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Smac mimetics as new cancer therapeutics
Derrick J. Chen and Sergio Huerta

The recent discovery of Smac and the elucidation

of its structure and function have led to the rapid

development of Smac mimetics, comprising Smac

derivative and mimicking molecules, for use in cancer

treatment. Smac is an endogenous proapoptotic

protein that resides in the mitochondria and is released

when a cell is triggered to undergo programmed cell death.

One of the mechanisms by which Smac promotes

apoptosis is through its ability to inhibit inhibitors of

apoptosis (IAPs), by direct inhibition and/or proteasomal

degradation of some members of the IAP family, and

therefore disinhibit caspases. Thus, the use of Smac

mimetics as anticancer agents follows a rational

approach in cancer therapeutics. This approach directly

targets dysregulated, neoplastic cells that overexpress

IAPs or underexpress Smac. Although Smac mimetics

are able to elicit an anticancer response when used

alone, these molecules can also function effectively and

synergistically when combined with other therapeutic

agents. A variety of Smac mimetic types comprising

peptides, polynucleotides, and compounds have been

studied both in vitro and in vivo. This discussion addresses

the current status of Smac mimetics in cancer research.

Anti-Cancer Drugs 20:646–658 �c 2009 Wolters Kluwer

Health | Lippincott Williams & Wilkins.

Anti-Cancer Drugs 2009, 20:646–658

Keywords: apoptosis, inhibitors of apoptosis, Smac/direct IAP binding
protein with low pI, survivin, TRAIL, X-linked inhibitor of apoptosis

Department of Surgery, University of Texas Southwestern at Dallas/Dallas VA
Medical Center, Dallas, Texas, USA

Correspondence to Assistant Professor Sergio Huerta, MD, FACS, UT
Southwestern Medical Center/VA North Texas Health Care System, Department
of Gastrointestinal and Endocrine Surgery, Dallas, Texas, 4500 S. Lancaster
Road/Surgical Services (112)/Dallas, TX 75216, USA
Tel: + 1 214 857 1800; e-mail: Sergio.Huerta@UTSouthwestern.edu

Received 14 January 2009 Revised form accepted 15 April 2009

Introduction
Cancers resistant to conventional radio-chemoimmune

interventions continue to be a challenge in oncology.

Novel anticancer interventions are required to overcome

tumors with resistant phenotype to increase the thera-

peutic response and to minimize systemic side effects of

a given treatment modality with poor efficacy. As the vast

majority of anticancer interventions elicit their response

by enhancing the cell’s natural machinery of cell suicide

[programmed cell death (apoptosis)], the various path-

ways of programmed cell death have rapidly become

targets for chemotherapeutic interventions, largely by

enhancing the process of apoptosis as a result of increased

cellular stress in the rapidly dividing tissue. For instance,

cisplatin causes formation of DNA binding adducts,

which prevent DNA replication and lead to increases in

p53 and BAX culminating in apoptosis. Small molecules

that are capable of penetrating the plasma membrane

and bind to antiapoptotic molecules, thereby removing

inhibitory signals that render survival, are particularly

advantageous. These molecules may act as single agents

or in synergy to current therapeutics, which augment

their efficacy while minimizing side effects of single

modality therapy. Smac mimetics are molecules that echo

the action of Smac/direct IAP binding protein with low

isoelectric point (pI) (DIABLO) and were introduced in

2004 by Li et al. [1]. This report is a summary of the

available evidence of the anticancer properties of Smac

mimetics and their potential use in cancer therapeutics.

Smac is a mitochondrial protein
Cysteine-aspartic acid proteases (caspases) are central

players in cellular apoptosis, and their activation leads

to DNA fragmentation, which is the ultimate hallmark

of programmed cell death [2]. Thus, their activation is

under a substantial degree of regulatory feedback

mechanisms. Caspases can be activated by external or

internal stimuli through the classical extrinsic or intrinsic

apoptotic pathways, respectively [3]. The extrinsic path-

way involves the stimulation of death receptors by

extracellular ligands resulting in the formation of the

death-inducing signaling complex and activation of

caspase 8, whereas the intrinsic pathway involves the

release of cytochrome c from the mitochondria by

selective alterations of mitochondrial outer membrane

permeability. Once cytochrome c release occurs, assembly

of the apoptosome ensues by the synergistic interaction

of cytochrome c, apoptosis protase activating factor-1,

caspase 9, and ATP [4]. Both the death-inducing signaling

complex and the apoptosome are capable of activating

downstream caspases (caspases 3, 6, 7 – executioner

caspases), which otherwise rest in the cytosol in the form

of an inactive procaspase [5].

As executioner-caspase activation typically leads to

programmed cell death, their functional activity is highly

regulated by multiple and interrelated pathways. Inhi-

bition of caspases 3, 6, and 7 might occur by the direct

action of a family of proteins collectively known as
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inhibitors of apoptosis (IAPs), which are under the

synthetic transcription activity of NF-kB [6]. IAPs

function by directly binding to and inhibiting caspases,

preventing their proapoptotic protease function [7].

Smac (second mitochondria-derived activator of caspase),

a mitochondrial protein, is capable of inhibiting IAPs,

therefore freeing IAP interaction with caspases and

permitting their activity to progress to apoptosis through

disinhibition (Fig. 1) [8].

The discovery of Smac was first published by Du et al. [9]

in 2000 and, at the same time, by Verhagen et al. [9,10],

who named the protein DIABLO. Hence, the name

Smac/DIABLO is typically assigned to the molecule to

credit the work of both groups. For simplicity, we will

refer to this molecule as Smac. Smac resides within the

mitochondrial intermembrane space, which is subse-

quently released into the cytosol upon the induction of

apoptosis. Smac and other mitochondrial proteins, such as

Omi, adenylate kinase-2, cytochrome c, and apoptosis-

inducing factor, are released into the cytosol through

semiselective permeability of the mitochondrial mem-

brane. Bcl-family proteins are pivotal in this process as

they may facilitate (i.e. Bid [9,11], Bax and/or Bak [9,12])

or inhibit (such as Bcl-2 or Bcl-xL [9,13]) the release of

apoptotic mediators.

Although mitochondrial membrane alteration can lead

to the co-incidental release of Smac and cytochrome c
[9,14], the interaction of these mitochondrial proteins

is also significantly interrelated, as cells deficient in

cytochrome c are unable to release Smac from the

mitochondria even in the presence of Bax [15]. Con-

versely, Smac release may be necessary for the efficient

release of cytochrome c [16]. Furthermore, although Smac

and cytochrome c release from the mitochondria occurs in

the intrinsic pathway of apoptosis, complete functioning

of the extrinsic pathway may require Bax-stimulated

release of Smac as well [17]. This is because of the ability

of Smac to remove the inhibitory effects of IAPs on

caspases, which may lead to alterations of upstream

caspases and upregulation of extrinsic pathway receptors

[18]. Thus, although IAPs inhibit apoptosis, mitochon-

drial release of Smac serves to promote apoptosis by

blocking the effects of the IAPs on caspases (Fig. 1) [7].

Proapoptotic mechanisms of Smac
IAPs suppress apoptosis through the inhibition of

caspases. This family of proteins generally contains three

baculovirus IAP repeat (BIR) domains, and a really

interesting gene (RING) zinc finger domain (Fig. 2)

[6]. The first and third BIR domains, BIR1 and BIR3,

are not required for the inhibition of caspases 3 and 7,

whereas the BIR2 domain alone is sufficient in suppres-

sing these caspases, at least for X-linked inhibitor of

apoptosis (XIAP) (Fig. 3) [19]. It appears that the linker

region between BIR1 and BIR2 plays an important role

in the differential inhibition of caspases 3 and 7 [20]. This

linker region competitively inhibits both caspase 3 and 7,

whereas the BIR2 domain further inhibits caspase 7 in a

noncompetitive manner. In contrast, the BIR3 domain is

required for effective inhibition of caspase 9 by XIAP

[21]. Unlike the direct inhibition of the active site in

caspases 3 and 7 by BIR1–2 linker, the BIR3 domain

of XIAP blocks caspase 9 activity by binding its inactive

monomeric form, without interacting with its active

site [22].

The IAP domains comprising the BIR1–2 linker, BIR2,

and BIR3 are integral in their ability to interact with

and subsequently inhibit caspases. These regions can also

interact with Smac. As Smac can bind many different

IAPs (i.e. XIAP, c-IAP1, c-IAP2, and survivin), its

cytosolic presence provides a substantial contribution to

the apoptotic response [9]. Smac is able to interact with

IAPs by binding to BIR2 and BIR3 domains, but not

to BIR1 [8]; its aminoterminal segment appears to

be indispensable in this interaction with the various

BIR domains, particularly for BIR3 [23]. As binding of

caspase 9 or Smac to XIAP at its BIR3 domain is mutually

Fig. 1
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Interaction between the inhibitors of apoptosis (IAPs), which are under
the regulation of NF-kB, and Smac, which is secreted into the cytosol
from the intermitochondrial membrane. IAPs bind and inhibit caspases.
By binding the IAPs, Smac releases the caspase inhibition leading to
stimulation of apoptosis.
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exclusive, Smac interaction with BIR3 prevents XIAP

from binding to caspase 9, thus freeing this caspase from

inhibition [24]. Smac monomer is only able to interact

with BIR2 or BIR3 but not both simultaneously [8].

Effective disinhibition of caspases by Smac still requires

the presence of both BIR2 and BIR3 domains on a

single XIAP molecule, however, which allows a dimer

of Smac to efficiently inhibit XIAP in a 2 : 1 ratio [25].

Without both of these domains on XIAP, BIR2 or BIR3

fragments are still able to inhibit caspases even in the

presence of Smac.

Determination of the specific biochemical structures

involved in the IAP–Smac interaction has facilitated the

development of Smac-like molecules. The crucial N-

terminus of Smac has four residues (Ala-Val-Pro-Ile) that

contact the BIR3 domain of XIAP, and this structure

is stabilized by electrostatic and hydrophobic forces

[26,27]. Once this structure was elucidated, the devel-

opment of Smac mimetics, including effective nonpeptic

mimetics that have enhanced bioavailability and stability

[26,28], provided a variety of molecules that could serve

as IAP antagonists.

In addition to simply binding and inhibiting IAPs, Smac

and its monovalent or bivalent mimetics may even alter

levels of certain IAPs. For example, IAP antagonists

enhance autoubiquitination of c-IAP1 and c-IAP2 and

result in proteasomal degradation of these two inhibitors

of apoptosis (Fig. 4) [29,30]. However, levels of other

molecules such as XIAP remain unchanged until apopto-

sis is induced and caspases such as 3 and 8 are activated.

Degradation of c-IAP1 and c-IAP2 requires the presence

of BIR2 and BIR3 domains for IAP antagonist binding,

and also of the RING domain for ubiquitin E3 ligase

activity. Mutations in any of these regions render IAP

antagonists incapable of altering levels of c-IAP1 or

c-IAP2 through this ubiquitination-elimination pathway.

Furthermore, Smac and Smac mimetics increase tumor

necrosis factor alpha (TNFa) mRNA expression as well

as expression of other NF-kB-regulated genes such as

Fig. 2
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Schematic representation of the different domains of inhibitors of apoptosis (IAP). IAPs have several tandem repeats known as the baculoviral IAP
repeat (BIR), these are separated by a spacer region. Some IAPs also contain a really interesting gene (RING) residue at the carboxy terminal. BIR
domains are responsible for caspase interaction and binding of Smac. c-IAP1 and c-IAP2 contain a caspase-recruitment domain (CARD), which
is important in caspase activation. BRUCE, BIR containing ubiquitin conjugate enzyme; ILP-2, inhibitor of apoptosis protein (IAP)-like protein-2;
ML-IAP, melanoma inhibitor of apoptosis; NIAP, neuronal inhibitor of apoptosis; XIAP, X-linked inhibitor of apoptosis.

Fig. 3
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Inhibitors of apoptosis (IAPs) such as X-linked inhibitor of apoptosis
(XIAP) inactivate executioner capases such as caspase 3 (C3) through
baculovirus IAP repeat (BIR) 2 interaction as well as a linker between
BIR1 and BIR2. Smac has a similar binding site to the BIR2 domain
and when present in the cytoplasm, it blocks the activity of XIAP on C3
such that it can then initiate apoptosis. Caspase 9 inhibition by XIAP
occurs by direct biding of the BIR3 domain to caspase 9. Smac
removes this inhibition in a similar manner as for C3.
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MCP-1 and IL-8. The upregulation of NF-kB is

accomplished by activation of both canonical and

noncanonical NF-kB pathways [29,30]. IAP antagonists

disinhibit NF-kB by recruiting RIPK1 to TNF receptor-1

(TNF-R1), which results in phosphorylation and protea-

somal degradation of IkB, which would otherwise inhibit

nuclear translocation of NF-kB. IAP antagonists also

disinhibit NF-kB by preventing c-IAP degradation

of NIK. Increased levels of NIK activates NF-kB through

the noncanonical pathway. Thus, NF-kB increases

with IAP antagonists in a dose-dependent manner and

results in increased TNFa production. The proapoptotic

effects of IAP antagonists depend specifically on

functional TNFa death receptors, as opposed to other

death receptors such as DR5 or Fas (Fig. 4) [29,30].

Suppressing any level of the TNFa signaling pathway –

inhibiting TNF-R1, TNFa, or NF-kB – blocks induction

of apoptosis by IAP antagonists. Ultimately, the molecules

responsible for the apoptosis that follows autocrine

TNFa secretion include RIPK1, FADD, and caspase

8 [31]. These three components form a single

RIPK1–FADD–caspase-8 complex that is required for

cell death because of IAP antagonists and TNFa.

This dependence on the extrinsic rather than intrinsic

pathway of apoptosis is highlighted by the fact that

cells treated with IAP antagonists are rescued by small

interference RNA knockdown of caspase 8 but not

caspase 9 [32].

In summary, Smac and its mimetics cause rapid degrada-

tion of c-IAP1 and c-IAP2, which allows activation of

NF-kB and associated production of TNFa. Autocrine

TNFa signaling promotes RIPK1–FADD–caspase-8

complex formation and subsequent activation of caspase 8

and downstream executioner caspases resulting in apop-

tosis. IAP antagonists result in apoptosis by multiple

converging mechanisms. The various mechanisms that

lead to caspase activation are depicted in Fig. 4. The

current state of Smac mimetic use in cancer therapy is

the focus of this review.

Smac expression in cancer
The role of Smac in cancer has been reviewed earlier

[33]. Although cancer does not always involve defects

in the apoptotic pathway with direct upregulation of

IAPs and/or downregulation of Smac, there are some cases

where such dysregulation certainly plays a role [34]. For

instance, when there is upregulation of the IAPs with

concomitant Smac downregulation, as it occurs in human

lung cancer H446 cells after treatment with fibroblast

growth factor 2 (FGF-2), apoptosis is significantly

inhibited [35]. FGF-2 is thought to reduce apoptosis

in these cancer cells, in part, by inducing expression of

survivin and by blocking mitochondrial release of Smac

into the cytoplasm. In addition, elevated serum concen-

tration of basic FGF, suggesting decreased Smac release,

Fig. 4
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Smac mimetics function through multiple mechanisms: (a) binding and antagonizing inhibitors of apoptosis (IAPs) is the classical pathway by which
Smac inhibits IAPs; (b) promoting autoubiquitination and proteasomal degradation of c-IAPs is another mechanism that accounts for IAP elimination
culminating in stimulation of the caspases; (c) activation of the extrinsic pathway of apoptosis occurs by increased activity of tumor necrosis factor
alpha (TNFa) and autocrine secretion, which then activates the death receptor pathway of apoptosis leading to downstream caspase activation;
(d) paradoxically, Smac mimetics also stimulate the survival pathway of NF-kB, depending on the phenotype of the cell, the pathways that predominantly
dictate the magnitude of the apoptotic response either by administration of Smac mimetics alone or in combination with other compounds.
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predicted poor prognosis in patients with small lung cell

cancer [36].

The prognostic value of downregulated Smac has also

been observed in renal cell carcinoma (RCC), where low

or no Smac expression predicted an unfavorable prog-

nosis [37]. Other IAP antagonists released from the

mitochondrion, such as Omi/HtrA2, were not associated with

outcomes in patients with RCC, which underscored the

predictive potential of Smac independent of other

proapoptotic molecules released by the mitochondria

[38]. Overexpression of Smac in gastric cancer sensitized

cells to chemotherapeutic agents [39]. Similarly,

increased levels of Smac sensitized osteosarcoma cells

and hepatocellular cancer cells to chemotherapeutic

drug-induced apoptosis [40]. NSAID-mediated apoptosis

was prevented by silencing the Smac gene by small

interference RNA studies in HTC116 colon cancer cells

[41]. Cervical cells (HeLa) transfected with Smac were

more sensitive to apoptosis induced by X-ray irradiation

compared with control [39]. Smac sensitized neuro-

blastoma, glioblastoma, and pancreatic cancer cells to

g-irradiation-induced apoptosis without involvement in

the DNA damage/repair mechanisms or activation of p53,

p21, or NF-kB mechanisms [42]. Complete eradication of

HepG2 xenografts was observed by in-vivo interference

of Smac with an adenovirus Smac followed by 5-FU [40].

The prognosis of patients with lung cancer was worse

in a cohort of smokers with low expression of Smac as

determined by real-time reverse-transcriptase PCR [43].

Smac expression inversely correlated with the grade of

RCC. Patients with RCC expressing Smac had a longer

postoperative disease-specific survival than those without

Smac expression at a 5-year follow-up [37]. When the

chemotherapeutic doxorubicin was administered to the

multiple myeloma cell line RPMI 8226 cells, there was

a rise in apoptotic cell death stimulated by a gradual

decline in IAP expression, upregulation of Smac, and

increased association of Smac with existing IAPs [44].

Doxorubicin-resistant multiple myeloma DDR cells,

however, did not show a significant decrease in IAP

expression and did not have increased IAP suppression by

Smac after doxorubicin treatment. Thus, the ability of

chemotherapeutic drugs to modify levels of Smac can be

a critical factor in the treatment of some forms of

cancers with particular alteration of the NFkB-IAP axis.

Current status of Smac mimetics cancer therapy

Over the past few years, evidence for the use of Smac

mimetics in the treatment of cancer continues to

accumulate. Preclinical evidence in vitro and in vivo is

beginning set the stage for Smac mimetics to enter phase

I clinical trials, though currently there are none reported

in ClinicalTrials.gov. At this stage, the use of Smac

mimetics is still considered experimental. Several lines

of evidence support the current utility of various types of

Smac mimetics – (i) peptides, (ii) polynucleotides, and

(iii) compounds – as potential anticancer agents in

multiple cancers from hematologic malignancies to solid

tumors (Table 1). One of the advantages of using Smac

mimetics is that they can assist in overcoming resistance

to conventional anticancer therapies, especially when

resistance occurs through alterations in the NFkB-IAP

pathway. Smac mimetics can induce cell death when used

alone, and combination therapy often results in additive

and synergistic activation of proapoptotic molecules.

However, the response of different cancer types is varied

and not all cancers are successfully treated with Smac

mimetics. Their effectiveness may be primarily limited

to cancers with aberrant apoptotic pathways. This

section will describe the application of Smac-mimetic

peptides, polynucleotides, and compounds to a variety

of cancer types and discuss how each cancer responds

to these molecules.

Smac mimetics: peptides

A fusion peptide of the last four to eight N-terminal

residues of Smac combined with penetratin, a carrier

peptide from Drosophila with little toxicity to cells,

inhibited IAP interaction with caspases 3, 7, and 9 and

enhanced apoptosis induced by paclitaxel, etoposide,

SN-38, and doxorubicin in MCF-7 breast cancer cells

[45]. Mutational alterations of the N-terminal alanine

residue precluded sensitization by the Smac-mimetic

fusion peptide. Administration of this mutated form of

Smac did not induce apoptosis in breast cancer cells. The

combined treatment of Smac mimetic and paclitaxel

increased apoptosis than treatment with paclitaxel alone.

Clonogenic assays revealed that there was a dose-

dependent response, where higher doses resulted in

greater percent apoptosis, and that a six Smac-residue

fusion peptide was the most effective length. These

Smac mimetics were effective in other cell lines as well,

such as T47D breast cancer cells [45]. Pretreatment

with 80 mg/ml of the eight-Smac-residue form of the

fusion peptide followed by 25 nmol/l paclitaxel resulted

in significant induction of apoptosis in T47D cells.

Similarly, treatment with 10 mmol/l of the N-terminal 4 or

7 amino acids of Smac augmented epothilone B and Apo-

2L/tumor necrosis factor-related apoptosis inducing

ligand (TRAIL)-induced apoptosis and caspase protease

activity in human acute leukemia Jurkat T cells [46].

This increase in apoptosis was accompanied by down-

regulation of XIAP, c-IAP, and survivin, and commensu-

rate activation of caspases 3 and 8.

Autoubiquitination and proteasomal degradation of IAPs,

c-IAP1, and c-IAP2 in cervical cancer HeLa cells occurred

when the N-terminus of Smac bound to the BIR domains

of these IAPs [47]. Smac-6, a hexapeptide comprising the
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six N-terminal residues of Smac, enhanced ubiquitination

of c-IAP1, producing a dose-dependent response using

intervals ranging from 0.1 to 6.0 mmol/l for 2 h of

incubation, and mutation of the alanine residue in the

conserved AVPI sequence inhibited this enhancement.

Deletion of BIR1–3 domains or mutation of the RING

zinc finger domain of c-IAP1 also decreased the ability of

Smac to promote ubiquitination of c-IAP1. These

results suggested that the BIR domains normally

inhibited the RING domain’s E3 activity, and this

inhibition was removed upon binding of the Smac

N-terminus to the BIR domains. Once the IAPs were

targeted for degradation, caspase-mediated apoptosis was

facilitated [47].

Table 1 Smac-mimetic design and utility

Name/description Cancer Dose Combined with

Peptides
4–8 N-terminal residues of Smac fused to
penetration

MCF-7 breast cancer cells 20, 40, or 80mg/ml Paclitaxel, etoposide, SN-38,
or doxorubicin

4 or 7 N-terminal residues of Smac Human acute leukemia Jurkat T cells 10 mmol/l Epothilone B derivative
(BMS 247550) or Apo-2L/TRAIL

6 N-terminal residues of Smac HeLa cervical cancer cells 0.1–6.0 mmol/l None
7 N-terminal residues of Smac L428 and L540 human Hodgkin lymphoma cells 10 mmol/l Granzyme B
7 N-terminal residues of Smac with
antenopedia sequence

Caki-1 renal carcinoma cells 200 mmol/l None or cisplatin

7 N-terminal residues of Smac
conjugated to 8 arginine residues

Suit-2, CFPAC-1, Panc1, and BxPC-3 pancreatic
cancer cells

50 mmol/l TRAIL

(a) H460 non-small-cell lung cancer, (b) H460
xenograft mouse model

(a) 10, 20, 50 mmol/l,
(b) 10 mmol/l

(a) Cisplatin or taxol,
(b) cisplatin

7 N-terminal residues of Smac
conjugated to the protein transduction
domain of TAT protein

(a) SHEP/Bcl-2 neuroblastoma, SH-SY5Y
neuroblastoma, Mel-HO melanoma, Panc1
pancreatic carcinoma, (b) U87 MG human
malignant glioma xenograft mouse model

(a) 500 mmol/l, (b) 1 mg (a) TRAIL or doxorubicin,
(b) TRAIL

Polyvalent naı̈ve phage-derived
peptide sequences based on
N-terminus of Smac with natural and
unnatural amino acid substitutions

ML-IAP-overexpressing melanoma cell lines 3–5 nmol/l None

Polynucleotides
Flag-C-tagged mature Smac pcDNA3.1 K562 and CEM human leukaemic cells 6 ml for 2e6 cells Ultraviolet light or TRAIL
Flag-C-tagged full-length Smac
pcDNA3.1

NC65 and Caki-1 renal carcinoma cells 0.5 ml TRAIL or cisplatin

Human acute leukemia Jurkat T cells 0.5–1.0 mg for 2–3e6 cells Epothilone B derivative
(BMS 247550) or

Apo-2L/TRAIL
Compounds

Compound 3
Bivalent, small molecule mimic of the
4 N-terminal residues of Smac

(a) T98G glioblastoma cells,
(b) HeLa cervical cancer cells

(a) 100 nmol/l, (b) 100 nmol/l (a) TRAIL, (b) TNFa

H460 and SW1573 non-small-cell-lung cancer cells 1 mmol/l Cisplatin
(a) A2780, A2780/DDP, and A2780/ADR

ovarian cancer cells, (b) cells from 10 patients
(a) 100 nmol/l, (b) 100 nmol/l TRAIL

MDA-MB-231 mammary gland
adenocarcinoma cells

IC50 – 3.8 nmol/l None, TRAIL, or etoposide

(a) 50 non-small-cell lung cancer cells, (b) HCC461
xenograft mouse model

(a) 100 nmol/l for sensitive cell
lines (HCC44 and HCC461),

(b) 5 mg/kg

None

HCT116, HT29, and DLD1 colorectal cancer cells 100 nmol/l NSAIDs
Compounds 2 and 11
Capped tripeptide compounds
resembling the N-terminus of Smac
and containing unnatural amino acids

(a) MDA-MB-231 mammary gland adenocarcinoma
cells, (b) MDA-MB-231 xenograft mouse model

(a) 1mmol/l or 10 nmol/l,
(b) compound 2–40 mg/kg/day,
compound 11–20 mg/kg/day

None

SM-164
Bivalent, nonpeptide, cell-permeable

HL-60 human leukemia cells IC50 – 1.39 nmol/l None

LBW242
Low-molecular-weight oligopeptide

(a) Murine pro-B Ba/F3 cells, (b) FLT-3-ITD-Ba/F3
xenograft mouse model

(a) IC50–0.5 to > 1mmol/l,
(b) 50 mg/kg/day

None or PKC412

(a) MM.1S, U266, RPMI-8226, OPM2, MM.1R, and
Dox-40 multiple myeloma cells, (b) purified patient

tumor cells who relapsed after prior therapy,
(c) MM.1S xenograft mouse model

(a) IC50–8–30 mmol/l,
(b) 20 and 30 mmol/l,

(c) 35 mg/kg orally

None, TRAIL, melphalan,
dexamethasone, bortezomib,

or salinosporamide

SKOV3 ovarian cancer cells 20 mmol/l None
Compound A
Designed from crystal structure
of Smac-bound XIAP

(a) Kym1 human rhabdomyosarcoma cells,
(b) SKOV3 ovarian cancer cells

(a) 5 nmol/l, (b) 500 nmol/l None

MV1 and BV6
Novel monovalent and bivalent
IAP antagonists

EVSA-T and MDA-MB-231 breast cancer and
A2058 melanoma cells

IC50–5 mmol/l for MV1,
14 nmol/l for BV6

None

IAP, inhibitor of apoptosis; IC50, half maximal inhibitory concentration; TNFa, tumor necrosis factor alpha; TRAIL, tumor necrosis factor-related apoptosis inducing ligand;
XIAP, X-linked inhibitor of apoptosis.
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Granzyme B-induced apoptosis was restored by incubat-

ing the otherwise resistant L428 and L540 Hodgkin

lymphoma cell lines with Smac N7, the seven N-terminal

residues of Smac peptide [48]. These two cell lines

were resistant to granzyme B released from cytotoxic T

lymphocytes because of XIAP overexpression coupled

with dysfunctional mitochondrial release of Smac. Cyto-

solic Smac N7 treatment overcame this resistance and

resensitized the Hodgkin lymphoma cells to killing by

cytotoxic T lymphocytes thereby reversing the pheno-

type related to altered Smac and XIAP in these cells [48].

Caki-1 renal cancer cells were resistant to chemo-

radiotherapy, but were sensitized to cisplatin-induced

apoptosis using concurrent treatment of a Smac mimetic

[49]. Of the renal cell carcinoma cell lines used, the

Caki-1 cells had the highest levels of XIAP. This elevated

expression of XIAP was overcome by exposing the renal

cancer cells to Smac-Ant peptide, a Smac mimetic

comprising the last seven residues of the N-terminus of

Smac and an antenopedia sequence to assist in cellular

incorporation. Treatment with this peptide alone de-

creased cell viability significantly in a dose-dependent

manner, and there was an even greater effect when this

Smac mimetic was combined with cisplatin.

A Smac mimetic comprising the seven N-terminal

residues of Smac conjugated to eight arginine residues,

which enhanced cell membrane translocation, signifi-

cantly increased TRAIL-induced apoptosis over control

group in multiple pancreatic cancer cells lines [50]. In

this experiment, a TRAIL-resistant cell line, AsPC-1,

which overexpresses FLICE-inhibitory protein (FLIP)-S

was not sensitized after Smac adminstration. There was

enhancement, however, when FLIP antisense was added

in the presence of TRAIL and the Smac mimetic to the

resistant AsPC-1 cells, and this increased apoptosis was

greater than the simple addition of the effects of FLIP

antisense alone and the effects of Smac mimetic alone

[50]. This finding underscores the role of the extrinsic

pathway modulation by Smac mimetics (Fig. 4).

The same 8-arginine-conjugated Smac mimetic was able

to promote apoptosis in chemoresistant non-small-cell

lung cancer H460 cells and in vivo [51]. H460 cells

showed normal expression of apoptosome constituents,

but additionally had overexpression of XIAP that

inhibited caspase 9 activity. Smac-mimetic treatment

reversed this inhibition and sensitized H460 lung cancer

cells to cisplatin or taxol-induced apoptosis in vitro in a

dose-dependent manner. Similarly, Smac-mimetic treat-

ment in vivo sensitized xenografts in nude mice to

cisplatin-induced apoptosis without any noticeable side

effects in mice receiving combination treatement. Co-

treatment with the Smac mimetic and taxol was more

effective than single modality treatment [51].

These finding have been replicated in other xenograft

models, where the right striatum of CD1 nu/nu athymic

mice was stereotactically implanted with U87MG malig-

nant glioma cells. In this model, treatment with a Smac

mimetic resulted in sensitization of the tumor cells

to TRAIL-induced apoptosis. Complete eradication of

implanted tumors was achieved in addition to an

increased mouse survival without any evidence of

neurotoxicity [52]. In this experiment, the Smac mimetic

was synthesized by Interactiva GmbH (Sedanstr, Ulm,

Germany) to consist of seven N-terminal residues of

Smac conjugated to the TAT-protein domain responsible

for protein transduction, to assist intracellular delivery,

and was administered twice locally.

In addition, cell lines resistant to apoptosis because

of aberrant apoptotic signaling pathways, including

SHEP neuroblastoma cells (Bcl-2 overexpressing), SH-SY5Y

neuroblastoma cells (caspase 8 deficient), Mel-HO

melanoma cells (apoptosis protase activating factor-1

deficient), and Panc1 pancreatic carcinoma cells (Ras/PI3

Kinase/Akt mutated), were sensitized to TRAIL or

doxorubicin treatment in the presence of the TAT-

conjugated Smac mimetic [52]. Treatment of these cells

with the Smac mimetic alone did not result in apoptosis.

This emphasized that overcoming resistance in cells

with altered apoptotic pathways required the synergistic

activity of a second proapoptotic agent in addition to the

Smac mimetic. Yet, sensitization was possible in these

highly resistant cells.

Phage-derived Smac mimetics that resemble the

N-terminus of Smac can selectively target the upregu-

lated melanoma inhibitor of apoptosis (ML-IAP). As its

name implies, overexpression of this IAP occurs, almost

exclusively, in melanoma cell lines [53]. Analysis of a

library designed from naı̈ve peptides showed that certain

peptide sequences had different biding affinity and

specificity to the single BIR domain of ML-IAP versus

the BIR3 domain of XIAP. This library was created using a

phagemid vector and E. coli and additional peptides were

synthesized with various natural and unnatural amino

acid substitutions. In certain cases, changing the proline

residue of the Smac-based peptide sequence AV-

PIAQKSE to (3S)-methyl-proline gave this new peptide

100 times more specificity for ML-IAP when compared

with XIAP and also increased its affinity for ML-IAP.

Polarization-based competition experiments involved

the addition of 1 mmol/l of ML-IAP-BIR, 1–2 mmol/l of

XIAP-BIR3, or 30 mmol/l of XIAP-BIR2 to 3–5 nmol/l

of Smac-derived peptides that were conjugated to a

5-carboxyfluorescein-label (Smac-FAM).

This type of library design underscores the ability of

developing targeted specific therapies. As ML-IAP is not

expressed in most normal cells, these Smac resembling
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peptides decrease the possibility of nonspecific cyto-

toxicity and allow for selective targeting of melanoma

cells that overexpress XL-IAP.

Smac mimetics: polynucleotides

In leukemia cell lines K562 and CEM, transfection with

6 ml of E. coli plasmid DNA containing mature Smac

increased their sensitivity to both UV light-induced

and TRAIL-induced apoptosis and increased activation of

caspases 3 and 9 [54]. This enhancement was the result

of Smac activation on both the extrinsic and intrinsic

pathways of apoptosis. In addition, mature Smac-

transfected leukemia cells showed decreased proliferation

and increased G0/G1 arrest of the cell cycle – determined

by colony formation, Ki-67 protein expression, and BrdU

incorporation – suggesting an interrelated mechanism

between apoptosis and cell cycle proteins.

Transient transfection of renal carcinoma NC65 and

Caki-1 cells with 0.5 ml of pcDNA3.1-Smac using Lipo-

fectAMINE 2000 sensitized both of these cell lines to

TRAIL-induced apoptosis, and NC65 cells to cisplatin-

induced apoptosis. Transfection of Smac cDNA alone,

however, did not produce an effect on growth.

Similarly, transfection of human acute leukemia Jurkat

T cells (using LipofectAMINE PLUS reagent) with

0.5–1.0 mg of plasmid DNA containing full-length Smac

produced effects similar to adding Smac mimetic

peptides to these cells, that is, it enhanced epothilone

B and Apo-2L/TRAIL induction of apoptosis and caspase

protease activity [46]. Caspases 3 and 8 were activated

with associated suppression of XIAP, c-IAP, and survivin.

Smac mimetics: small molecules

Compound 3 is a bivalent, small-molecule symmetric

diyne that resembles a Smac dimer and mimics the four

N-terminal residues of Smac (Fig. 5a) [1]. Human

glioblastoma T98G cells had a higher degree of apoptosis

when treated with compound 3 and TRAIL compared

with TRAIL alone. A similar effect was observed in

cervical cancer HeLa cells, where co-treatment with
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compound 3 and TNFa synergistically induced apoptosis

[1]. For both the T98G and HeLa cell lines, compound

3 was administered 4 h before the addition of either

TRAIL or TNFa, respectively.

Compound 3 also enhanced cisplatin-induced apoptosis

in H460 and SW1573 non-small-cell lung cancer cell

lines [55]. The combination of cisplatin and Smac

mimetic (1mmol/l) resulted in an augmentation of apoptosis

in a dose-dependent manner with regard to cisplatin.

The apoptotic response was more pronounced with the

combination of cisplatin and Smac mimetic versus

cisplatin alone or Smac mimetic treatment alone. The

increase in apoptosis was the result of an augmentation

in the activity of caspase 3, without affecting the role of

caspase 9 from XIAP disinhibition, which underscored

the various mechanisms of action of Smac mimetics (i.e.

autoubiquitination of cIAPs).

Compound 3 induced apoptosis both alone and in

combination with TRAIL in the ovarian cancer cell lines

A2780, A2780/DDP, and A2780/ADR [56]. The combina-

tion of both molecules produced an effect greater than

single modality treatment. In addition, the combination

of Smac mimetic and TRAIL produced significant

activation of caspases 3, 8, and 9 and cleavage of PARP-

1. Similarly, when these two molecules were applied for

24 h to ovarian cancer cells isolated from 10 different

patients, the combination of 100 nmol/l Smac mimetic

and 50 ng/ml TRAIL produced significantly more apop-

tosis when compared with either treatment alone.

Although the overall effect was significant, there was

notable heterogeneity in the rate of induced-apoptosis

among the 10 patient tumor isolates. Thus, the individual

phenotype of the cell dictates both the magnitude of the

response and the mode of action of the Smac mimetic (i.e.

caspase 3 mediated vs. extrinsic pathway or a combination

of these as noted by activation of both caspases 8 and 9).

Similar observation with compound 3 occurred in MDA-

MB-231 breast cancer cell, where viability was decreased

by single modality treatment or in combination with

either TRAIL or etoposide [57]. Treatment of MDA-

MB-231 cells with 0.1–100 nmol/l for 24 h using the Smac

mimetic alone suppressed cell growth in a dose-dependent

manner, with an half maximal inhibitory concentration

(IC50) of 3.8 nmol/l. When these cells were treated with

either 30 ng/ml of TRAIL alone or 5mmol/l of etoposide

alone, no obvious apoptosis resulted. However, addition of

small concentrations of compound 3 (2.5 nmol/l) to TRAIL

or etoposide produced significant DNA fragmentation and

apoptosis through caspase 3 activation [57].

Although small doses of compound 3 effectively syner-

gized the activity of TRAIL in high-IAP-expressing

MDA-MB-231 cells, low-IAP-expressing breast cancer

(T47D and MDA-MB-453) cells showed greater resis-

tance and were not inhibited by the Smac mimetic even

at substantially higher doses of compound 3 (50 nmol/l)

[57]. Only mild synergy was observed in low-IAP-

expressing breast cancer cells with the combination of

compound 3 and either etopopside or TRAIL. In MDA-

MB-453 cells, relatively higher synergy was produced by

the TRAIL and Smac mimetic combination, whereas less

synergy was produced by etoposide combined with Smac

mimetic. This finding indicated that, in this system, the

extrinsic pathway of apoptosis induced by TRAIL played

a more prominent role compared with the direct role of

Smac mimetics in IAP inhibition.

Compound 3 induced apoptotic cell death in human non-

small-cell lung cancer cells when used alone [31]. Of

50 lung cancer cell lines examined, cell survival assay

for IC50 determination showed that 22% had a positive

response to up to 100 nmol/l of Smac-mimetic treatment,

whereas the remaining 78% had no response even at the

maximal 100 nmol/l concentration.

In Harlan Athymic Nude-Foxnlnu mice with HCC461

xenografts, Smac-mimetic injections significantly re-

duced tumor size. Xenografts of nonresponsive HCC15

cells were resistant to Smac-mimetic injections. Autocrine-

secreted TNFa in these cancer cells, which would

normally enhance their survival through the NF-kB path-

way, can be reversed to a proapoptotic molecule by

Smac mimetics by the formation of the RIPK1–FADD–

caspase-8 complex that promotes caspase 8 activation

and therefore apoptosis [31].

Colon cancer HCT116, HT29, and DLD1 cells were

sensitized to NSAID-induced apoptosis by compound 3

and by GT-T, an independently synthesized Smac

mimetic with properties similar to compound 3 [58].

The control compounds that differed only by a single

residue did not show this enhancement. Treatment of

these colon cancer cells with either low-dose NSAIDs

or the Smac mimetic alone did not yield significant

apoptotic effects. However, combination treatment using

100 nmol/l Smac mimetic was able to potentiate NSAID-

induced apoptosis and also inhibited long-term survival

in these cells, as determined by colony formation

assays. Furthermore, NSAID resistance in Smac-knockout

or Bax-knockout cells could be overcome by Smac-

mimetic treatment. These effects of the Smac mimetic

were a result of binding and inhibition of IAPs thereby

allowing for caspase 3 activation. Caspase 3 activity was

subsequently necessary for Smac-mediated cytochrome c
release.

In addition to compound 3, treatment with capped

tripeptide Smac mimetics, compounds 2 and 11 (Fig. 5b),

which resemble the N-terminus of Smac and contain
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unnatural amino acids, resulted in increased caspase 3

activity and apoptosis by binding to BIR3 of XIAP in

mammary gland adenocarcinoma MDA-MB-231 cells

[59]. This response was dose dependent as demonstrated

by the decreased survival of breast cancer cells with

increasing doses of Smac-mimetic compounds. Cells were

incubated for up to 30 h (showing maximal caspase 3

activation after 12–18 h) after exposure to 1 or 10 nmol/l

concentrations of the BIR3-binding Smac mimetic

(compound 11; Fig. 5b). Compound 2 (Fig. 5b), also a

BIR3 ligand, showed a similar activity to compound 11

but with slightly less potency. Compounds 11 and 2

promoted cell death in 58 human cancer cell lines.

In right flank, MDA-MB-231 inoculated, female C.B-17-

Prkdcscid mice, Smac-mimetic treatment was able to signifi-

cantly reduced tumor growth rate. Doses of 40 mg/kg/day

for compound 2 and 20 mg/kg/day for compound 11 were

used over the dosing period of days 14–30. Both

compounds significantly inhibited tumor growth in the

mouse model, with compound 2 being slightly less potent

than compound 11. The decrease in tumor growth rate

was observed only during treatment and tumor growth

resumed after terminating therapy.

SM-164 is a small-molecule mimic of Smac that is

nonpeptic and has cell-permeable capabilities (Fig. 5c).

This molecule has been shown to effectively cause

apoptosis in the HL-60 (human promyelocytic leukemia)

cell line independently without the need for another

apoptosis inducer [60]. SM-164 initiated apoptosis and

decreased leukemia cell growth in a dose-dependent

manner (IC50 value of 1.39 nmol/l) by strongly inhibiting

XIAP and promoting caspase activation. SM-164 is

bivalent and thus binds to both BIR2 and BIR3 domains.

This characteristic confers higher potency to SM-164

when compared with monovalent counterparts that bind

to only BIR2 or BIR3 individually but not both.

The low-molecular-weight Smac-mimetic LBW242

(Fig. 5d) was able to inhibit cellular proliferation (IC50

values from 0.5 to > 1 mmol/l depending on the cell line)

and acted with positive synergy with the protein tyrosine

kinase inhibitor PKC412 in murine pro-B Ba/F3 cells with

mutated Fms-like tyrosine kinase-3, a mutation in acute

myelogenous and acute lymphoblastic leukemia patients

[61]. Both PKC412-sensitive cell lines and PKC412-

resistant Ba/F3 cell lines were treated with LBW242 and

PKC412 across dose ranges of effective dose 50–90, where

higher doses tended to produce additive or synergistic

effects. In addition, male NCr-nude mice inoculated with

FLT-3-ITD-Ba/F3 cells through tail vein injection were

orally administered Smac-mimetic LBW242 at 50 mg/kg/

day, PKC412 at 40 mg/kg/day, or both LBW242 and

PKC412 over 10 days, which showed that tumor burden,

determined by bioluminescence, was least for the

combined treatment [61].

Moreover, treatment using LBW242 over a 48-h period

induced apoptosis in the MM.1S, U266, RPMI-8226, and

OPM2, as well as in the conventional therapy resistant

MM.1R and Dox-40, multiple myeloma cell lines [62].

Cell viability decreased in a dose-dependent manner

(IC50 ranging from 8 to 30 mmol/l) where higher doses

resulted in the fewest viable cells. In addition, purified

multiple myeloma cells taken from four patients who

were refractory to various therapies (dexamethasone,

bortezomib, or thalidomide) also showed decreased cell

viability because of LBW242-induced apoptosis. LBW242

used in combination with TRAIL, melphalan, dexa-

methasone, bortezomib, or salinosporamide resulted in

an additive or synergistic apoptotic effect in multiple

myeloma cells [62].

Normal lymphocytes were analyzed to determine toxicity.

These cells were not affected by low doses (0–10 mmol/l)

of LBW242, but showed decreased viability at higher

doses. Using an in-vivo xenograft mouse model, where

male triple immune-deficient beige-nude-scid mice were

subcutaneously inoculated with MM.1S cells, LBW242

treatment inhibited tumor growth and prolonged mouse

survival without significant weight loss or neurologic

changes [62].

Ovarian cancer SKOV3 cell line has defects in the

intrinsic pathway of apoptosis and treatment with

LBW242 (20 mmol/l) induced caspase-8 mediated cell

death, independent of caspase 9 [32]. Small interference

RNA experiments showed that caspase 8, TNFa signaling

molecules (TNFa, TNF-RI, and RIPK1), and XIAP were

required for the proapoptotic effects of LBW242.

LBW242 enhanced TNFa expression 30 times greater

than background levels in this ovarian cancer cell line.

LBW242-induced cell death was prevented with the

introduction of TNFa antagonists such as Etanercept.

In this experiment, LBW242 caused a rapid proteo-

some-dependent decrease in the levels of c-IAP1 but

not XIAP. TNFa-mediated apoptosis was negatively

controlled by c-IAP1, and therefore its degradation

enhanced TNFa production and apoptosis. However,

XIAP was required for TNFa production and cells with

reduced XIAP expression were resistant to the effects

of LBW242.

Compound A is a Smac mimetic, designed from the

crystal structure of the BIR3 of XIAP bound to the four

amino acids of Smac, which is capable of binding the

BIR2 and BIR3 domains of XIAP, c-IAP1, and c-IAP2

(Fig. 5e) [30]. Compound A is able to induce significant

apoptosis in Kym1 human rhabdomyosarcoma and SKOV3

ovarian cancer cell lines at doses of 5 and 500 nmol/l,
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respectively. This induction seems to be mediated by the

extrinsic pathway of apoptosis. The proapoptotic effects

of compound A were blocked by inhibiting NF-kB-driven

TNFa production with a super-repressor form of IkB.

Apoptosis was also diminished by inhibiting TNFa with

TNFa-blocking antibodies, and inhibiting caspase 8 with

crmA. Compound A resulted in rapid proteasome-

dependent degradation of c-IAP1.

Structure-based design allowed the development of

monovalent (MV1) and bivalent (BV6) Smac-mimetic

compounds (Fig. 6a and b) that were capable of

interfering with the binding of caspase 9 by XIAP [29].

Application of these two compounds as a single agent to

EVSA-T and MDA-MB-231 breast cancer cells and A2058

melanoma cells resulted in caspase 8-dependent cell

death. The IC50 values in the sensitive EVSA-Tcells were

5 mmol/l for MV1 and 14 nmol/l for BV6. MV1 and BV6

also lead to autoubiquitination and subsequent pro-

teasomal degradation of c-IAP1 and c-IAP2, activation

of canonical and noncanonical NF-kB pathway activation,

and TNFa de-novo synthesis and signaling [29].

Future therapeutic use of Smac mimetics
The use of Smac mimetics in cancer therapy has proven

to be effective in a variety of cancer cell types. Much of

their usefulness is because of the ability of these Smac-

like molecules to bind to inhibitors of apoptosis, such as

XIAP, and therefore promote the apoptotic response. As

IAPs may be upregulated in the progression of cancer,

Smac mimetics are able to provide directed toxicity to

neoplastic cells while relatively sparing normal tissues.

Smac mimetics can be combined with proapoptotic

regimens such as ionizing radiation or chemothera-

peutic agents to potentiate their effects in an additive

or synergistic manner. Application of the Smac mimetic

alone, however, might be sufficient to elicit a therapeutic

response. In addition to facilitating apoptosis by directly

binding to IAPs, Smac mimetics can use other mecha-

nisms such as cell cycle arrest, promoting autoubiquitination
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of IAPs, or activating the extrinsic pathway of apoptosis

through paracrine TNFa stimulatory mechanisms. Ani-

mal models have shown many of the anticancer properties

of Smac mimetics. Treatment with these drugs can

decrease tumor growth and prolong survival in vivo. These

outcomes are primarily because of the proapoptotic

effects of Smac mimetics. Smac mimetics have shown

limited in-vivo toxicity and good therapeutic response,

especially when used in conjunction with other therapies.

Additional in-vivo studies are required before the

implementation of these compounds in human clinical

trials. To facilitate this progression, Smac-mimetic design

needs to move from simple peptides used for basic

science research toward more drug-like peptidic and

nonpeptidic mimetics of clinical value. For example,

bivalent Smac mimetics have been shown to be

significantly more potent than monovalent mimetics.

However, because of the higher molecular weight of

bivalent mimetics, they likely have much reduced oral

bioavailability when compared with monovalent forms

and may require parenteral administration [63]. The

application of Smac mimetics as a new class of cancer

therapeutics holds great potential, but much basic and

clinical research is required to precisely identify the

future impact of these drugs.
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