysis demonstrating 50% oral bioavailability of Roc, a
>25-fold improvement over silvestrol, confirms this prediction and strongly suggests a
possible interaction of MDR1 with the dioxanyl moiety. The observed oral bioavailability of
Roc allows a greater flexibility for dosing. More importantly, we found that Roc, when
administered intraperitoneally or orally, showed potent anti-tumor effects in an orthotopic
MPNST CDX mouse model and effectively suppressed the growth of PDX models for
Ewing sarcoma, osteosarcoma, and rhabdomyosarcoma.

Like silvestrol, rocaglamides exert their potent growth-inhibitory and antitumor activities
mainly through inhibition of elF4A and protein translation (43,44). Consistently, we
observed that Roc and DDR decreased the levels of multiple signaling proteins important for
tumor growth and survival, leading to G,/M cell cycle arrest and activation of executioner
caspases. In addition to AKT and ERKSs, rocaglamides reduced the levels of IGF-1R in all
sarcoma cell lines tested. This decrease in IGF-1R expression, coupled with the
simultaneous inhibition of AKT and ERKS, likely results in superior inhibition of IGF-1
signaling compared to the simple blockade at the receptor level. Our results further suggest
that IGF-1R may serve as a biomarker for responsiveness to rocaglamides in sarcomas.

It should be noted that the effects of translation inhibition mediated by elF4A are different
from those by elF4E, which can be activated by the AKT/mTOR pathway, a commonly
deregulated event in sarcomas (18). The mTOR inhibitor, rapamycin and its analogs, and
mTOR kinase inhibitors only cause cytostatic effects and tumor stabilization (45). Also,
blocking mTOR signaling is associated with activation of bypass signaling pathways that
can restore critical survival signals, enabling tumor regrowth. Inhibition of elFAE tends to
decrease translation of the mRNAs with 5’ terminal oligopyrimidine tracts, which encode
ribosomal proteins, elongation factors, lysosomal-related and metabolic-related proteins.
However, the elF4A activity is more critical in unwinding the mRNAs with long 5’-UTRs
that can form G-quadruplexes, such as AKT and /GF-1R (15,20). In addition, some
transcripts, e.g., c-MY(, are translated from internal ribosomal entry sites that do not
require the cap binder elF4E and are insensitive to elFAE inhibition (46). Thus, blocking
elF4A may have a stronger effect on tumor growth and survival.
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Ewing sarcoma is frequently driven by the chimeric fusion oncogene EWS-FL/1due to a
chromosomal translocation that fuses an RNA-binding protein, EWSRL1, with the FLI1
transcription factor (35). Surprisingly, we found that the levels of EWS-FLI1 remained
unchanged in rocaglamide-treated Ewing sarcoma cells (Fig. 6A). As a ubiquitously
expressed protein, the EWSR1 levels were also not affected in other types of sarcoma cells
treated with rocaglamides (Figs. 6B/C). In contrast, the levels of the epigenetic modulator
LSD1, a protein needed for optimal activity of the EWS-FLI1 transcriptional complex (36),
and a key EWS-FLI1 downstream target NKX2.2, a homeobox transcription factor
implicated in development (37), were diminished by DDR and Roc treatment (Fig. 6). Upon
inspection of these genes, we noted that the £WSR1 transcript has a very short 5’-UTR,
while the mRNASs for NKX2.2and LSD1/KDMI1A contain longer G+C-rich 5’-UTRs.
Therefore, we hypothesize that the NKX2.2and LSD1/KDM1A transcripts are elF4A-
dependent.

Intriguingly, prior to caspase activation, rocaglamide-treated MPNST cells exhibited
increased -yH2A. X, suggesting that DNA damage may be a key underlying cause of the
apoptosis seen at later time points. Rocaglamides may affect prohibitin-mediated ERK
activation, cause the disruption of mitochondrial integrity, and/or promote the generation of
reactive oxygen species (47,48). Alternatively, they may affect translation of the proteins
responsible for DNA replication and repair, resulting in stalled replication forks or
inadequate repair of DNA damage. We are presently examining these possibilities.

Roc was the first member of the cyclopenta[ 5]benzofuran class identified as a novel
antileukemic agent from Aglaia elliptifolia by King et al. (49). It is worth mentioning that
the structures of Roc and DDR are simpler than silvestrol; therefore, they should be more
amenable to chemical synthesis (50). As DDR exhibited higher /n vitro potency against
various types of sarcoma cells than Roc, we anticipate that DDR will have superior anti-
tumor efficacy. Experiments are in progress to compare these rocaglamides in various
sarcoma animal models.

In summary, we have demonstrated that Roc and DDR, as elF4A inhibitors, simultaneously
suppressed multiple growth-promoting signaling pathways and induced apoptosis in tumor
cells. Roc was no longer sensitive to MDR1 inhibition. It was orally bioavailable and
exhibited potent anti-tumor effects in multiple sarcoma models with no overt toxicity. These
promising results indicate that these rocaglamides merit further investigation as treatments
for patients with MPNSTSs and other sarcomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Silvestrol 3’,4’-methylenedioxyrocaglaol 3',4’-methylenedioxyrocaglate

ICs = 10 NM (MW = 654) 5000 nm MW =462) 1300 nm MW =520)

Rocaglaol Methyl rocaglate 4’-demethoxy-3’,4’- Methyl 4’-demethoxy-3’,4’-
(MW = 434) (MW = 492) methylenedioxyrocaglaol methylenedioxyrocaglate
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8b-O-methylrocaglaol Didesmethylrocaglamide Methyl 8b-O-methylrocaglate Rocaglamide (MW = 506)
(MW = 448) (MW = 477) (MW = 506)
>20,000 nM 5 nM 210,000 nM 15 nM

Figure 1. I dentification of didesmethylrocaglamide and rocaglamide with potent growth-
inhibitory activity comparableto silvestrol.

The structure of each rocaglate is shown along with its ICsq value in STS26T MPNST cells
as determined in Table 1. Structure-activity comparison revealed that the dioxanyl
(dioxanyloxy) ring is dispensable but may enhance the cytotoxicity of rocaglates. An
unmethylated C-8b hydroxyl group (arrow) and the amide functionality (rectangle) of
didesmethylrocaglamide and rocaglamide are important for optimum antiproliferative
activity, while methylation of the C-8b hydroxyl group (oval) substantially impaired the
activity.
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Figure 2. DDR and Roc increase caspase and PARP cleavage and elevate the levels of yH2A.X
while decreasing AKT and ERK expression in MPNST cells.

(A) Protein lysates prepared from STS26T cells treated for 3 days with 1- or 2-1Cgg of DDR
or Roc were analyzed by Western blots for full-length and cleaved caspase-3/7 and PARP, as
well as AKT and ERK1/2. GAPDH served as a loading control. (B) Protein lysates from
STS26T cells treated for 1 and 2 days with 1- or 2-I1Cgy of DDR were probed for the
expression of phosphorylated H2A.X (yH2A.X). As a positive control, lysates from
HMS-97 human malignant schwannoma cells irradiated with 4 Grays (Gy) of X-ray were
used.
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Figure 3. Unlike silvestrol, DDR and Roc inhibits proliferation of M DR1-overexpressing 697-R
leukemic cells at | Csg values similar to parental 697 cells.

Cell proliferation was measured on 697-R and 697 cells treated for 3 days with various
concentrations of silvestrol (A), DDR (B), and Roc (C). Each treatment was performed in
six replicates, and each experiment was repeated twice. Shown are representative dose-
response growth inhibition curves for all three drugs from experiments run in parallel. The
insets show the ICsq values for each compound.
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Figure 4. Roc has 50% oral bioavailability and potently suppressesthe growth of orthotopic
MPNST xenogr afts.

(A) Plasma concentration-time profiles of Roc were obtained by PK analysis according to
Methods. The mean concentration of Roc with standard deviation (SD) in mouse plasma for
each time point after 1V, IP, and PO administration was plotted. For each dosing route, two
independent studies were performed. (B) Shown are representative BL images of ST8814-
Luc MPNST-bearing mice prior to (PreTx) and 4 weeks (wks) after treatment with Roc at
4mg/kg by IP, 1.2mg/kg by PO, or HPBCD vehicle every other day. (C) The relative tumor-
emitted BL signals were denoted as % of total flux after treatment relative to the total flux
prior to treatment designated as one (100%). The data are shown as mean + SD. For each
treatment group, at least 7 mice completed the full treatment schedule. Note that tumor
bioluminescence from vehicle-treated mice rapidly increased by an average of ~17,000-fold
over four weeks. However, tumor bioluminescence from the Roc IP group grow only by ~3-
fold and from the Roc PO group increased ~470-fold on average. (D) H&E staining show
that while vehicle-treated xenografts contained large vesicular nuclei with prominent
nucleoli and mitotic activity, tumors treated with Roc by IP had pleomorphic nuclei and
many enlarged tumor cells had abundant foamy cytoplasm resembling histiocytoid
degenerative changes along with scattered apoptosis (top panels). Degenerative tumor cells
were also present in tumors treated with orally-delivered Roc. Tumor necrosis with necrotic
debris separating mostly degenerative tumor cells with viable vasculature was also observed.
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Immunostaining revealed abundant phospho-histone H3 (pH3)-labeled cells in Roc-treated
tumors compared to vehicle-treated tumors (middle panels). Increased numbers of cleaved
caspase-3 (CC3)-positive cells were detected in Roc-treated tumors (bottom panels).
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Figure 5. Roc exhibits potent anti-tumor effectsin multiple sarcoma PDX models.
Mice with growing Ewing sarcoma (A), osteosarcoma (B), and rhabdomyosarcoma (C)

PDXs were treated with 3mg/kg of Roc or HPBCD vehicle by IP every other day. Tumor
diameters were measured twice weekly and volumes calculated according to Methods. The
normalized tumor volume, denoted as the ratio of the calculated tumor volume after
treatment relative to the volume prior to treatment designated as one, was plotted as the
mean tumor volume of the entire treatment group at each time point with SD (A, C, and E).
The calculated tumor volume for each individual mouse over time was also plotted (B, D,
and F).
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Figure 6. DDR and Roc reduce multiple signaling proteinsimportant for sarcoma cell growth
and survival.

Protein lysates from TC32 Ewing sarcoma (A), 143B osteosarcoma (B), and RD
rhabdomyosarcoma (C) cells treated for 1 and 2 days with the indicated concentrations of
DDR or Roc were analyzed by Western blotting for various oncogenic driver proteins.
GAPDH was used as a loading control.
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