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Abstract Amyotrophic lateral sclerosis (ALS) is an

idiopathic, fatal, neurodegenerative disease of the human

motor system. The pathogenesis of ALS is a topic of fas-

cinating speculation and experimentation, with theories

revolving around intracellular protein inclusions, mito-

chondrial structural issues, glutamate excitotoxicity and

free radical formation. This review explores the rationale

for the involvement of a novel protein, B-cell lymphoma/

leukaemia 11b (Bcl11b) in ALS. Bcl11b is a multifunc-

tional zinc finger protein transcription factor. It functions as

both a transactivator and genetic suppressor, acting both

directly, binding to promoter regions, and indirectly,

binding to promoter-bound transcription factors. It has

essential roles in the differentiation and growth of various

cells in the central nervous system, immune system,

integumentary system and cardiovascular system, to the

extent that Bcl11b knockout mice are incompatible with

extra-uterine life. It also has various roles in pathology

including the suppression of latent retroviruses, thymic

tumourigenesis and neurodegeneration. In particular its

functions in neurodevelopment, viral latency and T-cell

development suggest potential roles in ALS pathology.
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Introduction

Amyotrophic lateral sclerosis is a catastrophic disease for

individuals, their families, friends and carers. The current

lack of understanding of its pathogenesis engenders great

difficulties in its diagnosis and treatment. ALS is a pro-

gressive, fatal illness that encompasses destruction of all

components of the motor system along the neuraxis. While

motor-system pathology is the most salient in the clinical

presentation, co-occurrence of other neurodegenerative

diseases such as frontotemporal dementia is seen in a

number of cases (Li et al. 2012). At present, no definitive

biomarker for ALS exists with clinicians relying upon

clinical signs alone, using the El Escorial criteria to direct

diagnosis (Kiernan et al. 2011). The incidence worldwide

is around 2 per 100,000 population per year, and the

population prevalence is approximately 6 in 100,000, with

a slight male preponderance. From the onset of symptoms,

diagnosis takes an average of 16 months (Donaghy et al.

2008) and the average survival from diagnosis is 2–3 years

(Mitchell and Borasio 2007). Many theories on the aeti-

ology of ALS have been put forward and several transgenic

mouse models of ALS have established causative genetic

links, including mutations of SOD1 gene, increased

CCGGGG hexanucleotide repeats and most recently, up

regulation of human endogenous retrovirus-K (HERV-K)

(Wenxue Li et al. 2015). However, the common disease

pathways of these disparate abnormalities is unknown

(Kiernan et al. 2011; Mitchell and Borasio 2007).

Improving patient outcomes in ALS fundamentally
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depends on developing an understanding of the disease

mechanisms, which will catalyse development of early,

specific diagnostic and therapeutic measures. Apart from

supportive care, the only registered therapy is riluzole

which improves life expectancy by only 2–3 months and

has limited ability to abate functional decline (Zoccolella

et al. 2007).

Bcl11b: Structure and Function

The functions of Bcl11b and the pathogenesis of amy-

otrophic lateral sclerosis have several connections. B-cell

lymphoma/leukaemia 11b (BCL11b), also known as Coup-

TF interacting protein 2 (CTIP2) and radiation-induced

tumour suppressor gene 1 (RIT1), is a Kruppel-like C2H2

zinc finger protein transcription factor located on chro-

mosome 14 in humans. The protein was first discovered as

a tumour suppressor gene-related closely to Bcl11a (Sat-

terwhite et al. 2001). Bcl11b has two splice isoforms, alpha

and beta, (Fig. 1) comprising 823 and 894 amino acids,

respectively, in humans. Exon 4 contains the six C2H2 zinc

finger-binding domains with domains 3 and 4 binding to

the DNA. It also contains regions for protein interaction

(Fig. 2). Murine Bcl11b is located on chromosome 12 and

has 88 % identity to that of humans (Huang et al. 2012).

Bcl11b operates directly by binding to specific promoter

regions or indirectly by binding to promoter-bound tran-

scription factors Cismasiu et al. (2005). In its role as a

transcription factor Bcl11b acts as both a repressor and

transactivator of a myriad of genes. Bcl11b is an essential

developmental transcription factor in a multiplicity of

systems and has known roles in the various pathologies

outlined in this review.

Amyotrophic Lateral Sclerosis and Bcl11b

There are a number of key Bcl11b functions that are of

relevance to ALS: CNS development, because of the

neurodegenerative component to ALS; retroviral suppres-

sion, because of causative links between HERV-K and

ALS; and T-cell development, because of inflammatory

involvement in the disease. This review draws together the

Fig. 1 Schematic diagram showing the multifactorial, interrelated molecular and genetic pathways underlying neurodegeneration in ALS

adapted from Kiernan et al. 2011
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extant connections between the pathogenesis of ALS and

the functions of Bcl11b, elucidating directions for future

research.

Neuronal Degeneration

Bcl11b is expressed in the neocortex, hippocampus,

striatum and vomeronasal system of humans and mice

serving a number of functions. In the neocortex, it has

been shown to play a role in directing axonal growth and

path finding of corticospinal motor neurons (CSMNs).

CSMNs are pyramidal, first-order motor neurons that

connect to spinal motor neurons to give voluntary control

of the skeletal muscles (Chen et al. 2004). Bcl11b is

highly expressed in developing CSMNs of cortical layer

V while at the same layer is absent from cortico-cortical

neurons (Fame et al. 2012). Chen et al. found that

Bcl11b acts downstream of Fezf2 to determine whether

cortical neurons will project cortically or subcortically

(B. Chen et al. 2008). Bcl11b deficient mice perish on

day 1 post-natally, displaying severe abnormalities in

fasciculation, outgrowth and path finding of axonal pro-

jections of CSMNs. To a lesser extent heterozygote,

Bcl11b ± mice demonstrate reduced ability to correctly

regulate and prune axons (Arlotta et al. 2005). During

embryo development, the challenge for CSMNs is to

extend axons over great lengths to very specific positions

within the spinal cord. Bcl11b has been indirectly asso-

ciated with a number of communicating, transmembrane

proteins that are involved in this pathfinding including

Contactin 6, Cadherin 13 and Cadherin 22, (Abbas et al.

2014). Bcl11b is a known regulator of the Notch sig-

nalling pathway which determines the expression of the

aforementioned proteins (Betancourt et al. 2014). Bcl11b

is also expressed in the granule cells of the hippocampus

(Simon et al. 2012), medium spiny neurons of the

striatum (Desplats et al. 2008) and sensory neurons of

the olfactory bulb (Enomoto et al., 2011), playing roles

in cellular differentiation and structural organisation in

these cells. The core pathogenetic mechanism of ALS is

the apoptosis of CSMNs (Cluskey and Ramsden 2001).

As discussed previously, Bcl11b is a specific marker for

CSMNs in the motor cortex and thus in ALS pathology

Bcl11b may be elevated in CSF and serum as a conse-

quence of apoptosis of CSMNs (Arlotta et al. 2005;

Canovas et al. 2015).

Alternatively, similar to the neurodegeneration seen in

Huntington’s Disease (HD), Bcl11b deficiency, resulting in

loss of function, may be part of a causal disease pathway

(Desplats et al. 2008). Bc11b has been found to be sig-

nificantly decreased in HD-cell models, mouse models and

human samples. The toxic effects of huntingtin protein are

attenuated when Bcl11b is overexpressed (Desplats et al.

2008). Bcl11b binds to the proximal promoter region of

multiple striatally enriched genes such as Klf9, Dgke,

Fig. 2 Schematic diagram

showing the genetic structure of

the two isoforms as well as the

protein structure of the alpha

isoform (with locations of 6 zinc

finger proteins) adapted from

Huang et al. 2012
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Pde10a and Isl1. Desplats et al. suggested that the decrease

of the striatal gene expression caused by Bcl11b insuffi-

ciency may underlie Huntington’s pathology. Bcl11b has

similar functions in promoting expression of CSMN

specific proteins and directing axonal growth. A loss of

Bcl11b function may contribute to motor neuron degener-

ation in a similar fashion to the striatal neuron degeneration

seen in Huntington’s Disease.

Neuronal Regeneration

Bcl11b is an important regulator of neuronal cell growth. It

may be up-regulated as part of an attempted regenerative

process in ALS patients. ChIP-Seq transcriptome analysis

of striatal cell lines reveals that Bcl11b regulates a myriad

of brain-derived neurotrophic factor (BDNF) signalling

pathway genes (Tang et al. 2011). BDNF is a member of

the neurotrophin family which consists of nerve growth

factor (NGF), brain-derived neurotrophic factor (BDNF),

neurotrophin 3 (NT-3) and neurotrophin 4 (NT-4) (Zuccato

and Cattaneo 2009). These trophic factors are essential to

the development, differentiation and survival of CNS cells.

Accordingly, altered activities of BDNF and other neu-

rotrophins have been implicated in several neurodegener-

ative diseases, including Huntington’s, Alzheimer’s and

Parkinson’s diseases. In the ChIP-Seq analysis, the

majority of expression changes were decreases, suggesting

that Bcl11b and BDNF function antagonistically; BDNF

promotes synaptogenesis and axonal progression while

Bcl11b negatively regulates synaptogenesis and directs

axonal progression to ensure well-structured development.

The question is then whether or not reparative neurogenesis

occurs in ALS. Histopathological studies reveal that injury

is repaired by astrogliosis (Cluskey and Ramsden 2001). In

the mammalian adult brain, neurogenesis is normally

restricted to two evolutionarily primitive regions: the

olfactory bulb and the subventricular zone (SVZ) (Doetsch

et al. 1997), and the hippocampal dentate gyrus (Pan et al.

2013). Fascinatingly Chen et al. demonstrated that fol-

lowing synchronous apoptosis of CSMNs, endogenous

precursors migrated and differentiated into adult neurons.

These new CSMNs redeveloped connections to the spinal

cord from the cortical regions, forming such long-distance

projections over a[12-week period (J. Chen et al. 2004).

There has long been speculation and experimentation on

the possibility of exogenous stem cell implantation to

improve reparative neurogenesis (Mitchell and Borasio

2007) and thus if Bcl11b does play a role in the repair of

motor neurons post injury it will be important part of our

understanding of the molecular specifics of motor neuron

regeneration.

Suppression of Endogenous Retroviruses

A large fraction of the human genome is comprised latent

retroviruses integrated into the germline over several mil-

lion years of evolution with some studies suggesting that

these human endogenous retroviruses (HERVs) make up

around 7 % of the genome (Bock and Stoye 2000; Löwer

1999). While there is no conclusive evidence for the

pathogenicity of HERVs, a number of hypotheses have

been proffered (Bock and Stoye 2000; Kolson and Gon-

zalez-Scarano 2001). HERVs may pathologically up reg-

ulate the transcription of gene sequences downstream to the

HERV long-terminal repeats (LTRs), which contain the

promoter elements of the viruses. HERVs may also pro-

duce super antigens that induce magnified host inflamma-

tory responses. Alternatively exogenous viruses could

initiate immune responses against comparable host HERVs

leading to autoimmune phenomena seen in SLE or MS

(Bock and Stoye 2000).

The function of Bcl11b in suppressing HERVs is an area

for further investigation particularly given the presence of

HERVs in diseases such as MS, ALS and systemic lupus

erythematosis. HERVs are highly expressed in ALS tissue

samples (Alfahad and Nath 2013), and Bcl11b may play a

role in the suppression of such retroviruses similar to its

role as a transcriptional silencer in HIV. Desplats et al.

found that Bcl11b was significantly elevated in the CSF of

latent HIV patients and was highly correlated with levels of

HP1-alpha, MeCP2 and HDAC1, which are histone mod-

ifiers that act as HIV silencers. Immunostaining of human

HIV-patient post-mortem tissue found Bcl11b was present

in astrocytes and microglia (Desplats et al. 2013).

Bcl11b has a dual action in suppressing the activation of

latent HIV-1. Acting co-operatively with the NuRD co-

repressor complex, Bcl11b transcriptionally silences the

HIV-1 long-terminal repeat, thus preventing the synthesis

of the HIV TAT protein which is the key enhancer of viral

transcription (Marban et al. 2005). Bcl11b also limits the

reactivation of HIV-1 in the absence of TAT, indicating

that it acts on endogenous transcription factors such as

positive transcription elongation factor b (P-TEFb)
(Cherrier et al. 2013). The Bcl11b-NuRD complex induces

transcriptional silencing through histone deacetylation and

heterochromatin formation in the LTR HIV1 sequence

(Cismasiu et al. 2008). It is this heterochromatin formation

at the promoter region that suppresses retroviral activation

in HIV and is thought to be involved in latency of other

viruses (Le Douce et al. 2014).

Both HIV1 and HTLV1 can cause an ALS-like syn-

drome that, in the case of HIV1, radically improves with

antiretroviral therapy, confirming that retroviruses have the

capacity to cause motor neuron pathology (Moulignier
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et al. 2001; Verma and Berger 2006). Strikingly, even for

some ALS patients without exogenous retroviral involve-

ment there are radical increases in reverse transcriptase

activity (RT), with early studies showing RT was present in

the serum of 59 % of ALS patients versus 5 % of controls

(Andrews et al. 2000). This was corroborated by MacGo-

wan et al. who found RT involvement in the serum of 53 %

of sporadic ALS patients compared with 12.25 % in non-

related healthy controls (Alfahad and Nath 2013; MacGo-

wan et al. 2007).

Given that the vast majority of the positive patients had

not been infected with exogenous retroviruses, the pur-

ported source of the RT are HERVs. Indeed, analysis of

serum samples and post-mortem brain tissue from ALS

patients revealed significantly increased expression of

HERV-K, compared to controls (Alfahad and Nath 2013).

Importantly, HERV-K immunostaining was present in

clusters of neurons but not in other cell types in the brain

(Wanhe Li et al. 2012). Excitingly, a recent study by Li

et al. found that in vitro cultures of human neurons that

up-regulated HERV-K, either whole virus or env protein,

induced pathological changes including retraction and

beading of neurites. Further, transgenic mice highly

expressing the HERV-K env gene developed an ALS

phenotype characterized clinically by progressive motor

dysfunction and histologically by selective decreases of

motor cortex volume, diminished synaptic activity in

pyramidal neurons, dendritic spine abnormalities, nucleo-

lar dysfunction and DNA damage. Expression of HERV-K

was negatively regulated by TARDBP43, which binds to

the long-terminal repeat region of the virus (Wenxue Li

et al. 2015). TARDBP43, similar to Bcl11b, is a tran-

scription factor and suppresses HIV1 in human microglia

by binding to the LTR and blocking the assembly of

transcription complexes that function with TAT (Kato

et al. 1991; Ou et al. 1995). This works in parallel to

Bcl11b, which also acts on the LTR and induces hete-

rochromatic formation.

Both Bcl11b and TARDBP43 function as responsive

viral suppressors and have been well characterized in the

context of HIV1. Given that TARDBP43 is known to also

suppress HERV-K in ALS, there is a strong suggestion that

Bcl11b may serve a similar adaptive function in ALS by

suppressing transcription of pathogenic HERVs.

T-Cell Development and Neuroinflammation

Bcl11b may also be elevated as part of an immune or

inflammatory component to ALS. In the immune system,

Bcl11b is specifically and restrictively expressed in T cells.

It is integral for the maturation and specification of ab T

cells. Bcl11b -/- precursor T cells show developmental

arrest at the immature double-negative 2 stage (CD4-,

CD8-) (Kominami 2012; Liu et al. 2010). While neuroin-

flammation in ALS is primarily driven by microglia and

astrocytes (Lewis et al. 2012), infiltrating T-cell subpopu-

lations modulate inflammatory process throughout the

disease course (Philips and Robberecht 2011). T cells in the

CNS are seldom found in early disease, but increase in

frequency as the disease progresses (Chiu et al. 2008).

Investigations into the role of T cells in neuroinflammation

in the mSOD mouse suggest that these cells influence the

phenotypic profile of activated microglia, with CD4? T

cells promoting an M2-type neuroprotective phenotype in

microglia (Beers et al. 2008). When T cells are depleted in

SOD1-mutant mice, the disease course (but not onset) is

significantly worsened indicating that the inflammatory

process surprisingly may in fact be neuroprotective (Hen-

kel et al. 2009). Bcl11b has a role in the differentiation and

maintenance of T-cell identity, and thus it may be elevated

in the CNS and serum of ALS patients as part of the T-cell

infiltrate and neuroprotective inflammatory process.

Directions for Future Research

It has been well established that Bcl11b is a specific marker

for corticospinal projection motor neurons in layer 5 of the

cerebral cortex (Arlotta et al. 2005; Canovas et al. 2015;

Lodato et al. 2014). The recent Li et al. study found in

immunohistochemistry of post-mortem mouse brains that

there was a significant decrease of Bcl11b expressing cells

in the motor cortex of transgenic, ALS phenotype mice

when compared with healthy controls. By comparing,

NeuN (a mature neuronal biomarker) in the frontal cortex

and Satb2 (a marker of callosal projection neurons) in the

motor cortex showed no significant changes in the number

of immunopositive cells (Wenxue Li et al. 2015). This has

clearly indicated that Bcl11b expressing cells are specifi-

cally affected in ALS pathology but it is unclear as to

whether it has a functional involvement or is merely inci-

dental to the disease.

Further to this, there has been only a small genetic link

found in systematic mutation screening which revealed 1

ALS patient with a Bcl11b mutation of C.36A[T, coding

Glu32Val, in a cohort of 190ALS patients. Themutationwas

predicted to have a loss of function effect and potentially

contribute to the disease progression (Daoud et al. 2011).

Conclusion

Bcl11b is a complex multifunctional protein with important

roles in the CNS, immune, integumentary and other sys-

tems. Bcl11b deficiency in an organism causes death on

Neurotox Res (2016) 29:201–207 205

123



day 1 post-natally and in various regions it induces

pathologies of particular systems. Bcl11b has a number of

potential roles to play in ALS and is an important target for

future research.
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