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Targeted protein degradation by small molecules is an emerging modality with significant potential for 
drug discovery. We previously developed chimeric molecules, termed specific and non-genetic inhibitor of 
apoptosis protein (IAP)-dependent protein erasers (SNIPERs), which induce the ubiquitylation and protea-
somal degradation of target proteins. This degradation is mediated by the IAPs; the target proteins include 

bromodomain-containing protein 4 (BRD4), an epigenetic regulator protein. The SNIPER that degrades this 
particular protein, SNIPER(BRD)-1, consists of an IAP antagonist LCL-161 derivative and a bromodomain 
and extra-terminal (BET) inhibitor, (+)-JQ-1. SNIPER(BRD)-1 also degrades a cellular inhibitor of apopto-
sis protein 1 (cIAP1) and an X-linked inhibitor of apoptosis protein (XIAP), the mechanisms of which are 
not well understood. Here, we show that the degradation of cIAP1 and XIAP by SNIPER(BRD)-1 is induced 
via different mechanisms. Using a chemical biology-based approach, we developed two inactive SNIPERs, 
SNIPER(BRD)-3 and SNIPER(BRD)-4, incapable of degrading BRD4. SNIPER(BRD)-3 contained an N-
methylated LCL-161 derivative as the IAP ligand, which prevented it from binding IAPs, and resulted in the 
abrogated degradation of cIAP1, XIAP, and BRD4. SNIPER(BRD)-4, however, incorporated the enantiomer 
(−)-JQ-1 which was incapable of binding BRD4; this SNIPER degraded cIAP1 but lost the ability to degrade 
XIAP and BRD4. Furthermore, a mixture of the ligands, (+)-JQ-1 and LCL-161, induced the degradation of 
cIAP1, but not XIAP and BRD4. These results indicate that cIAP1 degradation is triggered by the binding 
of the IAP antagonist module to induce autoubiquitylation of cIAP1, whereas a ternary complex formation is 
required for the SNIPER-induced degradation of XIAP and BRD4.
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Introduction
Targeted protein degradation with small molecules is an 

emerging technology that has significant potential for drug 
discovery. We and other groups have developed protein 

knockdown systems using chimeric small molecules to induce 

the selective degradation of target proteins in cells.1–4) The 

two classes of these chimeric molecules, termed specific and 
non-genetic inhibitor of apoptosis protein (IAP)-dependent 

protein erasers (SNIPERs), and proteolysis targeting chimeras 

(PROTACs), are composed of two different ligands connected 

by a linker: one ligand is specific for the target protein and 
the other is specific for an E3 ubiquitin ligase, which cross-

links these proteins to induce selective ubiquitylation and pro-

teasomal degradation of the target protein. For the PROTACs, 

recruitment of the von Hippel–Lindau (VHL) and cereblon 

(CRBN) E3 ligase complex is enabled by the incorporation of 

a VHL ligand and a thalidomide derivative into the PROTAC 

constructs as the E3 ligand. For the SNIPERs, an IAP an-

tagonist is integrated into the SNIPER constructs to recruit 

the cellular inhibitor of apoptosis protein 1 (cIAP1) and an 

X-linked inhibitor of apoptosis protein (XIAP) E3 ligases. To 

date, a range of PROTAC and SNIPER compounds have been 

developed, allowing the degradation of a variety of proteins 

such as estrogen receptor α (ERα), BCR-ABL, and bromo-

domain-containing protein 4 (BRD4).5–15) Some PROTACs 

and SNIPERs have demonstrated the ability to degrade target 

proteins and suppress tumor growth in vivo, suggesting that 

this technology is feasible for novel drug discovery. These 

include VHL-based and CRBN-based PROTACs designed 

against BRD4, which are capable of degrading BRD4 protein 

in mouse xenograft models.16–18) By incorporating LCL-161 

derivatives as a high-affinity IAP ligand, we previously de-
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veloped SNIPER(ER)-87 and -110 that induce the in vivo 

degradation of ERα and growth inhibition of an ERα-positive 

human breast tumor in a xenograft model.11,19)

IAPs are a family of anti-apoptotic proteins that contain one 

or three baculovirus IAP repeat (BIR) domains.20–22) Some 

family members, such as cIAP1, cIAP2, and XIAP, bind to 

and regulate caspases via the BIR domains, thereby inhibiting 

apoptosis.23–26) These IAPs are attractive therapeutic targets 

against cancer because IAPs are involved in resistance to 

cancer therapy and poor prognosis.27–33) To date, several IAP 

antagonists have been developed; some of these are under 

evaluation in clinical trials as anticancer drugs.20,34,35) IAP 

antagonists interact with the BIR domains in IAP proteins 

to directly suppress the inhibitory activity of XIAP towards 

caspases or to induce the autoubiquitylation and proteasomal 

degradation of cIAP1 and cIAP2.36–39) Because SNIPERs 

contain high-affinity IAP antagonists as IAP ligand modules, 
SNIPERs downregulate cIAP1 and XIAP along with their 

intrinsic target proteins, which is likely to be advantageous 

when attempting to kill cancer cells that require IAPs for 

survival.6,11,19) However, the degradation mechanisms of IAPs 

by the SNIPERs is not well understood. In this study, we 

analyzed the degradation mechanisms of cIAP1 and XIAP 

induced by SNIPER(BRD) s that specifically degrade BRD 
proteins.

Results and Discussion
We previously developed SNIPER(BRD)-1 by conjugating 

an LCL-161 derivative to (+)-JQ-1, a bromodomain and extra-

terminal (BET) inhibitor (Fig. 1), which induces the degrada-

tion of BRD4 via the ubiquitin–proteasome pathway in LNCaP 

human prostate tumor cells.11) SNIPER(BRD)-2 (11a) has a 

longer linker than SNIPER(BRD)-1 (Fig. 1). Both SNIPERs 

were observed to rapidly reduce BRD4 protein levels within 6 h 

of treatment, with an optimal concentration of 0.1 µM (Fig. 2A). 

In addition to BRD4, SNIPER(BRD)-1 effectively reduced the 

protein levels of cIAP1 and XIAP within 6 h (Fig. 2B).

Fig. 1. Chemical Structures of the Four SNIPER(BRD)s

Fig. 2. SNIPER(BRD) Degradation of cIAP1, XIAP, and BRD4

(A, B) LNCaP cells were treated with increasing concentrations of SNIPER(BRD)-1 or SNIPER(BRD)-2 for the indicated time periods. Whole-cell lysates were ana-

lyzed by Western blotting with specific antibodies. Numbers below the BRD4, cIAP1, and XIAP panels represent the BRD4/actin, cIAP1/actin, and XIAP/actin ratios, 
respectively, normalized by designating the expression from the vehicle control condition as 100%. SN(BRD): SNIPER(BRD).
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SNIPER(BRD)-3 (11b), in which an N-methylated analog 

of the LCL-161 derivative was conjugated, was incapable 

of binding IAP proteins (Fig. 1 and Table 1). Consequently, 

SNIPER(BRD)-3 did not induce the degradation of BRD4, 

cIAP1 or XIAP (Fig. 3). This result indicates that IAP-binding 

ability is critical for the degradation of BRD4 and IAP pro-

teins by SNIPER(BRD)-1. The addition of a free IAP ligand, 

LCL-161, either alone or in combination with the BRD4 

ligand, (+)-JQ-1, decreased the level of cIAP1 but not BRD4 

and XIAP (Fig. 4A), suggesting that the degradation of BRD4 

and XIAP requires a ternary complex formation composed of 

BRD4, SNIPER, and XIAP.

To further investigate whether BRD4-binding ability is 

required for XIAP degradation by SNIPER(BRD)-1, the 

(+)-JQ-1 moiety of SNIPER(BRD)-1 was substituted with the 

enantiomer (−)-JQ-1 that cannot bind to BRD4 (Fig. 1). The 

resulting SNIPER(BRD)-4 (11c) did not degrade BRD4 or 

XIAP (Fig. 4B). This finding confirms that cross-linking to 
the target protein is critical for the SNIPER(BRD)-1-mediated 

degradation of XIAP. SNIPER(BRD)-4 did, however, induce 

the degradation of cIAP1, indicating that BRD4-binding abil-

ity is not required for the SNIPER(BRD)-1-mediated degra-

dation of cIAP1, which is consistent with the degradation of 

Table 1. IAP-Binding Affinities of the SNIPER(BRD)s

Compound
IC50 (95% CI) (nM)

cIAP1 cIAP2 XIAP

SNIPER(BRD)-1 6.8 (5.6–8.1) 17 (13–22) 49 (39–62)

SNIPER(BRD)-2 13 (12–14) 22 (20–24) 77 (70–84)

SNIPER(BRD)-3 >1000 >1000 >1000

SNIPER(BRD)-4 10 (9.7–11) 8.4 (7.5–9.4) 47 (37–59)

Fig. 3. SNIPER(BRD) with an Inactive IAP Ligand Loses Its Protein-

Knockdown Activity

LNCaP cells were treated with increasing concentrations of SNIPER(BRD)-1 

or SNIPER(BRD)-3 for 6 h. Whole-cell lysates were analyzed by Western blot-

ting with specific antibodies. Numbers below the BRD4, cIAP1, and XIAP panels 
represent the BRD4/actin, cIAP1/actin, and XIAP/actin ratios, respectively, nor-
malized by designating the expression from the vehicle control condition as 100%.

Fig. 4. Degradation of BRD4 and XIAP Requires the Formation of a Ternary SNIPER Complex

(A) LNCaP cells were treated with the indicated concentrations of (+)-JQ1 and LCL-161 for 6 h. (B) LNCaP cells were treated with increasing concentrations of either 

SNIPER(BRD)-1 or SNIPER(BRD)-4 for 6 h. (C) SNIPER(BRD)-1 preferentially utilizes XIAP to degrade BRD4. LNCaP cells were transfected with the indicated siRNA 

for 42 h and treated with SNIPER(BRD)-1 for 5 h. Whole-cell lysates were analyzed by Western blotting with specific antibodies. Numbers below the BRD4, cIAP1, and 
XIAP panels represent the BRD4/actin, cIAP1/actin, and XIAP/actin ratios, respectively, normalized by designating the expression from the vehicle control condition as 
100%. Data in the bar graph are the mean ± standard deviation (S.D.) (error bars) of four independent experiments; asterisks indicate p < 0.01 compared with control siRNA.
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cIAP1 by a free IAP ligand, LCL-161 (Fig. 4A).

Thus, SNIPER(BRD)-1 degrades cIAP1 and XIAP along 

with the intrinsic target BRD4; however, the degradation 

mechanism clearly differs for each IAP protein. The degrada-

tion of cIAP1 by SNIPER(BRD)-1 requires IAP-binding abil-

ity (Fig. 3) but not BRD4-binding ability (Fig. 4B), suggesting 

that binding of the IAP antagonist module of SNIPER(BRD)-1 

to the BIR domain of cIAP1 induces its autoubiquitylation 

and proteasomal degradation. This is consistent with previous 

observations that many IAP antagonists, including LCL-161, 

induce autoubiquitylation and proteasomal degradation of 

cIAP1 but not XIAP. In contrast, XIAP degradation requires 

ternary complex formation comprising BRD4, SNIPER, and 

XIAP, because treatment using a mixture of the ligands (Fig. 

4A), a structural analog of SNIPER(BRD) that cannot bind to 

IAPs (Fig. 3), and an analog that cannot bind to BRD4 (Fig. 

4B) do not result in the degradation of XIAP. Consistent with 

these results, we previously observed that XIAP degradation 

by LCL-161-based SNIPERs directed against ERα was not 

observed in cells that did not express ERα, while XIAP degra-

dation was prominently observed in cells that expressed more 

ERα than XIAP.19) Taken together, these results convincingly 

indicate that XIAP in the ternary complex is subjected to deg-

radation together with the intrinsic target protein by SNIPERs.

We previously reported that LCL-161-based SNIPERs di-

rected against ERα preferentially utilize XIAP to degrade 

ERα along with the XIAP itself. To investigate whether XIAP 

is the primary E3 ligase responsible for the BRD4 degradation 

by SNIPER(BRD)-1, we examined the effect of cIAP1 and 

XIAP depletion by small interfering RNA (siRNA). Depletion 

of XIAP substantially suppressed the BRD4 degradation in-

duced by SNIPER(BRD)-1, whereas depletion of cIAP1 hardly 

suppressed the degradation (Fig. 4C). This result suggests 

that SNIPER(BRD)-1 preferentially recruits XIAP to degrade 

BRD4, which results in the efficient degradation of XIAP.
We further observed that the SNIPER(BRD)-1-induced deg-

radation of XIAP protein was abrogated by the proteasome in-

hibitor, MG132, and the ubiquitin-activating enzyme inhibitor, 

MLN7243 (Fig. 5), indicating that SNIPER(BRD)-1 induces 

degradation of XIAP via the ubiquitin–proteasome pathway. 

Notably, the ladder of slower migrating protein bands for 

XIAP was clearly detected when cells had been treated with 

SNIPER(BRD)-1 in the presence of MG132 (Fig. 5), confirm-

ing that the XIAP protein was ubiquitylated upon treatment 

with SNIPER(BRD)-1.

The protein degradation efficacy by SNIPER and PROTAC 
molecules was often suppressed at higher concentrations, 

which is known as a hook effect. This effect is explained by 

the inhibition of a ternary complex formation by an excess 

amount of SNIPERs and PROTACs when a single type of tar-

get is cross-linked to single E3s (Fig. S1). However, given that 

both BRD4 and XIAP in the ternary complex are degraded, 

it is puzzling that the pharmacological hook effect was only 

observed for the degradation of BRD4 but not of XIAP (i.e., 

decreasing levels of BRD4 degradation were observed with 

increasing SNIPER concentrations; Fig. 2). Because (+)-JQ-1 

interacts with other BRD proteins such as BRD2 and BRD3,40) 

Fig. 5. SNIPER(BRD)-1 Degrades XIAP and BRD4 via the Ubiquitin–

Proteasome Pathway

LNCaP cells were treated for 6 h with increasing concentrations of 

SNIPER(BRD4)-1 in the presence of 10 µM of either dimethyl sulfoxide (DMSO), 

MG132 or MLN7243. Whole-cell lysates were analyzed by Western blotting with 

specific antibodies. Actin was used as the loading control.

Fig. 6. SNIPER(BRD)-1 also Induces the Degradation of BRD2 and BRD3

LNCaP cells were treated with increasing concentrations of SNIPER(BRD)-1 for 6 or 24 h. Whole-cell lysates were analyzed by Western blotting with specific anti-
bodies. Numbers below the BRD4, BRD2, and BRD3 panels represent the BRD4/actin, BRD2/actin, and BRD3/actin ratios, respectively, normalized by designating the 
expression from the vehicle control condition as 100%.
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we reasoned that SNIPER(BRD)-1 would also induce the 

degradation of BRD2 and BRD3, resulting in significant lev-

els of XIAP degradation at higher SNIPER concentrations. 

Figure 6 shows that while the pharmacological hook effect 

was observed for the degradation of BRD4 and BRD2, it was 

not clearly observed for the degradation of BRD3. This result 

suggests that BRD2 forms a ternary complex at low con-

centrations, as does BRD4, while BRD3 forms the complex 

at higher concentrations to induce the degradation of XIAP. 

There are probably additional low-affinity target proteins that 
can interact with (+)-JQ-1; such proteins could form a ternary 

complex with SNIPER(BRD)-1 and XIAP to induce the deg-

radation of XIAP at higher concentrations of SNIPER(BRD)-1 

(Fig. 7). Thus, the hook effect was observed for BRD4 and 

BRD2 proteins but not for XIAP.

Conclusion
In summary, SNIPER(BRD)-1 induces the degradation 

of cIAP1 and XIAP along with the intrinsic target protein, 

BRD4. cIAP1 degradation is triggered by interaction with 

the IAP antagonist module of SNIPER(BRD)-1 without 

involving the intrinsic target protein, whereas the degrada-

tion of XIAP and BRD4 requires the formation of a ternary 

complex composed of XIAP, SNIPER(BRD)-1, and BRD4. 

SNIPER(BRD)-1 also induces the degradation of other target 

proteins (BRD2 and BRD3) that interact with (+)-JQ-1, al-

lowing the degradation of XIAP at higher concentrations of 

SNIPER(BRD)-1.

Experimental
Chemistry  Chemical synthesis and physicochemical data 

for SNIPER compounds are provided in the Supplementary 

Materials.

Materials  MLN-7243 was purchased from Active Bio-

chem (Maplewood, NJ, U.S.A.). Carbobenzoxy-L-leucyl-L-

leucyl-L-leucinal (MG132) was purchased from the Peptide 

Fig. 7. Schematic Model of the Ternary Complex Formation and Degradation of BRDs and XIAP by SNIPER(BRD)-1

The formation of ternary complexes containing either BRD4 or BRD2 is inhibited at higher concentrations of SNIPER(BRD)-1, accounting for the pharmacological 

hook effect observed for the degradation of these proteins. However, BRD3 and other low-affinity target proteins also form ternary complexes with SNIPER(BRD)-1, 
which results in the degradation of XIAP at higher concentrations of SNIPER(BRD)-1. Thus, the pharmacological hook effect was not observed for the degradation of 

XIAP. LAT: low-affinity target proteins.
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Institute (Osaka, Japan). (+)-JQ1 was purchased from Sigma-

Aldrich (St. Louis, MO, U.S.A.). Biotinylated anti-histidine 

(His) antibody was from Life Technologies (Carlsbad, CA, 

U.S.A.). Brij 35 solution was obtained from Merck Mil-

lipore (Billerica, MA, U.S.A.). Terbium-labeled streptavidin 

(Tb-SA) was from Cisbio (Codolet, France). Recombinant His-

tagged human XIAP (BIR3, Asn252–Thr356, 895-XB-050) 

protein was purchased from R&D Systems (Minneapolis, 

MN, U.S.A.). Recombinant His-tagged human cIAP1 (BIR3, 

Leu250–Gly350) and cIAP2 (BIR3, Gln238–Ser349) pro-

teins were expressed in Escherichia coli, and purified with 
a Ni-NTA column and gel filtration chromatography. Fluo-

rescein isothiocyanate (FITC)-labeled Smac peptide (FITC-

Smac, AVPIAQK(5-FAM)-NH2)
41) was synthesized by Scrum 

(Tokyo, Japan).

Cell Culture  Human prostate carcinoma LNCaP cells 

were maintained in RPMI 1640 medium containing 10% fetal 

bovine serum (FBS) and 100 µg/mL of kanamycin. Cells were 
treated with various concentrations of SNIPER compounds for 

the indicated periods.

Western Blotting  Cells were lysed with sodium dodecyl 

sulfate (SDS) lysis buffer (0.1 M Tris–HCl at pH 8.0, 10% 

glycerol, 1% SDS) and immediately boiled for 10 min to 

obtain clear lysates. Protein concentrations were measured 

using the BCA method (Pierce, Rockford, IL, U.S.A.); equal 

protein concentrations of each lysate were subjected to SDS-

polyacrylamide gel electrophoresis (PAGE) and transferred 

to polyvinylidene difluoride (PVDF) membranes (Millipore, 
Darmstadt, Germany) for Western blot analysis using the ap-

propriate antibodies. Immunoreactive proteins were visualized 

using an Immobilon Western Chemiluminescent HRP Sub-

strate (Merck Millipore) or the Clarity Western ECL Substrate 

(Bio-Rad, Hercules, CA, U.S.A.); light emission intensity was 

quantified with a LAS-3000 lumino-image analyzer equipped 
with Image Gauge v2.3 software (FUJIFILM, Tokyo, Japan). 

The antibodies used in this study were: anti-BRD4 rabbit 

monoclonal antibody (mAb) (13440; Cell Signaling Technol-

ogy, Danvers, MA, U.S.A.), anti-cIAP1 goat polyclonal anti-

body (pAb) (AF8181; R&D Systems), anti-β-actin mouse mAb 

(A5316; Sigma-Aldrich), anti-XIAP rabbit pAb (2042; Cell 

Signaling Technology), anti-BRD2 rabbit mAb (5848; Cell 

Signaling Technology), and anti-BRD3 mouse mAb (2088C3a; 

Abcam, Cambridge, U.K.).

Time-Resolved-Förster Resonance Energy Transfer 
(TR-FRET) Assay and Data Analysis  TR-FRET assays 

were carried out using white 384-well flat-bottomed plates 
(Greiner Bio-One, Frickenhausen, Germany), and the signals 

were measured with an EnVision plate reader (PerkinElmer, 

Inc., Waltham, MA, U.S.A.). The solution in each well was 

excited with a laser (λex = 337 nm) reflected by a dichroic mir-
ror (D400/D505; PerkinElmer, Inc.), and the fluorescence from 
terbium (Tb) and FITC were detected through two emission 

filters (CFP 486 for Tb, Emission 515 for FITC; PerkinElmer, 
Inc.). The assay buffer used in this study comprised 50 mM 

N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) 

(pH 7.2–7.5), 10 mM MgCl2, 1 mM ethylene glycol bis (2-ami-

noethyl ether)-N,N,N′,N′-tetra acetic acid (EGTA), 0.1 mM 

dithiothreitol (DTT), and 0.01% (v/v) Brij 35. All assays were 
carried out at room temperature in triplicate or quadruplicate.

The percentage inhibition by the test compounds was calcu-

lated according to Eq. 1: 

 
H

H L
Percentage of inhibition 100  

  
μ T
μ μ

 
  

= ×   (1) 

where T is the signal from the wells containing the test com-

pounds, and μH and μL are the mean signals from the 0 and 

100% inhibition control wells, respectively. The IC50 and the 

95% confidence interval of the test compounds were calculat-
ed by fitting the data with the four-parameter logistic equation 
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 

CA, U.S.A.) or XLfit (IDBS, Guildford, U.K.).
Measurement of the Inhibitory Activity of IAP–Peptide 

Interactions  His-IAP proteins (XIAP, cIAP1 or cIAP2), 

FITC-Smac, Tb-SA, and biotinylated anti-His antibody were 

mixed in the assay buffer and incubated for more than 1 h at 

room temperature before being dispensed into the assay plate. 

Several concentrations of test inhibitors were also dispensed 

into the plate. All assays were carried out with a final IAP 
protein concentration of 0.6 nM. The final concentrations 
of FITC-Smac were as follows: 27 nM for XIAP, 12 nM for 

cIAP1, and 19 nM for cIAP2. The final concentrations of 
Tb-SA and the biotinylated anti-His antibody were 0.2 and 

0.4 nM, respectively. After 1 h of incubation at room tem-

perature, the TR-FRET signal was measured with an EnVision 

plate reader. The values for the 0 and 100% controls were 

those signals obtained in the presence and absence of IAP 

proteins, respectively.
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