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Abstract

Background—The neddylation pathway conjugates NEDDS to cullin-RING ligases and controls
the proteasomal degradation of specific proteins involved in essential cell processes. Pevonedistat
(MLN4924) is a selective small molecule targeting the NEDD8-activating enzyme (NAE) and
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inhibits an early step in neddylation, resulting in DNA re-replication, cell cycle arrest and death.
We investigated the anti-tumor potential of pevonedistat in preclinical models of melanoma.

Methods—Melanoma cell lines and patient-derived tumor xenografts (PDTX) treated with
pevonedistat were assessed for viability/apoptosis and tumor growth, respectively, to identify
sensitive/resistant models. Gene expression microarray and gene set enrichment analyses were
performed in cell lines to determine the expression profiles and pathways of sensitivity/resistance.
Pharmacodynamic changes in treated-PDTX were also characterized.

Results—Pevonedistat effectively inhibited cell viability (1C5¢ <0.3uM) and induced apoptosis in
a subset of melanoma cell lines. Sensitive and resistant cell lines exhibited distinct gene expression
profiles; sensitive models were enriched for genes involved in DNA repair, replication and cell
cycle regulation, while immune response and cell adhesion pathways were upregulated in resistant
models. Pevonedistat also reduced tumor growth in melanoma cell line xenografts and PDTX with
variable responses. An accumulation of pevonedistat-NEDD8 adduct and CDT1 was observed in
sensitive tumors consistent with its mechanism of action.

Conclusions—This study provided preclinical evidence that NAE inhibition by pevonedistat has
anti-tumor activity in melanoma and supports the clinical benefits observed in recent Phase 1 trials
of this drug in melanoma patients. Further investigations are warranted to develop rational
combinations and determine predictive biomarkers of pevonedistat.
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INTRODUCTION

Normal cellular functions such as cell growth, apoptosis and cell cycle require a highly
regulated cascade of intracellular protein degradation through the ubiquitin-proteasome
system (UPS) [1]. This proteolytic process is mediated by the ubiquitin-activating (E1) and
ubiquitin-conjugating (E2) enzymes and ubiquitin ligases (E3), which ultimately result in
the polyubiquitination of the target protein marked for degradation by the proteasome. The
specificity of the degraded protein substrates is conferred by specific subunits of the E3
ligase [2].

Dysregulation of this multi-step degradation pathway and thus protein homeostasis may
contribute to carcinogenesis [2]. In fact, the importance of UPS in cancer has been exploited
in the development of the first proteasome inhibitor bortezomib (VELCADE), which has
proven anti-tumor efficacy and is currently approved for the treatments of multiple myeloma
and mantle cell lymphoma [3, 4]. However, as opposed to inhibiting general proteasomal
degradation with its associated toxicities, there is an interest to more specifically target the
degradation of proteins relevant to tumorigenesis [5]. The cullin-RING ligases (CRLS) are a
family of E3 ubiquitin ligases that consist of a cullin and RING finger protein core with a
substrate recognition model composed of adaptor and receptor proteins such as Skp-1 and F-
box proteins [6]. CRLs have been shown to control the proteasomal degradation of a subset
of biologically important proteins, including cell cycle regulators (e.g. cyclin D, p21), DNA
repair proteins, and key signaling effectors such as B-catenin and Notch [7-9].

Invest New Drugs. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wong et al.

Page 3

NEDDS is an ubiquitin-like protein that modulates the activity of CRLs by covalently
binding to their cullin subunits in a process called neddylation [2, 10-12]. Conjugation of
NEDDS8 to CRLs increases their activity, thus facilitating ubiquitination and proteasomal
degradation of CRL-specific protein substrates [2]. NEDDS itself is activated and conjugated
to its target cullin by a step-wise process analogous to ubiquitination, requiring a
corresponding E1 NEDD-activating enzyme (NAE), as well as NEDD8-specific E2 and E3
enzymes [6]. These and several other proteins play key roles in the neddylation pathway, and
as such, may promote tumorigenesis when their normal function is impaired. In fact, various
components of CRLs have been implicated in the development of cancer, including cullins
and adaptor and receptor proteins [6]. For example, cullin-4A amplification has been
observed in breast cancer [13, 14]. In addition, dysregulation of neddylation is involved in
cholangiocarcinoma [15], prostate [16] and lung cancers [17].

Thus, NAE controls an early step in neddylation and represents a potential therapeutic target
to modulate CRL activity and protein degradation [2]. Pevonedistat (MLN4924) is a
synthesized derivative of N6-benzyl adenosine and a selective small molecule inhibitor of
NAE [18]. The compound structurally resembles adenosine 5’-monophosphate (AMP), a
product of the hydrolysis of adenosine 5’-triphsophate (ATP), which plays a key role in the
enzymatic activity of NAE [18, 19]. The molecular mechanism of action and effects of
pevonedistat were previously described by Soucy et al. [18], who provided the first proof-of-
concept that targeting the neddylation pathway specifically impairs CRL-mediated protein
degradation and has anti-tumor activity in preclinical model systems. Pevonedistat leads to
the accumulation of known CRL substrates such as CDT1 and p27 in HCT-116 cell lines,
which disrupts normal cell cycle progression [18, 20]. In particular, CDT1 is a component of
the origin replication complex involved in the initiation of DNA replication [21], and is
regulated by proteasomal degradation to avoid repeated firing of the replication origin. An
increase in CDTL1 levels results in a phenomenon of DNA re-replication leading to DNA
damage [21].

Moreover, since the CRLs play a role in multiple DNA damage response and cell cycle
pathways [22-24], it is likely that pevonedistat also exhibits additional mechanisms of action
in the cell. In fact, a genome-wide siRNA screen in a melanoma cell line was conducted to
investigate the genes or pathways that contribute to sensitivity to NAE inhibition [25]. This
study identified 154 genes that modulated the anti-tumor activity of pevonedistat, half of
which were involved in critical cell processes including cell cycle, apoptosis, DNA damage
response, and the ubiquitin system (e.g. p53 pathway, BRCAL/2, base excision repair).

Pevonedistat has been demonstrated to promote apoptosis, senescence and autophagy in
various cancer cell lines [18, 20, 26], while it also significantly inhibits tumor growth in
colon and lung cancer cell line murine xenografts at tolerable doses [18]. Furthermore, the
anti-tumor activity of pevonedistat has been confirmed in models of hematologic
malignancies such as acute myeloid leukemia, myeloma and diffuse large B-cell lymphoma
[27-29], as well as various solid tumors including cholangiocarcinoma [15], prostate [16],
lung [17], ovarian [30], liver [31], head and neck cancer [32], and Ewing sarcoma [33].
Finally, pevonedistat also acts a radiosensitizer in pancreatic and breast cancer cells [34, 35].
In light of this preclinical evidence, several Phase 1 trials of pevonedistat have been
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completed in both hematologic [36, 37] and solid malignancies including melanoma [38,
39].

While targeted agents such as BRAF inhibitors for V600E-mutant tumors (e.g. vemurafenib,
dabrafenib) and immunotherapies (e.g. ipilimumab, nivolumab) have improved outcomes in
metastatic melanoma, the overall survival in this population remains limited [40]. This is an
area in need of novel therapies. Intriguingly, in the Phase 1 trial of pevonedistat in advanced
solid tumors [38], patients with melanoma were among those with the longest intervals of
stable disease on study. Three of the 9 melanoma patients enrolled were treated with 7 or
more cycles of pevonedistat, and one maintained stable disease for 6 months [38].
Subsequently, pevonedistat was evaluated in a melanoma-specific Phase 1 trial of 37 patients
with 2 different dosing schedules (schedule A: on days 1, 4, 8, 11 every 21 days, at
50-278mg/m?Z; schedule B: on days 1, 8, 15 every 21 days, at 157mg/m?) [39]. Similar to the
previous Phase 1 trial, there was a significant rate of stable disease in melanoma patients
(48%), while 1 patient achieved a partial response [39].

The results of these recent Phase 1 clinical trials indicate that NAE inhibition may have
potential anti-tumor effects in melanoma. However, the significance of the neddylation
pathway of protein degradation and the biological effects of pevonedistat specifically in
melanoma have not been comprehensively investigated in the preclinical setting. This is the
first study to characterize the preclinical anti-tumor activity of pevonedistat, as well as its
PD effects and predictors of response in a large number of melanoma models including
multiple patient-derived tumor xenografts (PDTX).

MATERIALS AND METHODS

Reagents

Pevonedistat (MW 443.5) was supplied by Millennium Pharmaceuticals, Inc. in lyophilized
form. Pevonedistat was solubilized in 100% DMSQO for /in vitro experiments and in 10%
HPbCD for in vivo experiments.

Cell lines and cell culture

Thirty-five authenticated human melanoma cell lines were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). All cells were grown in Roswell Park
Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum, 1% non-
essential amino acids, 1% penicillin/streptomycin, and 1% Normocin (anti-mycoplasma
agent). Cells were incubated at 37°C in a humidified incubator with 5% CO,. All jn vitro
treatments with the compound were conducted with the use of complete growth media.

Cell viability assay

Cell viability was quantitated using CellTiter-Glo® Luminescent Cell Viability Assay
(Promega Corporation, Madison, WI, US) according to manufacturer instructions.
Subconfluent cells in culture were collected and transferred to 96-well white-walled flat
bottom plates at 1,500-5,000 viable cells in 100ul suspension per well. Cells were incubated
overnight at 37°C, and then exposed to increasing concentrations of pevonedistat up to 3uM

Invest New Drugs. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wong et al.

Page 5

for 72 hrs. Then, 100ul of CellTiter-Glo® reagent was mixed in each well and incubated for
10 min, followed by luminescence detection using a plate reader (BiotekSynergy2,
Winooski, VT, USA). Cell viability curves were derived from the raw luminescent data and
used to determined 1Csq values.

Gene microarray (RNA expression)

From the cell viability assay, cell lines were called sensitive or resistant to pevonedistat
based on the cutoffs of IC5y <0.3uM and >1uM, respectively. Eleven sensitive (SKMEL1,
HMCB, C32, A101D, 451LU, 1205LU, A2058, HS695T, G361, HS294T and SH4) and 6
resistant (HT144, HS394T, MEWO, WM75, COL0829 and SKMEL24) cell lines were
selected for gene expression analysis using the Cancer Cell Line Encyclopedia (CCLE,
GSM36133) and in-house gene expression profiling by the Affymetrix HG-U133 Plus 2.0
microarray platform. In addition, gene expression of 4 cell line xenografts in the
pevonedistat-sensitive (HMCB, A2058, HS294T and SH4) and in the MLN-resistant
(HT144, HS934T, MEWO and SKMEL24) groups were profiled by the Affymetrix HuGene
1.0 ST microarray. Sample preparation and processing procedures were performed as
described in the Affymetrix GeneChip® Expression Analysis Manual (Affymetrix Inc.,
Santa Clara, CA, USA). Gene expression profiles were normalized by the Robust Multiarray
Average method using the Affymetrix Power Tools (APT) for each platform. Multiple probe
sets representing the same gene were collapsed using the maximum expression values, and
common genes across the 2 platforms were identified for further study.

Gene set enrichment analysis (GSEA)

GSEA of the microarray data was done using the GSEA software version 2.0.6 obtained
from the Broad Institute (http://www.broad.mit.edu/gsea) [52]. Gene set permutations were
done 1,000 times for each analysis. We used the nominal P-value and normalized enrichment
score to sort the pathways enriched in the sensitive and resistant phenotypes, where the
pathways were defined by the gene sets from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and BioCARTA databases.

Apoptosis assay

Apoptosis was measured using the Caspase-Glo® 3/7 assay (Promega Corporation,
Madison, WI, USA). One hundred microliters of cell suspension containing 1,500-5,000
cells per well were plated in a 96-well, white-walled tissue culture plate and allowed to
adhere overnight. Media was removed, 100ul of media without and with pevonedistat at
indicated concentrations was added, and cells were incubated for 24 hrs; this was found to
be the optimal duration based on multiple experiments using various other time points.
Following exposure to pevonedistat, 100ul of Caspase-Glo® 3/7 reagent was added, cells
were incubated in the dark for 1 hr, and the plate was read on a plate reader
(BiotekSynergy2, Winooski, VT, USA) using luminescence as the method of detection of
apoptosis measured by relative light units and normalized against the untreated (control)
cells. An increase in luminescence indicated more apoptotic cells.
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Cell line xenografts and patient-derived tumor xenografts (PDTX)

Female 5-6-week-old athymic nude mice were purchased from Harlan Laboratories
(Indianapolis, IN, USA). Animals were allowed to acclimate for at least 7 days before any
handling. All studies were conducted at the University of Colorado Anschutz Medical
Campus in accordance with the National Institutes of Health guidelines for the care and use
of laboratory animals, and animals were housed in a facility accredited by the American
Association for Accreditation of Laboratory Animal Care (3-5 mice per cage).

For cell line xenografts, melanoma cells were harvested in logarithmic growth phase and
resuspended in a 1:1 mixture of serum-free RPMI 1640 and Matrigel (BD Biosciences, San
Jose, CA, USA). Five to ten million cells were injected subcutaneously into the flank of each
mouse using a 23-gauge needle. Mice were monitored daily for signs of toxicity and were
weighed twice weekly. Tumor size was evaluated twice per week by caliper measurements
using the following formula: tumor volume = length x width? x 0.52. When tumors reached
100-300mm3, mice were treated with vehicle or pevonedistat 90mg/kg subcutaneously twice
daily until the end of study. Duration of treatment varied between xenograft models and was
determined by the observed response and maximal tumor size allowed (1,500mm3). Tumor
volume was monitored and expressed as percent of volume on Day 1 for each treatment
group at the time points evaluated. At least 5 xenografts per treatment group (2 tumors per
mouse) were assessed to ensure statistical power and the results were averaged. The effect of
pevonedistat on tumor growth was calculated as % TGl at the end of study, defined as % TGl
= (Tx/Cx) x 100, where Tx = average tumor volume of treated mice on Day X (i.e. end of
study) and Cx = average tumor volume of control mice on Day X. TGl <50% represents
significant growth inhibition.

For PDTX, surgical specimens from patients undergoing resection of a primary or metastatic
tumor at the University of Colorado Hospital were cut into 3-5mm pieces and implanted
subcutaneously with a 10-gauge trochar into the flanks of mice for each patient sample.
After subsequent growth and passage in mice (to 3-6 generations), tumors were excised and
expanded into cohorts for study treatment. Treatment with pevonedistat, monitoring of mice
and measurement of tumor were conducted as described above.

Immunohistochemistry (IHC)

Tumor tissues were harvested from PDTX, formalin-fixed and paraffin-embedded (FFPE).
IHC assays were performed on 5-micron FFPE tumor sections using the Ventana XT® auto-
stainer (Ventana Medical Systems, Tucson, AZ, USA). Antigen retrieval consisted of
incubation with Ventana's CC1 antigen retrieval solution for 20 min. Primary antibody to
pevonedistat-NEDD8 adduct (Millennium Pharmaceuticals, Inc., Cambridge, MA, USA)
was incubated with tissue for 1 hr at 37°C, labeled with biotinylated goat anti-rabbit 1gG
secondary antibody (Vector Laboratories, Burlingame, CA, USA) for 32 min at room
temperature, and detected with horseradish peroxidase (HRP) DAB Map system (Ventana
Medical Systems) followed by hematoxylin and bluing reagent counter-stain (\entana
Medical Systems). Primary antibody to CDT1 (Millennium Pharmaceuticals, Inc.) was
incubated with tissue for 1 hr at room temperature, labeled with UltraMap anti-mouse HRP
multimer secondary antibodies (Ventana Medical Systems) and detected with the
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ChromoMap DAB Kit (Ventana Medical Systems), followed by hematoxylin and bluing
reagent counter-stain. Images were captured at 20x magnification using the ScanScope XT
whole-slide imaging system (Aperio Technologies, Vista, CA, USA).

Statistical analyses

Statistical analyses were performed using GraphPad Prism Software (La Jolla, CA, USA).
For comparisons of 2 groups, the unpaired #test was performed. For correlations, a
Spearman correlation was used. P-values <0.05 were considered statistically significant.

RESULTS

Pevonedistat inhibits cell viability in a subset of melanoma cell lines

In order to assess the ability of pevonedistat to inhibit cell viability /n vitro, a panel of 35
melanoma cell lines was exposed to increasing concentrations of pevonedistat up to 3uM
and analyzed by the CellTiter-Glo® cell viability assay to determine the I1C5q. A wide range
of sensitivity was observed across the cell lines (Figure 1). Cell lines with 1C5q >1uM were
defined as relatively resistant, and based on the distribution of I1Cggs of the remainder cell
lines, those with 1Csq <0.3uM were defined as relatively sensitive. Among relatively
sensitive cell lines, SKMEL-1 was the most responsive to the growth-inhibitory effects of
pevonedistat. Other cell lines had intermediate sensitivities (ICsg 0.3-1uM).

The variability in 1C5ps suggests that there may be a specific genetic profile that predicts
response to pevonedistat in a subset of melanoma cells. Since there was only one sensitive
cell line (HMCB) with wild-type BRAF and all cell lines tested had wild-type KIT and
PIK3CA, it was not possible to assess whether the anti-proliferative effects of the drug were
affected by mutations in these genes, particularly BRAF.

Sensitive and resistant cell lines are characterized by differential gene expression

Next, we assessed the gene expression profiles of several melanoma cell lines by
conventional gene array to see if we could identify an inherent genetic signature associated
with responsiveness to pevonedistat, using the most sensitive (ICsg <0.3uM; n=11) and most
resistant (1ICsq >1uM; n=6) cell lines as the dataset. This analysis identified the genes that
were most upregulated in the sensitive and resistant models (Table 1, Supplementary
Figure 1).

Furthermore, GSEA was performed by mapping the gene expression data against the KEGG
and BioCARTA pathway databases, yielding the pathways relevant in pevonedistat-sensitive
and -resistant cell lines (Supplementary Table 1). The common core genes enriched in the
most sensitive and resistant pathways identified are shown in Supplementary Table 2. For
pevonedistat-sensitive cells, the common core genes enriched in the KEGG and BioCARTA
databases were found to be involved in cell cycle, DNA repair, p53 signaling and
spliceosome (Supplementary Figure 2A and 2B). Conversely, the pevonedistat-resistant
models demonstrated increased expression of genes involved in immune response and cell
adhesion (Supplementary Figure 2C and 2D).
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These results indicate that the sensitivity of melanoma cell lines to inhibition of neddylation
by pevonedistat might be associated with a distinct profile of gene expression and cellular
pathways.

Pevonedistat exhibits variable apoptotic effects in melanoma cell lines

Pevonedistat is known to cause DNA damage and apoptosis. Therefore, we investigated the
impact of pevonedistat on the fold-change in apoptosis compared to vehicle in sensitive
melanoma cell lines (selected based on their IC5gs from the cell viability assay) using the
Caspase-Glo® 3/7 assay (Figure 2). Pevonedistat significantly increased apoptosis in all cell
lines tested compared to vehicle, and a dose-dependent effect was observed in most of the
cell lines examined. However, the degree of pro-apoptotic effect was variable across cell
lines. In HS294T cells in which the greatest induction was observed, apoptosis was
increased by up to 7.3-fold at 0.188uM, 10.8-fold at 0.75uM, and 12.6-fold at 3uM.

Pevonedistat inhibits tumor growth in a subset of melanoma cell line and patient-derived
tumor xenografts

To assess the tumor activity of pevonedistat /n vivo, subcutaneous murine xenografts were
generated by injecting selected melanoma cell lines into nude mice. Relatively sensitive
(n=5) and resistant (n=2) cell lines were selected based on their ICsps from the cell viability
assay. The xenografts were treated with vehicle or pevonedistat 90mg/kg subcutaneously
twice daily (at least 5 mice per treatment group (2 tumors per mouse) to ensure statistical
power), and the tumor volume (expressed as percent of volume on Day 1) was followed
twice weekly and averaged for each group; the percent tumor growth index (%TGI) was
calculated at the end of study for each group to assess the growth inhibitory effects of
pevonedistat (Figure 3a). The xenografts were treated with pevonedistat for 30 days or until
mice had to be sacrificed for excess tumor volume (>1,500mm3).

The HS294T xenograft was most sensitive and the SK-MEL-24 xenograft was among the
most resistant, which correlated with their /77 vitro responses to pevonedistat (i.e. cell
viability assay). However, for most of the other cell line models, /n vitro sensitivity (ICgq
<0.3uM) did not consistently correlate with /in vivo sensitivity (TGl <50%). In particular, the
SK-MEL-28 model, which showed /n vitro resistance to pevonedistat, demonstrated a large
reduction in tumor volume in the cell line xenografts treated with pevonedistat compared to
vehicle. Furthermore, the effect of pevonedistat on tumor growth was evaluated in 8
melanoma PDTX (Figure 3b). There was significant tumor growth inhibition in 3 PDTX
models (MB1255, MB347, MB1374). On the other hand, there was significant tumor
progression in the treated MB1227 PDTX.

Thus, pevonedistat demonstrated anti-tumor activity in a subset of melanoma cell line
xenografts and PDTX. In addition, there were no significant toxicities or loss of body weight
observed in the mice treated with pevonedistat.
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Pevonedistat produces pharmacodynamic changes in melanoma PDTX that correlate with
anti-tumor activity

Pevonedistat inhibits NAE by forming a pevonedistat-NEDD8 adduct and preventing the
activation and transfer of NEDDS to cullin proteins [41], which is essential for the function
of CRLs and their degradation of protein substrates. In fact, the mechanism of action and
downstream molecular effects of MLN4824 were previously reported by Soucy et al. [18].
Treatment with pevonedistat was shown to decrease levels of NEDD8-cullin and increase the
CRL substrate CDT1, a protein important for initiating DNA origins of replication and
promoting the DNA re-replication phenotype characteristic of pevonedistat-treated cells
[42]. Accumulation of CDT1 is hypothesized to induce DNA damage activating CHK1 and
other pro-apoptotic mediators [18].

The PD effects of pevonedistat were evaluated in sensitive and resistant PDTX models of
melanoma. PDTX were treated with a single dose of pevonedistat, and tumor tissues were
harvested at various time points and analyzed by IHC for the pevonedistat-NEDD8 adduct,
CDT1 and cleaved caspase 3 (Figure 4). Exposure to pevonedistat induced a significant and
rapid increase in pevonedistat-NEDD8 adduct by 30 min in all models (Figure 4a).
However, there was a faster depletion of the adduct in the resistant (MB947) compared to the
sensitive (MB347) PDTX (Figure 4b); in the latter, pevonedistat-NEDD8 remained elevated
for at least 8 hrs after treatment. Moreover, there was a rise in CDT1 levels in MB347, but
not in MB947. Although there was low expression of cleaved caspase 3 in most tumors, this
increased to significantly higher levels in one PDTX with tumor regression (MB347)
(Figure 4b).

These findings suggest that pevonedistat inhibits CRL activity and degradation of its protein
substrates, leading to persistently elevated levels of pevonedistat-NEDD8 adduct and CDT1
in sensitive melanoma PDTX.

DISCUSSION

Disruption of protein homeostasis plays an important role in tumorigenesis, and the
neddylation pathway is particularly relevant for the degradation of proteins needed for
essential cell functions such as cell cycle and apoptosis [7]. Pevonedistat (MLN4924) is an
investigational agent that specifically targets NAE, prevents NEDD8 conjugation and
activation of CRLs, thereby disrupting the degradation of CRL-specific substrates. Unlike
bortezomib, a proteasome inhibitor that targets general protein degradation, pevonedistat
acts at an earlier step in this process by interfering with the neddylation pathway, and is thus
able to inhibit the degradation of a more specific subset of proteins.

In this study, we utilized a large panel of melanoma cell lines and xenografts, including
multiple PDTX, and demonstrated preclinical evidence of the anti-tumor effects of
pevonedistat in a subgroup of these models. The findings support the neddylation pathway as
a relevant and novel druggable target in this disease. The PD changes induced by
pevonedistat in these melanoma models were consistent with its proposed mechanism of
action, which was previously described [18]. Moreover, sensitivity and resistance to
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pevonedistat were associated with different profiles of gene expression and cellular
pathways.

Consistent with the preclinical activity of pevonedistat in melanoma demonstrated in our
study, the recently published Phase 1 trials of this agent showed clinical benefit in patients
with melanoma on the basis of their high rate and durability of disease control [38, 39].
Particularly, in the melanoma-specific Phase 1 study, 48% of patients had stable disease,
lasting =6.5 months in 4 patients [39]. Interestingly, all of these 4 patients had wild-type
BRAF status. Moreover, the drug demonstrated an acceptable toxicity profile in previous
trials. Therefore, the promising results of this preclinical study complement the recent early
clinical trials of pevonedistat to provide the rationale for further development of this
therapeutic agent in melanoma.

There was variable sensitivity to pevonedistat across melanoma cell lines and PDTX, which
is commonly observed with targeted agents. This was similarly seen in the clinical setting in
the fact that some of the pevonedistat-treated melanoma patients in the Phase 1 trials had
stable disease, while others did not gain clinical benefit [38, 39]. Predictive markers that
allow the selection of treatment-sensitive tumors will be needed to maximize the benefits of
this NAE inhibitor. Response to targeted therapies is frequently modulated by aberrations in
other interacting pathways, and global gene expression analysis may identify expression
profiles that distinguish sensitive and resistant models. Our gene expression analysis yielded
a set of genes that were differentially regulated in sensitive and resistant melanoma cell
lines. GSEA using the KEGG and BioCARTA databases, which cover different spectrums of
cellular pathways, showed that genes involved in cell cycle regulation, DNA repair, p53
signaling and spliceosome were more enriched in sensitive melanoma cell lines. In contrast,
genes involved in immune response and cell adhesion were enriched in resistant cells. These
results provide insights into the potential molecular differences between sensitivity and
resistance, which need to be further validated. To our knowledge, this is the first study to
utilize these genomic approaches to explore the landscape of global gene expression and
cellular pathways associated with pevonedistat sensitivity and resistance in preclinical
melanoma models. Furthermore, this is the first characterization of potential pathways of
intrinsic resistance to NAE inhibition implicating the role of the immune system. In support
of this, a recent study demonstrating that pevonedistat inhibits IFN-p production
corroborates with the observed enrichment of immune-related genes in resistant melanoma
cells [43]. In addition, other mechanisms of resistance to pevonedistat, which were not
explored in this paper but should be considered particularly for cases of acquired resistance,
include mutations in components of the neddylation machinery such as UBA3 (i.e. catalytic
subunit of NAE) [44, 45].

Interestingly, a genomic siRNA screen of one melanoma cell line (A375) found that the
knockdown of several genes with functions in cell cycle and DNA damage response
sensitized cells to pevonedistat [25]. Although similar pathways were implicated, the
specific genes that were most upregulated in sensitive melanoma cells in our study did not
significantly overlap with the list of genes associated with greatest modulation of
pevonedistat effects from the siRNA screen. Given the complexity of pathways that govern
important cell processes such as cell cycle and DNA repair, which are regulated by both
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activating and inhibitory signaling proteins, it is not surprising that sensitivity to
pevonedistat might require overexpression of some genes and repression of others.
Moreover, these two strategies for analyzing genes that interact with pevonedistat were
intrinsically different techniques. In the siRNA screen, only one gene in a single cell line
was examined at any one time, and knockdown of a specific gene would likely induce
changes in the network of interconnected signaling pathways that would inevitably affect
drug sensitivity. On the other hand, our study used gene expression analysis and GSEA, in
which a large panel of genes was interrogated simultaneously over multiple cell lines; this
might be a more comprehensive approach to assess the genomic profile predictive of
pevonedistat response but also leads to more complex results. Nevertheless, NAE inhibition
certainly appears to interact with DNA repair, p53 signaling, and cell cycle checkpoints,
although the precise changes induced by pevonedistat on these pathways have not yet been
elucidated. While pevonedistat likely has many effects in the cell other than stabilization of
CDT1 [25], sensitivity to this agent was nevertheless reduced with siRNA-silencing of
CDT1, thus implying that the induction of DNA re-replication through CDT1 accumulation
is an important mechanism of action.

BRAF mutation occurs in 40-60% of patients with melanoma and is the key predictive
biomarker for BRAF inhibitors [46]. Due to the limited number of melanoma cell lines and
PDTX with wild-type BRAF, we were unable to assess whether the effects of pevonedistat
were modulated by BRAF status. Interestingly, the only BRAF wild-type PDTX in this
study (MB1255) was also the most sensitive one to NAE inhibition, and the patients with the
longest durations of stable disease in the Phase 1 study of pevonedistat in melanoma all had
BRAF wild-type tumors [39]. However, further studies in BRAF wild-type melanoma
models are necessary before any definite conclusion can be drawn.

Although a significant rate of stable disease was achieved, tumor response was limited in
pevonedistat-treated melanoma patients in the Phase 1 clinical trial (e.g. only 1 partial
response observed). The ability of pevonedistat to shrink tumors might be improved by
combining it with other agents. In fact, the gene expression profiles of sensitive tumors
provide insights into rational combination partners with this agent. The identification of
DNA repair, replication and cell cycle pathways upregulated in pevonedistat-sensitive cells
makes biological sense in light of the downstream effects of this NAE inhibitor. CDT1,
which facilitates the initiation of DNA replication origins and is a CRL-specific degradation
substrate, accumulates in pevonedistat-treated cells, thus inducing a DNA re-replication and
S-phase defective phenotype that leads to DNA damage and apoptosis [18, 25, 42]. As such,
pevonedistat activity might be enhanced by gene aberrations or drugs that impair DNA
repair or promote apoptosis. Indeed, p53, BRCA1/2, transcription-coupled and base excision
repair, as well as genes mediating DNA replication were shown by siRNA screen to be
particularly important for synthetic lethality with pevonedistat in melanoma cells [25].

Evidence exists for the combination of pevonedistat with certain known therapeutic agents.
Synergy was observed between pevonedistat and DNA-damaging drugs (e.g. mitomycin C,
cisplatin, gemcitabine, cytarabine) /n vitro [47]. In fact, pevonedistat and mitomycin C
synergy in cell lines was dependent on genes responsible for DNA repair (e.g. ATR,
BRCAL/2, transcription-coupled repair). Further, the additive effects of the combination of
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pevonedistat and platinum agents were clearly demonstrated in ovarian cancer models,
including platinum-resistant models [48, 49]. Three currently accruing trials are
investigating pevonedistat in combination with azacitadine in acute myelogenous leukemia
(NCT01814826), with docetaxel, gemcitabine or carboplatin/paclitaxel in solid tumors
(NCT01862328), and with azacitadine in high risk myelodysplastic syndromes, chronic
myelomonocytic leukemia and low blast acute myelogenous leukemia in a randomized
Phase 2 trial (vs. azacitadine alone in the comparator arm) (NCT02610777). Future studies
should focus on rational combinations of pevonedistat to maximize its anti-tumor potential,
particularly with novel agents targeting DNA damage or repair mechanisms.

Sensitivity to pevonedistat was clearly associated with PD effects in melanoma PDTX
indicating target engagement and inhibition of the neddylation pathway. Our analysis
revealed the following time course of molecular events: a rapid rise in pevonedistat-NEDD8
adduct within 30 minutes due to NAE inhibition, followed by the accumulation of the CRL-
specific substrate CDT1 consistent with reported literature [18, 34, 42, 50]. These PD
alterations confirmed that pevonedistat (given at 90mg/kg subcutaneously twice daily in our
murine xenografts) bound its intended target /77 vivo and resulted in downstream molecular
effects as expected based on its mechanism of action [18, 25]. These same PD markers,
particularly pevonedistat-NEDD8 and CDT1 levels measured by IHC in patient tumor
specimens, have been incorporated into clinical trials of this agent. Indeed, in the Phase 1
studies of pevonedistat in solid tumors and melanoma [38, 39], there was a significant
increase in the protein expressions of both pevonedistat-NEDD8 adduct and CDT1 in post-
dose tumor biopsies (after second dose of cycle 1) compared to baseline. In addition, gene
transcripts regulated by NAE as detected by RT-PCR were increased in whole blood samples
post-treatment, even at the lowest pevonedistat dose evaluated (50mg/m?2) [39]. Thus, the
consistency of PD changes in the preclinical and clinical settings not only strengthens the
fact that this novel inhibitor engages its intended target and the proposed mechanism of
action, but also establishes the validity of these PD markers for use in future clinical trials.
While induction of apoptosis is believed to be a phenotypic endpoint of NAE inhibition, we
observed low levels of cleaved caspase 3 during most of the time points after treatment with
pevonedistat in the sensitive PDTX (i.e. MB347). Previous studies have demonstrated other
non-apoptotic anti-tumor effects of pevonedistat, including senescence and autophagy,
which might be relevant in this case [20, 26].

Pevonedistat had potent activity in sensitive melanoma cell lines with 1Csgs <0.3uM. This is
superior to many targeted agents and is comparable to the potency of the BRAF inhibitor
vemurafenib in BRAF-mutant cells, currently used for the standard treatment of BRAF
V600E melanoma. For instance, the most sensitive melanoma cell line SK-MEL-1 in our
panel demonstrated 1Cgq for pevonedistat <0.1uM, while vemurafenib has I1Csq 0.10uM and
sorafenib (inhibitor of RAF and other kinases) has ICsg 2.83uM in these cells [51]. Further,
a given cell line may also have different sensitivities to different agents. SK-MEL-28 was
relatively resistant to pevonedistat (ICsq 1.5uM), but is highly sensitive to vemurafenib (ICsq
0.04uM) [51]. This supports the concept that pevonedistat targets a unique pathway
independent of the MAPK signaling cascade, and that the activities of pevonedistat and
MAPK inhibitors are likely governed by distinct genetic predictors.
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Both /n vitroand in vivo preclinical models of melanoma were used in this study to evaluate
the efficacy of pevonedistat. We found that the /in vitro sensitivity of melanoma cell lines as
determined by the cell viability assay did not consistently correlate with in vivotumor
response when the same cell lines were implanted into xenografts. /7 vivo models are more
likely to recapitulate the true tumor microenvironment, where interactions between tumor
cells, stroma and humoral factors (e.g. growth factors, cytokines) can occur and might partly
account for the discrepancy observed in cell lines. It is interesting that cell adhesion
pathways were preferentially upregulated in resistant melanoma cells in the GSEA. This
implies that the tumor microenvironment might play a role in modulating the response to
pevonedistat, although the mechanism of how signalling through cell adhesion molecules
may interact with the neddylation pathway is unknown. Nevertheless, the observed
discrepancy in sensitivity highlights the importance of including /n vivo models in the
preclinical evaluation of novel agents, while /n vitro models provide a good starting point.
Interestingly, in the PDTX studies, there was paradoxical doubling of tumor volume with
pevonedistat treatment in the MB1227 xenograft. This might be related to a negative
feedback interaction between neddylation and other oncogenic pathways, which might be
activated when neddylation is repressed.

This study was the first comprehensive preclinical evaluation to characterize the activity of
the NAE inhibitor pevonedistat specifically in melanoma, by utilizing a large set of /n vitro
and /n vivo models, including several PDTX, as well as global gene expression and
enrichment analyses. Our results provided evidence for the anti-tumor effects of
pevonedistat in a subset of melanoma models, and showed that the neddylation pathway is a
potential anti-cancer target in this malignancy. We determined that genes and pathways
involved in DNA repair, replication and cell cycle regulation appear to be important
determinants of sensitivity to pevonedistat and may provide rational targets for combination
therapy. These findings are particularly significant and timely, as they firmly substantiate the
results of the recently published Phase 1 trials of pevonedistat that demonstrated its clinical
activity in a subgroup of melanoma patients. Taken together, the preclinical and clinical data
strongly support further development of pevonedistat in melanoma. Future studies will also
be needed to identify predictors of response and optimal combination partners for clinical
evaluation.
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Figure 1.
Anti-proliferative effects of pevonedistat in melanoma cell lines as determined by the cell

viability assay (CellTiter-Glo®). Cells were treated with pevonedistat at increasing
concentrations for 72 hrs followed by cell viability assay. ICsq (UM) values are shown (3
independent experiments per cell line). Cell lines are defined as relatively sensitive (ICsq
<0.3uM, in green) or resistant (ICsg >1uM, in red). The profile of BRAF and NRAS
mutations for each cell line is indicated below.

Invest New Drugs. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wong et al.

C327TG (BRAF VG00E)
2.5+

* %

Fold-change in apoptosis
(compared to vehicle)

B ]
S A
Q‘\

MLN4924 (uM)

HS$294T (BRAF V600E)

Fold-change in apoptosis
{compared to vehicle)

MLN4924 (uM)

Figure 2.

Fold-change in apoptosis
(compar ed to vehicle)

Fold-change in apoptosis
(compared to vehicle)

Page 18

A101D (BRAF VGO0OE)

S el o
& &

MLN4924 (uM)

SH4 (BERAF VG00E)

Pevonedistat induces apoptosis in melanoma cell lines. The most sensitive cell lines based
on their ICgqs from the cell viability assay were selected for study. Cell lines were treated
with various concentrations of pevonedistat for 24 hrs and evaluated for level of apoptosis
using the Caspase-Glo® 3/7 assay. Results of representative cell lines are shown, expressed
as fold-increase in apoptosis compared to vehicle control. Treated groups were compared to
the untreated group (vehicle) by unpaired T-test, with statistically significant differences
indicated by asterisks (* if p<0.05, ** if p<0.005).
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Effects of pevonedistat on /n vivo tumor growth in melanoma xenografts. (a) The most
sensitive (n=5) and resistant (n=2) cell lines were selected based on their ICggs from the cell
viability assay to generate subcutaneous cell line xenografts. Mice were treated with vehicle
or pevonedistat (90mg/kg subcutaneously twice daily), with at least 5 mice per treatment
group. Tumor volume (mm?3) was measured twice weekly and expressed as percent of
volume on Day 1, which was averaged for each treatment group in the growth curves shown.
The average percent tumor growth index (TGI) was determined for each xenograft model at
the end of study, where TGI <50% indicated significant growth inhibition. (b) Melanoma
patient-derived tumor xenografts (PDTX) (n=8) were generated, treated with vehicle or
pevonedistat, and assessed for tumor volume and %TGI as described. Growth curves and
%TGlIs for representative xenografts are shown.
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MLN4924-NEDDS8 adduct
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Figure 4.

Pevonedistat binds to its intended target and demonstrates expected pharmacodynamic (PD)
effects in melanoma PDTX models. Sensitive and resistant PDTX were administered a
single dose of pevonedistat, and tumor specimens were harvested at various time points from
30 min to 24 hrs. (a) Tumor sections were analyzed by immunohistochemistry (IHC) for
NEDDB8-pevonedistat adduct and CDT1, a protein substrate of cullin-RING ligases (CRLS).
Representative results from a sensitive xenograft (MB1374) are shown. NEDD8-
pevonedistat adduct increased rapidly at 30 min, followed by CDT1 accumulation up to 2
hrs after pevonedistat administration due to inhibition of CRL activity. (b) Levels of
NEDDB8-pevonedistat adduct, CDT1 and cleaved caspase 3 were quantified by the percent
area of positive IHC staining at serial time points up to 72 hrs. At least 3 tumors were
analyzed per time point (mean and standard deviation shown). Results from a sensitive
(MB347) and a resistant (MB947) PDTX are shown.

Invest New Drugs. Author manuscript; available in PMC 2018 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wong et al.

The 20 most upregulated genes in pevonedistat-sensitive and -resistant melanoma cell lines by gene expression

Table 1

microarray
Sensitivecells | Resistant cells
PASDI1 IL13RAZ2
TEX15 EDIL3
PLS1 ABCA6
RAPGEF5 IFI44L
CDCA7 XAF1
WNK3 ccpeso
KIF5C GJAL
ANKRD7 CTSK
FAM70A SEMA3A
FRMD3 LPARI
CcTSL2 RGS4
MAP7D2 MEOX2
PIP5K1B DOK5
FAM38B NPTX1
SCRN1 IFITZ
CXORF48 ABI3BP
LYN CFH
F1IR RBMS3
BAIAPZL1 OLFML3
SHISAZ FAT4
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