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ABT-199 inhibits Hedgehog pathway by acting as a
competitive inhibitor of oxysterol, rather as a BH3 mimetic

Juan Wang', Yu Zhang', Wen-jing Huang', Jun Yang', Wei-guo Tang®3, Tao-min Huang* and Wen-fu Tan'*3

Aberrantly activated Hedgehog (Hh) pathway is critical for driving the initiation and progression of multiple types of cancers,
including medulloblastoma (MB) and basal cellular carcinoma (BCC). The majority of current Hh antagonist function by targeting
the transmembrane domain of the oncoprotein Smoothened (Smo), a G-protein-coupled receptor-like receptor of Hh pathway.
However, the primary and acquired resistance to current Smo inhibitors raise a critical need to develop next-generation of Smo
inhibitors to improve their clinical efficacy. In this study, we identify that FDA approved drug ABT-199 significantly and selectively
inhibits the Hh pathway. Mechanistically, ABT-199 acts as a competitive inhibitor of oxysterol by potentially targeting the cysteine
rich domain (CRD) of Smo, rather as a BH3 mimetic. ABT-199 obviously inhibits the growth of Hh-driven tumors and possesses
capacity of combating the primary and acquired resistance to Smo inhibitors caused by Smo mutations. Our data reposition ABT-
199 as a Smo inhibitor for treating Hh-driven tumors, especially for those bearing Smo mutations and resistant to current Smo
inhibitors. Meanwhile, our findings strengthen the argument that the CRD of Smo is a promising target for developing novel Smo
inhibitors with capacity of combating the resistance to Smo inhibitors.
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INTRODUCTION
The Hedgehog (Hh) signaling pathway is an evolutionarily
conserved signal transduction cascade that is involved in
embryonic patterning and tissue regeneration [1]. It is initiated
by the binding of ligands (Shh, Dhh, and Ihh) to the receptor
Patched 1 (Ptch1), a 12-transmembrane receptor protein. In the
absence of ligands, Ptchl suppresses the activity of the 7-
transmembrane receptor protein Smoothened (Smo) and subse-
quent downstream signal transduction. The binding of ligands to
Ptch1 relieves the suppressive effect of Ptch1, causing Smo to
aggregate in the primary cilia of vertebrates, ultimately inducing
the translocation of Gli proteins into the nucleus and the
expression of Hh target genes, including Gli7 and Bcl-2 [2, 3].
Insufficient Hh activity is strongly implicated in human birth
developmental defects, such as holoprosencephaly. However, its
excessive activation during the postnatal period has been shown
to be critically required for a variety of cancers, such as basal cell
carcinoma (BCC) and medulloblastoma (MB) [2, 4]. Due to the
critical roles of the Hh pathway in the initiation and progression of
cancers, large-scale efforts have been devoted to developing Hh
inhibitors for therapy of tumors addiction to the Hh pathway. The
majority of current Hh inhibitors target Smo, an important
oncoprotein and a member of the G-protein-coupled receptor
(GPCR) subfamily. It harbors a conserved extracellular N-terminal
cysteine rich domain (CRD), a heptahelical 7-transmembrane
domain (7-TMD), and an intracellular C-terminal domain [5-8].

Among the reported Smo inhibitors, cyclopamine is the first
identified naturally occurring antagonist of the Hh pathway. It has
been shown to act by binding the 7-TMD of Smo, thereby
stabilizing its inactive conformation [9]. To date, numerous small
molecules have been developed and identified to modulate Hh
activity by acting through the 7-TMD, including the specific Smo
agonist SAG [10] and Smo antagonists, such as GDC-0449 (GDC)
[11], NVP-LDE225 [12], and glasdegib [13]. Among these Smo
antagonists, GDC and NVP-LDE225 have been approved for the
treatment of locally advanced and metastatic BBC carrying ptch
mutations [14], and glasdegib has been approved for the
treatment of acute myeloid leukemia [15].

Unfortunately, similar to what has been observed for other
mechanism-based anticancer drugs, tumors exhibit primary and
acquired resistance to current Smo inhibitors. Studies have
demonstrated that genetic alterations in the 7-TMD of Smo
represent the most frequent mechanisms responsible for the
primary and acquired resistance to current Smo inhibitors [16-18].
The genetic alterations in the 7-TMD of Smo may be classified into
two types: (i) continuously constitutively activated Smo mutations
that incur insensitivity to Smo inhibitors, such as Smo W535L, H231R,
and W281C and (ii) spontaneous mutations in its drug binding
pocket that interfere with the binding of Smo inhibitors, such as
Smo D473H, F460L, and L412F [17, 18]. Hence, there is an urgent
need to develop next-generation Smo inhibitors with alternative
mechanisms to overcome resistance and improve clinical efficacy.
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In addition to the 7-TMD, accumulating evidence has shown
that the CRD represents an alternative binding site on Smo for
ligands. Oxysterols, such as 20(S)-OHC, can engage the CRD and
induce the accumulation of Smo in primary cilia, therefore
functioning as specific Smo agonist [19-21]. Moreover, two Smo
inhibitors, 20-keto-yne and 20(R)-yne [22], were found to function
through the CRD and to be capable of attenuating in vitro Hh
activity when Smo carries mutations in W535 (Smo M2; W535L) or
D473 (D473H). This report indicates the possibility of using
antagonists acting at the CRD to overcome resistance to current
Smo inhibitors. However, observations on another CRD antagonist,
22-NHC, challenge this possibility, as it exhibits no inhibitory effect
on Hh activity when Smo possesses a mutation in W535 (W535L)
in vitro [20]. These data indicate that whether Smo inhibitors
acting at the CRD of Smo might overcome the primary and
acquired resistance to current Smo inhibitors remains to be better
elucidated due to the discrepancy in in vitro efficacy results
among CRD antagonists and the lack of in vivo evidence.

In this study, we found that ABT-199, a BH3 mimetic,
suppressed Hh signaling through its function as a competitive
inhibitor of oxysterol by likely targeting the CRD of Smo. This
activity of ABT-199 was independent of its BH3 mimetic function.
We further observed in vitro and in vivo that ABT-199 possessed
ability to overcome resistance caused by mutations in Smo.

MATERIALS AND METHODS

Cell lines and reagents

NIH3T3, Light I, 293 T, and LS174T cells were obtained from
American Type Culture Collection (ATCC; Manassas, VA, USA) and
were routinely cultured according to the protocol provided by
ATCC. Prostaglandin E2 (PGE2), 20-(S)-hydroxycholesterol(20(S)-
OHCQ), SAG, ABT-199, GDC, GANT-61, cyclopamine, and JQ1 were
purchased from Selleck Chemicals (Houston, TX, USA). Tumor
necrosis factor a (TNF-a), BAY 11-8072, and H-89 were obtained
from Beyotime (Suzhou, China). BODIPY-cyclopamine was pur-
chased from BioVision (Milpitas, CA, USA).

ShhN-conditioned medium (ShhN CM) was collected as
previously described [23]. Briefly, 293 T cells were transfected
with the ShhN plasmid. Two days later, conditioned medium was
collected and diluted prior to experiments.

Plasmids and lentivirus

The Gli1 luciferase reporter (8xGBS-luciferase) plasmid was a
kindly gift from Dr. Hiroshi Sasaki. The luciferase reporter plasmids
containing TCF/LEF, NF-kB, and TK-Renilla were purchased from
Promega (Madison, WI, USA). The Gli2 (plasmid#17648), ShhN
(plasmid#37680), and Cre-IRES (plasmid#30205) plasmids were
obtained from Addgene (Cambridge, MA, USA). The Gli1 plasmid
and human Smo plasmid were purchased from Origene (Rockville,
MD, USA). The Smo mutant constructs were generated using a
Quick Change Site-Directed Mutagenesis kit from Agilent (Santa
Clara, CA, USA) and confirmed by DNA sequencing. Sufu-shRNA
was purchased from Santa Cruz (Santa Cruz, CA, USA). Transient
transfection was performed by Lipo2000 obtained from Thermo
Fisher Scientific (Waltham, MA, USA) according to the manufac-
turer's protocols.

Lentivirus infection

293 T cells were transfected with lentiviral pLKO.1 vector contain-
ing an shRNA to Sufu. Virus supernatant was collected 48 h after
transfection. For virus infection, cells were coincubated with virus
for 8 h, followed by selection for 72 h. Protein knockdown was
confirmed by Western blot analysis.

Dual-luciferase reporter assay

Cells seeded in 96-well plates were treated with various
compounds as indicated for 36 h. Dual-luciferase analysis was
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performed with a dual-luciferase reporter assay system (Promega)
and a luminometer. After internal normalization of firefly luciferase
with TK-Renilla luciferase for each well, relative luciferase values
were obtained by normalization of Hh pathway-stimulated cells
with unstimulated cells.

RT-gPCR

Total RNA was extracted with TRIzol obtained from Takara (Dalian,
China) according to the manufacturer’s instructions. RNA reverse
transcription and PCRs (Takara) were performed following
standard protocols. Gene expression relative to GUSB expression
was analyzed using the 2722 method. The primer sequences are
listed in supporting information Table S1.

Fluorescent BODIPY-cyclopamine competition assays

293 T cells were seeded on glass coverslips and transfected with
Smo plasmids. The cells were incubated with BODIPY-cyclopamine
with or without additional compounds as indicated for 10 h. Cells
were either subjected to flow cytometry assay or incubated with
DAPI for microscopy analysis.

Sequencing transcriptomics

Gene expression in NIH3T3 cells after various treatments was
measured by RNA-sequencing. Briefly, cells were harvested after
24 h of treatment for RNA-sequencing. lllumina sequencing was
performed by OE Biotech Co., Ltd. (Shanghai, China) using the
lllumina HiSeq 2500 (lllumina, Inc). The data analyses were
performed using edgeR software.

Western blot analysis

Cells were lysed in LDS buffer (Invitrogen) supplemented with a
protease inhibitor cocktail, followed by centrifugation at 10,000
r.p.m. for 15 min at 4 °C and incubation at 95 °C for 10 min. The
samples were subjected to SDS-PAGE and routinely immuno-
blotted with the indicated antibodies.

Tumor growth inhibition
Spontaneous primary MB containing a ptch*" mutation was
harvested from ptch™’~; p53~/~ genetically engineered mice,
which were obtained by crossing ptch™~ mice (Jackson
Laboratory) with p53~~ mice (Jackson Laboratory). BCC models
were established as previously reported [24]. Briefly, mice with
K14-Cre-ER transgene (Jackson Laboratory), floxed p53 allele
(Jackson Laboratory), and Ptch1™/~ (Jackson Laboratory) alleles
were crossed to generate K14-Cre-ER;Ptch1*'~; p53™"™ mice, which
were intraperitoneally treated with 100 pg-d~' tamoxifen at the
age of 6 weeks for three consecutive days. At the age of 8 weeks,
K14-Cre-ER;Ptch1t'~; p53"" mice were further exposed to 4 Gy of
ionizing radiation. Visible BCCs usually appear at ~6 months of age
[25]. For SmoA1 MB, spontaneous primary tumors were obtained
from ND2:SmoA1 transgenic mice as previously described [26].

Male nude mice (4-5 weeks old) and NOD/SCID mice (4-5 weeks
old) were purchased from Shanghai SLAC Laboratory Animal Co.
and Shanghai Lingchang Biotechnology Co.(Shanghai, China),
respectively. The spontaneous tumors described above were
harvested and subcutaneously allografted into nude mice (MB) or
NOD/SCID (BCC) mice. When the tumor volumes reached
approximately 2000 mm?®, they were harvested and further
subcutaneously allografted into nude mice or NOD/SCID mice.
When tumor volumes reached ~200mm3, the mice were
randomized into groups for treatments as indicated. Tumor size
was measured with calipers every 3 d, and tumor volumes were
calculated as follows: volume = 0.5 x width x length x length.
Tumor tissues were harvested 4h after the last dosage to
examine GliT mRNA expression.

All in vivo efficacy studies were approved by and conformed to
the policies and regulations of the Animal Care and Use
Committee of Fudan University, China.
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Fig. 1 ABT-199 specifically inhibits Hh pathway activity. a Dual-luciferase reporter analysis of the inhibitory effect of ABT-199 on Hh activity
in Light Il cells exposed to ShhN CM with or without various concentrations of ABT-199 as indicated for 36 h. Data represent the mean + SD
(n=3). b RT-qPCR analysis of the effect of ABT-199 on the mRNA expression of Gli1 (left) and Bcl-2 (right) in NIH3T3 cells exposed to ShhN CM
with or without various concentrations of ABT-199 as indicated for 36 h. Data shown represent the mean + SD (n = 3). ¢ IC5, values of ABT-199
for the inhibition of Hh activity as determined in Fig. 1b and b. ICso values were determined by nonlinear regression dose response fit.
d Heatmap of significantly altered transcripts in NIH3T3 cells treated with ShhN CM with or without ABT-199 (1 pM) or GDC (100 nM) for 24 h.

ShhN CM: ShhN-conditioned medium, GDC: GDC-0449.

Statistical analysis

Data analysis was performed using Graph Pad Prism software.
Significance values were assessed using one-way ANOVA or
Student’s t-test. P values of less than 0.05 were considered
significant difference (*P < 0.05; **P < 0.01; ***P < 0.001; "*P > 0.05).

RESULTS

ABT-199 specifically inhibits Hh pathway activity

We previously reported that the Bcl-2 mimetic AT-101 inhibited
the Hh pathway by targeting Smo [27]. We thus further tested the
effect of all the other commercially available BH3 mimetics against
Hh pathway activity using the Light Il reporter cell line [28], a
stable cloned mouse NIH3T3 cell line expressing Gli-luciferase and
TK-Renilla. We found that ABT-199, a Bcl-2 inhibitor approved by
the FDA for the treatment of chronic lymphocytic leukemia [29],
potently suppressed Hh signaling induced by active amino-
terminal variant of Shh (ShhN)-conditioned medium (ShhN CM)
with an 1Csq value of approximately 215.9 nM (Fig. 1a). To further
confirm this ability of ABT-199, we examined its effect on the
expression of Gli target genes Gli1 and Bcl-2 mRNA expression
[30, 31]. Consistent with the observations in the Gli-luciferase
assay, ABT-199 also blocked ShhN CM-induced Gli1 and Bcl-2
expression with 1Cso values of 214.4 and 363.8 nM, respectively
(Fig. 1b, c). To further confirm the inhibitory effect of ABT-199 on
the Hh pathway, we used 3'-end polyadenylated RNA-sequencing
analysis to examine the changes in global gene expression in
NIH3T3 cells treated with ShhN CM in combination with ABT-199
or GDC (Fig. 1d). Prior to the RNA-sequencing analysis, we
assessed the expression of GliT mRNA to determine the suitability
of the samples (Supplementary Fig. S1a) and subjected the
samples treated with ShhN CM, ShhN CM plus ABT-199 or ShhN
CM plus GDC to RNA-sequencing analysis. We observed an
obvious overlap in significantly differentially expressed genes,
including Gli1, ptch1, and Bcl-2 (Fig. 1d, Supplementary material 1),
between ShhN CM plus ABT-199-treated and ShhN CM plus GDC-
treated cells compared with cells treated with ShhN CM. The
inhibition of the Hh signaling pathway was not caused by
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cytotoxicity, as the viability of Light Il cells showed no alterations
when cells were exposed to ABT-199 at concentrations up to 10
UM for 72 h (data not shown). Collectively, these data demonstrate
that ABT-199 is a potent and selective Hh inhibitor.

To further determine the specific effect of ABT-199 against Hh
activity, we explored the effect of ABT-199 on other unrelated
signaling pathways, such as the NF-kB pathway. In contrast to the
specific NF-kB inhibitor BAY 11-7082, we observed that ABT-199
failed to suppress the activation of NF-kB luciferase reporter
activity induced by TNF-a (Supplementary Fig. S1b) at a
concentration that completely inhibited Hh activity. Our labora-
tory has found that PGE2 may noncanonically induce Gli activity in
a Smo-independent manner (data to be published), so we then
asked whether ABT-199 influences noncanonical Gli activity in
response to PGE2. The Gli-luciferase assay showed that the Gli
inhibitor GANT-61 [32], but no tABT-199, significantly inhibited the
Gli-luciferase activity stimulated by PGE2 (Supplementary Fig. S1c).
We also found that ABT-199 failed to block TCF/LEF reporter
activity stimulated by PGE2, with H-89 serving as a positive control
(Supplementary Fig. S1d). These observations suggest that ABT-
199 selectively inhibits Hh activity. To further strengthen this
argument, we next examined whether ABT-199 may influence the
transcript output of nontarget genes of Gli transcription factors,
such as the critical components of the Hh pathway Smo and Sufu,
as well as key regulators of the Wnt pathway, such as Dkk1, Axin,
and Lgr5 [33]. Real-time quantitative polymerase chain reaction
(RT-gPCR) analysis revealed that ABT-199, in contrast to the DNA
transcription and replication inhibitor actinomycin D, exhibited no
appreciable influence on the transcript output of the Hh pathway
components Smo and Sufu (Supplementary Fig. S1e) or regulators
of the Wnt pathway, such as Dkk1, Axin, and Lgr5 (Supplementary
Fig. S1f). Taken together, these data suggest that ABT-199
selectively inhibits Hh activity.

ABT-199 inhibits the Hh pathway by acting at a level upstream of
Sufu

Having identified ABT-199 as a specific Hh inhibitor, we next set
out to map its putative molecular target. Given that Gli1 and Gli2
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Fig. 2 ABT-199 inhibits the Hh pathway by acting at a level upstream of Sufu. a Dual-luciferase reporter analysis of Hh activity in Light Il
cells transfected with a Gli1 (left) or Gli2 (right) plasmid and treated with ABT-199, GDC, or GANT-61 as indicated for 36 h. "*P > 0.05. The data
shown represent the mean = SD (n = 3). b Dual-luciferase reporter analysis of Hh activity in Light Il cells infected with lentivirus harboring
Sufu-shRNA and exposed to various concentrations of ABT-199, GDC, or JQ1 as indicated for 36 h. The data shown represent the mean + SD
(n =3). cICsg values of the treatments in Fig. 2b. d RT-gPCR analysis of mRNA expression of Hh target genes (Gli1, Bcl-2) in Light Il cells infected
with Sufu-shRNA lentivirus after treatment with ABT-199, GDC, or JQ1 as indicated for 36 h. Data shown represent the mean +SD (n = 3).

are two positive transcription factors responsible for the output of
the Hh pathway [34], we exogenously expressed Gli1 and Gli2 in
Light Il cells and investigated the effect of ABT-199 on Hh activity
induced by the ectopic expression of Gli1 and Gli2 (Supplemen-
tary Fig. S2a). ABT-199 failed to inhibit Gli-luciferase activity
induced by Gliland Gli2 at concentrations that would completely
inhibit Hh pathway activity in response to ShhN CM (Fig. 2a). This
activity profile was similar to that of the Smo inhibitor GDC,
whereas it contrasted with that of the specific Gli inhibitor GANT-
61 (Fig. 2a), thus indicating that ABT-199 acts upstream of the
transcription factor Gli.

Sufu is a negative regulatory component of Hh pathway activity,
which is located between Smo and Gli in the Hh signaling cascade.
Limiting its expression may lead to elevation of Hh pathway
activity [35]. Gli-luciferase analysis showed that ABT-199 exhibited
a much weaker ability to inhibit Hh pathway activity induced by
reducing the expression of Sufu with lentivirus containing short
hairpin RNA targeting Sufu (Sufu-shRNA), as reflected by the much
higher 1Cs, value when compared to that against Hh activity in
response to ShhN CM (Figs. 2b, ¢, 1¢, Supplementary Fig. S2b). This
activity characteristic of ABT-199 mimicked that of GDC, whereas it
was contrary to that of the Gli inhibitor JQ1 [36], when compared
to their previously reported ICsy values against Hh activity
stimulated by ShhN CM [11, 36] (Fig. 2b, c). We further confirmed
these observations using transcripts of GliT and Bcl-2 as readouts
of Hh pathway activity (Fig. 2d). Thus, these data suggest that ABT-
199 predominantly functions by acting on a component upstream
of Sufu.

ABT-199 does not engage the cyclopamine binding site

Having determined that ABT-199 inhibits the Hh pathway by
acting at a level upstream of Sufu, we then set out to show
whether it targets Smo, which is the target of the majority of
current Hh inhibitors [8, 37]. Considering that the vast majority of
Smo antagonists and agonists compete with cyclopamine, the first
identified Smo inhibitor acting at the 7-TMD of Smo [8, 9]
(hereafter referred to as cyclopamine binding site), we sought to
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determine whether ABT-199 engages the cyclopamine binding
site (Fig. 3a). Using BODIPY-cyclopamine, a fluorescent analog of
cyclopamine [9], as a molecular probe, we showed that
cyclopamine dramatically reduced the binding of BODIPY-
cyclopamine to Smo (Fig. 3b, c). Conversely, ABT-199 lacked the
ability to interfere with the binding of BODIPY-cyclopamine,
behaving like itraconazole (ITR), which is a Smo inhibitor with a
distinct binding pocket on the 7-TMD from that of cyclopamine
[38] (Fig. 3a-c). These observations were further confirmed by
FACS analysis to detect the binding of BODIPY-cyclopamine to
Smo (Fig. 3d). Therefore, our data indicate that ABT-199 does not
share the same binding site as cyclopamine.

To further reinforce this notion, we tested the ability of ABT-199
to inhibit Hh activity in response to distinct concentrations of SAG,
a specific Smo agonist whose binding site on Smo overlaps with
that of cyclopamine (Fig. 3a) [10]. We observed that ABT-199
obviously inhibited Hh activity in response to SAG at concentra-
tions of 10, 50, and 100 nM, with no appreciable alterations in the
ICso values of ABT-199 (Fig. 3e, f). These observations suggest that
ABT-199 functions as a noncompetitive inhibitor of Hh activation
induced by SAG. Moreover, we measured the ICs, values of ABT-
199 against Hh activity in response to ShhN CM in combinations of
distinct concentrations of GDC, which shares the same binding
pocket with cyclopamine (Fig. 3a) [8, 37]. We found that increasing
concentrations of GDC enhanced the inhibitory effect of ABT-199
on Hh activity, as evidenced by the decreased ICs values of ABT-
199 (Fig. 3g, h). These data suggest that GDC possesses a distinct
binding pocket from that of ABT-199 and that GDC has a
synergistic inhibitory effect with ABT-199 on Hh activity in
response to ShhN CM. Taken together, these data demonstrate
that the cyclopamine binding site on Smo is not the drug binding
pocket of ABT-199.

ABT-199 acts as a competitive inhibitor of oxysterol

Considering that the oxysterol binding site on the CRD of Smo is
an additional ligand binding pocket distinct from that of
cyclopamine and itraconazole [19-21], we set out to explore

Acta Pharmacologica Sinica (2021) 42:1005-1013
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whether ABT-199 inhibits the Hh pathway by engaging the
oxysterol binding site. We first examined the ability of ABT-199 to
inhibit Hh activity in response to 20(S)-OHC, which is a Smo
agonist targeting the CRD of Smo (Fig. 3a) [20, 21]. ABT-199
drastically suppressed the Hh activity induced by 20(S)-OHC;
however, increasing concentrations of 20(S)-OHC resulted in
progressively higher 1Cs, values of ABT-199 (Fig. 4a, Supplemen-
tary Fig. S3a). These data indicate that ABT-199 acts as a
competitive inhibitor of 20(S)-OHC and that the binding site of
ABT-199 on the target protein potentially overlaps with that of 20
(S)-OHC. To further validate this result, we tested the ECsqy of 20(S)-
OHC on stimulating Hh pathway activity in combination with
different concentrations of ABT-199. 20(S)-OHC strongly increased
the Hh pathway activity with an ECso value of 5.54 uM when no
ABT-199 was included. However, the addition of ABT-199 at
concentrations of 0.5 and 2 uM increased the ECsq of 20(S)-OHC to
11.06 and 12.03 pM, respectively (Fig. 4b, Supplementary Fig. S3b).
These observations further substantiate the observation that ABT-
199 is a competitive inhibitor of 20(S)-OHC and that ABT-199 and
20(S)-OHC likely share the same drug binding pocket at the CRD of
Smo.

Multiple amino acid residues located in the CRD of Smo have
been identified to be critical for ligands binding to CRD, such as
G115, P168, and Y134 [22]. We then asked whether these amino
acid residues were essential for the inhibitory effect of ABT-199 on
Hh activity. We found that exogenously expressed Smo constructs
carrying mutations in G115 (Smo G115F), P168 (Smo P168A), and
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Y134 (Smo Y134F) in Light Il cells largely reduced the ability of
ABT-199 to inhibit Hh activity in response to SAG, as reflected by
the increased 1Csy values of ABT-199 when compared to that
obtained by transfection of the wild-type Smo (Smo WT) construct
(Fig. 4c—f, Supplementary Fig. S3c). The influence of Smo G115F,
Smo P168A, and Smo Y134F on the inhibitory effect of ABT-199 on
Hh activity is similar to that of Smo constructs with deletion of the
CRD (Smo ACRD; Fig. 4g, Supplementary Fig. S3c). However, the
Smo construct with deletion of the carboxyl terminal (Smo AC)
had no effect on the efficacy of ABT-199 (Fig. 4h, Supplementary
Fig. S3c). These data reinforce the conclusion that ABT-199 inhibits
Hh activity as a competitive inhibitor of oxysterol by likely acting
on the same drug binding pocket on CRD as oxysterol.

ABT-199 suppresses the growth of Hh-driven MB and BCC in vivo
To translate the in vitro ability of ABT-199 to inhibit Hh activity
into an in vivo antitumor efficacy on Hh-dependent tumors, we
established a spontaneous /primary MB model from genetically
engineered ptch™’~; p53~~ mice, a frequently used Hh-
dependent tumor model driven by a ptch mutation [39]. ABT-
199 at a dosage of 50mg-kg™' twice a day, comparable to the
dosage for the treatment of chronic lymphoid leukemia in vivo
[40], showed a remarkable inhibition of tumor growth compared
to the vehicle control (Fig. 5a, b). Body weight loss was not
observed during the treatment. Moreover, the inhibition of tumor
growth paralleled the reduction in Hh activity, as evidenced by
alterations in the expression of GliT mRNA (Fig. 5c). To further
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confirm the effect of ABT-199 on the growth inhibition of tumors efficacy of Hh inhibitors [24, 38]. Consistent with the observations
associated with the Hh pathway, we also examined its impact on obtained from the MB model, ABT-199 treatment obviously
the growth of BCCs in K14-Cre-ER; ptch™'~; p53"" mice, which is delayed the growth of BCC tumors (Fig. 5d, e), concomitant with
another commonly used model for evaluating the antitumor a reduction in GIiT mRNA expression (Fig. 5f). These results
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demonstrate that ABT-199 may inhibit the growth of tumors
dependent on Hh activity by suppressing Hh activity.

ABT-199 possesses the ability to overcome resistance to Smo
inhibitors caused by Smo mutations
Smo mutations within its ligand binding pockets (LBP), for
example, D473H, H231R, and W281C, as well as mutations in its
important structural regions, such as W535L, L412F, and F460L,
represent the predominant mechanisms underlying resistance to
current Smo inhibitors [16-18]. Having demonstrated that ABT-
199 functions as a competitive inhibitor of oxysterol, we thus
continued to test its in vitro ability to overcome resistance to
current Smo inhibitors caused by Smo mutations. ABT-199
obviously suppressed SAG-stimulated Hh activity in Light Il cells
exogenously expressing Smo constructs carrying mutations in
either LBP, namely, D473H, H231R, and W281C (Fig. 6a-c), or in
important structural regions, namely, W535L, L412F, and F460L
(Fig. 6d—f). The potency of ABT-199 paralleled its potency against
Hh activity elicited by transfection of Smo WT constructs (Fig. 6g)
as well as that against Hh activity stimulated by ShhN CM, as
reflected by the lack of significant differences between their 1Cs
values (Supplementary Fig. S4, Fig. 1c). Taken together, these data
suggest that ABT-199 possesses an in vitro ability to overcome
resistance to current Smo inhibitors caused by Smo mutations.
To further test its in vivo capacity to overcome the resistance to
Smo inhibitors caused by Smo mutations, we used spontaneous
MB from ND2:SmoAT transgenic mice, which contain the W539L
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mutation in the important structural regions of Smo [26]. ABT-199
treatment at 50mgkg™' twice a day resulted in remarkable
growth inhibition of SmoA1 tumors, whereas GDC exhibited no
effect at a dosage of 25 mg-kg ™' twice a day, a dosage of GDC that
would elicit 100% growth inhibition of tumors sensitive to Smo
inhibitors [41] (Fig. 6h). Moreover, RT-qPCR analysis of the Gli1
mMRNA levels in tumor tissues revealed that the effect of tumor
growth inhibition of ABT-199 and GDC was consistent with their
respective reductions of GliT mRNA (Fig. 6i), indicating that the
tumor growth inhibitory effect of ABT-199 was caused by its
inhibition of Hh activity. Collectively, these results show that ABT-
199 possesses the ability to overcome resistance to current Smo
inhibitors caused by Smo mutations.

DISCUSSION

ABT-199 canonically acts as a Bcl-2 inhibitor through its BH3
mimetic function, thereby promoting apoptosis by inhibiting the
prosurvival function of Bcl-2 [42]. ABT-199 has been approved by
the FDA for the treatment of chronic lymphocytic leukemia with
the 17p deletion and dependence on Bcl-2 [29]. In this study, we
determined that ABT-199 significantly inhibited the Hh signaling
pathway, with an ICsq value of ~300 nM. Moreover, the RNA-seq
results and its inability to inhibit Wnt-, NF-kB-, and PGE2-
induced noncanonical Gli activity showed that ABT-199 pos-
sesses selectivity against the Hh pathway. Mechanistically, ABT-
199 acted as a competitive inhibitor of oxysterol rather than
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through its BH3 mimetic function. Furthermore, we found that
ABT-199 possessed the ability to overcome resistance to current
Smo inhibitors caused by Smo mutations in vitro and in vivo.
Given that the tumor models used in this study were both driven
by aberrant Hh activity, as well as the similarity between the
tumor growth inhibition and the inhibitory effect on Hh activity
elicited by ABT-199, we conclude that ABT-199 inhibits the
growth of Hh-driven tumors shown in this study by its effect
against Hh activity, rather by functioning as a BH3 mimetic.
Hence, this study indicates the possibility of using ABT-199 for
the treatment of tumors driven by the Hh pathway, especially
for Smo inhibitor-resistant tumors caused by Smo mutations.
Moreover, this study reinforces the argument that Smo
inhibitors targeting Smo CRD possess the potential to overcome
resistance to Smo inhibitors.

Smo is the most predominant target for developing antic-
ancer drugs for the treatment of Hh-driven tumors. This GPCR-
like receptor is comprised of an extracellular N-terminal region
harboring a CRD, a 7-TMD and an intracellular C-terminal tail.
The majority of Smo inhibitors are developed to target the 7-
TMD of Smo and share the cyclopamine binding site [8, 43]. To
our knowledge, there are only three Smo inhibitors targeting the
CRD of Smo to date, 22-NHC, 20(R)-yne, and 20-keto-yne [20, 22].
In this study, we present evidence that ABT-199 acts as a
competitive inhibitor of oxysterol, likely by engaging the CRD of
Smo. Due to the large molecular weight of ABT-199, we failed to
obtain direct evidence of it engaging the CRD using ABT-199
labeled with a radioactive isotope. In this context, we could not
rule out the possibility that ABT-199 acts by indirectly targeting
Smo, such as through a potential interaction with EVC proteins
to influence Smo activity [44]. Compared to those of the three
previously reported CRD inhibitors, the action profile of ABT-199
is most similar to that of 20(R)-yne and 20-keto-yne, especially in
terms of the obvious inhibitory effect on Hh activity in response
to either SAG or Smo mutants (SmoW539L), as 22-NHC does not
affect Hh activity stimulated by SAG and SmoW539L [20, 22].

Wu et al. reported that Sufu, a critical negative regulator of Hh
activity, harbors a Bcl-2 homology (BH) domain, by which the
antiapoptotic Bcl-2 protein engages Sufu [45]. This engagement
results in liberating Gli from its interaction with Sufu and
ultimately activating the Hh pathway. They further found that
ABT-199 might inhibit the Hh signaling pathway by disrupting the
engagement of Bcl-2 to the BH domain of Sufu, acting as a BH3
mimetic. Hence, our current study, together with Wu'’s report,
suggests that ABT-199 might inhibit Hh activity by dual modes of
action: a BH3 mimetic-dependent manner and BH3 mimetic-
independent manner. It should be noted that the potency against
Hh activity of ABT-199 as a competitive inhibitor of oxysterol,
namely, in a BH3 mimetic-independent manner, is much stronger
than that of its action as a BH3 mimetic, as evidenced by our
observations that ABT-199 exhibited much weaker inhibition of
Hh activity induced by limiting Sufu expression and ectopic
expression of Gli proteins.
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