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Abstract: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder 

marked by chorea, dystonia, incoordination, and cognitive and motor disturbance. The major 

cause of HD is the cytotoxicity of the mutant huntingtin protein (mHTT), encoded by the 

mutant HTT gene. The mechanism by which mHTT leads to cytotoxicity and neuronal death is 

unclear, and thus enhancing clearance of the mHTT protein is likely to be an effective approach 

to treat HD. We have recently identified NUB1 (negative regulator of ubiquitin-like proteins 1) 

as a modifier of mHTT levels via enhancement of its proteasomal degradation. In this review, 

we will discuss the mechanism of NUB1-mediated mHTT clearance and potential targeting 

strategies.
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Huntington’s disease
Huntington’s disease (HD) is an inherited autosomal dominant neurodegenerative 

disorder caused by an expanded CAG repeat in the huntingtin gene (HTT ) exon 1 

which encodes the mutant huntingtin protein (mHTT) with an expanded polyglutamine 

(polyQ) stretch.1 Despite the loss of normal functions and neuroprotective effects of 

wild type HTT,2–5 HD is caused mainly by the toxic gain of function of misfolded 

mHTT.1,6 The mHTT with the expanded polyQ stretch tends to form insoluble aggre-

gates in neurons,7 a common feature shared by most neurodegenerative disorders. 

Meanwhile, the soluble, intermediate species of mHTT may be the major toxic spe-

cies.8,9 Cytotoxicity of mHTT leads to loss of GABAergic medium spiny projection 

neurons in the stratum and atrophy of the cerebral cortex.1,6 The exact mechanism of 

mHTT toxicity is unclear, and possibly involves dysregulation of gene transcription;10,11 

defects in mitochondrial function and cell metabolism;12 elevation of oxidative stress;13 

abnormality in calcium signaling;14 alteration of autophagy;15 defects in cellular traf-

ficking;11,16,17 etc. Symptoms of HD include: chorea; dystonia; incoordination; cognitive 

and motor dysfunction; and premature death.6

Compared to Alzheimer’s disease and Parkinson’s disease, of which most patients 

are sporadic, HD is a monogenic disorder of which the genetic cause is clear, and thus 

early diagnosis and establishment of genetic models is relatively easier. As a result, 

HD is often considered as an important disease model for neurodegenerative disorders. 

Meanwhile, the conventional targeted-drug-discovery approach does not apply to HD, 

because the specific mechanism as to how mHTT leads to the disease is unclear, making 

a direct screening for mHTT “inhibitors” impractical. Thus, we and others consider 

lowering mHTT level as a promising approach for drug discovery.18 Lowering mHTT 
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should suppress all its downstream toxicity effects, and this 

has been well validated in a number of different cellular and 

animal models.19–22 As a result, identification of pathways 

that can lower mHTT levels is of great therapeutic as well 

as biological interest.

To achieve this goal, we have recently performed 

genome-wide screenings for modifiers of mHTT protein 

levels, and have identified NUB1 as a suppressor of mHTT 

levels and toxicity via lowering of mHTT protein in the in 

vivo Drosophila HD models and HD cellular models.20 Here 

we will discuss the likely mechanism of NUB1-mediated 

clearance of mHTT and potential therapeutic strategies.

NUB1 protein and its potential 
linkage with diseases
NUB1, known as negative regulator of ubiquitin-like (UbL) 

proteins 1, was originally identified as an interactor and 

regulator of a UbL protein, neural precursor cell expressed, 

developmentally downregulated 8 (NEDD8).23 NUB1 is a 

601-residue-long protein with a calculated 69.1 kDa molecu-

lar mass.23 NUB1 and negative regulator of UbL proteins 1 

long (NUB1L), a splicing variant of NUB1,24 belong to the 

UbL–ubiquitin-associated (UBA) family of ubiquitin-binding 

proteins which play a role in proteasomal degradation.25

NUB1 mRNA expresses ubiquitously in various tissues 

apart from pancreas, whereas NUB1L mRNA is expressed 

much less in prostate, leukocyte, liver, and skeletal muscles.24 

Notably, although 3.5 kb of NUB1 mRNA was weakly detected 

in the brain, 69 kDa of NUB1 protein was predominantly 

expressed in human brain compared with other tissues.26

NUB1 has been reported to be involved in various 

diseases.26–28 NUB1 was found to bring synphilin-1 to pro-

teasomal degradation and decrease the formation of synphi-

lin-1 positive inclusions in diseases with neurodegenerative 

α-synucleinopathies.26 NUB1 also induces proteasomal deg-

radation of glycogen synthase kinase 3β, a critical modulator 

in the pathological hyperphosphorylation of tau, suppressing 

both tau phosphorylation and aggregation.27 Meanwhile, 

NUB1/NUB1L causes S-phase transition and apoptosis in 

renal carcinoma cells by preventing the ubiquitination of 

cyclin E and P27 via downregulation of NEDD8 conjugation 

system, suggesting a possible anticancer effect.28

NUB1 in HD
In the previous proteomics study published in 2007, NUB1 

was identified as an interactor of the N-terminal fragments 

of mHTT protein,29 but the biological significance of this 

interaction is unclear. Six years later, we identified NUB1 

as a modulator of mHTT levels and toxicity via unbiased 

genome-wide screenings.20 This for the first time reveals the 

potential function of this HTT interactor in HD.

NUB1 downregulates exogenously expressed or endog-

enous mHTT proteins, while silencing NUB1 leads to mHTT 

increase in Q68, STHdh cellular models, and human embry-

onic stem cell-/induced pluripotent stem cell (ESC/iPSC)-

derived neurons.20 Meanwhile, NUB1  suppresses mHTT 

neurotoxicity in in vivo Drosophila models, mammalian-cell 

models, and iPSC-derived neurons.20 NUB1 leads to sig-

nificant proteasomal degradation of mHTT and HTT lysine 

modification is probably involved.20

The above evidence makes NUB1 an appealing drug 

target for HD, while further validation of phenotypic rescue 

in the in vivo mammalian HD models is needed. This could 

be potentially tested by injection of NUB1 overexpressing 

adeno-associated virus, or crossing the HD models with 

transgenic models overexpressing NUB1.

Mechanism of NUB1-mediated 
mHTT clearance
The mechanism of NUB1-mediated mHTT clearance is still 

not completely clear, yet this information is highly desired 

because it may provide more targets for potential drug discov-

ery. Our previous study has revealed the major components of 

the likely pathway, and the mechanism could be further probed 

from two different angles: revealing domains of NUB1 that 

are required for the NUB1-mediated clearance, and revealing 

the other proteins that participate in the pathway.20

NUB1 domains and possible involvement
NUB1 has one UbL domain in N-terminus (Ile85 to Val147) 

between two coiled coil regions, two UBA domains (UBA1: 

Asp376 to Asn413; UBA3: Ser477 to His514), a Cys box-

like sequence (Lys306 to Glu320), a His box-like sequence 

(Tyr343 to Tyr362), a bipartite nuclear localization sequence 

(Arg414 to Arg431), and a PEST sequence (His514 to 

His568) in C-terminus.23,30,31 NUB1L has an extra UBA 

domain (UBA2: 432–469 aa) (Figure 1).24

NUB1/NUB1L are very unique members of UBA–UbL 

family.25 The UbL domain normally binds to the ubiquitin-

interacting motif of the subunit 5a (S5a) of 19s proteasome 

regulatory particle,25 while in the case of NUB1/NUB1L, 

it is the C-terminus region between 536 and 584 aa that 

has the ability to interact with S5a.32 On the other hand, the 

UBA domain usually binds to ubiquitin.25 As for NUB1/

NUB1L, despite interacting with α-peptide bond-linked 

polyubiquitins via UBA1 in yeast cells,31 they bind to a UbL 
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protein, NEDD8, via C-terminus region between 536 and 584 

aa, and NUB1L has an additional binding site between 427 

and 474 aa covering UBA2.24

NEDD8 is a highly conserved 81 amino acid protein that 

shares 60% identity and 80% homology with ubiquitin.24 

It is conjugated to its most known substrate cullin family 

and forms a SCF(Skp-1,cullin,F-box) or CRL(cullin RING 

ubiquitin ligase) complex as a large subfamily of ubiquitin 

E3 ligases, controlling the final step of ubiquitination of 

many substrates, including cyclin E, P27, P21, and P73, and 

playing an important role in cell cycle progression, apoptosis, 

tumorigenesis, etc.33,34

NUB1/NUB1L were reported to reduce NEDD8 monomer 

and conjugated proteins through proteasomal pathway, in which 

the NEDD8 binding site,24,30 as well as its UbL domain,32 are 

indispensable. NEDD8 conjugates can bind more effectively 

with S5a when NUB1 is coexpressed, indicating that interaction 

of NUB1 with 19s proteasome regulatory particle may play a 

part in promoting degradation of NEDD8 conjugates.30

NUB1L is also a noncovalent downregulator of another 

UbL protein, FAT10.35 Notably, the binding site (its three 

UBA domains) are not required for accelerating degradation 

of FAT10.36 Instead, NUB1L might bind to the 26s protea-

some via UbL domain and induce conformational changes 

in the 19s regulator to favor binding and/or degradation of 

FAT10 and conjugated proteins.36

Revealing the domains required for NUB1-mediated 

mHTT clearance will provide clues for the detailed 

mechanism. For example, if the C-terminal region is needed, 

the binding with NEDD8 or S5a is probably involved. If 

the UbL domain is required, the modulation of NEDD8 or 

neddylated proteins is involved in the mechanism. In addi-

tion, given that NUB1 is an HTT interactor, the interaction 

between NUB1 and HTT is likely involved in the NUB1 

mediated HTT clearance. The NUB1 region that interacts 

with HTT has been mapped to approximately 442–563 aa 

by the yeast two-hybrid screens,29 covering the UBA3 and 

most PEST domains of NUB1. It will be interesting to test 

whether these domains are required for NUB1-mediated HTT 

clearance, and this may determine whether the interaction 

between NUB1 and HTT is required.

NUB1–NeDD8–CUL3 pathway
We have previously shown that the presence of NEDD8 is indis-

pensable for NUB1-mediated mHTT clearance, as is CUL3, 

a NEDD8 substrate.20 Thus, a possible model is that NUB1 

functions as a bridging protein between HTT and neddylated 

CUL3-based E3 ligases via physical interaction with HTT and 

NEDD8, promoting the ubiquitin–proteasomal degradation of 

both mHTT and wtHTT in presence of mHTT.20 To further prove 

this, in vitro validations that CUL3 is able to ubiquitinate HTT 

and that NUB1 may enhance the ubiquitination are required.

CUL3 belongs to the cullin family which act as scaf-

folds for the assembly of multi-subunit ubiquitin E3 ligases; 

interacting with a RING domain protein ROC1(regulator of 

cullins 1)/Rbx1(RING-box protein 1) that recruits charged 

ubiquitin E2s into the complex when activated by neddylation 

of NEDD8 Gly-76 on its lysine residue;37 and catalyzes the 
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Figure 1 Domain information of NUB1/NUB1L.
Notes: Numbers indicate the serial number of amino acids. Top: NUB1. Bottom: NUB1L. NUB1 has one UbL domain (ile85 to val147), two CC (36–67 aa, 155–203 aa), 
two UBA domains (Asp376 to Asn413, Ser477 to His514), one Cys box-like sequence (Lys306 to Glu320), one His box-like sequence (Tyr343 to Tyr362), a bipartite NLS 
(Arg414 to Arg431), and a PeST sequence (His514 to His568). NUB1L has a 14-amino-acid insertion between 451 and 452 residues in the protein sequence of NUB1, thus 
having an extra UBA domain (UBA2, 432–469 aa).
Abbreviations: aa, amino acids; CC, coiled coil regions; Cys, Cys-box-like sequence; His, His-box-like sequence; NLS, nuclear localization sequence; NUB1, negative 
regulator of ubiquitin-like proteins 1; NUB1L, negative regulator of ubiquitin-like proteins 1 long; PeST, one of the signals of degradation enriched with proline, glutamate, 
serine, and threonine; UbL, ubiquitin-like; UBA, ubiquitin-associated.
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ubiquitination of cullin substrates.34,37 CUL3 itself forms a 

complex called the BTB–CUL3–Rbx1 ubiquitin ligase, bind-

ing to Rbx1 via its C-terminus and to a bric-a-brac-tramtrack 

broad complex (BTB) domain-containing substrate receptor 

protein via its N-terminus.38,39 Interestingly, kelch-like fam-

ily member 22 (KLHL22), a BTB–Kelch adaptor protein of 

CUL3,40 was also a hit in our previous screen.20 A possible 

explanation is that KLHL22 may be the substrate receptor 

protein of CUL3 for HTT (Figure 2). This could be further 

tested by revealing the potential epistatic effects of KLHL22 

on NUB1-mediated HTT clearance, and by reconstituting the 

complete system in vitro to test if NEDD8–CUL3–KLHL22 

is able to ubiquitinate mHTT.

Alternatively, CUL3 may not directly ubiquitinate HTT, 

but is indirectly involved. If this is the case, other proteins 

may mediate the NUB1 effect. Most likely, NUB1 interac-

tors are potential candidates. Proteomics studies revealing 

NUB1 interactors will be needed. Those proteins could be 

further tested to see if they show epistatic effects on NUB1-

mediated HTT clearance.

The relationship between  
mHTT and NUB1
While NUB1 modulates mHTT levels, mHTT may play a 

role in regulating NUB1 levels as well. Based on our  previous 

study, the wild type HTT protein in heterozygous HD cell 

lines can be regulated by NUB1 silencing or overexpression 

in the same direction as mHTT protein, but there is no effects 

in wild type cells.20 Given that NUB1 was reported to have 

physical interaction with mHTT,29 a possible explanation is 

that NUB1-induced clearance of HTT is dependent on the 

activation of NUB1 function by mHTT. Since NUB1 is not 

an enzyme, the “activation” is likely an enhancement of its 

interaction with other proteins. As NUB1 has been shown to 

interact with the proteasome subunit S5a,30,32 one possibility is 

that the presence of mHTT enhances its interaction with S5a, 

thus enhancing the proteasomal degradation. To test this, allele-

specific knock-down of HTT in heterozygous HD cell lines or 

overexpression of mHTT in wild type cells can be conducted to 

see if mHTT specifically regulates NUB1 expression or NUB1 

binding with S5a. Meanwhile, we can track NUB1 expression 

during different stages of HD to detect any potential correlation 

between expression of mHTT and NUB1. Study of the nature 

of NUB1–mHTT interaction may help as well.

In addition, endogenous NUB1 expression is lower in the 

wild type than the HD cells.20 One likely explanation is that the 

HD cells activate compensatory pathways that elevate NUB1 

level to rescue the HD toxicity by reducing mHTT level. This 

could be further tested by measurement of endogenous NUB1 

level in different HD homozygous, heterozygous, and wild 
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in the N-terminus of HTT; KKK, the three lysine residues in N17; NeDD8, neural precursor cell expressed, developmentally downregulated 8; NUB1, negative regulator of 
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type cell lines and in rodent animal models. Similarly, NUB1 

was found coexisting with abnormal, proteinase K-resistant 

α-synuclein and may recognize it from the early stage of 

protein aggregation in Lewy body disease.41 Detecting NUB1 

chaperone activity41 in HD or screening of modulators of 

NUB1 in mHTT toxicity-induced stress response pathway 

may help identify the mechanism. One possibility is involve-

ment of interferon-β (IFNβ). The endogenous expression of 

IFNβ, a NUB1 inducer,23 was found to be upregulated in mice 

models of spinocerebellar ataxia 7, another polyQ neurode-

generative disorder.42 If IFN is also upregulated in HD cells, 

the downstream NUB1 is expected to be upregulated.

Targeting strategies for NUB1
NUB1 may not be a directly “druggable” target, because it 

does not have a receptor or enzymatic function that is usable 

for compound screening, and its major function is achieved 

via interaction with other proteins.

One potential approach is to elevate NUB1 expression. 

NUB1 expression could be induced by IFNβ,23 a US Food 

and Drug Administration-approved drug for treating multiple 

sclerosis,43 and thus IFNβ was studied and showed NUB1-

dependent HTT lowering and neuronal protection in HD 

cellular models.20 Further testing of the effect of IFNβ treat-

ment in the in vivo HD animal models using methods such as 

intraperitoneal injection42 may serve as a proof of concept of 

potential NUB1-mediated therapy. Given the many side effects 

of IFNβ,44–46 low-molecular-weight compounds that are easier 

to deliver or less toxic are more desired compared to IFNβ. 

Finding such compounds could be achieved by screening for 

transcriptional enhancers of NUB1 by minigene assays.

Another strategy is enhancing NUB1 functions. Based 

on the reported adaptor function of NUB1 and our data,20,30 

NUB1 is likely functioning via its interaction with HTT, 

neddylated CUL3, and/or other key proteins in the pathway. 

As a result, a potential therapeutics strategy is to enhance the 

interaction between NUB1 and those key proteins required 

for the modulation. This could be achieved by low-molecular-

weight-compound screening using bioluminescence reso-

nance energy transfer technology.47 Similar examples have 

been successfully applied to identifying Tau–Fyn SH3 

interaction inhibitors for Alzheimer’s disease.48

Alternatively, the enzymatic activity or the post- translation 

modification altering the enzymatic activity could potentially 

be targeted by small molecules as well. The key enzyme that 

has been identified is CUL3, of which the function needs to be 

elevated for mHTT lowering. Given that the activation of cul-

lin E3 ligases is dependent on neddylation,34 the neddylation 

of CUL3 may provide targets for potential drug discovery. 

While it is challenging to identify neddylation activators, 

blocking deneddylation is likely a more feasible approach, 

which could be achieved by inhibiting the deubiquitinating 

enzymes (DUB) of NEDD8 (deneddylases). However, one 

of these enzymes (COP9 signalosome [CSN]), has opposite 

effects at least in many reported in vivo models,49,50 indicating 

a much more complicated biochemical process of NEDD8 

conjugation system. It is suggested that CSN facilitates 

cullin–RING ubiquitin ligase complex functions possibly 

via stabilizing cullin proteins or substrate adaptors.51–54 

Therefore, the actual effects in mHTT clearance of CSN and 

other deneddylases such as deneddylase 1 (DEN1),55 ubiq-

uitin-specific peptidase 21 (USP21),56 ubiquitin C-terminal 

hydrolase 1 (UCH-L1),57 and ubiquitin C-terminal hydrolase 

3 (UCH-L3)58 in in vivo HD models should be studied at first. 

Using selective DUB inhibitors of the deneddylases above 

such as 4, 5, 6, 7-Tetrachloroidan-1, 3-dione59 for UCH-L3, 

or general inhibitors such as ubiquitin aldehyde for UCH 

family59 and NEDD8 C-terminal vinyl sulfone for DEN1, 

UCH-L1 and UCH-L3,55,57 will help to identify the role of 

DUBs in HD and to test potential DUB inhibitor treatment, 

while finding druggable selective inhibitors for them is of 

great value, especially for DEN1 which has high selectiv-

ity for NEDD8.55 Finally, finding direct activators of CUL3 

enzyme activity is also a possible strategy. A summary of 

different targeting strategies is shown in Table 1.

On the other hand, one concern of using NUB1 as an 

entry point for drug discovery is that NUB1 clears wtHTT as 

well, at least in some cell lines when mHTT exists.20 When 

overexpressed by cDNA, NUB1 may reduce wild type HTT 

Table 1 Targeting strategies for NUB1

Strategy Future experiment

NUB1 To elevate NUB1 expression Screening for transcriptional 
enhancers of NUB1 (ideally 
low-molecular-weight 
compounds) by minigene assays

NUB1 To enhance NUB1 interaction 
with HTT, neddylated CUL3, 
and/or other key proteins in  
the pathway

identifying interaction 
enhancers by low-molecular 
weight-compound screening 
using BReT technology

NeDD8 To block deneddylation of  
CUL3

Finding inhibitors of 
deneddylases (DeN1, USP21, 
UCH-L1, UCH-L3)

CUL3 To enhance CUL3 enzyme  
activity

Finding activators of CUL3 
enzyme activity

Abbreviations: NUB1, negative regulator of ubiquitin-like proteins 1; NeDD8, 
neural precursor cell expressed, developmentally downregulated 8; DeN1, 
deneddylase 1; USP21, ubiquitin-specific peptidase 21; UCH-L1, ubiquitin C-terminal 
hydrolase 1; UCH-L3, ubiquitin C-terminal hydrolase 3; BReT, bioluminescence 
resonance energy transfer technology; CUL3, cullin3.
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protein by a little more than 50%,20 which seems to be within 

the well-tolerated range based on many studies.4,9,60 In addi-

tion, our data have already shown that NUB1 is protective in 

heterozygous HD-patient iPSC-derived neurons, further con-

firming the safety of elevating NUB1.20 However, in vivo stud-

ies are definitely needed to further confirm the safety ( Marian 

Difiglia, unpublished data, 2015). The preliminary data from 

our collaborator have shown that NUB1 overexpression by 

adeno-associated virus injection does not cause any damage 

within 6 months. Finally, study of the mechanism behind 

mHTT dependency of NUB1 wtHTT clearance and monitoring 

wtHTT loss in NUB1 treatment may be required to provide 

better control of mHTT clearance and the safety issue.

Conclusion
In previous studies, we have already validated NUB1 as a 

robust suppressor of mHTT toxicity via reducing mHTT 

levels.20 Here, we further discussed possible mechanisms of 

NUB1-mediated mHTT clearance via enhanced ubiquitination 

of mHTT. In addition, we discussed potential explanation of 

the observed potential feedback relationship between mHTT 

and NUB1 expression;20 we proposed the hypothesis that HD 

cells may activate compensatory pathways to elevate NUB1 

level to delay disease progression; and we proposed that 

NUB1-induced clearance of HTT may depend on the activa-

tion of NUB1 function by mHTT, possibly via strengthening 

the interaction with other proteins (Figure 2). Finally, several 

targeting strategies for NUB1 were also proposed based on the 

potential mechanism, including elevating NUB1, enhancing 

NUB1 interaction with other key proteins in the pathway, and 

enhancing CUL3-based ligases’ function either by direct E3 

activators or blocking deneddylation of CUL3 (Figure 3).

In summary, the discovery of NUB1 provides new 

insights into the strategy of lowering mHTT protein, and 

future experiments are required to provide further under-

standing of its mechanism and to enhance drug discovery.
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