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Abstract

Purpose: Bromodomain and extraterminal domain (BET)

proteins regulate the expression of many cancer-associated

genes and pathways; BET inhibitors have demonstrated activ-

ity in diverse models of hematologic and solid tumors. We

report the preclinical characterization of INCB054329, a struc-

turally distinct BET inhibitor that has been investigated in

phase I clinical trials.

Experimental Design: We used multiple myeloma models

to investigate vulnerabilities created by INCB054329 treat-

ment that could inform rational combinations.

Results: In addition to c-MYC, INCB054329 decreased

expression of oncogenes FGFR3 and NSD2/MMSET/WHSC1,

which are deregulated in t(4;14)-rearranged cell lines.

The profound suppression of FGFR3 sensitized the t(4;14)-

positive cell line OPM-2 to combined treatment with a fibro-

blast growth factor receptor inhibitor in vivo. In addition, we

show that BET inhibition across multiple myeloma cell lines

resulted in suppressed interleukin (IL)-6 Janus kinase–sig-

nal transducers and activators of transcription (JAK–STAT)

signaling. INCB054329 displaced binding of BRD4 to the

promoter of IL6 receptor (IL6R) leading to reduced levels of

IL6R and diminished signaling through STAT3. Combina-

tion with JAK inhibitors (ruxolitinib or itacitinib) further

reduced JAK–STAT signaling and synergized to inhibit mye-

loma cell growth in vitro and in vivo. This combination

potentiated tumor growth inhibition in vivo, even in the

MM1.S model of myeloma that is not intrinsically sensitive

to JAK inhibition alone.

Conclusions: Preclinical data reveal insights into vulner-

abilities created in myeloma cells by BET protein inhibition

and potential strategies that can be leveraged in clinical studies

to enhance the activity of INCB054329.

Introduction

Bromodomain and extraterminal domain (BET) proteins com-

prise a family of four related proteins (BRD2, BRD3, BRD4, and

BRDT), each harboring two tandem amino-terminal bromodo-

mains (BD1 and BD2) that bind selectively to acetylated lysine

residues. BET proteins regulate the expression of an array of genes

by binding to highly acetylated histone tails at the promoters and

enhancers of target genes and by recruiting transcriptional com-

plexes including the super-elongation complex and the protein

transcriptional elongation complex B (1, 2). Association of BRD4

with chromatin is strongly enriched at large enhancer elements,

called super-enhancers, which are frequently co-opted in tumor

cells to drive expression of genes involved in cell proliferation, cell

fate, and survival (3, 4). Correspondingly, reduction of BRD4 by

siRNA in transformed cells inhibits cell-cycle progression, due to

G1 arrest (5, 6).

The small-molecule inhibitors, JQ-1 and iBET, that block BET

binding to chromatin showed therapeutic potential against both

solid and hematologic tumor models, in part, through suppres-

sionof oncogenes such as c-MYC (7–9). In addition, BRD2, BRD3,

andBRD4have been shown to control the inflammatory response

in models of acute inflammation by regulating the expression of

proinflammatory modulators such as interleukin (IL)-6 and

tumor necrosis factor (TNF)a (8, 10). Tumor-associated inflam-

mation is a hallmark of cancer, and elevated levels of proinflam-

matory proteins, including IL6, have been shown to promote

multiple aspects of tumorigenesis. Thus, antitumor activity of BET

inhibitors may result from modulation of inflammation in addi-

tion to direct effects on the tumor cell.
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Multiple myeloma is a progressive cancer of malignant

plasma cells that initiates from genetic lesions including copy-

number alterations and chromosomal translocations resulting

from immunoglobulin switch recombination (11, 12). Juxta-

position of the immunoglobulin heavy-chain (IgH) enhancers

to oncogenes, such as FGFR3/MMSET or CCND1 in t(4;14) and

t(11;14), respectively, occurs as early initiating events in

approximately 25% of cases (13). Progression corresponds to

the accumulation of secondary genetic and epigenetic altera-

tions including the deregulation of c-MYC by various chromo-

somal rearrangements (14, 15). The survival and proliferation

of both normal and malignant plasma cells are critically

dependent upon the interaction with a variety of cells in the

bone marrow microenvironment, including stromal, vascular,

bone, and immune cells (16). Interactions among these cells

are mediated by cytokine receptors, which include IL6, insulin-

like growth factor-1, basic fibroblast growth factor, and various

other chemokines and cytokines.

We present the preclinical characterization of a novel, phase I

BET inhibitor, INCB054329. Our data demonstrate that, in addi-

tion to c-MYC, other putative oncogenes such as FGFR3 and

pathways including JAK–STAT are strongly affected by BET inhi-

bition inmodels ofmyeloma, thereby creating vulnerabilities that

can be exploited with targeted agents. These results provide a

strategy for potential selection of rational combinations with BET

inhibitors.

Materials and Methods

Cell lines and reagents

All cell lines except INA-6 were purchased from ATCC, DSMZ,

or the Japanese Collection of Research Bioresources Cell Bank and

were acquired between 2003 and 2013. INA-6 cells were a gift

from Dr. Renate Burger (University Hospital Schleswig-Holstein,

Kiel, Germany). All cell lines were confirmed to be negative for

mycoplasma (Bionique Testing Laboratories, Inc.), and cell lines

used for in vivo testing were authenticated by short tandem repeat

analysis between 2013 and 2017. INCB054329, INCB054828,

ruxolitinib, itacitinib, and JQ-1 were synthesized at Incyte

Corporation.

Bromodomain-binding assays

The binding of INCB054329 to BET bromodomains

BRD4-BD1 and BRD4-BD2, BRD3-BD1 and BRD3-BD2,

BRD2-BD1 and BRD2-BD2, and BRDT-BD1 was assessed using

the AlphaScreen assay (PerkinElmer). A fluorescence polarization

assay was used to measure binding to the BRDT-BD2. Binding to

non-BET bromodomains was assessed using the BROMOscan

assay at a fixed concentration of 3 mmol/L of INCB054329

(DiscoverX).

Gene-expression analysis

Gene-expression analysis was performed using Affymetrix

Human Genome U133 PLUS 2.0 microarrays with data

being analyzed usingOmicSoft's Array Studio software (OmicSoft

Corporation) and gene set enrichment analysis (GSEA; refs. 17,

18). Chromatin immunoprecipitation (ChIP) sequencing was

performed as described (19), withmapped reads being visualized

in Array Studio.

Chromatin immunoprecipitation

Chromatin was isolated from cell lines using the SimpleChIP

Enzymatic ChIP kit (Cell Signaling Technology). The antibodies

used for ChIP were anti-BRD4 (Bethyl Laboratories; A301-985)

andanti-HistoneH3-acetyl K27 (Abcam; ab4729). Analyses of the

IgH enhancers and the c-MYC transcriptional start site (TSS) were

performed using published primer-probe sets (19). The forward

and reverse primers for the negative control region of FGFR3 are

50-GCGCTAACACCACCGACAAand50-GAGTGATGAGAAAACC-

CAATAGAATTG with the probe sequence 50-AGCTAGAGGT-

TCTCTCCTTGCACAACGTCA. The primer and probe sequence

for IL6 receptor alpha (IL6Ra) are 50-GCGCGAGTTCCTCAA-

ATGTT and 50-TCCCACTCGCACATGACTCA with the probe

sequence CCTGCGTTGCCAGGACCGTCC. These data are

expressed as fold enrichment (2E[-DDCt[ChIP/nonimmune con-

trol]) and normalized to the input (2% of the dimethyl sulfoxide

[DMSO] sample).

Western blotting and ELISA

All antibodies were purchased from commercial sources

as follows: antibodies against phosphorylated signal transdu-

cers and activators of transcription 3 (pSTAT3; pY705), STAT3,

c-MYC, PIM2, phosphorylated fibroblast growth factor sub-

strate 2 (FRS2; pY436), GAPDH, and Actin were from Cell

Signaling Technology; antibodies against WHSC1/MMSET were

from Novus Biologicals; antibodies against p21 were from BD

Biosciences, and antibodies against fibroblast growth factor

receptor 3 (FGFR3), pFGFR3 (pY724), and FRS2 were from

Abcam. The c-MYC ELISA kit was purchased from Cell Signaling

Technology, and ELISA was performed per the manufacturer's

protocol.

Cell viability assay

Cell viability assays were performed after 72 hours of incuba-

tion with a serial dilution of INCB054329 or 0.1% DMSO as

control using the CellTiter-Glo ATP assay (Promega). All cell lines

were tested with a minimum of three independent experiments,

and data are reported as the mean � standard deviation. To test

dependence of the OPM-2 cells on FGFR3, gene editing by

Translational Relevance

Here, we describe INCB054329, a structurally distinct bro-

modomain and extraterminal domain (BET) inhibitor that is

potent in several preclinical models of B-cell malignancies

and is currently in phase I trials. The key to successful utili-

zation of BET inhibitors may lie in their ability to enhance the

efficacy of other targeted therapies. Here, we demonstrate that

INCB054329 can be rationally combined with inhibitors of

signaling pathways in models of multiple myeloma, in which

pathway components are transcriptionally regulated by BET

proteins.We report that INCB054329 sensitizesmyeloma cells

both in vitro and in vivo to clinical Janus kinase inhibitors, such

as ruxolitinib, by reducing interleukin-6 receptor expression,

and to the phase II fibroblast growth factor receptor (FGFR)

inhibitor INCB054828 in subsets of t(4;14) translocatedmye-

lomaswith high FGFR3 expression. These findingsmay lead to

improved stratification strategies for patients receiving BET

inhibitors, such as those with activation of BET-regulated

kinase pathways.

Preclinical Characterization of the BET Inhibitor INCB054329
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CRISPR-Cas9 was performed using 3 gRNAs targeted to FGFR3

and a control gRNA targeting Green Fluorescent Protein (Cellecta

Inc.). OPM-2-Cas9 cells were generated by infection of lentiviral

Cas9, followed by selection with 5 mg/mL blasticidin for 1 week.

OPM-2-Cas9 cells were infected with gRNAs for 2 days and then

selected using 1 mg/mL puromycin for 3 days to eliminate unin-

fected cells. Edited cells were counted and seeded into 96 wells

(3,000/well), and growth of the cells was measured over time as

described. FGFR3knockdownwas confirmedbyWesternblotting.

The gRNA sequences used for targeting GFP and FGFR3 are as

follows: gGFP: AAGATCGAGTGCCGCATCAC; gFGFR3-1: GGG-

GACGGAGCAGCGCGTCG; gFGFR3-1: GGGAGATGACGAAGA-

CGGGG; gFGFR3-1: GCTGCCGGCCAACCAGACGG.

Human T-cell assays

T cells were separated from human peripheral blood mono-

nuclear cells of healthy adults by elutriation and treated with

phytohemagglutinin (PHA) for 3 days to induce cell-surface

expression of IL2 receptors. The PHA-activated and phosphate-

buffered saline-washed T cells were grown in the presence of

100U/mL of IL2 and different concentrations of INCB054329 for

3 days. Proliferation analysis was performed using CellTiter-Glo

Reagent as described above.

Cell-cycle analysis

Cell-cycle distribution was determined using propidium

iodide staining and analyzed by flow cytometry according to

established protocols. The kinetic parameters of the cell cycle

(G1, S, G2þM) and the coefficient of variance of G1 peak from

50,000 events were computed using the Cflow Plus software

(BD Biosciences).

Analysis of apoptosis

Apoptosis was determined using Annexin V–propidium iodide

staining of cells treated with INCB054329 or DMSO vehicle

according to standard procedures, and data from 10,000 events

were analyzed by CflowPlus Software using an Accuri C6 cyt-

ometer (BD Biosciences).

In vivo experiments

All experiments involving mice were performed under the

guidelines and regulations of the Institutional Animal Care

and Use Committee of Incyte Corporation. CB17/Icr-Prkdc

scid/IcrIco Crl (severe combined immunodeficiency [SCID])

and Nu/Nu (nude) mice were purchased from Charles River

Laboratories.

For the administration by oral gavage, all Incyte compounds

were first reconstituted in N,N-dimethylacetamide (DMAC;

Sigma-Aldrich) and then diluted in a 0.5% methylcellulose

(Sigma-Aldrich) solution for a final concentration of 5%

DMAC.

For xenograft studies, 107 cells were resuspended in Matrigel

(BD Biosciences; KMS-12-BM andMM1.S) or resuspended as brei

(INA-6) and injected subcutaneously into the dorsal flanks of

mice. Subcutaneous tumors were allowed to grow until they

reached approximately 200 mm3, at which point the mice were

randomized into dosing groups. Tumors were measured at least

twice weekly with electronic calipers. Tumor volumes were cal-

culated using the following formula: volume ¼ (length �

width2)/2, where width was the smaller dimension. Body weights

were also monitored.

Results

Discovery of a novel BET bromodomain inhibitor

A fragment to pharmacophore strategy was used to identify a

novel fused tricyclic scaffold and subsequently led to the

discovery of the candidate INCB054329 (Fig. 1A). The isoxa-

zole moiety mimics the acetyl lysine group in the BRD4-BD1

pocket, and the pyridyl ring binds on the WPF shelf (Fig. 1B). In

biochemical binding assays, INCB054329 potently inhibited

the binding of tetra-acetylated histone H4 peptide to BRD2,
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Figure 1.

Structure and characterization of the novel BET inhibitor INCB054329. A,

Structure of INCB054329. B, Model of the interaction of INCB054329 with the

acetyl lysine binding pocket of BRD4-BD1. C, Inhibition of tetra-acetylated

histone H4 peptide binding to BRD2, BRD3, BRD4, and BRDT by INCB054329 in

biochemical assays. D, INCB054329 is selective for the BET subfamily.
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BRD3, and BRD4, with modest selectivity for BRDT-BD1 and

BRDT-BD2 (Fig. 1C). A screen against 16 non-BET bromodo-

mains showed no significant inhibitory activity at 3 mmol/L

(Fig. 1D).

INCB054329 exhibits broad antiproliferative activity against

hematologic cancer cell lines and antagonizes c-MYC

expression in vitro and in vivo

The antiproliferative activity of INCB054329 was profiled

against a panel of 32 hematologic cancer cell lines derived from

acute myeloid leukemia, non-Hodgkin lymphoma, and mul-

tiple myeloma (Fig. 2A). The median 50% growth inhibition

(GI50) value was 152 nmol/L (range, 26–5,000 nmol/L), and

inhibitory activity was observed across all histologies (Supple-

mentary Table S1). In contrast to tumor cell lines, the GI50
value against T cells isolated from non-diseased donors stim-

ulated ex vivo with IL2 was 2.435 mmol/L. Growth inhibition

correlated with a concentration-dependent accumulation of

cells in the G1 phase of the cell cycle (Fig. 2B). An increase in

apoptosis was also observed in four of five myeloma cell lines at

1,000 nmol/L, and significant increases were observed from

100 nmol/L in INA-6 cells (Fig. 2C). Consistent with published

experiments (19), ChIP of BRD4 showed enriched binding at

the IgH enhancers in MM1.S cells (Fig. 2D). Treatment with

INCB054329 displaced BRD4 binding to the E2 30 enhancer,

similar to findings with the BET inhibitor JQ-1 (Supplementary

Fig. S1; ref. 19). Concomitant with the abrogation of BRD4

binding, levels of c-MYC mRNA were rapidly suppressed,

leading to a concentration-dependent decrease in c-MYC pro-

tein in multiple cell lines (Fig. 2E and F). Using c-MYC as a

pharmacodynamic marker in tumor cells, we evaluated the

pharmacokinetic–pharmacodynamic relationship after a single

oral administration of INCB054329 in mice bearing subcuta-

neous xenografts of KMS-12-BM tumors. The KMS-12-BM cell

line has been shown to have very high c-MYC protein levels

(20) and is therefore amenable for pharmacokinetic/pharma-

codynamic study. A concentration-dependent decrease was

observed 3 hours after dose with an in vivo half-maximal

inhibitory concentration (IC50) of 66 nmol/L and a 90%

inhibitory concentration (IC90) of approximately 400 nmol/L

(Fig. 2G). INCB054329 exhibited high clearance in mice result-

ing in a short half-life (Supplementary Fig. S2A); therefore,

twice-daily (b.i.d.) dosing was used in efficacy studies.

At exposures that effectively suppressed c-MYC, INCB054329

was found to be efficacious and well tolerated in both the

KMS-12-BM and MM1.S xenograft models (Supplementary Fig.

S2B and S2C).

INCB054329 displaces binding of BRD4 from enhancers

driving oncogenes in models of t(4;14) myeloma

The t(4;14) translocation involves a balanced rearrangement

of the IgH locus on chromosome 14, with chromosome 4

leading to deregulation of two potential oncogenes FGFR3

(encoding a receptor tyrosine kinase) and NSD2/MMSET/

WHSC1 (encoding a DNA methyl transferase; Fig. 3A; ref. 13).

To assess whether both translocation partners are regulated by

BRD4, ChIP-PCR was performed on both the Em and E2

enhancers associated with the IgH locus. BRD4 binds to both

elements in two t(4;14)-positive cell lines OPM-2 and KMS-11,

with higher normalized levels at the E2 enhancer. Treatment

with 500 nmol/L INCB054329 reduced BRD4 association with

the E2 and Em enhancers to 8% and 29% of the DMSO control

samples, respectively, in OPM-2 cells, while only BRD4 bind-

ing to E2 was reduced (18% of control) in the KMS-11 cells

(Fig. 3B; Supplementary Fig. S1). Steady-state mRNA levels of

FGFR3 were reduced to nearly background in the OPM-2 cells

similar to c-MYC, while mRNA levels of NSD2 were decreased

approximately 50% (Fig. 3C). FGFR3 protein levels were also

suppressed to near background levels (1% of DMSO) at a

concentration of 250 nmol/L (approximately twice the IC50),

whereas NSD2/MMSET protein was maximally reduced by

50% at 24 hours (Fig. 3D).

In a subcutaneous xenograft model of OPM-2 tumors, oral

administration of INCB054329 resulted in a dose-dependent

suppression of tumor growth and was well tolerated as assessed

by body-weight measurements (Fig. 3E). The strong suppres-

sion of FGFR3 suggested that greater inhibition of tumor

growth could be achieved in combination with FGFR targeting.

INCB054828 is a selective kinase inhibitor of the FGFR 1, 2,

and 3 and is currently being tested in phase I/II trials of solid

and hematologic cancers (NCT02393248 and NCT03011372).

INCB054828 inhibited OPM-2 cell proliferation (GI50, 97

nmol/L) similar to deletion of FGFR3, indicating at least partial

dependence of these cells on FGFR signaling (Supplementary

Fig. S3). In vivo, partial antitumor efficacy by INCB054828 was

observed against OPM-2 xenografted tumors at its optimal dose

of 0.3 mg/kg once daily (Fig. 3E). When combined with

INCB054329, however, a significantly greater decrease in ter-

minal tumor volume was achieved than by either compound

alone (P < 0.001 by two-way ANOVA for combination versus

each single agent). Strikingly, FGFR inhibition alone resulted in

a feedback upregulation of FGFR3 that was completely abro-

gated in the combination group (Fig. 3F). Despite the increased

FGFR3 levels in tumors from INCB054828-treated mice, sig-

naling through FGFR3 is blunted by INCB054828 (as deter-

mined by pFGFR3 and pFRS2 levels), and slightly more so

by the combination of INCB054828 and INCB054329. The

combination also decreased levels of c-MYC and pSTAT3 and

increased levels of p21 when compared with levels from single-

agent–treated tumor samples.

Gene-expression profiling identifies key growth regulatory and

inflammatory pathways as targets of INCB054329

To characterize the broader effects of BET inhibition on gene

expression, two myeloma cell lines MM1.S and INA-6 were

treated for 4 and 24 hours with INCB054329 and analyzed by

gene-expression profiling (Supplementary Fig. S4A). Pathway

analysis of differentially expressed genes was evaluated using

two methods: MetaCore and GSEA. By MetaCore, a number of

pathways related to growth, development, and inflammation

were enriched (Fig. 4A). To explore molecular signatures in

greater detail, the data were also analyzed by GSEA. c-MYC–

dependent gene sets emerged among the top downregulated

gene sets in both MM1.S and INA-6 cell lines (Fig. 4B; Sup-

plementary Fig. S4B), and c-MYC was identified as the most

significantly downregulated transcription factor network in

MM1.S cells, recapitulating results with JQ-1 and other BET

inhibitors (19, 21). In addition, the IL6 signature in myeloma

was among the top pathways in both cell lines. In monocytes,

BET inhibitors repressed production of IL6 (10), and

INCB054329 also suppressed secretion of IL6 by immortalized,

human stromal cell lines (Supplementary Fig. S5); however,

Preclinical Characterization of the BET Inhibitor INCB054329
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neither myeloma cell line expressed high levels of IL6 (data not

shown). In contrast, the mRNA levels of IL6R encoding

CD126 or the IL6Ra subunit was significantly downregulated

in MM1.S cells treated with INCB054329 at 4 hours [1.6-fold,

false discovery rate (FDR) <0.002; Fig. 4C). A 2.4- to 3.5-fold

reduction in IL6R mRNA within 4 hours was also observed in

additional cell lines, including U-266, OPM-2, and KMS-11.

Analysis of the gene track for BRD4 association with the IL6R

gene locus showed strong enrichment near the TSS that corre-

sponded to a peak of histone H3K27 acetylation in CD14-

positive myeloid cells from project ENCODE data (Fig. 4D;

ref. 22). This activation histone mark at the TSS was confirmed

in MM1.S cells by ChIP-PCR for H3K27Ac (data not shown)

and correlated with BRD4 association in control cells.
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Figure 2.

INCB054329 has antiproliferative activity

against hematologic cancer cell lines

in vitro and suppresses expression of c-MYC

in vitro and in vivo. A, Waterfall plot showing

GI50 values against a panel of cell lines derived

from hematologic cancers. T cells from normal

donors stimulated ex vivo with IL2 were used

as a normal comparator. All assayswere run for

72 hours. EachGI50 value is themean (�SD) for

at least three independent experiments.

B, Analysis of cell-cycle distribution by flow

cytometry using propidium iodide staining for

DNA content. MM1.S (left) or INA-6 (right)

cells were treated with indicated

concentrations of INCB054329 or DMSO

(control) for 48 hours. Each bar shows the

mean (�SD) for three independent

experiments. C, Measurement of cellular

apoptosis by Annexin V–propidium iodide

staining after 48-hour incubation of MM1.S

(left) or INA-6 (right) cellswith INCB054329 or

DMSO control. The mean increase over control

(�SD) for three experiments is shown.

D, Binding of BRD4 to the IgH enhancer E2 in

MM1.S cells treated without or with 1,000

nmol/L INCB054329. E, Concentration-

dependent reduction of steady-state

c-MYC mRNA levels in MM1.S cells.

F, Concentration-dependent suppression

of c-MYC protein by INCB054329. Cells were

treated with INCB054329 for 3 hours

prior to Western blotting analysis with

anti–c-MYC. G, In vivo pharmacokinetic–

pharmacodynamic relationship. KMS-12-BM

tumors were established in female Nu/Nu

mice, and INCB054329 was administered

orally at 0 (vehicle control), 3, 10, 30, or

100 mg/kg (n ¼ 5 per group). At 3 hours after

dose, peripheral blood and tumors were

harvested. Plasma was analyzed by liquid

chromatography–tandem mass spectrometry

for INCB054329 concentration, and tumors

were homogenized and analyzed for c-MYC

protein levels using a c-MYC ELISA kit.

The in vivo observed IC50 value was calculated

to be 66 nmol/L. ABC, activated B-cell–like;

AML, acute myelogenous leukemia; BL, Burkitt

lymphoma; DH, double hit; DLBCL, diffuse

large cell B-cell lymphoma.
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Treatment with JQ-1 abrogated the BRD4 peaks at this site.

Similarly, treatment with INCB054329 resulted in depletion of

BRD4 from the IL6Ra TSS in OPM-2 cells (Fig. 4E).

Suppression of IL6R by INCB054329 sensitizes myeloma cells

to clinical Janus kinase (JAK) inhibitors

To evaluate whether the reduction of IL6Ra would translate

into a vulnerability that could be therapeutically exploited,

cellular analyses were performed to assess the effect on

IL6Ra protein levels and signaling in myeloma cell lines.

INCB054329 treatment induced a dose-dependent decrease in

cell-surface IL6Ra staining as measured by flow cytometry in

MM1.S and U-266 cells and in IL6Ra protein levels by Western

blotting in MM1.S and U-266 cells that corresponded to

decreased levels of IL6Ra protein (Fig. 5A). The consequence

of IL6Ra reduction on IL6 signaling was measured in U-266

cells because they express high levels of IL6Ra but are not

dependent on IL6 for survival, in contrast to INA-6 cells that

rapidly lose viability upon loss of IL6 signaling (23). Basal

levels of pSTAT3 were reduced by nearly eight fold with

INCB054329 (Fig. 5B, compare lanes 1 to 4). Upon stimulation

with IL6, a concentration-dependent increase in the pSTAT3

level was observed in both DMSO and INCB054329-treated

groups; however, in cells pretreated with INCB054329, pSTAT3

was induced to an extent that only slightly exceeded the

unstimulated DMSO control (Fig. 5B, compare lanes 1 and

6). Therefore, reducing cell-surface IL6Ra levels diminished the

response to physiologically relevant levels of IL6. Consistent

with this effect, transcriptional profiling showed decreased

levels in expression of several genes also known to be at least

in part transcriptionally regulated by STAT3, including BCL-xL,

and cyclins D1 and D2 (Fig. 4C), indicating BET inhibition of

IL6Ra levels results in decreased levels of several downstream

pathway targets. As a possible compensatory response to sup-

pressed IL6 signaling, genes in the IL6–JAK2–STAT3 pathway

were upregulated, including time-dependent increases in JAK1,

JAK2, STAT6, and STAT3 transcripts.

We reasoned that targeting of BET in combination with a

selective JAK inhibitor could have combinatorial effects on

myeloma cell viability, especially in view of potential compen-

satory increases in JAK–STAT pathway genes. Studies were
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Figure 3.

INCB054329 reduces BRD4 binding to the IgH enhancer and reduces

expression of target genes. A, Cartoon depicting the t(4;14)-balanced

translocation resulting in fusion of the Em enhancer 30 to FGFR3 and the E2

enhancer 50 to NSD2 (13). B, ChIP-PCR analysis of BRD4 binding to the 30

enhancer element E2 or the Em intronic enhancer in OPM-2 (left) or KMS-11

(right) cells treated with DMSO or INCB054329. Data are expressed as the

fold enrichment normalized to the input (2% of DMSO sample). C,

INCB054329 reduces expression of genes regulated by the IgH enhancer.

Decrease in the steady-state levels of FGFR3 (left) and NSD2 (right) mRNA in

OPM-2 cells treated with INCB054329 for 4 hours. D,Western blot analysis of

bromodomain target proteins. OPM-2 cells were treated with 250 nmol/L of

INCB054329, harvested over 48 hours, and analyzed for levels of the

indicated proteins. The "0" indicates untreated cells, and "48D" are control

cells treated for 48 hours with DMSO. E, Efficacy of INCB054329 in the OPM-2

subcutaneous xenograft model as monotherapy or in combination with the

selective FGFR inhibitor INCB054828. F, Xenografted OPM-2 tumors were

harvested from mice after 5 days of treatment with INCB054329 (50 mg/kg),

INCB054828 (0.3 mg/kg), both agents, or vehicle, and Western blots of the

indicated proteins were performed on the tumor lysates.
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undertaken using the JAK1/2 inhibitor ruxolitinib (24) or the

JAK1-selective inhibitor itacitinib (Supplementary Table S2).

INA-6 cells were sensitive to both JAK and BET inhibitors, and

combining either JAK inhibitor with INCB054329 potentiated

the effect on viability. Using Bliss independence calculation

(25), the average fractional product (Fua) across a 5 � 5
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Figure 4.

Gene-expression profiling of

myeloma cell lines treated with

INCB054329 reveals regulation of

pathways involved in growth,

development, and inflammation.

A, Top pathways identified using

MetaCore in INA-6 cells and MM1.S

cells treated with INCB054329

for 4 hours (genes used for pathway

enrichment were selected by |Fold

Change|>1.5 and FDR <0.05 in each

cell line). B, Gene set enrichment

analysis showing representative

plots of gene sets strongly

downregulated by treatment with

INCB054329. C, Changes in

expression of JAK–STAT pathway

genes upon treatment with

INCB054329 in MM1.S cells. D, BRD4

binding to the IL6Ra TSS is blocked

by BET inhibitors. ChIP-sequencing

reads of BRD4 in MM1.S cells treated

with DMSO or 1 mmol/L of JQ-1. The

gene track for H3K27 acetylation in

CD14-positive cells from ENCODE

consortium is shown for comparison

(22). E, ChIP-PCR for BRD4

association with the TSS of IL6R

in OPM-2 cells treated with

500 nmol/L of INCB054329 or

DMSOusing anti-BRD4or a negative

control antibody. Data are

expressed as the fold enrichment

normalized to the input (2% of

DMSO sample).
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combination grid was 7 and 12 for combinations with ruxo-

litinib and itacitinib, respectively, indicating a synergistic inter-

action. In contrast, a control grid of INCB054329 versus itself

yielded an additive Fua of 1. The combination of either JAK

inhibitor with INCB054329 also induced a greater degree of

apoptosis (Fig. 5C). Analysis of downstream targets demon-

strated that the combination of JAK1 and BET inhibitors had

markedly enhanced inhibition of pSTAT3 and modestly greater

U-266A
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Figure 5.

INCB054329 suppression of IL6R

reduces JAK–STAT signaling and

sensitizes myeloma cells to

combined inhibition with clinical JAK

inhibitors. A, Concentration-

dependent reduction of cell-surface

IL6Ra in U-266 (left) or MM1.S cells

(middle) treated for 48 hours with

10–1,000 nmol/L INCB054329.

Right, the IC50 plots for reduction of

cell-surface IL6Ra. Western blot

analysis of IL6Ra protein and a

membrane protein control

(Naþ/Kþ-ATPase) in cells treated

with DMSO or 1 mmol/L of

INCB054329 for 48 hours are shown.

B, IL6-dependent signaling in U-266

cells treated with INCB054329 is

diminished. Cells treated with DMSO

or 500 nmol/L INCB054329 for 36

hours were stimulated with 0, 0.02,

or 0.1 ng/mL of recombinant human

IL6 for 10 minutes. Western blot

analysis shows levels of phospho-

and total STAT3 and GAPDH (left).

Quantitation of the luminescence

intensity of pSTAT3 normalized to

total STAT3 and plotted relative to

the unstimulated DMSO control

sample (right). C, Heat maps (left)

showing the Excess over Bliss values

in INA-6 and MM1.S cells treated with

a dilution series of INCB054329 and

either ruxolitinib (top) or itacitinib

(bottom) for 72 hours and assayed

using CellTiter-Glo. Heat maps

(right) showing the percent increase

of caspase 3/7 activity in cells

treated with a dilution series of

INCB054329 and either ruxolitinib

(top) or itacitinib (bottom) for

48 hours. D,Western blot analysis of

INA-6 cells treatedwith INCB054329

(100 or 300 nmol/L), itacitinib (JAK

inhibitor, 400 nmol/L), or the

combination for 4 hours. Control

cells were treated with DMSO.

Iso, isotype antibody control;

PE, phycoerythrin; rh,

recombinant human.

Preclinical Characterization of the BET Inhibitor INCB054329

www.aacrjournals.org Clin Cancer Res; 25(1) January 1, 2019 307

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

/3
0
0
/2

0
4
9
6
1
5
/3

0
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



0

50

100

150
*

* P < 0.05

BA

C

c
-M

Y
C

 p
ro

te
in

 l
e
v
e
ls

 
(%

 o
f 

v
e
h

ic
le

)

0

50

25

75

100

125

 * P = 0.022
** P = 0.0001

E

c
-M

Y
C

 p
ro

te
in

 l
e
v
e
ls

 
(%

 o
f 

v
e
h

ic
le

)

Vehicle

pSTAT3

STAT3

INCB054329 Ruxolitinib

INCB054329

+ ruxolitinib Itacitinib

INCB054329

+ itacitinib

F

Vehicle

pSTAT3

STAT3

INCB054329 Ruxolitinib

INCB054329

+ ruxolitinib

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
) 

±
 S

E
M

0

1,000

750

500

250

1,250

16 220241 18

Days after inoculation

*

Vehicle

INCB054329

Ruxolitinib

*Day 21 TGI from all combination groups differed from corresponding

single-agent TGI

P < 0.0001 in each case

TGI (%)

51

47

Itacitinib 33

89Ruxolitinib + INCB054329

Itacitinib + INCB054329 87

S.1MMD

INA-6

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
) 

±
 S

E
M

0

500

250

750

151311 1917

Days after inoculation

* P = 0.027

Vehicle

INCB054329

Ruxolitinib

TGI (%)

34

2

62Ruxolitinib + INCB054329

V
eh

ic
le

IN
C
B
05

43
29

R
ux

ol
iti
ni
b

IN
C
B
05

43
29

 +
 ru

xo
lit
in
ib

Ita
ci
tin

ib

IN
C
B
05

43
29

 +
 it
ac

iti
ni
b

*

V
eh

ic
le

IN
C
B
05

43
29

R
ux

ol
iti
ni
b

IN
C
B
05

43
29

 +
 ru

xo
lit
in
ib

*

**

*

Figure 6.

Combination of BET and JAK inhibitors in vivo shows synergistic effects on tumor growth. A, Efficacy of INCB054329 and JAK inhibitor monotherapy or in

combination in the subcutaneous INA-6 humanmyelomaxenograftmodel.B,Pharmacodynamic effects of INCB054329, JAK inhibitors, or the combination on c-MYC

levels in INA-6 xenografted tumors following a single oral dose. C, Pharmacodynamic effects of INCB054329, JAK inhibitors, or the combination on pSTAT3 levels in

INA-6 xenografted tumors following a single oral dose.D, Efficacy of INCB054329 and ruxolitinib monotherapy or in combination in the subcutaneous MM1.S human

myelomaxenograftmodel.E,Pharmacodynamic effects of INCB054329, ruxolitinib, or the combination on c-MYC inMM1.S xenografted tumors following a single oral

dose. F, Pharmacodynamic effects of INCB054329, ruxolitinib, or the combination on pSTAT3 in MM1.S xenografted tumors following a single oral dose.
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suppression of c-MYC than either agent alone. Interestingly,

JAK1 inhibition resulted in decreased protein levels of the

STAT3 transcriptional target PIM2, whereas PIM2 levels

remained unchanged by BET inhibition, suggesting that the

BET and JAK1 inhibitors can differentially influence the out-

come of STAT-mediated transcription (Fig. 5D). The MM1.S cell

line that is independent of IL6 did not show sensitivity to any

JAK inhibitor in viability assays nor did the addition of JAK

inhibitor increase the activity of INCB054329 under standard

culture conditions (data not shown).

Combination of JAK and BET inhibitors in vivo leads to

enhanced efficacy

To evaluatewhether the combination of JAK andBET inhibitors

would translate to improved efficacy, INA-6 xenografts were

established in female SCID mice. At a dose of 50 mg/kg b.i.d.,

INCB054329 reduced tumor growth by 51% (P < 0.0001, two-

way ANOVA) compared with the vehicle control group after 8

days of oral dosing (Fig. 6A). A dose of ruxolitinib suitable for

combination studies (30 mg/kg b.i.d.) also suppressed tumor

growth by 47% (P < 0.0001). The combination of ruxolitinib

and INCB054329 significantly enhanced the efficacy (89%

tumor growth inhibition) and resulted in partial tumor regres-

sions in five of eight animals. The combinations with itacitinib

at a dose of 60 mg/kg b.i.d. exhibited similar results, with each

combination significantly reducing tumor size when compared

with its single-agent arms (P < 0.0001, two-way ANOVA for each).

All combinations were well tolerated based on body-weight

measurements.

The pharmacodynamic effects of the BET and JAK inhibitors

were also examined in the INA-6 xenograft model. Levels of

c-MYC protein were lower in tumors from INCB054329-treated

mice than vehicle controls (Fig. 6B). Levels of pSTAT3 were

decreased by ruxolitinib alone, and the combination of the BET

inhibitor with either JAK inhibitor further decreased STAT3 phos-

phorylation (Fig. 6C), consistent with the results in vitro.

The combination of INCB054329 with ruxolitinib was also

tested in the IL6-independent model MM1.S. Similar to the

in vitro data, subcutaneous xenografts of the MM1.S tumor were

insensitive to ruxolitinib monotherapy (Fig. 6D) at the same

dose (30 mg/kg b.i.d.) used in the INA-6 study. Surprisingly,

despite this lack of effect with ruxolitinib, tumor growth

was suppressed to a significantly greater extent by INCB054329

in combination with ruxolitinib compared with the BET inhib-

itor alone (P < 0.05, two-way ANOVA for combination vs.

either single agent). INCB054329 significantly decreased tumor

c-MYC levels (Fig. 6E), and levels of pSTAT3 were partially

reduced by either BET or JAK inhibition and showed further

reduction in the combination groups (Fig. 6F).

Discussion

Here, we present an extensive preclinical characterization of

INCB054329, a structurally distinct and rationally designed BET

inhibitor that has been evaluated in phase I clinical trials

(NCT02431260). INCB054329 potently and selectively antago-

nizes the BET subfamily of bromodomain proteins and shows

antiproliferative activity against cancer cell lines derived from

hematologic malignancies of different histologies. Treatment

with INCB054329 reduced c-MYC levels in cell lines as well as

in subcutaneous xenograft tumors, with an in vivo IC50 value of

66 nmol/L and maximally reduced c-MYC with a plasma con-

centrationof 399nmol/L.Using these data, themaximumefficacy

of single-agent therapy was observed when the in vivo IC50 was

exceeded for at least 14 hours, which was achieved by twice-daily

administration.

Previous studies have shown antimyeloma activity of

BET inhibitors by downregulation of oncogenic signaling through

c-MYC (13, 19, 26). In addition to thesewell-characterized effects,

BET inhibitors also diminish bromodomain protein binding to

the IgH enhancer in the 14q32 translocation setting, including the

t(8;14) translocation (involving 14q32) linking IgH to MYC.

Although the t(8;14) translocation is present only in a very small

percentage of patients with multiple myeloma, several other

reciprocal translocations involving 14q32 lead tohighly increased

levels of oncogenic proteins, most prominently MAF, CCND1,

CCND3, andMMSET/FGFR3 (11, 12).Oncogene upregulation by

IgH drives distinct gene-expression signatures that can be used to

categorize myelomas into subgroups (27). The utility of BET

inhibition in myeloma becomes more apparent due to the ability

of BET proteins to target downstream growth-promoting effectors

such as growth factors and cytokines that are expressed across

myeloma subgroups. Likewise, BET inhibition may also be effec-

tive regardless of subgroupor genetic alterationdue to its ability to

block transcriptional activity from the IgH locus.

Among the most prevalent alteration is the t(4;14)-balanced

translocation, in which the intronic Em enhancer is joined to

NSD2 on der4 while the 30 enhancers segregate with FGFR3 on

der14 (13). BRD4 binding was detected at both enhancer ele-

ments in t(4;14)-positive cell lines, but the dependence upon

BRD4 was not equivalent. Inhibition by INCB054329 resulted in

a dramatic decrease in FGFR3 expression and protein, while levels

of NSD2 were only modestly affected. In cell lines that have a

partial dependency on FGFR3 signaling for survival, the depletion

of FGFR3 created a vulnerability that could be exploited by

combination with selective FGFR-targeted inhibitors. In vivo,

combination of INCB054329with the selective FGFR1/2/3 inhib-

itor INCB054828 showed significantly greater efficacy than

either mechanism alone. A strong feedback signal resulted from

FGFR targeting that may have limited the efficacy of FGFR inhib-

itor monotherapy. Importantly, this adaptive response was

completely abrogated by combination with INCB054329. The

idea of combining signaling pathway inhibitors with BET inhi-

bitors to decrease expression of genes within the pathway and to

counter feedback activation is a potentially powerful strategy.

Indeed, this concept has been previously validated for combina-

tions of BET inhibitors with the Bruton tyrosine kinase inhibitor

ibrutinib in models of non-Hodgkin lymphoma (28, 29), and

with phosphoinositide 3-kinase or epidermal growth factor recep-

tor 1/2 kinase inhibitors inmodels of breast cancer andother solid

tumors (30, 31).

In addition to direct regulation of oncogenes, BET inhibition

can regulate levels of effectors downstream of the oncogenic

signal. For example, BET proteins have been shown to regulate

expression of proinflammatory genes including cytokines, che-

mokines, and their receptors in models of acute inflammation

(8, 10). Gene-expression profiling revealed that immune and

inflammatory pathways were strongly enriched by treatment of

myeloma cell lines with INCB054329, even in the absence of

acute challenge. Notably, IL6R has been found to be strongly

overexpressed across several multiple myeloma subgroups (27).

IL6R is a direct target of BRD4, and inhibition by INCB054329 or

Preclinical Characterization of the BET Inhibitor INCB054329
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JQ-1 displaced it from the IL6R TSS suppressing the expression of

IL6Ra and resulting indiminished signaling through STAT3 even

upon IL6 stimulation. An apparent compensatory response to

decreased IL6–JAK–STAT signaling was evidenced by upregula-

tion of components of the JAK–STAT signaling pathway. Con-

sistent with this finding, combinations with the clinical JAK

inhibitors ruxolitinib or itacitinib further reduced JAK–STAT

signaling in the IL6-dependent INA-6 model, resulting in

synergistic inhibition of proliferation and enhanced apoptosis

in cells. Combining BET and JAK inhibitors resulted in superior

efficacy at well-tolerated doses and together suppressed levels

of pSTAT3 more effectively than either agent alone. The impor-

tance of IL6 as a growth and survival factor for myeloma cells

and as a modulator of cellular interactions in the myeloma

tumor microenvironment is well documented (11, 32). Gene-

expression analysis of human myeloma has revealed a signif-

icant subset of tumors with an activated STAT signature (33).

In murine models, activated IL6–JAK–STAT signaling and

c-MYC have been shown to collaborate in the development

of myeloma. An intercross of mice harboring a human IL6

transgene with Em-c-MYC mice resulted in the acceleration of

plasma cell tumor formation with full penetrance (34). Sep-

arately, a murine transduction–transplantation model of mye-

loma driven by a constitutively active allele of Gp130 encoding

the common coreceptor subunit for cytokine receptors, includ-

ing IL6Ra, also showed enhanced tumorigenesis in coopera-

tion with c-MYC. In plasmacytomas arising from Gp130 acti-

vation alone, activating genetic alterations in the c-MYC locus

were recovered in three of ten independently arising tumors

(33). Combining JAK and BET inhibitors is a potentially

promising strategy for other hematologic malignancies, includ-

ing JAK2V617-dependent myeloproliferative neoplasms and

acute lymphocytic leukemia (ALL) characterized by IL7R acti-

vation (35–38). In the ALL models, JQ-1 suppressed STAT5-

dependent signaling and improved survival; significantly at

relapse, these tumors showed reactivation of STAT5 signaling

indicating a feedback upregulation of JAK–STAT signaling.

The mechanism for synergy merits additional study and

should consider both cell-intrinsic and cell-extrinsic mechan-

isms given that BET inhibitors may affect expression of soluble

mediators within the tumor microenvironment that may be

important for supporting tumor cell viability. As an example,

the MM1.S xenograft model, which does not respond to JAK

inhibition alone, was unexpectedly sensitized to JAK inhibition

by coadministration of INCB054329 in vivo. This sensitivity to

combined JAK and BET inhibition was not observed in vitro.

One potential explanation for these findings is that the levels of

cytokines or growth factors in the tumor microenvironment

that provide protection from JAK inhibition may not be as high

as those in cell culture. It is also possible that BET inhibition

could make some myelomas more reliant on cytokine signaling

for survival, consistent with the upregulation of JAK–STAT

pathway genes. Finally, it is possible that BET inhibitors have

biological effects on other cell types within the tumor micro-

environment that may support the malignant cells. Preliminary

data show that BET inhibition can markedly reduce the secre-

tion of multiple cytokines, including IL6 and IL8 (Supplemen-

tary Fig. S5), in cultured stromal cell lines at concentrations

below the IC50 for suppression of cell growth. Thus, in vivo BET

inhibition may have pleiotropic biological impacts beyond

direct effects on the malignant clone.

In summary, we present the profile of a BET inhibitor,

INCB054329, that has advanced into phase I trials. Using mye-

loma as a model, we identified oncogenes and inflammatory

pathways regulated by BET proteins that are significantly altered

by treatment with the INCB054329. Preliminary clinical data

from trials with BET inhibitors have shown only modest single-

agent efficacy to date in hematologic cancers, includingmyeloma,

suggesting that rational therapeutic combinations designed

to target different aspects of cancer biology may be required to

enhance responses in patients with advanced malignancies (39).

By evaluating BET inhibitor–induced changes in growth-promot-

ing and survival pathways, vulnerabilities are revealed that

can guide rational combinations such as with FGFR inhibitors

in the case of selected t(4;14)-rearranged myelomas and with

JAK inhibitors in models characterized by an enriched IL6 signa-

ture. Importantly, the effects of INCB054329on these targets were

achieved using modest concentrations (approximately 2–3 �

in vivo IC50), suggesting that these findings can be translatable

to the clinic. By targeting different aspects of tumor biology,

combination therapy may overcome the tumor heterogeneity

and complexity that may be contributing to limited single-agent

efficacy in early trials.
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