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MLN4924, a NEDDS8-activating enzyme inhibitor, is active in diffuse large B-cell
lymphoma models: rationale for treatment of NF-k B—dependent lymphoma
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MLN4924 is a potent and selective small
molecule NEDD8-activating enzyme (NAE)
inhibitor. In most cancer cells tested, in-
hibition of NAE leads to induction of DNA
rereplication, resulting in DNA damage
and cell death. However, in preclinical
models of activated B cell-like (ABC)
diffuse large B-cell lymphoma (DLBCL),
we show that MLN4924 induces an alter-
native mechanism of action. Treatment
of ABC DLBCL cells with MLN4924 re-
sulted in rapid accumulation of plkBe,
decrease in nuclear p65 content, reduc-

tion of nuclear factor-«B (NF-xB) tran-
scriptional activity, and G; arrest, ulti-
mately resulting in apoptosis induction,
events consistent with potent NF-xB path-
way inhibition. Treatment of germinal-
center B cell-like (GCB) DLBCL cells re-
sulted in an increase in cellular Cdt-1 and
accumulation of cells in S-phase, consis-
tent with cells undergoing DNA rereplica-
tion. In vivo administration of MLN4924
to mice bearing human xenograft tumors
of ABC- and GCB-DLBCL blocked NAE
pathway biomarkers and resulted in com-

plete tumor growth inhibition. In primary
human tumor models of ABC-DLBCL,
MLN4924 treatment resulted in NF-xB
pathway inhibition accompanied by tu-
mor regressions. This work describes a
novel mechanism of targeted NF-xB
pathway modulation in DLBCL and pro-
vides strong rationale for clinical devel-
opment of MLN4924 against NF-xB-
dependent lymphomas. (Blood. 2010;
116(9):1515-1523)

Introduction

MLN4924 is a potent and selective small-molecule inhibitor of
NEDDS-activating enzyme (NAE) that is currently in phase 1
clinical trials.’* NAE plays an essential role in regulating the
activity of a subset of ubiquitin E3 ligases, the cullin-RING ligases
(CRLs), which are responsible for regulating destruction of many
intracellular proteins.* NAE activates the small ubiquitin-like
molecule NEDDS as the first step in the neddylation cascade.’ NAE
hydrolyzes adenosine triphosphate (ATP) to adenylate NEDDS at
its C-terminus and transfers NEDDS8 from the adenyl group to a
specific cysteine within NAE. The activated NEDDS is then
transferred to the active-site cysteine of Ubc12 or UBE2F the E2s
specific for the NEDDS8 pathway. Finally, NEDDS is conjugated on
a conserved lysine near the C-terminal end of a cullin protein; this
covalent modification is required for the cullin complex to recruit
a ubiquitin-charged E2 protein facilitating polyubiquitination of
proteins, targeting them for proteasomal degradation. Thus, NAE
plays a key role in regulating the levels (and therefore the function)
of a subset of proteins.

Many of the proteins that are substrates for CRL-mediated
polyubiquitination have key roles in cell-cycle progression and
signal transduction, making NAE inhibition an attractive target for
anticancer therapy. MLN4924 potently inhibits NAE in vitro,
resulting in inhibition of CRL neddylation and an increase in levels
of CRL substrate proteins (eg, Cdt-1, Nrf-2).> The primary
mechanism of action of NAE inhibition in many cell types is
induction of DNA rereplication because of blocking degradation of

Cdt-1, a critical factor required for licensing origins of DNA
replication.? Dysregulation of Cdt-1 activity leads to DNA rerepli-
cation.®’ For example, overexpression of Cdt-1 and Cdc6 induces
DNA rereplication, activates DNA damage repair pathways, and
induces cell death.” Induction of DNA rereplication by MLLN4924
results in S-phase accumulation, DNA-damage responses, and cell
death® (M.A.M., UN., T.AS., P. Veiby, P.G.S., B. Amidon,
manuscript in preparation). Similar effects were observed in human
tumor xenografts where MLLN4924 inhibited NAE in vivo leading
to tumor growth inhibition.?

The nuclear factor-kB (NF-«kB) signaling pathway plays a key
role in many aspects of cancer initiation and progression through
transcriptional control of genes involved in growth, angiogenesis,
antiapoptosis, invasiveness, and metastasis.® Regulation of NF-«B
signaling occurs at many levels, one of which is through the
regulation of protein turnover by the action of CRLs. Under normal
conditions, NF-kB transcription factors are maintained in an
inactive state by binding to IkB proteins. In canonical NF-kB
signaling, IkBa binds to p50-p65, sequesters the transcription
factors in the cytoplasm rendering them inactive. On stimulation of
the IKK complex, IkBa is phosphorylated at Ser32 and Ser36,
resulting in its polyubiquitination and degradation,”!! thus result-
ing in nuclear accumulation of the complex and transcription of
NF-kB target genes. Polyubiquitination of IkBa is regulated by
CRLIPTRCP which in turn is tightly regulated by NAE.!? In
noncanonical NF-kB signaling, processing of pl05 to p5S0 and

Submitted March 5, 2010; accepted May 14, 2010. Prepublished online as
Blood First Edition paper, June 4, 2010; DOI 10.1182/blood-2010-03-272567.

*M.A.M. and T.T. contributed equally to this study.

BLOOD, 2 SEPTEMBER 2010 - VOLUME 116, NUMBER 9

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

1515

20z aunr g0 uo 3senb Aq Jpd'G1L51L00015€08UZ/6001671/SLGL/6/91 L/4Pd-BloIE/POOIQ/ABU SUOlelgndysE//:dRy woly papeojumod


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-03-272567&domain=pdf&date_stamp=2010-09-02

1516  MILHOLLEN et al

p100 to p52 is also controlled by CRL1PTRCP 13.14 Therefore, both
canonical and noncanonical NF-«kB signaling requires NAE activ-
ity. Thus, NAE inhibition by MLN4924 represents a novel
approach to inhibit NF-kB and may provide a targeted therapeutic
strategy for the treatment of cancers in which NF-«kB signaling is
important.

One such cancer is diffuse large B-cell lymphoma (DLBCL), a
non-Hodgkin lymphoma that has been classified into several
distinct genetic subgroups based on ¢cDNA microarray analysis.!
Activated B cell-like (ABC)-DLBCL has the poorest prognosis
and remains an indication with unmet medical needs where patients
have elevated NF-kB gene expression signature.!® Inhibition of
NF-kB using shRNA, expression of an IkB-super repressor, or
treatment with small-molecule IKK inhibitors has been shown to
be selectively toxic to ABC-DLBCL but not germinal center
B-cell-like (GCB)-DLBCL cells.!o!8 Inhibition of IKK in these
cells leads to Gj-arrest and induction of apoptosis. These studies
demonstrate the dependence of ABC-DLBCL on NF-«B signaling
for survival and offer a compelling clinical rationale for the use of
NF-kB inhibitors in this disease.

In this report, we investigate the effect of MLN4924 as a novel
NF-kB targeted therapy in DLBCL cells and mouse xenograft
models. We show that MLLN4924 is a potent inhibitor of NF-kB
pathway in vitro and in vivo in NF-kB-dependent DLBCLs,
resulting in induction of apoptosis and tumor regressions. In
addition, we show that MLLN4924 also has potent antitumor activity
in non-NF-kB-dependent DLBCLs through induction of DNA
rereplication, independent of NF-kB status. These studies support
the potential for broad activity of MLN4924 in hematologic
malignancies, with a rationale for targeted therapy in NF-kB-—
dependent lymphomas, and serve as the basis for the ongoing phase
1 evaluation of MLN4924 in hematologic malignancies.

Methods

Cell viability assay

OCI-Ly3, OCI-Ly7, OCI-Ly10, OCI-Ly19, HBL1, L1236, and U2932 cells
were a kind gift from Lou Staudt (National Cancer Institute, Bethesda,
MD). All other cell viability assays were performed by Southern Research.
Cell suspensions were seeded at 3000 to 8000 cells per well in 96-well
culture plates and incubated overnight at 37°C. Compounds were added to
the cells in complete growth media and incubated for 72 hours at 37°C. Cell
number was quantified using the ATPlite assay (PerkinElmer Life and
Analytical Sciences).

Western blot analysis of cultured cells

DLBCL cells grown in 6-well cell culture dishes were treated with 0.1%
dimethyl sulfoxide (DMSO; control) or MLLN4924 for the times indicated.
Whole-cell extracts were prepared and analyzed by immunoblotting. For
analysis of E2-UBL thioester levels, lysates were fractionated by nonreduc-
ing sodium dodecyl sulfate—polyacrylamide gel electrophoresis and immu-
noblotted with polyclonal antibodies to Ubc12 (generated by Millennium).
For analysis of other proteins, lysates were fractionated by reducing sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and probed with pri-
mary antibodies as follows: Cdt-1, NEDDS8, and Chkl1 (Ser 317, Millen-
nium), pIkBa (Ser 32), pp105 (Ser 933), p105/50, pH3 (Ser 10), pH2AX
(Ser 139), cleaved PARP and cleaved caspase-3 (Cell Signaling), and Nrf-2
(Epitomics). Secondary horseradish peroxidase—labeled antibodies to rabbit
immunoglobulin G (IgG) or mouse IgG (Santa Cruz Biotechnology) were
used as appropriate. Blots were developed with enhanced chemilumines-
cence reagent (GE Healthcare).
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Cell-cycle analysis

Logarithmically growing DLBCL cells were incubated with either MLN4924
or DMSO for the times indicated. Analysis was performed as described
previously.?

Nuclear p65 quantitation

Logarithmically growing DLBCL cells were incubated with increasing concen-
trations of MLN4924 or DMSO as indicated for 4 hours. The nuclear extract was
prepared (Nuclear Extract Kit, Active Motif) and protein concentration deter-
mined by the Bradford method. After incubating nuclear extract or p65 standard
in oligonucleotide-coated assay plate (TransAM kit, Active Motif) for 1 hour at
room temperature, the plate was washed 3 times with wash buffer, and anti-p65
antibody (Santa Cruz Biotechnology) was added to each well. The plate was
incubated for 1 hour at room temperature, washed 3 times with wash buffer and
once with Delfia Wash Buffer (PerkinElmer Life and Analytical Sciences). Delfia
Eu-Nl-labeled secondary antibody (PerkinElmer Life and Analytical Sciences)
was then added to each well with Delfia Assay Buffer (PerkinElmer Life and
Analytical Sciences). The plate was incubated for 1 hour; and after repeated
washes, Delfia Enhancement Solution (PerkinElmer Life and Analytical Sci-
ences) was added. The plate was measured using a time-resolved fluorometer,
and relative fluorescent units were converted to picograms of p65 using the
standard curve and then normalized by total amount of protein loaded per well.

BrdU incorporation assay

Logarithmically growing DLBCL cells were incubated with increasing
concentrations of MLN4924 or DMSO as indicated for 3.5 hours and
were pulsed with 10nM bromodeoxyuridine (BrdU; BD Biosciences) for
30 minutes (total MLLN4924 incubation time of 4 hours). Cells were then
collected and fixed at 4°C in 70% ethanol. Cells were washed in cold
phosphate-buffered saline (PBS), pelleted, and resuspended in 1 mL of 2N
HCI for 20 minutes and with PBS. Cell pellets were then resuspended in
0.5 mL 0.1M sodium borate (Na,B4O7), pH 8.5, for 2 minutes, washed in
PBS, and the resultant cell pellet was resuspended in 20 pL of anti-BrdU
monoclonal antibody (BD Biosciences) and incubated in the dark for
20 minutes at room temperature. After incubation, cells were washed with
PBS and resuspended in 0.5 mL PBS containing 10 pg/mL propidium
iodide for 1 hour protected from light. Labeled cells were analyzed for
propidium iodide and BrdU staining on a BD Biosciences FACSCalibur
flow cytometer using Winlist software v5.0 (Verity).

Quantitative RT-PCR (in vitro/in vivo)

DLBCL cells grown in 6-well cell culture dishes were treated with 0.1% DMSO
(control) or MLLN4924 for the times indicated. Cells were pelleted and snap-
frozen on dry ice before extraction of DNAase-treated RNA using QIAGEN
reagents. cDNA synthesis and quantitative reverse-transcribed polymerase chain
reaction (RT-PCR) were performed using ABI Gene Expression Assays (supple-
mental Table 1, available on the Blood Web site; see the Supplemental Materials
link at the top of the online article), reagents, and ABI PRISM 7900HT Sequence
Detection Systems (Applied Biosystems) using the following cycle conditions:
hold at 50°C for 2 minutes for AmpErase UNG activation, then 95.0°C for
10 minutes to activate DNA polymerase, and then run 40 two-part cycles of
95.0°C for 15 seconds and 60.0°C for 1 minute. Relative mRNA expression
quantitation was derived using the comparative Ct method (Applied Biosystems).
The ACt (dCt) was calculated using the average Ct of control genes B2M
(Hs99999907_m1) and 18S (Hs99999901_s1). The AACt (ddCt) was calculated
by subtracting the dCt value for the treated sample from the dCt value of
the experimental control sample following equation: ddCt = dCt(control) —
dCt(treated). For analysis of mRNA levels in xenograft samples, tumor frag-
ments were harvested, snap-frozen on dry ice, and subjected to RT-PCR analysis
as described in this section.

Tumor xenograft efficacy experiments

Female CB.17 SCID mice (Taconic Farms) were used for in vivo studies with
OCI-Ly10, OCI-Ly19, and OCI-LY19-luc cells. Female SCID NOD mice
(Taconic Farms) were used for in vivo studies with PHTX22L model. All animals
were housed and handled in accordance with the Guide for the Care and Use of
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Laboratory Animals. For subcutaneous xenograft studies, mice were inoculated
with 4 X 10 OCI-Ly10 or OCI-Ly19 cells with Matrigel (BD Biosciences) in the
right flank, and tumor growth was monitored with caliper measurements. When
the mean tumor volume reached approximately 200 mm?, animals were dosed
subcutaneously with vehicle (10% cyclodextrin) or MLLN4924. Inhibition of
tumor growth (T/C, average treated tumor volume/average control tumor
volume) was calculated on the last day of treatment. For disseminated xenograft
studies, mice were inoculated with 1 X 10° OCI-Ly19-luc cells (OCI-Ly19-luc
cells are a stable cell line generated after retroviral infection of OCI-Ly19 cells
with the luciferase transgene under the control of the cytomegalovirus promoter)
intravenously, and tumor burden was monitored with xenogen imaging (Taconic
Farms).

Pharmacodynamic marker analysis

Mice bearing DLBCL tumors of 300 to 500 mm? were administered a single
MLN4924 dose; and at the indicated times, tumors were excised and
extracts prepared. The relative levels of NEDDS8-cullin, plkBa, and Nrf-2
were estimated by quantitative immunoblot analysis (Li-Cor Odyssey
system) using Alexa 680-labeled anti-IgG (Invitrogen) as the secondary
antibody. Cleaved caspase 3 was detected using enhanced chemilumines-
cence immunoblotting.

Results

MLN4924 inhibits NAE, prevents cell growth, and generates
distinct cell-cycle profiles in DLBCL cells

Two cell lines representative of ABC-DLBCL (OCI-Ly10, OCI-
Ly3) and 2 representative of GCB-DLBCL (OCI-Ly19, OCI-Ly7)
were used.!>16

Potent inhibition of cell viability was observed across
17 lymphoma cell lines tested in an ATPlite viability assay, with
ECs, values of 10 to 244nM (supplemental Table 2). Interestingly,
MLN4924 inhibited viability in GCB-DLBCL cell lines (OCI-
Ly19, OCI-Ly7), which have been previously shown to be insensi-
tive to small-molecule IKK inhibitors.!” Because there was no
discrimination in sensitivity of ABC- and GCB-DLBCL cells, we
hypothesized that in ABC-DLBCL NAE inhibition may primarily
result in NF-kB pathway inhibition, whereas in GCB-DLBCL the
mechanism of action may be the result of DNA rereplication.? To
confirm NAE inhibition in both types of DLBCL cells, an
anti-NEDDS antibody was used to detect NEDDS8 conjugation to
Ubcl2 (an E2 for NEDDS8) and the cullin proteins. Cells were
exposed to increasing concentrations of MLLN4924 for 24 hours; a
dose-dependent decrease of Ubc12-NEDDS thioester and NEDDS-
cullin conjugate levels was observed in all cells (Figure 1A). These
data show that the neddylation pathway was inhibited to similar
levels in ABC- and GCB-DLBCL cells.

IkBa superrepressor transfection and small-molecule IKK
inhibition induce G,-phase cell-cycle arrest in OCI-Lyl0 and
OCI-Ly3 cells.!®!7 We recently reported that NAE inhibition
results in an accumulation of cells in S-phase.* To determine
whether similar effects were seen with NAE inhibition in DLBCL,
cells were exposed to increasing concentrations of MLN4924 for
24 hours and cell-cycle profiles analyzed by flow cytometry. In
OCI-Ly10 and OCI-Ly3 cells, a prominent G; phenotype was
observed with a proportion of cells sub-G, indicative of apoptosis
(Figure 1B). In contrast, OCI-Ly19 and OCI-Ly7 cells demon-
strated an accumulation in S-phase and some cells containing more
than 4N DNA content. Quantitation of cell-cycle distributions of
DLBCL cells in response to MLN4924 confirmed marked differ-
ences between OCI-Lyl0 and OCI-Ly3 cells compared with
OCI-Ly19 and OCI-Ly7 cells (supplemental Figure 1). These data
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suggested that ABC-DLBCL cells are affected differently by NAE
inhibition, with the predominant phenotype being consistent with
NF-kB signaling inhibition, whereas GCB-DLBCL cells were
undergoing DNA rereplication.

MLN4924 induces apoptosis through inhibition of NF-xB
signaling in ABC-DLBCL and induction of DNA rereplication in
GCB-DLBCL

OCI-Ly10 and OCI-Ly19 cells were exposed to MLN4924 concen-
trations that elicit 50% and 90% inhibition of viability in a 72-hour
ATPlite assay, as well as a higher concentration of 1uM (Figure
2A-B). Cells were isolated at indicated time points after addition of
MLN4924, and NAE inhibition was evaluated. A dose-response
was observed in OCI-Ly10 cells as demonstrated by inhibition of
NEDDS-cullin levels (Figure 2A). Rapid inhibition of pathway
activity was observed as early as 1 hour after addition of
MLN4924, in agreement with effects observed in HCT-116 cells.?
Consistent with the constitutively active NF-kB signaling pathway
in OCI-Lyl0 cells, accumulation of plkBa (Ser32) was also
observed as early as 1 hour after treatment and before (and at lower
MLN4924 concentrations) elevation of Cdt-1. Elevation of plkBa
and Cdt-1 was sustained for 8 hours after treatment, whereupon
evidence of DNA damage was detected as shown by phosphoryla-
tion of the ATM substrate pChk-1 (Ser317) and p-H2AX (Ser 139).
In addition, cleavage of caspase-3 was observed as early as 4 hours
after treatment at 1 .M and more robustly at 8 hours, showing that
apoptosis induction is rapid in OCI-Ly10 cells. Dose- and time-
dependent NAE inhibition was also observed in OCI-Ly19 cells,
with inhibition of NEDDS8-cullin conjugation occurring as early as
1 hour after incubation with MLN4924 (Figure 2B). In OCI-Ly19
cells, Cdt-1 elevation occurred earlier and at lower MLN4924
concentrations than plkBa elevation, supporting the hypothesis
that the primary mechanism of action of MLLN4924 in this setting is
DNA rereplication. In contrast to OCI-Ly10 cells, Cdt-1 elevation
was sustained for at least 24 hours and pChk-1 and pH2AX
activation occurred later, at 16 and 24 hours. Interestingly, no
activation of caspase-3 cleavage was detected at 24 hours; how-
ever, at 48 hours, robust cleavage of caspase-3 was evident,
indicating that OCI-Ly19 cells also undergo apoptosis in response
to NAE inhibition (Figure 2B; supplemental Figure 2). Supportive
evidence from studies using OCI-Ly3 (ABC-DLBCL) and OCI-
Ly7 (GCB-DLBCL) cells is provided in supplemental Figure 3;
plkBa accumulation occurred more robustly in OCI-Ly3 than
OCI-Ly7 cells at 4 hours and activation of apoptosis was seen in
OCI-Ly3 but not OCI-Ly7 cells at 24 hours, whereas robust
accumulation of Cdt-1 was observed in OCI-Ly7 cells but not in
OCI-Ly3 cells. To confirm OCI-Ly10 cells were not rereplicating,
BrdU incorporation assays were performed at the 4-hour time
point, when Cdt-1 levels were highest after MLN4924 treatment
(Figure 2A). Increased BrdU incorporation occurs in cells actively
undergoing DNA rereplication.”!® BrdU incorporation was unchanged
in MLN4924-treated OCI-Ly10 cells (supplemental Figure 4).
Accumulation of cytoplasmic plkBa should retain NF-kB
subunits in the cytoplasm, resulting in decreased nuclear localiza-
tion of p50-p65. We used an enzyme-linked immunosorbent assay
to measure nuclear p65 levels in OCI-Ly10 and OCI-Ly19 cells
after 4-hour incubation with increasing MLN4924 concentrations.
A dose-dependent decrease in nuclear p65 levels was observed in
OCI-Ly10 cells, whereas no change was observed in OCI-Ly19
cells (Figure 2C). Similar data were observed in OCI-Ly3 (ABC-
DLBCL) and OCI-Ly7 (GCB-DLBCL) cells (supplemental Figure
5). Notably, the ECsy (~ 25nM) for inhibition of nuclear p65 levels
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Figure 1. MLN4924 is a potent inhibitor of NAE and
induces distinct cell-cycle profiles analyzed by flow
cytometry in ABC- and GCB-DLBCL cell lines. OCI-

Ly10, OCI-Ly3, OCl-Ly19, and OCI-Ly7 cells were treated
with MLN4924 for 24 hours. (A) Inhibition of NAE was
assessed by immunoblot analysis of Ubc12-NEDD8
thioester and cullin-NEDD8 levels, respectively. The
nonspecific band serves as the loading control. (B) DNA
profiles were analyzed by propidium iodide staining and
flow cytometry.
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in OCI-Ly10 cells was similar to the EC5, (11nM) for inhibition of
viability (supplemental Table 2), suggesting an association between
NF-kB pathway effects and cell viability for MLLN4924.

TagMan low-density arrays were used to measure the levels of
NF-kB target genes. We found that MLN4924 down-regulated
NF-kB target genes (eg, TNFa, IRF4, PIM1, IkBa, and CXCL10)
in OCI-Ly10 cells in a dose- and time-dependent manner (Figure
2D). At ECyy concentrations of MLLN4924 that inhibit OCI-Ly10
viability, a significant decrease in transcript levels of NF-«kB target
genes was noted as early as 3 to 6 hours after treatment. In contrast,
minimal changes in NF-«B target gene expression were detected in
OCI-Ly19 cells, consistent with the low level of NF-kB activity
and lack of p65 redistribution.

These data demonstrate that MLN4924 inhibits NAE and leads to
cell death in both OCI-Ly 10 and OCI-Ly19 cells. In OCI-Ly10 cells, the
primary mechanism of action is probably the result of NF-«B signaling
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inhibition, as evidenced by increased plkBa levels, decreased nuclear
p65, and inhibition of NF-kB target gene transcription. In OCI-Ly19
cells, the primary mechanism of action is probably induction of DNA
rereplication, as evidenced by elevated Cdt-1 levels, accumulation of
cells in S-phase (with evidence of > 4N DNA content), and no effect on
NF-«B target gene transcription.

MLN4924 inhibits NAE in ABC- and GCB-DLBCL human
xenografts grown in mice

To determine the effects of NAE inhibition by MLLN4924 in vivo,
OCI-Ly10 and OCI-Ly19-luc cells were grown as subcutaneous
xenografts in CB.17 SCID mice. OCI-Ly19-luc cells are a stable
cell line generated after infection with a retrovirus expressing the
luciferase transgene under the control of the cytomegalovirus
promoter. Mice received a single subcutaneous dose of 10, 30, or
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Figure 2. MLN4924 induces apoptosis through inhibi- AOCI-Ly1O
tion of NF-«kB signaling in ABC-DLBCL and induction
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Figure 3. MLN4924 inhibits NAE in human xenograft models of
DLBCL. CB.17 SCID mice bearing OCI-Ly10 (A-D) and OCI-Ly19-luc
(E-H) xenografts were administered a single subcutaneous dose of
vehicle or MLN4924 at 10, 30, or 60 mg/kg. Tumors were excised at
the indicated times and NEDD8-cullin conjugate levels (A,E), relative
Nrf-2 protein levels (B,F), and relative plkBa levels (C,G) were
measured in the tumor lysates (20 j.g protein per lane) by quantitative
immunoblot analysis. Units are arbitrary. In panel F, the assay has a
linear standard curve up to 750 units. Western blotting was also
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was inhibited to equivalent levels and for a similar length of time in
OCI-Ly10 and OCI-Ly19-luc xenografts. A difference was noted in
the pharmacodynamic response of pIkBa; in OCI-Ly 10 xenografts,
a dose- and time-dependent increase in plkBa levels was observed
after MLLN4924 treatment, with peak elevation occurring 2 hours
after dose and levels returning to baseline at 8 hours after dose
(Figure 3C). In contrast, in OCI-Ly19-luc xenografts, there was
only a modest elevation compared with OCI-Lyl0 xenografts
(Figure 3G). A consequence of inhibiting NAE and NF-«B
signaling in OCI-Ly10 xenografts was the induction of apoptosis
8 to 12 hours after a single dose of 60 mg/kg MLN4924, as
evidenced by detection of cleaved caspase-3 (Figure 3D). No
increase in cleaved caspase-3 levels was observed in OCI-Ly19-luc
xenografts up to 24 hours after dosing (Figure 3H). NF-kB
signaling inhibition was confirmed in OCI-Lyl0 xenografts by
decreases in mRNA levels of NF-«kB target genes after a single dose
of MLN4924 (supplemental Figure 6).

These results demonstrate that MLLN4924 inhibits NAE in both
ABC- and GCB-DLBCL xenografts. In ABC-DLBCL xenografts, NAE
inhibition was accompanied by elevation of plkBa levels, inhibition of
NF-kB target gene transcription, and a subsequent induction of apopto-
sis. Apoptosis induction was not observed after a single dose in
GCB-DLBCL, suggesting an acute sensitivity of ABC-DLBCL xeno-
grafts because of perturbation of the NAE pathway in vivo.

MLN4924 inhibits DLBCL xenograft growth resulting in tumor
regressions in ABC-DLBCL

To examine the antitumor activity of MLLN4924 in vivo, OCI-Ly10 and
OCI-Ly19 cells were grown as subcutaneous xenografts in CB.17 SCID
mice. Once tumors were established (~ 200 mm?), subcutaneous admin-
istration of MLN4924 occurred twice daily at doses of 10, 30, or
60 mg/kg using various schedules (Figure 4). Tumor growth inhibition
was assessed on the last day of study. In OCI-Lyl0 xenografts a
dose-dependent inhibition of tumor growth was observed, with com-
plete inhibition occurring at 30 mg/kg twice daily (T/C = 0.27) and
tumor regressions observed at 60 mg/kg twice daily (T/C = 0.08, Figure
4A). Less frequent administration of MLN4924 60 mg/kg twice daily
also resulted in tumor regressions; 2 cycles of 5 days of treatment
followed by 5 days free of treatment resulted in 10 of 10 tumor
regressions. Thus, tumor regressions are observed at the maximum
tolerated dose (MTD, 60 mg/kg twice daily for 21 days), but also on
schedules less than the MTD. These data show that MLLN4924 does not
require daily administration to exert potent antitumor activity in
OCI-Ly10 xenografts.

Dose-dependent tumor growth inhibition was also observed in
OCI-Ly19 xenografts, with complete tumor growth inhibition
(T/C = 0.10) occurring at 60 mg/kg twice daily (Figure 4B).
Similar to the OCI-Ly10 model, continuous daily dosing was not
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Figure 4. MLN4924 inhibits the growth of human xeno- A 900 - —4—Vehicle B —4—Vehicle
graft models of DLBCL. CB.17 SCID mice bearing OCl- —e—10 mg/kg BID — 30007 o 10 mg/kg BID T/C
Ly10 (A) and OCI-Ly19 (B) were dosed by subcutaneous £ 800 - —a—30 mg/kg BID £ — —=— 30 mg/kg BID 0.96
administration with either vehicle control or MLN4924 on £ 700 -| —#—60 mg/kg BID E | —e—60 mg/kg BID
the doses and schedules indicated. Mean tumor g 600 4 - ©-60 mg/kg BID g 2000 4 - ¢ -60 mg/kg BID
volume = SEM are shown (n = 10 mice per group). g (5-on/5-off x2) T/C % (5-on/5-off x2) 0.68

- 5007 Z 1500

S 400 0.55 g T

2 300 21000

(0]
2 200 027 & 0.19
21004 TTEBgee DI 2 T e e e 0.10
O T T T IO-08 0 T T T T T T T
0 5 10 15 20 0 2 4 6 8 10 12
Days Days

required for antitumor activity. Dosing for 2 cycles of 5 days of
treatment followed by 5 days free of treatment did not result in
statistically different tumor growth inhibition from continuous
daily dosing (T/C =0.19, P > .1). Thus, at the MTD in the
OCI-Ly19 model, complete tumor growth inhibition was observed,
and this response was maintained when dosing on schedules less
than the MTD. The antitumor activity of MLN4924 against
OCI-Ly19-luc cells grown disseminated in SCID mice was also
assessed and tumor burden quantified using Xenogen imaging
(supplemental Figure 7). In agreement with the subcutaneous
model, dose-dependent tumor growth inhibition was observed,
with complete inhibition occurring at 60 mg/kg twice daily with
daily dosing. Similarly, dosing for 2 cycles of 5 days of treatment
followed by 5 days free of treatment did not result in a statistically
different response from continuous daily dosing (P > .1).

These data demonstrate that MLLN4924 has antitumor activity in
xenograft models of ABC- and GCB-DLCBCL. In OCI-Ly10
ABC-DLBCL xenografts, MLLN4924 treatment induced tumor
regressions (50% reduction in tumor volume), probably through
NF-kB signaling inhibition.

MLN4924 inhibits NAE and NF-kB signaling in a primary human
DLBCL model resulting in tumor regressions

A primary human DLBCL model (PHTX-22L) was established in
SCID-NOD mice that were engrafted subcutaneously with tissue
obtained from a 71-year-old man with DLBCL. Mice received
single subcutaneous doses of 30 or 60 mg/kg MLN4924; tumor
samples were harvested over a 24-hour period to assess pharmaco-
dynamic response (Figure 5A-C). Dose- and time-dependent
inhibition of NEDDS8-cullin levels and elevation of plkBa levels
were observed, with the maximal effect occurring 1 to 4 hours after
dose (Figure 5A-B). Elevation of plkBa levels was similar to that
observed in OCI-Lyl0 xenografts, suggesting that PHTX-22L
xenografts may also have high NF-kB pathway activity. Using the
same panel of target genes as in the OCI-Ly10 model, inhibition of
NF-kB target gene transcription was detected in PHTX-22L
xenografts (Figure 5C). When dosing on a schedule of 3 cycles of
2 days of treatment with 5 days free of treatment, dose-dependent
inhibition of PHTX-22L xenograft growth was observed (Figure
5D). The highest dose level of 60 mg/kg twice daily effected tumor
regressions on this schedule, which is less than the MTD in this model.

Discussion

MLN4924 is a novel first-in-class NAE inhibitor that has shown
potent activity in in vitro and in vivo models of solid tumors.? In
this report, we characterized the effects of MLN4924 in xenograft

models of DLBCL. We showed that MLN4924 has broad tumori-
cidal activity across a panel of lymphoma cells and xenograft
models, and is able to affect at least 2 distinct mechanisms of action
depending on the involvement of NF-kB signaling for cell survival.
These data support the ongoing evaluation of MLLN4924 in a broad
lymphoma patient population and provide rationale for targeted
therapy in patients with elevated NF-«xB gene signature. '3

In our studies, there are clear distinctions in the way in which
ABC cells respond to NAE inhibition compared with GCB cells.
First, analysis of DNA content revealed S-phase accumulation for
GCB cells consistent with the induction of DNA rereplication,
whereas in G, phase, arrest was observed in ABC cells. Second,
plkBa accumulation, inhibition of nuclear p65 levels, and transcrip-
tion of NF-kB target genes were noted in ABC cells (OCI-Ly10)
but not GCB cells (OCI-Ly19). Third, ABC cells did not undergo
DNA rereplication because they did not incorporate BrdU after
MLN4924 treatment. Finally, MLLN4924 induces apoptosis and
tumor regressions in OCI-Ly10 and PHTX-22L xenograft models,
which suggests a greater drug sensitivity to NAE inhibition by
ABC-type DLBCL cells. Thus, although MLN4924 has potent
antitumor activity in both GCB- and ABC-DLBCL models, the
different mechanism of action by which these tumor types respond
to MLN4924 will allow for appropriate tailoring of MLN4924
clinical development in lymphoma.

Further support for the mechanism of action of MLN4924 on
NF-kB in ABC-DLBCL is found in studies using a selective
small-molecule inhibitor of IKKB, ML120B.!7” MLI20B was
selectively toxic to ABC-DLBCL cells but had no tumoricidal
activity against GCB-DLBCL cells, in agreement with the depen-
dence of ABC-DLBCL cells on constitutive NF-«kB signaling for
survival. Analysis of DNA content revealed that OCI-Ly10 and
OCI-Ly3 cells accumulate in G; on IKK inhibition with ML120B!?
or IkBa superrepressor transfection,!® similar to the effects ob-
served with NAE inhibition. Inhibition of NF-kB target gene
transcription using ML120B was effective in OCI-Lyl0 and
OCI-Ly3 cells, but not in GCB-DLBCL cell lines,!” again similar to
our observations with MLN4924. Recently, it was also demon-
strated that inhibition of MALT1 protease activity is selectively
toxic to ABC-DLBCL cell lines by virtue of reduced NF-«kB
signaling highlighting the addiction of these cells to the NF-kB
pathway.?

We defined the kinetics of CRL substrate accumulation in
OCI-Ly10 cells and demonstrated that pIkBa accumulated earlier
and at lower inhibitor concentrations than Cdt-1. This supports the
hypothesis that NF-kB pathway inhibition by MLLN4924 is domi-
nant in these cells compared with other cells tested (OCI-Ly19,
OCI-Ly7, and other epithelial cells®). This is probably a cell-cycle-
related phenomenon. For Cdt-1 to accumulate, cells must be
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Figure 5. MLN4924 inhibits NAE and the NF-kB pathway and induces
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progressing through the G;-S phase transition where CRL15%*2 and
CRLA4PPB! activity for Cdt-1 degradation is highest. In contrast,
constitutive activation of IKK in ABC-DLBCL cells appears to be
independent of cell-cycle regulation; thus, accumulation of pIlkBa
occurs in all phases. It is also possible that NAE inhibition has
differential effects on individual CRL complexes, with some CRLs
being inhibited at lower concentrations than others.

MLN4924 induced tumor regressions in both the OCI-Ly10
cell-line-derived xenograft model and the PHTX-22L model de-
rived directly from a patient biopsy. In contrast, tumor stasis was
the maximum response achievable in the OCI-Lyl19 xenograft
model demonstrating that different treatment outcome may be
anticipated for ABC- versus GCB-DLBCL patients. Therefore, in
the clinical setting, it will be important to understand NF-«B status
of lymphoma to be treated with NAE inhibitors. Such an approach
was taken with bortezomib in combination with chemotherapy in
DLBCL, with prospective determination showing those patients
with ABC- versus GCB-DLBCL having a significantly higher
response rate.?! However, in the same study, bortezomib did not
show single-agent activity in either patient population. Because
MLN4924 more selectively inhibits protein turnover than bort-
ezomib,> MLLN4924 may possibly have a more favorable tolerabil-
ity profile allowing more intense and/or frequent dosing strategies
that may demonstrate single-agent activity. In addition, MLN4924
may also have broad activity in the DLBCL population, acting
through a combination of both NF-kB inhibition and DNA
rereplication mechanisms.

The potent activity of MLLN4294 and alternate mechanism of
action described for ABC-DLBCL models are not expected to be
confined to this disease. Constitutive activation of the NF-kB

pathway has been described for a variety of lymphoid malignan-
cies, including MALT lymphoma, primary mediastinal B-cell
lymphoma, and Hodgkin lymphoma, plus other lymphoid malignan-
cies.??>* NF-«kB activation has also been demonstrated in multiple
myeloma,? Epstein-Barr virus-associated malignancies, primary
effusion lymphoma, and adult T-cell lymphoma/leukemia.”? Ge-
netic lesions in multiple regulators of NF-kB signaling have been
identified in lymphoma that can result in constitutive pathway
activation. These include somatic mutations in genes that positively
(CARDI1, TRAF2, TRAF5, MAP3K7, and TNFRSF11A) and nega-
tively (A20) regulate the NF-kB pathway resulting in constitutive
IKK activity.”6-?8 In addition, it was recently demonstrated that
chronic active BCR signaling is a frequent mechanism of NF-kB
activation in ABC-DLBCL.? Tumors with these lesions should be
sensitive to inhibition of IkBa turnover via blocking NAE and may
respond well to MLLN4924 treatment. Selective targeting of IKK(
in ABC-DLBCL has proven effective in preclinical models'’;
however, an shRNA screen performed in the context of IKKp
inhibition demonstrated compensatory activation of IKKa-
mediated phosphorylation and turnover of IkBa,’® which could
limit the activity of an IKKp-selective therapy. Activation of
noncanonical NF-«kB signaling has also been reported in lympho-
mas.?® CRL (and hence NAE) activity is involved in the regulation
of noncanonical NF-kB signaling!>!'%; we confirm that NAE
inhibition can lead to the accumulation of phospho-p105 and a
reduction in processing to pSO (supplemental Figure 8) in cells.
Thus, NAE inhibition by MLLN4924 may also represent a treatment
strategy in lymphomas with genetic lesions in the noncanonical
NF-kB pathway. Lastly, NF-kB activation in lymphoma can occur
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downstream of dysregulated CRL1PTRCP turnover of IkBa, includ-
ing inactivating mutations in IkBa?3!32 and amplifications in
c-REL.?*33 Such genetic lesions would not be susceptible to NF-xB
pathway inhibition by MLN4924; experiments are ongoing to
determine whether these cells will undergo DNA rereplication.
These studies show that MLLN4924 represents a promising agent
for the treatment of lymphoma, particularly for those with constitu-
tively activated NF-kB. In addition, the pleiotropic effects of
inhibiting CRL-mediated protein turnover in cells may lead to
identification of additional subtypes of hematologic malignancies
sensitive to NAE inhibition. Finally, because the NF-kB pathway is
thought to play an important role in drug resistance to many
chemotherapies,* MLLN4924 used in combination with standard of
care agents has the potential to treat a diverse range of malignan-
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