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Melatonin inhibits cytosolic mitochondrial DNA-
induced neuroinflammatory signaling in accelerated
aging and neurodegeneration
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are a model of accelerated aging.

Introduction
Mitochondrial dysfunction is a common feature of neurodegen-
eration. Neuronal mitochondrial DNA (mtDNA) damage during
neurodegeneration results from reactive oxygen species-initi-
ated (ROS-initiated) oxidation and impairment of DNA repair
(1-7). Decreased mitochondrial membrane potential (MMP) and
increased mitochondrial permeability regulate release of mtDNA
into the cytosol (8, 9) followed by cyclic guanosine monophos-
phate-adenosine monophosphate synthase (cGAS) pathway activa-
tion. cGAS senses cytosolic DNA including self or foreign DNA (10,
11). cGAS activates innate immune responses through production of
cyclic GMP-AMP which binds and activates STING (12-14). STING
activates IRF3 and NF-«B, which induce interferon (IFN) and proin-
flammatory interleukin expression (15). Mitochondrial ROS induc-
es caspase-1 activation and secretion of proinflammatory cytokines
(IL-1B and IL-18) (16). These mechanisms are key regulators of neu-
rodegeneration since synaptic pruning, which underlies progressive
neurological decline in aging and neurodegenerative diseases along
with neuronal death (17) is mediated by cytokine activated comple-
ment and microglia (18). Furthermore, caspase-1 inhibition is neu-
roprotective in acute and chronic neurodegeneration (19-25).
Huntington’s disease (HD) is caused by mutant huntingtin
(mHTT) (26), a protein with an expanded polyglutamine region
which binds to the TIM23 mitochondrial protein import complex
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Chronic inflammation is a pathologic feature of neurodegeneration and aging; however, the mechanism regulating this
process is not understood. Melatonin, an endogenous free radical scavenger synthesized by neuronal mitochondria, decreases
with aging and neurodegeneration. We proposed that insufficient melatonin levels impair mitochondrial homeostasis,
resulting in mitochondrial DNA (mtDNA) release and activation of cytosolic DNA-mediated inflammatory response in
neurons. We found increased mitochondrial oxidative stress and decreased mitochondrial membrane potential, with higher
mtDNA release in brain and primary cerebro-cortical neurons of melatonin-deficient aralkylamine N-acetyltransferase
(AANAT) knockout mice. Cytosolic mtDNA activated the cGAS/STING/IRF3 pathway, stimulating inflammatory cytokine
generation. We found that Huntington’s disease mice had increased mtDNA release, cGAS activation, and inflammation, all
inhibited by exogenous melatonin. Thus, we demonstrated that cytosolic mtDNA activated the inflammatory response in
aging and neurodegeneration, a process modulated by melatonin. Furthermore, our data suggest that AANAT knockout mice

and inhibits protein import (27, 28). Impaired mitochondrial pro-
tein import increased mitochondrial oxidative stress. Striatum
and cortex exhibited 8-fold more mtDNA damage than nuclear
DNA damage, suggesting that mtDNA is more susceptible to oxi-
dative damage than nuclear DNA in HD (4).

Melatonin, a neuroprotective hormone, is a potent free rad-
ical scavenger (29-33) that offers protection from mHTT-medi-
ated neurotoxicity (34). In neurons, melatonin is exclusively syn-
thesized in the mitochondrial matrix (35), where it prevents ROS
accumulation (36, 37). Melatonin protects neurons by ameliorating
loss of MMP, cytochrome c release, caspase activation, and proin-
flammatory cytokine activation during neurodegeneration (30, 36,
38-43). Melatonin progressively decreases with age and in neuro-
degenerative diseases including HD, Parkinson’s disease, and Alz-
heimer’s disease (44, 45). Melatonin loss likely results in enhanced
neuronal vulnerability associated with aging and disease.

We report the first demonstration of cytosolic mtDNA release
in neurons during neurodegeneration and place mitochondrial
dysfunction as an initiating event resulting in pathologic inflam-
mation and caspase activation. Furthermore, we demonstrate the
direct role of melatonin in modulating cytosolic mtDNA release in
an accelerated aging model, and in an HD model of neurodegen-
eration. We demonstrate that both melatonin deficiency in normal
cells and the presence of mHTT in a mouse model of neurodegen-
eration increases ROS damage, mtDNA release, activation of the
cGAS pathway, and pathologic inflammatory response, leading to
synaptic loss and neurodegeneration. Our data therefore demon-
strate that melatonin deficits modulate neuronal and synaptic
vulnerability, and points to melatonin as a potential therapy for
age-related ailments.
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Figure 1. Melatonin deficiency-induced mtDNA release mediated neuroinflammation. (A) LC-MS quantification of melatonin in pineal gland isolated

at 4:00 a.m. from 20-week-old WT and AANAT-KO mice (n = 3). (B) Quantification of malondialdehyde (MDA), an indicator of lipid peroxidation, and (C)
protein carbonylation, an indicator of protein oxidation in whole brain of 8- and 20-week-old WT and AANAT-KO mouse brain lysate (n = 3). (D) Ventricle
volume in 20-week-old WT and AANAT-KO brain (n = 3). (E) gPCR of cytosolic mtDNA in 8- and 20-week-old WT and AANAT-KO brain using primers for
mt-C01, mt-Dloop1, and mt-Dloop3, mitochondrial genes. Cytosolic mtDNA is plotted relative to amount of WT brain after normalization to f-actin from
the corresponding total DNA lysate, n = 3 for 8 weeks, n = 4 for 20 weeks. (F) Representative immunoblots and (G) quantitation for cGAS, STING, IRF3,
caspase-1, and B-actin in WT and AANAT-KO brain lysates. B-actin was used as a loading control; data are expressed as relative to WT control (n = 4). (H)
Cytokine ELISA in brain lysate of 20-week-old WT and AANAT-KO mice expressed as pg of cytokine per mg of protein lysate (n = 4). All data are expressed
as mean + SD, analyzed by Student’s t test (A, D, G, and H), or ANOVA followed by Tukey’s test (B, C, and E). *P < 0.05; **P < 0.01; ***P < 0.001.

Results

AANAT deletion results in mtDNA-mediated inflammation. Mela-
tonin is a neuroprotective hormone synthesized in neuronal mito-
chondria (30, 35). To explore the role of melatonin in the brain, we
created aralkylamine N-acetyltransferase”~ (AANAT-KO) mice in
a CBA/J genetic background, a strain that produces melatonin (46,
47). AANAT is the penultimate enzyme in melatonin synthesis,

and is located in the mitochondrial matrix (35, 48). Melatonin con-
centration measured in pineal during peak production (4 a.m.) is
reduced to background in AANAT-KO mice as compared with WT
mice (Figure 1A), demonstrating effective knockout of melatonin
synthesis. At 20 weeks of age, AANAT-KO mice gained less weight
than WT mice, a difference not found in 8-week-old mice (Supple-
mental Figure 1A; supplemental material available online with this

jci.org  Volume130  Number6 June 2020

3125


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/135026#sd
https://www.jci.org/articles/view/135026#sd

3126

RESEARCH ARTICLE

article; https://doi.org/10.1172/JCI135026DS1). Melatonin is an
antioxidant, therefore we studied protein carbonylation and lipid
peroxidation, markers of oxidative damage associated with aging
and neurodegeneration, in brains of AANAT-KO mice (49, 50).
AANAT-KO brain had higher levels of protein carbonylation and
lipid peroxidation (Figure 1, B and C), suggesting that melatonin
absence results in increased cerebral oxidative stress. Increased
ventricle size is associated with aging (51), and in 20-week-old
AANAT-KO mice we also found a 25% increased corrected ven-
tricle size (P < 0.05) in the context of a smaller brain (10% not sig-
nificant), therefore representing atrophy and not hydrocephalus
(Figure 1D and Supplemental Figure 1, B and C). The combina-
tion of premature neurodegeneration, weight loss, increased ROS
damage, and neuroinflammation suggests AANAT-KO mice as a
model of accelerated aging.

Given the role of melatonin in mitochondrial homeosta-
sis, we evaluated whether AANAT-KO mice have elevated lev-
els of cytosolic mtDNA. By 20 weeks but not at 8 weeks of age,
we identify a 3.6-fold + 0.8-fold increase of cytosolic mtDNA in
AANAT-KO as compared with WT mice (Figure 1E). Release of
mtDNA into the cytosol activates an inflammatory response via
the cGAS/STING/IRF3 signaling axis (14). We found elevated
levels of cGAS/STING/IRF3 proteins in 20-week-old AANAT-
KO brains compared with controls (Figure 1, F and G). qRT-PCR
data (Supplemental Figure 1D), which demonstrated increased
mRNA expression at 20 weeks but not at 8 weeks of age, comple-
mented these results. Moreover, caspase-1 activation increased in
AANAT-KO brains (Figure 1, F and G). Caspase-1 activation along
with increased cGAS, STING, and IRF3 expression in AANAT-KO
mouse brain indicates activation of a neuroinflammatory response
(52), and neuronal caspase-1 is a driver of neurodegeneration in
vivo (21-24, 31, 52). Furthermore, AANAT-KO brain has elevated
levels of proinflammatory cytokines and their respective mRNA
(IL-6, IL-18, IL-1B, IFN-0, and IFN-B) compared with controls (Fig-
ure 1H and Supplemental Figure 1E). This data demonstrates that
melatonin deficit results in accelerated age-related elevated ROS
damage, release of mtDNA activating the cGAS pathway, and a
proinflammatory response. In light of these results, progressive
melatonin reduction associated with human aging and in neuro-
degenerative disease likely plays a role in increasing physiologic
and pathologic degeneration.

Melatonin mitigates mtDNA-mediated inflammatory response in
AANAT-KO primary cerebrocortical neurons. To complement in vivo
studies with neuron-specific data, AANAT-KO and WT primary
cerebrocortical neurons (PCNs) cultured for 21 days were assayed
for MMP and mitochondrial ROS. MMP decreased and ROS
increased in AANAT-KO PCNs; exogenous melatonin administra-
tion restored both parameters (Figure 2A and Supplemental Figure
2A). MMP exists as a gradient in neurons, whereby synaptic mito-
chondria have lower MMP than somal mitochondria, resulting in
synaptic vulnerability (53). MMP is similar in somal mitochondria
(<10 pm from nucleus) but decreased in synaptic AANAT-KO mito-
chondria (>50 pm from nucleus) (Supplemental Figure 2B). Thus,
the MMP gradient is exacerbated in AANAT-KO PCNs, indicating
greater synaptic vulnerability. Like AANAT-KO brain, AANAT-KO
PCNs demonstrate increased cytosolic mtDNA, cGAS/STING/
IRF3 levels, caspase-1 activation, and proinflammatory cytokine
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expression, all of which were inhibited by melatonin (Figure 2,
B-E). Consistent with in vivo data, neuronal melatonin depletion
results in mitochondrial ROS damage, mtDNA release, and eleva-
tion of inflammatory cytokines, all inhibited by melatonin.

Neuroinflammation and neurodegeneration are increased in dif-
ferentiated N2a AANAT-KO cells, and their effects are attenuated by
melatonin. To advance our mechanistic investigation of AANAT-
KO effects on neurons, we generated N2a AANAT-KO neuro-
blastoma cells (Supplemental Figure 3A). We confirmed that N2a
cells produce melatonin, and confirmed its absence in AANAT-
KO cells (Supplemental Figure 3, B and C). After differentiation
into mature neurons, WT and AANAT-KO N2a cells were assayed
for mtDNA oxidative damage by immunofluorescence using an
antibody against 8-hydroxyguanasine (8-OHDG). AANAT-KO-
differentiated neurons have increased mtDNA damage, slower
mitochondrial protein import, lower MMP, and higher ROS as
compared with WT-differentiated neurons. Abnormalities are
mitigated by melatonin (Supplemental Figure 3, D-G). Further,
mitochondrial permeability transition was higher in mitochon-
dria of AANAT-KO-differentiated neurons and melatonin partial-
ly inhibited it (Supplemental Figure 3H). Mitochondrial damage
and dysfunction in AANAT-KO cells, which are rescued by mela-
tonin, suggest a critical role for melatonin in mitochondrial health.
Interestingly, melatonin deficiency in AANAT-KO N2a cells only
resulted in mtDNA-mediated inflammatory response in differen-
tiated and not in undifferentiated AANAT-KO N2a cells (data not
shown), suggesting that postmitotic cells are dependent on mela-
tonin but undifferentiated cells are not. This may be explained by
either greater vulnerability of postmitotic neuronal mitochondri-
al to oxidative stress or the fact that differentiated cells are more
dependent on mitochondrial respiration compared with undiffer-
entiated/dividing cells (54), and thus inefficient mitochondrial
function is more disruptive.

Consistent with AANAT-KO PCNs, mtDNA release was
increased in differentiated AANAT-KO N2a neurons, and the
increase was prevented by melatonin (Figure 3A). We then eval-
uated 3 common regulators of inflammatory responses: NF-kB,
caspase-1, and ¢cGAS/STING/IRF3. NF-kB was phosphorylated
and caspase-1was cleaved, suggesting activation of both pathways,
whereas cGAS/STING/IRF3 levels increased in AANAT-KO-dif-
ferentiated N2a neurons. Melatonin administration inhibited all
inflammatory signaling pathways in AANAT-KO-differentiated
neurons (Figure 3, Band C). Consistent with this data, AANAT-KO
N2aneurons secrete elevated levels of proinflammatory cytokines,
all of which were inhibited by melatonin (Figure 3D). As an addi-
tional indicator of cellular stress, caspase-3 activation increased
in AANAT-KO-differentiated N2a neurons, an effect inhibited
by melatonin (Supplemental Figure 4, A and B). Inflammatory
signaling modulates synaptic pruning (55). Synaptic and neuritic
degeneration were prominent in AANAT-KO-differentiated N2a
neurons as compared with WT neurons. AANAT-KO-differentiat-
ed neurons had reduced average neurite length and number, both
of which were rescued by exogenous melatonin (Figure 3, E-G).
Expression of PSD95, a postsynaptic marker, and synaptophysin,
a presynaptic marker, were reduced in AANAT-KO-differentiated
neurons, suggesting synaptic degeneration. Melatonin increased
the levels of these markers (Supplemental Figure 4, A and B).
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Figure 2. AANAT-KO induces mtDNA release and subsequent inflammation in PCNs. (A) Analysis of MMP by TMRM in WT and AANAT-KO PCNs at DIV21
(21 days in vitro) with or without melatonin (5 uM) in culture medium. TMRM fluorescence is plotted relative to WT PCN after normalization to nuclear
stain (n = 5). (B) gPCR analysis of cytosolic mtDNA in WT and AANAT-KO PCNs using primers for mt-CO1, mt-Dloop1, and mt-Dloop3. Cytosolic mtDNA

is plotted relative to amount of WT PCN after normalization to B-actin from the corresponding total DNA lysate (n = 3). (C) Representative immunoblot
and (D) quantitation for cGAS, STING, IRF3, caspase-1, and B-actin in WT and AANAT-KO. B-actin was a loading control and data are expressed relative to
untreated WT (n = 3). (E) Cytokine ELISA in culture medium of WT and AANAT-KO PCNs expressed as pg cytokine per mL of culture medium. PCNs grown
with or without 5 uM melatonin (n = 3). All experiments were performed at DIV21, expressed as the mean + SD, analyzed by ANOVA followed by Tukey's
test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3. Melatonin inhibits neuroinflammation and degeneration in
AANAT-KO-differentiated neurons. (A) gPCR analysis of cytosolic mtDNA
in WT- and AANAT-KO-differentiated N2a cells grown with or without 5
puM melatonin using primers for mt-CO1, mt-Dloop1, and mt-Dloop3. Cyto-
solic mtDNA is plotted relative to the amount of WT N2a cells after nor-
malization to B-actin from the corresponding total DNA lysate (n = 4). (B)
Representative immunoblots and (C) quantification of cGAS, STING, IRF3,
pNF-«kB, caspase-1, and B-actin in WT- and AANAT-KO-differentiated N2a
cells grown with or without 5 uM melatonin. B-actin was a loading control
and protein levels are expressed relative to untreated WT (n = 3). (D) Cyto-
kine ELISA in culture medium of WT- and AANAT-KO-differentiated N2a
cells grown with or without 5 uM melatonin (n = 3). For all experiments,
WT and AANAT-KO N2a cells were differentiated by 10 uM RA exposure
for 8 days. (E) Representative images of immunocytochemical analysis of
Blll-tubulin in WT- and AANAT-KO-differentiated N2a cells grown with or
without 5 uM melatonin. Scale bars: 25 um. (F) Average neurite length and
(G) average neurite number analysis by neuron | logarithm using Image
Jin BllI-tubulin-stained WT- and AANAT-KO-differentiated N2a cells
grown with or without 5 uM melatonin (n 3, total 10 view fields). Data are
expressed as mean + SD and analyzed by ANOVA followed by Tukey's test.
*P < 0.05; **P < 0.01; ***P < 0.001.

Depletion of mtDNA inhibits the hyperinflammatory response in
AANAT-KO-differentiated neurons. To evaluate the role of cytosolic
mtDNA in the inflammatory phenotype of N2a cells, we depleted
their mtDNA. WT and AANAT-KO N2a cells were cultured with
ethidium bromide (EtBr) to generate mtDNA-deficient N2a cells
(p0). Chronic EtBr exposure results in reduction of mtDNA (56). We
confirmed that EtBr exposure depleted mtDNA in N2a cells (Supple-
mental Figure 5, A-C). mtDNA release is decreased in pO AANAT-
KO neurons (Figure 4A). Interestingly, mtDNA depletion in AANAT-
KO neurons reduced proinflammatory cytokine secretion (Figure
4B). Moreover, mtDNA depletion inhibited caspase-1, caspase-3,
and caspase-9 activation and bid cleavage (Figure 4, C and D). These
data point to cytosolic mtDNA in neurons as a key proinflammato-
ry mediator. mtDNA depletion did not alter mitochondrial ROS or
MMP, indicating that mtDNA release is downstream to mitochon-
drial ROS production, decreased in MMP, and upstream from
inflammatory signaling (Supplemental Figure 5, D and E).

Given the impact of mtDNA reduction on activation of inflam-
matory pathways and the connection between inflammatory sig-
naling and synaptic pruning, we evaluated the role of mtDNA
on synaptic dynamics. mtDNA-depleted AANAT-KO neurons
demonstrated synaptic preservation, measured by increased
PSD95 and synaptophysin (protein and mRNA) as compared with
untreated AANAT-KO neurons, similar to what we observed with
exogenous melatonin (Figure 4, C and D, and Supplemental Fig-
ure 5F). These results link mtDNA release with inflammation and
synaptic degeneration.

DNAsel inhibits the inflammatory response in HD. To identi-
fy whether cytosolic mtDNA contributes to the inflammatory
response in HD, we evaluated STHdhY/¥ (Q7) and STHdhQ/i1
(Q111) cells for a mutant huntingtin-dependent (mHTT-depen-
dent) inflammatory phenotype. Q7 and Q111 are immortalized
striatal cells from mice that had a knocked-in, expanded CAG
repeat in the huntingtin gene. These cells express mHTT with 111
glutamine repeats and are used as a cellular HD model (57). Q7
and Q111 cells differentiated to mature striatal neurons were eval-
uated for mtDNA-mediated inflammation. Q111 cells had a higher
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cytosolic mtDNA concentration compared with Q7 cells (Figure
5A). We transfected Q7- and Ql11-differentiated neurons with
DNAsel protein to degrade cytosolic DNA. DNAasel transfection
did not alter the elevated ROS and reduced MMP detected in Q111
cells (Figure 5, B and C), complementing the EtBr experiments
that demonstrated that mtDNA release is downstream of mito-
chondrial oxidative stress and MMP dysfunction. cGAS/STING/
IRF3 levels increased in differentiated Q111 neurons, an effect
inhibited by DNAsel (Figure 5D). In addition, proinflammatory
cytokine secretion, which was increased in Q111 differentiated
neurons, was inhibited by DNAsel (Figure 5E and Supplemental
Figure 6). Therefore, cytosolic mtDNA mediates mHTT-induced
cGAS pathway upregulation/activation.

Inflammatory response in HD is mediated by cGAS. To confirm
that the inflammatory response is mediated by cGAS, we treated
differentiated Q7 and Q111 neurons with RU.521 (cGAS pharma-
cological inhibitor) (58, 59). RU.521 did not affect cGAS level;
however, it significantly reduced STING and IRF3 levels in dif-
ferentiated Q7 and Q111 neurons (Figure 6, A and B). Moreover,
RU.521 exposure also significantly inhibited INF-a and IFN-B
levels in differentiated Q7 and Q111 neurons (Figure 6C). These
results further confirm that the inflammatory response induced by
cytosolic mtDNA is mediated by cGAS.

Melatonin regulates mtDNA-mediated inflammation in HD. We
followed the in vitro data by examining the relationship between
mHTT and mtDNA signaling in vivo. To evaluate whether cytoso-
lic mtDNA induces neuroinflammation in HD, we analyzed stri-
atum (grade 2) from a patient with HD and found cGAS/STING/
IRF3 signaling activation (Figure 7A). In vivo, we evaluated the
R6/2 mouse model of HD at 9 weeks of age (mid-symptomatic
stage) and assessed mtDNA oxidative damage in cortex and stri-
atum. WT brain lysates, which possess mtDNA and nuclear DNA,
have low levels of 8-OHDG (DNA oxidation marker) (Figure 7B).
8-OHDG in brain DNA cortex and striatum demonstrated a 1.4-
and 1.6-fold increase, respectively, in R6/2 brain (Figure 7B).
However, nonsynaptosomal mitochondria DNA demonstrated a
1.8- and 3.5-fold increase 8-OHDG concentrations in R6/2 cortex
and striatum, respectively, compared with WT (Figure 7B). In syn-
aptosomal mitochondria, the level of oxidized DNA is 3.7- and 3.9-
fold higher in R6/2 cortex and striatum, respectively, suggesting
that synaptic mitochondria are more likely to have damaged DNA
(Figure 7B). We then quantified cytosolic mtDNA and found incre-
mental accumulation of cytosolic mtDNA associated with disease
progression (Figure 7C).

We identified melatonin as a regulator of mtDNA release and
subsequent neuroinflammation. We previously demonstrated that
melatonin reduces mHT T-induced pathology in vivo and in cells.
Melatonin extends survival and reduces brain atrophy and neu-
roinflammatory pathways in R6/2 mice (30). This effect is not lim-
ited to mHT T-mediated toxicity; melatonin is also protective in
ALS (31). It is of interest that melatonin levels decrease in humans
with HD, even before symptom onset (44). Since melatonin is pro-
tective in R6/2 mice and melatonin is deficient in humans with
HD, we evaluated whether exogenous melatonin reduces mtDNA
release and consequent inflammation using 6-week-old R6/2
mice injected with melatonin daily for 3 weeks. In addition to inhi-
bition of caspase-1 activation, which was previously demonstrated
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Figure 4. mtDNA depletion rescues synaptic degeneration
and caspase activation in AANAT-KO-differentiated neu-
rons. (A) gPCR of cytosolic mtDNA in WT- and AANAT-KO-
differentiated neurons grown with or without EtBr. Naive
WT and AANAT-KO N2a cells were treated with EtBr (1 pg/
mL) for 4 weeks to deplete mtDNA. Cytosolic mtDNA was
measured using gPCR with primers for mt-CO1, mt-Dloop1,
and mt-Dloop3. Cytosolic mtDNA is plotted relative to

the amount of untreated WT N2a after normalization to
fB-actin from the corresponding total DNA lysate (n = 4). (B)
Cytokine ELISA in culture medium of WT- and AANAT-KO-
differentiated neurons and mtDNA depleted cells (n = 4).
(C) Representative immunoblots and (D) quantification of
PSD95, synaptophysin, caspase-1, caspase-3, caspase-9,
tBid, and B-actin in WT- and AANAT-KO-differentiated
neurons and their mtDNA-depleted form. B-actin was used
as loading control (n = 3). For all experiments, untreated
and mtDNA-depleted WT and AANAT-KO N2a cells were
differentiated with 10 uM RA exposure for 8 days. Data are
expressed as mean + SD and analyzed by ANOVA followed
by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.

(30), melatonin inhibited mtDNA release and ameliorated cGAS/
STING/IRF3 upregulation in striatum of 9-week-old R6/2 mice
(Figure 7, D and E, and Supplemental Figure 7A). Consistent with
the inhibition of the master inflammatory regulators caspase-1
and cGAS, melatonin also reduced expression of proinflammatory
cytokines in R6/2 brain (Figure 7F and Supplemental Figure 7B).
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Discussion

Inflammation is a ubiquitous finding in neurodegenerative dis-
eases; however, the proinflammatory trigger is not known. The
cGAS intracellular DNA sensing pathway activates proinflamma-
tory pathways in nonneural tissues (12-15). Using HD mice and
mHTT-expressing cells, we believe we are first to demonstrate
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Figure 5. DNAse1 decreases expression of proinflammatory cytokine secretion in HD. (A) gPCR analysis of cytosolic mtDNA in differentiated Q7 and
Q111 cells transfected with DNAse 1 or lactate dehydrogenase (LDH) as a control using mt-C01, mt-Dloop1, and mt-Dloop3. Cytosolic mtDNA is plotted
relative to the control transfected Q7-differentiated neurons after normalization to B-actin in the corresponding total DNA sample (n = 3). (B) Analy-

sis of mitochondrial ROS by Mitosox in Q7- and Q111-differentiated neurons transfected with control LDH or DNAse 1. Mitosox fluorescence intensity is
presented relative to fluorescence in Q7-differentiated neurons transfected with LDH (n = 3). (C) Analysis of MMP by TMRM in Q7- and Q111-differentiated
neurons transfected with LDH control or DNAse 1 (n = 3). (D) Representative immunoblots and quantification of cGAS, IRF3, STING, and B-actin in Q7- and
Q1M1-differentiated neurons transfected with LDH or DNAse 1(n = 3). B-actin was used as endogenous normalization control. (E) Cytokine ELISA secretion
in culture medium of differentiated Q7 and Q111 neurons transfected with LDH or DNAse1, shown as pg cytokine per mL culture medium (n = 3). Data are
expressed as mean + SD and analyzed by ANOVA followed by Tukey's test. *P < 0.05; **P < 0.01; ***P < 0.001.

that cytosolic mtDNA in a neurological disease triggers cGAS
signaling and subsequent production of proinflammatory cyto-
kines. Complementary findings in early-stage human HD stria-
tum demonstrates elevated levels of cGAS/STING/IRF3, provid-
ing human relevance and evidence that this is not late sequela of
the degenerative process. Therefore, cytosolic mtDNA activates
proinflammatory pathways in HD. Given that inflammation is
a shared feature of neurodegenerative disease, it is likely that
mtDNA release to the cytosol is a common mechanism among
neurodegenerative diseases.

The fate of ROS-damaged mitochondria is either orderly
disposal/recycling (mitophagy) or pathologic release of mtDNA
and cell death mediators (cytochrome ¢, SMAC, AIF, EndoG). We
demonstrate that melatonin deficits enhance mitochondrial ROS
damage and subsequent mtDNA release with activation of cGAS
leading to pathologic neuroinflammation. This finding is of partic-
ular relevance given that in neurons, melatonin is exclusively syn-
thesized in mitochondrial matrix (35). Melatonin levels decrease
with aging and in neurodegeneration, and melatonin supplemen-
tation is neuroprotective in experimental acute and chronic neuro-

degenerative models (34, 60-62). Melatonin, at the pharmacolog-
ic dose used to exert antiinflammatory effects, likely saturates the
melatonin receptor (63). Thus the melatonin effects likely include
both receptor-mediated and non-receptor-mediated melatonin
effects, including protecting mitochondria by scavenging ROS,
inhibiting the mitochondrial permeability transition pore, and
activating uncoupling proteins, which maintains the optimal mito-
chondrial membrane potential (37). Brain tissue from AANAT-KO
mice have early free radical damage, increased caspase-1 activa-
tion, and increased mtDNA release, resulting in cGAS-triggered
neuroinflammation and premature neurodegeneration. These
findings cement a key role for melatonin as a mediator of mito-
chondrial and neuronal health, and points to aging-associated
melatonin loss in humans, which is exacerbated in neurodegen-
eration, as an important mechanism of neuronal vulnerability.
Although the AANAT-KO mouse recapitulates features of accel-
erated aging (free radical damage, early mtDNA release, neuroin-
flammation, and neurodegeneration), establishing this mouse
as a model of premature aging will require additional validation.
Nonetheless, it recapitulates accelerated ROS-mediated dam-
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age in a WT background and is a tool for evaluation of the in vivo
repercussions of this phenomenon.

In sum, we demonstrate that melatonin plays a key role in
mitochondrial health, likely by blocking ROS damage and the
resulting downstream consequences (i.e., mtDNA and cyto-
chrome c release and caspase activation). Furthermore, cytosolic
mtDNA plays a key role in activating inflammatory cytokine path-
ways, leading to synaptic pruning and neurodegeneration. These
results provide a clear and direct link between mitochondrial dam-
age, pathologic inflammation, synaptic degeneration, and neuro-
degeneration. We think that this is an evolving field. New agents to
manipulate this pathway are being introduced and provide ongo-
ing opportunities for in vitro and in vivo testing (64). Modulating
these pathways may provide therapeutic options for aging and
neurodegenerative diseases.

Methods

Human tissues. Striatum samples of grade 2 HD patients, and control
patients’ samples were obtained from the New York Brain Bank at
Columbia University. Clinical information of the patients and subjects
is indicated in Supplemental Table 1.

Murine tissues. All mouse tissues were collected in compliance
with the NIH Guide for the Care and Use of Laboratory Animals. Ani-
mal protocols were approved by the University of Pittsburgh’s Institu-
tional Animal Care and Use Committee. All mice were kept in 12-hour
light and dark cycle with ad libitum food and water. R6/2 mice, which
carry the promoter sequence and exon 1 of a mutant human HTT gene
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with approximately 150 CAG repeats, were obtained from the Jackson
Laboratory. A colony was maintained by breeding R6/2 males with
B6CBAF1 females (Jackson Laboratory). CAG repeat length was deter-
mined for every mouse in the colony. We used mice with 150 10 CAG
repeats. PCR genotyping was performed as previously described (65).
The experiments used 3-, 6-, and 9-week-old R6/2 mice.
AANAT-KOmiceonCBAand DBAbackgroundweregeneratedusing
CRISPR/Cas9 methods by the University of Pittsburgh Transgenic and
Gene Targeting Laboratory and the Magee Women’s Research Institute
Genome Editing, Transgenic and Virus (GETV) Core Facility, respec-
tively. CBA/J or DBA/2] embryos were injected with a mixture of Cas9
mRNA, AANAT—guidel-F sequence (TAATACGACTCACTATAGGT-
GATGTTCAACATGGGCGTCGTTTTAGAGCTAGAAATAGCA), and
AANAT-guide2-F sequence (TAATACGACTCACTATAGGGGGAGA-
CAGCGGTTCCCAACGTTTTAGAGCTAGAAATAGCA).
injected zygotes, 2-cell embryos were transferred to the oviducts of

From the

pseudopregnant female recipients. Potential founder mice were geno-
typed and those with AANAT deletion were bred with WT mice (Jack-
son Laboratory) to determine germline transmission. Founders with
germline transmission were bred with WT mice to generate heterozy-
gotes. Heterozygotes were bred to generate littermate PCN and F2 KO
and WT mice. Tissues were obtained from mice within our colony that
were the age- and sex-matched offspring of KO x KO or WT x WT F3
breeding. A total of 190 CBA/J fertilized embryos were injected with a
mixture of Cas9 mRNA (100 ng/uL), AANAT-guidel-F (50 ng/uL), and
AANAT-guide2-F (50 ng/uL). From the injected zygotes, 120 embryos
developed to the 2-cell stage and were transferred to the oviducts of 5
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Figure 7. Melatonin inhibits mtDNA release and inflammation in HD. (A) Representative immunoblots and quantification of cGAS, IRF3, STING, and
B-actin in human postmortem brain lysate of control and HD grade 2 striatum. Expression was normalized to B-actin and shown relative to control (n = 7).
(B) ELISA guantification of 8-OHDG, a marker of DNA oxidation, in total DNA, nonsynaptosomal mtDNA, and synaptosomal mtDNA in 9-week-old WT
and R6/2 cortical and striatal brain tissue (n = 3). (C) gPCR analysis of cytosolic mtDNA in presymptomatic (3 weeks), early symptomatic (6 weeks), and
mid-symptomatic (9 weeks) WT and R6/2 cortex and striatum. Cytosolic mtDNA is plotted relative to amount of WT cortex and striatum after normaliza-

tion to B-actin from the corresponding total DNA sample (n = 3). (D) gPCR analy

sis of cytosolic mtDNA in WT and R6/2 striatum injected with melatonin

(30 mg/kg) or vehicle from 6 to 9 weeks of age. Cytosolic mitochondrial genes are plotted relative to WT striatum after normalization to B-actin from the
corresponding total DNA sample (n = 3). (E) Representative immunoblots and quantification of cGAS, IRF3, STING, and B-actin in 9-week-old WT and R6/2
striatum injected with melatonin or vehicle. Expression was normalized to B-actin and shown relative to vehicle treated control (n = 3). (F) Cytokine ELISA
in WT and R6/2 cortex injected with melatonin or vehicle. Data shown as pg cytokine per mg of protein lysate (n = 3). Data are expressed as mean + SD and

analyzed by Student’s t test (A) or ANOVA followed by Tukey's test (B-F) *P < 0

pseudopregnant female recipients. The pseudopregnant female recip-
ients gave birth to 19 pups. Genotyping identified 5 possible founders.
These were bred with WT CBA/J, and 2 confirmed germline transmis-
sion. These 2 founder lines were maintained separately.

Cell culture and primary neuronal cultures. N2a cells were obtained
from ATCC and grown in DMEM/F12 medium with 10% FBS as
described in earlier studies (66). AANAT-KO N2a cells were generat-
ed as described in our previous study (35). Q7 and Q111 knockin mouse

.05; **P < 0.01; ***P < 0.001.

striatal cell lines that express full-length WT (polyQ7) and mutant
(polyQ111) HTT were a gift from Marci MacDonald (Harvard Medi-
cal School, Boston, Massachusetts, USA), who generated these lines
(57). Q7 and Q111 cells were grown in MEM culture medium with 10%
FBS. AANAT-KO and littermate WT PCN cultures were prepared from
E15.5 embryos, as previously described (27).

Cell differentiation. N2a cells were differentiated by exposing
them to 10 pM retinoic acid (RA) with 2% fetal bovine serum (FBS)
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for 8 days. Every alternate day, the culture medium of differentiating
N2a cells was replaced with fresh medium containing 10 uM RA. N2a
cells were treated with 5 uM melatonin during differentiation to eval-
uate the effect of melatonin in WT- and AANAT-KO-differentiated
N2a neurons. Fresh melatonin was added with RA every alternate day
for 8 days. All experiments were performed in 8-day-differentiated
neurons with or without melatonin unless otherwise specified. Dif-
ferentiation of Q7 and Q111 cells was induced by exposing cells to 10
ng/mL a-FGF, 250 uM 3-isobutyl-1-methylxanthine (IBMX), 200 nM
phorbol 12-myristate 13-acetate (TPA), 50 uM forskolin, and 10 pM
dopamine for 2 days.

cGAS inhibitor treatment. RU.521 (Invivogen) was dissolved in
DMSO as 2 mg/mL stock solution. Q7 and Q111 cells were treated
with RU.521 either by 1 mg/mL or 2 mg/mL RU.521 or DMSO in a
control group as vehicle before 24 hours of differentiation. After 24
hours of cell culture, media was replaced with differentiation media
(as described above) having RU.521. After differentiation, cells were
collected for protein and mRNA analysis.

Brain and ventricle size analysis. Histological staining and stereo-
tactic analysis were done as previously described (67). AANAT-KO
and littermate control mice were deeply anesthetized and transcar-
dially perfused with 4% buffered paraformaldehyde. The brains were
removed and postfixed in the perfusate overnight, rinsed in buffer,
weighed, and cryoprotected in a graded series of 10% and 20% glyc-
erol/2% DMSO. Frozen serial sections were cut at 50 mm, stored in
6-well plates, and stained for Nissl substance by using cresyl violet.
Serial-cut coronal tissue sections (every fourth section) from the ros-
tral segment of the neostriatum to the level of the anterior commissure
(interaural 5.34 mm/bregma 1.54 mm to interaural 3.7 mm/bregma
0.10 mm) were used for volumetric analysis. Images were captured by
a Nikon E800 microscope with SPOT Flex camera and analyzed with
NIH Image] software.

Melatonin detection. Mouse pineal gland, differentiated N2a cell
pellet, and isolated mitochondria were resuspended in 500 pL of
1xPBS solution with protease inhibitor set III (Millipore, 539134) and
MAO-A inhibitor (clorgyline, M3778, Sigma-Aldrich), followed by
sonication on ice (3 strokes each). All samples were analyzed using
ultra performance liquid chromatography-tandem mass spectometry
(UPLC-MS/MS). The UPLC-MS/MS method for quantitation of mela-
tonin employs liquid-liquid extraction and detection with a triple quad
mass spectrometer. To each 0.5-mL sample, we added 50 pL ammoni-
um hydroxide and 10 pL internal standard (d, melatonin 50 ng/mL).
Samples were vortexed and extracted with 2 mL methylene chloride.
After centrifugation, the methylene chloride was evaporated under a
gentle stream of nitrogen and the residue reconstituted in 50 pL H,0
for injection onto an Acquity UPLC BEH C18 column (2.1 x 100 mm).
Samples were eluted with 2 mM ammonium formate in water and ace-
tonitrile using a gradient from 97:3 (initial water/ACN) to 60:40 over
5 minutes and maintained at 60:40 for 0.5 minutes before reequilibra-
tion at 97:3. Total run time was 7.5 minutes. Melatonin and the inter-
nal standard were detected in the positive mode with a Thermo Fisher
TSQ Quantum Ultra mass spectrometer interfaced via an electrospray
ionization probe with the Waters UPLC Acquity solvent delivery sys-
tem. Transitions used for analysis were 237.1 — 178.1 for d, melatonin
and 233.1 — 174.1 for melatonin. The method may be used to quan-
tify melatonin in brain homogenates, cell culture media, cell lysates,
or serum/plasma samples. Calibrators are extracted from PBS buffer,
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cell culture media, or stripped human plasma to match the sample
matrix. The lower limit of quantitation is 1 pg/mL. The method was
adapted from Wang et al. (68).

Generation of mtDNA-deficient cells. To generate the mtDNA-defi-
cient phenotype, N2a cells were grown in DMEM/F12 supplemented
with 10% (vol/vol) FBS, 100 pg/mL pyruvate, 50 pg/mL uridine, and
1 ng/mL EtBr for 3 weeks. mtDNA depletion was evaluated by quanti-
tative real-time PCR and immunoblots of mtDNA-encoded proteins.

Immunostaining. Cells were fixed in 4% paraformaldehyde in PBS
for 10 minutes, permeabilized with 0.1% Triton X-100 in PBS for 15
minutes at room temperature, and subjected to immunofluorescence
with the indicated primary and secondary antibodies. Samples were
imaged with the Olympus IX-81-DSU in confocal mode.

ROS, MMP, and MPT assays. ROS accumulation in cells was esti-
mated by either DCFDA (2', 7'-dichlorofluorescin diacetate) for total
ROS or Mitosox for mitochondrial ROS. Cells were incubated in 20 pM
DCFDA for 45 minutes or 5 uM Mitosox for 15 minutes at 37°C, and
fluorescence was measured using plate reader or flow cytometry. For
MMP estimation, JC-1 (tetraethylbenzimidazolylcarbocyanine iodide)
or TMRM (tetramethylrhodamine methyl ester) was used. Cells were
incubated in 2 pg/mL JC-1 or 25 nM TMRM for 30 minutes at 37°C,
and fluorescence was measured using plate reader or flow cytometry.
MPT was assayed using the MitoProbe Transition Pore Assay Kit (Invi-
trogen) according to the manufacturer’s protocol.

Mitochondrial isolation. Brain mitochondria were isolated by Per-
coll density centrifugation as described in our previous studies (27, 53).
Cellular mitochondria were isolated by using the mouse Mitochondria
Isolation kit (Miltenyi Biotec) according to the manufacturer’s proto-
col. In brief, 1 x 107 cells were collected and centrifuged at 300g for
5 minutes and washed with PBS. After washing, cells were lysed in
1 mL ice-cold lysis buffer by passing through a 27-gauge needle 15
times on ice. After lysis, lysate was incubated with 50 pL anti-Tom22
microbeads in 1x separation buffer for 1 hour at 4°C. Suspension was
then passed through a preseparation filter (Miltenyi Biotec) on LS col-
umn and washed with 1x separation buffer. Mitochondria were eluted
with IM-2 (Isolation Buffer 2, 225 mM sucrose, 75 mM mannitol, 5 mM
HEPES, pH 7.4 at 4°C) and centrifuged at 13,000g for 4 minutes at 4°C.

Immunoblotting. Samples (isolated mitochondria or whole-cell
lysates) were cleared by centrifugation at 20,000g, equal amounts of
protein were separated on Novex 4%-12% gradient polyacrylamide
gels (Invitrogen), and proteins were transferred overnight onto 0.45-
um polyvinylidene difluoride (PVDF) membranes. The membranes
were then incubated with the indicated primary antibodies overnight
at 4°C followed by incubation with secondary antibodies (Li-Cor) for
1 hour at room temperature, which were detected using the Odyssey
CLx Infrared Imaging System (Li-Cor). Band intensities were quanti-
fied using Image Studio (Li-Cor). All the details for antibody used in
immunoblotting are in Supplemental Table 2.

RNA isolation and quantitative PCR. Total RNA was isolated
using the RNeasy Plus kit (Qiagen) and quantified using an ND-1000
spectrophotometer. cDNA was prepared using 1000 ng total RNA
by reverse transcription PCR (RT-PCR) using a high-capacity cDNA
reverse transcription kit (Applied Biosystems) according to the man-
ufacturer’s instructions. Quantitative PCR (qQPCR) was performed on
c¢DNA using SYBR Green chemistry. QPCR was performed on a Biorad
CFX touch PCR using Applied Biosystems PowerUp SYBR Green mas-
ter mix. For SYBR primer pair sequences, see Supplemental Table 1.
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Fold changes in expression were calculated by the AACt method using
mouse B-actin as an endogenous control for mRNA expression. All
fold changes were expressed normalized to the untreated control.
Primers used are listed in Supplemental Table 3.

Cytosolic mtDNA quantification. For measurement of mtDNA in
cytosol in cells, cell fractions were prepared using the Cell Fractionation
Kit (Abcam) according to the manufacturer’s protocol. For measurement
of cytosolic mtDNA in brain, tissues were homogenized in IM buffer (5
mM HEPES-Tris [pH 7.4], 225 mM sucrose, 75 mM mannitol, and 1 mM
EGTA) and divided into 2 equal parts. One part is then centrifuged at
1300¢ for 3 minutes and supernatant again spun at 20,000¢ for 10 min-
utes. Resultant supernatant was collected as cytosolic fraction. Cytosolic
fraction (200 pL) and corresponding total tissue or cellular homogenate
were used toisolate cytosolic and total DNA, respectively. The copy num-
ber of mtDNA-encoding cytochrome c oxidase 1 (mt-CO1), mt-Dloopl,
and mt-Dloop3 was measured by qPCR with the same volume of DNA
solution. Normalization to the nuclear genome was performed using
DNA isolated from tissue homogenate using B-actin.

Mitochondrial in vitro protein import assay. The assay was per-
formed as previously described (20). Ornithine transcarbamylase
(OTC) precursor cDNA in pGEM-3Zf* pOTC plasmid was transcribed
and translated in vitro using the TNT Coupled Reticulocyte Lysate
System (Promega) in the presence of [**S] methionine (PerkinElmer).
Following translation, [**S] methionine-labeled pOTC was incubated
with isolated mitochondria at 25°C for the indicated times, and mito-
chondria containing imported OTC were collected by centrifugation
(9000g, 10 minutes) and subjected to SDS-PAGE. Mature OTC, which
represents the cleaved protein after translocation into the mitochon-
drial matrix, was quantified by Image] (NIH). The data are presented
as normalized by input (total [**S] pOTC per lane).

Protein transfection. Q7 and Q111 cells were plated in 6-well plates
a day before protein transfections. Cells were washed twice with warm
DMEM without FBS, then transfected for 4 hours at 37°C with 2 pg/
mL DNAse I or lactate dehydrogenase as a nontargeted protein con-
trol through the use of PULSin reagent (Polyplus Transfection). After
4 hours, transfection medium was removed and cells were incubated
for 2hours in complete growth media, and differentiation was induced
by differentiation media as described above.

Statistics. Statistical analyses were performed with GraphPad
Prism 7.0. Data were obtained from at least 3 independent experi-
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ments and expressed as mean * SD unless otherwise specified. The
2-tailed Student’s ¢ test for parametric data and paired ¢ tests were
used for experiments with multiple samples from the same source.
One-way ANOVA or 2-way ANOVA followed by Tukey’s test were
used for analysis of more than 2 groups as specified in each figure leg-
ends. P values less than 0.05 were considered statistically significant
(*P<0.05; **P < 0.01; ***P < 0.001).

Study approval. All mouse work was approved by the University
of Pittsburgh Institutional Animal Care and Use Committee (pro-
tocol 18011898). Cortex and striatal samples from patients with HD
and control patients were obtained from the New York Brain Bank at
Columbia University after approval from the University of Pittsburgh
Committee for Oversight of Research Involving Decedents (CORID).
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