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Summary

Insights into the role of ubiquitin-dependent signaling in the regulation of apoptosis have 

provided one of the most significant breakthroughs in recent years for cell death research. It 

has been revealed that all steps in the apoptotic cascade, including transcriptional regulation 

of apoptotic gene expression, outer mitochondrial membrane permeabilization and caspase 

activation, are under the control of the ubiquitin/proteasome system. This makes ubiquitin 

signaling one on the most critical life and death decision checkpoints in mammalian cells. 

Here we discuss the ubiquitylation-dependent regulation of the mitochondrial steps in apoptosis, 

with a focus on the role of regulated protein degradation in this process. The newly identified 

ubiquitylation-dependent processes in the Bcl-2 family-regulated outer mitochondrial membrane 

permeabilization, as well as the role of mitochondria-associated E3 ubiquitin ligases and other 

molecular components of the ubiquitin/proteasome system in the control of mitochondrial steps in 

apoptosis, are discussed.
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1. The ubiquitin/proteasome system (UPS): an overview

In the late 1970s and early 1980s Aaron Ciechanover, Avram Hershko and Irvin Rose 

made the groundbreaking observation that the highly conserved 76-amino acid peptide 

ubiquitin (Ub) serves as a tag in the process of lysosome-independent degradation of 

harmful or superfluous cellular proteins [1–3]. Following the initial findings, the cascade 

that mediates Ub conjugation to the target proteins was defined. Ubiquitylation occurs 
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through a process involving Ub-activating (E1), Ub-conjugating (E2) and Ub-ligating (E3) 

proteins. E3 Ub ligases can be classified into two families with distinct modes of action: 

HECT domain (Homologous to the E6-AP Carboxyl Terminus; e.g. mammalian NEDD4/

NEDD-like family of Ub ligases) E3 Ub ligases that transfer activated Ub from an E2 

enzyme via a thioester intermediate to an acceptor lysine in the substrate protein that can 

also be another ubiquitin moiety, and RING (really interesting new gene)-type E3 Ub ligases 

which facilitate the direct transfer of activated Ub from the E2 enzyme onto the substrate. 

While K48-linked poly-Ub chains act as a signal for proteasomal degradation [2, 3], other 

types of ubiquitylation, K63-linked poly-Ub chains or monoubiquitylation in particular, 

are also involved in degradation-independent regulation of proteins. Moreover, in order to 

turn off the Ub signal, Ub can be removed from the substrate proteins by deubiquitinating 

enzymes (DUBs) [4–6]. Thus, Ub conjugation shares significant similarities with protein 

phosphorylation in regards to its reversibility. Poly- and monoubiquitylation are involved in 

organelle-specific regulation of a vast number of cellular processes ranging from autophagy 

and selective protein degradation to DNA repair and membrane transport [7–11]. Specificity 

in the process of ubiquitylation is achieved by the vast number of Ub ligases, many of which 

are anchored in different subcellular compartments and function in an organelle specific 

manner [11–13].

The accumulating evidence shows that Ub-conjugation and highly regulated proteasome-

dependent degradation of many distinct proteins are key to apoptosis progression. Notably, 

all steps in the cascade leading to apoptosis including, (i) outer mitochondrial membrane 

(OMM) permeabilization, (ii) caspase activation, as well as (iii) transcriptional regulation of 

apoptotic gene expression, are under control of the Ub/proteasome system (UPS), making 

Ub-dependent signaling a critical component for life and death in mammalian cells.

This review examines information on the mechanisms and prevalence of Ub-dependent 

regulated protein degradation in the control of distinct steps in Bcl-2 protein family-

mediated apoptosis. The recent evidence linking non-Bcl-2 family proteins and their Ub-

dependent regulation to the progression of mitochondrial steps in apoptosis will be also 

discussed in detail. Other aspects of UPS-mediated regulation of apoptosis, including 

caspase activation and apoptotic signaling in the nucleus have been extensively reviewed 

by others [14–17], and therefore are not discussed here.

2. The ubiquitin/proteasome system (UPS) is an essential regulator of 

apoptosis

Apoptosis, a genetically driven form of cell death, results in an organized removal of dying 

cells (reviewed in [14, 18–20]). To achieve this, the apoptotic cell death program concludes 

in an organized dismantling of the dying cell that is facilitated by a family of evolutionarily 

conserved aspartate-specific cysteine-dependent proteases, called caspases [14, 20, 21].

Caspases are synthesized as pro-enzymes that require proteolytic activation at Asp-X sites 

to produce the mature, catalytically active forms. This activation occurs in an ordered 

manner, where initiator caspases (e.g. caspases-2, -8 and -9) after being activated by distinct 

pro-apoptotic stimuli, cleave inactive forms of effector caspases (e.g. caspases-3, -6 and 
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-7), thereby activating them. Given the widespread expression of pro-caspases that have a 

potential to be activated in proteolytic cascades, various control mechanisms preventing 

inappropriate caspase activation have evolved. Ubiquitylation-dependent regulation of 

caspases is one of the mechanisms controlling unwanted caspase activation [14, 15, 

22–24]. Until a certain threshold of an apoptosis-inducing signal is reached, inhibitor-

of-apoptosis proteins (IAPs), suppress the activity of caspases and control potentially 

deleterious inadvertent activation of the caspase cascade [22–24]. IAPs carry N-terminal 

BIR (baculovirus IAP repeat) protein interaction domains and C-terminal RING domains 

that provide E3 Ub ligase activity. Through their BIR motifs, IAPs can bind to caspases 

and directly inactivate them [14, 22]. In some cases IAPs mediate caspase ubiquitylation 

and thereby target them for proteasomal degradation. The IAP-mediated ubiquitylation of 

caspases, as well as Ub-regulated activation of pro- and anti-survival genes and their roles in 

apoptosis regulation has been reviewed [14–17] and will therefore not be discussed here in 

detail.

A dynamic balance between anti- and pro-apoptotic proteins from the Bcl-2 family serves as 

another caspase activation checkpoint in many modes of stress-induced apoptosis. The main 

cellular targets of the Bcl-2 family are mitochondrial membranes, the OMM in particular. 

Bcl-2 proteins can either induce OMM permeabilization and thus promote apoptosis (e.g. 

Bax, Bak and Bok) or inhibit it thus promoting cell survival (e.g. Bcl-2, Bcl-xL, Mcl-1) [18–

20] (see Figure 1). The ratio of pro-apoptotic versus anti-apoptotic Bcl-2 family members is 

a critical factor in regulating OMM permeabilization and subsequent caspase activation. As 

in the case of caspases, various mechanisms, including regulation of protein expression, as 

well as diverse posttranslational modifications regulate the balance of the activities of pro- 

and anti-apoptotic Bcl-2 family proteins in healthy cells, and upon induction of apoptosis 

[19, 20, 25]. Progression of Bcl-2 family-mediated mitochondrial steps in apoptosis also 

relies on polyubiquitylation-mediated regulated protein degradation (Figure 2).

3. Ubiquitylation-dependent control of mitochondrial steps in apoptosis

3.1 Overview of mitochondrial steps in apoptosis

As discussed above, mitochondria serve as a signaling platform critical for the 

synchronization and translation of pro-survival and pro-death signals initiated in various 

compartments of the cell. The so-called BH3 (Bcl-2-homology 3)-only proteins (e.g. 

Bad, Bid, Bim, Blk, Bmf, Noxa and Puma) are normally sequestered in different cellular 

compartments, but upon apoptotic stimuli, translocate to mitochondria. This translocation 

leads to changes in the balance of pro- and anti-apoptotic activities of multi-BH-domain 

Bcl-2 family proteins already present on the OMM. These include the anti-apoptotic 

proteins: Bcl-2, Bcl-xL, Bfl-1/A1, Bcl-w and Mcl-1 as well as the pro-apoptotic Bcl-2-

family proteins: Bak and Bok. Bax, another pro-apoptotic multi-BH-domain protein traffics 

between the cytosol and the OMM in healthy cells, and in cells destined to die, accumulates 

on the OMM where it initiates permeabilization of the OMM. Although the mechanism 

of OMM permeabilization is still under evaluation, this event leads to the release of a 

number of proteins, including cytochrome c, AIF (apoptosis inducing factor) and SMAC/

Diablo, from the mitochondrial intermembrane space (IMS) into the cytosol. Mitochondrial 
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permeabilization and the release of aforementioned proteins are requisite for a subsequent 

activation of caspases in mammalian cells. While cytochrome c acts as a direct activator 

of caspase-9 as part of the apoptosome, SMAC/Diablo eliminates IAP-dependent caspase 

inhibition. The accumulating evidence indicates that the balance between pro- and anti-

apoptotic Bcl-2 family proteins is controlled by the UPS (Figure 2, Table1). Importantly, 

this includes regulated degradation of different Bcl-2 family subclasses, BH3-only proteins 

and multi-BH domain pro- and anti-apoptotic factors, and therefore regulation of distinct 

steps of the process (Figure 2), making the UPS a critical checkpoint factor of mitochondrial 

apoptosis progression.

3.2 UPS and activation of mitochondrial steps in apoptosis

3.2.1 Pro-apoptotic role of regulated degradation of Mcl-1—While little is known 

whether Bcl-2 and Bcl-xL turnover regulation serves as a checkpoint in apoptosis control, 

extensive evidence points to the proteasomal degradation of Mcl-1, another multi-BH 

domain anti-apoptotic protein, being an important pro-apoptotic event in many modes of 

cell death, allowing cells to rapidly switch from pro-survival to apoptosis mode [26–30]. 

The physiological importance of Mcl-1 turnover regulation is strongly supported by data 

showing that increased stability and abnormal cellular accumulation of Mcl-1 is linked to 

resistance to apoptosis and tumour development. For example, overexpression of Mcl-1 is 

linked to poor prognosis in lymphotic leukemias, multiple myeloma and breast cancer [26–

28].

Unlike most Bcl-2 family proteins that are relatively stable, Mcl-1 has a short half-life 

of 40 to 60 min [29–31]. This unstable nature of Mcl-1 is utilized by various stress 

signals that can induce rapid downregulation of Mcl-1, occurring through both activation 

of proteasomal Mcl-1 degradation and inhibition of Mcl-1 synthesis. Distinct E3 Ub ligases 

regulate proteasomal degradation of Mcl1. Mule (Mcl-1 Ub ligase E3) [26], also known 

as LASU [32], a BH-3 domain-containing HECT E3 Ub ligase, was shown to control 

Mcl-1 degradation in DNA-damage-induced apoptosis [26]. ARF-BP1/Mule interacts with 

Mcl-1 through its BH3-domain [26, 32] and mediates Mcl-1 K48-linked polyubiquitylation, 

thereby tagging Mcl-1 for proteasomal degradation. Consistently, downregulation of ARF-

BP1/Mule by RNA interference inhibited stress-induced Mcl-1 protein degradation and 

suppressed DNA-damage induced apoptosis [26]. SCFFBW7 (Skp1-Cullin1-F-box complex 

containing the F-box substrate recognition factor FBW7), another E3 Ub ligase, also 

interacts with and targets Mcl-1 for proteasomal degradation [27]. SCFFBW7-mediated 

degradation of Mcl-1 depends on the Mcl-1 phosphorylation level. Mcl-1 is phosphorylated 

by GSK3 (glycogen synthase kinase 3) mainly at S159 and T163 residues [27], and mutation 

of these sites not only inhibited Ub-dependent degradation of Mcl-1, but also blocked 

interaction of this protein with FBW7, indicating that Mcl-1 phosphorylation might serve as 

a signal for SCFFBW7 recruitment.

As in the case of ARF-BP1/Mule, depletion of distinct components of the SCFFBW7 

complex, including FBW7, Cullin1 and Skp1, led to increases in the levels of Mcl-1 in 

cultured cells, thymus and thymic lymphomas [27] and increased resistance to apoptosis. 
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Mcl-1 degradation in response to DNA-damaging agents was also hampered in FBW7−/

− cells [27], confirming a physiological role for SCFFBW7 complex in promoting stress-

induced Mcl-1 degradation.

The tissue specific and redundant roles for ARF-BP1/Mule and SCFFBW7 in Mcl-1 turnover 

regulation need to be established. However, the lack of correlation between ARF-BP1/

Mule and Mcl-1 expression in T-cell acute lymphoblastic leukemia cells [27] suggests that 

this protein might regulate Mcl-1 degradation in other cell types. Alternatively, these two 

different E3 Ub ligases could respond to distinct pro-apoptotic triggers.

The efficiency of stress-induced degradation of Mcl-1 is also controlled by recently 

identified deubiquitinase, Usp9x (Ub-specific peptidase 9x). Usp9x removes the K48 poly-

Ub chains from the Mcl-1 and as a consequence hampers proteasomal degradation of this 

protein in healthy cells [28]. Upon DNA damage, Usp9x activity is inhibited, allowing 

a more rapid Mcl-1 degradation thus facilitating the apoptotic program [28]. This occurs 

through the control of the Usp9x/Mcl-1 interaction and depends on Mcl-1 phosphorylation. 

Since mutations of Mcl-1 phosphorylation sites (S155A, S159A and T163A) stabilized 

or enhanced the interaction of Usp9x with Mcl-1, a dephosphorylated form of Mcl-1 

appears to be preferentially recruiting Usp9x [28]. As discussed above, these conditions are 

antagonistically regulating the physical interaction between Mcl-1 and SCFFBW7 [27]. Thus 

upon stress-induced Mcl-1 dephosphorylation, SCFFBW7 is replaced by Usp9x providing a 

fast response to a changing pro-survival or pro-death cellular environment. As in a case 

of SCFFBW7 [27], Usp9x and Mcl-1 protein levels in human follicular lymphomas and in 

normal tissues are also highly correlated [28]. Whether in cells destined to die, Usp9x is also 

displaced by ARF-BP1/Mule is not known.

In addition to ARF-BP1/Mule-, SCFFBW7- and Usp9x-mediated direct regulation of Mcl-1 

ubiquitylation, VCP/p97 (valosin-containing protein/p97; hereafter referred to as p97) is 

also required for homeostatic and stress-induced proteasomal degradation of Mcl-1 [31]. 

p97 is a ubiquitously expressed member of the AAA-ATPase (ATPases associated with 

diverse cellular activities) family of proteins. p97, as well as the yeast homologue CDC48, 

is an essential component of a wide range of Ub-associated biological pathways, including 

UPS-mediated protein degradation in the ER-associated degradation (ERAD) pathway [33–

36]. p97 mediates the retrotranslocation of polypeptides from the ER and mitochondrial 

membranes to the cytosol prior to their proteasomal degradation [33, 34]. Removal of 

ubiquitylated Mcl-1 from the OMM and delivery to the proteasome is also mediated by 

p97 [31]. Consistent with this, p97 downregulation or expression of an ATPase hydrolysis-

deficient mutant (p97QQ) stabilized OMM-associated Mcl-1 [31]. In addition, an in vitro 
reconstitution assay revealed that p97 is recruited to the OMM and required for extraction of 

Mcl-1 from this membrane [31].

Whether other Bcl-2 family proteins are also under the control of p97, as well as the role(s) 

for Mcl-1-specific E3 Ub ligases and Usp9x in mitochondrial recruitment of p97 remains to 

be established. However, since inhibition of p97 led to prominent stabilization of Mcl-1, but 

had a marginal effect on cellular sensitivity to apoptosis, (MK lab, unpublished observation) 

one might expect that p97 controls not only Mcl-1 but also other regulators of apoptosis.
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3.2.2 UPS-mediated degradation of Bcl-2—Turnover of Bcl-2 (B-cell CLL/lymphoma 

2), the founding member of the Bcl-2 family of proteins, is also regulated by the UPS [37–

40]. Cytosolic inhibitor of Nrf2 (INRF2) functions as an adaptor for Cul3-Rbx1-mediated 

ubiquitylation of Bcl-2. Since ectopic expression of INRF2 in HEPA1 and HEK293 

cells reduced Bcl-2 levels, while downregulation or mutation of INFR2 caused Bcl-2 

accumulation [39], one might conclude that INRF2-regulated Bcl-2 degradation functions as 

an apoptosis-promoting factor. However, it is not clear whether, as in the case of Mcl-1, pro-

apoptotic conditions accelerate INRF2- and UPS-dependent Bcl-2 degradation. The activity 

of INRF2 toward Bcl-2 correlated with cellular sensitivity to apoptosis and depended on 

the oxidative status of the cell [39], suggesting that INRF2 might specifically contribute to 

progression of oxidative stress-regulated modes of cell death. Furthermore, recent evidence 

suggests that under some conditions Bcl-2 degradation might serve as a dynamic apoptosis 

checkpoint mechanism.

For example, other apoptosis-related factors mediating UPS-dependent Bcl-2 turnover were 

identified, including a mitochondria-associated pro-apoptotic protein, ARTS. Expression of 

ARTS is lost in lymphoblasts of over 70% of childhood acute lymphoblastic leukemia 

patients [41], suggesting that ARTS can function as a tumor suppressor in leukemia with 

an important role in the pathogenesis of childhood acute lymphoblastic leukemia. On the 

other hand, overexpression of ARTS was reported in astrocyte tumors [42], indicating the 

lack of general correlation between tumor development and ARTS expression. One possible 

mechanism of ARTS-mediated apoptosis is its role in the degradation of anti-apoptotic Bcl-2 

family proteins [43]. This notion is supported by data showing reduced mitochondrial levels 

of Bcl-xL and Bcl-2 in cells stably or transiently overexpressing ARTS [43]. Since caspase 

inhibition did not block this decrease, it has been proposed that ARTS might control Bcl-xL 

and Bcl-2 levels directly [43]. However, further studies are needed to verify this possibility. 

Interestingly, cellular levels of ARTS are also regulated through the UPS [43]. Like Mcl-1, 

ARTS has a short half-life of ~30 min in healthy cells and its levels are kept low through 

continuous Ub-mediated degradation [43]. Upon induction of apoptosis, ubiquitylation of 

ARTS is inhibited causing the stabilization of ARTS and subsequent activation of the 

mitochondrial cell death pathway. Given that ARTS resides in the IMS [44], the mechanism 

of how the UPS regulates this protein, including potential E3 Ub ligases, as well as how 

ARTS is exported from the IMS to the cytosol prior to proteasomal degradation needs to be 

established.

Of note, activation of ARTS leads to decreased XIAP (X-linked inhibitor of apoptosis 

protein) protein levels, caspase-3 activation and cell death [44], suggesting a role for 

ARTS in the regulation of the USP-dependent XIAP turnover. In mammalian cells, ARTS 

is released from mitochondria upon pro-apoptotic stimuli and then binds to XIAP [44], 

indicating that in addition to Bcl-2 (and Bcl-xL) degradation, ARTS binding to and 

inhibition of XIAP is related to its pro-apoptotic function. One possibility is that ARTS 

targets distinct E3 Ub ligases with specificity towards XIAP and Bcl-2 and therefore is 

implicated in different levels of apoptosis regulation.

Parkin, the mitochondria-acting IBR-domain E3 Ub ligase [10, 45], might also regulate 

Bcl-2 turnover and Bcl-2-linked apoptosis [46–48]. Expression of Parkin was found to 
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slow-down ceramide-induced cell death in PC12 cells [46]. Furthermore, while excess 

Parkin prevented the release of cytochrome c from mitochondria isolated from rodent and 

human neuroblastoma cells, knock-down of Parkin by shRNAi caused increased cytochrome 

c release upon insult with BH3-only peptides [47]. Parkin was also identified as a E3 

Ub ligase for the mono-ubiquitylation of Bcl-2 [48] causing its stabilization and increased 

interaction with Beclin 1 in the context of autophagy. However, Bcl-2 stabilization might 

also explain the observed anti-apoptotic function of Parkin. While the role of Parkin in 

mitochondria-specific autophagy is established [10, 45], the role of this protein in apoptosis 

is less well defined. Yet, due to the extensive crosstalk between apoptotic cell death and 

autophagy, one might anticipate the regulatory influence of Parkin on the execution of cell 

death.

3.2.3 Proteasomal degradation of tBid-N facilitates pro-apoptotic activity of 
tBid-C—In addition to degradation of multi-BH3 Bcl-2 family proteins, mitochondrial 

steps of apoptosis are also modulated by UPS-dependent BH3-only Bcl-2 family protein 

degradation, including Bid, and stabilization of Bim and Bad.

Upon induction of death receptor-mediated apoptosis, the 20-kDa protein Bid (BH3 

interacting-domain death agonist) is activated through proteolytic cleavage in its 

unstructured loop by caspase-8. The Bid cleavage results in the formation of a ~6-kDa 

N-terminal part (tBid-N) and a ~14-kDa C-terminal part (truncated Bid or tBid-C) that 

contains the BH3 domain [49–51]. While full length Bid resides in the cytosol, cleaved Bid 

translocates to mitochondria and thus transduces apoptotic signals from the cell membrane 

to the mitochondria serving as a mechanism linking extrinsic (death receptor-mediated) 

mode of apoptosis with the mitochondria. Mitochondria-associated tBid-C interacts with 

OMM localized Bcl-2 family proteins and membrane lipids, thus facilitating OMM 

permeabilization [50–53].

Under basal growth conditions, full length Bid is a stable protein [54–56]. However, upon 

Bid cleavage, ubiquitylation and proteasomal degradation of N-terminal (tBid-N) and C-

terminal (tBid-C) fragments have been shown to modulate the pro-apoptotic activity of 

cleaved Bid [54–56]. Consistent with this notion, caspase cleavage of full length Bid in 

TNFα-stimulated cells was not associated with accumulation of tBid fragments, indicating 

that tBid-N and tBid-C are unstable. Since proteasomal inhibition stabilized tBid-C, it 

was concluded that the UPS system controls rapid degradation of tBid-C in apoptotic 

cells [54]. Furthermore, expression of a stable mutant of tBid-C, sensitized HeLa cells 

to apoptosis [54], suggesting that Ub-dependent proteasomal degradation of tBid might 

serve as a fine-tuning mechanism regulating the strength of tBid-dependent signaling in 

apoptosis. The work by Azakir and co-workers [56] demonstrated that tBid-C is a substrate 

of the HECT-domain E3 Ub ligase Itch. Ectopic expression of Itch protected cells from 

tBid- and TRAIL-induced apoptosis, whereas downregulation of Itch by RNA interference 

had the opposite effects. Itch and tBid-C, but not full length Bid were found to form a 

molecular complex, likely facilitating Itch-induced increases in tBid-C ubiquitylation and 

proteasomal degradation [56]. Based on these data one might conclude that UPS, through 

rapid degradation of tBid-C, functions in inhibiting tBid-mediated apoptosis. However, the 
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possibility that ubiquitylation and degradation of tBid-C serves as a molecular step in 

tBid-mediated apoptosis signaling also needs to be considered here.

Another mechanism of how UPS-dependent tBid ubiquitylation and degradation affects 

mitochondrial steps in apoptosis, has also been recently proposed [55]. It has been 

shown that inhibiting proteasomal degradation of tBid-N prevented Bid-dependent OMM 

permeabilization, without affecting the translocation of this protein to the OMM [55]. In 

contrast to tBid-C, Ub-conjugation of tBid-N does not require canonical lysine residues 

since no lysine residues are present in this fragment. Instead, glutamine (E14) and cysteine 

(C15) residues located in the α-helix 1 of Bid seem to be critical for ubiquitylation and 

destabilization of tBid-N [55]. Since in vitro studies have demonstrated that upon caspase 

cleavage of Bid, the tBid-C and tBid-N remain associated and the separation of these 

fragments appears to be critical for tBid-C activity (Chou et al., 1999; Zha et al., 2000; 

Kuwana et al., 2002), degradation of tBid-N is likely to facilitate pro-apoptotic activity of 

tBid-C. Consistent with this notion, overexpression of tBid-N blocked the pro-apoptotic 

activity of the tBid-C (Tan et al., 1999; Kudla et al., 2000; Renshaw et al., 2004).

Taken together, these data indicate that cleavage of Bid by caspase-8 results in two products 

that are degraded by the proteasome in an ubiquitylation-dependent manner, and this 

degradation controls the downstream steps mediated by tBid. However, whether or not the 

degradation rate of tBid-C is lower than that of tBid-N, which would be necessary to enable 

the pro-apoptotic activity of tBid-C, needs to be elucidated.

3.3 UPS and inhibition of mitochondrial steps in apoptosis

Turnover of other than Bid BH3-only proteins, including Bad [57], Bim [58, 59] and Bik 

[60], is also under control of the UPS. However, unlike degradation of Bid fragments, 

proteasome-dependent homeostatic degradation of these BH3-only proteins promotes cell 

survival. The data also show crosstalk between the phosphorylation status of these proteins 

and Ub-conjugation that appears to be critical for Bad (Bcl-2-associated death promoter) and 

BimEL (Bcl-2-interacting mediator of cell death, extra long) proteasome-dependent turnover 

regulation.

3.3.1 Degradation of Bad—Reversible phosphorylation of the Bcl-2 family proteins 

serves as an important regulatory mechanism vital for cell survival. For example, multiple 

kinases neutralize the pro-apoptotic activity of Bad by phosphorylation of serine residues 

(S75, S99, and S118 in human Bad) thus facilitating Bad sequestration in the cytosol 

by 14-3-3 proteins. Phosphorylation has been also shown to regulate UPS-dependent 

Bad turnover [57]. In NIH3T3 cells, c-Raf kinase pathway activation led to a rapid 

phosphorylation of Bad, associated with ubiquitylation and destabilization of this protein, 

resulting in a 2-fold increase in the rate of Bad turnover [57]. Thus, in addition to cytosolic 

sequestration, a rapid UPS-dependent degradation of Bad might be another mechanism for 

limiting the pro-apoptotic activity of this protein. Whether Bad phosphorylation serves as 

an E3 Ub ligase-recruiting signal or induces a degradation-prone conformation needs to 

be elucidated, as well as the consequences of this mechanism for the cell sensitivity to 

apoptosis.
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3.3.2 Degradation of Bim—Phosphorylation of BimEL has been also linked to turnover 

of this protein. BimEL is dephosphorylated and thus stabilized in response to many 

distinct stress signals [58, 59, 61, 62]. In the cell detachment (anoikis) model of cell 

death, MEK-ERK (mitogen-activated protein kinase/ extracellular signal regulated kinase) 

inhibitors induced BimEL-dependent apoptosis [58]. MEK inhibitors suppressed BimEL 

S69 phosphorylation and consequently induced accumulation of this protein in both attached 

and detached cells through inhibition of its ubiquitylation and proteasomal degradation. 

Notably, pro-apoptotic activity of MEK inhibitors does not depend on increased levels of 

BimEL, per se, but rather mitochondrial translocation of BimEL is critical for cell death 

induction, apparent in detached but not in attached cells [58]. Thus, accumulation of BimEL 

due to inhibition of proteasomal degradation of this protein, while likely increasing the 

strength of the pro-apoptotic signal, might require additional triggers specific to detached 

cells for cell death induction.

The pro-survival role of UPS-dependent degradation of Bim is further supported in 

other models of cell death. Upon growth factor deprivation osteoclasts undergo apoptosis 

associated with a rapid and sustained increase in Bim protein levels [61]. In this case 

reduced ubiquitylation and proteasomal degradation promote Bim stabilization [61]. In 

osteoclasts the RING domain E3 Ub ligase c-Cbl might be involved in Bim ubiquitylation 

[61]. c-Cbl was found to co-immunoprecipitate with Bim in the presence of the proteasome 

inhibitor, MG132. This physical association was enhanced following treatment with pro-

survival cytokines. Furthermore, proteasome inhibition increased Bim expression in c-Cbl 

overexpressing cells [61]. Consistent with the role for c-Cbl in Bim ubiquitylation, ectopic 

expression of c-Cbl enhanced Bim ubiquitylation while c-Cbl mutant expression suppressed 

it, even in the presence of proteasome inhibitor [61]. In summary, these data suggest that 

c-Cbl plays a role in the ubiquitylation and proteasome-dependent degradation of Bim 

and serves as a critical pro-survival regulator of cytokine withdrawal-induced apoptosis in 

osteoclasts.

Bim ubiquitylation and degradation is also the basis for the pro-survival effect of ischemic 

preconditioning in cultured cortical neurons. In contrast to c-Cbl-mediated degradation of 

Bim in osteoclasts, degradation of Bim in the neuronal model of ischemic preconditioning 

appears to be mediated by another RING domain E3 Ub ligase, TRIM2 (tripartite motif-

containing protein 2) [59]. TRIM2 binds to Bim following phosphorylation at the S69 

residue by p42/p44 MAPK, but does not interact with a phospho-site mutant of Bim [59]. 

Importantly, shRNAi-induced downregulation of TRIM2 resulted in the stabilization of Bim, 

as well as the suppression of ischemic tolerance [59], suggesting a critical role for Bim 

stability regulation in ischemia/reperfusion-induced neuronal apoptosis.

Of note, based on the fact that lysine-deficient Bim mutant could be degraded by 

the proteasome without prior polyubiquitylation, it has been proposed that proteasomal 

degradation of Bim might not require ubiquitylation [63]. Bim, as well as other BH3-

only proteins Bad and Bmf, are considered an intrinsically disordered protein (IDP) [63, 

64]. IDPs can be degraded by uncapped proteasomes [65, 66], and at least under some 

conditions, a similar mechanism might govern Bim (and Bad) turnover. However, the extent 
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and role in apoptosis progression of ubiquitylation-independent proteasomal degradation of 

BH-3 only proteins are currently not clear.

3.3.3 UPS-dependent degradation of apoptotically active Bax—Regulation of 

multi BH-domain pro-apoptotic proteins [19], including Bax (Bcl-2-associated X protein), 

Bak (Bcl-2 homologous antagonist/killer) and Bok (BCL-2-related ovarian killer), is 

considered the main task of other Bcl-2 family proteins. While Bok expression is restricted 

to the reproductive tissues [67], Bax and Bak are more ubiquitously expressed, and function 

as mitochondrial executioners of pro-apoptotic signals.

Evidence indicates that UPS-dependent regulated degradation of Bax serve as a widespread 

mechanisms promoting cell survival. [68–72]. While the most common isoform of Bax, 

21-kD Baxα is a stable protein, its turnover might vary depending on the cellular context. 

For example, Baxα is a short-lived protein in malignant B-cell lines [69]. Supporting the 

importance of stringent regulation of Baxα turnover, increased proteasomal degradation of 

this protein is a common feature of poor prognosis in chronic lymphocytic leukemia [69]. 

Furthermore, the abnormal proteasome-dependent degradation of Baxα also appears to be 

an important factor in the high resistance of malignant B-cells to TRAIL-induced apoptosis 

[68].

In healthy cells Bax resides mostly in the cytosol or loosely associated with the OMM as 

a monomer in an apoptotically dormant conformation [73, 74]. Only after disengagement 

of αhelix 9 from the hydrophobic pocket does Bax accumulate on the mitochondria, 

oligomerize and thereby induce OMM permeabilization [74–76]. Inadvertent change in Bax 

conformation is likely to represent a strong pro-apoptotic stimulus. Indeed, supporting the 

possibility that self-activation of Bcl-2 family proteins plays a role in apoptosis activation, 

it has been shown that an activated Bak mutant induced a conformation change in, and 

oligomerization of, non-activated Bak [77]. Truncated Bax (H2–H3) could also activate 

full length Bax [78]. Thus, as H2–H3 mimics the part of Bax that under physiological 

conditions is exposed after Bax is activated by BH3-only proteins, it has been proposed 

that active Bax-induced Bax activation occurs during apoptosis [78]. Therefore, although 

anti-apoptotic Bcl-2 family proteins normally control Bax conformation, elimination of 

accidentally formed active Bax, or when pro-survival mechanisms overcome stress, might be 

central for cell survival. Recent data indicate that IBRDC2, an IBR (in between RING)-type 

RING finger E3 Ub ligase, exclusively facilitates removal of apoptotically active Baxα 
[72]. While overexpression of IBRDC2 increased Baxα ubiquitylation, shRNAi-mediated 

downregulation of this protein led to cellular accumulation of active Baxα, spontaneous 

apoptosis and increased cell sensitivity to actinomycin D- and staurosporin-induced cell 

death [72]. Notably, in healthy cells IBRDC2 resides mainly in the cytosol and accumulates 

on the mitochondria upon induction of apoptosis, in synchrony with Baxα. It has also 

been shown that mitochondrial accumulation of IBRDC2 requires activated Baxα [72], 

suggesting that the apoptotically active, but not the dormant form of Baxα is targeted 

for proteasomal degradation by IBRDC2-dependent ubiquitylation. The extent to which 

IBRDC2 expression corresponds to the cell sensitivity to apoptosis, especially in malignant 

B-cell lines, and its role in development of poor prognosis chronic lymphocytic leukemia, as 

well as other Bax inhibition-linked tumors, remains to be established.

Neutzner et al. Page 10

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Given the strong pro-apoptotic consequences of Bax activation, UPS-dependent apoptosis-

linked degradation of several non-Bcl-2 family proteins also regulate Bax activity. These 

include, the RING domain E3 Ub ligase BARD1 (BRCA1-associated RING domain 1) 

[79]. In the nucleaus, BARD1 forms heterodimers with BRCA1 and participates in nuclear 

DNA repair. In contrast, the mitochondrial function of BARD1 does not require BRCA1 

but has been associated with stimulation of Bax oligomerization at the mitochondria [79]. 

The mechanistic link between Bax oligomerization and E3 Ub ligase activity of BARD1 

is currently unknown. Mitochondrial targets for this protein, as well as the mechanism 

regulating mitochondrial localization of BARD1, also need to be established in more detail. 

The BRCA1/BARD1 RING complex functions as an Ub ligase with a substantially higher 

activity than the BRCA1 or BARD1 subunits by themselves [80], suggesting a distinct 

activity and substrate specificity for BARD1 on mitochondria.

Activation of Bax on mitochondria is also linked to proteasomal degradation of MOAP-1 

(modulator of apoptosis-1) [81]. MOAP-1 contains a BH3-like motif and was initially 

identified by a yeast two-hybrid screen as a binding partner of Bax [82]. Ectopic expression 

of this protein is able to trigger apoptosis in mammalian cells, and vice versa, reduced levels 

of MOAP-1 confer resistance to apoptosis induction by a variety of triggers [81]. Consistent 

with the role of MOAP-1 in Bax activation, mitochondria isolated from MOAP-1 knock 

down cells were resistant to recombinant Bax-induced OMM permeabilization, as evidenced 

by the cytochrome c release assay [81]. Under normal growth conditions, MOAP-1 is a 

low abundance, unstable protein with an estimated turnover rate of ~25min. However, upon 

induction of apoptosis, MOAP-1 accumulates in a time frame similar to the accumulation 

of apoptotically-active Bax and the release of cytochrome c from the mitochondria to the 

cytosol [81]. This suggests that MOAP-1 might be important for OMM permeabilization, 

perhaps through the regulation of Bax conformation. Notably, pro-apoptotic stimuli prevent 

MOAP-1 ubiquitylation and thereby inhibit proteasomal degradation of this protein [81]. 

The stability of MOAP-1 is also regulated by TRIM39 (tripartite motif 39), a RING and B-

box domain-containing protein [83]. Whether TRIM39 is the E3 ubiquitin ligase regulating 

the MOAP-1 mediated pathway needs to be established. However, since ectopic expression 

of TRIM39 stabilized MOAP-1 [83] it is unlikely that TRIM39 is responsible for K48 

polyubiquitylation and proteasomal degradation of this protein.

In contrast to the stable nature of Baxα, the turnover of Baxβ, a 24 KD splice variant of Bax, 

is much faster [71]. It appears that Baxβ has a stronger pro-apoptotic potential then Baxα 
due to spontaneous accumulation on mitochondria and induction of OMM permeabilization 

[71]. A high rate of Baxβ turnover facilitates maintenance of low levels of this protein in 

healthy cells. The work by Fu et al. [71] also demonstrates that proteasomal control of 

Baxβ stability is important for apoptosis regulation. Upon stress-induced apoptosis, Baxβ 
accumulates in cells likely due to inhibition of its degradation by the proteasome [71]. The 

mechanism and molecular components vital for Baxβ ubiquitylation and/or regulation of 

proteasomal degradation of this protein remain unknown.

3.3.4 Inhibition of apoptosis by destabilization of Bak—In contrast to Bax, there 

is no information available on the regulation of Bak turnover in cells under normal growth 

conditions. However, certain viral proteins are able to induce the proteasome-dependent 
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degradation of Bak thereby suppressing cell death following viral infection [84, 85]. E6 

proteins of various human papillomaviruses (HPVs) are oncogenes linked to cervical cancer 

development [84–86]. In addition to destablizing the tumor suppressor p53 [87], E6 proteins 

can also induce degradation of Bak [84, 85]. E6-dependent Bak destabilization involves 

proteasomal degradation and the activity of the HECT domain E3 Ub ligase, E6AP (E6 

associated protein; the prototypical HECT domain E3 Ub ligase). In addition, expression 

of distinct E6 proteins triggers the proteasome-dependent degradation of Bak following UV 

irradiation. This mechanism appears to be specific for Bak, since other Bcl-2 family proteins 

were not affected by E6 protein expression. Importantly, E6-dependent degradation of Bak 

was sufficient to prevent cytochrome c release and apoptosis induction, indicating that upon 

viral infection the molecular machinery that controls Bak turnover under normal conditions 

might be hijacked by viral proteins to prevent premature cell death, thus facilitating cell 

survival and thereby viral proliferation [84, 85].

4. Concluding remarks

As summarized above, accumulating evidence indicates that UPS-dependent regulated 

protein degradation controls the mitochondrial steps in apoptosis. However, in contrast 

to other molecular steps in apoptosis, including UPS-dependent caspase regulation in the 

cytosol or p53-dependent regulation of apoptotic genes in the nucleus, an understanding 

of the molecular mechanisms of how ubiquitylation influences apoptotic activities of 

mitochondria-associated proteins is, in most cases, preliminary. Further research is needed 

to solidify and add mechanistic understanding to these findings. For example, since several 

of the reports discussed here utilize only protein overexpression and distinct cell culture 

models, genetic analyses of how depletion of certain E3 Ub ligases affects apoptotic 

signaling at mitochondria will likely provide further progress in this important and exciting 

research area. Although we have focused on the Bcl-2 family mediated regulation of 

mitochondrial steps in apoptosis, several non-Bcl-2 family factors, including mitochondrial 

fusion and fission regulators [88–92] are also implicated in this process. Since these 

proteins are also regulated by the UPS [10, 31, 93–97] the connection between UPS and 

regulated degradation of mitochondrial fusion and fission factors is likely. We are currently 

investigating these problems.

The connection between Ub-dependent Bcl-2 family protein degradation and therapeutic 

potential of proteasome inhibitors such as bortezomib for the treatment of certain cancers 

has been already suggested. Proteasomal inhibition in chronic lymphatic leukemia cells 

triggers the induction of apoptosis [98], probably through the stabilization of pro-apoptotic 

proteins such as Bax and subsequent release of cytochrome c [68, 99]. A similar mechanism 

might mediate the anti-proliferative effect of the naturally occurring proteasome inhibitor 

curcumin (diferuloylmethane) [100–102].

The coming years of research will likely uncover currently unknown features of Ub-

dependent regulation of mitochondrial homeostasis and thus, create several new questions 

further stimulating this growing area of research.
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Highlights

Insights into the role of degradative and non-degradative ubiquitin-dependent signaling 

in the regulation of apoptosis have provided one of the most significant breakthroughs 

in the recent years of cell death research. It has been revealed that all major steps 

in apoptosis cascade signaling, including transcriptional regulation of apoptotic gene 

expression, outer mitochondrial membrane permeabilization and caspase activation, are 

under the control of the ubiquitin/proteasome system. This makes ubiquitin signaling 

one on the most critical life and death decision checkpoints in mammalian cells. The 

focus of this review is the ubiquitination-dependent regulation of the mitochondrial 

steps in apoptosis. The newly identified ubiquitination-dependent processes in the Bcl-2 

family-regulated outer mitochondrial membrane permeabilization, as well as the overall 

role of mitochondria-associated E3 ubiquitin ligases and other molecular components of 

the ubiquitin/proteasome system during mitochondria-governed apoptosis are discussed.
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Figure 1. Apoptosis cascade: an overview
Critical steps in the cascade leading to apoptosis activation, (1) activation (2) outer 

mitochondrial membrane permeabilization and (3) caspase activation. The activation stages 

of intrinsic (stress-induced) and extrinsic (death ligand-induced) apoptotic pathways occur 

in extramitochondrial compartments of the cell (cytosol). Pro-apoptotic signals are then 

transferred through the activities of BH3-domain only Bcl-2 family proteins (e.g. Bid, Bad 

and Bim) to the mitochondria, where multi-BH domain Bcl-2 family proteins regulate 

the outer mitochondrial membrane permeability. Apoptosis is activated or enchanced upon 

permeabilization of the outer mitochondrial membrane and release of proteins, including 

cytchrome c, SMAC/Diablo (SMAC) from the intermembrane space to the cytosol. The 

subsequent steps of apoptosis signaling, including cytochrome c-dependent activation of 

caspase-9, and SMAC/Diablo-mediated inhibition of caspase inhibitors (IAPs) occur in the 

cytosol.
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Figure 2. UPS-dependent regulation of Bcl-2 family protein levels
The UPS regulates the ratio of pro- and anti-apoptotic proteins in Bcl-2 family. Distinct 

E3 Ub ligases (E3) are either activated or inhibited upon induction of apoptosis. This 

leads to a regulated degradation of anti-apoptotic Bcl-2 proteins (e.g. Mcl-1 or Bcl-2) 

or stabilization of pro-apoptotic Bcl-2 family proteins (e.g. Bim or Baxβ) and thereby 

activation of downstreamcell death program. Red arrows: depict activation of respective 

proteins by specific E3 Ub ligases (E3). Green “Ts” depict inhibition of respective proteins 

by specific E3 Ub Ligases (E3). *Usp9x is a deubiquitinase (DUB) that inhibits Mcl-1 

degradation. For details see text and Table1.
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Table 1

Effectors of mitochondrial steps in apoptosis and the UPS-related factors regulating them

Protein Function/Category E3 Ub ligases/ DUBs
regulating
mitochondrial actions
of these proteins

The UPS-dependent effect on mitochondrial
steps in apoptosis

References

Bim Bcl-2-family BH3-only pro-
apoptotic protein

cCbl &TRIM2/? Pro-apoptotic conditions stabilize Bim and facilitate 
OMM permeabilization.

[58, 59, 61, 
62]

tBid Bcl-2-family BH3-only pro-
apoptotic protein

Itch/? tBid is degraded in apoptotic cells; the UPS-
mediated tBid degradation has a potential role in 
fine-tuning of pro-apoptotic signal.

[54–56]

Bad Bcl-2-family BH3-only pro-
apoptotic protein

?/? c-RAF kinase-dependent phosphorylation of Bad 
induces its degradation; a mechanism limiting pro-
apoptotic activity of Bad.

[57]

Bax Bcl-2-family multi BH-
domain pro-apoptotic 
protein; execution of OMM 
permeabilization

IBRDC2/? IBRDC2 mediates removal of apoptotically active 
form of Baxα, a mechanism preventing inadvertent 
Baxα-induced OMM permeabilization. Also, Baxβ 
is kept at low levels in healthy cells via continuous 
UPS-dependent degradation. Baxβ degradation is 
inhibited upon induction of apoptosis.

[68–72]

Bak Bcl-2-family multi BH-
domain pro-apoptotic 
protein; execution of OMM 
permeabilization

E6AP/? Human papiloviruses-encoded E6 oncogenes 
highjack E6AP to induce USP-mediated Bak 
degradation leading to inhibition of apoptosis 
enabling viral proliferation.

[84, 85]

Mcl-1 Bcl-2-family anti-apoptotic 
protein

ARF-BP1/Mule and 
SCFFBW7/ Usp9x

A short half-life protein; rapidly degraded upon 
induction of apoptosis. Degradation of Mcl1 
facilitates apoptosis.

[26–30].

Bcl-2 Bcl-2-family anti-apoptotic 
protein

Parkin&Cul3Rbx1/? Accumulation and degradation of Bcl-2, mediated 
by the USP-dependent mechanism correlates 
with cell sensitivity to apoptosis. Parkin mono-
ubiqutinates Bcl-2 and thereby stabilizes this 
protein.

[37–40, 48]

BARD1 DNA repair factor in the 
nucleus; also associated 
with the OMM

BARD1 is an E3 Ub 
ligase

Mitochondia-associated subset of BARD1 
stimulates Bax oligomerization and the OMM 
permeabilization.

[79]

MOAP-1 Mitochondria associated; 
pro-apoptotic protein

?/? A short half-life protein; MOAP-1 is kept at low 
levels through the USP-dependent degradation. 
Apoptosis-induced accumulation of MOAP-1 
induces Bax-dependent OMM permeabilization.

[81]

ARTS Mitochondria associated; 
pro-apoptotic protein

?/? A short half-life protein; High levels of 
ARTS promotes apoptosis. Under normal growth 
conditions ARTS levels are kept low through the 
UPS-dependent degradation.

[43]

p97 AAA-ATPase ?/? Required for the extraction of Mcl-1 from the 
OMM prior to the proteasomal degradation in the 
cytosol.

[31]
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