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Abstract
The essential micronutrient manganese is enriched in brain, especially in the basal ganglia. We sought to identify neuronal
signaling pathways responsive to neurologically relevantmanganese levels, as previous data suggested that alterations in striatal
manganese handling occur in Huntington’s disease (HD) models. We found that p53 phosphorylation at serine 15 is the most
responsive cell signaling event to manganese exposure (of 18 tested) in human neuroprogenitors and a mouse striatal cell line.
Manganese-dependent activation of p53 was severely diminished in HD cells. Inhibitors of ataxia telangiectasia mutated (ATM)
kinase decreasedmanganese-dependent phosphorylation of p53. Likewise, analysis of ATM autophosphorylation and additional
ATMkinase targets, H2AXandCHK2, support a role forATM in the activationof p53bymanganeseand that a defect in this process
occurs in HD. Furthermore, the deficit inMn-dependent activation of ATM kinase in HDneuroprogenitors was highly selective, as
DNA damage and oxidative injury, canonical activators of ATM, did not show similar deficits. We assessed cellular manganese
handling to test for correlations with the ATM-p53 pathway, and we observed reduced Mn accumulation in HD human
neuroprogenitors andHDmouse striatal cells atmanganese exposures associatedwith alteredp53 activation. To determine if this
phenotype contributes to the deficit in manganese-dependent ATM activation, we used pharmacological manipulation to
equalize manganese levels between HD and control mouse striatal cells and rescued the ATM-p53 signaling deficit. Collectively,
our data demonstrate selective alterations in manganese biology in cellular models of HD manifest in ATM-p53 signaling.

Introduction
Huntington’s disease (HD) is a devastating neurological dis-
order characterized by motor, psychological and cognitive

impairments and premature death (1). Symptoms stemprimarily
from central nervous system (CNS) neurodegeneration—most
notably death of medium spiny neurons (MSNs) in the caudate
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and putamen. HD is caused by an expansion of a CAG triplet-
repeat region in exon 1 of the Huntingtin gene. Although HD is a
monogenic, autosomal-dominant disease, environmental factors
play a major role in modifying age of disease onset. CAG repeat
length contributes to just over half of the variability in age of
onset, and the majority of the remaining age of onset variability
was attributed to unknown environmental factors in a landmark
genetic study of a large Venezuelan kindred (2). The minority con-
tribution fromgeneticmodifiers has been shown by studies of can-
didate gene polymorphisms, which have demonstrated >12 genes
that may alter Huntington’s disease age of onset including GRIK2,
APOE, PPARGC1A, HAP1 and—notably for this study—TP53 (3). To
further support the large impact of the environment, monozygotic
twinswith HD have shown differences in both age of onset (differ-
ences up to 7 years) and symptomatic manifestation, in spite of
identical repeat lengths (4–6). Despite the strong evidence for
environmental modification in HD pathobiology, few specific en-
vironmental modifiers have been discovered. Aside from environ-
mental enrichment in HD mouse models, metals (copper, iron,
cadmiumandmanganese) are important environmentalmodifiers
of HD (7–11). We have previously shown differential toxicological
sensitivity to manganese (Mn2+) and cadmium (Cd2+), but not
other metal ions tested (Fe3+, Cu2+, Pb2+, Co2+, Zn2+, Ni2+) in an im-
mortalizedmouse striatalmodel of HD (STHdhQ7/Q7 and STHdhQ111/
Q111) (11,12). Expression of mutant Huntingtin conferred a survival
advantage under cytotoxicmanganese exposure conditions due to
a substantial decrease in net manganese uptake, whereas mutant
Huntingtin increased sensitivity to cadmium cytotoxicity (11).

Manganese, an essential element, is required for several en-
zymatic processes (13), and several of these processes are altered
in HD (e.g. oxidative stress, glutamate cycling and the urea cycle)
(14). On the other hand, excess manganese causes cytotoxicity
via increased oxidative stress, in part, from direct inhibition of
mitochondrial respiration (15). Thus, appropriate homeostatic
regulation of manganese levels is needed to ensure biological
function but avoid toxicity (16). The globus pallidus, caudate nu-
cleus and other areas of the basal ganglia contain the highest
level of manganese in the brain and are the areas most suscep-
tible to HD degeneration (17,18). Pre-symptomatic HD mice (Tg-
YAC128Q) have elevated sensitivity to manganese exposure,
with increased dendritic spine loss in MSNs (19). HD patients
also have reducedmanganese levels in cortical regions, andman-
ganese-exposed HD mouse models have reduced manganese
accumulation in the striatum, the most vulnerable region in HD
(11,20). Collectively, these data suggested a potential alteration
in brain manganese-handling in HD. In this study, we assessed
whether biological responses to manganese are altered by patho-
genic CAG repeat expansions in Huntingtin using both human
induced pluripotent stem cell (iPSC)-derived early striatal-like
(ventralized) forebrain lineage neuroprogenitors and mouse
STHdh immortalized striatal cells (21–24). Another recent study
has also taken advantage of parallel use of hiPSC-derived and
mouse STHdh model systems, demonstrating excessive mito-
chondrial fragmentation in both the STHdhQ111/Q111 cell line
and iPSC-derived medium spiny neurons (25). Previous HD iPSC
based studies have demonstrated increased caspase activity after
growth factorwithdrawal, increased lysosomal activityand reduced
ATP levels in neuroprogenitors and accumulation of vacuoles in
astrocytes (26–29). Many of these observations further validate dis-
ease differences shown in previous models systems (30–36).

We postulated thatmanganese exposure andmutantHuntingtin
may impingeupon common intracellular signalingpathways.Man-
ganese exposure increases AKT and ERK phosphorylation in the rat
striatum, and mouse striatal and microglial cultures (11,37,38).

Manganese exposure in non-human primates elicited alterations
in p53-dependent transcripts and increased p53 immunoreactivity
in the frontal cortex (39). Additionally, in PC12 cells,manganese can
increase p21 mRNA expression, an established transcriptional tar-
get of p53 (40). ExpressionofmutantHuntingtinhasalso beenshown
to alter AKT (11,37,41,42), p53 (43,44), ERK (45,46), mTOR (47), AMPK
(48) and GSK3β (49) signaling. However, most of the manganese
studies were performed at acutely cytotoxic levels of manganese.
To test the hypothesis that expression of mutant Huntingtin would
alter intracellular signaling in response to neurologically relevant
manganese levels, we assessed the response of several signaling
pathways to sub-cytotoxic levels of manganese in human and
mouse striatal-like neuroprogenitor models of HD.

Results
Generation and validation of human HD patient
and control iPSC lines

We generated iPSC lines from dermal fibroblasts (Coriell Cell Re-
positories [GM21756 and GM09197]) of two juvenile-onset HD
patients with large Huntingtin CAG repeat lengths (70 and 180).
We also derived iPSC lines from fibroblasts of two control subjects
with no history of neurological conditions (CE and CF) (seeMateri-
als and Methods). Integration-free iPSC lines were generated by
electroporating fibroblasts with episomal plasmid vectors (21).
The iPSC lines were validated for expression of protein markers
of pluripotency such as OCT4 and Nanog (Fig. 1A). HD genetic sta-
tus was confirmed by assessing the CAG repeat length in exon 1 of
Huntingtin in both the iPSC lines and the originatingfibroblast lines
(Fig. 1B).We identifiedone clonal line, HD180 clone 6 (referred to as
HD180-6), that demonstrated an expansion of the CAG repeat from
180 to >210 in the pathogenic allele. To our knowledge, this is the
first reported expansion of the Huntingtin gene CAG repeat region
in an iPSC line; however, iPSC lines from patients with Friedrich’s
ataxia often demonstrate expansion of the GAA triplet repeat due
to high expression of MSH2, which is known to mediate somatic
triplet expansion in the Huntingtin gene (50,51). To validate the
quality of our iPSC lines, we performed PCR on DNA isolated
from each clonal iPSC line to ensure the absence of plasmid inte-
gration. The episomal vectors are typically lost over successive cell
cycles; however, they can integrate into the genome at a low fre-
quency (21). Primers were targeted to theWHP Posttranscriptional
Regulatory Element (WPRE) region of the plasmid that would
constitute a novel sequence in the human genome. Lines main-
taining theWPRE regionwere excluded fromour studies. Anormal
euploid karyotype was confirmed for all validated lines. Lastly,
we performed an mRNA microarray with the PluriTest bioinfor-
matics assay to test for conformity to pluripotency (Fig. 1C). All
iPSC lines used in this study were confirmed by this test with
very little variancebetween lines andhigh similarity toapreviously
published teratoma-validated control line (52).

Differentiation to neuroprogenitors expressing early
striatal markers

We used the established ‘dual-SMAD inhibition’ method of neura-
lization via SB431542 and DMH1 to generate telencephalic neural
progenitors fromour iPSC cultures (22,23,52). These early neuropro-
genitors expressed the neuroectodermalmarker, PAX6 and the tel-
encephalicmarker, FOXG1 (Fig. 1E) (53). Addition of sonic hedgehog
(SHH) or a SHH agonist, purmorphamine, has been shown to ven-
tralize these neuroprogenitors to express markers of the lateral
ganglionic eminence (LGE) from which striatal MSNs develop (23).
Addition of purmorphamine to the neuroprogenitor cultures from
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Day 4 of differentiation onward resulted in a significant increase in
expression of Islet1 (ISL1) protein andmRNAover time (Fig. 1D and
E). In the developing telencephalon, ISL1 is expressed specifically in
the earliest post-mitotic cells of the striatum (54). A recently pub-
lished method for generating fully validated MSNs uses an analo-
gous technique in the first stage (24). Our ISL1+ neuroprogenitors
provided a nearly homogenous cell population (∼90% ISL1+ cells
by immunofluorescence microscopy) regardless of the genotype
(HD or control) to begin assessing the effects of manganese. Fur-
thermore, quantitative reverse-transcriptase PCR (qPCR) for lSL1de-
monstrated statistically identical expression levels between control
and HD neuroprogenitors (Supplementary Material, Fig. S1). These

humanstriatal-likeneuroprogenitors are at ahomologousdevelop-
mental time point as the STHdhQ7/Q7 and STHdhQ111/Q111 cells,
which were isolated from the mouse striatum on Embryonic day
14 (E14), a developmental time point wherein ISL1 expression de-
fines the developing striatum (12,55), thus, allowing for more
valid comparisons between these two model systems.

Manganese exposure evokes strong p53 response
in human neuroprogenitors and mouse striatal cells

To elucidate the effect of sub-toxic manganese exposure on
intracellular signaling pathways in both the human and mouse

Figure 1. Differentiation of iPSCs into early striatal-like neuroprogenitors. (A) Immunofluorescent staining of HD iPSC line HD70-2 for markers of pluripotency. (B) PCR for

theHuntingtin gene including the CAG repeat region. The lower bands are the non-pathogenic alleles, and the larger bands are pathogenic. All iPSC lines show similar sizes

to the fibroblast lines fromwhich the iPSCswere generated except HD180-6, which shows an expanded CAG repeat size. (C) The PluriTest analysis was used to validate the

mRNAmicroarray profile from our iPSC lines, and all lines (CE-6, CF-1, CF-3, HD70-2, HD180-4, and HD180-6 are plotted here) had similar pluripotency profiles, including a

teratoma-validated iPSC line. (CA-6) (D) Control (CA-24) and HD (HD180-2) iPSCswere differentiated to early forebrain neuroprogenitors by the dual-SMAD small molecule

techniquewith andwithout purmorphamine (SHH agonist) andwere immunostained for ISL1 (red), a marker of striatal progenitors, with nuclei labeled with Hoechst dye

(blue). (E) Expression of markers of neurodevelopment was measured by qRT-PCR from the CF-3 control cells differentiated with and without purmorphamine. **P < 0.01

and ***P < 0.001 by t-test. N = 4. Mean ± SEM.
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cell models, we performed the PathScan ELISA-based signaling
pathway array (PathScan, Cell Signaling Technology, Danvers,
MA). The sub-toxic manganese exposure (24 h) concentrations
in the human and mouse neuroprogenitors were determined
via the CellTiter-Blue cell viability assay (Promega, Madison,
WI) (Fig. 2A and B). We selected 200 µ manganese exposure
for the human ISL1+ neuroprogenitors, and 50 µ manganese
for the mouse STHdh cells because these concentrations caused
similar, but minimal (<15%), loss of viability across the two
model systems (Fig. 2A). These concentrations are at, or just
above, the threshold associated with brain toxicity in vivo (56).
Furthermore, these manganese levels are within the range we
previously found to elicit a strong HD/manganese interaction in
themouse STHdhmodel (11,57). As expected fromour cytotoxicity
assays, proteolytic activation of Caspase-3 and PARP-1, enzymes
activated during apoptotic cell death, showed no change between
vehicle and manganese exposures in the human neuroprogeni-
tors, indicating minimal apoptotic cell death in our PathScan
array experiments (Fig. 2B and C). Additionally, western blot ana-
lysis of manganese-exposed STHdh cells for caspase-3 cleavage
did not showa significant increase above baseline until 200 µMex-
posure (P = 0.0077 and 0.0138; Q7 and Q111 respectively), well
above the 50 µM exposure paradigm (Supplementary Material,

Fig. S2). Likewise, detection of caspase-3 cleavage in hiPSC-de-
rived neuroprogenitors was not observed until 2 m Mn expos-
ure (Supplementary Material, Fig. S3). We suspect the slight
decrease in detected viability by the CellTiter-Blue assay at
these manganese exposure levels (Fig. 2A and B arrowheads) is
due to decreased cell proliferation over the 24 h exposure period,
rather than cell death given the absence of necrotic and apoptotic
markers.

The PathScan array was used to assessmanganese-induction
of 18 unique signaling events (phosphorylation or proteolytic
cleavage) in control and HD human neuroprogenitors and
mouse STHdh cells (Fig. 3). Phosphorylation of several signaling
proteins displayed a manganese-dependent increase in control
cells (Human: p53 and AKT; mouse: p53, GSK3β and AKT). Phos-
phorylation of p53 at serine-15 [p53(S15)] and phosphorylation of
AKT at threonine-308 were significantly changed in both model
systems, with phosphorylation of p53(S15) showing the most
robust change in both human and mouse models (Fig. 3A and
B). Interestingly, manganese-induced phosphorylation of p53
(S15) was severely diminished in HD neuroprogenitors in both
human (223% in control versus 113% in HD; P < 0.01) and mouse
striatal-like neuroprogenitors (380% in control versus 97% in
HD; P < 0.001).

Figure 2. Manganese-induced loss of viability in human neuroprogenitors is unaffected by mutant Huntingtin and not via apoptotic signaling. (A and B) The cell viability

assay, CellTiterBlue, was performed on human neuroprogenitors (A) andmouse STHdh striatal cells (B). The signals were normalized by defining the vehicle-treated cells

as 100% viability. Arrowheads denote concentrations chosen for the Pathscan array. (N = 6 for control and 5 for HD in human neuroprogenitors and N = 6 wells in mouse

striatal cells). (B) Cleavage of PARP was quantified by the Pathscan Intracellular Signaling array from samples treated withmanganese (N = 2 for human and 3 for mouse).

(C) Cleavage of Caspase-3was quantified by the Pathscan Intracellular Signaling array from samples treatedwithmanganese (N = 2 for human and 3 formouse). Values are

relative to vehicle-treated samples. For genotype comparisons ***P < 0.001 by t-test. Bars, mean + SEM (A, C and D) and SD (B).
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Phosphorylation of p53 bymanganese is dose-dependent
and deficient in HD mutant cells

Western blot analysis was used to further assess the manganese
and HD/manganese interaction effects on p53(S15) phosphoryl-
ation. Manganese-induced phosphorylation of p53(S15) was con-
centration-dependent (Fig. 4A and B). The control lines (CE-6 and
CF-1) had substantially greater phosphorylationwithmanganese

treatment (at 100 and 250 µ) than the HDmutant lines (HD70–2
and HD180-6) (e.g. 418% in control versus 169% in HD at the
250 µmanganese exposure, P < 0.01) (Fig. 4A and B). Human HD
neuroprogenitors showed a small, but significant, manganese-
induced p53(S15) phosphorylation, thatwas significantly blunted
compared with control cells. Levels of total p53 were also signi-
ficantly increased by manganese exposure in the control cells
(P < 0.01), but not enough to account for the differences in phos-
phorylation (2.1-fold increase in total p53 versus 4.2-fold increase
in phosphorylated p53[S15]) (Fig. 4C). The mouse striatal cell
model showed a similar dose-dependent phosphorylation of
p53(S15) with a strong deficit in HD cells (Fig. 5A and B).

Figure 3. PathScanELISAarrayshowsmanganese-inducedphospho-p53(S15) at sub-

cytotoxic manganese concentrations. (A) Human cells were exposed for 24 h to

200 µ Mn2+. N = 2 for control (CE-6 and CF-1, once each) and HD (HD70-2 and

HD180-6, once each). (B) Mouse STHdh striatal cells (Q7 and Q111) cells were

exposed for 24 h to 50 µ Mn2+. (A and B) Phosphorylation and cleavage events

were measured by the Fluorescent PathScan Intracellular Signaling Array

sandwich ELISA. Background from a no protein sample was subtracted, and

signals were divided by the mean of the untreated samples by genotype. The array

was imaged and quantified using an Odyssey IR imager. Antibodies whose signal

was <4 times the background were not plotted. For both human and STHdh cells

this included phosphorylation at Stat1-Tyr701, HSP27-Ser78, p38-Thr180/Tyr182,

PARP-1 cleavage and caspase-3 cleavage. For human cells (A) phosphorylation at

Stat3-Tyr70 was below detection, and phosphorylation of mTOR-Ser2448, p70 S6

Kinase-Thr389 and SAPK/JNK-Thr183/Tyr185 were below detection for the mouse

striatal cells (B). #P < 0.05 compared with vehicle-treated by t-test. For genotype

comparisons *P< 0.05 and **P < 0.01 by t-test. Bars, mean+ SEM.

Figure 4. HD striatal progenitors show reduced manganese-dependent p53(S15)

phosphorylation. (A) Human cells exposed to manganese were probed by

western blot for phospho-p53(S15) and total p53. (B and C) Western blot data

were quantified and demonstrate significant differences in p53 phosphorylation

between genotypes. N = 4 for control (CE-6 and CF-1, twice each) and HD (HD70-

2 and HD180-4, twice each). #P < 0.05 compared with vehicle-treated by t-test.

*P < 0.05 and ***P < 0.001 by t-test. Bars, mean + SEM.

Figure 5. HD mouse striatal cells show reduced manganese-dependent p53(S15)

phosphorylation. (A) Mouse STHdh striatal cells exposed to manganese for 24 h

were probed by western blot for phospho-p53(S15) and total p53. (B and C)
Western blot data were quantified and demonstrate significant differences in

p53 phosphorylation between genotypes (N = 3). #P < 0.05 compared with

vehicle-treated by t-test. The p53 phosphorylation data for 100 µ Mn was not

quantified because of increased cell viability loss seen in Figure 2B. **P < 0.01 by

t-test. Bars, mean + SEM.
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Additionally, the same response with nuclear localization of p53
can be seen by immunostaining for phos-p53(S15) (Fig. 6A) and
total p53 (Fig. 6B). Control mouse neuroprogenitors also showed
a manganese-dependent increase in the p53 transcriptional
target p21 (CDKN1A) mRNA expression (6.87-fold increase above
vehicle, P < 0.001), while the HDmutant cells did not (with only a
non-significant 1.82-fold increase above vehicle) (Supplementary
Material, Fig. S4). Elevated expression of this canonical p53 tran-
scriptional target is highly consistent with manganese exposure
increasing p53 transcriptional activity.

ATM activity is associated with manganese-dependent
p53 activation

ATM, AMPK, ERK1/2 and p38 are known to phosphorylate p53
(S15) (58–61). We did not see a manganese-dependent increase
in phosphorylation of AMPK-α (threonine-172), ERK1/2 (threo-
nine-202/tyrosine-204) or p38 (threonine-180/tyrosine-182) by
the PathScan array, but ATM kinase was not on the array. High
concentrations of manganese (5 m) have been reported to acti-
vate ATM (ataxia telangiectasia mutated) to induce phosphoryl-
ation of p53(S15) in cell-free kinase assays (58,59,62,63). First,
we measured the level of autophosphorylation of ATM at serine
1981, which is thought to be indicative of kinase activity, inman-
ganese-treated mouse STHdh striatal cell lysates (64). The same
manganese-dependent increase in phosphorylation seen with
p53(S15) was also observedwith ATM(S1981) (Fig. 7A and B). Man-
ganese does not significantly alter levels of total ATM (Fig. 7C and
Supplementary Material, Fig. S5). The HD cells (STHdhQ111/Q111)
had a similar deficiency in response that was seen with p53(S15).

To further implicate ATM as an upstream kinase for manga-
nese-inducedp53phosphorylation,we tested thehypothesis that
blocking ATM kinase activity during manganese exposure
would inhibit p53(S15) phosphorylation. We observed by both an
In-Cell Western assay (Fig. 8A) and ELISA Array (Supplementary
Material, Fig. S6) that the selective ATM inhibitor, KU-55933,

Figure 6.HDmouse striatal cells show reducedmanganese-dependent p53(S15) phosphorylation by immunostaining with nuclear p53 localization. Mouse STHdh striatal

cells were exposed to vehicle or 50 µ manganese for 24 h followed by immunofluorescence for either phos-p53(S15) (A) or total p53 (B).

Figure 7.HDmouse striatal cells show reducedmanganese-dependentATM(S1981)

phosphorylation. (A) Mouse STHdh striatal cells exposed to manganese for 24 h

were probed by western blot for phospho-ATM(S1981). (B) Western blot data were

quantified and demonstrate significant differences in ATM phosphorylation

between genotypes (N = 6). (C) Western blot quantification of total ATM showed

no statistical effect of manganese exposure (N = 3). #P < 0.05 compared with

vehicle-treated by t-test. The p53 phosphorylation data for 100 µ Mn was not

quantified because of increased cell viability loss seen in Figure 2B. **P < 0.01 by

t-test. Bars, mean+ SEM.
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completely blocked the manganese-dependent phosphorylation
ofp53 in thehumanneuroprogenitors (65). The effect of the inhibi-
tor was quite specific to p53 phosphorylation, as no significant ef-
fects were observed for other signaling proteins on the PathScan
array (Supplementary Material, Fig. S5). KU-55933 also inhibited
manganese-dependent p53(S15) phosphorylation in the mouse
STHdh striatal cells (Supplementary Material, Fig. S7).

DNAdamage is a canonical activator of theATM-p53 signaling
pathway. To test whether the ATM-p53 pathway is broadly defi-
cient in its ability to respond to any pathway-relevant stressor
in HD neuroprogenitors, we exposed the cells to neocarzinosta-
tin, a double-stranded DNA break (DSB)-inducing agent known
to activate p53 via ATM (58). In contrast to the HD deficit in man-
ganese-induced p53 activation, the human HD neuroprogenitors
were hypersensitive to p53(S15) activation by neocarzinostatin
(Fig. 8D), and this phosphorylation was completely blocked by
the ATM inhibitor, KU-55933, confirming activation occurred via
ATM kinase. If ATM kinase is activated bymanganese, then other
ATM targets may be activated by manganese as well. Therefore,
we measured phosphorylation of two other established targets
of ATM kinase, CHK2 at threonine-68 (T68) and H2AX at serine-
139 (S139, i.e. γ-H2AX). Using the In-Cell Western assay, control
neuroprogenitors had a significant increase in phosphorylation
of CHK2(T68) with manganese exposure, but CHK2(T68) was non-
responsive in HD neuroprogenitors (Fig. 8B). H2AX(S139) showed
the same trend but with greater variance at the same sample
size (N = 4) (Fig. 8C). In both cases, the ATM inhibitor KU-55933
completely blocked manganese-dependent phosphorylation.
Both ATM kinase targets were activated by the DNA-damaging
agent, neocarzinostatin, with elevated phosphorylation in HD
cells comparedwithcontrol (Fig. 8E andF). Thesedatademonstrate
a deficit in ATM activation at neurologically relevant levels of

manganese in HD neuroprogenitors; yet, a fully responsive (or
evenmore responsive in the case of human HD neuroprogenitors)
ATM kinase activity from a canonical activator of this pathway,
DSB DNA damage.

The HD-dependent deficit in ATM activation is specific
to manganese

Oxidative stress was recently discovered to activate ATM via a
mechanism independent from the DNA damage-dependent acti-
vation of ATM (63). To test whether ATM kinase is responding to
manganese via an oxidative stress-dependent mechanism,
we exposed the STHdhQ7/Q7 and STHdhQ111/Q111 cells to 250 µ
hydrogen peroxide for 1 h and measured the phosphorylation
of p53(S15) and H2AX(S139) by In-Cell Western assay. We
observed an equivalent phosphorylation of ATM targets by
hydrogen peroxide in HD and control cells (Fig. 9A and D), with
levels of phosphorylation of p53(S15) and H2AX(S139) equivalent
to those observed after neocarzinostatin exposure (100 ng/ml for
1 h). We corroborated these findings from the In-Cell Western
assay by performing western blots and found a similar pattern
of response with a genotype difference with manganese expos-
ure but an equivalent response to both neocarzinostatin and
hydrogen peroxide (Supplementary Material, Fig. S8B and D).
These observations suggest that the mechanism of HD-depend-
ent deficiency in p53 response is not the same as the mechan-
isms by which the oxidative stressor hydrogen peroxide or the
DNA-damaging agent neocarzinostatin activate ATM. In mouse
STHdh cells, the ATM inhibitor, KU-55933, significantly blocked
phosphorylation of p53 due to manganese, neocarzinostatin,
and hydrogen peroxide exposure (Supplementary Material,
Fig. S7). We have also shown that both model systems (human

Figure 8. Manganese induces phosphorylation of 3 ATM targets, which is blocked by ATM kinase inhibitor, KU-55933. ‘In-Cell Western’ was performed on human

neuroprogenitors for phosS15-p53 (A and D), phosT68-CHK2 (B and E) and phosS139-H2AX (i.e. γ-H2AX) (C and F) with exposure to Mn at 200 µ (A–C) or DNA-damaging

agent, neocarzinostatin at 100 ng/ml (NCS) (D–F). The cells were also exposed to ATM inhibitor, KU-55933 at 1 µ. N = 4 for control (CE-6, CF-3; two experiments each)

andN = 4 for HD (HD70-2, HD180-4; 2 experiments each). #P < 0.05 compared with vehicle-treated by t-test. *P < 0.05, **P < 0.01 and ***P < 0.001 for t-test between genotypes.
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and mouse) can have normal or elevated levels of ATM-p53 activ-
ity via stressors other than manganese.

We tested the hypothesis that the HD/manganese interaction
effect on the ATM-p53 pathway is related to a generic metal re-
sponse pathway byexposing themouse striatal neuroprogenitors
to other divalent metal ions (Cd2+, Co2+, Cu2+, Ni2+, and Zn2+) and
assessing ATM phosphorylation targets (Fig. 9B and E). The same
concentration (50 µM) was used for all the metals except copper
(100 µ) and cadmium (20 µ), as higher concentrations of cad-
mium resulted in cytotoxicity (11). We found that other metals
either significantly increased (Cd2+, Co2+), decreased (Ni2+, Zn2+)
or did not affect (Cu2+) p53(S15) andH2AX(S139) phosphorylation;
however, except for cadmium (Cd2+), the changes in p53 phos-
phorylation were quite small compared with that observed with
manganese. None of these other metals, however, showed an
HD-dependent deficit in p53(S15) phosphorylation.

We tested the hypothesis that the HD-dependent differences
in ATM activity at 24 h may be due to altered response kinetics
to manganese (e.g. peak response of p53 activation occurring at
different times post-exposure). We performed a time-course ex-
periment on the STHdh cells with 50 µ manganese (see Fig. 9C
and F [for 1, 3 and 24 h exposures] and Supplementary Material,
Figure S9 [for 1, 3, 6 and 24 h exposures]) and saw a continuous
accumulation of p53(S15) and H2AX(S139) phosphorylation over
the 24 h period in the control line (STHdhQ7/Q7). The HD line
(STHdhQ111/Q111) did not show manganese-induced phosphoryl-
ation of p53 or H2AX at any of the time points, indicating that
the difference in ATM activity observed between control and HD
lines was not the result of a difference in temporal response

patterns. Together, these observations demonstrate a manga-
nese-specific deficit in ATM activation in HD not observed with
other known activators of ATM kinase.

Cellular manganese accumulation is diminished in HD
neuroprogenitors and HD striatal cells

Because the HD-dependent deficit in manganese-induced ATM
activation was remarkably selective to manganese and because
manganese is sufficient to induce ATM activity in cell-free kinase
assays, we hypothesized that mutant Huntingtin alters intracellular
manganese homeostasis (62,63). We have previously reported de-
creased manganese accumulation in the mouse STHdhQ111/Q111

cells compared with the control, STHdhQ7/Q7 (11,57). However, this
phenotype occurred with a significant decrease in manganese-in-
duced cytotoxicity in the mutant cells (STHdhQ111/Q111), which we
did not see in the human neuroprogenitors used in this study
(Fig. 2A). To measure intracellular manganese content, we used a
fluorescence-based assay (CFMEA) that we have previously de-
scribed (66,67). We found that human HD neuroprogenitors accu-
mulated significantly less manganese (31% reduction compared
with control cells, P < 0.01) after a 24 h manganese exposure at
200 µ (Fig. 10A). A similar, though larger magnitude difference in
manganese accumulation was observed in mouse neuroprogeni-
tors (78% reduction of manganese in STHdhQ111/Q111 cells versus
control cells; Fig. 10B). Thus, bothhumanandmouseneuroprogeni-
tors with pathogenic alleles of Huntingtin display deficits in net
manganese accumulation at concentrations associated with defi-
cits in manganese-dependent ATM-p53 signaling.

Figure 9. Mutant Huntingtin only inhibits manganese-dependent ATM target phosphorylation. (A and D) Mouse STHdh striatal cells (Q7 and Q111) were exposed to

manganese (50 µ) for 24 h, neocarzinostatin (NCS, 100 ng/ml) for 1 h or hydrogen peroxide (H2O2, 250 µ) for 1 h. (B and E) Mouse striatal cells were exposed for 24 h

to several divalent metal cations all at 50 µ, except 100 µ Cu2+ and 20 µ Cd2+. The means are normalized by the vehicle mean for that line to allow for easier

genotype comparisons. (C and F) Mouse striatal cells were also exposed to manganese (50 µ) for increasing amounts of time. Significant differences are designated

as: a is significantly different from b and b is significantly different from c. If no letters are listed, then none of the means are significantly different from one another.

# indicates significantly different from vehicle treated (P < 0.05 by Tukey’s post hoc). N = 3 for means from 3 to 5 wells for independent replicate experiments (A–C).

N = 4 for means from 3 to 5 wells for independent replicate experiments (D–F). *P < 0.05 and ***P < 0.001 for t-test between genotypes. Bars, mean ± SEM.
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Pharmacological equalization of cellular manganese
content rescues the ATM-p53 signaling deficit

To determine if the differential manganese accumulation in
HD is the basis of the differential manganese-induced ATM
activation, we pharmacologically manipulated intracellular
manganese content. To this end, we used the sodium/calcium
exchanger (NCX) inhibitor KB-R7943 that blocks manganese ef-
flux in mouse tissues (68) to alter cellular manganese content
in the control andHDSTHdh cells, given themagnitudeof theman-
ganese accumulation deficit. Co-incubation of the mouse STHdh
cells with 10 µ KB-R7943 and 50 µ manganese resulted in
equivalent manganese accumulation between control STHdhQ7/Q7

and HD STHdhQ111/Q111 lines (Fig. 11A, P = 0.585). Using these
conditions to equalize cellular manganese levels, we found that
KB-R7943 also equalized the phosphorylation levels of p53(S15)
and H2AX(S139) between HD and control neuroprogenitors
(Fig. 11B and C; P = 0.31 for p53[S15] and P = 0.95 for H2AX[S139]).
These data demonstrate that normalizing cellularmanganese le-
vels mitigates the HD-dependent deficit in manganese-induced
ATM target phosphorylation.

Discussion
Our observations demonstrate that a manganese-handling
deficit occurs in HD striatal-like neuroprogenitors selectively

impairing ATM-p53 signaling under low-level (sub-cytotoxic)
manganese exposure (>85% viability; Fig. 2A) with no detectable
caspase-3 or PARP-1 cleavage (Fig. 2B and C). We used an ELISA-
based array for 18 cellular signaling events and found that
phosphorylation of p53(S15) showed the largest response (2.2-
fold increase in human; 3.8-fold increase in mouse; Fig. 3A and
B), and this response was significantly reduced in HD neuro-
progenitors (∼78% decrease in human response [P < 0.001];
69% decrease in mouse response [P < 0.01]) (Fig. 4B and C). AKT
(T308) phosphorylation was also induced by manganese but to
a lesser extent (1.2-fold for human and mouse, P < 0.05) (Fig. 3A
and B). Manganese-dependent phosphorylation of CHK2(T68)
and H2AX(S139), two canonical targets of ATM kinase, were
also found to be deficient in HD cells (Fig. 8A–C). DNA damage
and oxidative stress induced by hydrogen peroxide, two known
mechanisms to activate ATM activity, did not show HD-depend-
ent differences in the mouse striatal cells. DNA-damage resulted
in hyper-activation of ATM targets in human HD neuroprogeni-
tors (Fig. 8E and F). Mirroring our findings in the mouse striatal
cell line, the human neuroprogenitors had a small but significant
defect in cellular manganese accumulation relative to control
(Fig. 10A). Combined, our results demonstrate alteredmanganese
biology in HD patient-derived neuroprogenitors and identify a
novel manganese-responsive cell signaling event, ATM activa-
tion, that is impaired in HD. Our data support the hypothesis
that a neuronal manganese homeostatic defect may occur in HD.

Our data establish ATM-p53 as a major manganese response
pathway. Alterations in p53-dependent gene expression follow-
ing manganese exposure have been observed in a non-human
primate model (39,40). Here, we provide evidence for manga-
nese-induced p53(S15) phosphorylation by western blot, ELISA
and In-Cell Western assays in both human and mouse neuronal
cells. Further, this signaling pathwaywas activatedmore robustly
than all other intracellular signaling events assayed. The identi-
fication of ATM as the upstream manganese-induced kinase of
p53 is based on ATM autophosphorylation, pharmacological
kinase inhibition and other established ATM phosphorylation
targets (CHK2[T68] and H2AX[S139]). DNA damage and oxidative
stress have both been shown to activate ATM, but unlike manga-
nese-dependent ATM activation, DNA damage and hydrogen
peroxide had the same or greater response in HD cells compared
with controls, consistent with previous reports on p53 in HD
model systems (58,59,63). Among the metal ions tested, only
cadmium induced ATM activation to a similar magnitude as
manganese. However, unlike manganese, cadmium is a known
DNA-damaging agent at micromolar concentrations providing a
clearly established route to ATM activation (69). Manganese, on
the other hand, is known to activate ATM phosphorylation of
p53(S15) in purified kinase activity assays in the absence of
DNA (62,63). Thus, our data strongly suggest that manganese
activates ATM via a mechanism independent of DNA damage.
Additionally, our results do not support a mechanism via direct
redox cycling (Fenton reaction) because many of the other me-
tals, which had minimal effects on ATM activity, are known to
be more redox active than manganese (e.g. copper). As neither
a DNA damage nor oxidative stress mechanisms clearly explain
the manganese-dependent ATM activation, we propose that
manganese activates ATM via a novel mechanism that is specific
to manganese compared with all other metal ions tested.

As mentioned in the Introduction, manganese is known to be
neurotoxic at high exposure levels. Our data demonstrate that
manganese mediates the activation of ATM kinase activity at
neurologically relevant concentrations (50–200 µ) in living cells
(56), much lower than the 5–10 m used in previously published

Figure 10. Reduced accumulation of manganese in neuroprogenitors expressing

mutant Huntingtin. (A) Accumulation of intracellular manganese was quantified by

cellular fura-2 manganese extraction assay (CFMEA) in human neuroprogenitors

that were exposed for 24 h to manganese. For human N = 4 for control (CE-6 and

CF-1, twice each) and HD (HD70-2 and HD180-4, twice each). (B) The same

procedure was performed on mouse STHdh cells (Q7 and Q111) with N = 3. For

genotype comparisons **P < 0.01 and ***P < 0.001 by t-test. Bars, mean + SEM.
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cell-free purified kinase assays (62,63). Although our concentra-
tions in the human model border the highest levels seen in toxic
human exposures, we do not see overt manganese-dependent
toxicity in our Islet1 neuroprogenitors until much higher con-
centrations. One potential explanation is reducedmanganese up-
take and accumulation in neuroprogenitors compared with
mature neurons. We have recently published data demonstrating
just such a difference betweenDay 11floor plate neuroprogenitors
and Day 25 post-mitotic dopaminergic neurons derived from con-
trolhumanpluripotent stemcells (hiPSCs) (70). Therefore, the con-
centrations needed to elicit an ATM response in mature neurons
may well be below what was necessary in our neuroprogenitors.

The HD-dependent deficit in manganese-induced ATM-p53
activation is one of many examples implicating this pathway
with HD pathophysiology. Previous work has shown increased
p53 accumulation and phosphorylation in HD patient andmouse
brains as well as HD cell lines under basal conditions, while
knockdownof p53 can ameliorate bothmitochondrial and behav-
ioral HD phenotypes (25,43). Possible direct interactions between
mutantHuntingtin and both p53 andATMhave also been reported
((43,44,71). Both p53 and ATM phosphorylation have been re-
ported to be elevated in an HD iPSC model (72). This pathway
was also hyper-activated by DNA damage in our human HD neu-
roprogenitors, mirroring the published findings of camptothecin
(a DNA-damaging agent) treatment of HD muscle cells (73). Gen-
etic variation in the TP53 gene (which encodes p53 protein)
accounts for ∼13% of age-of-onset variability in HD not ac-
counted for by the CAG repeat length (74). The pro-apoptotic
function of activated p53 is its best characterized biological
role; however, at low levels of activation, p53 transcriptional
activity plays a largely pro-survival role by up-regulating genes
involved in energetic balance, oxidative defense and metabolic
state (75). The HD-dependent alterations in p53 responsiveness
to a non-lethal stressor could provide a mechanism for the age-
dependent degeneration seen in HD. Namely, the accumulation
of cellular damage over time due to insufficient neuroprotection
by the manganese-dependent ATM-p53 pathway.

Our data support a model in which mutant Huntingtin im-
pinges on the ATM-p53 response to manganese exposure by
altering manganese transport/homeostasis. We found lower cel-
lular manganese content in the HD human ISL1+ neuroprogeni-
tors than control cells following low-level exposures (Fig. 10A).
The cause of this difference is not yet explained; however, iron
transporters thought to be important for manganese transport
do not seem to play a substantial role in the differential manga-
nese accumulation in the STHdh model system (57). Equalizing

cellularmanganese content inHDand control cells by pharmaco-
logically blocking manganese efflux (68) eliminated the differen-
tial response in p53 phosphorylation (Fig. 11B), providing strong
evidence that the deficit in manganese-induced ATM activation
in HD cells was dependent on cellular manganese-handling. Re-
markably, the magnitude of the deficit in the ATM-p53 signaling
pathways inmouse and human HDmodels is similar despite the
substantially stronger manganese accumulation deficit in the
mouse model system. One potential explanation could be differ-
ences in compartmentalization of intracellular manganese be-
tween the mouse and human models. Manganese has been
indicated to accumulate primarily in the nucleus of neurons
where a majority of ATM protein is localized (76,77).

Epidemiological studies indicate a significant role for environ-
mental factors in HD progression (2). The defect we observe in
manganese-handling/homeostasis in HD patient-derived neuro-
progenitors substantiates previous reports of reduced accumula-
tion of manganese in both mouse striatal cell models of HD and
the striata of manganese-exposed Tg-YAC128Q HD model mice,
as well as altered manganese and iron localization in HD patient
brains (11,20,57). Decreased cellular manganese in HD could ex-
plain at least someHDpathogenicmechanisms. For example, de-
creased activity of manganese-dependent enzymes, including
superoxide dismutase (MnSOD), arginase, glutamine synthetase
and pyruvate carboxylase could contribute to the oxidative
stress, altered neuronal energetics, and excitotoxicity patho-
logical phenotypes reported in HD (14). Further, differential man-
ganese nutritional status of patients could be an important
modifier of disease progression. Manganese deficiency is known
to alter glutamate cycling, the urea cycle, insulin signaling and
cellular energetics; all of these biochemical pathways are de-
pendent on manganese-dependent enzymes and have been
shown to be dysfunctional in Huntington’s disease models
(34,78–80). In conclusion, these findings suggest the possibility
that alterations in brain manganese homeostasis may contri-
bute to HD pathophysiology, which may open new therapeutic
opportunities.

Materials and Methods
Reagents and plasmids

The immortalized murine striatal cell line models of HD,
both wild-type (STHdhQ7/Q7) and mutant (STHdhQ111/Q111), were
obtained from Coriell Cell Repository (Cambden, NJ). The ATM ki-
nase inhibitor, KU55933, was from Tocris (Bristol, UK), hydrogen

Figure 11. Pharmacological equalization of manganese content results in similar p53(S15) and pH2AX(S139) phosphorylation. (A) Mouse STHdh cells (Q7 and Q111) were

treated for 24 hwithmanganese (50 µ) with orwithout theNCX inhibitor KB-R7943. Intracellularmanganese accumulationwasmeasured by the CFMEA technique.N = 3

independent experiments. (B and C) The same treatment paradigm was used for In-Cell Western analysis to quantify the phosphorylation of p53 and H2AX. N = 4

independent experiments for (B) and N = 3 independent experiments for (C). For genotype comparisons *P < 0.05, **P < 0.01 and ***P < 0.001 by t-test. Bars, mean + SEM.
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peroxide was from Sigma-Aldrich (St. Louis, MO), neocarzinos-
tatin was from Sigma-Aldrich. Heavy metal cations used
in this study were Cd (Cd2+ as CdCl2 hydrate), Cu (Cu2+ as
CuSO4 pentahydrate), Mn (Mn2+ as MnCl2 tetrahydrate), Ni
(Ni2+ as NiCl2 hexahydrate), Co (Co2+ as CoCl2 hexahydrate)
and Zn (Zn2+ as ZnCl2). Plasmids used for reprogramming (#s
27077, 27078 and 27080) were obtained from Addgene
(Cambridge, MA).

Antibodies

Antibodies used for immunofluorescence, immunoblotting and
the In-cell western assay are listed in Table 1.

Generation of human iPSC lines

Human dermal fibroblasts were obtained from either Dr Kevin
Ess (CE and CF) or from Coriell Cell Repository (GM21756
and GM09197 which are HD70 and HD180, respectively). Primary
dermal fibroblasts were obtained by skin biopsy from healthy
adult subjects (CE and CF) with no known family history of neu-
rodegenerative disease after appropriate patient consent/assent
under the guidelines of an approved IRB protocol (Vanderbilt
#080369). Cells were grown to ∼80% confluency, trypsinized
and counted 6 × 105 cells were then electroporated with the
CXLE plasmid vectors using the Neon Transfection System (Life
Technologies, Carlsbad, CA) according to the conditions de-
scribed in Okita et al. 2011. Cells were replated in normal 10%
FBS medium (formulation described in Cell Culture) and grown
with daily media changes for 7 days. The cells were then trypsi-
nized and replated at 1 × 105 cells per 100 mm dish on top of SNL
feeder cells. The next day, the medium was changed to KOSR ES
medium (described in 52) and replaced daily for ∼30 days before
colonies were picked and propagated.

Karyotype analysis

Human iPSC lines were submitted for standard g-band karyotype
analysis by Genetics Associates, Inc., (Nashville, TN). For each
line, 20 metaphase spreads were analyzed and normal lines
used in this study has euploid in 20 of 20 cells.

Pluritest

All iPSC lines used in this studywere validated using the bioinfor-
matics assay, ‘Pluritest’, developed by Muller et al. (81). Human
iPSC mRNA was isolated using the Qiagen RNeasy kit according
to the manufacturer’s recommendations (Qiagen, Valencia, CA).
Microarrays were performed by Expression Analysis, Inc.,
(Durham, NC) on Illumina Human HT-12 v4.0 expression Bead-
Chips (Illumina, Inc., San Diego, CA). Pluripotency of the iPSC
lines was determined by uploading binary microarray scanner
output files (.idat file) into the freely available Pluritest Internet
application (http://www.pluritest.org).

Cell culture

STHdhQ7/Q7 and STHdhQ111/Q111 immortalized murine striatal
cells and human dermal fibroblasts were cultured in Dulbecco’s
Modified Eagle Medium (D6546, Sigma-Aldrich) supplemented
with 10%FBS (Atlanta Biologicals, Flowery Branch, GA), 2 mGlu-
taMAX (Life Technologies), Penicillin–Streptomycin, 0.5 mg/ml
G418 Sulfate (Life Technologies), MEM non-essential amino acids
solution (Life Technologies), 14 m HEPES (Life Technologies).
They were incubated at 33°C and 5% CO2. Cells were passaged be-
fore reaching >90% confluency. The cells were split by trypsiniza-
tion using 0.05% Trypsin–EDTA solution (Life Technologies)
incubated for 5 min. One day prior to exposure, cells were plated
in the appropriate cell culture plate type at 8 × 105 cells/ml for Q7
and 1 × 106 cells/ml for Q111.

Human iPSC linesweremaintained inmTeSR1medium (Stem-
Cell technologies, Vancouver, BC) on Matrigel (BD Biosciences,

Table 1. Antibodies

Antigen Species Company Catalog # Model system WB ICW IF

phos-ATM(Ser1981) Mo Cell Signaling 4526 Hu, Mo 1:1000
ATM Rb Cell Signaling 2873 Hu, Mo 1:1000
Caspase-3 Rb Cell Signaling 9665 Mo 1:1000
Huntingtin Mo Millipore MAB2166 Mo 1:200
Islet 1 & 2 Mo DSHB 39.4D5 Hu 1:100
Nanog Gt R&D Systems AF1997 Hu 1:20
Oct3/4 Rb Cell Signaling 2750 Hu 1:200
PAX6 Rb Covance (Biolegend) PRB-278P Hu 1:100
phospho-p53(Ser15) Mo Cell Signaling 9286 Hu, Mo 1:1000 1:400
phospho-p53(Ser15) Rb Cell Signaling 9284 Hu, Mo 1:1000 1:400
p53 Mo Santa Cruz sc-126 Hu 1:1000
p53 Rb Santa Cruz sc-6243 Mo 1:1000
phospho-H2A.X Mo EMD Millipore 05-636 Hu, Mo 1:1000 1:400
phospho-CHK2(Thr68) Rb Cell Signaling 2661 Hu 1:400
SSEA3 Rt Millipore MAB4303 Hu 1:500
SSEA4 Mo DSHB MC-813-70 1:500
Anti Mouse IRDYE 800CW Dk LI-COR 926–32 212 1:10 000 1:800
Anti Rabbit IRDYE 800CW Dk LI-COR 926–32 213 1:800
Anti Rabbit IRDye 680LT Dk LI-COR 926–68 023 1:10 000
Anti (mo, rb, gt or rt) Dylight 488 or 549 Dk Jackson 1:800

Antibodies used throughout this study are listed in the table with information about the species, vendor and model system used in as well as the dilution factor used for

each assay type.
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San Jose, CA) coated 6-well plates. Media was replaced daily. Cells
were passagedat∼50%confluency. Before passage, spontaneously
differentiated cells were manually removed using a glass scraper
(52). Then colonies were washed once in DMEM/F12 (Life Tech-
nologies) and incubated for 5–10 minwithdispase (StemCell Tech-
nologies). The colonies were then washed twice with DMEM/F12.
The colonies were then scraped into mTeSR1, triturated several
times to achieve smaller cell clump size and replated at a dilution
of 1:3–1:5 onto Matrigel.

Neural progenitor differentiation

Human iPSC colonies grown on Matrigel in mTeSR1 were disso-
ciated by incubating for 15 min in Accutase (Innovative Cell Tech-
nologies, San Diego, CA). Cells were diluted, centrifuged and
resuspended in mTeSR1 medium containing 10 µ ROCK inhibi-
tor, Y-27632 (Tocris). Cellswere then replated ontoMatrigel-coated
12-well plates at a concentration of 1 × 105 cells/ml. The medium
was changed 24 h later to mTeSr1 without ROCK inhibitor and
the cells were fed each subsequent day until cells reach >90% con-
fluency (typically 4 days later). Medium was then replaced with
Knockout DMEM/F12 (Life Technologies) supplemented with 20%
Knockout Serum Replacement (Life Tech), 2 m Glutamax (Life
Tech), MEM non-essential amino acids (Life Tech) and 55 µ 2-
mercaptoethanol) containing 0.5 µ DMH1 (gift of Dr Charles C.
Hong) and 10 µ SB431542 (Tocris). After 72 h, the medium was
supplemented with 25% N2 medium (DMEM/F12 [with -glutam-
ine and HEPES] (Life Tech), 1× N2 supplement (Life Tech) and
4.5 g/l -glucose) and 0.65 µ purmorphamine (Stemgent, Cam-
bridge,MA) andSB431542wasno longeradded.After anadditional
48 h, the N2 medium content was increased to 50%, and DMH1
wasno longeradded. After another 48 h, an additional 25%N2me-
dium was added (25% neuralization medium, 75% N2 medium).
Cultureswere dissociated 10 days after the initial addition of neur-
alization medium via a 20 min incubation with Accutase. For all
experiments using human iPSC-derived neural progenitors, cells
were replated onto Matrigel-coated dishes at 7 × 105 cells/ml in
100% N2 medium containing 0.65 µ purmorphamine and 10 µ
ROCK inhibitor, Y-27632. The next day the experimental exposure
was added in 100%N2medium containing purmorphaminewith-
out ROCK inhibitor. Assays were performed 24 h later.

CellTiter-Blue cytotoxicity assay

Human neural progenitors or mouse striatal cells (STHdhQ7/Q7,
STHdhQ111/Q111) were grown on 96-well plates. The day after re-
plating, they were exposed to toxicants in the cell type appropri-
ate neuralization medium. At 2 h prior to the completion of the
24 h exposure period or after toxicant removal and washes fol-
lowing 1 h exposures, 20 µl of CellTiter-Blue reagent (Promega)
was added to each well. Prior to this addition, cell lysis buffer
was added to several wells to provide an accurate fluorescence
background for 0% viable cells. The plates were then incubated
for 2 h at 37°C. Fluorescence was measured using excitation of
570 nm and emission of 600 nm on a POLARstar Omega micro-
plate reader (BMG Labtech, Ortenberg, Germany).

Cellular Fura-2 manganese extraction assay (CFMEA)

CFMEAwas performed exactly as described previously (67).Matri-
gel-coated wells show a manganese concentration-dependent
background that is not observed in uncoated wells. Amanganese
concentration-specific background was, therefore, subtracted

from the experimental signals. Manganese content was normal-
ized to DNA content of each culture.

PCR

PCRwas performed for both validation of the loss of the episomal
plasmid vector and for validating the HD mutation in the iPSC
lines. DNAwas isolated using the DNeasy kit (Qiagen) and quan-
tified using a Nanodrop 1000 spectrophotometer (Nanodrop In-
struments). Primers and template DNA were mixed with GoTaq
Green 2× Master Mix (Promega). The PCR amplification was per-
formed on a MyCycler Thermal Cycler (Bio-Rad, Hercules, CA).
For amplification of the mutant Huntingtin gene CAG repeat re-
gion, 1× Q buffer (Qiagen) and 5% DMSO were added. DNA pro-
ducts were run on 1 or 2% agarose gels in TBE buffer and
stained with ethidium bromide.

Quantitative RT-PCR

Cells were lysed using RLT buffer with 1% BME and homogenized
on QIAshredder columns (Qiagen). Total RNAwas isolated using
the RNeasy kitwith on columnRNase-freeDNase treatment (Qia-
gen). Total RNA was quantified using a Nanodrop 1000 spectro-
photometer (Thermo Scientific, Waltham, MA). First strand
cDNA synthesis reactions were performed on 1 µg of total RNA
using the SuperScript III kit with random hexamers (Life Tech-
nologies). Quantitative PCR was performed using the Power
SYBR Green Master Mix (Life Technologies) as 10 µl reactions in
384-well plates with 10 ng of cDNA on a 7900HT fast real-time
PCR system (Applied Biosystems, Carlsbad, CA). Primers are listed
in Table 2. Actin was used as a normalizing control gene.

Pathscan ELISA array

The assay was performed following the manufacturer’s instruc-
tions. In brief, cells were washed once with ice-cold PBS and
lysedwith ice-cold sandwich ELISA array lysis buffer (Cell Signal-
ing, Danvers, MA) containing 1 m PMSF for 5 min on ice. The
lysates were then pipetted into pre-chilled tubes. Lysate protein
concentrationwas calculated using the DC protein assay (Prome-
ga). After diluting to equivalent concentrations, lysates were
added to the prepared PathScan Intracellular signaling array
(Cell Signaling, Danvers, MA). The fluorescent signal was as-
sessed using the Odyssey Infrared Imaging system (LI-COR, Lin-
coln, NE). Two wells were incubated in dilution buffer only and
provided the background signal for each pathway. Only signal in-
tensities ≥4-fold the background signal are reported, except for
cleavage of caspase-3 and PARP-1. Since human data was gener-
ated on a single slide, the datawas divided by themean of the un-
treated sample intensities to achieve a fold change value. For the
mouse PathScan, each of the three data points for each signaling
pathway were generated on a separate slide on separate days.
Therefore, the values for each day were divided by the untreated
sample intensity for that day. Therefore, the untreated means
have no variance since all values are 1. 95% confidence intervals
were used to calculate statistical significance. Human cell ana-
lysis was performed by t-test.

Immunoblot analysis

Protein samples were prepared by scraping cells into ice-cold PBS,
centrifuging and adding RIPA buffer containing protease (Sigma-
Aldrich) and phosphatase inhibitor cocktails 2 and 3 (Sigma,
Sigma-Aldrich) to the pellet. After gentle homogenization, cells
were centrifuged at 4°C for 10 min at 20 000g. The resulting DNA
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containing pellet was removed from the lysate, and the protein
concentration was quantified using the DC assay (Bio-Rad, Hercu-
les, CA) with a BSA standard curve. Samples were mixed with 5×
SDS loading buffer containing 1% 2-mercaptoethanol and boiled
for 5 min. Fifteenmicrograms of proteinwas loaded for each sam-
ple onto a 4–15%pre-cast gel SDS-PAGEgel (BioRad) and runat 90V
for 120 min. The protein bands were then transferred onto nitro-
cellulose membranes using iBlot Gel Transfer Device (Life Tech-
nologies), and the protein was transferred onto a nitrocellulose
membrane. The remaining gel was stained with IRDye Blue pro-
tein stain (LI-COR, Lincoln, NE). Since the gels retained ∼1/3 of
the original protein after transferring with the iBlot, we imaged
the stained gel on the Li-Cor Odyssey Imaging System and quanti-
fied the intensity of the entire lane from ∼150–20 kDa. This value
was used to normalize the values of immunostained bands. The
membrane was blocked in Odyssey Blocking Buffer for hour prior
to the addition of the primary antibodies. The primary antibodies
were diluted in Odyssey Blocking Buffer containing 0.1% TWEEN
and incubated overnight. After washing 5 times for 5 min in
TBST, membranes were incubated with secondary antibodies at
1:10 000 (LiCor, Lincoln, NE) for 1 h. Membranes were imaged
using the Li-Cor Odyssey Imaging System, and quantification
was performed using Image Studio Lite (LiCOR, Lincoln, NE).

In-Cell western assay

Cells were plated in 96-well µClear black-walled plates (Greiner
Bio-One, Frickenhausen, Germany) at the appropriate density for
the particular line. After exposing cells to toxicants, they were
washed once in room temperature PBS (without calcium and
magnesium). The cells were then fixed with 4% paraformalde-
hyde in PBS for 30 min at room temperature, washed 5 times
for in PBS with 0.1% Triton-X 100, and blocked for 1.5 h in 150 µl
of Odyssey blocking buffer. The cells were then incubated with
primary antibody at 1:400 in Odyssey blocking buffer (LiCor, Lin-
coln, NE) with 50 µl in each well for 2.5 h. After washing four
times in PBS with 0.1% Tween-20 for 5 min, cells were incubated
for 1 h in the appropriate LiCor IRdye800 secondary antibody at
1:800 dilution in Odyssey blocking buffer along with 1:500 of Cell-
Tag normalization dye (LI-COR, Lincoln, NE). An additional round
of 5 washes for 5 min in PBS with Tween-20 was performed after
which all buffer was removed. Plateswere imagedwith the Li-Cor

Odyssey Imaging System and intensities were calculated for each
well with Image Studio software. Cultures that were not incu-
bated with primary antibodies served as background. Antibody
signals were normalized using the CellTag signal (a measure of
total cells). We have included exemplary images from both
human (Supplementary Material, Fig. S9) and mouse (Supple-
mentary Material, Fig. S10) In-Cell western assays.

Immunofluorescence microscopy

Cells were fixed in paraformaldehyde for 30 min at room tem-
perature. After permeabilization with 0.2% Triton-X 100 for
20 min at room temperature, cells were incubated in PBS contain-
ing 5% donkey serum and 0.05% Triton-X100 for 2 h at room tem-
perature or overnight. Cell were incubated in primary antibody
overnight (see table to antibody dilutions), washed in PBS with
0.05% Triton-X100 and incubated for 3 h with secondary anti-
body. Images were obtained with a Zeiss ObserverZ1 microscope
and AxioVs40 software (version 4.7.2).

Supplementary Material
Supplementary Material is available at HMG online.

Acknowledgements
We thank Bryan Cawthon and Bingying Han for extensive tech-
nical assistance in generation and propagation of the iPSC
lines. We also thank Gary Li, Mihir Odak, Megan Culbreth, Molly
Overmyer and Kyle Horning for additional technical assistance;
Terry Jo Bichell and Dr Christopher Wright for helpful discus-
sions; Dr Charles Hong for providing helpful reagents; and Drs
Gunnar Kwakye and BlairanneWilliams for their previously pub-
lished work that established the basis for this study.

Conflict of Interest statement. The authors of themanuscript declare
no competing financial interests related to this paper.

Funding
This work was supported by the National Institutes of Health
(ES016931 to A.B., ES010563 to A.B./M.A., NS077632 to A.T. and
GM07347 to K.K.).

Table 2. Primer sequences

Primer name Gene Sequence Tm Product size

AT83 FOXG1 F CAACGGCATCTACGAGTTCA 59.9 57
AT84 FOXG1 R TGCTTGTTCTCGCGGTAGTA 59.7
AT95 PAX6 F CAGCTTCACCATGGCAAATA 59.7 77
AT96 PAX6 R GCAGCATGCAGGAGTATGAG 59.6
AT103 Actin F CTGTGGCATCCACGAAACTA 59.7 84
AT104 Actin R AGCACTGTGTTGGCGTACAG 60.0
AT277 Islet-1 F ACGGTGGCTTACAGGCTAAC 59.3 56
AT278 Islet-1 R TTTCCAAGGTGGCTGGTAAC 60.0
1594 HTT CAG Repeat F CCGCTCAGGTTCTGCTTTTA 60.5 278
1595 HTT CAG Repeat R GGCTGAGGAAGCTGAGGAG 60.2 (19 CAG repeats)
Insertion1 WPRE F CAGGCAACGTGGCGTGGTGT 70.0 265
Insertion2 WPRE R GGACGTCCCGCGCAGAATCC 71.5
AT335 Mouse Actin F CAGCCTTCCTTCTTGGGTAT 58.3 83
AT336 Mouse Actin R CGGATGTCAACGTCACACTT 59.6
AT327 Mouse p21 F GAGGCCCAGTACTTCCTCTG 58.9 78
AT328 Mouse p21 R AGAGTGCAAGACAGCGACAA 59.8

Primers used for PCR and qRT-PCR are listed with both the ‘in-house’ primer name, gene name, sequence, melting temperature and the product size.
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