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ABSTRACT: Phenotypic cell-based screening is a powerful
approach to small-molecule discovery, but a major challenge of
this strategy lies in determining the intracellular target and
mechanism of action (MoA) for validated hits. Here, we show
that the small-molecule BRD0476, a novel suppressor of
pancreatic β-cell apoptosis, inhibits interferon-gamma (IFN-γ)-
induced Janus kinase 2 (JAK2) and signal transducer and
activation of transcription 1 (STAT1) signaling to promote β-
cell survival. However, unlike common JAK-STAT pathway
inhibitors, BRD0476 inhibits JAK-STAT signaling without
suppressing the kinase activity of any JAK. Rather, we identified the deubiquitinase ubiquitin-specific peptidase 9X (USP9X) as
an intracellular target, using a quantitative proteomic analysis in rat β cells. RNAi-mediated and CRISPR/Cas9 knockdown
mimicked the effects of BRD0476, and reverse chemical genetics using a known inhibitor of USP9X blocked JAK-STAT signaling
without suppressing JAK activity. Site-directed mutagenesis of a putative ubiquitination site on JAK2 mitigated BRD0476 activity,
suggesting a competition between phosphorylation and ubiquitination to explain small-molecule MoA. These results demonstrate
that phenotypic screening, followed by comprehensive MoA efforts, can provide novel mechanistic insights into ostensibly well-
understood cell signaling pathways. Furthermore, these results uncover USP9X as a potential target for regulating JAK2 activity
in cellular inflammation.

■ INTRODUCTION

Janus kinases (JAKs) are an important class of tyrosine kinases
involved in STAT signaling,1−3 which is dysregulated in many
inflammatory diseases (e.g., type 1 diabetes and rheumatoid
arthritis) and cancers (e.g., various myeloproliferative disorders
and acute lymphoblastic leukemia).4,5 Enormous efforts have
been made over the past decade to target dysregulated JAK-
STAT signaling pharmacologically, but selective JAK inhibitors
remain difficult to develop. Current clinically used JAK inhibitors
have numerous side effects and are not always efficacious.6−8

Further, many signaling activities of JAK involve scaffolding and
protein−protein interactions, which may not be targeted by
kinase inhibition. These observations suggest that novel kinase-
independent mechanisms to inhibit JAK-STAT signaling may
provide an attractive alternative to classical kinase inhibition.

Phenotypic cell-based screening is a powerful approach to
uncover novel mechanisms to modulate dysregulated signaling.9

We previously used this approach to identify BRD0476,10,11 a
compound derived from diversity-oriented synthesis
(DOS).12−15 Here, we describe a systematic approach to
mechanism-of-action (MoA) studies and show that BRD0476
inhibits interferon-gamma (IFN-γ)-induced JAK2 and signal
transducer and activator of transcription 1 (STAT1) signaling to
promote β-cell survival in an in vitro model of type 1 diabetes,
consistent with STAT1−/− mice being protected from auto-
immune diabetes.16,17 Unlike clinically used JAK-STAT pathway
inhibitors, BRD0476 does not have kinase inhibitory activity. In
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parallel, quantitative proteomics experiments18 in rat β cells
revealed the deubiquitinase ubiquitin-specific peptidase 9X
(USP9X) as an intracellular target. Our results suggest that a
competition between phosphorylation and ubiquitination on
JAK2 explains the ability of BRD0476 to protect β cells from
death. These results demonstrate that comprehensive MoA
efforts can provide novel mechanistic insights into ostensibly
well-understood cell signaling pathways.

■ RESULTS AND DISCUSSION
BRD0476 Protects Human β Cells from Cytokine-

Induced Apoptosis. We developed BRD0476 (NIH probe
ML-187; Figure 1a) based on a stereoselective compound

identified in a phenotypic screen for suppressors of inflammatory
cytokine-induced β-cell apoptosis.11,19 BRD0476 had no effect
on cell death induced by endoplasmic reticulum stress, high
glucose levels, or the fatty acid palmitate in the rat INS-1E
insulinoma cell line20 (Figure S1), suggesting that its activity is
specific to the cytokine cocktail (IL-1β, IFN-γ, TNF-α) used to
induce apoptosis. We then treated dissociated primary human
islet cells21 from multiple donors to determine the human
physiological relevance of these results. After a six day treatment
with the cytokine cocktail, caspase-3 activity was elevated
approximately 2-fold, while addition of BRD0476 reduced this
activity in a dose-dependent manner (Figure 1b, c, Figure S2).
Glucose-stimulated insulin secretion was also impaired by
treatment with the cytokine cocktail; similarly, co-incubation
with BRD0476 restored insulin secretion in these cells (Figure
1d, e, Figure S2). Thus, we concluded that BRD0476 inhibits

cytokine-induced apoptosis and preserves β-cell function in
human islets.

BRD0476 Inhibits JAK-STAT Signaling. Because these
effects were identified using a phenotypic cell-based assay, we
took a comprehensive approach to determine the MoA22 of
BRD0476. We first performed gene-expression profiling on INS-
1E cells treated with the cytokine cocktail for 6 h in the absence
or presence of 10 μM BRD0476. The compound on its own had
very little effect on gene expression, with only ∼10 genes up- or
downregulated >2-fold (Figure S3). Gene-set enrichment
analysis23 revealed that the genes most affected by the addition
of BRD0476, in the presence of cytokines, were involved in IFN-
γ-induced JAK-STAT signaling (Figure 2a,b), with coordinate
downregulation upon treatment with BRD0476. We used
quantitative PCR to confirm that the effects of BRD0476
primarily converged on genes involved in signaling induced by
IFN-γ (Figure 2c), including Stat1, Irf1, and Cxcl9. Further, the
top leading-edge genes, resident in 25−50% of significantly
enriched gene sets, were IFN-γ-regulated genes, such as Stat1,
Cxcl10, Ccl5, and If it3 (Figure 2d). Consistent with gene-
expression effects, BRD0476 directly inhibited IFN-γ signaling,
as measured by STAT1 reporter gene activity (Figure 2e).
STAT1 transcriptional activity is regulated by phosphorylation
by members of the JAK family.24 Cytokine treatment rapidly
increased STAT1 phosphorylation at Tyr701 in INS-1E cells,
and total STAT1 protein levels also increased over 24 h
treatment (Figure 2f).25 Simultaneous treatment with BRD0476
nearly completely abolished STAT1 phosphorylation, in as little
as 1 h (Figure 2f). We also observed a partial decrease in total
STAT1 protein, further suggesting that STAT1-dependent
transcription was halted. Accordingly, translocation of STAT1
to the nucleus induced by cytokines was inhibited by BRD0476
(Figure S4).26 However, BRD0476 had no suppressive effect on
IL-6-induced STAT3 phosphorylation in HepG2 cells (Figure
S5), suggesting a specificity for STAT1 signaling. In light of the
central role of STAT1 in autoimmune diabetes,17,25 these results
indicate that inhibition of IFN-γ-induced STAT1 signaling by
BRD0476 is sufficient to suppress β-cell apoptosis induced by
inflammatory cytokines.

BRD0476 Is Not a Kinase Inhibitor. One of the simpler
explanations for these results is that BRD0476 inhibits the kinase
activity of JAK. To investigate this possibility, we profiled a panel
of 96 human kinases for inhibition by 10 μM BRD0476. Even at
this high concentration, no kinases were inhibited by more than
40% (Figure S6). In particular, BRD0476 had no effect on JAK1,
JAK2, or JAK3 activities (Figures 2g and S7). These results
suggest that BRD0476 inhibits JAK2 and STAT1 phosphor-
ylation in a kinase-independent manner.

BRD0476 Target Identification Using SILAC. Next, we
employed a quantitative proteomic strategy to uncover the direct
cellular targets of BRD0476 and to complement our gene-
expression analysis. To that end, we synthesized an analog of
BRD0476 containing a PEG-amine linker at the alcohol side
chain (Figure S8) and confirmed that this modification preserved
suppressive activity against β-cell apoptosis (Figure S9). We then
performed stable isotope labeling of amino acids in cell culture
(SILAC) followed by mass spectrometry18 to identify enriched
putative binding partners from INS-1E cells, comparing
immobilized compound in the absence or presence of excess
soluble competitor. This experiment resulted in 16 candidate
protein binders of BRD0476 (Figure S10), including the
deubiquitinase ubiquitin-specific peptidase 9, X-linked isoform
(USP9X) (Figure 3a).

Figure 1. BRD0476 suppresses inflammatory cytokine-induced human
β-cell apoptosis. (a) Chemical structure of BRD0476. (b, c) Caspase-3
activity in dissociated human islets from two independent donor
preparations, treated for 6 days with cytokines (a combination of IL-1β,
IFN-γ, and TNF-α) and the indicated concentration of BRD0476. (d, e)
Glucose-stimulated insulin secretion in dissociated human islets from
two independent donor preparations, treated for 6 days with cytokines
and the indicated concentration of BRD0476. Data represent the mean
± standard deviation from four individual islet donors; donor
information is available in Figure S2. # p < 0.001 compared to no
treatment, * p < 0.001, ** p < 0.0001 compared to cytokine treatment,
Student’s t test.
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Disruption ofUsp9x by siRNA and CRISPR/Cas9 System
Mimics the Protective Effect of BRD0476. In order to
confirm a direct involvement of USP9X in BRD0476 activity, we
used siRNA and the CRISPR/Cas9 system to disrupt the Usp9x
gene in INS-1E cells. siRNA knockdown of USP9X nearly
completely suppressed apoptosis induced by cytokine treatment
(Figure 3b,c). Further, through the nonhomologous end-joining
DNA repair mechanism, treatment of cells with our CRISPR/
Cas9 construct resulted in the insertion of a single thymidine
residue at position 4740 of the gene, which introduced a stop
codon at the beginning of the catalytic domain. At the protein
level, expression of USP9X was strongly reduced (63 ± 6%)
compared to the control (Figure 3d). The strong reduction of
USP9X levels was mirrored by inhibition of cytokine-induced
apoptosis, as measured by caspase-3 activity (Figure 3e),
mimicking the effect of BRD0476 treatment. Knockdown of
other SILAC candidates did not rescue β cells from the cytokine-
induced apoptosis (Figure S11).
BRD0476 Is a Selective but Moderate Inhibitor of

USP9X Activity. Biochemical testing of the purified catalytic
domain of human USP9X revealed that BRD0476 had no direct
effect on deubiquitinase activity, but the compound did show
some activity (∼50% inhibition) against purified full-length

FLAG-tagged protein (Figure S12). To determine BRD0476
specificity, we performed deubiquitinase profiling and found no
inhibition of 11 other enzymes in this superfamily (Figure S13).
These results suggest that BRD0476 is relatively selective for
USP9X and may interact with USP9X at an allosteric site distant
from the catalytic domain.
To further confirm interaction between BRD0476 and

USP9X, we used differential scanning fluorimetry.27,28 We
observed a trend toward a decrease in USP9X melting
temperature compared to vehicle control (Figure S14).
WP1130, an inhibitor of multiple deubiquitinases, including
USP9X,29 also decreased the melting temperature of binding to
USP9X (Figure S14), suggesting that these compounds may
decrease the stability of USP9X. The relatively low signal
observed for both compounds may be due to the large size of
USP9X (∼290 kDa) relative to these compounds and the
difficulty in detecting large shifts resulting from binding.
Remarkably, treatment of USP9X with a combination of both
compounds resulted in a larger shift in melting temperature than
either alone (Figure S14), suggesting that BRD0476 and
WP1130 bind to different portions of the protein.

BRD0476 Shows Efficacy in a Known Cancer-Cell Drug
Resistance Model. To show further evidence of USP9X

Figure 2. BRD0476 inhibits JAK-STAT signaling without inhibiting the kinase activity of JAK. (a) Heat map representing individual members of the top
gene set, as measured by gene-set enrichment analysis, modulated by cytokines and BRD0476 after 6 h treatment in INS-1E cells. (b) Enrichment plots
and scores for gene sets representing IFN-γ-responsive genes and the JAK-STAT signaling pathway. (c) Quantitative PCR of IFN-γ-responsive genes
after treatment with cytokines and 10 μM BRD0476 for the indicated times in INS-1E cells. * p < 0.05, ** p < 0.01, *** p < 0.001 versus treatment,
ANOVAwith Tukey corrected t test. (d) Genes present in the leading edge of >25% enriched gene sets. (e) Gamma-activated sequence-driven luciferase
activity in INS-1E cells treated for 18 h with cytokines and 10 μMBRD0476. * p < 0.0001 compared to cytokine treatment with DMSO, Student’s t test.
(f) Phosphorylation of STAT1 and total STAT1 protein, as measured by Western blot, in INS-1E treated for the indicated times with cytokines and 10
μM BRD0476. Tubulin was included as a loading control. (g) Biochemical kinase activity of JAK2 in the presence of the indicated concentrations of
BRD0476, WP1130, or ruxolitinib.
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engagement by BRD0476, we used a cancermodel where USP9X
has been reported to have a role in cancer-cell drug resistance.
USP9X-overexpressing tumors are relatively resistant to BCL2

inhibitors, such as navitoclax and ABT-737, due to deubiquiti-
nation and stabilization of the antiapoptotic proteinMCL1.30We
reasoned that if BRD0476 inhibits human USP9X, it should also

Figure 3. BRD0476 interacts with USP9X in both β cells and cancer cells. (a) Log2 ratios of changes of protein abundance for cells incubated with
immobilized compound in the absence or presence of soluble competitor. Proteins in INS-1E cells weremetabolically labeled with light and heavy amino
acids lysine and arginine using SILAC methodology. Cell lysates were incubated either with BRD0476-loaded beads and 30× soluble BRD0476 or
BRD0476-beads alone. Each dot represents a distinct protein. (b) Cellular ATP levels in cytokine-treated INS-1E cells following knock-down with three
individual siRNA constructs for Usp9x. (c) Caspase-3 activity in cytokine-treated INS-1E cells following knock-down with three individual siRNA
constructs for Usp9x. (d) Immunoblot for USP9X and actin for INS-1E wild-type and CRISPR/Cas9-knockout clone. (e) Caspase-3 activity in INS-1E
wild type (black bars) and CRISPR/Cas9-knockout clone (white bars) treated for 1 day with cytokines and BRD0476. (f) Cellular ATP levels in DLD-1
colon carcinoma cells treated for 48 h with the indicated concentration of the BCL2 inhibitor ABT-737 and 10 μMBRD0476. * p < 0.0001 compared to
DMSO treatment, Student’s t test.

Figure 4.USP9X interacts with JAK2 to promote cytokine signaling, which is inhibited in a kinase-independent manner by BRD0476. (a) Affinity pull-
down of USP9X and associated proteins by biotinylated BRD0476. (b) Co-immunoprecipitation of USP9X and JAK2 in INS-1E cells transfected with
empty vector or JAK2-FLAG. Immunoblots of input material for total USP9X and FLAG are included. (c) Phosphorylation of STAT1 and total STAT1
protein in INS-1E cells treated 30 min with cytokines and the indicated compound. Actin was included as a loading control. (d) Network graph
indicating proteins connecting JAK2 to USP9X.Weight of edges is correlated with confidence level. (e) Phosphorylation of JAK2 in INS-1E cells treated
with the cytokine cocktail and 10 μMBRD0476. Data represent themean± standard deviation. * p < 0.0001 versus control treatment, # p < 0.001 versus
cytokine treatment, Student’s t test. (f) Structural analysis of JAK2 (pdb: 4GL9),41 with the proximity of Lys999 (blue) and Tyr1007 (red) indicated. (g)
Phosphorylation of STAT1 in INS-1E cells transfected with wild-type JAK2 or K999R, followed by 30 min treatment with the cytokine cocktail and 10
μM BRD0476.
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increase cellular sensitivity to BCL2 inhibition, similar to that
seen with genetic knock-down30 and treatment with WP1130.31

To test this hypothesis, we treated the DLD-1 colon cancer cell
line with a combination of BRD0476 and ABT-737 and found
that BRD0476 enhanced the toxicity of ABT-737 in a dose-
dependent manner (Figure 3f). However, treatment with
BRD0476 alone had no effect on these cells (Figure S15).
These results are consistent with the role of BRD0476 as a
modulator of USP9X.
BRD0476 Activity Suggests Involvement of USP9X in

JAK-STAT Signaling. To establish a link between JAK-STAT
signaling and USP9X activity, we synthesized a biotinylated
version of BRD0476 (Figure S8) for cellular pull-down
experiments. As expected, USP9X was isolated from INS-1E
cells; further, JAK2 was recovered from the protein complex
(Figure 4a), indicating that both proteins reside in a complex
targeted by BRD0476. Indeed, JAK2 and USP9X do interact, as
measured by co-immunoprecipitation (Figure 4b). Next, we
adopted a reverse chemical-genetic strategy by comparing the
activity of BRD0476 to the known USP9X inhibitor, WP1130.
Like BRD0476, WP1130 decreased cytokine-induced phosphor-
ylation of STAT1 in INS-1E cells after 30 min treatment (Figure
4c). Importantly, neither BRD6283, an inactive analog of
BRD0476,26 nor VM001, an inactive analog of WP1130,32 had
any effect on STAT1 phosphorylation (Figure 4c). WP1130
induced significant cellular toxicity at the same concentrations at
which it inhibited STAT1 phosphorylation (data not shown),
probably due to targeting other deubiquitinases, precluding us
from determining its suppressive effects on β-cell apoptosis.
BRD0476 Affects JAK2 Phosphorylation but Not Its

Degradation. An examination of the protein interaction
network surrounding human USP9X revealed that both
STAT1 and JAK2 are connected to USP9X (Figure 4d),
providing further evidence that JAK2 is functionally related to
USP9X. Consistent with these observations, JAK2 phosphor-
ylation induced by cytokine treatment was decreased by co-
treatment with BRD0476 in INS-1E cells (Figure 4e). These
effects were independent of any changes in total JAK2 levels and
were also observed in the presence of the proteasome inhibitor
lactacystin (Figure S16), indicating that protein degradation is
not involved in the activity of BRD0476 on JAK-STAT signaling.
BRD0476 Induces Competition between Phosphor-

ylation at Tyr1007 and Ubiquitination at Lys999 on JAK2.
Despite the involvement of the deubiquitinase USP9X, the
overall ubiquitination status of JAK2 did not change upon
treatment with cytokines or BRD0476 (Figure S17). We
reasoned that a monoubiquitination event might regulate JAK2
activity, thus escaping detection by either Western blot or mass
spectrometry. Therefore, we evaluated the predicted ubiquitina-
tion sites on JAK2 (Figure S18)33,34 and found that the close
proximity of Lys999 to Tyr1007, phosphorylation of which is
required for activity (Figure 4f), provides a potential site of
competition between phosphorylation and ubiquitination for
JAK2 signaling competence. Ubiquitination of JAK2 has been
shown to regulate its signaling activity.35 Transient transfection
of INS-1E cells with JAK2-K999R resulted in sustained STAT1
phosphorylation, even in the presence of BRD0476 (Figure 4g).
Some decrease in STAT1 phosphorylation was still observed
with BRD0476, presumably due to the limited transfection
efficiency of INS-1E cells. Mutation of Lys850, another predicted
site of ubiquitination, had no effect on BRD0476 activity (Figure
S19). These results suggest that the inability of this JAK2 lysine

to be ubiquitinated enables persistent JAK-STAT signaling in
response to IFN-γ stimulation.

■ CONCLUSIONS
This study provides an example of mechanism-of-action (MoA)
determination for a compound identified by phenotypic
screening and provides the novel mechanistic insight that
extremely rapid inhibition of IFN-γ-induced JAK-STAT signal-
ing may be achieved without kinase inhibition. Furthermore,
BRD0476 possesses a pair of highly novel phenotypes: it
suppresses cell death in β cells on the one hand and enhances
cancer cell death on the other. The effectiveness of JAK-STAT
inhibition on β-cell death is consistent with the observation that
STAT1−/− mice are protected from autoimmune diabetes.16,17

The metabolic instability of BRD0476 in mouse and human liver
microsomes made challenging its testing in animal models. We
did, however, confirm that incubation of BRD0476 with cells in
culture did not substantially alter the chemical structure (Figure
S20), indicating that the compound was not metabolized in the
time frame of the experiments presented here. Further medicinal
chemistry studies will enable the evaluation of next-generation
compounds to fully validate USP9X as a potential therapeutic
target for type 1 diabetes and cancer. As a general strategy for
inhibiting JAK2-mediated signaling, this approach may be an
alternative way to treat inflammatory diseases being explored for
FDA-approved kinase inhibitors, such as ruxolitinib and
tofacitinib.36−39 This study illustrates the utility of DOS as a
tool to uncover compounds with novel biological activity12,40 and
demonstrates that a comprehensive approach to MoA studies
provides a powerful complement to phenotypic screening.
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