1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Drug Discov Today. Author manuscript; available in PMC 2017 June 01.

-, HHS Public Access
«

Published in final edited form as:
Drug Discov Today. 2016 June ; 21(6): 989-996. doi:10.1016/j.drudis.2015.11.008.
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Abstract

Overexpression of B cell lymphoma 2 (Bcl-2) proteins is associated with therapy resistance in
various human cancers. Traditional approaches target the Bcl-2 homology (BH)3 domain of Bcl-2;
however, the BH4 domain represents a superior therapeutic target in light of its unique structure
and crucial involvement in many cellular functions. In this critical review, we focus on the
structural and functional basis of targeting the BH4 domain of Bcl-2, and highlight the recent
advances in drug discovery efforts toward small-molecule BH4 domain inhibitors (e.g. BDA-366).
The proof-of-concept studies support the hypothesis that targeting the BH4 domain of Bcl-2 holds
promise to offer a novel anticancer therapy through the induction of apoptosis and an increased
potential to overcome therapeutic resistance.
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Introduction

B cell lymphoma 2 (Bcl-2) family proteins play a crucial role in regulating apoptosis, an
important biological process that eliminates cells with an increased potential to malignancy
such as those with damaged DNA or aberrant cell cycling [1—3]. The Bcl-2 family can be
classified into three subfamilies according to the existence of Bcl-2 homology (BH) domains
and different functions: antiapoptotic (or prosurvival) multidomain proteins, proapoptotic
multidomain proteins and proapoptotic BH3-only proteins. Overexpression of antiapoptotic
Bcl-2 family proteins is implicated in the pathology and drug resistance of various
hematopoietic malignancies and solid tumors [4,5]. Most antiapoptotic family members (e.g.
Bcl-2, Bel-x, Bel-w and Bcl-B) and proapoptotic multidomain proteins (e.g. Bax, Bak and
Bok) share BH1-BH4 domains [6] (Figure 1), whereas proapoptotic BH3-only proteins (e.g.
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Bid, Bim, Bad and Puma) only have the BH3 domain. All Bcl-2 family members contain
this death-promoting BH3 domain, which is crucially important to the interactions between
proapoptotic and antiapoptotic proteins.

Not surprisingly, targeting the BH3 domain to generate Bcl-2 inhibitors for cancer therapy
has attracted tremendous attention over the past decades [7,8]. So far, nearly a dozen BH3
mimetics as Bcl-2 inhibitors are under investigation in different phases of human clinical
trials such as ABT-737 [9], ABT-263 (navitoclax, orally available derivative of ABT-737)
[10], ABT-199 (venetoclax) [11], AT-101 (R-(-)-gossypol), GX15-070 (obatoclax) and
TWa37. Nevertheless, to date, none of the aforementioned compounds has been approved for
use in the clinic for cancer treatment. The limited efficacies of navitoclax, AT-101 and
obatoclax reported in clinical trials have excluded them from the potential
commercialization either as a single therapeutic agent or in combination with other cancer
therapy [12—14]. In addition, the side effects (e.g. dose-limiting thrombocytopenia of
navitoclax) and other off-target effects remain an issue [15]. Another challenge of these BH3
mimics is their susceptibility to cancer cell resistance, particularly induced by Mcl-1 and Al
[16,17]. Excitingly, venetoclax has very recently been granted breakthrough therapy
designation for the treatment of 17p deletion relapsed-refractory chronic lymphocytic
leukemia (CLL) (http://www.roche.com). Thus, identifying novel Bcl-2 inhibitors and
relevant new therapeutic targets are urgently needed.

To this end, targeting the BH4 domain of Bcl-2 holds promise to offer a novel and attractive
means for anticancer therapy by induction of apoptosis. The BH4 domain is identified as a
crucial domain for the antiapoptotic activity of Bcl-2 [18]. Bcl-2 lacking the BH4 domain
was found to promote rather than inhibit apoptosis [19]. Different from the BH3 domain,
which usually interacts with Bcl-2 relatives, the BH4 domain is involved in many cellular
functions that do not belong to the Bcl-2 family [20,21]. In this review, we summarize the
current understanding of the structure and physiological functions of the Bcl-2 BH4 domain
and focus on recent advances in targeting the Bcl-2 BH4 domain as a new means for
anticancer therapy.

Structure of Bcl-2

As the “founding member’ of Bcl-2 family proteins, Bcl-2 was originally identified as the
proto-oncogene involved in the t(14;18) translocation in human follicular lymphoma in 1985
[22]. The 3D structure of a Bcl-2-Bcl-x;_ chimeric protein containing a truncated loop
derived from Bcl-x_ between the Hal and Ha2 was first determined by NMR spectroscopy
[23]. Bcl-2 exhibits a similar tertiary structure to Bel-x_ (Figure 1) consisting of two
predominantly hydrophobic a-helices (Ha5 and Ha6) surrounded by six amphipathic a-
helices. From the N terminus to the C terminus, Hal to Ha8 are connected one by one with
or without a loop. The highly conserved BH4 domain is located on the native N-terminal
domain of Bcl-2, comprising a stretch of 20 amino acids (residues 10-30) organized in an a-
helical structure. The BH1, BH2 and BH3 domains form a hydrophobic groove where BH3-
only proteins can bind, and mutations in this region have been shown to abolish the
antiapoptotic activity of Bcl-2 and also block the heterodimerization with other Bcl-2
relatives. By contrast, the deletion of the BH4 domain completely eliminates the

Drug Discov Today. Author manuscript; available in PMC 2017 June 01.


http://www.roche.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

antiapoptotic activity of Bcl-2, while having no influence on the ability of Bcl-2 to bind
BH3-only proteins [18,24]. Moreover, BH4-domain-deleted Bcl-2 (ABH4 Bcl-2) can also
function as a dominant killer instead of a survival protein and promote cell death, similar to
the protein Bax [19,25]. Moreover, the BH4 domain of Bcl-2 is also involved in
angiogenesis and autophagy [25—27].

Functions of Bcl-2 BH4 domain

Bcl-2 regulates apoptosis not only by neutralizing proapoptotic Bcl-2 relatives but also by
interacting with other apoptosis regulators that are not members of the Bcl-2 family of
proteins [28]. The BH3 domain modulates the interactions with Bcl-2 family members,
whereas the BH4 domain can also participate in the interactions with other crucial proteins
beyond the Bcl-2 family. The Bcl-2 BH4 domain interacts with Bax, a requisite gateway
protein of apoptosis in the Bcl-2 family, and also engages in a growing list of non-Bcl-2
proteins including apoptosis-stimulating of p53 protein 2 (ASPP2), cell death protein 4
(CED-4), human mutS homolog 6 (hMSHS®), inositol 1,4,5-trisphosphate receptor (IP3R), c-
Myc Ras, human ribonucleotide reductase subunit M2 (hRRM2), ryanodine receptor (RyR)
and voltage-dependent anion channel (VDAC) with more details presented below.

Interaction with Bax

In the early 1990s, the NH,-terminal region (residues 1-34), which contains the BH4
domain, was identified as important for Bcl-2 binding to Bax. Substitutions of hydrophobic
residues of the BH4 domain (e.g. V15E) or deletion of the BH4 domain can result in the loss
of the capability of Bcl-2 to form a heterodimer with Bax and the failure to inhibit
staurosporine-induced apoptosis [29]. Very recently, the stapled Bcl-2 BH4 domain helices
were revealed to bind directly and inhibit proapoptotic Bax by a noncanonical mechanism
[30]. Different from the classical BH3-in-groove interaction, the noncanonical Bcl-2-BH4-
Bax interaction blocks the conformational activation of Bax and reinforces its inactive,
monomeric state. This novel interaction provides new opportunities in that Bcl-2 BH4
inhibitors interfering with Bcl-2-BH4-Bax interaction could have great potential to combat
pathologic cell survival. Furthermore, BH4 mimetics targeting this interaction could serve as
novel inhibitors to abolish unwanted or premature cell death.

Interaction with IP3R

Bcl-2 inhibits apoptosis not only by preserving mitochondria integrity but also regulating
Ca?* signals from the endoplasmic reticulum (ER) [31]. The function of regulating Ca?*
signals is mediated through the interaction of the Bcl-2 BH4 domain with the regulatory and
coupling domain of IP3R [32,33]. IP3R [34], a membrane glycoprotein complex acting as an
intracellular Ca?*-release channel localized predominately in the ER of all cell types, plays a
crucial part in the control of cellular and physiological processes including cell division, cell
proliferation and apoptosis [35,36]. Bcl-2-1P3R interaction was detected in cell extracts by
co-immunoprecipitation and blue native gel electrophoresis /7 vitro, and also confirmed in
live cells using fluorescence resonance energy transfer [37]. Bcl-2-1P3R interaction inhibits
IP3R-dependent channel opening diminishing Ca2* release from the ER and Ca2*-mediated
apoptosis. The BH4 domain of Bcl-2 was found to be necessary and sufficient for this
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interaction by pulldown and co-immunoprecipitation experiments [32]. A peptide, TAT-
BH4, was generated by fusing the cell-penetrating peptide of HIV TAT [38] to a synthetic
peptide corresponding to the BH4 domain to evaluate the effect of the BH4 domain on Ca?*
release. TAT-BH4 inhibits anti-CD3-induced Ca?* elevation and anti-CD3-induced apoptosis
in the Jurkat human T cell leukemia line, indicating that TAT-BH4 has an antiapoptotic
action similar to full-length Bcl-2. Moreover, the interaction of Bcl-x;, BH4, which is similar
to Bcl-2 BH4 in primary sequence, with IP3R was also explored [39]. Different from Bcl-2
BH4, Bcl-x; BH4 neither binds the modulatory domain of IP3R nor inhibits IP3R-induced
Ca?* release in permeabilized and intact cells. Interestingly, one residue (Lys17 in Bcl-2
BH4 versus Aspll in Bcl-x; BH4) is crucial for the respective distinct biological properties.
Replacement of Lys17 with Asp in Bcl-2 BH4 can completely abolish its IP3R binding and
inhibition, whereas changing Asp11 into Lys in Bcl-x; BH4 can acquire the IP3R-binding
and -inhibitory properties. Besides, it is reported that the BH4 domain of Bcl-x,, but not that
of Bcl-2, inhibits apoptosis by decreasing VDAC1-mediated Ca2* uptake into the
mitochondria via binding and targeting VDAC1 [40]. Thus, it is of great potential to develop
inhibitors selectively targeting the Bcl-2 BH4 domain and preserving the essential biological
functions of Bcl-x(_. This new approach could offer advantages to avoid potential side effects
including toxicities caused by the pan-Bcl-2 inhibitory activity of BH3 mimetics.

Interaction with Raf-1

Bcl-2, but not ABH4 Bcl-2, was found to target Raf-1 [a serine/threonine protein kinase in
the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
signal transduction pathway) to mitochondria in cells [41]. The Bcl-2-Raf-1 interaction is
dependent on the BH4 domain of Bcl-2 because removal of the BH4 domain from Bcl-2 can
abolish its ability to bind Raf-1. This interaction results in phosphorylation of Bad and
possibly other protein substrates in the vicinity of Bcl-2. Different from the traditional role
of Raf-1 as a promoter of cell proliferation and differentiation within the context of the Ras
signaling pathways at the plasma membrane, Raf-1 cooperates with Bcl-2 acting as a blocker
of cell death at the mitochondria. Targeting the active Raf-1 to the mitochondria could
promote resistance to staurosporine-induced apoptosis through interaction with Bcl-2.
Kinase-inactive Raf-1 mutant was found to abolish apoptosis suppression by Bcl-2 [41].

Interaction with calcineurin

The direct binding between Bcl-2 and calcineurin, a calcium- and calmodulin-dependent
serine/threonine protein phosphatase, was also revealed [42]. The BH4 domain of Bcl-2 is
required for this interaction because calcineurin co-precipitates with transmembrane-
domain-deleted (ATM Bcl-2) and C-terminus-deleted Bcl-2 (AC Bcl-2), but not N-terminus-
deleted Bcl-2 (AN Bcl-2). Meanwhile, the BH4 domain alone is sufficient for the co-
precipitation of calcineurin. The Bcl-2—calcineurin interaction provides an explanation for
the Bcl-2 function of suppressing nuclear factor of activated T cells (NF-AT) signaling in T
cells of Bcl-2 transgenic mice and blocking cell death resulting from calcineurin
overexpression [43].
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Interactions with other various proteins

Besides the important proteins highlighted above, Bcl-2 BH4 domain is also involved in
interactions with a variety of other proteins. The Bcl-2 BH4 domain binds to Ras and the
interaction blocks Ras-mediated apoptotic signaling [44]. The Bcl-2 interaction through its
BH4 domain with paxillin plays an important part during nephrogenesis [45]. The Bcl-2
BH4 domain can bind directly to c-Myc, which is also an oncogenic protein that functionally
promotes DNA damage, genetic instability and tumorigenesis. This interaction is essential
for Bcl-2 to enhance c-Myc transcriptional activity and inhibit DNA repair [46]. Bcl-2
promotes tumor angiogenesis and BH4 deletion abrogates hypoxia-inducible factor (HIF)-1-
mediated vascular endothelial growth factor (VEGF) expression in hypoxic tumor cells [27].
Xenografts derived from cells expressing ABH4 Bcl-2 showed a reduction of metastatic
potential compared with those derived from cells expressing wild-type Bcl-2 [26]. A
summary of proteins including those important ones highlighted above associated with the
Bcl-2 BH4 domain and their functions is provided in Table 1.

Targeting Bcl-2 BH4 domain as a novel strategy for cancer therapy

Bcl-2 is overexpressed in numerous human cancers and overexpression of Bcl-2 is
associated with resistance to various cytotoxic agents and radiotherapy [47]. Despite the
identification of Bcl-2 as a drug target over the past decades, targeting the specific BH4
domain of Bcl-2 is a novel strategy for cancer therapy. It is a relatively recent endeavor in
comparison with the traditional targeting of the BH3 domain. Importantly, not all of the
Bcl-2 family members share the BH4 domain. The structure of the Bcl-2 BH4 domain is
unique, and even the highly homologous Bcl-x; BH4 is different in crucial residues and
function [39,40]. Thus, developing selective Bcl-2 BH4 inhibitors with low toxicity might be
feasible. More importantly, Bcl-2 via its BH4 domain cooperates with numerous proteins
that participate in different signaling pathways and could be associated with resistance to
apoptosis. For example, the interaction between Bcl-2 BH4 and Raf-1 promotes resistance to
staurosporine-induced apoptosis [41]. The acquired generalized resistance to apoptosis in
cadmium-transformed cells could be the result of blocking the activation of the c-Jun N-
terminal kinase (JNK) signaling pathway by Bcl-2 overexpression. Moreover, the Bcl-2 BH4
domain is required for modulating JNK phosphorylation [48]. Hence, disturbing these
interactions by targeting the BH4 domain holds great promise to induce apoptosis of cancer
cells with the potential to overcome resistance [49,50].

To date, several BH4 domain inhibitors have been identified as research tools to understand
the role of the Bcl-2 BH4 domain and as promising drug candidates as a new class of
anticancer agents. Intriguingly, small molecule BDA-366 was recently discovered as a
potent and effective BH4 domain antagonist that displays remarkable anticancer activity /n
vitroand in vivo, providing the proof-of-concept of this approach. Meanwhile, combination
of BDA-366 with a mammalian target of rapamycin (mTOR) inhibitor exhibits excellent
synergistic effects against lung cancer, demonstrating its superiority in overcoming
chemoresistance [50].
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Peptides: pep2 (IDP) and TAT-IDPpp/aa

The Bcl-2-1P3R interaction has been investigated for many years to help understand Ca%*
regulation by Bcl-2 at the molecular level [51,52]. The easiest way to generate an inhibitor
disturbing a protein—protein interaction is to intercept the amino acid sequence of an
interacting epitope. The region of IP3R that interacts with Bcl-2 is the subdomain
comprising residues 1347-1426 within the regulatory and coupling domain. Two 20-mer
peptides were generated based on this subdomain: peptide 1 (pepl) derived from amino
acids 1365-1384; and peptide 2 (pep2) derived from amino acids 1389-1408 [37] (Figure
2a). In co-immunoprecipitation assays employing Jurkat cells and Bcl-2(+) WEHI7.2 cells,
pep2 was found to inhibit the Bcl-2—1P3R interaction consistently at the concentration of
400 uM, whereas pepl and control peptide (ctrlpep; scrambled sequence of pep2) did not
inhibit the interaction. It was observed that pep2 disrupts the specific interaction between
Bcl-2 and IP3R rather than the BH3-only protein Bim. Furthermore, pep2 reverses the Bcl-2
inhibitory effect on IP3R channel opening /n vitro, and reverses Bcl-2 inhibition of anti-
CD3-induced Ca2* elevation in Bcl-2(+) WEHI7.2 cells (Figure 2b), as well as attenuating
Bcl-2 inhibition of anti-CD3-induced apoptosis in Jurkat cells [37] (Figure 2c).

Interestingly, it is the BH4 domain of Bcl-2 that directly interacts with IP3R, because BH4
deletion abrogates the Bcl-2—IP3R interaction (Figure 2d). Together with the fact that
fluorescein isothiocyanate (FITC)-labeled TAT-BH4 (fTAT-BH4) can interact with IP3R, the
accumulating evidence indicates the BH4 domain is necessary and sufficient to mediate
Bcl-2-1P3R interaction. The BH4 domain peptide can inhibit IP3R-mediated Ca?* release in
unidirectional Ca%*-flux assays and pep2 can alleviate this inhibition. In addition, TAT-pep2
prevents the inhibition of anti-CD3-induced apoptosis by TAT-BH4 in the Jurkat human T
cell leukemia line. With the assistance of chemical probe pep2, better understanding on the
antiapoptotic activity of the BH4 domain has been achieved. These findings illustrate that
the BH4 domain is a valuable therapeutic target for cancer therapy offering better potential
to overcome Bcl-2-mediated resistance to cancer cell death.

Another synthetic peptide TAT-IDPpp,aa is an analog of TAT-pep2, with Asp—Asp (DD),
the aspartyl protease site, replaced with Ala—Ala (AA) [49] (Figure 3a). TAT-IDPpp/ana also
functions as a competitive inhibitor of the Bcl-2—IP3R interaction by binding to the BH4
domain of Bcl-2, and is more effective in inducing Ca2* oscillations than TAT-pep2. This is
probably because of its increased cellular uptake and stability as a result of reduced
proteolytic cleavage rather than increased affinity of TAT-IDPpp;ana for Bel-2. More
importantly, TAT-IDPpp/aa induces a striking Ca2* elevation in primary CLL cells, which
have great clinical importance, because CLL is always associated with elevated Bcl-2 and
Bcl-2 has a crucial role in apoptosis resistance in CLL. Not surprisingly, TAT-IDPpp/aa-
evoked Ca?* elevation induces apoptosis in primary CLL cells as shown by the images of
Hoechst-stained nuclei (Figure 3b). This induction of cancer cell death is specific to TAT-
IDPpp,aa, because neither TAT-Scr nor TAT-pep?2 has similar apoptotic effects against CLL
cells. Interestingly, TAT-IDPpp,aa-induced apoptosis is more sensitive toward cancer cells
than normal cells. CLL cells are sixfold more sensitive to apoptosis induced by TAT-
IDPppsaa With an ICsq value of 12.7 pM versus normal peripheral blood lymphocytes (ICsq
= 77.3 uM) (Figute 3c), indicating that TAT-IDPpp,aa Selectively targets leukemia cells that
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overexpress Bcl-2. It is suggested that the divergent apoptotic sensitivity is caused by
different expression levels of IP3R2 [53]. Interestingly, TAT-IDPpp/aa is now also known as
BIRD-2 (Bcl-2/1P3 receptor disrupter-2). When this peptide is combined with other Bcl-2
inhibitors (e.g. HA14-1, ABT-263 and ABT-199), the apoptosis induction is enhanced
compared with the single agent treatment [54—56].

Non-peptide small-molecule inhibitors: BDA-366

Very recently, the non-peptide small-molecule antagonist BDA-366 that targets the BH4
domain of Bcl-2 was discovered by our team by HTS [50]. Approximately 300 000
molecules from the National Cancer Institute (NCI) library were docked into the Bcl-2 BH4
domain (PDB ID codes: 1G5M and 1G50) using the University of California, San Francisco
(UCSF) DOCK 6.1 program suite. The cytotoxicity of the top 200 molecules was further
screened against human lung cancer cells using the sulforhodamine B (SRB) assay, and
BDA-366 (Figure 4a) was identified as the most potent compound. Among various lung
cancer cells, cell lines with relatively higher levels of Bcl-2 (e.g. H157, H358, DMS53 and
DMS153) were found more sensitive to BDA-366. Direct binding affinities of BDA-366
with Bcl-2, ABH1 Bcl-2, ABH2 Bcl-2, ABH3 Bcl-2 and ABH4 Bcl-2 were measured by a
fluorescence polarization assay. BDA-366 binds to Bcl-2 with a Kj value of 3.3 nM, but
ABH4 Bcl-2 fails to bind BDA-366 even at 0.5 uM. By contrast, deletion of BH1, BH2 or
BH3 has little impact on this binding. Moreover, BDA-366 does not engage other Bcl-2
family members including Bcl-x, , Mcl-2 and Bf1/Al (Figure 4b). It was confirmed by Bcl-2
knockdown cell lines that BDA-366 induces apoptosis in a Bcl-2-dependent fashion.
Mutations in the Bcl-2 BH4 domain result in resistance to BDA-366 while maintaining
sensitivity to the BH3 mimetic (ABT-199). These findings indicate that BDA-366 selectively
binds Bcl-2 at the BH4 domain to induce cancer cell apoptosis. Further investigation
suggests that interaction between BDA-366 and Bcl-2 BH4 domain is capable of altering
Bcl-2 conformation via exposure of its BH3 domain leading to conversion of Bcl-2 from a
survival protein to a killer. BDA-366-treated Bcl-2, rather than Bcl-2 alone, enhances the
ability of Bax to bind to 6A7 antibody, whereas BDA-366 itself is not a Bax activator
(Figure 4c). This suggests that BDA-366 induces Bcl-2-dependent Bax activation, and Bax
is essential for BDA-366 to induce apoptotic cell death, because Bax-deficient MEF cells
were significantly resistant to BDA-366. At the same time, BDA-366 reduces Bcl-2—-1P3R
binding in association with increased Ca?* release, which could uncover an additional
mechanism on how BDA-366 induces apoptosis in a BH4-binding-dependent manner.

The anticancer effect of BDA-366 /1 vivowas also evaluated. In lung cancer mouse
xenografts derived from H460 cells, BDA-366 displayed a dose-dependent regression of
lung tumor growth at the doses of 10, 20 and 30 mg/kg via i.p. route for 14 days. Also,
BDA-366 efficiently suppressed growth of small-cell lung cancer tumors in a patient-derived
xenograft (SCLC PDX) mouse model at the dose of 20 mg/kg for 2 weeks. Moreover,
combination of BDA-366 and an mTOR inhibitor RAD001 was explored given that
expression of Bcl-2 is associated with resistance of cancer cells to mTOR inhibitors such as
RADO001, which displays limited antitumor activity in patients with lung cancer [57,58].
Nu/Nu mice with non-small-cell lung cancer (NSCLC, i.e. H460) xenograft were treated
with BDA-366 (15 mg/kg), RADO001 (1 mg/kg) and their combination, respectively (Figure
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4d). Their combination exhibits a significantly greater efficacy than BDA-366 or RAD001
alone in suppressing lung tumor growth /n vivo with no obvious normal tissue toxicity.

The Bcl-2 BH4 domain antagonist BDA-366 selectively binds the BH4 domain and exposes
the BH3 domain of Bcl-2 to induce the conversion of Bcl-2 from a survival to a killer. The
exciting pharmacological profile of BDA-366 against human lung cancer /n vitro and in vivo
demonstrates the great promise to develop Bcl-2 BH4 inhibitors as a new class of anticancer
agents for lung cancer and other various types of cancers. Its markedly synergistic effect
against lung cancer in combination with RADO01 displays the great potential of BDA-366 to
overcome drug resistance. BDA-366 and its optimized analogs designed by our team are
currently under preclinical development toward investigational new drug (IND)-enabling
studies.

Concluding remarks and future perspectives

In conclusion, targeting the BH4 domain of Bcl-2 represents a novel and attractive strategy
for developing a new class of cancer therapy. The BH4 domain is essential for Bcl-2
antiapoptotic function. Furthermore, the BH4 domain of Bcl-2 is involved in direct
interactions with Bcl-2 family members and various other non-Bcl-2 proteins associated
with different signaling pathways. Whereas peptides such as pep2 (IDP) and TAT-IDPpp/aa
provide useful tools for better understanding of the antiapoptotic activity of the BH4
domain, the small molecule BDA-366 as a BH4 domain antagonist offers the first-in-class
proof-of-concept toward a drug candidate with the great potential of overcoming drug
resistance. We anticipate that more diverse small molecules capable of disturbing the
interactions of the Bcl-2 BH4 domain with various proteins will be accessible based on
modern drug discovery techniques and strategies, including HTS, to identify hits for hit-to-
lead optimization or useful fragments with relatively weaker binding for fragment-based
drug design [59—62]. Co-crystal structures of Bcl-2 BH4 and non-peptide small molecular
antagonists are needed to aid further rational drug design and optimization. Development of
novel small molecules as Bcl-2 BH4 domain inhibitors will not only facilitate the
understanding of the crucial role of the BH4 domain but will also generate new anticancer
agents that could prove to be a viable therapeutic approach to benefit cancer patients in the
future.
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Highlights
e No Bcl-2 inhibitors targeting the BH3 domain approved for clinical use
« BH4 domain of Bcl-2 is identified as a promising novel target for cancer therapy

» Bcl-2 BH4 domain interacts with Bcl-2 family members as well as non-Bcl-2
proteins

» Interactions of BH4 domain with various proteins promote resistance to
apoptosis

«  Targeting the BH4 domain of Bcl-2 offers great potential to overcome drug
resistance
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Figure 1.
Sequence and structure of B cell lymphoma 2 (Bcl-2). (a) Bcl-2 contains BH1-4 domains.

(b) The sequences of Bcl-2 BH1-4 domains. The colored letters represent different a-helical
structures. (c) Left panel: the 3D NMR structure of Bcl-2 with Hal1-8 is displayed in
different colors according to the same color coding in (b) (PDB ID codes: 1G5M and 1GJH).
Right panel: the surface structure of Bcl-2 is shown with BH4 domain in the form of ribbon.
Abbreviations: BH, Bcl-2 homology; TM, transmembrane domain.
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Peptide 2 (pep2) inhibits B cell lymphoma 2 (Bcl-2) BH4-IP3R interaction and IP3R-
induced Ca2* elevation to induce apoptosis. (a) The sequences of pepl, pep2 and ctrlpep are
shown. (b) pep2 reverses Bcl-2 inhibition of anti-CD3-induced Ca2* elevation in Bcl-2(+)
WEHI7.2 cells. (c) pep2 enhances anti-CD3-induced apoptosis in Bcl-2(+) WEHI7.2 cells.
(d) BH4 domain is required for Bcl-2—IP3R interaction. Reproduced, with permission, from

[32'37]_
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Figure 3.
TAT-IDPpp/aa induces Ca2*-driven apoptosis in chronic lymphocytic leukemia (CLL) cells

rather than normal lymphocytes. (a) The sequences of TAT-Scr, TAT-IDP and TAT-
IDPpp/aa. (b) Images of Hoechst-stained nuclei demonstrate apoptotic morphology 24 h
after treatment with 10 uM TAT-IDPppsaa. (¢) CLL cells are sixfold more sensitive to
apoptosis induced by TAT-IDPpp;aa than normal lymphocytes. Reproduced, with
permission, from [49].
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BDA-366 suppresses lung cancer tumor growth by selectively targeting the BH4 domain of
Bcl-2 and Bcl-2-dependent Bax activation. (a) The chemical structure of BDA-366 is shown.
(b) BDA-366 binds Bcl-2 selectively as illustrated by the competition fluorescence
polarization assay. (c) BDA-366 can induce Bcl-2-dependent Bax activation rather than
activate Bax directly. (d) BDA-366 strongly synergizes with RAD00L /n7 vivo. Reproduced,
with permission, from [50].

Drug Discov Today. Author manuscript; available in PMC 2017 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Table 1

Proteins associated with the Bcl-2 BH4 domain

Page 17

Associated Participating Functions Refs
protein domains
ASPP2 BH4 of Bcl-24 Block antiapoptotic function of Bcl-2 and induce apoptosis %3]
Bax BH1-4 of Bcl-2 Form a heterodimer with Bax to protect cells from death [30]
Calcineurin BH4 of Bcl-2 Suppress NF-AT signaling to block apoptosis [42]
CED-4 BH4 of Bcl-2 Sequester CED-4 and prevent apoptosis [18]
HIF-1a BH4 of Bcl-2 Increase tumor angiogenesis and progression [64]
hMSH6 BH4 of Bcl-2 Enhance DNA damage and suppress DNA repair [65]
hRRM2 BH4 of Bcl-2 Display inhibitory effects on RNR activity, dNTP pool level and DNA replication [66]
IP3R BH4 of Bcl-2 Inhibit IP3R-dependent channel opening, suppress Ca2* release from the ER and Ca2*-mediated 3]
apoptosis
c-Myc BH4 of Bcl-2 Enhance c-Myc transcriptional activity and inhibit DNA repair [46]
Paxillin BH4 of Bcl-2 Impair ureteric bud branching and tubulogenesis [45]
Raf-1 BH4 of Bcl-2 Block cell death and promote resistance to apoptosis [41]
Ras BH4 of Bcl-2 Block the apoptotic signaling mediated by mitochondrial Ras [44]
RyR BH4 of Bcl-2 Inhibit RyR-based intracellular Ca2* release channels 571
VDAC BH4 of Bcl-2 Inhibit VDAC activity, prevent apoptotic mitochondrial changes and prevent apoptotic cell death [68]

a\Nhereas all the BH1-4 domains can participate the binding, the binding interaction between BH4 domain of Bcl-2 and ASPP2 is the tightest.
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