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Abstract The Siah ubiquitin ligases are members of the

RING finger E3 ligases. The Siah E3s are conserved from

fly to mammals. Primarily implicated in cellular stress

responses, Siah ligases play a key role in hypoxia, through

the regulation of HIF-1a transcription stability and activity.

Concomitantly, physiological conditions associated with

varying oxygen tension often highlight the importance of

Siah, as seen in cancer and neurodegenerative disorders.

Notably, recent studies also point to the role of these

ligases in fundamental processes including DNA damage

response, cellular organization and polarity. This review

summarizes the current understanding of upstream regu-

lators and downstream effectors of Siah.
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Introduction

Ubiquitin is a small 76 amino acid polypeptide, which is

conjugated to protein substrates through a multistep process

involving the sequential action of three classes of enzymes: E1

ubiquitin-activating enzymes, E2 ubiquitin-conjugating

enzymes, and E3 substrate-specific ubiquitin ligases [1].

Ubiquitin conjugation can result in a single molecule per

substrate (mono-ubiquitination), multiple molecules conju-

gated as single ubiquitin along the substrate (multi-

ubiquitination), or multiple ubiquitin that are conjugated to

each other thereby generating a ubiquitin chain (poly-ubiq-

uitination). Notably, ubiquitin chains assume different topol-

ogies depending on the lysines utilized for conjugation of

ubiquitin molecules to each other. Conjugation through lysine

48 or 11 results in topology of ubiquitin chains that are pri-

marily recognized by the 26S proteasomes and implicated in

protein degradation. Conjugation through lysine 63 has been

implicated in signaling complexes whereby ubiquitin chains

play a role in assembly of select protein complexes. On the

other hand, mono or multi-mono-ubiquitination of substrate

has been associated with subcellular localization of the

marked substrate within the cell [2]. E2 conjugating enzymes

play a primary role in determining the type and topology of the

ubiquitin conjugation. Among the E3, ubiquitin ligases is the

class of RING finger ubiquitin ligases, which consists of over

600 members. The activity of most E3s in this family is

specified by a RING domain, which binds to an E2-ubiquitin

thioester and activates the discharge of its ubiquitin cargo.

Common to the RING finger E3 ligases is the conserved

organization of histidine and cysteine residues, which help

maintain the overall structure through binding two atoms of

zinc, resulting in a globular platform for interactions with E2s.

The Siah family of E3 ubiquitin ligases, mammalian

homologs of the Drosophila sina protein, are RING finger

ubiquitin ligases composed of a catalytic RING domain, two

zinc finger domains, and a substrate binding domain [3–5].

Mice express three members of this gene family; Siah1a,

Siah1b, and Siah2, whereas humans express Siah1 and Siah2

[6]. A number of Siah substrates have been identified

(Table 1). Some substrates interact directly with Siah,

whereas others require adaptor proteins, such as phyllopod

(PHYL) and Siah-interacting protein (SIP) [7, 8]. Knockout

of both Siah1a and Siah2 genes is embryonically lethal in

mice, indicating an essential function for the enzymes in
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Table 1 The substrates of Siah ubiquitin ligase

Substrate

category

Siah-

interacting

protein

Siah1 or Siah2 Degradation Known role Reference

Transcriptional

regulation

ELL2 Siah1 Yes An elongation factor that modulates gene expression [10]

CBP/p300,

Tip60,

PCAF

CBP/p300 (Siah1,

Siah2), Tip60, PCAF

(Siah2)

Yes Histone acetylase [11]

PPARc Siah2 Yes A lipid-activated member of the nuclear hormone

receptor superfamily

[12]

HDAC3 Siah2 Yes Histone deacetylation and transcriptional repression [13]

HPH2 Siah1 Yes Subunit of PcG complex maintains transcriptional

repression

[14]

HIPK2 Siah1, Siah2 Yes Degradation of HIPK2 increases the expression of

hypoxia-induced genes

[15]

Facilitates cell recovery from DNA damage [16]

Signaling

ACK1 Siah1, Siah2 Yes A nonreceptor tyrosine kinase involved in cellular

transformation

[17]

TRB3 Siah1 Yes A scaffold-like regulator of various signal transducers [18]

PLCepsilon Siah1, Siah2 Yes Degradation of PLCepsilon regulates EGF-dependent

cell growth

[19]

Spry2 Siah2 Yes Negative regulator of the Ras-ERK signaling [20]

Cell migration

Pard3A Siah1, Siah2 Yes Siah effect on Pard3A controls the exit of neuronal

progenitors or immature neurons from a germinal

zone niche

[21]

p27 Siah1 Yes Glucose starvation induces degradation of cytoplasmic

p27, and this decreases cell motility

[22]

Others

TIN2 Siah2 Yes A subunit of shelteri, which coats telomeres and is

required for protection and replication of

chromosome ends

[23]

C/EBPd Siah2 Yes A tumor suppressor downregulated during breast cancer

progression

[24]

HBx Siah1 Yes HBV protein involved in HBV replication and

hepatocarcinogenesis

[25]

EEF1D Siah1 No EEF1D interacts with Siah1 and inhibits the auto-

ubiquitination and degradation of Siah1

[26]

USP13 Siah2 No USP13 stabilizes Siah2 by inhibiting the Siah2

autodegradation

[27]

ICP0 Siah1 Yes Herpes simplex virus (HSV) immediate-early protein, a

transcriptional activator with E3 ubiquitin ligase

activity

[28]

ARTS,

XIAP

Siah1 Yes ARTS functions as an adaptor for Siah1-induced

ubiquitination and degradation of XIAP

[29]

MYPT1 Siah2 Yes A component of myosin phosphatase, which regulates

the extent of myosin light chain phosphorylation

[30]

EB3 Siah1 Yes A microtubule plus-end tracking protein [31]

AKAP121 Siah2 Yes Siah2 effect on AKAP121 regulates the mitochondria

fission under hypoxia

[32]

AKAP121 Siah2 Yes Siah2 regulates AKAP121-signalling complex at

mitochondria

[33]

repp86 Siah2 Yes A nuclear protein important for cell cycle progression [34]
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early development [9]. Under normal physiological condi-

tions, Siah2-/- mice exhibit mild phenotypes, such as a

small increase in the number of hematopoietic progenitor

cells [9], but marked phenotypes are observed when the mice

are subjected to stress, suggesting a central role for these

enzymes in maintaining normal cellular homeostasis and in

the response to stress (Fig. 1). The importance of Siah2 in

fundamental cellular processes such as hypoxia, mitochon-

drial dynamics and the implication of such regulation for

diverse pathological conditions, including cancer, point to

the importance of understanding how this ubiquitin ligase is

being regulated as well as the conditions required for its

association with- and ubiquitination of- downstream

substrates.

Upstream: Transcriptional and Post-Translational

Regulation of Siah Ligases

The levels and activity of Siah1 and Siah2 are increased in

response to various forms of cellular stress, including

oxygen deprivation (hypoxia) [35], glucose deprivation

[33], glucose elevation [36], DNA damage, and apoptosis

[16, 37], supporting their possible roles in normal

homeostasis and the stress response. Siah2 expression is

also elevated in several types of cancers including mela-

noma [38], prostate [39], breast [40], lung [41], pancreas

[42], and liver cancers [43, 44], suggesting that Siah2 may

contribute to tumor development and progression.

Despite these clear indications that the expression of Siah

proteins can be modulated, little is known of their regulation

at the transcriptional level. In breast cancer, Siah2 expression

is found to be amplified at the genomic level [40] and is

transcriptionally regulated by estrogen [45]. Characteriza-

tion of the human Siah1 promoter has shown that the tran-

scription factor Sp1 regulates the basal promoter activity

[46]. Siah1b is a direct transcriptional target of p53 and

undergoes p53-induced upregulation during apoptosis [37].

Interestingly, such regulation has not been reported for

Siah2, suggesting Siah ligases may have distinct functions in

stress and DNA damage responses. Additional pathways

implicated in the induction of Siah ligases include the tran-

scription factor E2F1 and WNT5a, which induce Siah1 and

Siah2 expression, respectively [47–49].

The abundance and activity of Siah1 and Siah2 is also reg-

ulated through post-translational modification. Like other

RING finger ubiquitin ligases, Siah ligases self-ubiquitinate

under normal physiological conditions to limit their availability

and activity. The degree of Siah2 autoubiquitination is deter-

mined by the post-translational modification of Siah2, as well

as by select deubiquitinating (DUB) enzymes. The DUB

USP13 regulates Siah2 availability and activity as interaction of

Siah2 with USP13 results in a more stable, albeit less active,

ubiquitin ligase [27]. Notably, hypoxia reduces the expression

of USP13, thus contributing to the hypoxia-induced increase in

Siah2 activity [27]. The effect of USP13 on Siah2 highlights the

fact that the activity of Siah2, and possibly other E3 ubiquitin

ligases, is not directly proportional to its protein level. Siah2

level is elevated under stress conditions also due to its phos-

phorylation by stress activated protein kinases. For example,

Siah1 protein levels are stabilized by JNK-dependent phos-

phorylation of tyrosines 100 and 126 [50] whereas ATM/ATR-

dependent phosphorylation of Siah1 at serine 19 prevents its

degradation during the DNA damage response [16].

During hypoxia, several enzymes regulate the subcellular

localization and the activity of Siah2 through phosphoryla-

tion. p38 MAPK phosphorylates serine 29, and threonines 24

and 29 of Siah2, which increases its activity towards selected

substrates, including prolyl hydroxylase 3 (PHD3) [51].

Fig. 1 Outline of Siah regulation and function. Factors involved in

the regulation of Siah ligases are associated with stress response,

including hypoxia, ER stress and genotoxic stress, which induce

respective transcription factors, microRNA to induce Siah2 transcrip-

tion, as well as post-translational modifications that determine Siah

subcellular localization and activity. Consequently, Siah activities as

an E3 ubiquitin ligase affects growing number of substrates associated

with fundamental cellular processes including hypoxia, DNA damage

response, neurodegeneration and cancer

Cell Biochem Biophys (2013) 67:15–24 17
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Similarly, hypoxia induces phosphorylation of serines 16, 28,

and 69 and threonines 26 and 119 of Siah2 by DYRK2 (dual

specificity tyrosine-phosphorylation-regulated kinase 2),

which results in increased Siah2-dependent ubiquitination and

degradation of PHD3 [52]. Under normoxic conditions,

homeodomain-interacting protein kinase 2 (HIPK2) phos-

phorylates Siah2 at positions 26, 28, and 68, destabilizing

Siah2 and weakening its interactions with substrates. In con-

trast, HIPK2 phosphorylation of Siah2 is reduced during

hypoxia, which results in increased Siah2 activity and sub-

sequent degradation of HIPK2 [15]. In human breast cancer

cell lines, the protein kinase Src has been shown to activate

Siah2 by phosphorylation of tyrosines 86, 140, and 263 [24].

Additional regulators of Siah protein include vitamin

K3, which was identified in a small molecule screen to

affect Siah2 levels and activity [53], largely through a

redox-independent mechanism. Lastly, hypoxia induction

of p75 neurotrophin receptor was associated with stabil-

ization of Siah2, by decreasing its self-ubiquitination [54].

Siah expression is also regulated at the mRNA level by

small noncoding microRNAs. MiR-146b targets Siah2

mRNA for destruction in response to TGFb signaling.

Expression of a miR-146b inhibitor prior to TGFb treat-

ment prevented the reduction in Siah2 [55]. Infection of

HEK-293 cells by the Epstein-Barr virus induces the

expression of miR-424, which reduces Siah1 expression

and attenuates the level of Siah1-induced apoptosis [56].

Regulation of Siah1a by miR-135a has been implicated in

preimplantation embryo development [57].

Downstream: Emerging Roles for Siah Ligases

in Neuronal Function and in the Hypoxia and DNA

Damage Responses

Over the past decade, a number of proteins have been

identified that interact with Siah. Identification of these

binding partners has shed light not only on the individual

pathways associated with Siah1 and Siah2 but also on their

diverse physiological and pathophysiological functions.

Siah Functions in Neurons

Parkinson’s disease (PD) is a neurodegenerative disorder

characterized by the progressive destruction of dopami-

nergic neurons. A hallmark of PD is the accumulation of

cytoplasmic inclusion bodies called Lewy bodies. The

mechanisms by which Lewy bodies form and their con-

tribution to the pathology of PD remain unclear. However,

Siah has been detected in Lewy bodies in the brains of PD

patients, and Siah is known to ubiquitinate synphilin-1 and

a-synuclein, which are two major components of Lewy

bodies.

Siah1 has been reported to mono-ubiquitinate a-synuc-

lein, consistent with previous observations that a-synuclein

is ubiquitinated [58, 59]. The lysine residues modified by

Siah1 show partial overlap with the ubiquitinated residues

identified in a-synuclein purified from Lewy bodies, sug-

gesting a possible pathological role for Siah1 in PD [60,

61]. Consistent with this, synphilin-1 undergoes Siah-

dependent ubiquitination and proteasomal degradation. The

interaction between synphilin-1 and a-synuclein is thought

to facilitate the formation of Lewy bodies [62]. Thus, Siah

may limit the availability of synphilin-1 for binding to

a-synuclein and formation of inclusion bodies [59, 63]. An

aggregation-prone isoform of synphilin-1, termed synphi-

lin-1A, was recently shown to interact with Siah, but was

not as effectively destabilized as synphilin-1. Synphilin-1A

may thus sequester and limit the activity of Siah, consistent

with reduction in Siah self-ubiquitination, synphilin-1A

degradation, and a-synuclein mono-ubiquitination. The

role of Siah in Lewy body formation may thus be dictated

by the relative expression of synphilin-1 and synphilin-1A

in the neurons [64, 65].

Recently, Siah has been implicated in the control of cell

adhesion during neuronal cell exit from the germinal zone

and migration in the developing brain [21]. The PAR

complex is involved in the formation and regulation of cell

polarity and is composed of PARD3A (partitioning

defective-3), PARD6 (partitioning defective-6), and PKCf.

Siah interacts with and regulates the stability of PARD3A.

Consistent with this, expression of PARD3A protein is low

in the external granular layer of the cerebellum, where Siah

expression is high. Siah-dependent PARD3A destabiliza-

tion limits the interaction between PARD3A and junctional

adhesion molecule C and reduces cell adhesion, which

prevents germinal zone exit by the neurons. As expected,

depletion of Siah activity or increased expression of

PARD3A accelerates neuronal exit into the external gran-

ular layer. Thus, it will be interesting to determine if Siah

plays a role in regulating cell–cell adhesion and cell

polarity in other tissues, both in physiological and patho-

logical conditions.

Hypoxia-Associated Functions of Siah

Hypoxic conditions trigger major adaptive changes in cell

physiology. Expression of hypoxia-responsive genes is

regulated in large part by the transcription factor hypoxia-

inducible factor (HIF). HIF is regulated in response to

reduced oxygen tension by two hydroxylation-dependent

mechanisms: proteasomal degradation and transcriptional

inactivation. The three oxygen sensing proline hydroxy-

lases (PHD1–3) hydroxylate the a subunit of HIF, which

results in its ubiquitination by von Hippel Lindau E3 ligase

18 Cell Biochem Biophys (2013) 67:15–24
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and subsequent proteasomal degradation. In addition, HIF-

1a transcriptional activity is also inhibited by hydroxyl-

ation on asparagine residues by factor inhibiting HIF (FIH),

which blocks the interaction between HIF-1a and p300/

CBP, a transcriptional activator.

Notably, the stability of PHD1/3 and FIH is regulated by

Siah-dependent ubiquitination. Thus, increased expression

of Siah leads to stabilization of HIF-1a and increased

expression of hypoxia-responsive genes. These findings

implicate Siah as a critical regulator of HIF-1a activity and

the cellular response to hypoxia [35, 66]. As mentioned

previously, HIPK2 is not only a substrate of Siah2 but also

phosphorylates and negatively regulates Siah2 activity

under normoxic conditions [15]. Under oxygen deprivation

conditions, however, HIPK2 phosphorylation of Siah2 is

reduced, which increases Siah2 activity and results in the

increased transcription of hypoxia-responsive genes [18,

67]. Thus, the hypoxia-dependent ubiquitination and

phosphorylation of Siah and HIPK2 constitutes a novel

layer of regulation in the expression of hypoxia-responsive

genes.

Because mitochondria are the main site of oxygen

consumption in mammalian cells, fluctuations in oxygen

levels affect many aspects of mitochondrial biology.

Recent findings have suggested a novel role for Siah in

regulating mitochondrial function during hypoxia [33].

AKAP1 (A kinase anchoring protein 1; also known as

AKAP121 in the mouse and AKAP149 in humans) is a

Siah substrate located at the outer mitochondrial mem-

brane. AKAP121 is ubiquitinated and degraded in a Siah2-

dependent manner in cells cultured under conditions of

oxygen or glucose deprivation, and in vivo in cerebral and

cardiac ischemia models [32, 33]. Interestingly, abrogation

of AKAP121 expression impairs not only mitochondrial

activity but also mitochondrial morphology [32, 33, 68]. In

normoxia, AKAP121 recruits the cAMP-regulated protein

kinase A (PKA) to the mitochondrial membrane where

PKA phosphorylates Drp1 and inhibits the association of

Drp1 with Fis1, which is required for mitochondrial fission.

Upon oxygen deprivation, Siah-dependent degradation of

AKAP121 abrogates the inhibitory functions of AKAP121,

which allows association of active (dephosphorylated)

Drp1 at the mitochondria and ultimately leads to mito-

chondria fission [32]. The significance of Siah2 regulation

of mitochondrial fission is demonstrated in myocardial

infarction, where impaired expression of Siah or inhibition

of mitochondrial fission by Drp1 inhibitor, mdivi-1, were

shown to protect heart muscle from necrosis [32, 69]. A

full understanding of this novel function of Siah in the

regulation of mitochondrial activity and dynamics is still

emerging, and it will be interesting to determine how Siah

activity at the mitochondria is itself regulated by changing

oxygen conditions.

The role of Siah in the DNA Damage Response

and Cellular Senescence

As noted above HIPK2 and ATM/ATR both regulate the

activity of Siah in a phosphorylation-dependent manner.

HIPK2 is a DNA-damage-activated kinase and plays an

important role in DNA-damage-induced apoptosis by

phosphorylating Ser46 of p53 and phosphorylation or

degradation of CtBP, a corepressor to growth inhibitory

and apoptotic gene expression [70–72]. HIPK2 is stabilized

following DNA damage signals. Upon sublethal DNA

damage, Siah1-dependent HIPK2 degradation occurs dur-

ing recovering phase. However, under lethal DNA damage,

activated ATM/ATR phosphorylates Ser19 of Siah1 that

abrogates its interaction with and degradation of HIPK2.

Ultimately, accumulated HIPK2 increases p53 phosphory-

lation at Ser46 and decreases expression of CtBP [16].

These observations suggest that both hypoxia and DNA

damage signaling regulate HIPK2, through diverse mech-

anisms involving Siah ubiquitin ligases [16, 67].

Mammalian telomeres, composed of unique DNA

components, recruit a specific protein complex termed

shelterin complex to protect DNA ends from unwanted

DNA damage responses [73]. Two components of shelterin

complex, TRF2 and TIN2, were reported as Siah-interact-

ing proteins [23, 74]. Cellular senescence is associated with

reduced expression of TRF2 and increased expression of

Siah1. Notably, depletion of Siah1 expression increases

replicative lifespan of cells, which is consistent with pre-

vious observations seen with overexpression of TRF2 [74,

75]. Given the intrinsic function of TRF2 in inhibition of

DNA damage response including ATM activation, p53-

Siah1-TRF2 pathway offers an integral feed-forward loop

in telomere-initiated DNA damage response. How the

ATM/ATR-mediated modification of Siah-1 affects TRF2

regulation remains to be determined [16, 74].

In an independent study, TIN2, a component of shelterin

complex, is also found as a Siah-interacting protein and a

substrate for the ubiquitin proteasome-dependent degrada-

tion [23]. Depletion of Siah2 significantly increases TIN2

expression as well as slightly increasing TRF1 and TRF2.

Interestingly, overexpression of Siah2 leads to the loss of

TIN2 expression and inhibition of TPP1 (a known inter-

acting component of shelterin complex) localization to

shelterin complex in telomere [76]. Thus, regulation of

TIN2 availability by Siah may be integral for remodeling

of shelterin complex under conditions requiring dynamic

telomere function.

Cell Biochem Biophys (2013) 67:15–24 19
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Downstream: Siah Ligases in Cancer

Accumulating functional evidence support a tumor-pro-

moting role of Siah2 in multiple cancers, including breast

[77], lung [41], pancreatic [42], prostate [39], liver [44] and

melanoma [38]. In support of its functional roles, Siah2

protein levels are upregulated in high-grade breast cancer

[40], lung cancer [41], and prostate cancer [39], compared

with its expression in the corresponding low-grade cancers

or in normal tissues.

Inhibition of Siah2 in cancer cell lines (pancreatic, lung,

liver, breast, and melanoma) attenuates tumor cell prolifer-

ation in vitro and/or tumor formation or metastasis in mouse

xenograft models [38, 41, 42, 44, 78]. Importantly, inhibition

of Siah2 in fibroblasts and in the non-transformed mammary

epithelial MCF10A cells confers resistance to the trans-

forming activity of Ras and Src oncogenes, respectively

[24, 42].

Genetic evidence for the role of Siah2 in tumor devel-

opment comes from mouse models in which Siah2-/- mice

were crossed with the TRAMP or MMTV mouse models of

prostate and breast cancers, respectively. Siah2 deficiency

abolished the formation of malignant prostate tumors [39],

and delayed the initiation and progression of mammary

tumors [77], thereby establishing a clear tumor-promoting

role for Siah2. Moreover, Siah2 deficiency in the MMTV

breast cancer model increased perfusion and pericyte-

associated vasculature, similar to that occurring with anti-

angiogenic therapy, resulting in an increased response to

chemotherapy and prolonged survival [77]. Inhibition of

Siah2 expression also directly sensitizes human hepato-

cellular carcinoma (HCC) cells to treatment with cytostatic

drugs [44]. Collectively, these observations provide a

rationale for the development of Siah2-targeted therapeutic

agents for cancer therapy.

As HIF proteins have been implicated in cancer, an

important focus of recent studies has been the link between

Siah and HIF in tumor development and progression. As

described above, increased expression of Siah2 in hypoxia

increases HIF activity and expression of hypoxia-respon-

sive genes. As expected, inhibition of Siah2 in melanoma

[38], breast cancer [78], and HCC [44] cells reduces HIF

levels under hypoxic conditions. Consistent with this, HIF-

1a levels are also reduced in tissues of Siah2-/- TRAMP

or MMTV mice [39, 78], which phenocopies the HIF-1a-/

? mouse mammary tumor model [79]. Moreover, re-

expression of HIF-1a or specific HIF-1a target genes par-

tially restored tumorigenesis and metastasis in mouse

melanoma cells or TRAMP prostate tumor cells expressing

a Siah-inhibitory peptide [38, 39]. These studies estab-

lished a causal role for Siah2 in tumorigenesis and

metastasis through its regulation of HIF-1a and the hypoxia

response.

Siah2 enhances the MAPK-ERK signaling pathway, pri-

marily through direct ubiquitination-dependent modulation

of Sprouty2, a Ras inhibitory protein that negatively regu-

lates MAPK-ERK signaling. Accordingly, inhibition of

Siah2 reduces phospho-ERK levels in cultured melanoma

and pancreatic, lung, and liver cancer cell lines and inhibits

growth of tumor xenografts [38, 41, 42]. Moreover, attenu-

ation of Sprouty2 expression effectively restores phospho-

ERK levels in Siah2-inhibited melanoma cells and partially

rescues tumor formation in vivo [38]. Consistent with the

important role of Siah2 in HIF and ERK signaling, vitamin

D3, a Siah2 inhibitor, reduces HIF and phospho-ERK levels

in a human melanoma cell line and inhibits tumor formation

in the mouse xenograft model [53].

Siah2 was recently shown to facilitate the ubiquitina-

tion-dependent degradation of the transcription factor

CCAAT/enhancer-binding protein delta (C/EBPd), a tumor

suppressor that is downregulated during breast cancer

progression. This function is promoted by Src phosphory-

lation of Siah2, which increases C/EBPd binding, ubiqui-

tination, and degradation. Src/Siah2-induced degradation

of C/EBPd is required for cyclin D1 expression in breast

tumor cell lines, and has been associated with enhanced

cell motility and invasion. Moreover, ectopic expression of

degradation-resistant C/EBPd mutants blocks the full

transformation of MCF-10A cells by activated Src in vitro

[24]. Thus, Siah2 activity reduces the expression of

C/EBPd, a tumor suppressor implicated in the progression

of breast cancer.

In contrast to Siah2, the role of Siah1 in cancer devel-

opment and/or progression is poorly understood. Siah1

expression is frequently reduced in HCCs [43, 80]. Inac-

tivating mutations of Siah1 have been reported in malig-

nant gastric cancers [81]. These findings point to a putative

tumor suppressor role for Siah1, which is distinct from the

oncogenic, tumor-promoting functions implied for Siah2.

Paradoxically, inhibition of Siah1 expression reduces pro-

liferation and migration of Hep3B or HuH-7 HCC-derived

cells [43]. Interestingly, Siah1 is primarily located in the

cytoplasm of normal hepatocytes but is mainly in the

nucleus of HCC cells. Siah1 has been shown to direct the

ubiquitination-dependent proteasomal degradation of the

hepatitis B viral X protein (HBx), a multifunctional trans-

activator that has been implicated in hepatitis B virus

replication and hepatocarcinogenesis. Thus, Siah1 may

play a role in suppressing the progression of HCC [25]. The

possibility that the function of Siah1 in promoting or

suppressing HCC may be dictated by its subcellular

localization deserves careful examination.

The expression of Siah1 is downregulated in human

breast cancer tissues, consistent with the likely opposing

functions of Siah1 and Siah2 in cancer [82]. In addition,

inhibition of Siah1 expression increases phospho-ERK

20 Cell Biochem Biophys (2013) 67:15–24
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levels in breast cancer cells and enhances their invasive

activity [83], suggesting that Siah1 acts in a Sprouty2-

independent manner. Inhibition of Siah1 also reduces

apoptosis and promotes survival of irradiated breast cancer

cells [84], suggesting that Siah1 may contribute to the

resistance of breast cancer to radiotherapy.

Overexpression of Siah1 induces ubiquitination-depen-

dent degradation of several key oncogenic proteins asso-

ciated with leukemia pathogenesis, including AML1-ETO,

PML-RARa [85, 86], AF4, AF4-MLL [87], and the con-

stitutively active mutant FLT3 (FLT3-ITD) [88]. It remains

to be determined whether Siah1 regulates the expression of

the endogenous oncogenic proteins in the same manner and

whether Siah1 acts as a suppressor of leukemogenesis

in vivo.

Epilogue

More than 30 substrates of the Siah ubiquitin ligases have been

identified to date. Siah2 is clearly a key player in a number of

fundamental cellular processes, including mitochondrial

dynamics, the hypoxia response, and the DNA damage

response (Fig. 1). Notably, these processes are often deregu-

lated in pathological conditions, including neurodegenerative

disorders and cancer. Although our understanding of the

importance of Siah ligases in normal and pathological con-

ditions is increasing, we do not yet have a full understanding of

how these ligases are normally regulated, or how such regu-

lation changes in individual pathological conditions. The

possible tumor suppressor role of Siah1 and oncogenic

activity of Siah2 are of particular interest. Lastly, the wealth of

evidence supporting the importance of Siah enzymes in key

biological processes suggests that therapeutics designed to

control their ligase activity, individually and combined, will

be beneficial for numerous diseases, including cancer. For

example, once could envision inhibitors of Siah2 would be

beneficial in cancer, as they would reduce the level of HIF1a,

and attenuate tumorigenesis and metastasis that are HIF-1a-

dependent, as demonstrated in previous reports [38, 39, 53,

78]. Targeting a non-catalytic substrate has been deemed

among the more difficult tasks, although more advanced

structure-based design holds promise [89].
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