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Interactions between the inhibitor of apoptosis protein antagonist LCL161 and the histone

deacetylase inhibitor panobinostat (LBH589) were examined in human multiple myeloma

(MM) cells. LCL161 and panobinostat interacted synergistically to induce apoptosis in

diverse MM cell lines, including those resistant to bortezomib (PS-R). Similar interactions

were observed with other histone deacetylase inhibitors (MS-275) or inhibitors of apoptosis

protein antagonists (birinapant). These events were associated with downregulation of the

noncanonical (but not the canonical) NF-kB pathway and activation of the extrinsic,

caspase-8–related apoptotic cascade. Coexposure of MM cells to LCL161/LBH589 induced

TRAF3 upregulation and led to TRAF2 and NIK downregulation, diminished expression of

BCL-XL, and induction of gH2A.X. Ectopic expression of TRAF2, NIK, or BCL-XL, or short

hairpin RNA TRAF3 knock-down, significantly reduced LCL161/LBH589 lethality, as did

ectopic expression of dominant-negative FADD. Stromal/microenvironmental factors failed

to diminish LCL161/LBH589–induced cell death. The LCL161/LBH589 regimen significantly

increased cell killing in primary CD1381 cells (N 5 31) and was particularly effective in

diminishing the primitive progenitor cell–enriched CD138–/191/201/271 population (N 5

23) but was nontoxic to normal CD341 cells. Finally, combined LCL161/LBH589 treatment

significantly increased survival compared with single-agent treatment in an immunocom-

petent 5TGM1 murine MM model. Together, these findings argue that LCL161 interacts

synergistically with LBH589 in MM cells through a process involving inactivation of the

noncanonical NF-kB pathway and activation of the extrinsic apoptotic pathway, upregu-

lation of TRAF3, and downregulation of TRAF2/BCL-XL. Notably, this regimen overcomes

various forms of resistance, is active against primary MM cells, and displays significant in

vivo activity. This strategy warrants further consideration in MM.
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Key Points

� The LCL161/LBH
regimen effectively
induces cell death in
MM cells in vitro and in
vivo.

� The LCL161/LBH
regimen inactivates
the noncanonical
NF-kB pathway and
activates the extrinsic
apoptotic pathway.
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Introduction

Multiple myeloma (MM) is an accumulative malignant disorder of
mature plasma cells that is generally incurable. Nevertheless, signifi-
cant progress has been made in developing novel, targeted agents
against this disease, including proteasome inhibitors (eg, bortezomib,
carfilzomib), immunomodulatory agents (eg, lenalidomide), and anti-
bodies (eg, daratumumab, anti-BCMA conjugate).1 However, resis-
tance to these agents universally supervenes, justifying the search
for new agents and rational combination strategies. Histone deacety-
lase inhibitors (HDACIs) represent epigenetic agents that act by
deacetylating histone tails, leading to a less compact chromatin struc-
ture, thereby promoting the transcription of genes encoding for cell dif-
ferentiation and/or cell death.2 HDACIs (eg, belinostat, romidepsin)
have been approved for the treatment of T-cell malignancies (eg, cuta-
neous T-cell lymphoma, peripheral T-cell lymphoma),3 but their roles in
other hematopoietic malignancies, including those of B-cell origin,
remain to be defined. Notably, the pan-HDACI panobinostat
(LBH589; LBH) has been approved when combined with bortezomib
in patients with relapsed/refractory MM.4

Inhibitor of apoptosis (IAP) proteins are encoded by BIRC family
genes and include cIAP1, cIAP2, XIAP, and survivin, among others.5

The antiapoptotic actions of these agents are opposed by second
mitochondrial-derived activator of caspases (SMAC), which is
released during mitochondrial permeabilization and triggers cell
death.6 The prevalence of IAPs in cancer, and in MM in particular,7

has prompted the development of SMACmimetics such as the mono-
valent IAP antagonist LCL161 (LCL).8 SMAC mimetics activate cas-
pases directly and may thereby circumvent the resistance conferred
by antiapoptotic proteins such as BCL-2 and MCL-1.9 In addition,
SMAC mimetics have been shown to downregulate c-IAP1/2, which
has been implicated in the regulation of the NF-kB pathway, an impor-
tant survival signaling cascade in MM.10 Preclinical studies have
shown that LCL161 potentiates the activity of cytotoxic agents in var-
ious tumor types,11-13 and a phase 1 trial of LCL161 and cyclophos-
phamide has been completed in patients with MM.8

The observation that agents which interrupt NF-kB signaling potenti-
ate HDACI activity in malignant hematopoietic cells14 raised the pos-
sibility that SMAC mimetics might interact beneficially with these
agents. Currently, interactions between HDACIs and SMAC
mimetics have been minimally explored in MM or other tumor types.
Here we describe synergistic interactions between LBH and
LCL161 in cultured MM cells, including those resistant to bortezomib,
as well as in primaryMM cells but not in normal hematopoietic progen-
itors. Interestingly, this process seems to involve inactivation of the
noncanonical rather than the canonical NF-kB pathway, accompanied
by TRAF3 induction as well as activation of the extrinsic apoptotic cas-
cade. Significantly, the regimen circumvented stromal cell–related
forms of resistance and was tolerable and effective against an in
vivo MM model.

Methods

Cell lines and reagents

Human MM cell lines MM.1S, MM.1R, NCI-H929, and U266, and
RPMI8226 cells and human BM stroma HS-5 cells, were maintained
in RPMI 1640 supplemented with 10% fetal bovine serum and
penicillin-streptomycin. U266 and RPMI8226 were authenticated

(Basic STR Profiling Service, ATCC 135-X) by ATCC (Manassas,
VA) immediately after this study was completed.

All experiments used logarithmically growing cells (4-5 3 105 cells/
mL). MycoAlert (Lonza, Allendale, NJ) assays were performed, show-
ing that all cell lines were free of mycoplasma contamination.

Ex vivo assay

An ex vivo assay was used to quantify the chemosensitivity of primary
MM cells as described previously.15,16 Briefly, myeloma cells were
purified from bone marrow aspirates by using CD138 affinity chroma-
tography and plated in a collagen matrix with bonemarrow stroma and
patient plasma. After incubation overnight, tumor cells were treated
with LCL161, LBH589, or the combination and then assayed for 96
hours using a robotic microscope equipped with an incubation cham-
ber (EVOS FL Auto, Thermo Fisher Scientific,Waltham, MA). TheMM
cell lineMM1.Swas used in parallel to control for drug potency across
experiments. Bright-field images taken every 30 minutes captured cell
movement and membrane motion to identify live cells. Synergy was
determined by using the method described by Sudalagunta et al,17

in which percent live cells across time and 5 serially diluted (1:3) con-
centrations when treated with LCL161 and LBH589 are used to com-
pute additive response using the Bliss Independence Model. The
additive response serves as a reference to determine the extent of syn-
ergy observed in each patient sample by comparing it with the percent
live cells measured when treated with the combination (at a fixed ratio
of the 2 constituent single agents). Two metrics of drug sensitivity
were used, area under the curve and median lethal dose, in which
the additive area under the curve/median lethal dose are compared
with that of the combination to quantify the synergy seen in each
patient sample.

Investigators obtained signed informed consent from all patients
donating marrow who were enrolled on protocols HM3340 (Virginia
Commonwealth University) and on 14690 and 18608 (H. Lee Moffitt
Cancer Center and Research Institute) as approved by the respective
institutional review boards. Patient samples were used in accordance
with the Declaration of Helsinki, International Ethical Guidelines for
Biomedical Research Involving Human Subjects, the Belmont Report,
and the US Common Rule. The medical records were deidentified,
and only information relating to prebiopsy treatment was reviewed.

Statistical analysis

Values represent the means 6 standard deviation for at least 3 inde-
pendent experiments performed in triplicate. The significance of differ-
ences between experimental variables was determined by using the
Student t test or one-way analysis of variance with the Tukey-
Kramer multiple comparisons test. The significance of P values is indi-
cated as follows: *P , .05, **P , .01, or ***P , .001.

Animal studies

All animal studies were approved by the Institutional Animal Care and
Use Committee and were performed in accordance with the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care,
the United States Department of Agriculture, and Public Health Ser-
vice guidelines. For the orthotopic murine model, C57BL/KaLwRij
mice were injected intravenously with 5 3 106 5TGM1 murine multi-
ple myeloma cells stably transfected with a construct encoding lucif-
erase (5TGM1/Luc). Treatment started from day 13 after injection
with cells. Details on drug preparation are provided in the
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supplemental Materials and Methods. Both LCL161 (30 mg/kg, 3
days per week) and LBH589 (13.3 mg/kg, 5 days per week) were
administered via intraperitoneal injection. Control animals were
injected with equal volumes of vehicle.

Further details about the methods used and all additional data are
available in the supplemental Appendix.

Results

LCL/LBH coadministration synergistically induces

apoptosis in MM cells

Exposure (24hours) of MM1.S cells to 5mM LCL or 5nM LBH
minimally or modestly induced apoptosis, respectively (terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling assay);
combined treatment sharply increased cell death (Figure 1A, left pan-
els).Quantitationof apoptosis revealedasignificant increasewithcom-
binedexposure (P, .01) (Figure1A, right panel). Isobologramanalysis
yielded combination index values ,1.0, consistent with synergistic

interactions (Figure 1B). Minimally toxic concentrations of LBH signifi-
cantly increased apoptosis over a range of LCL (1-10 mM) and LBH
(3-7 nM) concentrations (Figure 1C). Western blot analysis showed
that combined LBH and LCL exposure markedly increased caspase-
3 and PARP degradation (Figure 1D). Very similar interactions were
observed in multiple other MM cell lines, including 8226, H929,
U266, bortezomib-resistant PS-R,18 and MM1.R (dexamethasone-
resistant) cells (supplemental Figure 1). Comparable results were
obtained with other HDACIs (eg, belinostat [PXD101] or MS-275)
and SMAC mimetics (eg, birinapant [TL32711]) in U266 and their
bortezomib-resistant counterparts (PS-R) (supplemental Figure 2).

The combination of LCL161 and LBH589

downregulates cIAP1 and induces gH2A.X but does

not inactivate the canonical NF-kB pathway in

MM cells

The impact of LCL/LBH exposure on proteins involved in the canoni-
cal NF-kB pathway was examined. Exposure (16 or 24 hours) of
U266 or MM.1S to LCL (6LBH) markedly downregulated cIAP1,
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Figure 1. LCL161/LBH589 (panobinostat) synergistically induces apoptosis in MM.1S cells. (A) MM.1S cells were exposed (24 hours) to 5 mM LCL with or without 5

nM LBH, followed by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining (left panel) using fluorescence microscopy (bar 5 40 mm). The

percentages of TUNEL (1) cells are presented in the right panel. (B) MM.1S cells were exposed (24 hours) to varying concentrations of LBH6 LCL at a fixed ratio (1: 2000), after

which the percentage of 7-AAD1 cells was determined. Combination index values ,1.0 denote a synergistic interaction. (C) MM.1S cells were exposed to the indicated con-

centrations of LBH 6 LCL for 24 hours, followed by flow cytometric analysis of cell death after staining with 7-AAD. (D) MM.1S cells were incubated with LBH 6 LCL for 24

hours. Caspase-3 and PARP were monitored by immunoblotting analysis. b-actin was assayed to ensure equivalent loading and transfer. *P , .05, **P , .01. All experiments

were repeated three times. CF, cleavage fragment; DAPI, 49,6-diamidino-2-phenylindole.
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as previously described in multiple other cell types,19-21 but had a
more modest effect on cIAP2 (Figure 2A-B, upper panels). Cotreat-
ment also sharply induced gH2A.X, an indicator of DNA damage
known to be induced by SMAC mimetics,22 in both MM cell lines.
In contrast, exposure of U266 or MM.1S cells to either agent alone
or in combination either increased or had only minor effects on
p-p65 (Figure 2A-B, lower panels), an indicator of canonical NF-k B
activation.23 Compatible results observed by using an NF-kB p65
Chemi Act Assay are shown in Figure 2C and 2D. These findings
argue against interruption of the canonical NF-kB pathway as a con-
tributor to LBH/LCL synergism.

The LCL/LBH regimen diminishes activation of the

noncanonical NF-B pathway in MM cells

Effects of combined LCL/LBH exposure on the noncanonical NF-kB
pathway were then investigated. Exposure of U266 cells to LBH upre-
gulated TRAF3, and this action was potentiated by LCL coadministra-
tion (Figure 3A). This was accompanied by modest downregulation of
NIK (NF-kB–initiating kinase) as well as diminished expression of
p52, a hallmark of noncanonical NF-kB activation.24 The combination
also modestly but discernibly downregulated TRAF2, a component of
both the canonical and noncanonical NF-kB pathways,25 as well as
BCL-XL, whose expression is regulated in part by the noncanonical
pathway.26 Comparable results were observed inMM.1S cells (Figure
3B). Finally, coadministration of alternative HDACIs (MS-275) and
Smac mimetics (birinapant) triggered similar events in U266 and
bortezomib-resistant PS-R cells (eg, increased caspase-3 and PARP
cleavage, TRAF3 upregulation, and downregulation of cIAP1, TRAF2,
and NIK) (supplemental Figure 3A). Together, these findings are

consistentwith thenotion that activity of theLCL/LBHregimen involves
inactivation of the noncanonical NF-kB pathway.

To investigate the functional significance of these events, parallel stud-
ies were performed in MM cells ectopically expressing proteins of
interest or short hairpin RNA (shRNA) strategies. Coadministration
of LCL161 and LBH in cells expressing TRAF3 shRNA resulted in
diminished TRAF3 upregulation accompanied by reduced caspase-
3 and PARP cleavage compared with empty vector controls (Figure
3C). Quantitation of apoptosis confirmed a significant reduction in
cell death in TRAF3 shRNA cells (supplemental Figure 3B). Similarly,
cells ectopically expressing NIK exposed to the combination exhibited
increased NF-kB p52 activity (Figure 3D, left panel), reduced cas-
pase-3/PARP cleavage (Figure 3D, right panel), and diminished apo-
ptosis (supplemental Figure 3C) compared with controls.

Parallel studies performed in U266 cells ectopically expressing
TRAF2 revealed diminished cell death (7-AAD staining) after LCL/
LBH exposure (Figure 3E) as well as reduced caspase-3 cleavage
compared with empty vector controls (Figure 3F). Finally, ectopic
expression of BCL-XL in 8226 cells clearly diminished LCL/LBH–in-
duced PARP cleavage (supplemental Figure 4A) and significantly
reduced cell death (supplemental Figure 4B) compared with controls.
Collectively, these findings argue that upregulation of TRAF3 and
downregulation of TRAF2, NIK, and BCL-XL contribute functionally
to LCL/LBH–mediated lethality in MM cells.

Blockade of the extrinsic apoptotic pathway is

involved in LCL/LBH–induced apoptosis

The impact of LCL/LBH exposure on the extrinsic apoptotic pathway
was then examined. LCL/LBH robustly activated DR4 but not DR5
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aggregation in U266 cells (supplemental Figure 5). Combined expo-
sure of MM.1S cells to both agents sharply increased caspase-
8 and caspase-9 cleavage associated with increased cleavage of
caspase-3 (Figure 4A). Increased cleavage/activation of caspase-
8 was also observed in U266 and PS-R cells exposed to TL32711
and MS-275 (Figure 4B). To determine the functional significance
of these events, U266 cells expressing dominant-negative
caspase-8 were used. Dominant-negative caspase-8 cells were signif-
icantly less sensitive to LCL/LBH–induced cell death than empty vec-
tor counterparts (P , .01) (Figure 4C). Equivalent results were
observed in cells expressing dominant-negative FADD (Figure 4D).

To confirm the involvement of caspases in these events, the pan-
caspase inhibitor Boc-Z-FMK, the caspase-9 inhibitor Z-LEHD-FMK,
or the caspase-8 inhibitor Z-IEHD-FMK was used. These inhibitors
significantly blocked LCL/LBH–induced caspase activation and cell
killing (supplemental Figure 6A-C). Boc-Z-FMK was used to deter-
mine whether upregulation of gH2AX (reflecting DNA damage, as
shown in Figure 2A-B [upper panels]) represents a primary cause of
LCL/LBH–induced lethality or a consequence of caspase activation.
This inhibitor had little effect on gH2AX induction by LCL/LBH (sup-
plemental Figure 6A, lower panel). Similar results were seen with the
DNA-damaging agent melphalan, although a slight reduction in
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gH2AX was noted (supplemental Figure 6D). These findings indicate
that activation of the extrinsic apoptotic pathway contributes function-
ally to LCL/LBH lethality in MM cells and suggests that LCL/LBH–me-
diated DNA damage represents a primary rather than secondary
event.

LCL/LBH is active against primary CD1381 MM cells

and diminishes the primitive progenitor cell–enriched

CD1382/CD191/CD201/CD271 population while

sparing normal CD341 cells

Effects of the LCL/LBH regimen on primary MM cells were then inves-
tigated. BMmononuclear cells from a patient with MM resistant to bor-
tezomib were exposed (24 hours) to LCL 6 LBH, after which cells
were stained with CD138-PE (red) and Annexin V-FITC (green)
probes. Although single agents had no or modest effects on the

number of CD1381 cells or apoptosis, combined treatment resulted
in a marked reduction in CD1381 cells and increased Annexin posi-
tivity (Figure 5A, upper panel). In contrast, bortezomib had little effect.
Flow cytometric quantitation of CD1381 cells yielded consistent
results (Figure 5A, lower panel).

Multicolor flow cytometry was used to quantify the effect of the LCL/
LBH regimen on CD1381 bone marrow cells as well as on a more
primitive population putatively enriched for stem cell–like cells
(CD138–/CD191/CD201/CD271).27 Whereas LCL or LBH individ-
ually had little effect on the viability of the former cells, combined treat-
ment reduced viability by �60% (Figure 5B). In the latter population,
agents administered individually had modest effects on survival,
whereas combined treatment sharply increased cell death. Side-by-
side analysis of CD1381 cells and normal CD341 cord blood mono-
nuclear cells revealed a marked increase in cell death in MM cells
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with combined treatment but little evidence of toxicity for individual
agents or the combination in the nonmalignant mononuclear cells
(Figure 5C).

The activity of the regimen was then examined in a larger series of pri-
mary MM cells in which NGS cancer hotspot mutations (eg, RAS,
PDGFRA, IDH1, KIT) were monitored (supplemental Table 1). A sig-
nificant proportion of MM cells harbor recurring mutations in RAS (9 of

12 [75%]), PDGFRA (4 of 12 [30%]), KIT (3 of 12 [25%]), and KDR
(3 of 12 [25%]) genes, and these mutations can be associated with
poor prognosis in patients with MM.28-31 Combined treatment signif-
icantly increased cell death compared with LBH or LCL alone (P ,

.0001 and P 5 .013, respectively; N 5 31) (Figure 5D). Similar
increases were observed in the case of CD138–/CD191/CD201/
CD271; P , .001 and P 5 .0078; N 5 23) (Figure 5E). In contrast,
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normal CD341 cells displayed no increase in cell killing with individual
agents or the combination (N 5 6) (Figure 5F).

The LCL/LBH combination circumvents

microenvironment-driven resistance

Attempts were then made to determine what effects stromal cell fac-
tors might have on LCL/LBH anti-myeloma activity. Green fluorescent
protein (GFP)-labeled U266 cells were cultured in the presence or
absence of HS-5 stromal cells and exposed (24 hours) to LCL 6

LBH; apoptosis (Annexin V) was then monitored in the GFP popula-
tion. Cells exposed to LCL/LBH in the presence or absence of
HS-5 cells exhibited equivalent degrees of cell death (P . .05) (sup-
plemental Figure 7A). Furthermore, luciferase-labeled U266 cells
cocultured with HS-5 cells exhibited significantly diminished viability

after LCL/LBH 24-hour exposure (P , .01) (supplemental Figure
7B). In addition, combined treatment potentiated U266/GFP cell
death (7-AAD1; red) in a three-dimensional HS-5 coculture model,
reflected by a conversion of green to yellow staining (supplemental
Figure 7C). Interestingly, both agents individually but particularly in
combination induced cell death (7-AAD positivity) in stromal cells
(bright-field). Moreover, primary cells cocultured in HS-5 medium dis-
played a marked increase in Annexin V–staining cells when exposed
to LCL/LBH (supplemental Figure 7D). Finally, primary cells cultured
in the presence of HS-5 medium displayed, if anything, more cell
death in CD1381 cells than cells cultured in the absence of HS-5
(P , .02) (supplemental Figure 7E). Furthermore, CD138–/CD191/
CD201/CD271 cells, a population enriched for MM progenitors,27

exhibited an equivalent degree of cell death (P . .05) (supplemental
Figure 7F).
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To determine whether this strategy is effective in the presence of MM
patient-derived bone marrow stroma (PBMDS)-driven resistance, par-
allel studies were performed. U266/GFP cells exposed to LCL/LBH in
the presence of PBMDScells displayed amarked increase in 7-AAD1

cells (supplemental Figure 8A). Moreover, purified primary CD1381

cells from 3 patients with MM cocultured with PBMDS cells, collagen,
and patient serum exhibited synergistic induction17 of cell death when
exposed to LCL/LBH (Figure 6; supplemental Table 2) as well as in a
series of 6 total primary specimens tested (supplemental Figure 8B).
Taken together, these findings indicate that the LCL/LBH regimen is
active against cultured and primary MM cells in the presence of stro-
mal cell factors.

LCL/LBH suppresses tumor growth in a murine

myeloma model

The in vivo effects of the regimen were then examined by using
C57BL/KalwRij mice bearing luciferase-labeled 5TGM1 MM cells.
After tail vein inoculation, mice were treated with LCL 6 LBH (30
mg/kg orally or 13.3 mg/kg intraperitoneally, respectively). Tumor
growth was monitored by whole body imaging, which revealed a clear
reduction in signal at day 19 in mice treated with both LCL and LBH
(Figure 7A). Imaging of bone fragments from euthanizedmice revealed
a marked reduction in lytic lesions in animals treated with both agents
(Figure 7B); photon quantitation confirmed a significant reduction in
the LCL/LBH group (P, .05 compared with single treatment) (Figure
7C). Kaplan-Meier analysis showed a significant increase in survival
for animals treated with both agents compared with single-agent treat-
ment (P , .05) (Figure 7D). Notably, no treatment resulted in signifi-
cant weight loss (Figure 7E). Finally, a flank model showed a clear
reduction in tumor luminescence in NSG mice treated with both
agents (supplemental Figure 9A), and western blot analysis of tumors
showed downregulation of p52, cIAP1, and cIAP2 and upregulation
of gH2A.X in these animals (supplemental Figure 9B). Together, these
findings indicate that the LCL/LBH regimen is effective and tolerable
in the in vivo setting and accompanied by several molecular events
observed in vitro.

Discussion

SMACmimetics such as LCL161 and birinapant have attracted atten-
tion in light of their ability to disrupt the function of several antiapop-
totic proteins (eg, XIAP, survivin), thereby circumventing the block to
apoptosis characteristic of neoplastic cells.10 This permits them to
lower the threshold for cell death induced by cytotoxic agents such
as cisplatin and vinca alkaloids, among others.32,33 In the case of
MM, LCL161 has been shown to increase the anti-myeloma activity
of cyclophosphamide (NCT01955434) and JAK inhibitors.34 How-
ever, aside from their pro-apoptotic actions, IAPs (particularly
cIAP1) have been implicated in various signaling pathways, including
NF-kB.35 This raises the possibility that SMAC mimetics may interact
beneficially with agents whose activity is regulated by NF-kB. In this
regard, previous studies have shown that in malignant hematopoietic
cells, interruption of NF-kB signaling enhances the lethal actions of
HDACIs.36 LBH is a pan-HDACI, which, when combined with dexa-
methasone and bortezomib, has been approved for the treatment of
patients with relapsed/refractory MM.37 These considerations
prompted us to investigate whether LCL161 might increase the activ-
ity of a clinically relevant HDACI such as LBH.Our results indicate that
these agents interact synergistically in MM cells, including those resis-
tant to standard agents as well as primary MM cell specimens.

Contrary to expectations, LCL161 failed to inactivate the canonical
NF-kB pathway in HDACI-treated cells, reflected by the absence of
downregulation of p-65 (p-RelA), despite the robust downregulation
of cIAP1. This finding argues against the possibility that enhanced
lethality of the combination stems from interruption of the canonical
NF-kBpathway. The basis for this finding is uncertain, given the obser-
vation that cIAP1/2 represents a component of a large complex (Com-
plex I) implicated in activation of IKK, which triggers IkBa
phosphorylation and degradation, thereby permitting RelA nuclear
translocation and DNA binding.38 However, this process may be over-
come by the intrinsic ability of HDACIs to activate NF-kB14 and/or the
capacity of HDACIs to modulate other components of the complex
(eg, A20). Additional studies will be required to resolve this question.

In sharp contrast, the present evidence indicates that the LCL161/
LBH regimen resulted in inactivation of the noncanonical NF-kB path-
way, reflected by marked downregulation of p52 processing, and that
this process contributed to anti-myeloma activity. In this regard,
cIAP1/2 antagonists have been referred to as “double-edged swords”
with respect to activation of NIK-dependent noncanonical NF-kB sig-
naling,39 as cIAP is known to inhibit NIK, a key component of this path-
way.40 Consequently, degradation of cIAP1 might be expected to
activate the noncanonical pathway. However, cIAP is also known to
downregulate TRAF3, one of whose actions is to inhibit NIK.41 Fur-
thermore, the inhibitory activity of TRAF3 on NIK overrides release
from the antagonistic actions of cIAP.40 In line with these concepts,
the LCL161/LBH regimen, despite downregulating cIAP, markedly
upregulated TRAF3, accompanied by NIK downregulation. The obser-
vations that TRAF3 knock-down or ectopic expression of NIK attenu-
ated cell death induced by this regimen argues that noncanonical
NF-kB inactivation contributes functionally to lethality. Furthermore,
the finding that LCL161/LBH downregulated TRAF2 and BCL-XL,
both of which are components of or regulated by the noncanonical
pathway,42 and that ectopic expression of these proteins diminished
regimen activity support the functional involvement of this cascade
in anti-myeloma actions. Moreover, a recent study highlighted the
induction of BCL-XL expression by CD40 through canonical as well
as noncanonical NF-kB signaling.43

In addition to inactivation of the noncanonical NF-kB, the present find-
ings indicate that activation of the extrinsic apoptotic pathway contrib-
utes to the activity of the LCL161/LBH regimen. In this context,
previous studies have suggested that activation of the extrinsic path-
way (eg, by TRAIL agonists) increases cell death induced by SMAC
mimetics in neoplastic cells.44 Moreover, we recently observed that
the extrinsic pathway was also involved in synergism between birina-
pant and the proteasome inhibitor bortezomib.10 In the present stud-
ies, combined LBH/LCL161 exposure resulted in a dramatic increase
in DR4 levels and caspase-8 cleavage, indicating activation of the
extrinsic apoptotic cascade.44-46 Notably, cells expressing
dominant-negative caspase-8 or FADD were markedly less sensitive
to LBH/LCL161–induced apoptosis, documenting a significant func-
tional contribution of this pathway to cell death. The observation that
gH2AX formation and DNA damage were not abrogated by pan-
caspase inhibition argues that such events represent a primary event
mediating LCL/LBH lethality, and are not simply secondary conse-
quences of cell death. In addition, it has previously been shown that
simultaneous activation of the intrinsic and extrinsic apoptotic path-
ways dramatically increases cell death in neoplastic cells.47 It is there-
fore possible that LCL161/LBH–induced intrinsic pathway activation

12 OCTOBER 2021 • VOLUME 5, NUMBER 19 IAP/HDAC INHIBITOR SYNERGISM IN MM 3785

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/5/19/3776/1824814/advancesadv2020003597.pdf by guest on 02 June 2024



(eg, by BCL-XL downregulation) cooperates with extrinsic pathway
activation (eg, by caspase-8 cleavage) to trigger MM cell death.

The LCL161/LBH regimen effectively induced cell death in cultured
as well as in primary MM cells and overcame resistance conferred
by microenvironmental factors (eg, collagen, immortalized stromal
cells) as well as MM patient–derived stromal cells and serum. Previ-
ous studies have implicated activation of the noncanonical NF-kB
pathway in protective effects associated with stromal cells.47,48 It is
therefore logical to speculate that the ability of the LCL161/LBH reg-
imen to block noncanonical NF-kB signaling contributed to the failure
of stromal cells to block cell death induced by these agents. Of note,
although LCL161/LBH induced cell death in primary CD1381 cells
as well as more primitive progenitors (CD138–/CD191/CD201/
CD271) cocultured with normal or patient-derived stromal cells, iden-
tical regimens were relatively nontoxic to normal CD341 cells. The
basis for such selectivity is uncertain but may reflect the preferential
toxicity of HDACIs toward neoplastic versus normal cells.49 Analo-
gously, the selective activity of IAP antagonists toward neoplastic vs
normal cells may reflect the greater dependency of the former on anti-
apoptotic proteins.50 Additional studies will be required to address
these questions more definitively.

The LCL161/LBH regimen displayed significant in vivo activity in an
immunocompetent MM cell model with no substantial evidence of tox-
icity. Importantly, several of the changes observed in vitro (eg, reduc-
tions in p52 processing, cIAP1 downregulation) were recapitulated in
vivo, raising the possibility that mechanisms underlying cell death were
operative in both settings. Interesting, results of an earlier study sug-
gest that the in vivo activity of LCL161 in a MM model may reflect,
at least in part, immunologic factors.8 In this context, studies have sug-
gested that HDACIs may, in addition to their epigenetic actions, per-
turb antitumor immunosurveillance.51,52 Consequently, the direct
effects of LCL161/LBH in promotingMM cell death in vivo may poten-
tially be enhanced by immunologic mechanisms. Studies are currently
underway to test this hypothesis.

The results of the present study have potential implications for MM
therapy. As noted previously, LBH, when combined with bortezo-
mib/dexamethasone, is approved in relapsed/refractory MM,53 and
studies are currently underway designed to optimize this regimen
(#NCT02654990). LCL161 has undergone testing in several malig-
nancies (#NCT02890069, #NCT02649673), including MM
(#NCT01955434, #NCT03111992),8 and thus far trials have shown

this agent to be minimally toxic at plasma concentrations comparable
to those used in the present study.11 Based on these considerations,
a combination regimen involving LCL161 and LBH warrants further
consideration, and efforts to develop this concept are currently
underway.
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