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Protein degradation for drug discovery
Abstract
The induction of protein degradation by chimeric small

molecules represented by proteolysis-targeting chi-

meras (PROTACs) is an emerging approach for novel

drug development. We have developed a series of

chimeric molecules termed specific and non-genetic

inhibitor of apoptosis protein (IAP)-dependent protein

erasers (SNIPERs) that recruit IAP ubiquitin ligases to

effect targeted degradation. Unlike the chimeric mole-

cules that recruit von Hippel–Lindau and cereblon

ubiquitin ligases, SNIPERs induce simultaneous degra-

dation of IAPs such as cIAP1 and XIAP along with the

target proteins. Because cancer cells often overexpress

IAPs—a mechanism involved in the resistance to can-

cer therapy—SNIPERs could be used to kill cancer cells

efficiently.

Introduction
Targeted protein degradation using chimeric molecules such

as SNIPERs and PROTACs is a novel technology employed to

manipulate protein stability [1–3]. Degradation is achieved

through the ubiquitylation of target proteins by hijacking the

activity of ubiquitin ligase. Proteins that are marked with

poly-ubiquitin chains, such as K48-linked poly-ubiquitin, are

then subjected to proteasomal degradation [4]. Of over 600 E3

ubiquitin ligases present in cells, only a limited number—

including inhibitor of apoptosis proteins (IAPs), von Hippel-
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Lindau tumor suppressor (VHL) and cereblon (CRBN)—have

been shown to be recruited to target proteins by chimeric

molecules.

IAPs are a family of proteins that contain one to three

baculoviral IAP repeat (BIR) domains. These proteins inhibit

apoptosis in various cellular systems when they are over-

expressed [5–8]. There are eight IAP proteins in humans

(Fig. 1). Among them, five members (X-linked IAP [XIAP],

cellular IAP1 [cIAP1], cIAP2, Livin and IAP-like protein 2

[ILP2]) contain a really interesting new gene (RING) finger

domain which can interact with E2 ubiquitin-conjugating

enzymes (UBCs), and another family member—Apollon—

contains a UBC domain. These IAP family members could

be involved in the ubiquitylation of themselves and associ-

ated proteins.

Originally characterized as a potent inhibitor of proteolytic

caspase activity, XIAP can directly bind to and inhibit cas-

pases 3, 7, and 9 [9,10]. This IAP functions as an E3 ubiquitin

ligase for pro-apoptotic proteins such as caspases, second

mitochondrial-derived activator of caspase (SMAC) and ARTS
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Fig. 1. Human inhibitor of apoptosis protein (IAP) family proteins. The number on the right represents the number of amino acids in the full-length proteins.
[11–13], and also plays a role in nucleotide-binding oligo-

merization domain-containing (NOD) signaling and immune

responses through the ubiquitylation of receptor-interacting

serine/threonine-protein kinase 2 (RIPK2) [14,15]. Gene tar-

geting studies have demonstrated that while XIAP-deficient

mice do not show obvious abnormalities during develop-

ment, they show subtle phenotypes in their sensitivity to

cell death [16–18]. This suggests that XIAP inhibition is

unlikely to cause serious adverse effects in normal tissues.

However, overexpression of XIAP is characteristic of many

cancers. This overexpression is involved in resistance to

cancer therapy, implying that XIAP could be a promising

target for cancer therapy [7,19–21].

Although cIAP1 and cIAP2 are structurally similar to XIAP

and can bind to caspases, they are poor caspase inhibitors [6].

Instead, cIAP1 and 2 regulate various signaling pathways in-

cluding nuclear factor kappa-light-chain-enhancerof activated

B cell (NFkB) pathways [22–26]. Following stimulation of tu-

mor necrosis factor-a (TNFa), multiple signaling proteins are

recruited to the TNF receptor (TNFR), including cIAP1 and 2.

Subsequently, the E3 ligase activity of cIAP1/2 is stimulated,

where the K63-linked polyubiquitylation of receptor-interact-

ing serine/threonine-protein kinase 1 (RIP1) and cIAP1/2

themselves is formed, resulting in the recruitment of various

signaling mediators including transforming growth factor be-

ta-activated kinase 1 (TAK1)/TAK1-binding protein 1 (TAB1

TAB1)/TAB2 and the linear ubiquitin chain assembly complex

(LUBAC). The LUBAC-mediated ubiquitylation of RIP1 and

TNFR1 leads to efficient recruitment and activation of IkB

kinase (IKK) (composed of NFkB essential modulator

[NEMO]/IKKa/IKKb), which in turn activates NFkB [24,27].

Inhibition or degradation of cIAP1/2 leads to the formation
36 www.drugdiscoverytoday.com
of different TNFR signaling complexes which activate caspase

8-mediated apoptosis or RIP3-mediated necroptosis [28,29]. In

B cell lineage, B-cell receptor signaling stimulates the caspase

recruitment domain-containing protein 11 (CARD11)-muco-

sa-associated lymphoid tissue lymphoma translocation pro-

tein 1 (MALT1)-B-cell CLL/lymphoma 10 protein (BCL10)

adaptor complex to activate NFkB, with the concomitant

cIAP1/2-mediated K63-linked ubiquitylation of BCL10 and

cIAP1/2 themselves. Recruitment of IKK and LUBAC follows

[30]. Deletion of both cIAP1 and cIAP2 in B cells indicates an

essential role of cIAP1/2 in regulating B cell survival and

responsiveness [31]. cIAP1/2 is also involved in the alternative

NFkB pathway by mediating K48 polyubiquitylation and deg-

radation of NIK [32–35]. Thus, cIAP1/2 play a pivotal role in

mediating NFkB signaling pathways, the deregulation of which

can result in various diseases including cancer and inflamma-

tion. Overexpression of cIAP1 has been observed in various

cancers including cervical, esophageal, hepatic and lung can-

cers, and is involved in the resistance to therapy [36–39].

Apollon—which contains a UBC domain and inhibits ap-

optosis by regulating caspases—is reported to be an indepen-

dent poor prognostic factor in childhood leukemia [40–42].

Another IAP family member, Livin, is not expressed in most

normal differentiated tissues, but is present in several cancers

including breast, gastric, colon and pancreatic cancers as well

as melanomas [43,44]. Thus, IAPs are expressed in a variety of

cancers, which makes them intractable. In this review article,

we focus on the development of SNIPERs that exploit the

ubiquitin ligase activities of IAPs to induce degradation of

target proteins.
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Induction of cIAP1 degradation by MeBS
Bestatin is an aminopeptidase inhibitor isolated from

actinomycetes [45,46]. We previously reported that bes-

tatin methyl-ester (MeBS) increases the sensitivity of can-

cer cells to apoptosis induced by various stimuli, such as

anti-cancer drugs and death receptor ligation, as well as

causing a reduction in cellular cIAP1 levels [47]. Mecha-

nistic analysis has demonstrated that MeBS interacts with

the third BIR domain of cIAP1, and induces RING-medi-

ated auto-ubiquitylation and proteasomal degradation of

cIAP1 (Fig. 2a).

Studies of the structure-activity relationship of MeBS

showed that the reduction of cIAP1 expression was main-

tained when the esterified methyl residue of the carboxylic

acid was substituted for more bulky residues. However,

modification of the bestatin backbone seriously affected

the activity in many cases [47]. These observations indicate

that the bestatin backbone of MeBS interacts with cIAP1,

while the esterified methyl residue is not involved in the

interaction. Based on these observations, we planned to

develop a series of chimeric compounds by substituting

the methyl residue with the ligand for a particular target

protein. The resulting molecule may be able to effectively

cross-link the target protein and cIAP1, enabling cIAP1-

mediated ubiquitylation and proteasomal degradation of

the target protein (Fig. 2b).
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Fig. 2. (a) Mechanism of cIAP1 degradation induced by MeBS. (b) Mechanism of 

SNIPERs.
Development of 1st generation SNIPERs
Through collaboration with medicinal chemistry groups, we

developed a number of chimeric molecules composed of a

target ligand and bestatin. These molecules were termed

Specific and Nongenetic IAP-dependent Protein Erasers (SNI-

PERs). By incorporating all-trans retinoic acid (ATRA), 4-

hydroxy tamoxifen (4-OHT), androgen antagonists, Abelson

murine leukemia (ABL) kinase inhibitors, KHS compounds

and alkyl chloride into SNIPER molecules as ligands, suc-

cessful targeting and degradation of cellular retinoic acid

binding protein (CRABP-II) [48–52], estrogen receptor-a

(ERa) [53,54], androgen receptor (AR) [55,56], oncogenic

fusion BCR-ABL protein [57,58], transforming acidic

coiled-coil-3 (TACC3) [59] and Halo-tag proteins [60], re-

spectively, by SNIPERs was achieved within cells (Table 1

and Fig. 3a).

The degradation of target proteins by these SNIPERs is

highly specific, and a SNIPER against ERa (SNIPER[ER])

selectively induces necrotic cell death in ERa-expressing

breast cancer cells [54]. A SNIPER against TACC3 induces

apoptotic cell death in cancer cells that express large

amounts of TACC3 compared with normal fibroblasts

[59]. These results highlight the potential of SNIPERs in

cancer therapy. However, bestatin-based 1st generation SNI-

PERs are only able to induce degradation when administered

at concentrations of 10 mM or higher, therefore the devel-
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Table 1. Target proteins successfully degraded by SNIPERs.

Target protein Target ligand IAP ligand DegradationRef

Estrogen receptor 4-OHT Bestatin + [53,54]
MV1 ++ [61]
LCL +++ [61]
Other IAP antagonists+++ [64]

Estron Bestatin + [55]
Peptide ligand MV1 + [75]

Androgen receptorAR antagonistsBestatin, LCL + [56]
DHT Bestatin + [55]

BCR-ABL imatinib Bestatin + [57,58]
HG-7-85-01 MV1 + [58]
HG-7-85-01 LCL ++ [58]
Dasatinib MV1 ++ [58]
Dasatinib LCL +++ [58,65]
ABL001 LCL +++ [66]

CRABP-II ATRA Bestatin + [48–52]
MV1 ++ [48,52]

RARa Ch55 Bestatin + [55]
TACC3 KHS-108 Bestatin + [59]
BRD4 JQ1 LCL +++ [61]
PDE4 PDE inhibitor LCL +++ [61]
Notch1 Peptide ligand LCL + [76]
huntingtin BTA, PDB Bestatin + [77]
His-tag Ni-NTA MV1 + [62,63]
Halo-tag Alkyl-Cl Bestatin + [60]

LCL in the IAP ligand column represents the LCL-161 derivative. +, ++ and +++ in the
Degradation column represent the DC50 values �1 mM, �100 nM and <100 nM, respectively.
opment of novel SNIPERs that can induce degradation at

lower concentrations was required.

Development of 2nd generation SNIPERs
The incorporation of a ligand with higher binding affinity

was considered in order to improve the protein-knockdown

activity of SNIPER molecules. Because the affinities of ligands

to their respective target proteins are typically much higher

than that of MeBS to cIAP1, substitution of the bestatin

module with such ligands was trialed to improve the degra-

dation activity of SNIPERs. Indeed, substituting an IAP an-

tagonist MV1 for bestatin improved the degradation of target

proteins such as CRABP-II [48,52], BCR-ABL [58], ERa [61] and

His-tag proteins [62,63] (Table 1 and Fig. 3b).

To further improve the activity of the SNIPER(ER), we

tested various combinations of ERa ligands and IAP ligands,

and optimized the linker. The molecule SNIPER(ER)-87 was

developed, composed of 4-OHT (ERa ligand) and an LCL-161

derivative (IAP ligand) with a polyethylene glycol (PEG)

linker (Fig. 3c) [61]. The SNIPER(ER)-87 induced IAP-mediat-

ed ubiquitylation and proteasomal degradation of ERa at

nano-molar concentrations, which is 1000-times lower than

the effective concentrations of the bestatin-based 1st genera-

tion SNIPER(ER)s. Mechanistically, SNIPER(ER)-87 preferen-

tially recruited XIAP rather than cIAP1 to ERa, and XIAP was

the major ubiquitin ligase responsible for the degradation of

ERa. The ERa-degradation activity of SNIPER(ER)-87 corre-

lates well with its anti-tumor activity against breast cancer

cells that show estrogen-dependent growth. This SNIPER has

also been shown to have protein knockdown and anti-tumor

activities in a tumor xenograft model where MCF-7 human

breast cancer cells were transplanted to nude mice [61].
Best atin-ba sed SNIPE R(ER)(a)

(b)

(c)

MV1-ba sed  SNIPE R(ER)

LCL 161-ba sed SNIPE R(ER)

Fig. 3. Chemical structure of the (a) bestatin-based, (b) MV1-based, and (c) LCL
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Potent SNIPERs against BCR-ABL, bromodomain-containing

protein 4 (BRD4) and phosphodiesterase type 4 (PDE4) have

been developed using the LCL-161 derivative as an IAP li-

gand, which induce the degradation of respective target

proteins at nano-molar concentrations [58,61,64–66]

(Table 1). This highlights the potential of including high
Drug Discovery Today: Technologies

161-based SNIPER(ER)s.



Vol. 31, 2019 Drug Discovery Today: Technologies | Protein degradation for drug discovery
affinity IAP antagonists into SNIPERs to develop potent SNI-

PERs against various target proteins.

Significance of IAP degradation in anticancer activity
Unlike chimeric molecules that recruit Cullin-based ubiqui-

tin ligase complexes including VHL and CRBN, SNIPERs

induce degradation of the ubiquitin ligases cIAP1 and XIAP

[61,64,67]. Degradation of cIAP1 is robustly triggered by the

binding of SNIPERs to cIAP1, which is reminiscent of the IAP

antagonist-induced cIAP1 degradation [68,69]. However,

degradation of XIAP requires the formation of a ternary

complex (XIAP-SNIPER-target protein), as does the degrada-

tion of the target protein [67]. It is probable that XIAP and the

target protein are simultaneously ubiquitylated only when

specific targets interact with XIAP and induce conformation-

al changes that expose the lysine residue of XIAP to E2-UBC.

Alternatively, multiple XIAP proteins are recruited to oligo-

meric targets, which may induce trans-ubiquitylation of

XIAP, though we do not have any evidences. Interestingly,

the pharmacological hook effect is observed for target pro-

teins but not for XIAP. This could be explained by the

multiple target proteins existing with a wide range of binding

affinities to the target ligand. At lower concentrations, SNI-

PERs will preferentially bind to high-affinity target proteins,

forming a ternary complex with XIAP, which results in

degradation of the high affinity target and XIAP. At higher

concentrations, however, the SNIPER molecules begin to

interact with low affinity targets, reducing the amount of

XIAP in the ternary complexes with high affinity targets.

Accordingly, the degradation of high affinity targets is sup-

pressed while XIAP degradation remains unchanged as illus-

trated in Figure 7 of Reference [67].

Thus, SNIPERs induce simultaneous degradation of the

target proteins with cIAP1 or XIAP, although the latter is

degraded less efficiently than cIAP1. The degradation of the

ubiquitin ligases themselves could be expected to result in

inefficient degradation of the target proteins. However, sig-

nificant amounts of the IAPs are constantly synthesized in the

cells, which will contribute to the degradation of target

proteins. In addition, other IAP family members may play

a role. Therefore, we hypothesize the target degradation

could be maintained in cells treated with SNIPERs, despite

the SNIPER-induced degradation of some IAP family proteins.

The degradation of IAPs can also have positive effects, as

cancer cells often overexpress IAP family proteins with a

concomitant increase in resistance to cancer therapy reported

[7,19–21,36–39]. Downregulation of IAPs sensitizes cancer

cells to apoptosis induced by various stimuli, and IAPs have

therefore been highlighted as promising therapeutic targets

[7,19,70,71]. Currently, several antagonists that may inhibit

IAP function are under clinical development. Because SNI-

PERs contain an IAP antagonist module, they could be

exploited for the efficient killing of cancer cells. This has
been tested in MCF7 breast cancer cells that require IAP

activity to survive, where SNIPER(ER)-105, -110 and -126

have been reported to cause increased degradation of ERa,

cIAP1 and XIAP compared with SNIPER(ER)-87. Their higher

affinity for the target proteins results in increased induction

of apoptotic cell death [64].

Future prospect of the chemical protein knockdown
The majority of drugs that have been developed recently to

target specific molecules are antibodies or small molecule

enzyme inhibitors such as kinase inhibitors. Although they

show excellent therapeutic activities in clinic, it is speculated

that only 25%–30% of known cellular proteins are able to be

targeted by these modalities. The remaining 70%–75% of

proteins are regarded as ‘‘undruggable’’, and include intra-

cellular proteins without enzymatic activity such as scaffold

proteins and transcription factors. These proteins could be

targeted for degradation by the activities of SNIPERs and

PROTACs. The only essential feature required for a ligand

being integrated into a SNIPER is the ability to bind to the

target, meaning that compounds with no or insufficient

inhibitory activity can be used. In the case of proteins with

multiple domains, a ligand against any domain can be used to

develop a SNIPER, which would increase the options for the

development of novel drugs targeting a single protein. Resis-

tance to kinase inhibitors is often attributed to mutations in

the kinase domain, therefore this approach could be used as

an alternative strategy to overcome drug resistance, by cap-

turing different domains of oncogenic kinases to induce their

degradation.

Pharmacologically, degradation provides additional bene-

ficial effects compared with inhibition of the target protein

[72,73]. Both the degradation and inhibition of the oncogen-

ic kinase BCR-ABL result in an anti-tumor effect, but the

effects of degradation are sustained when the drugs are

removed following short-term treatment [65]. Treatment

with kinase inhibitors would allow immediate restoration

of the kinase signaling initiated by BCR-ABL when the drug

was removed, while the signaling remains suppressed in cells

treated with SNIPER(ABL) until a significant amount of BCR-

ABL protein is synthesized and protein function is recovered.

Consistently, chronic myelogenous leukemia (CML) cells

treated with kinase inhibitors resume proliferation immedi-

ately after drug removal, whereas cells treated with SNIPER

(ABL) could not proliferate and eventually underwent apo-

ptotic cell death under the same conditions (Fig. 4). Thus,

degradation may induce longer lasting effects compared with

target protein inhibition.

Currently, the ubiquitin ligases that can be recruited to the

target proteins by chimeric small molecules include IAPs,

VHL, CRBN and MDM2. However, recruitment of ubiquitin

ligases does not always result in efficient degradation of the

target proteins. The efficiency of the target degradation
www.drugdiscoverytoday.com 39



Drug Discovery Today: Technologies | Protein degradation for drug discovery Vol. 31, 2019

drug
treatment 

SNIPER(ABL)

Control

Dasatinib
Inactive SNIPER

N

S
H
N N

N

N NN
H

OCl

O O

O
OO

BCR-ABL ligand

SNIPER(ABL)

Time (h)

-12 0 72 144

C
el

l n
u

m
b

er

1E+09

1E+07

1E+05

Drug Discovery Today: Technologies

Fig. 4. Proliferation of chronic myelogenous leukemia K562 cells after treatment with SNIPER(ABL) and dasatinib for 12 h. SNIPER(ABL) shows a long-lasting
growth inhibition compared with kinase inhibitor. Modified from ref under the CC BY license (Creative Commons Attribution v4.0 International License).
depends on the combination of the target and E3 ligases. In

our experiments, when dasatinib was used as a ligand to

target the degradation of BCR-ABL, the recruitment of IAPs

resulted in improved degradation compared with the recruit-

ment of VHL or CRBN. However, when HG-7-85-01 was used

as a BCR-ABL ligand, recruitment of VHL showed better

activity than that of IAP and CRBN [65]. Thus, optimization

of the ligand and E3 ligase combination is important for the

development of a chimeric molecule with potent degradation

activity. It is also important to develop novel ligands that can

recruit different E3 ubiquitin ligases, since there are more

than 600 ubiquitin ligases in the cells that could be recruited

to induce degradation.

Conclusion
It has been almost two decades since the concept of targeted

protein degradation using a bifunctional molecule was pro-

posed [74]. Recent progress on the identification of ligands

that recruit ubiquitin ligases to target proteins makes this

technology a feasible and very attractive approach for the

development of novel drugs against currently undruggable
40 www.drugdiscoverytoday.com
target proteins. The SNIPERs recruit IAP ubiquitin ligases,

which are a family of anti-apoptotic proteins that are fre-

quently overexpressed in cancers. Because the level of IAP

expression correlates with the degree of resistance to cancer

therapy, IAPs are regarded as promising therapeutic targets

against cancers, and several IAP antagonists are currently

under clinical evaluation. The structures of SNIPERs contain

IAP antagonist modules that recruit IAPs, and they potently

induce the degradation of target proteins as well as the IAPs

themselves. This is an efficient method of killing cancer cells

that require IAPs for survival. Therefore, protein degradation

by SNIPERs is a promising strategy for the development of

anti-cancer drugs.

Funding
This work was supported in part by grants from the Japan

Society for the Promotion of Science (KAKENHI Grants

16H05090 and 18H05502 to M.N., 18K06567 to N.O. and

18K07311 to N.S.), the Japan Agency for Medical Research

and Development (AMED Grants 18ak0101073j0602 and

18im0210616j0001 to M.N., and 18ak0101073j0702 to N.O.).



Vol. 31, 2019 Drug Discovery Today: Technologies | Protein degradation for drug discovery
Acknowledgment
The authors thank Amy Phillips, PhD, from Edanz Group

(www.edanzediting.com/ac) for editing a draft of this manu-

script.

References
[1] Hughes SJ, Ciulli A. Molecular recognition of ternary complexes: a new

dimension in the structure-guided design of chemical degraders. Essays

Biochem 2017;61:505–16.

[2] Lai AC, Crews CM. Induced protein degradation: an emerging drug

discovery paradigm. Nat Rev Drug Discov 2017;16:101–14.

[3] Ohoka N, Shibata N, Hattori T, Naito M. Protein knockdown technology:

application of ubiquitin ligase to cancer therapy. Curr Cancer Drug

Targets 2016;16:136–46.

[4] Ye Y, et al. Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol

Cell Biol 2009;10:755–64.

[5] Deveraux QL, Reed JC. IAP family proteins–suppressors of apoptosis.

Genes Dev 1999;13:239–52.

[6] Eckelman BP, Salvesen GS, Scott FL. Human inhibitor of apoptosis

proteins: why XIAP is the black sheep of the family. EMBO Rep

2006;7:988–94.

[7] Wright CW, Duckett CS. Reawakening the cellular death program in

neoplasia through the therapeutic blockade of IAP function. J Clin Invest

2005;115:2673–8.

[8] Silke J, Meier P. Inhibitor of apoptosis (IAP) proteins-modulators of cell

death and inflammation. Cold Spring Harbor Perspec Biol 2013;5.

[9] Deveraux QL, Leo E, Stennicke HR, Welsh K, Salvesen GS, Reed JC. Cleavage

of human inhibitor of apoptosis protein XIAP results in fragments with

distinct specificities for caspases. EMBO J 1999;18:5242–51.

[10] Deveraux QL, Takahashi R, Salvesen GS, Reed JC. X-linked IAP is a direct

inhibitor of cell-death proteases. Nature 1997;388:300–4.

[11] Edison N, Curtz Y, Paland N, Mamriev D, Chorubczyk N, Haviv-

Reingewertz T, et al. Degradation of Bcl-2 by XIAP and ARTS promotes

apoptosis. Cell Rep 2017;21:442–54.

[12] Schile AJ, Garcia-Fernandez M, Steller H. Regulation of apoptosis by XIAP

ubiquitin-ligase activity. Genes Dev 2008;22:2256–66.

[13] Ditzel M, Meier P. IAP degradation: decisive blow or altruistic sacrifice?

Trends Cell Biol 2002;12:449–52.

[14] Damgaard RB, Nachbur U, Yabal M, Wong WW, Fiil BK, Kastirr M, et al.

The ubiquitin ligase XIAP recruits LUBAC for NOD2 signaling in

inflammation and innate immunity. Mol Cell 2012;46:746–58.

[15] Stafford CA, Lawlor KE, Heim VJ, Bankovacki A, Bernardini JP, Silke J, et al.

IAPs regulate distinct innate immune pathways to co-ordinate the

response to bacterial peptidoglycans. Cell Rep 2018;22:1496–508.

[16] Harlin H, Reffey SB, Duckett CS, Lindsten T, Thompson CB.

Characterization of XIAP-deficient mice. Mol Cell Biol 2001;21:3604–8.

[17] Potts PR, Singh S, Knezek M, Thompson CB, Deshmukh M. Critical

function of endogenous XIAP in regulating caspase activation during

sympathetic neuronal apoptosis. J Cell Biol 2003;163:789–99.

[18] Silke J, Vaux DL. IAP gene deletion and conditional knockout models.

Semin Cell Dev Biol 2015;39:97–105.

[19] Fulda S, Vucic D. Targeting IAP proteins for therapeutic intervention in

cancer. Nat Rev Drug Discov 2012;11:109–24.

[20] Schimmer AD, Welsh K, Pinilla C, Wang Z, Krajewska M, Bonneau MJ,

et al. Small-molecule antagonists of apoptosis suppressor XIAP exhibit

broad antitumor activity. Cancer Cell 2004;5:25–35.

[21] Wu TY, Wagner KW, Bursulaya B, Schultz PG, Deveraux QL. Development

and characterization of nonpeptidic small molecule inhibitors of the

XIAP/caspase-3 interaction. Chem Biol 2003;10:759–67.

[22] Annibaldi A, Wicky John S, Vanden Berghe T, Swatek KN, Ruan J, Liccardi

G, et al. Ubiquitin-mediated regulation of RIPK1 kinase activity

independent of IKK and MK2. Mol Cell 2018;69:566–80. e565.

[23] Gyrd-Hansen M, Meier P. IAPs: from caspase inhibitors to modulators of

NF-kappaB, inflammation and cancer. Nat Rev Cancer 2010;10:561–74.

[24] Iwai K. Diverse roles of the ubiquitin system in NF-kappaB activation.

Biochimica Biophys Acta 2014;1843:129–36.
[25] Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E,

et al. Both cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB

activation. Proc Natl Acad Sci U S A 2008;105:11778–83.

[26] Moulin M, Anderton H, Voss AK, Thomas T, Wong WW, Bankovacki A,

et al. IAPs limit activation of RIP kinases by TNF receptor 1 during

development. EMBO J 2012;31:1679–91.

[27] SasakiK,IwaiK.Rolesoflinearubiquitinylation,acrucialregulatorofNF-kappaB

and cell death, in the immune system. Immunol Rev 2015;266:175–89.

[28] Feoktistova M, Geserick P, Kellert B, Dimitrova DP, Langlais C, Hupe M,

et al. cIAPs block Ripoptosome formation, a RIP1/caspase-8 containing

intracellular cell death complex differentially regulated by cFLIP isoforms.

Mol Cell 2011;43:449–63.

[29] Tenev T, Bianchi K, Darding M, Broemer M, Langlais C, Wallberg F, et al.

The Ripoptosome, a signaling platform that assembles in response to

genotoxic stress and loss of IAPs. Molecular Cell 2011;43:432–48.

[30] Yang Y, Kelly P, Shaffer 3rd AL, Schmitz R, Yoo HM, Liu X, et al. Targeting

non-proteolytic protein ubiquitination for the treatment of diffuse large B

cell lymphoma. Cancer Cell 2016;29:494–507.

[31] Gardam S, Turner VM, Anderton H, Limaye S, Basten A, Koentgen F, et al.

Deletion of cIAP1 and cIAP2 in murine B lymphocytes constitutively

activates cell survival pathways and inactivates the germinal center

response. Blood 2011;117:4041–51.

[32] Varfolomeev E, Blankenship JW, Wayson SM, Fedorova AV, Kayagaki N,

Garg P, et al. IAP antagonists induce autoubiquitination of c-IAPs, NF-

kappaB activation, and TNFalpha-dependent apoptosis. Cell

2007;131:669–81.

[33] Vince JE, Wong WW, Khan N, Feltham R, Chau D, Ahmed AU, et al. IAP

antagonists target cIAP1 to induce TNFalpha-dependent apoptosis. Cell

2007;131:682–93.

[34] Zarnegar BJ, Wang Y, Mahoney DJ, Dempsey PW, Cheung HH, He J, et al.

Noncanonical NF-kappaB activation requires coordinated assembly of a

regulatory complex of the adaptors cIAP1, cIAP2, TRAF2 and TRAF3 and

the kinase NIK. Nat Immunol 2008;9:1371–8.

[35] Vallabhapurapu S, Matsuzawa A, Zhang W, Tseng PH, Keats JJ, Wang H,

et al. Nonredundant and complementary functions of TRAF2 and TRAF3

in a ubiquitination cascade that activates NIK-dependent alternative NF-

kappaB signaling. Nat Immunol 2008;9:1364–70.

[36] Dai Z, Zhu WG, Morrison CD, Brena RM, Smiraglia DJ, Raval A, et al. A

comprehensive search for DNA amplification in lung cancer identifies

inhibitors of apoptosis cIAP1 and cIAP2 as candidate oncogenes. Hum

Mol Genet 2003;12:791–801.

[37] Imoto I, Tsuda H, Hirasawa A, Miura M, Sakamoto M, Hirohashi S, et al.

Expression of cIAP1, a target for 11q22 amplification, correlates with

resistance of cervical cancers to radiotherapy. Cancer Res 2002;62:4860–6.

[38] Imoto I, Yang ZQ, Pimkhaokham A, Tsuda H, Shimada Y, Imamura M, et al.

Identification of cIAP1 as a candidate target gene within an amplicon at 11q22

in esophageal squamous cell carcinomas. Cancer Res 2001;61:6629–34.

[39] Zender L, Spector MS, Xue W, Flemming P, Cordon-Cardo C, Silke J, et al.

Identification and validation of oncogenes in liver cancer using an

integrative oncogenomic approach. Cell 2006;125:1253–67.

[40] Hao Y, Sekine K, Kawabata A, Nakamura H, Ishioka T, Ohata H, et al.

Apollon ubiquitinates SMAC and caspase-9, and has an essential

cytoprotection function. Nat Cell Biol 2004;6:849–60.

[41] Kikuchi R, Ohata H, Ohoka N, Kawabata A, Naito M. APOLLON Protein

Promotes Early Mitotic CYCLIN A degradation independent of the spindle

assembly checkpoint. J Biol Chem 2014;289:3457–67.

[42] Sung KW, Choi J, Hwang YK, Lee SJ, Kim HJ, Lee SH, et al. Overexpression

of Apollon, an antiapoptotic protein, is associated with poor prognosis in

childhood de novo acute myeloid leukemia. Clin Cancer Res

2007;13:5109–14.

[43] Chang H, Schimmer AD. Livin/melanoma inhibitor of apoptosis protein

as a potential therapeutic target for the treatment of malignancy. Mol

Cancer Ther 2007;6:24–30.

[44] Liu B, Han M, Wen JK, Wang L. Livin/ML-IAP as a new target for cancer

treatment. Cancer lett 2007;250:168–76.

[45] Saito M, Aoyagi T, Umezawa H, Nagai Y. Bestatin, a new specific

inhibitor of aminopeptidases, enhances activation of small lymphocytes

by concanavalin A. Biochem Biophys Res Commun 1976;76:526–33.
www.drugdiscoverytoday.com 41

http://www.edanzediting.com/ac
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0010
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0010
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0020
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0020
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0040
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0040
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0050
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0050
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0060
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0060
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0065
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0065
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0080
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0080
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0090
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0090
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0095
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0095
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0115
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0115
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0120
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0120
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0135
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0135
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0220
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0220
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0225
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0225
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0225


Drug Discovery Today: Technologies | Protein degradation for drug discovery Vol. 31, 2019
[46] Umezawa H, Aoyagi T, Suda H, Hamada M, Takeuchi T. Bestatin, an

inhibitor of aminopeptidase B, produced by actinomycetes. J Antibiot

1976;29:97–9.

[47] Sekine K, Takubo K, Kikuchi R, Nishimoto M, Kitagawa M, Abe F, et al.

Small molecules destabilize cIAP1 by activating auto-ubiquitylation. J Biol

Chem 2008;283:8961–8.

[48] Itoh Y, Ishikawa M, Kitaguchi R, Okuhira K, Naito M, Hashimoto Y.

Double protein knockdown of cIAP1 and CRABP-II using a hybrid

molecule consisting of ATRA and IAPs antagonist. Bioorg Med Chem Lett

2012;22:4453–7.

[49] Itoh Y, Ishikawa M, Kitaguchi R, Sato S, Naito M, Hashimoto Y.

Development of target protein-selective degradation inducer for protein

knockdown. Bioorg Med Chem 2011;19:3229–41.

[50] Itoh Y, Ishikawa M, Naito M, Hashimoto Y. Protein knockdown using

methyl bestatin-ligand hybrid molecules: design and synthesis of

inducers of ubiquitination-mediated degradation of cellular retinoic acid-

binding proteins. J Am Chem Soc 2010;132:5820–6.

[51] Okuhira K, Ohoka N, Sai K, Nishimaki-Mogami T, Itoh Y, Ishikawa M,

et al. Specific degradation of CRABP-II via cIAP1-mediated ubiquitylation

induced by hybrid molecules that crosslink cIAP1 and the target protein.

FEBS Lett 2011;585:1147–52.

[52] Okuhira K, Shoda T, Omura R, Ohoka N, Hattori T, Shibata N, et al.

Targeted degradation of proteins localized in subcellular compartments

by hybrid small molecules. Mol Pharmacol 2017;91:159–66.

[53] Demizu Y, Okuhira K, Motoi H, Ohno A, Shoda T, Fukuhara K, et al.

Design and synthesis of estrogen receptor degradation inducer based on a

protein knockdown strategy. Bioorg Med Chem Lett 2012;22:1793–6.

[54] Okuhira K, Demizu Y, Hattori T, Ohoka N, Shibata N, Nishimaki-Mogami

T, et al. Development of hybrid small molecules that induce degradation

of estrogen receptor-alpha and necrotic cell death in breast cancer cells.

Cancer Sci 2013;104:1492–8.

[55] Itoh Y, Kitaguchi R, Ishikawa M, Naito M, Hashimoto Y. Design, synthesis

and biological evaluation of nuclear receptor-degradation inducers.

Bioorg Med Chem 2011;19:6768–78.

[56] Shibata N, Nagai K, Morita Y, Ujikawa O, Ohoka N, Hattori T, et al.

Development of protein degradation inducers of androgen receptor by

conjugation of androgen receptor ligands and inhibitor of apoptosis

protein ligands. J Med Chem 2018;61:543–75.

[57] Demizu Y, Shibata N, Hattori T, Ohoka N, Motoi H, Misawa T, et al.

Development of BCR-ABL degradation inducers via the conjugation of an

imatinib derivative and a cIAP1 ligand. Bioorg Med Chem Lett

2016;26:4865–9.

[58] Shibata N, Miyamoto N, Nagai K, Shimokawa K, Sameshima T, Ohoka N,

et al. Development of protein degradation inducers of oncogenic BCR-

ABL protein by conjugation of ABL kinase inhibitors and IAP ligands.

Cancer Sci 2017;108:1657–66.

[59] Ohoka N, Nagai K, Hattori T, Okuhira K, Shibata N, Cho N, et al. Cancer

cell death induced by novel small molecules degrading the TACC3 protein

via the ubiquitin-proteasome pathway. Cell Death Dis 2014;5e1513.

[60] Tomoshige S, Naito M, Hashimoto Y, Ishikawa M. Degradation of

HaloTag-fused nuclear proteins using bestatin-HaloTag ligand hybrid

molecules. Org Biomol Chem 2015;13:9746–50.

[61] Ohoka N, Okuhira K, Ito M, Nagai K, Shibata N, Hattori T, et al. In vivo

knockdown of pathogenic proteins via specific and nongenetic inhibitor
42 www.drugdiscoverytoday.com
of apoptosis protein (IAP)-dependent protein erasers (SNIPERs). J Biol

Chem 2017;292:4556–70.

[62] Hattori T, Okitsu K, Yamazaki N, Ohoka N, Shibata N, Misawa T, et al.

Simple and efficient knockdown of His-tagged proteins by ternary

molecules consisting of a His-tag ligand, a ubiquitin ligase ligand, and a

cell-penetrating peptide. Bioorg Med Chem Lett 2017;27:4478–81.

[63] Okitsu K, Hattori T, Misawa T, Shoda T, Kurihara M, Naito M, et al.

Development of a small hybrid molecule that mediates degradation of his-

tag fused proteins. J Med Chem 2018;61:576–82.

[64] Ohoka N, Morita Y, Nagai K, Shimokawa K, Ujikawa O, Fujimori I, et al.

Derivatization of inhibitor of apoptosis protein (IAP) ligands yields

improved inducers of estrogen receptor alpha degradation. J Biol Chem

2018;293:6776–90.

[65] Shibata N, Shimokawa K, Nagai K, Ohoka N, Hattori T, Miyamoto N, et al.

Pharmacological difference between degrader and inhibitor against

oncogenic BCR-ABL kinase. Sci Rep 2018;8:13549.

[66] Shimokawa K, Shibata N, Sameshima T, Miyamoto N, Ujikawa O, Nara H,

et al. Targeting the allosteric site of oncoprotein BCR-ABL as an alternative

strategy for effective target protein degradation. ACS Med Chem Lett

2017;8:1042–7.

[67] Ohoka N, Ujikawa O, Shimokawa K, Sameshima T, Shibata N, Hattori T,

et al. Different degradation mechanisms of inhibitor of apoptosis proteins

(IAPs) by the specific and nongenetic IAP-dependent protein eraser

(SNIPER). Chem Pharm Bull (Tokyo) 2019. http://dx.doi.org/10.1248/

cpb.c1218-00567.

[68] Dueber EC, Schoeffler AJ, Lingel A, Elliott JM, Fedorova AV, Giannetti AM,

et al. Antagonists induce a conformational change in cIAP1 that promotes

autoubiquitination. Science 2011;334:376–80.

[69] Feltham R, Bettjeman B, Budhidarmo R, Mace PD, Shirley S, Condon SM,

et al. SMAC mimetics activate the E3 ligase activity of cIAP1 protein by

promoting RING domain dimerization. J Biol Chem 2011;286:17015–28.

[70] Lalaoui N, Hanggi K, Brumatti G, Chau D, Nguyen NY, Vasilikos L, et al.

Targeting p38 or MK2 Enhances the anti-leukemic activity of SMAC-

mimetics. Cancer cell 2016;29:145–58.

[71] McComb S, Aguade-Gorgorio J, Harder L, Marovca B, Cario G, Eckert C,

et al. Activation of concurrent apoptosis and necroptosis by SMAC

mimetics for the treatment of refractory and relapsed ALL. Sci Transl Med

2016;8. 339ra370.

[72] Cromm PM, Crews CM. Targeted protein degradation: from chemical

biology to drug discovery. Cell Chem Biol 2017;24:1181–90.

[73] Neklesa TK, Winkler JD, Crews CM. Targeted protein degradation by

PROTACs. Pharmacol Ther 2017;174:138–44.

[74] J Kenten, S Roberts 1999 Controlling protein levels in eucaryotic

organisms US Patent US6306663B1.

[75] Demizu Y, Ohoka N, Nagakubo T, Yamashita H, Misawa T, Okuhira K,

et al. Development of a peptide-based inducer of nuclear receptors

degradation. Bioorg Med Chem Lett 2016;26:2655–8.

[76] Ohoka N, Misawa T, Kurihara M, Demizu Y, Naito M. Development of a

peptide-based inducer of protein degradation targeting NOTCH1. Bioorg

Med Chem Lett 2017;27:4985–8.

[77] Tomoshige S, Nomura S, Ohgane K, Hashimoto Y, Ishikawa M. Discovery

of small molecules that induce the degradation of huntingtin. Angew

Chem 2017;56:11530–33.

http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0265
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0265
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0265
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0330
http://dx.doi.org/10.1248/cpb.c1218-00567
http://dx.doi.org/10.1248/cpb.c1218-00567
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0365
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0365
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0385
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0385
http://refhub.elsevier.com/S1740-6749(18)30021-0/sbref0385

	SNIPERs—Hijacking IAP activity to induce protein degradation
	Introduction
	Induction of cIAP1 degradation by MeBS
	Development of 1st generation SNIPERs
	Development of 2nd generation SNIPERs
	Significance of IAP degradation in anticancer activity
	Future prospect of the chemical protein knockdown
	Conclusion
	Funding
	Acknowledgment
	References


