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Abstract

Introduction—BMN 673 is a potent inhibitor of poly-ADP ribose polymerase (PARP) that is in
clinical testing with a primary focus on BRCA-mutated cancers. BMN 673 is active both through
inhibiting PARP catalytic activity and by tightly trapping PARP to DNA at sites of single strand
breaks.

Methods—BMN 673 was tested in vitro at concentrations ranging from 0.1 nM to 1 uM and in
vivo at a daily dose of 0.33 mg/kg administered orally twice daily (Mon-Fri) and once daily on
weekends (solid tumors) for 28 days.

Results—The median relative 1Csq (rlCsg) concentration against the PPTP cell lines was 25.8
nM. The median rICsgq for the Ewing cell lines was lower than for the remaining cell lines (6.4
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versus 31.1 nM, respectively). In vivo BMN 673 induced statistically significant differences in
EFS distribution in 17/43 (39.5%) xenograft models. Three objective regressions were observed: a
complete response (CR) in a medulloblastoma line (BT-45), a maintained CR in a Wilms tumor
line (KT-10), and a maintained CR in an ependymoma line (BT-41). BMN 673 maintained its high
level of activity against KT-10 with a 3-fold reduction in dose. KT-10 possesses a truncating
mutation in PALB2 analogous to PALB2 mutations associated with hereditary breast and ovarian
cancer that abrogate homologous recombination (HR) repair.

Conclusions—The PPTP results suggest that single agent BMN 673 may have limited clinical
activity against pediatric cancers. Single agent activity is more likely for patients whose tumors
have defects in HR repair.
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Introduction

The observation that cancer cells defective in homologous recombination as a consequence
of BRCA1 or BRCA2 mutations are hypersensitive to inhibitors of poly-ADP ribose
polymerase (PARP) has spurred the development of PARP inhibitors. Early clinical trials
have demonstrated a high frequency of tumor responses in BRCA-mutant patients [1,2]. In
the absence of functional homologous recombination, cells become dependent upon Base
Excision Repair (BER) for repair of single strand DNA breaks and repair of apurinic sites
within DNA. PARP-1 and -2 play an essential role in BER, and enhanced cytotoxicity
associated with PARP inhibition correlates closely with PARP-1 binding to the 5/-
deoxyribose phosphate group-containing BER intermediate [3]. PARP binds damaged DNA
even in the presence of an inhibitor, and it is considered that the inactive-DNA-bound
PARP-1 is persistent, inhibiting the BER process. Inhibition of PARP-1 catalytic activity
results in trapping of the enzyme on DNA, as catalytic inhibitors prevent dissociation of
PARP from DNA that is required for completion of DNA repair [4]. The cytotoxicity of
inhibited PARP-bound to DNA is linked to formation of replication-dependent DNA double
strand breaks and induction of both p53-dependent and p53-independent cell death [5].

At least seven PARP inhibitors are in clinical development. BMN 673, (8S,9R)-5-fluoro-8-
(4-fluorophenyl)-9-(1-methyl-1H-1,2,4-triazol-5-yl1)-8,9-dihydro-2H-pyrido[4,3,2-
de]phthalazin-3(7H)-one), is a potent PARP-1/2 inhibitor (PARP-1 I1Csq = 0.57 nmol/L).
Inhibition of PARP-1 and -2 is stereospecific, with one of the trans isomers being a potent
inhibitor whereas the other isomer is relatively inactive (ICgg > 100nM) [6,7]. The
selectivity, and lack of off-target effects for BMN 673 were shown by the lack of
cytotoxicity in PARP- deficient DT40 cells (that lack PARP-2), whereas wild type DT40
cells were sensitive to nanomolar concentrations of drug [7]. Like other PARP inhibitors
such as rucaparib, veliparib, and olaparib, BMN 673 shows inhibition of PARP catalytic
activity at nanomolar concentrations [7], but the cytotoxic potency of BMN 673 exceeds that
of these other PARP inhibitors by a factor of 10-fold or greater [7]. BMN 673 has completed
its phase 1 evaluation with a recommended phase 2 dose of 1 mg/day and with the primary
dose-limiting toxicity being thrombocytopenia [8]. Impressive antitumor activity was
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observed in BRCA-mutated patients with ovarian cancer and breast cancer [8], and a phase 3
clinical trial is evaluating BMN 673 for patients with germline BRCA mutations and locally
advanced and/or metastatic breast cancer (NCT01945775).

Recently, it was demonstrated that Ewing sarcoma cell lines are hypersensitive to PARP
inhibition [9], although the mechanism for sensitivity remains unclear. This spurred interest
in testing a PARP inhibitor against the in vitro and in vivo panels of the Pediatric Preclinical
Testing Program (PPTP). Because of its potency and specificity for PARP-1/2 inhibition,
BMN 673 was chosen for testing.

Materials and Methos

In vitro testing—In vitro testing was performed using DIMSCAN, a semiautomatic
fluorescence-based digital image microscopy system that quantifies viable (using fluorescein
diacetate [FDAY]) cell numbers in tissue culture multiwell plates [10]. Cells were incubated
in the presence of BMN 673 for 96 hours at concentrations from 0.1 nM to 1 pM and
analyzed as previously described [11].

The Relative In/Out (1/0)% values compare the relative difference in final cell number
compared with the starting cell number for treated cells and for control cells calculated as
follows: (Observed Y min—Y0)/(100-Y) if Observed Y min>Yo; and (Observed Y min—Yo)/
(Yo) if Observed Y min<Predicted Ymin). Yo is an estimate of the starting cell number
derived from determinations of the doubling time for each cell line. Relative 1/0% values
range between 100% (no treatment effect) to -100% (complete cytotoxic effect), with a
Relative 1/0% value of 0% being observed for a completely effective cytostatic agent.

In vivo tumor growth inhibition studies—Mouse strains used to propagate solid
tumors, glioblastomas and acute lymphoblastic leukemias, and methods for assessing tumor
response have been described previously [12-14]. Female mice were used irrespective of the
patient gender from which the original tumor was derived. All mice were maintained under
barrier conditions and experiments were conducted using protocols and conditions approved
by the institutional animal care and use committee of the appropriate consortium member.
Eight (leukemias) or 10 (solid tumors) mice were used in each control or treatment group.
An in-depth description of the analysis methods is included in the Supplemental Response
Definitions section (see Supplemental Materials).

Statistical Methods—The exact log-rank test, as implemented using Proc StatXact for
SAS®, was used to compare event-free survival (EFS) distributions between treatment and
control groups. P-values were two-sided and were not adjusted for multiple comparisons
given the exploratory nature of the studies. The Mann-Whitney test was used to test the
difference of medians of rICsg values between the groups of lines with high and low
SLFN11 expression levels. The Pearson correlation coefficient for the correlation between
SLFN11 expression and rICsq or Relative 1/0% was determined using GraphPad Prism 6.03.
SLFN11 expression is from Affymetrix U133 Plus 2.0 arrays (probeset 226743 _at) as
previously described [15].
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Drugs and Formulation—BMN 673 was provided to the Pediatric Preclinical Testing
Program by the Biomarin Pharmaceutical Inc., through the Cancer Therapy Evaluation
Program (NCI). BMN 673 was formulated in dimethylacetamide, Solutol HS15, phosphate
buffered saline (10:5:85) and stored up to 7 days at 4°C. The solution was brought to
ambient temperature and vortexed prior to oral dosing (P.O.). BMN 673 was administered
twice daily (BID) at a daily dose of 0.33 mg/kg for 5 days (Monday-Friday), and once daily
at weekends (solid tumors). BMN 673 was provided to each consortium investigator in
coded vials for blinded testing.

BMN 673 in vitro testing

BMN 673 was tested against the PPTP's in vitro cell line panel at concentrations ranging
from 0.1 nM to 1 uM. The median relative 1Cgq value for the PPTP cell lines was 25.8 nM,
with a range from 3.7 nM (TC-71, Ewing sarcoma) to >1000 nM (BT-12, CHLA-266
rhabdoid tumor lines). The median rlICsq for the Ewing cell lines was lower than for the
remaining cell lines (6.4 versus 31.1 nM, respectively, p=0.06), and 3 of 4 Ewing cell lines
showed 3.5 to 7.7-fold greater sensitivity to BMN 673 compared to the panel median
sensitivity (Table I).

BMN 673 demonstrated cytotoxic activity against some cell lines, as evidence by Y min
values approaching 0% and Relative 1/0% values approaching -100%. This evidence for a
cytotoxic effect was most prominent for the ALL and Ewing cell lines (e.g. NALM-6,
MOLT-4, CHLA-9, and TC-71). By contrast, the rhabdomyosarcoma cell lines have
Relative 1/0% (Observed) values near 0%. The Relative 1/0% based on Hill equation Y pin
estimates are similar to the observed Relative 1/0% values, consistent with a plateau effect
for BMN 673 at higher concentrations.

Schlafen-11 (SLFN11) expression shows a highly significant positive correlation with the
response of adult cancer cell lines to multiple classes of cytotoxic agents, including
topoisomerase-1 inhibitors, topoisomerase-2 inhibitors, alkylating agents, and DNA
synthesis inhibitors [16]. More recently this relationship between cell line sensitivity and
SLFN11 expression has been extended to PARP inhibitors [17]. For the PPTP cell lines,
SLFN11 expression was not significantly correlated to the BMN 673 potency as measured
by rICso (R2=0.11, p=0.11). However, SLFN11 expression was significantly correlated to
the Relative 1/0% value (R?=0.26, p=0.01) (Figure 1A). Another way of addressing the
relationship between Relative 1/0% values and SLFN11 expression is to examine the
Relative 1/0% values for low expressing (< median) and high expressing (> median) cell
lines. Cell lines with high expression of SLFN11 show near complete cytotoxicity (median
Relative 1/0% = -88%) while those with low expression show significantly higher Relative
1/0% values consistent with cytostasis (median Relative 1/0% = +4%) (p=0.006) (Figure
1B). The Ewing cell lines show significantly higher median SLFN11 expression values
compared to the non-Ewing cell lines (p=0.02).
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BMN 673 in vivo testing

BMN 673 was tested against the PPTP solid tumor xenografts using a daily dose of 0.33
mg/kg administered BID weekdays and SID on weekends by the P.O. route for 28 days. For
ALL models the daily dose was 0.33 mg/kg administered BID (Monday-Friday). The total
planned treatment and observation period was 6 weeks. BMN 673 was generally well
tolerated, with only a 2.2% (8/363) toxicity rate in the solid tumor treated groups compared
to 0.3% (1/356) toxicity in control animals. For the ALL xenografts, the toxicity rate for
treated animals was 0% (n=71). Forty-four of the 45 tested xenograft models were
considered evaluable for efficacy. Complete details of testing are provided in Supplemental
Table I.

BMN 673 induced statistically significant differences in EFS distribution compared to
control in 17 of 35 (48.6%) of the solid tumor xenografts evaluable for this measure and in O
of 8 (0%) of the evaluable ALL xenografts Table II. For those xenografts with a significant
difference in EFS distribution between treated and control groups, the EFS T/C activity
measure additionally requires an EFS T/C value of > 2.0 for intermediate activity and
indicates a substantial agent effect in slowing tumor growth. High activity additionally
requires a reduction in final tumor volume compared to the starting tumor volume. BMN
673 induced tumor growth inhibition meeting criteria for intermediate/high EFS T/C activity
in 2 of 32 (6.3%) solid tumor xenografts evaluable for this measure. These were the Wilms
tumor xenograft KT-10 and the rhabdoid tumor xenograft KT-16. For the ALL panel, no
xenografts met criteria for intermediate/high activity. The in vivo testing results for the
objective response measure of activity are presented in Figure 2 in a *heat-map’ format as
well as a ‘COMPARE’-like format, based on the scoring criteria described in the
Supplemental Response Definitions section. The latter analysis demonstrates relative tumor
sensitivities around the midpoint score of 5 (stable disease).

KT-10, the medulloblastoma line BT-45, and the ependymoma line BT-41, had MCR, CR,
and MCR responses, respectively. BT-41 is a slow-growing xenograft, and the relative
tumor volume (RTV) of treated animals decreased to 0.4 at the end of the 6 week treatment/
observation period while the control tumor volume only increased to a relative tumor
volume (RTV) of 1.7 during the same time period. To further evaluate the response of
KT-10 to BMN 673, a dose-response evaluation was performed using daily doses of 0.33,
0.2 and 0.1 mg/kg. All 3 dose levels produced complete responses to 4 weeks of treatment
that were maintained for an additional 8 week observation period (Figure 3).

Genomic testing results

Gene mutation profiles of KT-10 and BT-45 were examined to identify genomic factors that
might explain the responsiveness of these xenografts to BMN 673 (Supplemental Table I1).
Gene sequencing methods are provided in the supplemental materials. For BT-45, mutations
expected for the WNT subtype of medulloblastoma are observed, including a CTNNB1
mutation (G34R) and a TP53 mutation (R248W) [18,19]. For KT-10, the key finding is a
frameshift mutation in Partner And Localizer of BRCA2 (PALB2) (c.3323delA leading to
p.Y1108fs and to subsequent creation of a p.Stop(*)1122). The nucleotide and amino acid
sequence of the normal and mutated PALB2 are shown in Supplemental Table I11. The
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mutation occurs in exon 12 of PALB2 and is homozygous or hemizyous as virtually all
PALB?2 reads are for the mutated rather than the wild type allele. Figure 4 shows the

Y 1108fs mutation identified for KT-10 xenografts as well as other cancer or Fanconi anemia
associated PALB2 mutations reported in the literature, nonsense or frameshift mutations are
commonly observed. Of specific relevance to the KT-10 mutation, those that lead to loss of
the WD40 domains in the C-terminus of the protein block the ability of PALB2 to associate
with BRCA2 and are associated with Fanconi anemia and non-BRCAL/BRCAZ2 hereditary
breast cancer [20-23]. The c.3323delA (Y1108fs) mutation has been reported in a child with
Fanconi anemia who developed Wilms tumor [22].

Discussion

Single agent activity for PARP inhibitors has been reported in patients with BRCA-mutant
breast cancer [1]. Relative to other cancer cell lines Ewing sarcoma cells were also reported
to be sensitive to PARP inhibition, with ICsq values comparable to those for BRCA1 mutant
cell lines [9]. These observations, along with a proposed mechanism for susceptibility of
EWS-FLI1 expressing cancer cells to PARP inhibitors, made us hopeful that we would
observe high level activity for single agent BMN 673 against our Ewing sarcoma models.

BMN 673 is a potent stereo-selective inhibitor of PARP-1 and -2, with a 1Csq against
PARP1 ICsq of 0.57 nM [6]. In vitro, we demonstrated significant cytotoxic potency with 3
of 4 Ewing sarcoma cell lines being more sensitive than the panel median rICsp, whereas
two rhabdoid cell lines were highly refractory. Our results are consistent with the previously
reported preferential sensitivity of Ewing cell lines to the PARP inhibitor olaparib [9].
However, the in vitro sensitivity of the Ewing cell lines to BMN 673 did not translate into in
vivo activity, as five Ewing xenografts showed minimal growth delay to BMN 673. Most
other xenografts tested similarly showed limited response, including the ALL models and
most other solid tumor models. Consistent with the in vivo results presented here, a recent
phase 2 trial of olaparib failed to show significant activity in Ewing sarcoma patients [24].

We extend results of the Pommier laboratory regarding the relationship between SLFN11
expression and the in vitro activity of PARP inhibitors like BMN 673 to childhood cancer
cell lines [17]. Our results showing a primary effect on Relative 1/0% rather than rICsg
suggest that the primary effect of SLFN11 expression is in promoting a cytotoxic rather than
a cytostatic response to PARP inhibition. Among the PPTP cell lines, SLFN11 expression
was significantly higher for the Ewing cell lines providing one mechanism that may
contribute to the preferential response of Ewing cell lines to PARP inhibitors. Loss of
53BP1 has been shown to confer resistance to the PARP inhibitor olaparib in a BRCA-
deficient mouse model of breast cancer, however [25], there was no obvious relationship
between in vitro or in vivo sensitivity with expression levels of 53BP1 or p53 genotype.
Acquired resistance to olaparib has also been associated with overexpression of ABCB1
[26] that encodes the P-glycoprotein drug efflux pump. It is unlikely that the in vivo
resistance to BMN 673 is associated with increased expression of P-glycoprotein, as many
of the tumors that fail to respond to BMN 673 are highly responsive to vincristine and
eribulin [27,28], antimitotic agents that are established P-glycoprotein substrates.
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There were three solid tumors that regressed to treatment with BMN 673, KT-10 (Wilms
tumor) and BT-45 (medulloblastoma) and BT-41 (ependymoma). Of note the former two
tumors were also sensitive to cisplatin [29], while the latter was not tested against cisplatin.
Further testing and molecular analysis of ependymoma xenografts is required to understand
the significance of the BT-41 response. The responses to both BMN 673 and to cisplatin are
suggestive of a defect in homologous recombination (HR) repair [30]. We did not observe
mutations affecting HR repair in BT-45, although we did observe CTNNB1 and TP53
mutations suggesting that this xenograft represents the WNT subtype of medulloblastoma
[31]. The lack of a mutation in an HR repair gene is not necessarily surprising as illustrated
by a recent report for ovarian cancer: while germline or somatic mutation in a HR repair
gene was strongly associate with primary platinum sensitivity (71 of 85, 84%), a substantial
proportion of patients without identified HR repair gene mutations (95 of 158, 60%) showed
platinum sensitivity [30]. Hence, predictive factors for cisplatin sensitivity extend beyond
HR repair gene mutations.

The response of BMN 673 to KT-10 is particularly remarkable, as complete responses
maintained through 4 weeks of treatment and 8 weeks of follow-up were observed at doses
as low as 0.1 mg/kg/day. Consistent with the sensitivity of KT-10 to both BMN 673 and to
cisplatin [30,32,33], we identified a frameshift mutation in KT-10 in the gene, PALB2 [34].
PALB2 binds to both BRCA1 and BRCAZ2, with the former association occurring through
its N-terminal coiled-coil domain and with the latter occurring through its WD40 domains
[23,35-38]. Truncation in the C-terminal end of PALB2 results in loss of its BRCAZ2 binding
ability, leading to defective HR repair and sensitivity to chromosomal breakage induced by
DNA cross-linking agents such as mitomycin C [23]. The presence of biallelic mutations in
PALB?2 leads to Fanconi anemia, and an alias for PALB2 is FANC-N [22,23,39]. Likewise,
mutations in PALB2 that disrupt binding with BRCAZ2 are associated with hereditary breast
cancer [40], and germline truncating mutations in PALB2 are observed in pancreatic cancer
and ovarian cancer [41,42]. The frameshift mutation that we observed in KT-10 has
previously been reported for a patient with Fanconi anemia, confirming the pathogenic
nature of the mutation [22].

Our results suggest that PALB2 mutations will behave similarly to BRCA1 and BRCA2
mutations in inducing synthetic lethality with PARP inhibition. This observation is
consistent with several prior reports describing in vitro sensitivity of PALB2 mutations to
PARP inhibition. A cell line derived from a patient with Fanconi anemia and a biallelic
PALB?2 truncating mutation showed hypersensitivity to the PARP inhibitor olaparib [43,44].
Additionally, a patient with pancreatic cancer and with biallelically inactivated PALB2
showed a favorable response to mitomycin C, consistent with an HR repair defect [45]. Our
report is to our knowledge the first report describing in vivo hypersensitivity of PALB2-
mutated tumors to PARP inhibition.

The observation of a PALB2 mutation in Wilms tumor is consistent with the cancer
spectrum associated with Fanconi anemia. Wilms tumor and medulloblastoma are the
cancers most commonly reported in patients with Fanconi anemia and biallelic PALB2
mutations [22,23]. Children with Fanconi anemia and biallelic BRCA2 mutations who
develop cancer also show a predominance of Wilms tumor and medulloblastoma [46]. We
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do not have data on whether the child from which KT-10 was developed was affected by
Fanconi anemia. A cell line derived from a patient with Fanconi anemia and a biallelic
PALB?2 truncating mutation showed hypersensitivity to the PARP inhibitor olaparib [43].
Thus, therapy with a PARP inhibitor for cancers arising in patients with Fanconi anemia
may not show a therapeutic window as both the host and the cancer will be hypersensitive to
PARP inhibition. This caveat would likely not apply to patients heterozygous for PALB2
mutations who develop cancer as part of a BRCA-like predisposition syndrome.

The data presented suggest that as a single agent BMN 673 may have limited clinical
activity against childhood cancers. The observation of limited single agent activity for BMN
673 against Ewing sarcoma xenografts is consistent with clinical experience with olaparib
[47]. 1t is possible that at dose limiting toxicity (the lethality rate was 2.2% at the dose/
schedule used for solid tumors, and the dose was reduced due to excessive toxicity for the
ALL models), inadequate exposures to BMN 673 were reached in tumor tissue. The in vitro
experiments presented demonstrate increased sensitivity of Ewing sarcoma cell lines relative
to other cancer cell lines. The data do not compare the sensitivity of Ewing cells to cells
from normal tissues. Thus, at least in mice, the failure to elicit responses against Ewing
sarcoma models may reflect a lack of therapeutic index for this agent.

BMN 673 single agent activity is more likely for patients whose tumors have defects in HR
repair such as the PALB2 mutation that we describe, with the activity profile likely
overlapping that of single agent cisplatin. PALB2 mutations represent a small proportion of
hereditary breast, pancreatic, and ovarian cancer cases [40-42], and our results suggest the
potential utility of BMN 673 for these patients. Marked synergy of PARP inhibitors with
temozolomide has been reported [3,48,49], as has the ability of certain PARP inhibitors like
BMN 673 to trap PARP tightly to DNA following exposure of cells to DNA methylating
agents [4,7]. These observations suggest that the combination of BMN 673 with DNA
methylating agents may be more efficacious than single agent BMN 673 for selected
childhood cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Correlation between SLFN11 expression values (x-axis) and Relative 1/0 values

SLFN11 < median SLFN11>median

Page 12

expressed numerically rather than as percents (ranging from -1.0 as complete cytotoxicity to
+1.0 as no treatment effect, with 0 as cytostasis). (B) Median Relative 1/0 values for PPTP

cell lines for lines with low SLFN11 expression (<median) and with high SLFN11

expression (>median).
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Figure 2.

Left: The colored heat map depicts group response scores. A high level of activity is
indicated by a score of 6 or more, intermediate activity by a score of >2 but <6, and low
activity by a score of <2. Right: representation of tumor sensitivity based on the difference
of individual tumor lines from the midpoint response (stable disease). Bars to the right of the
median represent lines that are more sensitive, and to the left are tumor models that are less
sensitive. Red bars indicate lines with a significant difference in EFS distribution between
treatment and control groups, while blue bars indicate lines for which the EFS distributions
were not significantly different.
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Figure 3.
Sensitivity of KT-10 xenografts to BMN 673. A, Control; B, 0.1625 mg/kg BID (M-F) and

0.33 mg/g SID at weekends; C, 0.1 mg/kg BID and 0.2 SID; D, 0.05 mg/kg BID and 0.1
mg/kg SID on weekends. Mice were treated for 28 days.
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Figure4.

Disease-associated mutations in PALB2, including the ¢.3323delA (p.Y1108fs) mutation
observed for KT-10. Frame shift and nonsense mutations are depicted above the PALB2
protein schematic, while missense mutations are shown below. Breast-cancer associated

mutations are shown in purple font, Fanconi anemia mutations in red font, pancreatic cancer

mutations in green font, and ovarian cancer mutations in blue font. A listing of mutations

and references is provided in Supplemental Table IV.
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