1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Exp Neurol. Author manuscript; available in PMC 2018 November 01.

-, HHS Public Access
«

Published in final edited form as:
Exp Neurol. 2017 November ; 297: 101-109. doi:10.1016/j.expneurol.2017.08.002.

HSPB1 mutations causing hereditary neuropathy in humans
disrupt non-cell autonomous protection of motor neurons

Patrick L. Heilman!, SungWon Song, Ph.D.2, Carlos J. Miranda, Ph.D.2, Kathrin Meyer, Ph.D.
2 Amit K. Srivastava, Ph.D.3, Amy Knappl, Christopher G. Wierl, Brian K. Kaspar, Ph.D.2,
and Stephen J. Kolb, M.D., Ph.D.1:4

1Department of Biological Chemistry & Pharmacology, The Ohio State University Wexner Medical
Center, Columbus, OH

2The Research Institute, Nationwide Children’s Hospital, Columbus, OH 43205

SDepartment of Pediatrics Surgery, The University of Texas Medical School at Houston, Houston,
TX 77030

4Department of Neurology, The Ohio State University Wexner Medical Center, Columbus, OH

Abstract

Heat shock protein beta-1 (HSPB1), is a ubiquitously expressed, multifunctional protein
chaperone. Mutations in HSPB1 result in the development of a late-onset, distal hereditary motor
neuropathy type Il (dHMN) and axonal Charcot-Marie Tooth disease with sensory involvement
(CMT2F). The functional consequences of HSPB1 mutations associated with hereditary
neuropathy are unknown. HSPB1 also displays neuroprotective properties in many neuronal
disease models, including the motor neuron disease amyotrophic lateral sclerosis (ALS). HSPBL1 is
upregulated in SOD1-ALS animal models during disease progression, predominately in glial cells.
Glial cells are known to contribute to motor neuron loss in ALS through a non-cell autonomous
mechanism. In this study, we examined the non-cell autonomous role of wild type and mutant
HSPBL1 in an astrocyte-motor neuron co-culture model system of ALS. Astrocyte-specific
overexpression of wild type HSPB1 was sufficient to attenuate SOD1(G93A) astrocyte-mediated
toxicity in motor neurons, whereas, overexpression of mutHSPBL1 failed to ameliorate motor
neuron toxicity. Expression of a phosphomimetic HSPB1 mutant in SOD1(G93A) astrocytes also
reduced toxicity to motor neurons, suggesting that phosphorylation may contribute to HSPB1
mediated-neuroprotection. These data provide evidence that astrocytic HSPB1 expression may
play a central role in motor neuron health and maintenance.
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INTRODUCTION

Heat shock protein beta-1 (HSPB1/Hsp27) is a member of the conserved molecular
chaperone family of small heat shock proteins (SHSPs). This ubiquitously expressed, 27kDa
protein contains the hallmark a-crystallin domain of sHSPs, along with flexible N- and C-
terminal regions. HSPB1 is a multifunctional protein with roles in protein aggregation (1-3),
apoptosis (4-8), cytoskeletal maintenance (9-11), and gene transcription (12-14). Mutations
in HSPBL1 result in late-onset, distal hereditary motor neuropathy type Il (dHMN) and
axonal Charcot-Marie Tooth disease (CMT2F) (15-21). These neuropathies are
characterized by length-dependent axonal degeneration of peripheral nerve axons, resulting
in sensory loss, muscle wasting, and weakness (18, 22). To date, 31 mutations have been
identified in patients located throughout the protein (Figure 1). The specific functional
consequences of mutations on cellular mechanisms are unknown. Overexpression of
neuropathy-associated HSPB1 mutations, mutHSPB1, disrupts neurofilament assembly (23),
and causes motor neuron toxicity and degeneration (24). /n vitro studies have suggested that
mutations in HSPBL1 alter its chaperone activity, however this does not hold true for all
currently identified mutations (25, 26).

To study mutant HPSB1 /n vivo, we and others have developed mouse models of HSPB1-
associated CMT2F. Overexpression of mutHSPBL1 in neurons results in the development of a
very mild phenotype, with only electrophysiological deficits (27), or a more severe
phenotype with behavioral and electrophysiological deficits (28, 29). Peripheral nerves from
the latter model displayed decreased abundance of acetylated a-tubulin, and DRG neurons
cultured from these mice exhibited axonal degeneration and impaired axonal transport (28).
Remarkably, treatment of these mice with small molecules inhibiting histone deactylase 6
increased acetylated a-tubulin levels, corrected the axonal transport deficits and improved
the CMT2F phenotype in mutant HSPB1 mice (28). It is not clear how these overexpression
models reflect pathology under physiologic conditions, and it is notable that mouse models
expressing mutHSPB1 at endogenous levels in all cell types failed to develop a neuropathy
phenotype (30). While missense mutations in HSPB1 result in hereditary sensory-motor
neuropathy affecting primarily the lower motor neuron, wild type HSPB1, HSPB1(WT), has
neuroprotective properties in an additional disease of the motor neuron, amyotrophic lateral
sclerosis (ALS) (31-36).

ALS is an adult-onset, progressive motor neuron disease that is characterized by
degeneration of upper and lower motor neurons in the motor cortex, brain stem and spinal
cord (37). 10% of ALS cases follow a dominant inheritance pattern, and are classified as
familial ALS (fALS), with the other 90% being termed sporadic ALS (SALS).
Approximately 20% of fALS cases are a result of mutations in the gene encoding Cu/Zn
superoxide dismutase 1 (SODJ) (38). The exact mechanism of SOD1-mediated toxicity
remains unclear, however most evidence suggests that mutations confer a toxic gain of
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function due partly to the propensity of mutant SOD1 to misfold and aggregate with itself
and other proteins. /n vitro studies have demonstrated that HSPB1 and HSPB5, another
small heat shock protein, can reduce the rate of mutant SOD1 aggregation in a concentration
dependent manner (36). Overexpression of HSPB1 in SOD1-astrocyte cell cultures subjected
to oxidative stress resulted in a 2-fold increase in cell viability, and reduced mutant SOD1
aggregation (31). Additionally, viral delivery of HSPB1 and HSP70 to ND7 and dorsal root
ganglion cells expressing mutant SOD1 reduces cell death in response to serum deprivation
and a variety of other lethal stimuli (34). To test if HSPBL1 is neuroprotective /in vivo,
SOD1(G93A)-ALS mice have been crossed with mice overexpressing HSPB1 in two
laboratories. These studies yielded different results. Krishnan et al. found no neuroprotective
effect in SOD1(G93A)-HSPB1 double transgenic mice (33), while Sharp et al. found that
overexpression of HSPB1 delayed disease progression and increased motor unit survival
(35). Recent human data points to a possible neuroprotective role; two HSPB1 variants of
uncertain significance were identified in individuals with apparent SALS, further indicating a
potential link between ALS and HSPB1 malfunction (39).

Additional supporting evidence that HSPB1 is neuroprotective in SOD1-ALS involves the
endogenous levels of Hsp25 (murine HSPBL1) that are reliably upregulated in transgenic
mouse models of SOD1(G93A)-ALS (33, 40, 41). This is also true in human post-mortem
spinal cord from ALS patients (40). These HSPB1 positive cells were predominately glial in
nature. Moreover, astrocytic inclusion bodies in ALS patient spinal cords co-stain for SOD1
and HSPBL1 (42), and inclusion bodies isolated from various mutant SOD1 mouse models
contain heat shock proteins (HSPs), including HSPB1. In this study, we utilized an in vitro,
astrocyte-motor neuron co-culture system (43-46) to study the consequences of
overexpression of wild type or mutHSPB1 in SOD1(G93A) astrocytes. We find that
overexpression of wild type HSPB1 in SOD1(G93A) astrocytes improves survival of co-
cultured motor neurons, and that motor neuropathy-linked mutations in HSPB1 attenuate
this neuroprotection. Further, we show that expression of mutHSPB1 in wild type astrocytes
has no effect on motor neuron survival. Finally, our data suggests that HSPB1
phosphorylation may be important for its non-cell autonomous neuroprotection.

Murine HSPB1 is upregulated in mouse neural progenitor cell-derived SOD1(G93A)

astrocytes

To determine whether endogenous Hsp25 (murine HSPBL1, herein referred to as mHSPB1)
protein expression is increased in neural progenitor cell (NPC) derived astrocytes, we
prepared total cellular lysates from both wild type and SOD1(G93A) astrocytes. mHSPB1
protein levels were measured by semi-quantitative western blot using an antibody specific to
murine HSPBL1 (Figure 2C). Endogenous mHSPBL1 levels were enriched in lysates from
SOD1(G93A) astrocytes compared to wild type astrocytes. Immunofluorescent staining of
mHSPB1 similarly showed upregulation in SOD1(G93A) astrocytes. 13.25 + 3.05% of wild
type astrocytes were positive for mHSPB1, whereas 37.40 + 3.18% of SOD1(G93A)
astrocytes were positive for mHSPB1 (Figure 2A, 2B). Co-staining, with antibodies specific
to misfolded SOD1 (47-51), revealed that SOD1 and mHSPB1 are visualized in the
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cytoplasm, and that 41.03 + 3.25% of mHSPB1 positive astrocytes were also positive for
misfolded SODL1.

Our group, and others, have shown that SOD1(G93A) astrocytes exhibit non-cell
autonomous toxicity to motor neurons (MNS) /n vitro (43, 45, 52). To determine if MHSPB1
expression in astrocytes affects MN survival, we used lentiviral-mediated knockdown to
reduce mHSPBL1 protein levels by approximately 50% in SOD1(G93A) astrocytes (Figure
2C, 2D). These astrocytes were then co-cultured with wild type MNs (Figure 2E, 2F). There
was no observable difference in survival at 6 days between MNs cultured with shHspb1
astrocytes, 36.44 + 5.86%, or a scrambled control shRNA, 38.07 + 3.75%, versus non-
transduced SOD1(G93A) astrocytes, 32.81 + 5.57%, suggesting that reduced levels of
mHSPB1 protein do not affect SOD1(G93A) astrocyte-mediated MN toxicity.

Overexpression of HSPB1(WT) in SOD1(G93A) astrocytes improves motor neuron survival

Next, we determined whether human HSPB1(WT) overexpression in SOD1(G93A)
astrocytes could improve MN survival in our /n vitro co-culture model. Using lentiviral
transduction, we overexpressed a FLAG-tagged HSPB1(WT) construct in SOD1(G93A)
astrocytes, which resulted in a 100% increase in MN survival compared to non-transduced
SOD1(G93A) astrocytes, 70.18 + 9.19% vs. 34.66 + 2.21% respectively (P<0.0005) (Figure
3A, Figure S1A). Previous, /n vitro studies found that HSPB1 expression can influence
neurite maintenance and growth (53, 54). Consistent with previous reports, we also found
that motor neurons cultured on SOD1(G93A) astrocytes exhibit reduced soma size and
neurite length compared to motor neurons cultured on wild type astrocytes (Figure S1B and
S1C). Interestingly, the soma size of MNs cultured on SOD1(G93A) astrocytes
overexpressing HSPB1(WT) did not differ from astrocytes bearing the SOD1(G93A)
mutation alone, but neurite length was increased by 75% when MNs were cultured in
contact with SOD1(G93A) astrocytes overexpressing HSPB1(WT) (Figure S1B and S1C).

Previous studies have demonstrated that overexpression of SOD1(G93A) in primary cortical
astrocyte cultures was toxic to motor neurons, but did not affect the viability of the
astrocytes (55, 56). To confirm this in our experiments, we compared the viability of wild
type astrocytes to non-transduced SOD1 (G93A) astrocytes and SOD1 (G93A) astrocytes
transduced with HSPB1 (WT) (Figure S2). We observed no difference in the viability
between cell lines, with 97.13 + 0.80% viable wild type astrocytes and 96.74 + 0.98% viable
SOD1 (G93A) astrocytes at day 9 in culture. Similarly, transduction of SOD1 (G93A)
astrocytes with HSPB1 (WT) had no effect on astrocyte viability compared to a mock
transduction, 92.22 + 1.57% vs. 92.31 £ 0.68% respectively, suggesting that the observed
increase in motor neuron survival in our co-culture assay is not from an alteration in
astrocyte viability.

Since mutations in HSPB1 result in motor neuropathy, we examined the consequences of
mutHSPB1 overexpression on motor neuron survival in the SOD1(G93A) co-culture system.
We selected two mutations to study, a glycine to arginine mutation near the phosphorylation
sites in the N-terminal region, HSPB1(G84R) and an arginine to tryptophan mutation in the
a-crystallin domain of the protein, HSPB1(R136W) (Figure 1, mutations in red) and
overexpressed FLAG-tagged versions of these isoforms in astrocytes via lentiviral
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transduction. These mutations were selected for their divergent effects on HSPB1 chaperone
activity, with HSPB1(G84R) exhibiting reduced chaperone activity (57) and
HSPB1(R136W) exhibiting increased chaperone activity /in vitro (26). In contrast to the
overexpression of wild type HSPB1 in SOD1(G93A) astrocytes, overexpression of
HSPB1(G84R) failed to alter MN survival compared to non-transduced astrocytes, 41.50

+ 3.19% vs. 34.66 + 2.21%, (P>0.1), while overexpression of HSPB1(R136W) resulted in a
mild increase in MN survival, 46.38 £ 3.56%, vs. 34.66 + 2.21%, (P<0.01) (Figure 3A, 3B,
3C), indicating that both mutations interfere with the protective effect of HSPB1 in our co-
culture system.

To determine whether the expression of the mutant HSPB1 isoforms in astrocytes had a
negative effect on motor neurons, we next overexpressed mutHSPB1 in wild type astrocytes
and recorded MN survival. Wild type astrocyte lines overexpressing RFP, HSPB1(WT),
HSPB1(G84R) or HSPB1(R136W) were generated and co-cultured with wild type MNs.
Expression of RFP has previously been shown to have no effect on MN survival (58), and
was used as a control for toxicity associated with infecting astrocytes with a viral vector.
Similar to RFP expressing astrocytes, overexpression of HSPB1(WT) or mutHSPB1
constructs resulted in an ~10% loss of MN survival compared to non-transduced astrocytes
(Figure 3C, D). These results indicated that specific overexpression of mutHSPB1 in wild
type astrocytes had little effect on motor neuron survival in co-culture.

Overexpression of HSPB1 does not alter SOD1 localization or protein levels in astrocytes

We addressed the possibility that HSPB1 increases MN survival through altering SOD1
localization and expression. We examined the immunohistochemical staining pattern for
HSPB1 and misfolded SOD1 in both SOD1(G93A) and SOD1(G93A) + HSPB1(WT)
astrocyte lines. Staining for misfolded SOD1 was indistinguishable between the two cell
lines (Figure 4A). To examine SOD1 protein levels in a more quantitative fashion, we
compared SOD1 and misfolded SOD1 protein expression in total cellular lysates from our
wild type, SOD1(G93A) and SOD1(G93A) + HSPB1(WT) astrocytes by western blot. There
was no difference in the amount of misfolded SOD1, or SODL1 protein in astrocytes
overexpressing HSPB1(WT) (Figure 4B, 4C), suggesting that overexpression of HSPB1 has
no effect on total SOD1 protein levels. Similar results were obtained for astrocytes
overexpressing neuropathy-associated HSPB1 mutants (Data not shown).

Phosphorylation of HSPB1 is likely required for non-cell autonomous MN neuroprotection

HSPB1 is a phosphoprotein, with 3 phosphorylation sites located in the N-terminal region
(Figure 1). Previous studies have shown that phosphorylation of HSPB1 is critical to its
neuroprotective properties (53, 59, 60). To determine whether phosphorylation was required
for neuroprotection in our assay, SOD1(G93A) astrocytes were transduced with one of two
mutHSPBL1 constructs, in which the 3 major phosphorylation sites had been mutated to
alanine or aspartic acid respectively, to mimic a non-phosphorylated HSPB1, HSPB1(TriA),
or a constitutively phosphorylated protein, HSPB1(TriD). When astrocytes expressing
HSPB1(TriA) are co-cultured with MNs (Figure 5A), we observed no difference in MN
survival as compared to non-transduced astrocytes, 50.48 + 3.25% and 46.02 + 1.84%
respectively. In contrast, overexpression of HSPB1(TriD) in astrocytes resulted in increased
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MN survival compared to non-transduced SOD1(G93A) astrocytes (Figure 5A), 63.01
+ 4.73% and 46.01 + 1.84% respectively (P<0.001). Expression of HSPB1 transgenes was
confirmed by western blot (Figure 5B). These data support the hypothesis that
phosphorylation of HSPB1 may contribute to non-cell autonomous neuroprotection.
DISCUSSION

The molecular consequences of mutations in HSPB1 that result in the development of
axonal neuropathies is interesting because of what it teaches us about the unique role that
HSPB1 plays in the maintenance of motor neurons. Previously characterized mouse models
suggest a cell autonomous mechanism(s); neuronal expression of HSPB1 variants is
sufficient to cause axonal neuropathy phenotypes similar to those observed in dHMNII and
CMT?2 patients (27, 28). Boughy et al. recently characterized two new transgenic mouse
models of HSPB1 neuropathy that used the Cre/oxP system to express HSPB1 transgenes at
physiological levels specifically in neurons (30). These mice failed to develop a phenotype,
and one interpretation of this result and others, is that glial cell types may be involved in the
development of axonal neuropathies.

Multiple studies have shed light on the roles of astrocytes, microglia and oliogodendrocytes
in the progression of neurodegenerative disorders. Our results demonstrate that expression of
HSPB1(WT) in SOD1(G93A) astrocytes improves wild type motor neuron survival in vitro
and that expression of two different HSPB1 variants, HSPB1(G84R) and HSPB1(R136W),
attenuate this effect. Furthermore, wild type astrocytes expressing mutant HSPB1 were not
found to be toxic to motor neurons. These data support the idea that neuropathy-associated
mutations in HSPB1 may result in a loss of a supportive function in glial cells. We propose
that this loss of non-cell autonomous function is paired with a toxic cell autonomous
function in motor neurons that results in the axonal motor neuropathy.

While the neuroprotective effect of HSPB1 in ALS has been well studied, there is
conflicting literature regarding the mechanistic basis for such protection. The function of
HSPB1 is regulated by posttranslational modifications and structural oligomerization.
Chaperone activity of HSPB1 is associated with large, unphosphorylated oligomeric
complexes (61). Phosphorylation of HSPB1 results in a shift from larger oligomeric species
to smaller multimers, which can directly regulate cellular apoptotic pathways to promote cell
survival (60-64). These smaller multimers also regulate a host of other cellular processes,
including inflammatory response, mMRNA decay and cytoskeleton stabilization (10, 11,14,
65-67). Our data implies that the smaller HSPB1 species are predominantly responsible for
the observed neuroprotection in our SOD1-ALS model. We report that overexpression of
HSPB1(WT) or HSPB1(TriD), a phosphomimetic mutant, was able to improve motor
neuron survival, while a non-phosphorylatable HSPB1 mutant, HSPB1(TriA), did not.
Interestingly, the HSPB1(TriD) construct only demonstrated partial neuroprotection
compared to the HSPB1(WT) construct. One reason that HSPB1(TriD) may have partial
neuroprotection, is that this mutant form disrupts the ability to fluctuate between
phosphorylated, partially phosphorylated and dephosphorylated states, which may reduce
the full range of HSPB1-client protein interactions necessary for robust neuroprotection.
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These findings agree with a recent study that showed expression of HSPB1(WT) and
HSPB1(TriD), but not HSPB1(TriA) was able to reduce cell death from oxygen and glucose
deprivation in cortical neurons (60). They also found that transgenic mouse lines expressing
HSPB1(WT) or HSPB1(TriD) had decreased infarct volume and improved neurofunctional
recovery after neuronal ischemia compared to HSPB1(TriA) mice and non-transgenic
controls (60). Furthermore, the authors demonstrate that HSPB1(WT) and HSPB1(TriD)
confer this neuroprotection by directly inhibiting apoptosis signal-regulating kinase 1
(ASK1) mediated apoptosis (60, 62). Characterization of these mice showed HSPB1
expression was primarily in neurons, but some glial cells were positive for the transgene
(62). Thus, mounting evidence, including our data, suggests that HSPB1 neuroprotection is
less linked to protein chaperone activity, and more expressed through interaction with client
proteins via as yet undefined signal pathways.

An additional possibility is that HSPB1 may improve motor neuron survival in a non-cell
autonomous manner by reducing glutamate excitotoxicity, a mechanism known to contribute
to motor neuron death in ALS. Astrocytes expressing mutant SOD1 display reduced
expression of the glutamate transporter EAAT2, and that reduced expression of EAAT?2 can
induce motor neuron toxicity (68—70). Recent evidence has shown that EAAT?2 is cleaved by
caspase-3 in SOD1 (G93A) astrocytes and animal models (71, 72). This cleavage results in a
loss of functional EAAT?2 and a nuclear accumulation of a truncated C-terminal fragment in
astrocytes. Studies have shown that overexpression of this C-terminal fragment in non-
transgenic astrocytes can induce motor neuron toxicity in a co-culture model system (73).
HSPB1 could prevent astrocyte toxicity through its interaction with procaspase-3 (74),
and/or by targeting the toxic C-terminal fragment for degradation via the ubiquitin-
proteasome pathway (14). Future work will study these interactions in astrocytes and clarify
the molecular pathway, however, owing to the multifunctional nature of HSPB1 it will be
challenging to identify a single pathway that accounts for neuroprotective properties of
HSPBL1.

Therapies that target the induction of heat shock proteins (HSPs) have been developed as
potential treatments for ALS patients. Resveratrol, Celastrol and Arimoclomol are 3
compounds that have been reported to delay disease onset and extend survival in
SOD1(G93A) transgenic mice (75-77). Each of these compounds indirectly activate heat
shock factor 1, the master regulator of HSP gene transcription, and /in vitro studies
demonstrate that they can increase HSPB1 expression (75, 78, 79). Each of these treatments
hold promise, yet the effect these compounds have on HSP regulation in non-neuronal cells
has been poorly characterized. More attention may need to be paid to this aspect of HSP
induction therapies given our results. It is likely that HSPB1 inducing therapies would be
used as part of a combinatorial strategy to treat motor neuron disease. To maximize the
potential benefits of HSP neuroprotection, we recommend that future studies examine the
role of HSPs in glial cells in addition to neuronal cell types.

In conclusion, HSPB1(WT) expression in SOD1(G93A) astrocytes improves motor neuron
survival /n vitro through the regulation of an unidentified signal pathway, and likely not via
protein chaperone activity. Overexpression of neuropathy-associated HSPB1 mutants

mitigate this protective effect and fail to induce non-cell autonomous motor neuron toxicity.
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These data suggest that neuropathy-associated mutations in HSPB1 may result in loss of a
neuroprotective function in non-neuronal cells contributing to the pathogenesis of axonal
neuropathy, and highlight the important role that HSPB1 plays in motor neuron health and
maintenance.

MATERIALS AND METHODS

Mice

All procedures were performed in accordance with NIH Guidelines and approved by the
Institutional Animal Care and Use Committee of the Research Institute at Nationwide
Children’s Hospital. Wild type, B6SJL, and B6SJLTg SOD1(G93A) mice were obtained
from Jackson Laboratories (Bar Harbor, ME).

ES Motor Neuron Differentiation

Mouse embryonic stem cells expressing GFP under the MN-specific promoter HB9 (HBG3
cells; kind gift from Tom Jessell, Columbia University, New York) were cultured on primary
mouse embryonic fibroblasts (Millipore). For differentiation into MNSs, cells were lifted with
trypsin and re-suspended in DFK10 culture medium consisting of knockout DMEM/F12,
10% knockout serum replacement, 1% N2, 0.5% L-glutamine, 0.5% glucose (30% in water),
and 0.0016% 2-mercaptoethanol. The cells were plated on non-adherent Petri dishes to allow
formation of embryoid bodies. After 1 day of recovery, 2 UM retinoic acid (Sigma) and 2 uM
purmorphamine (Calbiochem) were added freshly every day with new medium. After 5 days
of differentiation, the embryoid bodies were dissociated and sorted for GFP on a BD
FACSVantage/DiVa sorter.

Mouse NPC Isolation and Differentiation into Astrocytes

NPCs were isolated according to methods previously described (80, 81). Briefly, spinal
cords were enzymatically dissociated in the same way as described for astrocytes. The cell
suspension obtained was then mixed with an equal volume of isotonic Percoll (GE
Healthcare) and was centrifuged at 20,000 RCF for 30 minutes at room temperature. Cells
from the low-buoyancy fraction (5-10 ml above the red blood cell layer) were harvested,
washed thoroughly with D-PBS/PSF (Invitrogen) and plated in 60 mm uncoated plates. Cells
were grown in growth medium (DMEM/F12, Invitrogen) with 1% N2 supplement
(Invitrogen), 20 ng/ml of fibroblast growth factor-2 (FGF-2, Peprotech) and 20 ng/ml of
endothelial growth factor (EGF, Peprotech). Cells were first grown as neurospheres and then
were placed on a polyornithinelaminin (P/L)-coated plates, in which they grow as monolayer
cultures. NPC cultures were found to be devoid of astrocytes, microglia, and
oligodendrocytes contaminants. Once cultures were established, NPCs from wild type and
SOD1(G93A) mice were used to generate astrocytes by withdrawing growth factors and
supplementing the medium with 10% FBS. The media was changed every 2 days thereafter.
Astrocytes were allowed to mature for 7 days prior to being used in the experiments
described above. Highly enriched astrocyte cultures were obtained with no detectable levels
of microglia, and oligodendrocytes.
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Lentiviral Transduction of Mouse Astrocytes

The wild type HSPB1 viral vector was generated by digestion of M13-HSPB1 plasmid
(GeneCopoeia) with BstB1 and Notl, and ligated into the pcDNA4/TO vector (Invitrogen),
in frame with an N-terminal FLAG sequence. The FLAG-HSPB1 cDNA was then PCR
amplified to create a 5° BamH1 site and 3" Xhol site. This construct was then ligated into a
pCSC-SP-PW (Addgene) backbone. Site directed mutagenesis (Agilent) was used to
generate HSPB1(G84R), HSPB1(R136W), HSPB1(TriA) and HSPB1(TriD) vectors (primer
sequences available upon request). Viral particles were produced as previously described
(82) and delivered to astrocytes with a MOI20.

Co-Culture of Motor Neurons and Astrocytes

Murine NPC-derived astrocytes were plated in 96-well plates coated with human fibronectin
(2.5 pg/mL; Millipore) at a density of 3.5x10"4 cells per well. One day later, FACS-sorted
GFP-positive MNs were re-suspended in MN media consisting of DMEM/F12, 5% horse
serum, 2% N2, 2% B27 plus GDNF (Invitrogen; 10 ng/mL), BDNF (Invitrogen; 10 ng/mL),
and CNTF (Invitrogen; 10 ng/mL) and added to the astrocytes at a density of 1.0x10"4 per
well. Each plate was scanned every day for 6 days with the fully automated IN CELL 6000
confocal plate reader to capture GFP-positive cells. The IN CELL developer and analyzer
software were used to create whole-well pictures and to automatically count MNs.

Astrocyte Viability Assays

Murine NPC-derived astrocytes were plated in 10-cm? plates coated with human fibronectin
(2.5 ug/mL; Millipore) at a density of 6x1076 cells per dish. Media was changed every 2
days. After 4 days, cells were washed 2x with PBS and incubated with Accutase (Gibco) to
lift cells from the culture dish. Accutase was neutralized with culture media, and cells were
centrifuged for 5 minutes at 500 RCF. The resulting cell pellets were re-suspended in 1 mL
of 1x PBS and viability was determined using an NC-100 Nucleo-counter (Chemometec),
according to the manufacturer’s protocol.

Western Blotting

Astrocytes were lysed in a buffer containing 20mM Tris (pH 7.4), 150 mM NaCl, 2mM
EDTA, 1mM DTT, 10% Glycerol, 1% Triton X-100, 2 mM sodium pyrophosphate, 25 mM
a-glycerophosphate, 1 mM Na3V04, 10 mM NaF, 10 pg/ml leupeptin, 10 ug/ml aprotinin,
and 5 mM PMSF on ice for 5 minutes. Lysates were centrifuged (16,000 RCF) at 4°C for 10
minutes. The resulting supernatant was then boiled at 95°C for 5 minutes in 2x Laemmli
Buffer (20% Glycerol, 2% p-Mercaptoethanol (v/v), 100 mM Tris-HCI pH 6.8, 2% SDS (v/
v)). 10 pg of each sample was separated by SDS-PAGE and transferred to a PVDF (Bio-
Rad) membrane. Immunoblots were blocked in 5% nonfat dry milk in Tris-buffered saline
(TBS) for 1 hour at room temperature. The blots were then incubated with primary
antibodies against human HSPB1, mHSPB1, SOD1, misfolded SOD1 or Tubulin for 1 hour
at room temperature. The antibody against misfolded SOD1 has been previously described
to be specific to human SOD1 under denaturing conditions and specific for mutant SOD1
isoforms under non-denaturing conditions (47-51). Blots were then washed 3 times with
TBS-T, and incubated with secondary antibody for 1 hour at room temperature, and then
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scanned using a Licor Odyssey Classic. Primary antibodies used for these experiments were:
Anti-HSPB1 (Ab Cam, ab2790 [1:5,000]), Anti-Hsp25/27 (Millipore MAB3842 [1:1,000]),
Anti-SOD1 (Santa Cruz sc-8637 [1:250]), Anti-Misfolded SOD1 (MediMabs, MM-0070
[1:1,000]), and Anti-Tubulin (Ab Cam, ab7291 [1:10,000]). Secondary antibodies used
were: Anti-Mouse 800CW (Licor, 925-32210 [1:10,000]) All antibodies were diluted in
blocking buffer + 0.1% Tween-20.

Immunofluorescence

Statistics

Cells were fixed with 4% paraformaldehyde for 15 min and washed 3 times with Phosphate-
buffered saline (PBS) before the blocking solution consisting of PBS with 10% goat serum,
3% BSA, and 0.1% Triton X-100 was applied for 1 hour. Incubation with primary antibody
was performed for 1 hour at room temperature. Cells were then washed 3 times in PBS

+ 0.1% Triton X-100 then incubated with secondary antibody and DAPI for 1 hour at room
temperature. Coverslips were then washed 3 times with PBS + 0.1% Triton X-100.
Coverslips were mounted to glass slides using Fluoromount-G (SouthernBiotech).
Antibodies used for these experiments: Anti-GFAP (Ab Cam, ab4676 [1:250]), Anti-Hsp25
(ENZO, ADI-SPA-801 [1:1000]), Anti-Misfolded SOD1 (MediMabs, MM-0070 [1:250]),
Anti-Mouse AlexaFluor 488 (Invitrogen, A-11001 [1:1,000]), Anti-Rabbit AlexaFluor 488
(Invitrogen, A-11034 [1:1,000]) and Anti-Chicken AlexaFluor 594 (Invitrogen, A-11042
[1:1,000]). All antibodies were diluted in blocking solution.

Statistical analysis was performed by one-way ANOVA unpaired t-test for mean differences
between the average of wild type control lines versus SOD1(G93A) derived lines and/or
HSPB1 mutant lines (GraphPad Prizm Software). All experiments were performed at least in
triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Overexpression of HSPBL1 in astrocytes attenuates astrocyte-mediated motor
neuron toxicity
. Phosphorylation contributes to HSPB1-mediated non-cell autonomous
neuroprotection
. Axonal neuropathy-associated HSPB1 mutations result in loss of astrocyte-

mediated motor neuron neuroprotection
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Figure 1. Domain structure of human HSPB1

Domain structure of human HSPB1 showing dHMN and CMT2F associated point
mutations. S15, S78 and S82 are the major sites of phosphorylation. Mutations in red were

studied.
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Figure 2. Knockdown of murine HSPB1 in SOD1(G93A) astrocytes has no effect on motor

neuron survival

A. Immunofluorescent staining of murine HSPB1 (mHSPB1) and misfolded SOD1 in wild
type and SOD1(G93A) mouse astrocytes. Nuclei were visualized with DAPI. B. Percentage
of wild type or SOD1(G93A) astrocytes stained positive for mHSPB1. Cells were counted in
5 random fields of view and expressed as the number of mHSPB1 positive cells over total
cells. C. Representative immunoblot of mHSPB1 protein levels in wild type and
SOD1(G93A) mouse astrocytes (left panel) and SOD1(G93A) astrocytes infected with
lentiviral ShRNA against Hspb1. D. Quantification of mMHSPB1 immuno-staining in
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SOD1(G93A) astrocytes and SOD1(G93A) astrocytes transduced with shHspbZ. mHSPB1
signal intensity was normalized to mHSPB1 signal intensity from SOD1(G93A) astrocyte
lysates. Error bars denote s.e.m. E. MN survival at day 6 of MN co-culture assay with wild
type, SOD1(G93A), SOD1(G93A) + sh Hspbl RNA or SOD1(G93A) + shSCRM RNA
astrocytes. MN survival was normalized to counts from MNs cultured with wild type
astrocytes (N = 3 for all groups, each n was run in triplicate). Error bars denote s.e.m.
****P<0.0001, ns, non-significant. F. Representative images of HB9-GFP expressing MNs
(shown in black) after 6 days in co-culture with wild type astrocytes, SOD1(G93A)
astrocytes, and SOD1(G93A) astrocytes transduced with sShSCRM or shHspb1.

Exp Neurol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Heilman et al. Page 20
A. — 110- O WT Ast B. x .3
£ 100 gy H G93AAst g 88 33 3B
T 904 [l G93AAst + HSPB1 WT 2 T <5 XF B
2 g0- [ G93AAst + HSPB1 G84R E 3 3% 3% 3%
g 70- [0 G93A Ast + HSPB1 R136W
: -
(] 50-
E 30+
S 20-
2 101
0
C. SOD1 G93A Ast + SOD1 G93A Ast + SOD1 G93A Ast +
WT Ast SOD1 G93A Ast HSPB1 WT HSPB1 G84R HSPB1 R136W
4 v - . i - ]
< 2 ™ 3 ’ s & W™ 4
:.‘. .‘f‘.- \ » < . : i " %;. . Vi " £ v . 4 g .
| B RS K / T R Sl T
4 e ; 9 ’ b |« Y A « -
e A : . / 1l ., | 4 |
(8 s .3 : ) oo 5 ¥
@&t . §2 ﬁ g ‘2 D | Va3t
- e a v
2000 - } o / ¥
D E. P 2
= 110+ < ®
o ns. ®
£ 10044 ns. ns. ns. B wrast : +2 +8 +&
= S. [ WTAst + RFP i € 4 4r ‘¢
o 90' L - < < g @ g @ <@
2 g0 O WT Ast + HSPB1 WT & a o o
g 70' [ WT Ast + HSPB1 G84R S 5F 52 52 £2
@ - [ WT Ast + HSPB1 R136W | o — — - Tobuin
© 504
E gg- - amw e | /B hHSPB1
S 204
[*] o
=

Figure 3. Mutations in HSPB1 attenuate non-cell autonomous motor neuron protection
A. MN survival at day 6 of MN co-culture assay with wild type, SOD1(G93A),

SOD1(G93A) + HSPB1(WT), SOD1(G93A) + HSPB1(G84R), SOD1(G93A) +
HSPB1(R136W) astrocytes. MN survival was normalized to counts from MNs cultured with
wild type astrocytes. (n = 3 for all groups, each n was run in triplicate.) B. Representative
immunoblot confirming the expression of human HSPB1 constructs in SOD1(G93A)
astrocytes. Western blots were probed with an antibody specific to human HSPB1 C.
Representative images of HB9-GFP expressing MNs (shown in black) after 6 days in co-
culture with wild type astrocytes, SOD1(G93A) astrocytes, and SOD1(G93A) astrocytes
transduced with HSPB1(WT), HSPB1(G84R) or HSPB1(R136W). D. MN survival at day 6
of MN co-culture assay with wild type, WT+RFP, WT + HSPB1 (WT), WT +
HSPB1(G84R), WT + HSPB1(R136W) astrocytes. MN survival was normalized to counts
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from MNs cultured with wild type astrocytes. (n = 3 for all groups, each n was run in
triplicate.) E. Representative immunoblot confirming the expression of HSPB1 constructs in
wild type astrocytes using an antibody specific to human HSPBL. Error bars denote s.e.m.
***P<0.0005, *P<0.01, n.s., non-significant.
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Figure 4. Overexpression of HSPB1(WT) does not reduce SOD1(G93A) expression
A. Immunofluorescent staining of FLAG and, misfolded SOD1 in non-transduced

SOD1(G93A) astrocytes and, HSPB1(WT) transduced SOD1(G93A) astrocytes. Nuclei
were visualized with DAPI. B. Representative immunoblot of hRHSPB1, SOD1 and
misfolded SOD1 protein levels in wild type, SOD1(G93A) and SOD1(G93A) +
HSPB1(WT) cell lines. HSPB1 and misfolded SOD1 were stained with antibodies specific
to human isoforms of the respective proteins. SOD1 was stained using an antibody that
detects both human and murine SOD1. C. Quantification of misfolded human SOD1
staining in SOD1(G93A) and SOD1(G93A) + HSPB1(WT) cell lines. Band intensities were
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guantified and normalized to a tubulin loading control. Data represents the average of 3
independent western blots. Error bars denote (s.e.m.) n.s., not significant.
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Figure 5. Phosphomimetic HSPB1 expression in SOD1(G93A) astrocytes protects MNs from

astrocyte-mediated toxicity

A. MN survival at day 6 of MN co-culture assay with wild type, SOD1(G93A),
SOD1(G93A) + HSPB1(TriA) or SOD1(G93A) + HSPB1(TriD) astrocytes. MN survival
was normalized to counts from MNs cultured with wild type astrocytes. (n = 3 for all
groups, each n was run in triplicate.) Error bars denote s.e.m. **£<0.001, ****/<0.0001,
n.s., non-significant. B. Representative immunoblot confirming the expression of
HSPB1(TriA) and HSPB1(TriD) in SOD1(G93A) astrocytes using an antibody specific to

human HSPB1.
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