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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a fatal and rapidly progressing motor neuron disease. Astrocytic factors are known to contribute to
motor neuron degeneration and death in ALS. However, the role of astrocyte in promoting motor neuron protein aggregation, a disease
hallmark of ALS, remains largely unclear. Here, using culture models of human motor neurons and primary astrocytes of different geno-
types (wild-type or SOD1 mutant) and reactive states (non-reactive or reactive), we show that reactive astrocytes, regardless of their ge-
notypes, reduce motor neuron health and lead to moderate neuronal loss. After prolonged co-cultures of up to 2 months, motor neurons
show increased axonal and cytoplasmic protein inclusions characteristic of ALS. Reactive astrocytes induce protein aggregation in part by
releasing transforming growth factor p1 (TGF-p1), which disrupts motor neuron autophagy through the mTOR pathway. These results

reveal the important contribution of reactive astrocytes in promoting aspects of ALS pathology independent of genetic influences.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disease characterized by progressive degeneration of
upper and lower motor neurons. This neurodegeneration
is coupled with abnormal protein and neurofilament inclu-
sions, which collectively lead to muscle atrophy and
paralysis (Al-Chalabi and Hardiman, 2013; Rowland and
Shneider, 2001; Strong et al., 2005). The majority of ALS
cases (90%) are sporadic in nature (SALS), whereas the re-
maining 10% of cases are familial (fALS), with the majority
of fALS associated with mutations in the C9ORF72 or the
Superoxide dismutase 1 (SOD1) gene (40%-45% and 20%-—
25%, respectively) (Taylor et al., 2016).

The pathogenic mechanisms of ALS are complex but
appear to be strongly influenced by astrocytes, the domi-
nant glial cell type in the CNS (Boillee et al., 2006; Philips
and Rothstein, 2014; Valori et al., 2014). Healthy astrocytes
play an essential role in normal neuronal function, partici-
pating in metabolic support, ionic balance, blood-brain
barrier maintenance, and immune modulation (Barres,
2008). Under disease or injury conditions, astrocytes
change their morphology and properties and become
“reactive astrocytes” (Hamby and Sofroniew, 2010; Parpura
et al., 2012; Phatnani and Maniatis, 2015; Seifert et al.,
2006). Reactive astrocytes can be recognized by their
enhanced expression of glial fibrillary acidic protein
(GFAP) and extracellular matrix proteins, including chon-
droitin sulfate proteoglycan, versican, and aggrecans (So-
froniew, 2005). Reactive astrocytes are also characterized

by increased secretion of many factors, some of which are
known inflammatory mediators such as cytokines and in-
terferons (Sofroniew, 2005). The transition into a reactive
state-reactive gliosis has been shown to be a prominent
feature of ALS (Boillee et al., 2006; Ilieva et al., 2009; Philips
and Robberecht, 2011; Valori et al., 2014). Itis important to
understand the role of reactive astrocytes in the neurode-
generative process, particularly because astrocytes can ac-
quire a reactive state, not only in chronic neurodegenera-
tive processes, but also under a variety of environmental
conditions, such as traumatic CNS injury (Burda et al.,
2016; Sofroniew, 2005, 2009). Indeed, it is noteworthy
that traumatic injuries have been associated with increased
risks for ALS and other neurodegenerative diseases (Chen
et al., 2007; Goldman et al., 2006). Therefore, understand-
ing the role of reactive astrocytes in mediating motor
neuron degeneration could shed light on both familial
and sporadic ALS.

Many studies used mutant mouse models to investigate
the influence of astrocytes in motor neuron degeneration
in ALS. In chimeric studies, astrocytes carrying SOD1
mutant transgenes were toxic to their neighboring
wild-type (WT) motor neurons (Clement et al., 2003).
Conversely, astrocyte-specific deletion of the SOD1 trans-
gene in SOD1 mutant mice delayed ALS progression (Ilieva
et al.,, 2009; Wang et al., 2011; Yamanaka et al., 2008).
Transplantation of SOD1 mutant astrocytes into WT ro-
dents triggered motor neuron degeneration (Papadeas
et al.,, 2011), whereas transplantation of WT astrocyte pre-
cursors delayed disease progression and extended survival
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of mutant SOD1 mice (Lepore et al., 2008). More recently, it
was shown that astrocytes derived from sporadic human
ALS patients led to motor neuron degeneration, disorga-
nized neurofilaments, and aggregated ubiquitin after trans-
plantation into mice (Qian et al.,, 2017). These studies
established that mutant astrocytes contribute significantly
to ALS pathogenesis.

In addition to in vivo genetic models, co-cultures of mo-
tor neurons and astrocytes have been used extensively to
study astrocyte toxicity in ALS. Mutant mouse astrocytes
carrying SOD1 transgenes showed a clear toxic effect in
co-cultures with WT murine or human motor neurons
(hMNs) (Di Giorgio et al., 2008; Di Giorgio et al., 2007;
Marchetto et al., 2008; Nagai et al., 2007). Remarkably, as-
trocytes derived from both familial and sporadic human
ALS spinal samples were also toxic to cultured murine
motor neurons (Haidet-Phillips et al., 2011; Re et al,,
2014). Extensive gene-profiling studies using SOD1 mice
further showed a high level of concordance between
in vivo spinal tissues and cultured astrocytes and motor
neurons (Phatnani et al., 2013). Thus, the co-culture sys-
tem faithfully recapitulates aspects of ALS pathogenesis
and can serve as a valuable model to study astrocyte
toxicity.

Significant progress has been made on understanding the
molecular mechanisms by which astrocytes exert their
detrimental influence on motor neurons. One well-studied
mechanism is downregulation of glutamate transporters in
astrocytes in both murine and human ALS and, conse-
quently, excitotoxicity to motor neurons due to excessive
postsynaptic stimulation (Rothstein et al.,, 1992, 1996).
Increasing the transporter expression offers neuroprotec-
tion (Rothstein et al., 2005). In addition, a number of astro-
cytic factors have been proposed as potential toxic factors,
including inflammatory cytokines, prostaglandins, and
reactive oxygen species (de Boer et al., 2014; Di Giorgio
et al., 2007; Drachman et al., 2002; Haidet-Phillips et al.,
2011; Marchetto et al., 2008; Nagai et al., 2007). Other
studies suggested involvement of increased Na/K ATPase-
adducin complex or upregulation of the gap junction pro-
tein Connexin 43 in astrocyte-mediated toxicity (Almad
et al., 2016; Gallardo et al., 2014). A recent study showed
that diseased ALS astrocytes in both murine models and
human patients potently downregulate expression of ma-
jor histocompatibility complex 1 (MHC1) of motor neu-
rons; reduction of MHC1 makes motor neurons susceptible
to astrocyte-induced cell death (Song et al., 2016). Many of
these studies employed pharmacological or genetic tools to
inhibit the candidate astrocytic factors and showed efficacy
in ameliorating pathology or extending survival of ALS
mouse models. These advances provided important thera-
peutic candidates for further evaluation in human ALS
disease.
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The degenerative phenotypes of motor neurons in hu-
man ALS are complex and involve not only neuronal death
but also neurite shrinkage and formation of a multitude of
axonal and cytoplasmic inclusions that contain various
proteins such as UBIQUITIN, TDP43, P62, and others (re-
viewed in Blokhuis et al., 2013). Although many studies
have firmly established that astrocytic factors can promote
motor neuron death, relatively little is known about astro-
cytic factors that promote formation of protein inclusions
in motor neurons, a prominent disease feature of ALS. To
address this question, we studied protein aggregation
in long-term co-cultures of hMNs and primary mouse as-
trocytes of different genotypes (WT or mutant hSOD1-
G93A) and reactive states (non-reactive or reactive). Our
data indicate that the reactive state of astrocytes is an
important contributor to motor neuron protein aggrega-
tion and neurite degeneration. In particular, in long-term
cultures of up to 2 months, reactive astrocytes induced for-
mation of cytoplasmic protein inclusions (UBIQUITIN,
P62, and TDP43) and axonal pNF-H aggregates in hMNs.
This induction is closely correlated with the reactive state
of astrocytes and independent of their genotype (WT or
SOD1 mutant). Our studies further indicate that reactive
astrocytes exhibit enhanced secretion of TGF-B1, which
activates the mammalian target of rapamycin (mTOR)
signaling pathway and leads to defects in autophagy
in hMNs. Inhibition of TGF-B1 signaling attenuates reac-
tive astrocyte-induced protein aggregation in culture.
These results provide insight on reactive astrocyte-medi-
ated signaling pathways that contribute to protein aggrega-
tion phenotypes of motor neuron degeneration in ALS.

RESULTS

Reactive Astrocytes Isolated from Adult hSOD1

Mutant Mice Impair hMN Survival and Induce Protein
and Neurofilament Inclusions

Previous in vitro studies of astrocytes in ALS have often used
astrocytes derived from proliferating glial progenitors iso-
lated from early postnatal brains (Di Giorgio et al., 2008;
Di Giorgio et al., 2007; Marchetto et al., 2008; Nagai
et al., 2007). Such astrocytes have limited expression of
classic “reactive astrocyte” genes. Indeed, prominent reac-
tive gliosis does not appear until adulthood in ALS patients
and animal models (Boillee et al., 2006). To model reactive
astrocytes in ALS, we developed a method to directly cul-
ture astrocytes from spinal cords of 2-month-old SOD1
mutant mice, when reactive gliosis is present (Figure 1A).
Our mutant adult astrocyte culture was highly enriched
for GFAP* cells (89% + 6%) and devoid of TUJ1* neurons,
04" oligodendrocytes, and IBA1" microglia, although a
small number of NG2* cells were present (<1% of total
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Figure 1. Astrocytes from Adult hSOD1%93* Mutant Mice Express Reactive Genes and Attenuate hMN Survival

(A) Schematic representation of astrocyte cultures from early postnatal (P3) or adult (P60) spinal cord of hSOD1%°** mutant mice.

(B) Adult astrocyte cultures are enriched for GFAP™ cells and devoid of Tuj1" neurons, 04" oligodendrocytes, and IBA1" microglia. A small
number of NG2* cells were present. Data presented as mean + SEM. N = 3 independent experiments.

(C) Adult astrocytes express astrocytic genes at comparable levels as postnatal astrocytes. Data presented as mean + SEM. N = 3 inde-

pendent experiments.

(D-G) Adult astrocytes express the reactive astrocyte marker LCN2 in vivo and in vitro (E and G). In contrast, postnatal astrocytes do not
express LCN2 (D and F). CHAT labels motor neurons. Scale bars, 100 uM.
(H) Adult astrocytes express proinflammatory factors and reactive genes compared with early postnatal astrocytes. Data presented as

mean + SEM. N = 3 independent experiments.

(I) Experimental outline of our co-culture of mutant astrocytes with purified human wild-type motor neurons.
(J3-L) Human motor neurons (hMNs) co-cultured with adult astrocytes showed reduced survival compared with those co-cultured with
postnatal astrocytes. Data presented as mean + SEM. N = 3 independent experiments. *p < 0.05. Mann-Whitney test. Scale bars, 100 uM.

cultured cells) (Figures 1B and S1). qPCR showed that
cultured adult astrocytes express many astrocytic genes
including Gfap and S100b at levels comparable with post-
natal astrocytes (Figure 1C). The mutant adult astrocytes,
however, exhibit significant upregulation of multiple in-
flammatory and reactive factors (Figures 1D-1H). Using
immunohistochemistry, we confirmed expression of one
of the reactive factors, LCN2, in mutant adult spinal cord

and cultured adult astrocytes (Figures 1E and 1G). In
contrast, LCN2 was not detectable in mutant postnatal spi-
nal cord or postnatal astrocyte cultures (Figures 1D and 1F).

To evaluate the interactions between mutant astrocytes
and motor neurons, we carried out co-culture studies (Fig-
ure 1I). hMNs were generated by differentiating human em-
bryonic stem (hES) cells carrying the Hb9-GFP transgene
and purified by fluorescent-activated sorting (Figure S2).
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Figure 2. Astrocytes from Adult hSOD1%°** Mutant Mice Strongly Promote Protein and Neurofilament Inclusions in hMNs Compared

with Postnatal hSOD15%3* Astrocytes

hMNs co-cultured with mutant postnatal astrocytes showed limited formation of pNF-H, P62, and UBIQUITIN inclusions (A, B, C, G, H,
and I). In contrast, these inclusions were significantly increased in co-cultures with mutant adult astrocytes (D, E, F, G, H, and I).
Quantifications are presented as mean + SEM. Data collected from three independent experiments each with triplicates. *p < 0.05; **p <

0.01. Mann-Whitney test. Scale bars, 100 uM.

In a short-term 3-day culture, hMNs co-cultured with either
postnatal astrocytes or adult astrocytes showed no signifi-
cant difference in hMN number or branching (Figure S2).
However, after an extended 30-day culture, there was a
modest reduction in hMN number in the adult astrocyte
co-culture (Figures 1J-1L), indicating toxicity from mutant
adult astrocytes compared with postnatal astrocytes,
consistent with prior in vitro studies (Di Giorgio et al.,
2008; Di Giorgio et al., 2007; Haidet-Phillips et al., 2011;
Marchetto et al., 2008; Nagai et al., 2007; Re et al., 2014).
A seminal pathological hallmark of ALS is the presence of
cytoplasmic and axonal inclusions in motor neurons that
perturb normal function and viability (Blokhuis et al.,
2013). In both sporadic and familial ALS, for example,
hMNs exhibit swelling neurites that contain neurofilament
aggregates and cytoplasmic P62/UBIQUITIN inclusions
(Blokhuis et al., 2013; Carpenter, 1968; Hirano et al.,
1984; Leigh et al., 1991; Maekawa et al., 2009; Matsumoto
et al., 1990; Mizuno et al., 2006; Strong et al., 2005). In co-
cultures with mutant adult astrocytes, we observed bead-
like swellings along neurites of hMNs as early as day 30
(9.5% + 4% of all hMNs) (Figures 2D and S2). In compari-
son, only 0.75% = 0.5% of the hMNs showed abnormal
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axonal swellings when cultured with mutant postnatal as-
trocytes (Figures 2A and S2). Phosphorylation of neurofila-
ment heavy chain (pNF-H) is linked to disease progression
in hSOD1 (G93A) mice and is considered an ALS biomarker
(Calvo et al., 2012). Immunohistochemistry showed prom-
inent pNF-H aggregates in the bead structures of hMNs co-
cultured with mutant adult astrocytes (Figures 2D, 2G, and
S2), but few in hMNs co-cultured with mutant postnatal as-
trocytes (Figures 2A, 2G, and S2). Cytoplasmic P62* and
UBIQUITIN* inclusions were not detectable at day 30, but
became prominent at day 60 in hMNs co-cultured with
mutant adult reactive astrocytes (27% + 2% and 12.2% =+
0.7% of all hMNs, respectively) (Figures 2E, 2F, 2H, 2I,
and S2). In contrast, hMNs developed substantially fewer
P62 and UBIQUITIN aggregates (6.3% + 0.6% and 1.0% +
0.7% of all hMN:ss, respectively) in postnatal astrocytes co-
cultures (Figures 2B, 2C, 2H, 21, and S2). These data indicate
that reactive astrocytes derived from adult hSOD1 mutant
mice have significantly enhanced toxic effects on cultured
hMNs, compared with mutant postnatal astrocytes that do
not show these reactive features. Our data are consistent
with previous observations in ALS patients and animal
models that reactive gliosis begins in adulthood and is



associated with rapid deterioration of motor neuron health
(Schiffer and Fiano, 2004).

WT Reactive Astrocytes Reduce hMN Survival and
Induce Protein and Neurofilament Inclusions

Our results thus far indicate enhanced motor neuron
toxicity from SOD1 reactive astrocytes compared with
non-reactive astrocytes. However, it is unclear whether
the enhanced toxicity requires presence of the SOD1 trans-
gene. To evaluate this, we obtained WT reactive astrocytes
isolated from the cortex of a stab injury model of adult
mice. As controls, we used WT postnatal astrocytes. We
confirmed the high purity of the astrocytes and their
elevated expression of reactive astrocyte markers (Fig-
ure S3). In co-culture assays, reactive astrocytes induced a
modest decrease in hMN numbers after 30 days, compared
with controls (Figures 3A-3D).

Immunohistochemistry showed that hMNs co-cultured
with non-reactive astrocytes rarely developed axonal ab-
normalities at day 30 (Figures 3Q, 3R, 3U, 3V, and S3).
In contrast, hMNs co-cultured with reactive astrocytes
had numerous bead-like axonal swellings that are positive
for pNF-H and, occasionally, Tau protein at day 30 (Figures
38-3V and S3). By day 60, hMNs in reactive cultures also
developed significant numbers of cytoplasmic inclusions
that are positive for TDP43, UBIQUITIN, hSOD1, and P62
(9.1% + 0.8%, 4.3% + 1%, 5% = 1.1%, and 30.7% = 2.1%
of all hMN:s, respectively) (Figures 3G-31, 3M-30, and
$3). In contrast, hMNs in non-reactive cultures had few
inclusions for TDP43, UBIQUITIN, hSOD1, or P62 (0.9%
+0.8%, 0.5% = 0.3%, 0% + 0%, and 1.6% =+ 0.3%, respec-
tively) after 60 days (Figures 3E, 3F, 3K, 3L, 31, 3], 30, 3P,
and S3). It should be noted that the TDP43 and SOD1 ag-
gregates appeared in a relatively small subset of hMNs and
the aggregates were relatively small. In comparison,
TDP43 and SOD1 aggregates in human pathology sam-
ples are larger in size and/or more abundant per neuron
(Blokhuis et al., 2013). Nevertheless, our data indicate
that reactive astrocytes can reduce hMN survival and
induce axonopathy and proteinopathy in hMNs, which
strikingly resembles the degenerative phenotype in ALS.
Importantly, reactive astrocytes induced these pheno-
types independent of any genetic mutations associated
with ALS.

TGEF-B1 Secreted by Reactive Astrocytes Induces
Axonal and Cytoplasmic Protein Aggregation in hMNs
How do reactive astrocytes induce ALS-like motor neuron
phenotype? It is well documented that reactive astrocytes
secret proinflammatory factors, which could contribute
to environmental stress experienced by hMNs. We evalu-
ated this possibility by analyzing the formation of stress
granules (SGs) in hMNs using the SG marker TIA1 (Ander-

son and Kedersha, 2008). In 3-day co-cultures of hMNs
with WT reactive or non-reactive astrocytes, we did not
detect any TIA1" SGs, suggesting that reactive astrocytes
did not confer acute stress on hMNs (Figure S4). Stimula-
tion with the acute stress inducer arsenite, however, re-
vealed that hMNs co-cultured with reactive astrocytes
were more prone to SG formation, with increased number
of neurons bearing SGs and increased number of SGs
per neuron (Figure S4). These data indicate increased envi-
ronmental stress for hMNs co-cultured with reactive
astrocytes.

To identify the factors secreted by reactive astrocytes
that could mediate hMN pathogenesis, we compiled a
list of candidate factors from the existing literature. We
confirmed using qPCR analysis that 13 factors were signif-
icantly upregulated in our adult reactive astrocyte cultures.
To evaluate these factors, hMNs cultured on PDL/laminin-
coated dishes were individually treated with these 13 fac-
tors at 20 ng/mL for 14 days and analyzed for pNF-H and
P62 aggregation (Figure 4A). Treatment with TGF-B1, but
not the other factors, resulted in a significant increase of
pNE-H and P62 aggregates in hMNs (Figures 4B-4I and
S5). At high concentrations (200 ng/mL), other cytokines
including IL6, CXCL1, and CXCL12 also induced modest
P62 aggregation in subsets of pMNs (Figure S5). Lastly,
addition of TGF-B1 in co-cultures of hMNs and non-reac-
tive astrocytes for 60 days led to increased P62 aggregates
in hMNs (8% + 3%) (Figures 4J-4L).

To further evaluate the effect of astrocyte-derived TGF-B1
at inducing P62 and pNF-H aggregations, we treated hMNs
cultured on PDL/laminin-coated dishes with conditioned
media from reactive astrocytes (ACM) for 14 days, which
consistently induced pNF-H and P62 aggregates (Figures
5A, 5D, 5C, and 5F). Addition of the TGF-B receptor1 inhib-
itor, RepSox in ACM significantly suppressed aggregate for-
mation (Figures 5B, SE, SC, and 5F). Together, these data
identified TGF-B1 as an inducer of P62 and pNF-H protein
aggregation for hMNs.

TGF-B1 Induces Autophagy Defects in hMNs through
the mTOR Pathway

It is notable that P62 aggregation is significantly enhanced
by TGF-B1 treatment or by co-culture with reactive astro-
cytes. P62 functions as a cargo-recognition protein for
autophagy, a cellular pathway that mediates lysosomal
degradation of proteins and organelles, but it is also an
autophagy substrate (Zaffagnini and Martens, 2016). P62
aggregation and accumulation therefore suggests that
TGF-B1 impairs autophagy function in hMNs.

Given that mTOR activation can strongly suppress auto-
phagy (Ganley et al., 2009; Hosokawa et al., 2009; Jung
etal., 2009), we examined whether excessive TGF-1 could
stimulate the mTOR pathway and block autophagy in
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Figure 3. Wild-Type Reactive Astrocytes Decrease hMN Survival and Significantly Induce Protein and Neurofilament Inclusions
(A) Experimental outline of our co-culture of hMNs with either wild-type non-reactive cortical astrocytes or reactive astrocytes activated

by stab injury.
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hMNs. Western blot analysis on hMNs treated with TGF-B1
for 14 days revealed a significant upregulation of phos-
phorylated S6 and P70 compared with controls (Figures
6A-6D), indicating that the mTOR pathway was indeed
activated in hMNs upon TGF-B1 treatment. To test whether
mTOR activation was impairing autophagy activity, we
measured autophagy flux by treating hMNs with a cocktail
of lysosomal activity inhibitors, or the autophagy inducer
rapamycin, for 8 hr in the presence or absence of TGF-B1.
We observed that the increase in the amount of LC3-II
upon treatment with lysosomal inhibitors was notably
reduced in TGF-Bl-treated hMNs (fold increase 1.78 =
0.03) compared with DMSO control-treated ones (fold in-
crease 4.23 + 0.3), suggesting an impairment of autophagy
activity (Figures 6E and 6F). Consistent with this observa-
tion, the increase in LC3-II observed in control hMNs
exposed to rapamycin was also higher than in the TGF-
B1-treated hMNs (Figures 6E and 6F). These data together
indicate reduced LC3-II turnover in hMNs exposed to
TGF-B1, suggesting a partial blockage of the autophagy
flux. Furthermore, TGF-B1l-treated hMNs also displayed
elevated P62 protein levels (Figure 6E), but not elevated
P62 mRNA levels (data not shown), consistent with a
blockage in autophagy activity. Addition of an mTOR in-
hibitor, rapamycin (200 nM), in ACM-treated hMNs
reduced the amount of P62 aggregates in hMNs (Figures
6G-06l), suggesting that TGF-B1 works through the TOR
pathway to induce P62 aggregation.

Lastly, we examined whether the mTOR pathway is also
activated in vivo in the hSOD1-G93A mutant mouse
model (Figure S6). The ventral part of the spinal cord,
where lower motor neurons reside, was micro-dissected
from hSOD1-G93A transgenic mice and WT littermate
controls. Western blot analysis showed a significant upre-
gulation of P62 and UBIQUITIN in hSOD1-G93A mice
compared with littermate controls, indicating protein
degradation defects (Figure S6). We also observed upregu-
lation of phosphorylated S6, phosphatidylinositol 3-ki-
nase (PI3K), and AKT, upstream activators of the mTORC1
pathway (Figure S6). Collectively, these data suggest that
TGF-B1 activation of the PI3K-AKT-mTOR pathway could
potentially lead to autophagy defects in motor neurons
and contribute to abnormal protein aggregation and
cellular toxicity.

DISCUSSION

Reactive gliosis is a prominent feature of ALS. Prior studies
have noted that the reactive state of astrocytes could be a
contributor to ALS pathogenesis (Di Giorgio et al., 2008;
Di Giorgio et al., 2007; Haidet-Phillips et al., 2011; Marche-
tto et al., 2008; Nagai et al., 2007; Re et al., 2014). However,
the mechanism by which reactive astrocytes (particularly
WT reactive astrocytes) contributes to ALS is not fully un-
derstood. Our data strongly suggest that the reactive state
of astrocytes, independent of genetic mutations, is impor-
tant in motor neuron degeneration. In particular, WT reac-
tive astrocytes can induce characteristic ALS-like degenera-
tive phenotypes in hMNs that include axonal swellings
containing neurofilament aggregates, cytoplasmic inclu-
sions containing P62, UBIQUITIN, and TDP43 aggregates,
and reduced neuronal survival. Based on these observa-
tions, we propose that reactive astrocytes can potentially
play a significant role in ALS induction and/or progression
for both familial and sporadic cases. In familial ALS, it is
possible that genetic defects lead to progressive tissue dam-
age over time and trigger chronic reactive gliosis; this glio-
sis, in turn, could accelerate motor neuron degeneration
and death via secretion of many factors. Likewise, reactive
astrocytes can also potentially serve as an important medi-
ator of sporadic ALS. There is emerging evidence that trau-
matic injuries may trigger or accelerate ALS (Chen et al.,
2007). It is also well documented that traumatic injuries
can lead to chronic reactive gliosis (Sofroniew, 2005). It is
conceivable, therefore, that reactive gliosis serves as a link
between trauma and the induction and/or progression of
sporadic ALS.

To date several in vitro astrocyte-motor neuron co-culture
models have been established to identify neurotoxic fac-
tors secreted by astrocytes (Bilsland et al., 2008; Di Giorgio
et al., 2008; Di Giorgio et al., 2007; Ferraiuolo et al., 2011;
Haidet-Phillips et al., 2011; Marchetto et al., 2008; Nagai
et al.,, 2007; Phatnani et al., 2013; Re et al., 2014). Many
of these studies documented relatively rapid motor neuron
death, which often occurs within the initial few weeks of
culture time. We observed modest neuronal loss in the first
4 weeks of culture. In addition, we were able to maintain
the co-culture for up to 8 weeks, providing a chronic stress
environment for motor neurons that mimics aspects of the

(B-D) Co-culture with WT reactive astrocytes reduced hMN survival compared with non-reactive astrocytes. Data presented as mean + SEM.
n = 3 experiments. *p < 0.05. Mann-Whitney test. Scale bars, 100 puM.

(E-V) hMNs co-cultured with WT non-reactive astrocytes showed limited or no cytoplasmic inclusions (E, F, K, L, and I-P). In contrast,
hMNs in co-culture with reactive astrocytes developed intracellular inclusions that contain TDP43, UBIQUITIN, SOD1, and P62 (G-I and
M-0). In addition, hMNs in non-reactive co-cultures developed few axonal swellings (Q, R, U, and V). In contrast, hMNs co-cultured with
WT reactive astrocytes had numerous bead-like axonal swellings that were positive for pNF-H and occasionally for Tau (S-V). Data collected
from three independent experiments each with triplicates and presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Mann-

Whitney test. Scale bars, 100 puM.
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Figure 4. TGF-B1 Secreted by Reactive Astrocytes Induces Protein Aggregation in hMNs

(A) Schematic diagram of treating human wild-type motor neurons with secreted factors enriched in reactive astrocytes.

(B-T) Of the 14 factors tested, TGF-B1 significantly suppressed hMN branching (B) and induced P62 inclusions (C and E) compared with
controls (B, C, and D). TGF-B1 treatment also led to significant axonal swelling and bead-like structures in neurites that often contain
pNF-H aggregates (G, H, and I). In contrast, control hMNs have less these swollen, bead structures (F, H, and I). Scale bars, 100 uM.
(J-L) Addition of TGF-B1 protein in co-cultures of hMNs and wild-type non-reactive astrocytes for 60 days led to induction of P62 in-

clusions in the hMNs.

Data collected from three independent experiments each with triplicates. *p < 0.05; **p < 0.01. Mann-Whitney test. Scale bars, 100 puM.

slow degenerative conditions in vivo. After prolonged
stress, the surviving motor neurons developed prominent
protein aggregations in axons and cell bodies of hMNs.
Thus, our model revealed two phases of motor neuron pa-
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thology when co-cultured with reactive astrocytes: an
initial phase where a subpopulation of neurons was lost
without developing prominent protein inclusions, and a
second phase in which the surviving neurons developed
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Figure 5. The TGF-B1 Inhibitor Repsox Reduces Protein Aggregation in hMNs Induced by Reactive Astrocytes

Conditioned medium from adult reactive astrocyte cultures (ACM) can induce P62 and pNF-H aggregation in hMNs (A, D, C, and F). Addition
of the TGF-B1 inhibitor Repsox to ACM significantly ameliorated this effect (B, E, C, and F), suggesting an important role of TGF-B1 in
inducing P62 and pNF-H aggregation. Data collected from three independent experiments each with triplicates. *p < 0.05; **p < 0.01.

Mann-Whitney test. Scale bars, 100 puM.

protein inclusions and axonopathy. Our culture model
therefore could be a particularly useful tool to investigate
mechanisms of protein aggregation in ALS disease.

The toxic astrocytic factor(s) that kill motor neurons in
our culture system remain unclear, but past studies have
identified a number of toxic mechanisms and toxic factors,
including glutamate transporters, prostaglandins, reactive
oxygen species, proinflammatory cytokines, gap junction
proteins, among others, which induce motor neuron death
(Boillee et al., 2006; Di Giorgio et al., 2007; Gallardo et al.,
2014; Haidet-Phillips et al., 2011; Ilieva et al., 2009; Mar-
chetto et al., 2008; Nagai et al., 2007; Philips and Rothstein,
2014; Re et al., 2014). Comparatively less is known about
astrocytic factors that contribute to protein aggregation
in hMNs. In this study, we identified TGF-B1 as a reactive
astrocyte-released factor that can induce P62 aggregation
and pNF-H aggregation. Many studies in the past have sug-
gested TGF-B1 as a pro-survival factor for motor neurons
(Bottner et al., 2000; Day et al., 2005; Katsuno et al.,
2010, 2011). However, the role of TGF-f1 in inducing
protein aggregation during chronic stress conditions is un-
clear. Our data are consistent with reports of pSmad aggre-
gation in spinal motor neurons in autopsied ALS patients
(Nakamura et al., 2008), and a recent study in SOD1
mutant mice suggesting that astrocytic TGF-B1 overpro-
duction in astrocytes reduces motor neuron survival
(Endo et al., 2015). It has also been reported that chronic
production of TGF-Bl in brain astrocytes of transgenic
mice promoted amyloid deposition and microvascular
degeneration in the brain (Wyss-Coray et al., 2000). These

observations together suggest that the role of TGF-B1 may
be complex in a chronic degenerative disease setting, and
that certain levels of TGF-p1 may well be pro-survival,
whereas chronic exposure to high levels of TGF-B1, perhaps
in combination with other proinflammatory cytokines,
could induce protein aggregation and lead to certain dis-
ease features.

EXPERIMENTAL PROCEDURES

Astrocyte Culture and Animal Surgery

Neonatal astrocytes (mutant/WT) were derived from proliferating
neural progenitors from both spinal cord and brain. After removal
of the meninges, gray matter tissue from the cerebral cortex or spi-
nal cord of mutant and WT P1-P2 mice was dissected and dissoci-
ated mechanically. Subsequently, cells were centrifuged for 5 min
at 1,000 rpm, resuspended, and plated in a medium consisting of
DMEM/F12 (Gibco), 3.5 mM glucose (Sigma), 10% fetal calf serum
(Gibco), 5% horse serum (Gibco), and penicillin/streptomycin
(Gibco), supplemented with B27 (Gibco), 10 ng/mL epidermal
growth factor (EGF, Roche), and 10 ng/mL fibroblast growth factor
2 (FGF2, Roche). Contaminating oligodendrocyte precursor cells
were removed by brusquely shaking the culture flasks several
times. Cells were passaged after a week using trypsin/EDTA (Gibco)
and plated on poly-D-lysine- and laminin-coated 96-well plates in
the same medium. The vast majority of the cells (~>90%) in these
cultures were positive for GFAP.

To derive adult astrocytes from the mutant hSOD1-G93A
line, spinal cords were harvested at the presymptomatic phase
(2 months). Spinal cords were dissected and the meninges were
removed in ice-cold Hank’s balanced salt solution (HBSS)
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supplemented with HEPES, NAC (N-acetylcysteine), and glucose.
Neural tissues were dissected, minced, and treated with an enzyme
mixture containing papain (40 U), DNAse I (1,000 U), elastase
(20 U), and dispase (20 U) for 30 min at 3°C. Tissues were mechan-
ically triturated with a fire-polished Pasteur pipette several times
during the enzyme treatment. The enzyme activity was stopped
by addition of an equal volume of solution containing 4% BSA
in EBSS. The resulting mixture was then filtered, resuspended in
0.9 M sucrose in HBSS, and centrifuged for 20 min at 2,000 rpm.
The cell pellet was resuspended in Earle’s balanced salt solution
containing 4% BSA and centrifuged again at 1,500 rpm for
10 min. The final cell pellet was resuspended in serum-free culture
medium (50% neurobasal, 50% DMEM:F12, Glutamax, P/S, 1 mM
sodium pyruvate, 10 pg/mL N-acetylcysteine, 1x SATO, 10 pg/mL
heparin-binding EGF ) and plated onto poly-ornithine- and lami-
nin-coated 6-well plates (tissues from ten dissected injury regions
per plate). After 3 days in serum-free medium, the culture was
changed to serum-plus medium for 7-10 days (serum-free medium
plus 10% fetal bovine serum, 5% horse serum, supplemented with
EGF and basic FGF, every other day) before replating at confluence
for subsequent co-culture experiments.
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To harvest WT reactive astrocytes, we performed a cortical stab
injury and harvested tissues surrounding the injury site (within
1-2 mm of cut site). This was followed by dissociation and plating,
as described above. We routinely obtained approximately one
million cultured astrocytes from 20 micro-dissected brain injury
samples.

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Harvard Univer-
sity. The use of human embryonic cell lines was approved by
the Committee on the Use of Human Subjects of Harvard
University.

Differentiation of hES Cells into Motor Neurons

A WT hES line carrying the Hb9-GFP transgene was used for
derivation of hMNs. Confluent hES cells were washed with PBS
and dissociated with accutase into single cells. Cells (6-9 x 10°)
were resuspended into mTeSR supplemented with 10 uM Rho-
associated kinase inhibitor Y27632 (Sigma) and cultured in
Matrigel-coated 6-well plates. At day 1, 50% more mTeSR was
added, and the final volume was supplemented with 10 pM
SB431542 (Sigma) and 1 pM Dorsomorphin (EMD Biosciences,



no. 171261). At day 3, medium was changed into 1:1 mTeSR and
KOSR medium, supplemented with 10 uM SB431542 and 1 uM
Dorsomorphin. KOSR medium consisted of 15% KOSR in
DMEM/F12 (Gibco) with 10,000 U penicillin and 1 mg/mL strep-
tomycin (PS; Gibco), L-glutamine, and nonessential amino acids
(NEAA; Invitrogen). The next day, the medium was changed
into 1x KOSR medium supplemented with 10 uM SB431542
and 1 uM Dorsomorphin. On day 5 medium was switched to
Neural Induction Medium (NIM) supplemented with 10 pM
SB431542, 1 pM Dorsomorphin, 0.2 pg/mL ascorbic acid (AA;
Sigma), 1 pM retinoic acid (RA; Sigma), and 1 puM Smoothened
Agonist 1.3 (SAG; EMD Biosciences). NIM medium consisted of
DMEM/F12 with P/S, L-glutamine, NEAA, 0.16% D-(+)-glucose
(Sigma), 2 pg/mL heparin sulfate, and 1% N2 supplement (Gibco).
From days 7 to 24, the medium was changed every other day with
NIM medium supplemented with 0.2 pg/mL AA (Sigma), 1 uM RA
(Sigma), and 1 pM SAG (EMD Biosciences).

FACS Purification of Motor Neuron

At day 14 of stem cell differentiation, cell clusters were dissociated
and centrifuged at 1,000 rpm for 5 min. The cells were washed with
PBS and incubated for 45 min at 37°C with 20 U of papain and
1,000 U of DNase I (Worthington Biochemical Corporation) in
PBS. GFP-positive motor neurons were purified using a BD Biosci-
ences LSRII flow cytometer.

Motor Neuron and Astrocyte Co-Culture

Twenty thousand postnatal (mutant/WT) and adult (mutant/WT)
astrocytes were plated per well in 384-well plates pre-coated with
poly-ornithine and laminin to generate a confluent astrocyte
monolayer. Purified motor neurons were plated onto the astrocyte
monolayer at 2,000 cells per well. Co-cultures were carried out in
hMN medium, N2B27 medium, containing DMEM:F-12, 1%
N2 supplement (Invitrogen), 1% B27 supplement (Invitrogen),
0.2 mM AA (Sigma-Aldrich), 0.16% D-glucose (Sigma-Aldrich),
1% NEAA (Invitrogen), 2 mM GlutaMAX-I (Invitrogen), 50 U/mL
penicillin, and 50 g/mL streptomycin (Invitrogen). The N2B27 me-
dium was supplemented with neurotrophic factors (GDNF, BDNF,
CNTE 10 ng/mL, R&D Systems) each time while changing the me-
dium (every other day).

Motor Neuron Treatment with Various Cytokines and
Inhibitors

hMNs were fluorescence-activated cell sorting (FACS) purified and
plated on PDL/laminin-coated 384-well plates at a density of 5,000
cells/well. One day after cell plating, motor neurons were treated
with 0.1% BSA in PBS or cytokines (TGF-p1, R&D Systems, IL-6,
CXCL1, CXCL12, INF-Y, IL-1B, TNF-o, GDNF, BDNE CNTE,
LCNZ2, SERPINA3 [Peprotech]) at three concentrations, 2, 20, and
200 ng/mL. The media containing the various cytokines were
changed every other day for 14 days. For adult conditioned me-
dium (ACM) experiments, TGF-B1 inhibitor (RepSox; 8 pm) or
mTOR inhibitor (rapamycin; 200 nM, R&D Systems) were added
to ACM 1 day after plating FACS-purified hMNs. After 14 days of
culture, motor neurons with various treatments were either fixed
for analysis or used for western blot analysis. For autophagy flux
analysis the cocktail of lysosomal inhibitors contained E-64-D

(10 mg/mL, Enzo), pepstatin A (10 mg/mL, Tocris), and leupeptin
(100 uM, Fisher).

Western Blot

Cells were lysed in 50 mM Tris-HCI (pH 6.8) containing glycerol
10%, 2% SDS, and protease and phosphatase inhibitors, and boiled
at 95°C for 15 min. Protein quantification was performed with a
BCA Protein Assay Kit (Thermo Scientific) following the manufac-
turer’s instructions. Protein lysates were resolved on an SDS-PAGE
gels (Bio-Rad), transferred to polyvinylidene fluoride membranes
(Trans-Blot Turbo Transfer Packs, Bio-Rad) for 10 min at 2.5 V using
the Trans-Blot Turbo Transfer System (Bio-Rad), blocked in 5%
nonfat dry milk (Quality Biological) at room temperature for
1 hr, and probed for the indicated antibodies. Densitometric anal-
ysis was performed on scanned autoradiographs using the Quan-
tity One software (Bio-Rad).

Motor Neuron Treatment with ACM and Inhibitors

For ACM experiments, the TGF-B1 inhibitor RepSox (8 um) or the
mTOR inhibitor rapamycin (20 nm) were added to ACM 1 day after
plating FACS-purified hMNs. The medium was changed every
other day. After 14 days of culture, motor neurons with various
treatments were either fixed for analysis or used for western blot
analysis.

Arsenite Treatment

To induce SG formation, 0.5 mM sodium arsenite (Sigma) was
added to neuronal medium without growth factors for 1 hr. Cells
were fixed immediately after treatment for analysis.

Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde. The primary
antibodies that were used include GFP (Invitrogen; A10262),
GFAP (Dako; Z0334), S100B (Sigma; AMAB91038), pNF-H (Milli-
pore; MAB1592), LCN2 (Millipore; AB2267), MAP2 (Millipore;
AB5622), TAU (Millipore; T9450-200UL), UBIQUITIN (Dako;
70458), UBIQUITIN (Santa Cruz, SC-9133; for western), hSOD1
(Sigma; HPA001401), and TIA1(Santa Cruz; sc1751), P62 (Abcam,
ab56416), CHAT (Millipore; AB143), LC3 (Cell Signaling, 2775),
p-P70S6K1 (Thr389; Cell Signaling, 9234P), P70S6K1(Cell
Signaling, 2708S), p-S6 (Ser235/236; Cell Signaling, 2211s), S6
(Cell Signaling, 2217S), Phospho-Akt (Ser473; Cell Signaling,
9271S), Akt (Cell Signaling, 4685S), Phospho-PI3K p85 ((Tyr458)/
p55(Tyr199); Cell Signaling, 4228S), B-actin (Cell Signaling,
3700S), and B-tubullin (Abcam, ab6046). Secondary antibodies
were obtained from Jackson ImmunoResearch. Pictures were taken
with a Nikon Eclipse fluorescence microscope.

qRT-PCR

Total RNA was isolated from primary astrocytes using RNeasy Mi-
cro Kit (QIAGEN) or Trizol (Invitrogen), and treated with DNasel
(Life Technologies) to remove the DNA contamination. RNA was
converted to cDNA with a ¢cDNA Synthesis Kit (Bio-Rad). qRT-
PCR was performed with SYBR green master mix (Bio-Rad) on
Bio-Rad iCycler RT-PCR detection system according to the manu-
facturer’s instructions.
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Supplementary Figures and Legends
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Figure S1: Immunohistochemical analysis of mutant astrocytes (associated
with Figure 1).

Immunohistochemistry showed that astrocyte cultures obtained from adult and
postnatal mouse spinal cord are highly enriched for GFAP*S100b"astrocytes (A, D)
and devoid of TUJ1" neurons, O4" oligodendrocytes, and IBA1" microglia (B, C, E,

G). A small number of NG2" cells are present in the cultures (B, E). A mixed



culture of embryonic mouse brain served as positive controls for O4 and IBA1

antibody staining (H, I).
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Figure S2: FACS purified human embryonic stem cells derived wild-type
hMNs co-cultured with SOD1 mutant adult astrocytes display protein

inclusions and axonal swelling (associated with Figure 1 and Figure 2).

(A) Diagram of the motor neuron differentiation protocol. For details, see “Methods”
section. (B) hES cell colony carrying the HB9-GFP transgene was expanded and
differentiated for 14 days showing numerous GFP* motor neurons. (C) FACS plots
of differentiated cell cultures from an HB9-GFP™ hES line. Approximately 20% of
the cells were GFP".

There was no significant difference in the survival and neurite branching of wild-
type hMNs co-cultured with either mutant postnatal astrocytes (D) or mutant adult
astrocytes (E) at day 3, suggesting that the initial attachment, survival, and
branching of hMNs are comparable in either condition. Quantifications are
presented as mean+s.e.m from three separate experiments (F, G).

Additional examples of UBIQUITIN, P62*, pNF-H" protein inclusion formation in
wild-type human motor neurons co-cultured with mutant adult astrocytes for 60
days (H-O’). Abnormal axonal swellings were revealed by TAU staining in wild-type
human motor neurons co-cultured with SOD mutant adult astrocytes (Q,

arrowheads) in contrast to co-cultures with mutant postnatal astrocytes (P).
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Figure S3. Wild-type hMNs co-cultured with reactive astrocytes isolated from
the cortex of stab injury models of adult mice display protein inclusions and

axonal swelling (associated with Figure 3).

(A-F) Immunohistochemistry detected robust expression of GFAP, S100b, and
ALDOC of wild-type reactive astrocytes isolated from adult mice (A-C). No
expression of these genes was seen in control fibroblasts (D-F). qPCR analysis of
cultured wild-type adult reactive astrocyte. Compared with early postnatal
astrocytes, the adult reactive astrocytes have significantly elevated expression of
multiple “reactive” factors (G).

(H-N) Additional examples of TDP43", UBIQUITIN®, hSOD1", and p-NF-H
inclusions in wild-type human motor neurons co-cultured with reactive astrocytes for
60 days. (P) Abnormal axonal swellings observed by TAU staining in wild-type
human motor neurons co-cultured with WT reactive astrocytes (O, arrowheads) in

comparison to non-reactive astrocytes.
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Figure S4. WT reactive astrocytes enhance stress granule formation in
human motor neurons (associated with Figure 3).

In 3-day co-cultures of hMNs and astrocytes, the acute stress inducer Arsenite was
used to induce stress granules (SG). Immunostaining with the SG marker TIA1
showed that in co-cultures with reactive astrocytes, there was a significant increase
in the number of hMNs bearing SGs (C, D, F, G), as well as increased number of
SGs per motor neuron (C, D, F, H), compared with controls (A, B, E, G, H). These
data suggest increased environmental stress on hMNs from the reactive astrocytes.
Quantifications are presented as mean+s.e.m. Data collected from at least three
independent experiments each with triplicates. Three asterisks (P<0.001). Mann-
Whitney test.
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Figure S5. Dose response of P62 inclusion formation in wild-type human
motor neurons treated with various cytokines for 14 days (associated with
Figure 4).

At 2ng/ml, none of the cytokine-treated hMNs showed significant P62 inclusions. At
20ng/ml, TGFB1 induced large numbers of P62 inclusions in hMNs whereas IL6,
CXCL1, and CXCL12 induced a small number of P62 aggregates. Inclusion
formation did not appear to increase significantly at 200ng/ml for CXCL1 and
CXCL12, but more were seen in |IL6-treated hMNs (albeit less than that of TGFf1-

treated samples).
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Figure S6. P62 mRNA levels in wild-type human motor neurons treated with
various cytokines for 14 days (associated with Figure 6).

The ventral spinal cord tissues of wild-type control mice and hSOD
mice were micro-dissected and analyzed with Western Blot (A). P62 and

1693 mutant

UBIQUITIN levels were significantly increased in the mutant animals (A-C).
Significant increase of p-S6, p-AKT, and p-PI3K were detected in late stage
hSOD1%%* mutant mice, indicating activation of mTOR-PI3K-AKT signaling (D-F).
Data collected from three independent experiments each with triplicates. One

asterisk (P<0.05); two asterisks (P<0.01). Mann-Whitney test.



Supplemental Tables

Table S1: RT primer sequences (Related to Figure 1 and Figure S3)

Name of the RT primers

Sequence

Gfap iso1 Fw acagactttctccaacctccag
Gfap iso1_Rw ccttctgacacggatttggt
Nf1a-isoA Fw ccagaacttggtggatgga
Nf1a-isoA Rw gaaccatgtgtaggcgaagg
S100b Fw aacaacgagctctctcacttcc
S100b Rw ctccatcactttgtccacca
Aldoc Fw cgtaggcatcaaggttgaca
Aldoc Rw gagcacagcgttccaagag
Aldh111_Fw tcectacttcecgtctttga
Aldh111_Rw acaggctctgcccgattac
Glt1_iso1&3 Fw ttctacagctgagagaatggtca
Glt1_iso1&3 Rw ttcggtgctttggctcat

Agp4 Fw tggaggattgggagtcacc
Agp4 Rw tgaacaccaactggaaagtga
Glast Fw agaaggtaaaatcgtgcaggtc
Glast Rw accagattgggagggaacat
Glul_Fw ctcgctctcctgacctgttc
Glul_ Rw ttcaagtgggaacttgctga
Vim_Fw gcctcagagaggtcagcaaa
Vim_Rw tgcgccagcagtatgaaa
Acan_Fw gagggtgggaagccatgt
Acan_Rw ccagcctacaccccagtg
Vcan Fw iso1 cagcggcaaagttcagagt
Vcan Rw iso1 caclggctgtggatggtg

Ncan Fw gcttcgacgcctactgctt

Ncan Rw tccagatgaggggatctcag
Cspg4 Fw cacctccaggtggtictcc
Cspg4 Rw cttggccttgttggtcagat
Lcn2 Fw fctgatccagtagcgacagc
Lcn2 Rw ccalctatgagctacaagagaacaat

Serpina3n_Fw

acatcgggagtcagctatcac

Serpina3n_Rw

ccalcttctgtgttctgcagtc

IL6 Fw ccaggtagctatggtactccagaa
IL6 Rw gctaccaaactggatataatcagga
Tgfb1 Fw gtcagcagccggttacca

Tgfb1 Rw tggagcaacatgtggaactc
IL-18_Fw agctggatgctctcatcagg




IL-18 Rw agttgacggaccccaaaag
INOS2 Fw tcattgtactctgagggctgac
INOS2 Rw ctttgccacggacgagac
Cxcl1_Rw gactccagccacactccaac
Cxcl1_Fw tgacagcgcagctcattg
Ptges Rw gcacactgctggtcatcaag
Ptges Fw acglttcagcgcatcctc
Serping1 Fw ccaaaggtgtcacttctgtgtc
Serping1 Rw gagatgcattcacataggtgtcc
Cxcl12_Rw ctgtgcccttcagattgttg
Cxcl12_Fw ctctgcgccccttgttta
Cxcl16_Rw tcagccctgacagicctaaaa
Cxcl16_Fw ccccaagagcaglcctttaat
Spp1 _iso1 Rw caaggtaagcctgcaglgg
Spp1_iso1 Fw catggtcgtagttagtccctca
Stat6 Rw ctgcgaacccttgtgacc
Stat6 Fw ttggctgaggtccctagaaa
Hspb1 Rw aggagctcacagtgaagacca
Hspb1 Fw ctttcttcgtgcttgccagt
Slc7a11_Rw ttgaacatttctcttagtaagcatgg
Sic7a11_Fw tggacactcatgacctcacaa
Tnc Fw cagttggatgtccccaatct

Tnc Rw gcacccagagactttgcttt
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