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

characterized by a progressive movement disorder, psychiatric symptoms, and cognitive

impairments. HD is caused by a CAG repeat expansion encoding a stretch of

polyglutamine residues in the N-terminus of mutant huntingtin (mHTT) protein. Proteolytic

processing of mHTT yields toxic fragments, which cause neurotoxicity and massive

neuronal cell death predominantly in the striatum and cortex. Inhibition of mHTT cleavage

reduces neuronal toxicity suggesting mHTT proteolysis contributes to HD pathogenesis.

A previously conducted unbiased siRNA screen in our lab for known human proteases

identified matrix metalloproteinases (MMPs) as modifiers of mHTT proteolysis and

toxicity. To further study MMP activation in HD, isogenic HD, and control corrected

(C116) neural stem cells (NSCs) prepared from HD patient-derived induced pluripotent

stem cells were used to examine the role of MMPs and their endogenous inhibitors

in this highly relevant model system. We found altered expression of MMP-2 and

MMP-9 (gelatinases), MMP-3/10, and MMP-14, activity in HD-NSCs when compared to

control C116-NSCs. Dysregulation in MMP activity was accompanied with concomitant

changes in levels of endogenous inhibitors of MMPs, called tissue inhibitors of matrix

metalloproteinases (TIMPs). Specifically, we observed decreased levels of TIMP-1 and

TIMP-2 in HD-NSCs, suggesting part of the altered expression and activity of MMPs is

due to lower abundance of these endogenous inhibitors. Immunofluorescence analysis

revealed increased MMP/TIMP localization in the nucleus or aggregates of HD-NSCs,

suggesting potential interaction with mHTT. TIMP-1 was found to associate with mHTT

aggregates in discrete punctate structures in HD-NSCs. These events collectively

contribute to increased neurotoxicity in HD. Previous characterization of these NSCs

revealed transforming growth factor beta (TGF-β) pathway as the top dysregulated

pathway in HD. TGF-β was significantly upregulated in HD-NSCs and addition of TGF-β

to HD-NSCs was found to be neuroprotective. To determine if TGF-β regulated MMP and

TIMP activity, C116- and HD-NSCs were exogenously treated with recombinant TGF-β.

TIMP-1 levels were found to be elevated in response to TGF-β treatment, representing a
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potential mechanism through which elevated TGF-β levels confer neuroprotection in HD.

Studying the mechanism of action of MMPs and TIMPs, and their interactions with mHTT

in human isogenic patient-derived NSCs elucidates newmechanisms of HD neurotoxicity

and will likely provide novel therapeutics for treatment of HD.

Keywords: Huntington’s disease, neural stem cells, matrix metalloproteinases, tissue inhibitors of

metalloproteinases, transforming growth factor-β

INTRODUCTION

Primarily characterized as a movement disorder, Huntington’s
disease (HD) is an autosomal-dominant neurodegenerative
disorder with cognitive decline, chorea, and emotional
disturbances as the disease progresses. Marked striatal atrophy
accompanied with selective degeneration of medium spiny
neurons represent classical pathological hallmarks of HD. HD
is caused by an expanded CAG triplet repeat in the huntingtin
(HTT) gene that encodes a stretch of polyglutamine residues
which renders the mutant huntingtin (mHTT) protein prone
to aggregate formation. mHTT is susceptible to proteolysis at
the N-terminus with the resulting short N-terminal fragments
contributing to cellular toxicity by inducing apoptotic cell death.
Truncated N-terminal mHTT fragments have been reported
in human HD postmortem tissue and mouse models of HD
(Mende-Mueller et al., 2001; Wellington et al., 2002; Wang
et al., 2008). Furthermore, inhibition of mHTT cleavage reduced
toxicity both in vitro and vivo (Wellington et al., 2000; Gafni
et al., 2004; Graham et al., 2006), indicating an important role
for mHTT proteolysis in HD pathogenesis. In order to identify
critical proteases that directly cleave mHTT, an unbiased western
blot-based siRNA screen for 514 known human proteases
was conducted (Miller et al., 2010). This screen confirmed
11 proteases that, when silenced, reduced toxic N-terminal
HTT fragment formation. Interestingly, three of these eleven
modifiers of HTT proteolysis and toxicity belonged to the matrix
metalloproteinase (MMP) family (MMP-10, -14, and -23B).

MMPs are Ca2+ dependent, zinc-containing proteolytic
enzymes. At least 25 members of the MMP family have
been identified in humans so far, and they exhibit different
substrate specificity and domain organizations categorized into
collagenases, stromelysins, gelatinases, membrane-type MMPs
(MT-MMPs), matrilysins, and other MMPs (Nagase et al., 2006;
Table 1). MMPs are mostly secreted into the extracellular space,
except for MT-MMPs that are transmembrane proteases. MMPs
are first produced as inactive zymogens and are activated by
other proteases (or MMPS) or free radicals (Ra and Parks,
2007). They occupy central roles in several normal physiological
processes, including, stem cell differentiation, proliferation,
migration, wound repair, angiogenesis, and apoptosis (Malemud,
2006). Although altered MMP expression has been observed in
several neurodegenerative diseases (Brkic et al., 2015), including
Alzheimer’s disease (AD) (Lorenzl et al., 2003b; Lim et al., 2011),
Parkinson’s disease (PD) (Lorenzl et al., 2002), and amyotrophic
lateral sclerosis (ALS) (Lim et al., 1996; He et al., 2013), the exact
contribution of MMPs to the pathogenesis of diseases remains
unclear. MMP activity is tightly regulated in vivo by endogenous

inhibitors such as tissue inhibitors of metalloproteinases (TIMPs)
(Brew andNagase, 2010). Themammalian TIMP family presently
consists of four members (TIMP-1 to -4). TIMPs inhibit active
forms of MMP by binding to the Zn2+ cation in the MMP
catalytic domain. Studies indicate that TIMPs also serve MMP-
independent functions that help modulate cell proliferation,
apoptosis, and synaptic plasticity (Brew and Nagase, 2010).

Previous studies from our lab demonstrated an upregulation
of MMP-10 and MMP-14 in Hdh111Q/111Q mouse striatal
cells compared to the Hdh7Q/7Q cells (Miller et al., 2010).
Additionally, MMP-10 was shown to directly cleave HTT
into toxic N-terminal fragments. siRNA mediated knockdown
of MMP-10 and MMP-14, or overexpression of TIMPs, in
Hdh111Q/111Q blocked caspase-3/7 activity, a direct measure
of cellular apoptosis. Furthermore, treatment with NNGH, a
broad spectrum MMP inhibitor, resulted in a dose-dependent
inhibition of caspase-3/7 activity. These data unequivocally
show that MMP inhibition ameliorates mHTT-induced striatal
toxicity. ElevatedMMP activity was also observed in the striatum
of older R6/2 and YAC128 HD mouse models, suggesting
that MMPs exhibit specific spatial and temporal patterns
of expression. Finally, reducing MMP activity significantly
improved motor performance in the HD Drosophila model.
These studies underscore the need for further investigation into
the role of MMPs and TIMPs in HD in order to design effective
therapies.

To this end, we characterized MMP and TIMP expression in
an induced pluripotent stem cell (iPSC)-derived neural stem cell
(NSC) model developed previously in our lab (An et al., 2012).
Briefly, patient-derived HD-iPSCs (72Q/19Q) were genetically
corrected by replacing the expanded CAG repeat (72Q/19Q) with
a normal repeat using targeted homologous recombination. The
corrected “C116-iPSCs” (21Q/19Q) retained characteristics of
pluripotent stem cells. The merit of this approach is that both
the C116- and HD-iPSC lines are isogenic (thus, differences in
gene expression can be solely attributed to the length of the CAG
repeat) and allow for patient-specific modeling of HD. Previous
characterization using differential gene expression and pathway
analysis revealed that more than 4,000 genes were differentially
expressed in HD-NSCs in contrast to only about 400 genes in
HD-iPSCs. These findings indicated that HD-associated cellular
and molecular phenotypes were evident only in differentiated
HD-NSCs but not in HD-iPSCs (Ring et al., 2015), making NSCs
an attractive human HD cellular model.

Our results demonstrate altered MMP expression and cellular
localization in HD-NSCs as compared to C116-NSCs. Both
TIMP-1 and TIMP-2 were found to be downregulated in
HD-NSCs. Previous genomic analysis of HD-and corrected
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TABLE 1 | Classification of MMPs and TIMPs.

ECM, extracellular matrix. *References: 1. Crocker et al. (2004). 2. Kapoor et al. (2016).

C116-NSCs revealed increased upregulation of TGF-β
expression in HD-NSCs. This upregulation was shown to
be neuroprotective, thereby reflecting a possible compensatory
attempt to re-establish CNS homeostasis in HD (Ring et al.,
2015). However, the mechanism remains unknown. In this study,
we show that upregulation of TIMP-1 expression in response to
TGF-β represents a potential mechanism through which TGF-β
confers neuroprotection in HD-NSCs.

MATERIALS AND METHODS

RNA-Seq Analysis
RNA-Seq analysis was performed as described previously and
Figure 1 was generated using this data set (Ring et al., 2015).
Briefly, total RNA was purified from iPSCs and NSCs using the
RNeasy Mini kit (Qiagen). A Qiacube instrument was used to
extract the RNA using the RNase Micro protocol. Subsequent
RNA-Seq by Illumina library preparation was performed on an
Illumina Hiseq 2000 sequencer. Resulting data was analyzed
using enrichment and networking analysis and hierarchical
clustering analysis. The accession number for the RNA-Seq data
used is GEO: GSE74201.

Targeted Correction of the Expanded HTT
Gene in HD-iPSCs
Patient-derived HD-iPSCs (72Q/19Q) were corrected using
targeted homologous recombination, resulting in the reduction

FIGURE 1 | RNA-Seq analysis. RNA-Seq analysis of MMP and TIMP

expression in HD- vs. corrected C116-NSCs via IPA analysis reveals a

dysregulated MMP/TIMP axis in HD-NSCs (**p < 0.01; *** p < 0.001; **** p <

0.0001). Data mined from Ring et al. (2015).

of the expanded HTT gene to normal 21 polyglutamine repeats,
as described previously (An et al., 2012). Correctly targeted
clones (21Q/19Q) were selected using G418 selection and verified
using western and Southern blot analysis. The corrected C116-
iPSCs comprised of a homogeneous cell population and retained
characteristics of pluripotent stem cells (An et al., 2012).
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Cell Culture
NSCs were generated from C116- and HD-iPSC lines using
STEMdiff Neural Induction Medium (Stem Cell Technologies)
(Ring et al., 2015) and characterized (An et al., 2012) as described
previously. 6 cm dishes or 6-well plates (Corning, Nunclon Delta
Surface) were coated with Matrigel (1:60; BD Corning) for 1 h.
NSCs were plated and cultured in Neural Proliferation Medium
(NPM) in humidified incubator under 37◦C, 5% CO2. NPM was
prepared using Neurobasal medium supplemented with 1X B-27
supplement (Life Technologies), 2mM L-Glutamine, 100 U/mL
penicillin, 100µg/mL streptomycin, 10 ng/mL human Leukemia
Inhibitory Factor (LIF) (Peprotech, 300-05), and 25 ng/mL
human basic Fibroblast Growth Factor (bFGF) (Peprotech, 100-
18B).

TGF-β Treatment
C116- and HD-NSCs were treated with recombinant human
TGF-β1 (Peprotech, AF-100-21C) reconstituted in NPM at 10 or
20 ng/mL concentration for 1 or 24 h. Untreated NSCs served as
controls.

Western Blot Analysis
NSCs were harvested in M-PER Mammalian Protein Extraction
Reagent (Pierce) with cOmplete Mini EDTA-free protease
inhibitor (1 tablet/10mL) (Roche). Whole-cell lysates fromNSCs
were sonicated with a 5 second pulse followed by a 5 second
rest (X 5 times) at 40% amplitude. Samples were centrifuged at
14,000 rpm at 4◦C for 20min, and supernatant was collected
and stored at −20◦C. Protein concentrations were estimated
using the BCA assay (Pierce). Cell lysates were denatured under
reducing conditions by boiling 10–20 µg total protein with
1 µL of 1M DTT and 4X LDS sample buffer (Invitrogen) at
95◦C for 10min. SDS-PAGE was performed using NuPage 4-
12% Bis-Tris gels (Invitrogen). Gels were run in 1X MES or
1X MOPS running buffer containing 500 µL of antioxidant
(Life technologies), and then transferred to 0.45µm PVDF
membrane using 1X NuPage transfer buffer at 20V for 14 h.
Membranes were blocked with 5% non-fat milk in TBS with
0.1% Tween 20 (TBS-T) for 1 h at room temperature (RT),
incubated with primary antibody reconstituted in 5% non-fat
milk overnight at 4◦C, followed by incubation with secondary
antibody for 2 h at RT. Blots were washed in TBS-T for 10min
(3X), and developed using Pierce ECL (Thermo Scientific). β-
actin or α-tubulin served as loading controls. Densitometry
analysis was performed using ImageQuant TL v2005. Western
blot analysis was performed to study MMP/TIMP expression
at basal levels in C116- and HD-NSCs, and additionally in
presence or absence of exogenously added TGF-β. Biological
replicates (BR) were used for each experiment. Primary
and secondary antibodies used are listed in Supplementary
Table 2.

Gelatin Zymography
C116- and HD-NSCs were harvested in lysis buffer (50mM
Tris-HCL (pH 7.6), 150mM NaCl, 5mM CaCl2, 0.05% Birj-35,
1% Triton X-100, 0.02% NaN3), and sonicated as described
above. For each sample, 500 µg of sonicated cell lysate was

suspended in 500 µL of lysis buffer and 50 µg of Gelatin
Sepharose 4B beads (GE healthcare) and placed on rotator for
1 h at 4◦C for MMP binding. Suspensions were centrifuged,
supernatant was removed, and affinity-bound MMPs were eluted
by resuspending the bead complexes in 50 µL elution buffer
(10% DMSO in PBS). 20µg of elute (with 4X LDS sample buffer)
was then loaded on a 8% zymogram gel containing 0.1% gelatin
(Resolving gel: 1.5M Tris-HCl (pH 8.8), 0.4% SDS, ddH2O,
40% acrylamide/bis-acrylamide, tetramethylethylenediamine
(TEMED), 10% ammonium persulfate (APS), and 0.1%
gelatin. Stacking gel: 1.0M Tris-HCl (pH 6.8), ddH2O, 40%
acrylamide/bis-acrylamide, TEMED, 10% APS). Zymogram gels
were run in 1X Tris-Glycine SDS buffer under non-reducing
conditions at 150V for 1 h. Gels were then washed with
renaturation buffer (2.5% Triton X-100 in ddH2O) for 40min
at 25◦C, briefly rinsed with ddH2O, and incubated in 50mL
of incubation buffer (50mM Tris HCl, 0.15M NaCl, 10mM
CaCl2) for 20-72 h at 37◦C. Finally, gels were briefly washed with
ddH2O, stained with 0.05% Coomassie Brilliant Blue solution
for 1 h, and de-stained for 1 h at RT. Gels were scanned using an
Epson Scanner.

For conditioned media, fresh medium was added to near-
confluent cultures and the media was harvested after 3 days
of incubation at 37◦C and 5% CO2. Five hundred microliters
of conditioned media was loaded onto Amicon Ultra-0.5
Centrifugal Filter Devices (EMD Millipore, UFC501008) with
a molecular weight cut-off of 10 kD. Conditioned media was
concentrated to 20 µL by centrifuging the devices at 14,000 × g
for 30min. Concentrated media was recovered by turning the
devices upside down in clean tubes and centrifuging the tubes at
1,000 × g for 2min. 20µg of elute (with 4X LDS sample buffer)
was then loaded on a 8% zymogram gel containing 0.1% gelatin,
and gelatin zymography was performed as described above.

Immunocytochemistry and Fluorescence
Microscopy
C116- and HD-NSCs were plated in Matrigel-coated 8-well
glass chamber slides (BD Falcon) (80,000 cells per well). Cells
were fixed in 4% paraformaldehyde for 15min at RT and
washed three times with PBS. Cells were permeabilized and
blocked with 0.1% Triton X-100, 10% donkey serum in PBS
for 30min at RT. The cells were washed once with PBS and
incubated with primary antibody (suspended in 1% BSA in
PBS) for 24 h at 4◦C in a humid chamber. Slides were then
washed with PBS (10min, 3X), and incubated with secondary
antibody (suspended in 1% BSA in PBS) at RT for 90min
in the dark. Finally, slides were washed with PBS (5min,
3X), and coverslips were mounted with ProLong Gold with
DAPI antifade reagent (Life Technologies). Slides were cured
24 h in the dark at RT. Imaging was performed on Nikon
Eclipse Ti-U microscope using the Plan Apo λ 20X/0.75
objective. Z-stacks for Supplementary Figure 2 were acquired
on the Zeiss LSM 780 confocal microscope using the 63X
Zeiss plan-apochromat oil, 1.4 NA, DIC objective. Primary
and secondary antibodies used are listed in Supplementary
Table 2.
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RT-PCR Analysis
Total RNA was isolated from NSCs using ISOLATE II RNAMini
Kit (Bioline). cDNA was prepared from 1 µg of RNA in a total
reaction volume of 20 µl using the SensiFAST cDNA synthesis
kit (Bioline). RT-PCR reactions were setup in a 384-well format
using 2X SensiFAST Probe No-ROX kit (Bioline) and 1 µl cDNA
per reaction in a total volume of 10 µl. RT-PCR was performed
on the Roche LightCycler 480 instrument. For quantification,
the threshold cycle, Ct, of each amplification was determined
by using the second derivative maximum method. The 2−11Ct

method was used to determine the relative expression levels of
each gene normalized against the house-keeping gene β-Actin.
Primer-probes used are listed in Supplementary Table 3.

Statistical Analysis
Student’s paired t-test and ANOVA with Tukey’s multiple
comparison test was used to study differences in MMP/TIMP
expression in C116- and HD-NSCs in presence or absence of
recombinant TGF-β. All statistical analysis and graph plotting
was performed using PRISM 7 by GraphPad Software (La Jolla,
CA, USA). p < 0.05 was considered as statistically significant.

RESULTS

RNA-Seq analysis revealed altered expression of MMPs and
TIMPs in HD-NSCs compared to C116-NSCs (Figure 1)
indicating a dysregulation of the MMP/TIMP axis in
HD-NSCs.

MMP Expression Is Modulated in HD
MMP-3/10 and MMP-14 Levels Are Altered in HD

Our previous studies showed elevated levels of MMP-14 and
proteolytically processed active MMP-10 form in mouse striatal
Hdh111Q/111Q cells compared to Hdh7Q/7Q cells (Miller et al.,
2010). Additionally, MMP-10 was reported to directly cleave
HTT. Another recent study reported a direct correlation between
increasing MMP-3 levels in cerebrospinal fluid (CSF) and
worsening of disease in HD patients (Connolly et al., 2016).
To determine if MMP levels are also dysregulated in our
human iPSC-derived NSC model, control C116- and HD-
NSC lysates were subjected to western blot analysis. MMP-3
and MMP-10 are both stromelysins and share the highest
sequence homology (86%) among all MMPs (Bertini et al.,
2004), potentially serving redundant biochemical functions.
Consistent with our previous findings, MMP-3/10 levels were
found to be elevated in HD-NSCs compared to C116-NSCs
[Figure 2A (1.6-fold increase), Supplementary Figure 1A (3.6-
fold increase), Supplementary Figure 1B (1.4-fold increase)].
Immunofluorescence analysis not only confirmed these findings
but also revealed altered localization of MMP-3/10 between the
two genotypes (Figure 2B). While MMP-3/10 is predominantly
expressed in the cytoplasm in C116-NSCs, robust nuclear
expression is also observed in HD-NSCs, which appears to
be associated with apoptotic cells (degenerating nuclei) as
well (white arrowheads in Figure 2B). Interestingly, MMP-
14 levels were decreased in HD-NSCs compared to C116-
NSCs (Figure 3). Despite the reduced overall levels detected by

western blot analysis (Figure 3A, 1.7-fold decrease) and RT-PCR
analysis (Supplementary Figure 1C, 15.4-fold decrease), MMP-14
expression was found to be strongly nuclear in HD-NSCs
where it possibly associates with nuclear HTT immunoreactivity
(Figure 3B).

MMP-2 and MMP-9 (Gelatinases) Expression in HD

Altered levels of MMP-2 (Gelatinase A) and MMP-9
(Gelatinase B), potentially contributing to disease pathogenesis,
have been shown to be altered in several neurodegenerative
diseases including AD (Lim et al., 2011; Hernandez-Guillamon
et al., 2015; Chowdhury, 2016; Weekman and Wilcock, 2016),
and ALS (Lim et al., 1996; Fang et al., 2010; Kaplan et al.,
2014). Furthermore, increased CSF MMP-9 levels directly
correlate with disease severity in HD patients (Connolly et al.,
2016). To determine if these changes in MMP-2 and MMP-9
expression levels can be recapitulated in our iPSC-derived
NSC lines, gelatin zymography was performed on cell lysates
(Figure 4A) and conditioned media (Figure 4B) obtained
from C116- and HD-NSCs. Although modest changes were
observed in pro-MMP-2 levels, the zymogram demonstrated
a marked decrease in active MMP-2 levels in HD-NSCs when
compared to control C116-NSCs, a result further confirmed by
immunofluorescence analysis (Figure 4C). Strong upregulation
of MMP-2 expression was observed especially in association with
apoptotic cells (punctate degenerating nuclei) (white arrowheads
in Figure 4C), suggesting a role for MMP-2 in cellular apoptosis.
Increased expression of pro-MMP-9 was observed in samples
derived from HD-NSCs compared to those obtained from
C116-NSCs (Figures 4A,B). Furthermore, immunofluorescence
analysis again revealed strictly nuclear localization of MMP-9 in
HD-NSCs, in contrast with the diffuse nuclear and cytoplasmic
expression in C116-NSCs (Figure 4D).

TIMP Levels Are Modulated in HD
TIMPs are endogenous inhibitors of MMPs, and thus, altered
MMP levels are often associated with concomitant changes in
TIMP levels. Elevated levels of TIMPs have been reported in
several neurodegenerative diseases, including PD, AD, HD, and
ALS (Lorenzl et al., 2003a), where they have been ascribed
roles in neuroprotection (Tan et al., 2003; Magnoni et al., 2007;
Fujimoto et al., 2008; Tejima et al., 2009; Walker and Rosenberg,
2009; Kim et al., 2010; Ashutosh et al., 2012; Lee and Kim,
2014; Gibb et al., 2015), remyelination (Jiang et al., 2016) and
maintaining CNS homeostasis (Gardner and Ghorpade, 2003).
To determine if TIMP expression is modulated in HD, western
blot analysis (and RT-PCR analysis) was performed on cell lysates
prepared from C116- and HD-NSCs. Our results demonstrate
a decreased expression of both TIMP-1 [Figure 5A (3.3-fold
decrease), Supplementary Figure 1D (1.4-fold decrease)] and
TIMP-2 [Figure 5B (1.6-fold decrease), Supplementary Figure 1E
(1.2-fold decrease)] in HD-NSCs. The downregulation of these
endogenous MMP inhibitors likely accounts for the unabated
MMP activity in HD-NSCs. Immunocytochemistry analysis
further revealed that nuclear TIMP-1 is found in association
with nuclear HTT (Figure 5C) suggesting that TIMP-1 regulates
MMP activity in the nucleus and potentially plays a role
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FIGURE 2 | MMP-3/10 expression is elevated in HD-NSCs. (A) Western blot analysis of MMP-3/10 reveals a robust increase in expression in HD-NSCs. MMP-3/10

immunoreactivity was quantified by densitometry and normalized for α-tubulin immunoreactivity (n = 3 BR, **p < 0.01; t-test). Error bars represent SD. (B)

Immunofluorescence analysis confirms increased expression of MMP-3/10 in HD-NSCs, and also shows elevated nuclear presence of MMP-3/10 in HD-NSCs (40X

magnified insets) as compared to C116-NSCs. Additionally, increased MMP-3/10 immunoreactivity is observed in apoptotic cells with degenerating nuclei in

HD-NSCs (40X magnified inset, white arrowheads). Scale Bars: 20X = 100µm, 40X = 50µm.

in inhibiting cellular apoptosis (Mannello and Gazzanelli,
2001). HD-NSCs readily form cytoplasmic perinuclear mHTT
aggregates as detected by anti-huntingtin antibody (a.a. 115-
129, MAB5490). Interestingly, there appears to be an interaction
between TIMP-1 and mHTT aggregates in HD-NSCs (white
arrowheads in Figure 5C, Supplementary Figure 2).

TGF-β Regulates TIMP-1 Expression
Our previous studies on differential gene expression and
Ingenuity Pathway Analysis (IPA) of HD-NSCs and corrected
C116-NSCs highlighted TGF-β as the top dysregulated pathway
(Ring et al., 2015). HD-NSCs expressed significantly higher
levels of TGF-β in all its forms (precursor, monomer, and
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FIGURE 3 | Decreased MMP-14 expression in HD-NSCs. (A) Western blot analysis of MMP-14 shows a significantly decreased expression of MMP-14 in HD-NSCs.

MMP-14 immunoreactivity was quantified by densitometry and normalized for α-tubulin immunoreactivity (n = 3 BR, *p < 0.05; t-test). Error bars represent SD. (B)

Immunofluorescence analysis of MMP-14 not only confirms decreased expression in HD vs. C116-NSCs, but also reveals predominantly nuclear expression of

MMP-14 in HD-NSCs which possibly associates with nuclear mHTT expression (40X magnified insets). Scale Bars: 20X = 100µm, 40X = 50µm.

dimer) compared to C116-NSCs. Exogenous addition of TGF-
β conferred neuroprotection in HD-NSCs as indicated by
amelioration of elevated caspase-3/7 activity, a direct measure
of cellular apoptosis, and by rescuing mitochondrial deficits.
Altered levels of TGF-β have been reported in HD mouse
models and peripheral blood of HD patients as well (Battaglia
et al., 2011). Although very little is known about TGF-β-
mediated regulation of MMP/TIMP activity, recent studies
have shown that TGF-β modulates the homeostasis between
MMPs and TIMPs through putative signaling pathways (Hall

et al., 2003; Gomes et al., 2012; Kwak, 2013). To determine
if TGF-β regulates MMP and TIMP expression in C116- and
HD-NSCs, cells were treated with 10 ng/mL TGF-β for 24 h.
Western blot analysis revealed that both cell lines expressed
the TGF-β receptor at basal conditions (Figure 6A), and that
TGF-β treatment did not alter the expression levels of its
cognate receptor. Interestingly, treatment with TGF-β resulted
in significantly increased expression of TIMP-1 in HD-NSCs,
but not in C116-NSCs (Figure 6B). No significant change in
expression of TIMP-2 (Figure 6C), or MMP-3/10 (Figure 6D)
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FIGURE 4 | Expression of MMP-2 and MMP-9 (Gelatinases) is altered in HD-NSCs. Gelatin zymogram of C116- and HD-NSC lysates (A) shows increased activity of

pro-MMP-9 in HD-NSCs, which is also extracellularly secreted into the conditioned media (B). In contrast, decreased production of active-MMP-2 is observed in

samples prepared from HD-NSCs when compared to C116-NSCs. Immunofluorescence analysis using anti-MMP-2 (C) and anti-MMP-9 (D) antibodies confirms

these findings and reveals strictly nuclear localization of both MMP-2 and -9 in HD-NSCs. Strongly increased MMP-2 expression was also found in association with

apoptotic cells (white arrowheads in C). Scale Bars: 100µm.

was observed. A very modest increase in MMP-14 expression
in HD-NSCs (Figure 6E) was observed in response to TGF-β.
To further confirm these finding, C116- and HD-NSCs were
treated with a higher dose of 20 ng/mL TGF-β for 24 h. A
robust upregulation of TIMP-1 expression was observed not only
in HD-NSCs, but also in C116-NSCs (Supplementary Figure

3A). These results together indicate that corrected C116-NSCs
have a higher threshold for TIMP-1 induction. Consistent with
previous findings, very little modulation of TIMP-2 expression
was observed at the higher TGF-β dose in across both genotypes
(Supplementary Figure 3B). These data suggest that one of the
possible mechanisms by which TGF-β exerts its neuroprotective
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FIGURE 5 | TIMP expression is downregulated in HD-NSCs. Western blot analysis of TIMP-1 (A) and TIMP-2 (B) expression reveals significantly decreased levels in

HD-NSCs compared to C116-NSCs (n = 3 BR, *p < 0.05; **p < 0.01; t-test). Error bars represent SD. Immunofluorescence analysis using anti- TIMP-1 antibody (C)

demonstrates nuclear localization of TIMP-1 and suggests a direct association between TIMP-1 and mHTT aggregates in HD-NSCs (40X magnified inset, white

arrowheads). Scale Bars: 20X = 100µm, 40X = 50µm.

effects is through the upregulation of TIMP-1 expression. Finally,
altered localization of TIMP-1 expression was observed as a
function of time in response to treatment with 20 ng/mL TGF-β,
with TIMP-1 expression shifting from being strictly nuclear at
1 h post-treatment (Figure 7A), to completely cytoplasmic at 24 h
post-treatment (Figure 7B), as revealed by immunofluorescence
analysis.

DISCUSSION

Our study successfully demonstrates altered expression of
MMPs and TIMPs across the corrected C116- and HD-NSC
lines. Previous studies in our lab demonstrated that MMP-10
colocalized withmHTT aggregates in discrete punctate structures
and that MMP-10 directly cleaves mHTT into N-terminal toxic
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FIGURE 6 | TGF-β treatment regulates TIMP-1 expression. C116- and HD-NSCs were treated with 10 ng/mL TGF-β for 24 h. (A) Immunoblot analysis demonstrates

that both corrected C116- and HD-NSCs express the TGF-β receptor at equal levels, and that exogenous TGF-β administration does not modulate expression of its

cognate receptor (ANOVA with Tukey’s multiple comparison test). Western blot analysis reveals that TGF-β treatment resulted in increased expression of TIMP-1 in

HD-NSCs (B), but not in C116-NSCs. No changes are observed in the expression levels of TIMP-2 (C) and MMP-3/10 (D) in response to TGF-β, however, a very

modest increase is observed in MMP-14 expression in HD-NSCs (E) (*p < 0.05; ****p < 0.0001; t-test). Error bars represent SD.

fragments (Miller et al., 2010). Since MMP-10 shares a very
high degree of homology with MMP-3 (86% identical catalytic
domains) (Bertini et al., 2004), MMP-3 may very well be
implicated in contributing to mHTT cleavage and toxicity as
well. Our results showing a significant increase in MMP-3/10
activity in HD-NSCs suggests that mHTT toxicity occurs in early
stages of neuronal cell development in HD. A study has shown
that neurons that are under cellular stress release the active

form of MMP-3, which in turn triggers microglial activation
and production of pro-inflammatory cytokines including Tumor
necrosis factor α (TNF-α), interleukin-6 (IL-6) and IL-1 (Kim
et al., 2005), thereby contributing to the neuroinflammatory
response in the HD brain (Bjorkqvist et al., 2008), and worsening
of disease (Connolly et al., 2016). Furthermore, nuclear presence
of MMP-3 (as shown in Figure 2B) was found to be associated
with caspase-3 mediated cellular apoptosis (Mannello et al., 2005;
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FIGURE 7 | Altered localization of TIMP-1 in response to TGF-β treatment as a function of time. C116- and HD-NSCs were treated with 20 ng/mL TGF-β. (A)

Immunofluorescence analysis shows robust induction of TIMP-1 levels in HD-NSCs. Strong nuclear expression of TIMP-1 is observed in both C116- and HD-NSCs.

However, the expression becomes predominantly cytoplasmic after 24 h of TGF-β treatment (B) across both genotypes. Scale Bars: 100µm.

Si-Tayeb et al., 2006; Choi et al., 2008), thus contributing to
neuroinflammation and neuronal damage (Kim and Hwang,
2011). These studies put together indicate that specific inhibition
of MMP-3 and MMP-10 activity may prove to be of therapeutic
value in treating HD.

Contrary to our previous findings that MMP-14 levels were
elevated in Hdh111Q/111Q (Miller et al., 2010), diminished
expression of MMP-14 was observed in HD-NSCs. This can be
attributed to change in steady-state levels of MMP-14 during
activation and processing of this enzyme or to difference in cell
type or species since previous studies involved immortalized
mouse striatal cell lines vs. human NSCs in this study. In
fact, elevated MMP-14 levels in HD-NSCs may be beneficial as
indicated by a study showing that elevated MMP-14 levels found
in association with reactive astrocytes surrounding amyloid
deposits exhibited Aβ-degrading activity in vitro (Liao and
Van Nostrand, 2010). Thus, boosting MMP-14 levels may help
facilitate Aβ clearance and be of therapeutic benefit in AD.
Similarly, it would be interesting to explore whether MMP-
14 directly interacts with mHTT containing aggregates as well,

thereby facilitating mHTT clearance and diminishing associated
toxicity in HD.

Our gelatin zymography studies clearly demonstrate altered
activation of MMP-2 and -9 in HD-NSCs. While increased
expression of MMP-9 was observed in HD-NSCs, activation of
MMP-2 was diminished. Since a ternary complex of pro-MMP-
2, TIMP-2, and MMP-14 is required for activation of MMP-
2 (Nagase, 1998; Itoh and Seiki, 2004) (Figure 8), decreased
expression of MMP-14 and TIMP-2 in HD-NSCs possibly
accounts for decreased levels of active MMP-2.

Our immunofluorescence analysis indicated that increased
nuclearMMP-2 and -9 expression is associated with degenerating
nuclei in apoptotic cells. Much like caspase-3 activity,
intranuclear MMP-2 and -9 have been shown to have pro-
apoptotic functions in neurons by hindering DNA strand break
repair through inactivation of poly-ADP-ribose-polymerase-1
(PARP-1), a DNA repair enzyme (Mannello et al., 2005; Hill
et al., 2012). Intranuclear MMP activity in neurons has also been
associated with neuroinflammation (Kimura-Ohba and Yang,
2016).
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FIGURE 8 | Proposed model. In comparison to corrected C116-NSCs (A), HD-NSCs express altered levels of MMPs and TIMPs (B). (A) Under basal conditions,

MMP-3/10 activity is kept in check by TIMP-1. MMP-14, MMP-2, and TIMP-2 form a trimolecular complex that facilitates activation of MMP-2, which in turn induces

MMP-9. MMP-9 activity is greatly inhibited by TIMPs. (B) Decreased expression of TIMPs in HD-NSCs result in unregulated MMP activity as indicated by elevated

MMP-3/10 expression. MMP-3/10 directly cleaves full-length mutant HTT (mHTT) leading to the production of toxic N-terminal polyQ fragments, consequently

contributing to increased cell death in HD-NSCs. Decreased expression of TIMP-2 and MMP-14 result in reduced activation of MMP-2. Increased MMP-9 activity is

observed possibly as a result of decreased TIMP expression. (C) TGF-β treatment upregulates TIMP-1 expression, which in turn inhibits MMP-3/10 activity. This

inhibition prevents MMP-3/10-mediated cleavage of full-length mHTT, thereby decreasing the production of toxic N-terminal fragments and amelioration of cell death.

Thus, TGF-β conferred neuroprotection is likely mediated through increased expression of TIMP-1.

The biology of the MMP-2 and -9 is truly complex. Contrary
to the above studies, these gelatinases were also shown to
have beneficial roles in AD. When incubated with Aβ40 and
Aβ42, MMP-2, and -9 sequentially degraded them into highly
soluble, non-toxic truncated fragments, thereby facilitating Aβ

clearance (Hernandez-Guillamon et al., 2015). Thus, it would be

interesting to study potential interactions of expanded mHTT
with recombinant MMP-2 and MMP-9.

MMP-2 and -9 have been widely implicated in pathogenesis
of several neurodegenerative diseases including AD, HD, and
ALS. Decreased levels of plasma MMP-2 (Lim et al., 2011)
and elevated levels of MMP-9 in post-mortem cortical tissue
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(Bruno et al., 2009), CSF samples (Adair et al., 2004), and
plasma samples (Lorenzl et al., 2003b) of AD patients have been
reported, and shown to bear direct correlation with worsening
Mini-Mental State Examination (MMSE) scores (Bruno et al.,
2009; Lim et al., 2011). These studies clearly underscore the
clinical utility of these MMPs as valuable prognostic biomarkers
of neurodegenerative disease progression. Furthermore, MMP-
9 inhibition was reported to improve Aβ-mediated cognitive
impairment and neurotoxicity in mice (Mizoguchi et al.,
2009). On similar lines, studies by Kaplan et al. demonstrated
that MMP-9 is a prospective marker for motor neuron loss
in late-stage ALS, and that reduction of MMP-9 function
through gene ablation, viral gene therapy, and pharmacological
inhibition significantly delayed muscle denervation (Kaplan
et al., 2014). Additionally, a positive correlation was found
between significantly increased MMP-9 CSF levels and disease
severity in HD (Connolly et al., 2016). Thus, MMP-9 appears to
be a good candidate therapeutic target for treatment of several
neurodegenerative disorders including HD.

Western blot analysis further demonstrated that both TIMP-1
and TIMP-2 expression was downregulated in HD-NSCs
compared to C116-NSCs, thereby directly accounting for
the altered MMP levels in HD-NSCs. However, TIMPs are
pleiotropic and also serve MMP-independent functions in the
central nervous system (CNS) (Stetler-Stevenson, 2008; Moore
and Crocker, 2012). Both TIMP-1 and TIMP-2 are anti-apoptotic
(Mannello and Gazzanelli, 2001; Brew and Nagase, 2010) and
have direct roles in conferring neuroprotection (Kim et al., 2010;
Ashutosh et al., 2012). Nuclear localization of TIMPs, especially
TIMP-1, has been previously reported (Li et al., 1995; Zhao
et al., 1998), inviting the speculation that they have important
roles in nuclear functions such as replication and transcription
(Mannello andMedda, 2012). Furthermore, association of TIMP-
1 with mHTT aggregates in discrete punctate structures as
revealed by immunofluorescence analysis suggests a direct
physical interaction of TIMP-1 with mHTT. Presence of TIMP-
1 in these mHTT aggregates possibly serves to directly inhibit
MMP-10 activity, which has been reported to strongly colocalize
with mHTT aggregates as well (Miller et al., 2010).

Studies by Moore et al. show that compact myelin formation
is significantly delayed in TIMP-1 knockout mice, and that
astrocytic TIMP-1 promotes oligodendrocyte differentiation and
enhances CNS myelination (Moore et al., 2011). Furthermore,
transplantation of immature iPSC-derived astrocytes or
administration of their conditioned medium promoted recovery
following brain injury in a TIMP-1 dependent manner (Jiang
et al., 2016). TIMP-1 overexpression also ameliorates MMP-9
mediated blood-brain barrier leakage in models of stroke,
traumatic brain injury (Tejima et al., 2009) and cerebral
ischemia (Fujimoto et al., 2008). Thus, astrocytic TIMP-1 plays
an important role in CNS homeostasis and disease and may
have significant therapeutic relevance (Gardner and Ghorpade,
2003).

TIMP-2 plays an equally important role in the CNS. TIMP-2
is expressed in spinal motor neurons, and is necessary for
development andmaintenance of the neuromuscular junction, as
indicated by the presence of motor deficits in TIMP-2 deficient

mice (Jaworski et al., 2006). TIMP-2 also has a potent anti-
inflammatory role. Overexpression of TIMP-2 in LPS-stimulated
microglia inhibited the production of reactive oxygen species and
proinflammatory cytokines, including TNF-α and IL-1β, while
simultaneously increasing production of anti-inflammatory IL-
10 (Lee and Kim, 2014). TNF-α and IL-6 were found to
be significantly elevated in postmortem HD patient samples
and in mouse models of HD (Bjorkqvist et al., 2008), and
thus, boosting TIMP-2 levels in the HD brain could attenuate
the neuroinflammatory response, thus providing therapeutic
benefit.

As with MMPs, TIMPs can also be valuable biomarkers for
neurodegenerative diseases (Lorenzl et al., 2003a). Studies by
Mroczko et al. showed that simultaneous examination of MMP-
2, -9, and TIMP-1 in the CSF allowed for differential diagnosis
between AD and other types of dementia (Mroczko et al., 2013).
Elevated CSF levels of TIMP-1 and TIMP-2 in HD patients,
which probably represent a compensatory attempt at controlling
unabated MMP activity, could also be potential biomarkers for
HD (Lorenzl et al., 2003a; Connolly et al., 2016).

A proposed mechanism for our findings illustrates the
contribution of altered MMP and TIMP expression to HTT
proteolysis and neuronal cell death (Figure 8). Under basal
conditions (Figure 8A), MMP activity is tightly regulated by
TIMPs. MMP-2, MMP-14, and TIMP-2 form a ternary complex
(Nagase, 1998; Itoh and Seiki, 2004). MMP-2 zymogen is
proteolytically processed into its active form by MMP-14, and
MMP-2 further activates MMP-9. TIMPs inhibit the activity
of MMP-3/10 (Batra et al., 2012), MMP-2, and MMP-9
(Fujimoto et al., 2008; Tejima et al., 2009). In HD (Figure 8B),
decreased TIMP-2 levels result in reduced MMP-2 activation.
MMP-2 further activates MMP-9 and potentially also activates
MMP-3/10. Reduced TIMP levels in HD-NSCs simultaneously
contribute to unabated MMP-3/10 andMMP-9 activity. Previous
work in the lab has shown that MMP-3/10 directly cleaves
full-length mHTT into smaller N-terminal fragments which
associate with increased neurotoxicity. Thus, elevated CSF
levels of TIMPs (TIMP-1 and TIMP-2) in neurodegenerative
diseases, including HD (Lorenzl et al., 2003a), represent
a compensatory attempt at regulating already elevated and
uncontrolled MMP activity. Exogenous administration of TGF-β
(Figure 8C) increases TIMP-1 expression in HD-NSCs, thereby
inhibiting MMP-3/10 expression and concomitant proteolysis
of mHTT into toxic fragments. In conclusion, upregulation of
TIMP-1 expression represents a potential mechanism for TGF-
β conferred-neuroprotection in HD (Ring et al., 2015). Thus,
boosting TGF-β signaling could potentially offer therapeutic
benefit inHD. In fact, a recent study demonstrated that deficiency
in neuronal TGF-β signaling promoted PD-related pathologies
and motor deficits (Tesseur et al., 2017). Increasing TGF-β
signaling in the substantia nigra through adeno-associated virus
expressing a constitutively active type I receptor significantly
reduced MPTP-induced dopaminergic neurodegeneration and
motor deficits, and thus, represents a potential therapy for
PD. This study also indicates that boosting TGF-β signaling
through constitutively activating TGF-β receptor in a cell-
type specific manner is more beneficial compared to in vivo
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delivery of TGF-β ligands, which has yielded contradictory
results (Krieglstein and Unsicker, 1994; Poulsen et al., 1994;
Krieglstein et al., 1995; Sanchez-Capelo et al., 2003), possibly
due to global activation of TGF-β signaling. Thus, we speculate
that augmenting TGF-β signaling specifically in the striatum
potentially represents a feasible strategy for treatment of HD as
well.

Our study also indicates that MMP inhibition can provide
therapeutic benefit in HD. However, multiple MMPs are
expressed in all cell types throughout the body, with some
having crucial multifaceted roles in normal physiology (Brkic
et al., 2015), thereby emphasizing the need for developing
very specific MMP inhibitors. This has been exemplified by
drug discovery efforts in the cancer field showing that more
than 50 MMP inhibitors investigated have failed in clinical
trials, owing to lack of inhibitor specificity (Vandenbroucke
and Libert, 2014). For instance, administration of broad-
spectrum MMP inhibitors resulted in musculoskeletal syndrome
manifesting as stiffening of joints, hypothesized to be due
to inhibition of MMPs crucial to maintaining connective
tissue homeostasis, namely MMP-1 and MMP-14 (Becker
et al., 2010). In the light of these findings, efforts are now
focused on developing highly specific MMP inhibitors that
spare off-target isozymes. These studies underscore the need
to develop targeted MMP inhibition therapies for treatment
of HD.

In conclusion, elucidating the mechanism of action of MMPs
and TIMPs, their interactions with mHTT, and their regulation
by other cytokines or neurotrophic factors will shed light on
their contribution to HD pathology, and help develop novel
therapies for treatment of HD. Findings of this study will

be broadly applicable to other neurodegenerative diseases and
normal aging as well.
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