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Abstract

Nemo-like kinase (NLK), an evolutionarily conserved serine/threonine kinase, is highly expressed in the brain, but its
function in the adult brain remains not well understood. In this study, we identify NLK as an interactor of huntingtin protein
(HTT). We report that NLK levels are significantly decreased in HD human brain and HD models. Importantly, overexpression
of NLK in the striatum attenuates brain atrophy, preserves striatal DARPP32 levels and reduces mutant HTT (mHTT)
aggregation in HD mice. In contrast, genetic reduction of NLK exacerbates brain atrophy and loss of DARPP32 in HD mice.
Moreover, we demonstrate that NLK lowers mHTT levels in a kinase activity-dependent manner, while having no significant
effect on normal HTT protein levels in mouse striatal cells, human cells and HD mouse models. The NLK-mediated lowering
of mHTT is associated with enhanced phosphorylation of mHTT. Phosphorylation defective mutation of serine at amino
acid 120 (S120) abolishes the mHTT-lowering effect of NLK, suggesting that S120 phosphorylation is an important step in the
NLK-mediated lowering of mHTT. A further mechanistic study suggests that NLK promotes mHTT ubiquitination and
degradation via the proteasome pathway. Taken together, our results indicate a protective role of NLK in HD and reveal a
new molecular target to reduce mHTT levels.
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Introduction
HD is caused by the mutation in the huntingtin (HTT) gene,
which encodes the mutant huntingtin protein (mHTT) with an
expanded polyglutamine tract (polyQ) (1). The gain of toxic func-
tion of mHTT is the major cause of HD, though molecular mecha-
nisms remain elusive and likely involve multiple pathways that
are highly challenging to target simultaneously (2,3). Although
a recent GWAS in HD subjects reported that the onset of HD is
determined by non-interrupted CAG repeat length rather than
polyQ length, as authors indicated, the data do not reveal what
drives the resultant cellular toxicity and do not exclude an effect
of polyQ on mHTT toxicity (4). In fact, it has been widely demon-
strated that nearly all pathological mechanisms are driven by
the presence of the mHTT, and reducing mHTT protein accumu-
lation or increasing its clearance has proven to be beneficial in
HD (5,6). Lowering mHTT may provide an effective approach in
treating HD by ameliorating its downstream toxicity. If success-
ful, this strategy may modify disease progression in human HD.
In fact, non-allele-specific lowering of HTT levels by a variety
of genetic approaches has been shown to effectively mitigate
mHTT toxicity in HD models and would be a promising thera-
peutic approach for HD patients with recent clinical trials (7).

However, genetic approaches such as RNA interference
(RNAi), zinc finger protein (ZFP), CRISPR/Cas9 or antisense
oligonucleotides (ASOs) still face challenges in effective delivery
to all affected brain regions of HD patients, particularly given the
long duration of natural HD progression (8). Because normal HTT
is an essential protein during development (9,10) and may play a
protective role in HD (11), lowering normal HTT to an intolerable
extent may have a harmful impact, particularly in long-term
treatment (9). Therefore, identifying a molecular target that has
the potential to selectively lower mHTT could be highly valuable
for the development of HD treatment. In addition, developing
potential therapies for HD is particularly feasible because
HD is a genetically homogeneous disease with numerous
well-established animal and cell-based models (12,13).

mHTT is prone to aggregate and form inclusions in neurons,
particularly in selectively vulnerable brain regions in HD like
the striatum and cerebral cortex, indicating that the protein
clearance system is impaired in HD (14–16). Cellular mecha-
nisms promoting mHTT clearance are of great interest because
they can lower the levels of the mHTT protein and its toxic
species, thus affecting HD progression (17–20). Although the CAG
repeat length is a major determining factor in the onset and
neuropathological severity of HD, other disease modifiers have
recently been identified (21,22), suggesting that HD onset and
progression are both modifiable.

mHTT degradation is mediated by two major protein
clearance systems: the ubiquitin–proteasome system (UPS)
and autophagy–lysosomal pathway (23,24). These two systems
coordinate to degrade misfolded or unfolded proteins and
protein aggregates (25,26). mHTT has been associated with
dysfunction in both the UPS and the autophagy–lysosomal
pathway (27,28). Interestingly, ubiquitination can direct HTT for
clearance via both pathways (29).

Nemo-like kinase (NLK) is an evolutionarily conserved ser-
ine/threonine kinase and plays a role in multiple processes
due to its capacity to regulate a diverse array of downstream
signaling pathways (30). Although NLK is known to be expressed
at high levels in the nervous system, its function in the adult
brain is not well understood. It has been reported that NLK
interacts with two other polyQ containing disease-causing pro-
teins, Ataxin1 (ATXN1) and androgen receptor (AR) (31,32). PolyQ

expansion in the ATXN1 and AR proteins causes spinocerebellar
ataxia type 1 (SCA1) and spinal and bulbar muscular atrophy
(SMBA), respectively, and genetic reduction of NLK levels mod-
ulates behavioral deficits and neuropathology in both SCA1 and
SBMA models (31,32). In addition, a previous mass spectrometry
screening study implicates a potential interaction between NLK
and mHTT (33).

In this study, we identify that NLK interacts with both wild-
type and mutant forms of endogenous HTT protein. We show
that NLK levels are significantly decreased in HD brain and
HD models. Importantly, overexpression of NLK in the striatum
attenuates HD neuropathology, whereas genetic reduction of
NLK levels exacerbates the HD neuropathology. Furthermore, we
demonstrate that NLK lowers mHTT levels in mouse striatal
cells and mouse models of HD. This mHTT-lowering effect of
NLK is associated with HTT phosphorylation at S120. The mech-
anistic data suggest that NLK promotes mHTT ubiquitination
and degradation via the proteasome pathway. Our preclinical
data support a protective role of NLK in HD and reveal a novel
molecular target that can specifically decrease mHTT levels.

Results
HTT interacts with NLK

A mass spectrometry screen of HTT interactors suggests a poten-
tial interaction between mHTT and NLK (peptide) (33). To deter-
mine whether HTT physically interacts with NLK, HEK293-FT
cells were co-transfected with Flag-NLK and full-length (FL)
HTT either with 123 CAG repeats (mHTT) or 23 CAG repeats
(wHTT). Cell extracts expressing mHTT or wHTT and Flag-NLK
were subjected to co-immunoprecipitation (co-IP) with indicated
HTT antibodies. Western blot analysis showed interaction of
NLK with both wHTT and mHTT (Fig. 1A). These results support
physical interaction between NLK and full-length HTT. Since N-
terminal HTT is reported as the most toxic fragment, we then co-
transfected Flag-NLK and Myc-N-terminal 171aa HTT with either
18Q (Myc-N-wHtt) or 82Q (Myc-N-mHTT) in HEK 293 FT cells. Co-
IP experiment was performed with c-Myc monoclonal antibody.
Western blot analysis revealed that both N-mHTT and N-wHTT
interacted with NLK (Fig. 1B). We also found that transfected
NLK and HTT were detected in both cytoplasmic and nuclear
compartments (Fig. 1C).

In order to determine whether endogenous HTT interacts
with NLK, a homozygous full-length mHTT knock-in zQ175
mouse model was used. Mouse brain samples from either wild-
type (WT) littermate control or zQ175 HD mice were gently
homogenized and co-immunoprecipitated with NLK antibody
followed by western blot analysis with indicated HTT antibodies
(Fig. 1D upper panel). Conversely, co-IP with indicated HTT anti-
bodies and western blotting analysis with NLK antibody were
performed (Fig. 1D middle panel). Our results demonstrated that
both wHTT and mHTT interacted with NLK in the mouse brain.
Taken together, the results confirmed an interaction between
HTT protein and NLK in both co-expression in human cells as
well as endogenous proteins in the mouse brain.

NLK levels are significantly decreased in HD

Because NLK interacts with mHTT, we then asked whether NLK
levels are altered in HD condition. We observed that NLK levels
were significantly lower in human HD postmortem brain (cortex
A4, we used cortex samples because caudate/putamen almost
degenerated/disappeared in human HD postmortem brain) than
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Figure 1. NLK interacts with HTT. (A) HEK293-FT cells were co-transfected with Flag-NLK and FL-HTT with 23Q (wHTT) or 123Q (mHTT), or pcDNA as a control. Cells

were collected for immunoprecipitation (IP). Western blotting analysis was performed with MW1 antibody to mHTT, MAB2166 antibody to HTT (both wHTT and mHTT)

or anti-Flag antibody (to transgene NLK). (B) HEK293-FT cells were co-transfected with Flag-NLK and Myc-N171-HTT with 18Q or 82Q. Cells were collected for the IP

experiments. Western blotting was performed with anti c-Myc (to N-HTT) or Flag (to NLK) antibodies. Arrow indicated the specific band for Flag-NLK. (C) NLK and HTT

are detected in both nuclear and cytoplasmic compartments. HEK293-FT cells were co-transfected with Flag-tagged NLK and full-length HTT with either 23Q or 82Q. Cell

extracts from indicated groups were subject to subcellular fractionation. Nuclear fraction and cytoplasm compartment were subjected to Western blotting. Transfected

HTT and NLK were expressed in both compartments. (D) Mouse cerebral cortex samples from 6-month-old homozygous zQ175 HD or WT mice were subjected to co-IP

with anti-NLK antibody and then blotting with HTT antibodies (MW1 for mHTT, MAB 2166 for HTT). Alternatively, samples were subjected to co-IP with indicated HTT

antibodies and then western blotting was performed with anti-NLK antibody.

those in age-matched controls (Fig. 2A). We further investigated
NLK levels in two HD mouse models which we used for the
in vivo study. As expected, NLK levels were also decreased in
the striatum of 6-month-old N171-82Q HD mice (Fig. 2B) and
12-month-old full-length HdhQ250 knock-in mice (Fig. 2C). Fur-
thermore, we measured NLK levels in the striatal cells expressing
either full-length mHTT (STHdhQ111/Q111) or wHTT (STHdhQ7/Q7).
This HD cell model has been widely used in HD research since
its development by Dr MacDonald’s group (34). STHdhQ111/Q111

are more vulnerable to serum withdrawal than STHdhQ7/Q7 cells,
indicated by decreased ATP levels and increased LDH release
in STHdhQ111/Q111 cells at 24 h after serum withdrawal (34,35).
We found that NLK levels were significantly lower in the mHTT

expressing cells at 24 h after serum withdrawal (Fig. 2D). To
investigate whether the reduction of HTT levels by NLK is due
to an effect on HTT transcription, qRT–PCR was performed.
We found that HTT mRNA levels were not significantly altered
by NLK overexpression (data not shown), suggesting that NLK
modulates mHTT levels at post-transcriptional level. Altogether,
these findings establish that NLK levels are decreased in HD
condition.

Overexpression of NLK in the striatum protects HD mice

Since NLK levels are decreased in HD, we went on to determine
the role of NLK in the mouse model of HD. We have shown
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Figure 2. NLK protein levels are decreased in HD. (A) NLK levels in the human postmortem control (Con) and HD motor cortex A4. Western blotting was performed

with NLK and β-actin antibodies. Intensity of blots was quantified by NIH Image J software and normalized by β-actin loading controls. n = 5. (B) NLK levels in the

striatum of N171-82Q HD and WT mice at 6 months age. n = 3. (C) NLK levels in the striatum of HdhQ 250Q HD and WT mice at 12 months age. n = 3. (D) NLK levels

in the striatal cells expressing wild type (WT, STHdhQ7/Q7) or mHTT (HD, STHdhQ111/Q111). The values are expressed as Mean ± SE, ∗P < 0.05 between HD and control

group by unpaired Student’s t-test.

that NLK interacts with N171 HTT (Fig. 1B), a well-characterized
N171-82Q HD model (36). These HD mice exhibit progressive
brain atrophy, decreased dopamine- and cAMP-regulated
neuronal phosphoprotein 32 (DARPP32) levels in the striatum,
mHTT aggregation, impaired motor function and weight loss
(36,37).

We injected AAV2-NLK (GFP tagged) into the striatum of HD
or WT mice at 10 weeks of age and evaluated the effects of NLK
on HD brain pathology and phenotypes at 16 weeks of age. The
successful expression of NLK in the striatal neurons was veri-
fied by GFP fluorescence (left panel) and western blotting (right
panel) (Fig. 3A). As predicted, NLK expression increases in the
striatum attenuated brain atrophy, indicated by the preservation
of brain volumes in NLK-injected (NLK) HD mice compared to
those injected with AAV2-GFP (CON) (Fig. 3B).

HD pathology is marked by an extensive loss of medium
spiny neurons in the striatum which usually express high lev-
els of DARPP32. DARPP32 is a fundamental component of the
dopamine-signaling cascade and serves as a marker of neuronal
dysfunction or loss in HD when expressed at decreased levels.
Consistent with its protective effect, NLK overexpression also
preserved DARPP32 levels in the striatum of HD mice (Fig. 3C).

mHTT aggregation is a pathological hallmark of HD that
was discovered initially in HD mice and then verified in the
HD patients’ brain. Thus the HD mouse models are particularly
valuable in understanding HD pathogenesis (38). The N171-82Q
HD mice show EM48 positive mHTT aggregates in the stria-
tum. As predicted, NLK overexpression dramatically reduced the
mHTT aggregates (Fig. 3D). Taken together, these in vivo findings
support a neuroprotective role of NLK in HD.

Genetic reduction of NLK exacerbates neuropathology
in HD mice

To evaluate the therapeutic potential of modulating NLK
levels/activity, and whether reduced NLK levels is detrimental
in HD, we crossed full-length heterozygous mHTT knock-in
HdhQ250 mice with NLK knockout (NLK+/−) mice (31). HdhQ250
mice exhibit adult-onset progressive brain pathology (about
6 months of age) that recapitulates human HD pathology (39).
Since we hypothesize that NLK reduction worsens HD pathology,
this HD model is suitable to test our hypothesis. Western blot
analysis confirmed that NLK levels were decreased by about
50% in NLK +/− mice compared to WT mice (NLK+/+) (Fig. 4A).
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Figure 3. Overexpression of NLK attenuates brain pathology in HD mice. N171-82Q mice were injected with AAV2-NLK or AAV2-GFP control (CON) to the striatum at

the age of 10 weeks. (A) Expression of AAV-mediated NLK (GFP-tagged) in the striatum was evidenced at 3 weeks after AAV injection. Scale bar is 50 μm. Western blots

of striatal samples from indicated groups suggest that AAV-NLK was expressed. Note that the lower bands (blue arrow) represent the endogenous NLK (about 55KDa),

and the upper bands are NLK transgene (GFP-tagged, orange arrow). (B) In vivo structural MRI was conducted at 16 weeks of age. Values are Mean ± SE, n = 4–5. ∗P < 0.05

compared with the value of WT/CON, ∗∗P < 0.05 compared with the value of HD by one-way ANOVA with Holm–Sidak post hoc test. (C) Representative western blot of

DARPP32 and quantification data. Values are Mean ± SE, n = 3. ∗P < 0.05 compared with the value of WT/CON, ∗∗P < 0.05 compared with the value of HD by one-way

ANOVA with Holm–Sidak post hoc test. (D) Representative images from HD mouse striatum immunostained with EM48 antibody. Scale bar is 50 μm. Number of cells

with mHTT aggregates were quantified per microscope field. Mean ± SE. n = 3. ∗P < 0.05 versus HD/CON group by unpaired Student’s t-test.
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Notably, mHTT levels (Fig. 4A) but not wHTT levels (Fig. 4B)
were increased in the NLK +/− condition, suggesting that NLK
specifically modulates mHTT levels. The 50% reduction of NLK
exacerbated brain atrophy in HD mice without affecting WT
brain volumes, indicated by the further reduction of brain
volumes in HD/NLK +/− mice compared to those in HD/NLK +/+
mice (Fig. 4C). Furthermore, NLK reduction decreased DARPP32
levels in HD mice (Fig. 4D). These findings suggest that reducing
NLK levels has a detrimental effect in HD brain pathology.

NLK selectively reduces mHTT levels in a
kinase-dependent manner

From the in vitro and in vivo experiments presented above,
we noticed that NLK specifically reduced mHTT levels (See
Figs 1A and 4A). To validate the effect of NLK on mHTT levels
and determine whether the kinase activity of NLK mediates
such modulation, we investigated the effect of NLK on HTT
levels in a mouse striatal cell model expressing endogenous
levels of wHTT (Q7) or mHTT (Q111). These striatal precursor
cells were derived from HTT knock-in mouse brain and have
been widely used. Mouse striatal cells were transfected by
lipofectamine, resulting in approximately 30% transfection
efficiency (Fig. 5A). We revealed that NLK significantly reduced
mHTT levels (Fig. 5B) but did not alter wHTT levels in the striatal
cells (Fig. 5C) and human HEK293 cells (Fig. 5D). These findings
suggest that the NLK-mediated lowering of endogenous HTT
levels is mHTT-specific.

To determine whether the effects of NLK on mHTT levels are
mediated by its kinase activity, the human HEK293 cells were
transfected with either wild-type (NLK WT) or kinase-null NLK
(NLK KN). We found that the kinase-null mutation of NLK com-
pletely abolished its mHTT-lowering effects in the human cells
(Fig. 5E), suggesting that the kinase activity is a key mediator for
the mHTT lowering effect of NLK.

To investigate whether the reduction of HTT levels by NLK is
due to an effect on HTT transcription, qRT–PCR was performed.
Our data indicated that HTT mRNA levels were not significantly
altered by NLK overexpression (data not shown), suggesting that
NLK modulates mHTT levels at post-transcriptional level.

The effect of NLK on mHTT levels is mediated by HTT
phosphorylation at S120

Since the kinase activity of NLK mediates its mHTT-lowering
effect, it is possible that mHTT is a substrate of NLK. NLK is
a conserved serine/threonine kinase and functions as a pro-
line (Pro)-directed kinase. This means that NLK phosphorylates
proteins at a serine or threonine residue that is immediately
preceding a proline residue (S/T-P). There are multiple S/T-P sites
in both N-terminal and C-terminal of human HTT protein. To test
whether NLK phosphorylates mHTT, HEK293-FT cells were co-
transfected with full-length mHTT and NLK or pcDNA control.
mHTT proteins were first co-immunoprecipitated with MW1
antibody (to mHTT) and then immunoblotted with either anti-
HTT antibody or S/T-P phospho-specific MPM2 antibody (spe-
cific to proteins with phosphorylated S/T-P sites) to reveal total
and S/T-P phosphorylated mHTT, respectively. We found that
NLK expression increased phosphorylation of mHTT detected
by MPM2 antibody (Fig. 6A). We consistently observed that NLK
reduced mHTT levels in a kinase-dependent manner (Fig. 6B).

Because HTT contains numerous S/T-P sites, we sought to
identify the potential phosphorylation site(s) in mHTT that are
specifically targeted by NLK to mediate its mHTT-lowering effect.

We performed an in vitro kinase screen using synthetic HTT pep-
tides as substrates. We found that a peptide containing one of
the N-terminal S-P sites, serine 120 (S120), was phosphorylated
by NLK kinase in the in vitro assay (a 2.5-fold increase in the sig-
nal compared to kinase alone ±0.04, n = 3). To determine whether
S120 is an NLK phosphorylation site that mediates its mHTT-
lowering effect, we mutated the serine at amino acid position
120 to alanine (S120A, phosphorylation-null) and examined the
mHTT levels after co-transfection with NLK. We found that NLK
did not reduce S120A mHTT levels (Fig. 6C), suggesting that the
S120 residue phosphorylation is a key step in the reduction of
mHTT levels by NLK. Furthermore, we mutated two other S-P
sites at the C-terminal of mHTT, specifically S1181 and S1201,
to alanine. Phosphorylation-null mutation at these two sites did
not alter the NLK-mediated mHTT-lowering effect (Fig. 6D). Alto-
gether, these findings suggest that phosphorylation of mHTT at
the S120 site plays a key role in the mHTT-lowering effect of NLK.

NLK accelerates mHTT clearance via
ubiquitin–proteasome system

Our results so far indicate that NLK lowers mHTT levels at
the post-transcriptional level, and this effect is mediated by
regulating mHTT S120 phosphorylation. To further understand
the molecular mechanism involved in such mHTT-lowering
effect of NLK, we examined the major protein degradation
systems. There are two main systems responsible for protein
clearance: The autophagy–lysosomal pathway and the ubiq-
uitin–proteasome system (UPS). To determine which system
mediates the effect of NLK on lowering mHTT levels, HEK293-FT
cells were treated with either a naturally occurring selective
proteasome inhibitor epoxomicin or bafilomycin A1 which
inhibits autophagic flux by preventing the acidification of
endosomes and autophagosome–lysosome fusion (40). Although
the inhibition of UPS or autophagy pathways both increased
mHTT accumulation, Epoxomicin abolished the NLK-mediated
HTT-lowering effects (Fig. 7A), whereas the bafilomycin did not
(Fig. 7B); this suggests that the proteasome system rather than
autophagic flux pathway is the key pathway mediating the
effects of NLK in reducing mHTT levels.

Ubiquitination is a post-translational modification of
proteins that plays a key role in UPS-mediated protein clearance.
Proteins are selectively conjugated with ubiquitin chains,
which target them to proteasome for clearance. Ubiquitin is
a highly conserved 76-amino acid protein that is conjugated
to lysine (K) residues of target proteins by three distinct
enzymes: E1 (ubiquitin-activating enzymes), E2 (ubiquitin-
conjugating enzymes) and E3 (substrate-specific ubiquitin
ligases). We assessed mHTT ubiquitination status by co-
immunoprecipitation of mHTT with MW1 antibody and then
immunoblotting with an anti-ubiquitin antibody. Our results
demonstrate that NLK-transfected cells had higher levels of
ubiquitinated mHTT (Fig. 7C). All together, these results suggest
that NLK enhances mHTT ubiquitination and degradation via
the UPS pathway.

Discussion
Approaches that reduce mHTT protein are useful in attenuating
HD pathogenesis and therefore in modifying disease progres-
sion. Here we report that NLK, an evolutionarily conserved ser-
ine/threonine kinase, reduces accumulation of mHTT protein in
human cells via the proteasome clearance pathway and attenu-
ates HD-associated phenotypes in mice. Relevant to the human
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Figure 4. Reduction of NLK exacerbates brain pathology in HD mice. HdhQ250 mice were crossbred with NLKKO mice. (A) Reduction of NLK increases mHtt levels.

HdhQ250 mice were crossbreeding with the heterozygous NLKKO mice. Western Blotting was performed with MW1 (mHtt), NLK and β-actin antibodies in the cortex of

2-month-old HD and HD/NLKKO mice. n = 3. The values are expressed as mean ± SE. ∗p < 0.05 compared with the values of the NLK+/+ group by unpaired Student’s

t-test. (B) Reduction of NLK does not decrease wHtt levels. Western Blotting was performed with 2166 antibody in the cortex of 2-month-old WT and NLKKO mice. (C)

Representative MRI images from indicated groups at age of 12 months (left panel). Brain volumes were determined by structural MRI (right panel). n = 5. (D) DARPP32

levels were evaluated in the striatum of 12-month-old mice. n = 3–6. Densitometry analysis was performed by NIH Image J. ∗P < 0.05 compared with the values of the

WT group, ∗∗P < 0.05 compared with the values of the HD group by one-way ANOVA with Dunn’s or Holm–Sidak post hoc test.

disease, we also confirm that NLK levels are decreased in HD
brains. Our findings indicate that lower levels of NLK observed
in HD may accelerate brain dysfunction. Our results indicate a
protective role of NLK in HD and thus potentially indicate a novel

target for the treatment of HD. Because NLK is highly expressed
in neural tissues and minimally detected in other tissues (41), the
effect of NLK activation will be primarily limited to neural tissues
and thus be of great value in the development of HD therapy.
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Figure 5. NLK selectively decreases endogenous mHTT protein levels in a

kinase-dependent manner. (A) Mouse striatal precursor neurons expressing

endogenous levels of mHTT (111Q) were transfected with Flag-NLK. Cells were

immunostained with anti-Flag (NLK) antibody, DAPI stains nucleus. (B) mHTT

expressing mouse striatal cells were transfected with pcDNA or NLK. Cells were

collected for western blot. n = 3. The values are expressed as Mean ± SE. ∗P < 0.05

versus HD/pcDNA group by unpaired Student’s t-test. (C) Mouse striatal cells

expressing wHTT (Q7) were transfected with pcDNA, or Flag-NLK. Cells were

collected and western blotting was performed with MAB 2166 (HTT), Flag (NLK)

and actin antibodies. n = 3. (D) Human HEK 293 cells were transfected with

pcDNA or Flag-NLKWT. Cells were collected for western blot. The values are

expressed as Mean ± SE, n = 3. (E) Human HEK 293 cells were co-transfected with

mutant HTT (mHTT) with pcDNA or Flag-NLKWT or kinase null mutant NLK

(Flag-NLK KN). Cells were collected for western blot. The values are expressed

as Mean ± SE, n = 3. ∗P < 0.05 compared with the values of the pcDNA group,
∗∗P < 0.05 compared with the values of the NLKWT group by one-way ANOVA

with Holm–Sidak post hoc test.

In the past decades, research has focused on identifying
mechanisms that selectively reduce the amount of the toxic
mHTT aggregates that underlie HD neurotoxicity (7,42–46). Pro-
teasome impairment has long been deemed causative in HD (26),
and studies have shown that mHTT can induce UPS impairment
(24). It has been demonstrated that mHTT induces an initial
impairment of the UPS which is recovered when mHTT inclusion
bodies emerge (47,48). On the other hand, evidence suggests that
proteasome activity decreases with age (49). Whether reduced
processivity of the UPS is induced by mHTT or caused by age-
related proteostasis alterations, the ameliorating effects of the
UPS could be pivotal in the treatment of diseases like HD that
are characterized by abnormal protein accumulations. In the
present study, we analyze the role of NLK as a mediator of mHTT
levels and provide a mechanism by which NLK can reduce the
accumulation of mHTT protein in human cells.

In this study, we uncovered interesting mechanisms that
we predict underlie the role of NLK in HD at the cellular level.
First, NLK interacts with HTT at the N-terminal region of the
protein (Fig. 1B). Second, NLK lowers mHTT levels in a kinase-
dependent manner in human cells (Fig. 5). Third, NLK promotes
the phosphorylation of mHTT at S-P sites (Fig. 6). Fourth, NLK-
induced reduction of HTT levels is selective to mHTT (Fig. 5).
Given that NLK promotes mHTT ubiquitination (Fig. 7), we sus-
pect that it is acting cell autonomously to reduce mHTT levels
via the proteasome system.

Of particular importance is our finding that reduction of NLK
expression exacerbates the neuropathology in HD mice. How-
ever, this degree of NLK reduction does not appear to alter motor
function and brain morphology in non-HD condition. As our
studies were carried out using a constitutive knockdown of NLK
starting from in utero, we cannot determine how NLK reduction
exerts its effects on HD pathology if given at different stages of
the disease. Future investigations using conditional NLK knock-
down mice could address this question. It is important to note
that NLK knockdown has been reported to rescue muscle and
motor neuron pathology in SBMA and cerebellar pathology in
SCA1 mouse models (31,32). The underlying molecular basis for
the effects of NLK on different polyQ diseases are likely due to
altered properties of specific polyQ-causing proteins by phos-
phorylation. For example, NLK specifically lowers mHTT levels
but not the levels of the other two polyQ proteins. Moreover, NLK
lowers mHTT protein levels via phosphorylation in HD, while
it does not dramatically alter the expression levels of mutant
ATXN1 protein by phosphorylation in SCA1. However, NLK may
alter the protein toxicity of mutant ATNX1. In addition, NLK-
mediated lowering of mHTT levels depends on N-terminal S120
phosphorylation rather than on the two C-terminal sites, S1181
and S1201. This specific effect of NLK on mHTT may partially, if
not completely, explain its protective effect.

Therapeutic approaches that reduce both mutant and wild-
type HTT in HD cells raise important concerns over the tolerance
of losing wild-type HTT (50,51). Studies have suggested that loss
of wild-type HTT to a certain extent in mice during embryonic
and postnatal development may be harmful and lead to HD-
like phenotypes (52). On the other hand, lowering wild-type HTT
levels up to 60–70% has been shown to be safe in a primate model
(53), and ablation of wild-type HTT in adult mice at > 4 months
of age does not lead to neurodegeneration or other defects
(11). This suggests that lowering wild-type HTT in aged adults
may be well tolerated. Encouragingly, the recently launched
IONIS HTT-Rx clinical trial, by using a non-allele-specific ASO,
HTTRx, for HD treatment, has demonstrated dose-dependent
reductions in concentrations of mutant HTT in CSF (54). But a
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Figure 6. The effects of NLK on mHTT levels are mediated by HTT phosphorylation at S120. (A) NLK phosphorylates mHTT at S/T-P sites. HEK293-FT cells were

co-transfected with pcDNA or Flag-NLK and full-length mHTT (123Q). Cells were collected for co-IP with mHTT antibody. Representative western blot with MPM2 (anti-

phospho-S/T-P), MW1 (mHTT) and 2166 (total HTT) antibodies. The values are expressed as Mean ± SE. n = 3. (B) HEK293-FT cells were co-transfected with HTT (N586-20Q

or 82Q), and Flag-NLK WT, or the kinase inactive mutant NLK-KN or pcDNA control. The values are expressed as Mean ± SE, ∗P < 0.05 compared with the values of the

pcDNA group, ∗∗P < 0.05 compared with the values of the NLK-WT group by one-way ANOVA with Holm–Sidak post hoc test. (C) NLK had no effect on mHTT protein

levels when serine 120 was mutated to alanine (S120A, phospho-resistant). HEK293-FT cells were co-transfected with pcDNA or Flag-NLK and N586-S120A mHTT, n = 3.

(D) HEK293 FT cells were co-transfected with pcDNA or Flag-NLK and full-length mHTT with S1201A or S1181A mutation, and western blotting was conducted. n = 3.
∗P < 0.05 compared with the values of the pcDNA group by unpaired Student’s t-test.

more appealing therapeutic strategy is to use allele-specific HTT-
lowering approaches to selectively reduce mHTT. When NLK
was overexpressed in striatal cells, it selectively reduced mHTT
levels without altering wild-type HTT levels. These selective

reductions of mHTT levels were also observed in HD mouse
models. We believe that the reduction of mHTT is likely to be the
major mechanism that underlies the protective effect of NLK on
HD-relevant phenotypes. This is strongly supported by evidence
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Figure 7. NLK decreases mHTT level via ubiquitin–proteasome pathway. (A) HEK293-FT cells were co-transfected with mHTT (N586-82Q), pcDNA, or NLK-WT for 24 h.

Cells were treated with DMSO, or 50 nM epoxomicin. mHTT levels were determined at 24 h after treatment. The values are Mean ± SE. n = 3. ∗P < 0.05 compared with

the values of the pcDNA group, ∗∗P < 0.05 compared with the values of the NLK WT group by one-way ANOVA with Holm–Sidak post hoc test. (B) HEK293-FT cells

were co-transfected with mHTT and pcDNA or Flag-NLK. Cells were collected at 24 h after transfection for co-IP with mHTT antibody followed by western blot with

anti-ubiquitin antibody. The values are Mean ± SE, n = 3. ∗P < 0.05 compared with the values of the pcDNA group by unpaired Student’s t-test. (C) HEK293-FT cells

were co-transfected with mHTT and pcDNA or Flag-NLK. Cells were collected at 24 h after transfection for co-IP with mHTT antibody followed by western blot with

anti-ubiquitin antibody. The values are Mean ± SE, n = 3. ∗P < 0.05 compared with the values of the pcDNA group by unpaired Student’s t-test.

from other approaches that rescue HD-relevant phenotypes by
reducing mHTT levels, such as directly knocking down HTT (46).
Our results suggest that the protective effect of NLK in HD mice
is likely mediated through the lowering of mHTT. However, it is
impossible to entirely exclude potential secondary effects that
may have also been involved. Nevertheless, identification of NLK
as a potential druggable target to lower mHTT and associated
toxicity warrants its further study for HD therapy.

The accumulation of mHTT aggregates is a pathological hall-
mark found in the affected neurons in HD postmortem human
brains as well as HD mouse brains. The NLK-mediated enhance-
ment of mHTT ubiquitination and proteasome-mediated degra-
dation of mHTT accelerate mHTT clearance from neurons which

may lead to reduction of mHTT aggregation in the HD mouse
striatum when NLK was overexpressed. We demonstrate that
an increase in NLK is sufficient to reduce mHTT aggregates in
the HD mouse brain. Although we have revealed a mechanistic
sketch of NLK-mediated HTT regulation, further mechanistic
details are yet to be identified.

Protein phosphorylation is a dynamic posttranslational
modification (PTM) that allows precise temporal control
of protein structure, function, subcellular localization and
degradation. Phosphorylation of N-terminal serine residues of
HTT has been detected in the human brain and HD models (55).
However, the role of phosphorylation in regulating the structure,
aggregation and HD pathology remains poorly understood,
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primarily due to the lack of tools that enable site-specific and
efficient modulation of phosphorylation in vivo. The observation
that a phosphorylation-null mutation of HTT at N-terminal S120,
and not at C-terminal S1181 and S1201, abolishes NLK-mediated
reduction of mHTT levels provides compelling evidence for
the potential role of site-specific phosphorylation in regulating
mHTT levels. These results underscore the critical importance
of achieving a more in-depth understanding of the effects of
phosphorylation at the site-specific residues.

The development of therapeutic approaches to treat HD
by reducing mHTT is an attractive avenue. Our results are
an encouraging proof of principle that NLK can lower mHTT
levels and improve HD brain pathology, suggesting that
pharmacologically targeting NLK should be further investigated
as a promising therapeutic avenue for HD treatment.

Material and Methods
Cell lines

HEK293-FT cells (ATCC) were maintained in DMEM supple-
mented with 10% FBS (Thermo Fisher Scientific), 0.5 mg/ml G418
(Corning Cellgro), 1% Glutamax (Thermo Fisher Scientific) and
1% penicillin/streptomycin (Gibco Thermo Fisher Scientific).
Immortalized mouse striatal precursor cells with wtHTT
(STHdhQ7/Q7) or mHTT (STHdhQ111/Q111) were purchased from
Coriell Institute Cell Repository Bank (Catalog CHDI-90000071,
CHDI-9000073). These cells were maintained at 33◦C in high-
glucose DMEM medium (Gibco, catalog 11965-118) with 10% fetal
bovine serum (FBS), 1% penicillin–streptomycin, 1% L-glutamate
and 400 μg/ml of G418, in a humidified atmosphere of 95% air:
5% CO2.

Human brain tissues and HD mouse models

All procedures were conducted in strict compliance with the
guide for the Animal Care and Use Committee of Johns Hop-
kins University and Institutional Guidelines. zQ175 mice were
purchased from Jackson Laboratories (Stock number #027410)
on a C57BL/6J background. Genotyping and CAG repeat size
determination were conducted at Laragen Inc. (Culver City, CA,
USA) by PCR. The CAG repeat length was 193 ± 7 in zQ175 mice.
N171-82Q HD mice expressing N-terminal fragment HTT with 82
polyglutamine repeat were maintained on C3B6F1 background
(Taconic). Male N171-82Q mice were used in our studies because
of gender-dependent phenotypic differences in these HD mice
(56). N171-82Q HD or littermate wild-type (WT) mice were ran-
domly distributed to different groups. AAV2-NLK or GFP control
was injected into the striatum of mice at the age of 10 weeks.
HdhQ250 mice were produced as described previously (39). Both
male and female mice were used. NLK knockout (KO) mice were
generated and backcrossed onto pure C57BL/6J background (31).
The CAG repeat length of HdhQ250 mice used in this study was
250 ± 10. All postmortem human tissues were obtained from the
Johns Hopkins Neuropathology brain bank.

NLK transfection

Lipofectamine 2000 (Invitrogen) was used to express exogenous
cDNA in human HEK293-FT cells. 2 μg plasmid DNA and 4 μl
lipofectamine/well were mixed. Cells were collected for western
blotting, RNA extraction or immunoprecipitation (IP) at 24 h after
transfection. Third generation electroporation method (Celetrix
Biotechnologies) was employed for NLK transfection in mouse
striatal cells. This new electroporator utilizes tubes instead of

cuvettes to increase efficiency and decrease the cell damage
during transfection (57). 10 μg DNA/per 2 × 106 cells and 640 V
were used for each transfection.

Immunoprecipitation, western blot and subcellular
fractionation

HEK293-FT cells or mouse striatal tissue were lysed in RIPA
buffer (Cell Signaling) and pre-washed with Protein G Sepharose®

4 Fast Flow (GE) for 1 h. NLK or HTT were co-immunoprecipitated
using anti-NLK (1:1000, Abcam), MW1 (recognizing HTT, Devel-
opmental Studies Hybridoma bank) or MAB-2166 (Millipore)
antibodies for 12 h, then incubated with Protein G Sepharose®

4 Fast Flow for 2 h and washed extensively with RIPA buffer
and PBS before elution. Solubilized proteins were separated by
SDS–PAGE and transferred to a PVDF membrane. The membrane
was incubated with primary antibodies (MW1, 1:500; MAB2166,
1:1000; NLK, 1:1000; DARPP32, 1:2000, Flag, 1:2000; β-actin, 1:5000;
c-Myc 1:1000; MPM2, 1:1000; Ubiquitin, 1:1000; LC3, 1:1000; MCA
2051, 1:1000). The PVDF membrane was then exposed for 1 h to
HRP-conjugated secondary antibody (1:3000; Amersham Corp),
and proteins were visualized by using a chemiluminescence-
based detection kit (Supersignal West Femto, Thermo Fisher
Scientific). Cytoplasmic and nuclear fractions were prepared
using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Nuclear marker LaminB1 (1:1000, CalbioChem) and cytosol
marker beta-tubulin (1:1000, Snata cruz) were used to indicate
the purity of these subcellular fractions.

In vivo structural MRI acquisition and quantification

In vivo structural MRI studies were performed on a horizontal
9.4 T magnetic resonance imager (Bruker Biospin, Billerica) with
a triple-axis gradient and an animal imaging probe. The detailed
image capture and analysis were described in our previous study
(36). The intensity-normalized images were submitted by the
Diffeomap software to a Linux cluster, which runs Large Defor-
mation Diffeomorphic Metric Mapping (LDDMM). The transfor-
mations encode morphological differences between subject and
template images and can be analyzed with deformation-based
morphometry to detect regional changes in brain volume.

Stereotaxic injection

All mice were injected bilaterally into the striatum using the
stereotaxic coordinates: 0.62 mm rostral to bregma, ±1.75 mm
lateral to midline and 3.5 mm ventral to the skull surface. N171-
82Q mice and WT littermates were injected with 4 μl of AAV2-
NLK(GFP-tagged) or AAV2-GFP (injection rates: 0.2 μl/min) at
10 weeks of age.

Mutant HTT aggregate immunostaining

Mice were perfused and fixed by 4% paraformaldehyde. Brain
sections were cut at 40 mm thickness and immunostained with
an EM48 antibody (1:20, Millipore), which preferentially recog-
nizes mutant HTT aggregates. Images were taken using Keyence
BZ-X700 All-in-one Florescence microscope, and the percentage
of cells with mutant HTT aggregates was calculated.

Statistics

All data are presented as mean ± SEM. SigmaStat 14.0 was used
to perform all statistical analyses. We first determined the nor-
mal distribution of data by using Shapiro–Wilk normality test.
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For normally distributed data, statistical significance was deter-
mined by the unpaired Student’s t-test between two groups and
one-way ANOVA with Holm–Sidak post hoc tests among multiple
groups. For non-normal distributed data, the non-parametric
Mann–Whitney test was used for two-group comparison, while
one-way ANOVA followed by the non-parametric Dunn’s multi-
ple comparison test was used when more than two groups were
compared. Differences were considered statistically significant
at P < 0.05.
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