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ULK1 signaling
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Currently, there is limited understanding about hormonal regulation of mitochondrial turnover. Thyroid hormone
(T3) increases oxidative phosphorylation (OXPHOS), which generates reactive oxygen species (ROS) that damage
mitochondria. However, the mechanism for maintenance of mitochondrial activity and quality control by this hormone
is not known. Here, we used both in vitro and in vivo hepatic cell models to demonstrate that induction of mitophagy
by T3 is coupled to oxidative phosphorylation and ROS production. We show that Ts induction of ROS activates CAMKK2
(calcium/calmodulin-dependent protein kinase kinase 2, B) mediated phosphorylation of PRKAAT/AMPK (5’ AMP-
activated protein kinase), which in turn phosphorylates ULK1 (unc-51 like autophagy activating kinase 1) leading to its
mitochondrial recruitment and initiation of mitophagy. Furthermore, loss of ULK1 in Ts-treated cells impairs both
mitophagy as well as OXPHOS without affecting Ts induced general autophagy/lipophagy. These findings demonstrate
a novel ROS-AMPK-ULK1 mechanism that couples Ts-induced mitochondrial turnover with activity, wherein mitophagy
is necessary not only for removing damaged mitochondria but also for sustaining efficient OXPHOS.

Introduction

Mitochondria form a hub for hormonal regulation of lipid
metabolism and oxidative phosphorylation (OXPHOS) to meet
cellular energy demands. However, increased OXPHOS gener-
ates reactive oxygen species (ROS) that can damage mitochondria
and lead to mitochondrial fatigue within the cell.' In response,
challenged cells maintain mitochondrial quality control through
mitochondrial turnover that is comprised of repair and/or
removal of damaged mitochondria as well as concomitant synthe-
sis of new mitochondria. Thus, mitochondrial turnover is needed
for cell survival whenever there is increased oxidative phosphory-
lation and secondary ROS production®® In this connection,
both yeast and mammalian cells have the ability to selectively
remove damaged mitochondria through autophagy (mitoph-

agy),"® a process that primarily involves engulfment of

mitochondria by autophagosomes, followed by their digestion
after autophagosome/lysosome fusion.”

Although mitophagy has been increasingly recognized as a
major mechanism for bulk and selective degradation of mito-
chondria,? it has been largely regarded as either a last resort mea-
sure to remove severely damaged mitochondria during cell stress’
or excess mitochondria during development.lo In addition, most
of the mechanistic details about the induction of mitophagy have
been derived from pharmacological and genetic studies per-
formed in vitro."" Recently, several studies have shown a direct
correlation between mitophagy and mitochondrial activity under
physiological conditions,'>'?  suggesting that steady-state
mitophagy may commonly occurs in metabolically active cells in
order to prevent, rather than repair mitochondrial damage. How-
ever, it is not known whether this coupling of mitophagy and
OXPHOS occur during hormone-regulated metabolism under
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physiological conditions. The study of this potential relationship
is particularly germane given the increasing incidence of meta-
bolic disorders worldwide, and our awareness that hormonal and
contribute to metabolic

mitochondrial ~ dysfunction

disorders.'*'°

can

Thyroid hormone (T3) is the major endocrine regulator of
metabolic rate, and its hypermetabolic effects have been well-
characterized.'® T} also has profound impacts on mitochondrial
function and turnover by regulating processes such as mitogene-
sis, proton leak, OXPHOS, and ROS generation.17 Thyroid hor-
mone (T3) stimulates mitochondrial biogenesis18 by increasing
PPARGCIA (peroxisome proliferator-activated receptor gamma,
coactivator 1 o) gene expression. It also promotes B-oxidation of
fatty acids by increasing substrate availability/selectivity in
hepatic mitochondria through induction of CPT1A (carnitine
palmitoyltransferase 1A [liver]) and PDK4 (pyruvate dehydroge-
nase kinase, isozyme 4)," and stimulation of lipophagy20 These,
in turn, lead to increased oxidative phosphorylation and ROS
production. Indeed, previous reports have shown that severe
hyperthyroidism is associated with increased ROS production
and cellular damage.”"*> Surprisingly, although T3 has been
reported to concurrently induce mitochondrial activity and turn-
over,”® the underlying mechanism for their interrelationship is
not well understood.

Recently, we and others”*” have shown that T5 is a potent
inducer of autophagy, and this process is critical for -oxidation
of fatty acids and oxidative phosphorylation in mitochondria.
However, it is not known whether T3-mediated autophagy par-
ticipates in mitochondrial turnover. Accordingly, we examined
whether T3-mediated induction of mitochondrial activity is asso-
ciated with mitophagy. Using both in vitro and in vivo models,
we found that stimulation of autophagy by T3 was regulated by
mitochondrial activity via production of ROS and activation of
CAMKK?2 and PRKAA1/AMPK signaling in hepatic cells. We
also observed that phosphorylation of a PRKAA1/AMPK sub-
strate, ULK1, was a prerequisite for mitochondrial targeting by
autophagic machinery. Perturbation of ULKI-dependent
mitophagy severely impaired mitochondrial function. Our results
thus provide direct evidence for hormonal regulation of the
homeostatic and metabolic coupling of mitophagy with mito-
chondrial activity, and may help explain how T3 can sustain its
prolonged calorigenic action in metabolically active tissues such
as the liver.

Results

T3 stimulates mitochondrial activity and ROS generation
in THRB-HepG2 cells

To study the effect of T3 on mitochondrial function and
autophagy in a cell-autonomous manner, we used previously
characterized THRB (thyroid hormone receptor, P)-expressing
HepG2 cells.”® T increased basal respiration as well as the maxi-
mal and spare respiratory capacity in these cells in a dose- and
time-dependent manner suggesting a net increase in mitochon-
drial activity (Fig. 1A-D). Since circulating levels of T3 are in the
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nM range, these findings show that its ability to increase mito-
chondrial function occur at physiological doses. Since increased
cellular respiration is accompanied by an elevated mitochondrial
membrane potential (Afim), we stained control and Tj-treated
cells with tetramethylrthodamine, ethyl ester (TMRE) and
observed a significant increase in Aym in Tj-treated cells
(Fig. 1E; Fig. S1A), further confirms increased mitochondrial
activity. Furthermore, this time-dependent increase in mitochon-
drial respiration by T3 was associated with its transcriptional
induction of target genes such as CPT1A in THRB-HepG2 cells
(Fig. 1F) suggesting a genomic contribution to mitochondrial
stimulation by T3 under these conditions.

Electron leak during the passage of electrons via the electron
transport chain produces superoxide anions (O, ) that are con-
verted to ROS.? To assess the oxidative stress induced by T5 in
cells undergoing increased mitochondrial activity, we employed
immunoblot-based detection of carbonyl groups introduced into
proteins by oxidative reactions. Our results showed that Tj
increased oxidative stress in 7HRB-HepG2 cells in both a dose-
and time-dependent manner, coincident with its stimulation of
mitochondrial activity (Fig. 2A-D). We also used MitoSOX, a
fluorophore that is activated by mitochondrial superoxide oxida-
tion to assess ROS formation, and confirmed that T treatment
led to mitochondrial production of ROS (Fig. 2E and Fig. S1B).

T3 induces mitophagy in THRB-HepG2 cells

As we observed previously,”® T induced autophagosome for-
mation and autophagic flux when LC3-II was detected in a dose-
and time-dependent fashion (Fig. 3A-D; Fig. S2). To determine
the occurrence of mitochondrial autophagy or “mitophagy,” we
used a tandem-tagged RFP-EGFP chimeric plasmid, pAT016,
that encoded a mitochondrial-targeting signal sequence fused in-
frame with RFP and EGFP genes (tandem-tagged mt-RFP-
EGFP).”* The use of this plasmid benefits from the different sta-
bilities of REP and GFP in an acidic environment. The GFP sig-
nal is quenched at lower pH whereas RFP can be visualized in
acidic autolysosomes; thus, increased RFP/red-only fluorescence
in the lysosomes indicates completion of the mitophagic process.
Using this assay, we observed that T increased autolysosome-res-
ident mitochondria (red fluorescent dots without any green fluo-
rescence) at concentrations as low as 1 nM and as early as 24 h
(Fig. 3E, F and Fig. 4A, B). Validation of the RFP-only signal as
lysosomal resident was shown previously for this technique,”’
using lysosomal markers and also confirmed by us using the lyso-
somal acidification inhibitor, bafilomycin A; (Baf) (Fig. S3).

To further validate the ability of T} to increase mitochondrial
turnover by mitophagy, we used a genetically encoded pH-sensi-
tive mitochondrial probe called mito-Keima.?> pMT-mKeima is
a DsRed variant that targets the mitochondrial matrix, and is
excited preferentially by a 440 nm laser line at a pH of 7.4 and a
550 nm laser line at pH of 4.5 (the pH of lysosomes). Mitochon-
dria that have been delivered to acidic lysosomes are identified by
comparing the intensity of mito-Keima emissions at 610 nm
after sequential laser excitation at 440 and 550 nm. Using this
strategy, we found a significant increase in the lysosome-resident
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In order to demonstrate that the
induction of mitophagy in THRB-

expressing HepG2 cells was not due to

Figure 1. T3 increases mitochondrial activity in hepatic cells. (A and B) Seahorse analysis of oxygen
consumption rate (OCR) in T3-treated THRB-HepG2 cells at different dose for 48 h. (C and D) Seahorse
analysis of OCR in 100 nM T3-treated THRB-HepG2 cells at variable time periods. OCR was measured
continuously throughout the experimental period at baseline and in the presence of the indicated
drugs. Bars represent the mean of the respective individual ratios £SEM (n = 5). The asterisk indicates
P < 0.05. (E) Mitochondrial membrane potential in T3 (100 nM/48 h)-treated THRB-HepG2 cells as
assessed by TMRE (a mitochondrial membrane potential indicator) mean fluorescence intensity (MFI).
(F) gPCR data showing CPT1A mRNA levels in THRB-HepG2 cells after T3 treatment (100 nM) at differ-
ent time points. Values are means £SD (n = 5). The asterisk indicates P < 0.05.

artifacts such as THRB overexpression

or cell line-specific effects, we con-

ducted studies of autophagy in primary mouse hepatocytes. T3
induced autophagic flux (Fig. 6A, B) and mitophagy in primary
mouse hepatocytes; as evident by mitochondrial protein accumu-
lation and autophagosome resident mitochondria (Fig. 6A-E);
thus demonstrating that these cell-autonomous effects occur in
primary hepatic cells with normal THRB expression.

T3 induces autophagy via the ROS-PRKAA1/AMPK
pathway

Recently, ROS signaling has been implicated in activation of
AMP-activated protein kinase (AMPK) and autophagy.®**’
Additionally, T3 can activate PRKAA1/AMPK in the liver.>®
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Thus, we examined further the relationships between oxidative
stress, PRKAA1/AMPK phosphorylation, and autophagy since
oxidative stress classically has been associated with Ts-induced
mitochondrial activity.”? Our results showed that PRKAA1/
AMPK signaling is indeed activated by T3 in THRB-HepG2 cells
(Fig. 7A, B). Immunoblots showed a significant increase in the
phosphorylation of PRKAA1/AMPKal (Thrl172) and its down-
stream target, ULK1 (Ser555), in Ts-treated cells (Fig. 7A, B)
Since PRKAA1/AMPK inhibits MTOR activity by phosphory-
lating RPTOR,”” we also checked phosphorylation at the
PRKAA1/AMPK-regulated site on RPTOR and found that its
phosphorylation was increased by T3 (Fig. 7A, B)). Furthermore,
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Loss of CAMKK2 significantly
impaired T3 induction of PRKAA1/
AMPK whereas STK11 ablation had
only minor effect (Fig. 7F, G).

We then determined whether Ts-
induced ROS occurred upstream or
downstream of PRKAA1/AMPK acti-
vation. Using the antioxidant, N-acetyl-
L-cysteine (L-NAC), we found that
quenching ROS (Fig. S5A) production
abrogated  Ti—induced =~ PRKAA1/
AMPK and ULKI1 phosphorylation as
well as autophagy (Fig. 8A, B). These

findings clearly demonstrate that ROS
production  occurs  upstream  of
PRKAA1/AMPK activation and is nec-
essary for induction of autophagy by
T5. Previously, it has been shown that
ROS-dependent increases in cytosolic
calcium activates PRKAA1/AMPK via
CAMKK2.%? Since Ts-mediated activa-
tion of PRKAA1/AMPK was depen-
dent upon CAMKK?2 (Fig. 7F, G), we
examined whether T3 induction of oxi-
dative phosphorylation and ROS pro-

duction led to increased intracellular
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Ca’" and activation of CAMKK2.
Using a Ca®" sensing probe, Fura-
2AM, we found that Tj treatment
increased intracellular Ca**. Addition-
ally, both basal and Tj-induced intra-
cellular Ca** levels were suppressed by
L-NAC (Fig. 8C). Taken together, the
foregoing results showed that increased
ROS production by Tj; likely triggers
autophagy and mitophagy through

. . 2 .
increased intracellular Ca*t and activa-

Figure 2. T3 increases oxidative stress in hepatic cells. (A) Protein oxidation analysis using the oxyblot
method in THRB-HepG2 cells at different doses of T3 for 48 h. (B) Quantification of Oxyblot assays
(bars represent the mean of the respective individual ratios £SD , n = 3,*P < 0 .05). (C) Protein oxida-
tion analysis using the oxyblot method in THRB-HepG2 cells with 100 nM T3 for different time periods.
(D) Quantification of Oxyblot assays (n = 3, *P < 0.05). (E) Mitochondrial superoxide generation in T3
(100 nM/48 h)-treated cells measured by MitoSOX. Bars represent the mean of the respective fluores-
cence intensity £SD (n = 5, *P < 0.05). TUBB, B-tubulin; MFI, mean fluorescence intensity.

tion of CAMKK2-PRKAA1/AMPK
signaling. Interestingly, in contrast to
its ability to abolish Ts-induced
autophagy, L-NAC had only modest
effects on the transcription of autopha-
gic genes by T3 (Fig. S5B). These find-

ings  suggest that transcriptional

phosphorylation of MTOR and its downstream target, RPS6KB,
was decreased (Fig. 7A, B) after T; treatment. We then con-
firmed the critical role of PRKAA1/AMPK in T;-induced
autophagy by using PRKAAI siRNA, and observed that induc-
tion of autophagy by T; is PRKAAI/AMPK mediated
(Fig. 7C, D) Both STK11/LKB1 (serine/threonine kinase 11)
and CAMKK2 have been implicated in the regulation of
PRKAA1/AMPK activity®® Therefore, we knocked down both
STK11 and CAMKK2 (Fig. 7E) to assess the effect of these
upstream kinases on T3 induced PRKAAI/AMPK activation.
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regulation of autophagy gene expression
by T; likely occurs independently of
this ROS-mediated signaling pathway.

T3 increases mitochondrial translocation and recruitment
of autophagic proteins

Since mitochondrial localization of the autophagic machinery
. . . .. 40,41
is required for mitophagy priming, we measured the levels of
autophagic proteins in purified mitochondrial fractions, which
were verified to be free from cytosolic and lysosomal contamina-
tion (Fig. 9A). Our results showed that T3 treatment increased

the localization of ULKI1, SQSTMI, and LC3 within the
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Figure 3. T3 increases autophagy and mitophagy in hepatic cells. (A and B) Representative immunoblot and quantitation showing LC3-Il levels in THRB-
HepG2 cells treated with indicated doses of T3 for 48 h. Bars represent the mean of the respective individual ratios +SD (n = 3, *P < 0 .05). (C and D)
Representative Immunoblot and quantification showing LC3-l levels in THRB-HepG2 cells treated with 100 nM T3 for indicated time periods. Bars repre-
sent the mean of the respective individual ratios =SD (n = 3, *P < 0 .05). (E) Monitoring mitophagic flux using dual fluorescence Mito-mRFP-EGFP
reporter (pAT016). Lysosomal delivery of the tandem fusion protein Mito-mRFP-EGFP along with entire mitochondria results in differential quenching
and degradation of the 2 individual fluorochromes, thus allowing for visual analysis of mitophagic flux. THRB-HepG2 cells transiently expressing Mito-
mMRFP-EGFP were treated with 1 nM or 100 nM T3 for 48 h followed by visualization using confocal microscopy (40X magnification). Nuclei were stained
with DAPI (blue). In the images, fluorescence signals indicates the expression of Mito-mRFP-EGFP targeting mitochondria: yellow color, no mitophagy or
normal cytosolic mitochondria; red color, mitophagy or mitochondria inside lysosomes. (F) Quantitative analysis of the RFP (red-only) fluorescence to
denote % mitophagy was done. Quantification of images (at least 20 transfected cells per each sample in 3 different fields) was conducted with Image)J
software. Bars represent the mean of the respective individual ratios +=SD (¥, P < 0.05).
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Figure 4. T3 increases mitophagic flux time dependently in hepatic cells. (A) THRB-HepG2 cells tran-
siently expressing Mito-mRFP-EGFP were treated with 100 nM T3 for different time periods followed
by visualization using confocal microscopy (40X magnification). Nuclei were stained with DAPI (blue).
In the images, fluorescence signals indicate the expression of Mito-mRFP-EGFP targeting mitochon-
dria: yellow color, no mitophagy or normal mitochondria; red color, mitophagy or mitochondria inside
lysosomes. (B) Quantitative analysis of the RFP (red) fluorescence to denote % mitophagy. Quantifica-
tion of images (at least 10 transfected cells per each sample in 3 different fields) was conducted with
ImageJ software. Bars represent the mean of the respective individual ratios £SD (¥, P < 0.05).

mitochondrial fraction of HepG2 cells (Fig. 9A). These findings
were consistent with earlier findings that showed both ULK1 and
SQSTM1 were involved in selective mitochondrial recognition
during mitophagy.42 Additionally, we observed that DNMI1L/
Drpl (dynamin 1-like), a protein associated with mitochondrial
fission and mitophagy,43 was preferentially recruited to
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ment (Fig. 9A). Interestingly, we also
observed increased mitochondrial pro-
tein ubiquitination in Tjs-treated cells
(Fig. 9A). Since mitochondrial ubiqui-
tination precedes various types of
mitophagy,44 it is likely that T;-
induced mitophagy involves ubiquiti-
nation of mitochondrial proteins as
part of the priming process. Confocal
imaging of FLAG-tagged ULK1 with
the mitochondrial marker TOMM20
showed that T increased translocation
of ULKI into hepatic mitochondria,
providing further evidence for mitoph-
agy priming by autophagy proteins
(Fig. 9B, C).

We next demonstrated the impor-
tance of ULKI in the priming process
for mitophagy by measuring mitopha-
gic flux in ULK1 knockdown (Kp) cells
treated with T3. Similar studies also
were conducted on other known auto-
phagic/mitophagic proteins (Fig. S6).
Our results showed that both ULKI
and SQSTM1 KDs reduced T3-induced
mitophagy in 7HRB-HepG2 cells
(Fig. 9D, E; Fig. S6) Although ULKI1
and SQSTMI expression were critical
for mitophagy, neither ULKI nor
SQSTM]I, were necessary for basal and
Ts-induced general autophagy in our
cell system (Fig. S7A-C). Similarly,
knockdown of the mitophagy regulator,
BNIP3L, impaired T3-induced mitoph-
agy but had no effect on Ts-induced
general autophagy. In contrast, BECN1

was essential for both mitophagy and
general autophagy (Fig. S7D, E).
Mitophagy is  essential  for
maintaining T3-induced mitochondrial
activity and regulating oxidative stress
We determined  whether
mitophagy inhibition has a negative

next

impact on T;3-stimulated mitochondrial
function. Accordingly, we knocked
down ULKI and SQSTM1I in HepG2
cells by siRNA (Fig. 10A), and studied
their effects on T3-induced respiration.
Our results showed that Ts-induction of mitochondrial respira-
tion was reduced when either ULKT or SQSTM1I were knocked
down (Fig. 10B, C). Interestingly, neither ULKI Kp nor
SQSTM]1 Kp, affected mitochondrial function under basal condi-
tions (Fig. S8A), suggesting that their critical roles are distinct
features of Tj-mediated mitochondrial stimulation. Similar
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dampening of T5-stimulated mitochon-
drial respiration occurred with lyso-
somal inhibition (Fig. S8B) and ROS
inhibition with L-NAC (Fig. S8B).
Taken together, these data strongly sup-
port the notion that mitophagy is criti-
cal for maintaining high mitochondrial
activity by T3. In line with these find-
ings, we also found that loss of both
ULKI and SQSTM1 aggravated cellu-
lar oxidative stress induced by Tj;
(Fig. 10D, E).

T3 induces hepatic oxidative stress
and mitophagy in vivo

Our results showed that T3 induc-
tion of mitochondrial activity and oxi-
dative stress was associated with
mitophagy in vitro; therefore, we next
studied these phenomena in vivo.
Accordingly, we injected mice with T3
for 1, 3, and 14 d, and measured LC3-
II levels in livers from mice sacrificed
on indicated time periods. Our results
suggested that hepatic autophagy was
induced acutely from d 1 to 3 and then
decreased after chronic T3 treatment
for 14 d (Fig. 11A, B). The increase in
hepatic autophagy in hyperthyroid
mice was associated with increased
expression of metabolic and mitochon-
drial biogenesis genes such as Cprla
and Ppargcla as well as increased B-oxi-
dation (Fig. 11C, D).

We next examined hepatic mitoph-
agy by EM in mice treated with T for
3 d. Similar to our in vitro data, we
found increased localization of mito-
chondria  within  autophagosomes
(autophagic vesicles) in livers from T3-
treated (hyperthyroid) mice (Fig. 11E,
F) In these experiments, we co-treated
hyperthyroid mice with the lysosomal
inhibitor, chloroquine (CQ) to confirm
delivery of mitochondria into lyso-
somes since it is difficult to identify
digested mitochondria in lysosomes.
We found further evidence for autoph-
agy-mediated degradation of mitochon-
dria when we measured the expression
levels of specific mitochondrial proteins
in livers from control, hyperthyroid

(T5-treated), and hyperthyroid mice co-treated with CQ. Our
results showed that T3 increased hepatic mitochondrial protein
levels relative to the loading control (GAPDH) in agreement
with earlier reports that described induction of mitochondrial
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Figure 5. T3 increases autophagosomal delivery of mitochondria in hepatic cells. (A) pMT-mKeima-Red
plasmid transfected cells were treated with +/— T3 (100 nM/48 h) followed by cell imaging (40X mag-
nification). Nuclei appear blue. The elongated cytosolic mitochondria are at neutral pH shown as green
(pseudo color) excitation wavelength of 440 nm and emission wavelength 610 nm, whereas lysosomal
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550 nm and emission wavelength 610 nm. (B) Quantitation of live cell fluorescent imaging of autoph-
agy. Cells with >5 puncta preferentially excited at 550 nm relative to 440 nm were scored for at least
50 cells transfected per condition (n = 3). Asterisk indicates P < 0.05. (C) Electron micrograph of
untreated control and T3 (100 nM/48 h)-treated THRB-HepG2 cells. Note the increased number of
autophagic vesicle resident mitochondria (denoted with arrows) in T3-treated cells. Scale Bar
= 0.2 pm. (D) Bar graphs showing % of autophagosomes (AVs) containing mitochondria in control
and T3-treated THRB-HepG2 cells based on EM micrograph images. Scoring was done by counting 5
to 7 different cells in 5 random fields per condition (n=3). Asterisk indicates P < 0.05. (E, F) Represen-
tative immunoblot and densitometric analysis showing levels of mitochondrial proteins COX411 and
PDHA in control and T3 (100 nM/48 h)-treated THRB-HepG2 whole cell lysates with or without Baf
(10 nM/24 h) (SD, n = 3). Asterisk indicates P < 0.05 when compared between T3+Baf vs. Baf alone.

biogenesis by T3.18 However, we observed a further increase in
mitochondrial protein levels in hyperthyroid mice co-treated
with CQ (Fig. 12A), suggesting that T} also increased lysosomal
degradation of mitochondria. In tandem with the increase in
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Figure 6. T3 increases mitophagy in primary hepatocytes. (A-C) Representative blots and densitomet-
ric analysis showing the levels of LC3-Il and mitochondrial markers PDHA, SDHA, and COX411 with and
without Baf (40 nM/8 h) in primary mouse hepatocytes treated with 100 nM T3 for 24 h (n = 3). Aster-
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pared to that in Baf/control. (D) Electron micrograph of primary mouse hepatocytes treated with T3.
EM of untreated control and T3-treated (100 nM/24 h) mouse hepatocytes showing increased mitoph-
agy (denoted by arrows showing autophagosomes containing mitochondria) under T3 treatment.
Scale bar =1 wm and in enlarged figures are 0.2 wm. (E) Bar graphs showing % of autophagosomes
(AVs) containing mitochondria in control and T3-treated primary mouse hepatocytes based on EM
micrograph images. Scoring was done by counting 10 to 15 different autophagic vesicles in 5 random
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mitochondrial activity, T; induced hepatic ROS production
(Fig. 12B, C) as well as PRKAA1/AMPK and ULKI activation
in vivo (Fig. 12D, E). Taken together, our findings suggested
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that T3 regulates mitochondrial turn-
over and function by stimulating both
mitochondrial synthesis and mitophagy
in vivo.

Discussion

In this manuscript, we have pro-
vided several lines of evidence showing
that oxidative phosphorylation, ROS
production, and mitophagy are induced
by T3 in hepatic cells in an interdepen-
dent manner. First, we demonstrated
that induction of mitochondrial respi-
ration by T; is accompanied by
increased generation of ROS and
autophagy. Second, we used multiple
cellular imaging methods to demon-
strate that the increase in mitochondrial
activity was accompanied by an increase
in mitophagy. Third, we showed that
Ts-induced ROS initiates autophagy
by a novel pathway involving an
increase in intracellular Ca®*, level,
activation of CAMKK and PRKAA1/
AMPK activities, and the phosphoryla-
tion and mitochondrial translocation of
autophagic proteins such as ULKI.
Finally, we showed that inhibition of
mitophagy markedly impaired Ts-
induced mitochondrial function and
increased oxidative stress.

It is important to note that both
induction of mitochondrial activity and
mitophagy by T3 occurred at 1 nM and
increased in a concentration-dependent
manner. Thus, T3 was able to induce
mitophagy at both physiological and
pharmacological concentrations. Since
both T3-mediated mitophagy and mito-
chondrial activity occurred after 24 h of
treatment, it is likely that they involve
changes in gene expression. In support
of this notion, we previously showed
that Ts-mediated autophagy  was
THRB-dependent.”®  Nonetheless, we
cannot completely eliminate the possibil-
ities of nongenomic effects that are
THRB-dependent or the involvement of
other thyroid hormone metabolites that
may act directly on the mitochondria'”
or activate other signaling pathways.

We also discovered a novel ROS-dependent signaling cascade
that mediated the induction of mitophagy by Tj. First, we found
that ROS generation was temporally-coupled with increased
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mitochondrial function in T3-stimu-
lated cells. In this connection, ROS
have been shown to stimulate autoph-
agy and mitophagy in yeast and mam-
mals.>>% Next, we found that Tj
activated PRKAA1/AMPK and its tar-
get, ULK1, and induced autophagy, in
a ROS-dependent manner. Indeed, the
chemical antioxidant, L-NAC, abro-
gated Tjss effects on these processes.
Interestingly, we then found an essen-
tial role for T3 to increase intracellular
Ca®" level and activate CAMKK2 at
the beginning this signaling cascade.
Furthermore, showed that this
kinase was indispensable for Ts-
induced PRKAA1/AMPK activation.
Thus, our findings are consistent with
the notion that ROS induction of intra-
cellular  Ca**
CAMKK?2, an upstream activator of
PRKAA1/AMPK to stimulate ULKI1
phosphorylation. Since ROS activates
CAMKK?2 via intracellular Ca®"
it seems likely that CAMKK2

activation serves as an essential link

we

release  activates

release,’

between metabolic stress and mitoph-
agy. Thus, it is tempting to speculate
that other extracellular stimuli or meta-
bolic conditions that generate hepatic
ROS may stimulate PRKAA1/AMPK
and autophagy by using this same
pathway.

Translocation of general autoph-
agy machinery to mitochondria is
essential for the sorting and selective
degradation of damaged mitochon-
dria. Based on our results, ULKI
translocation to mitochondria likely
marks mitochondria for Tj;-stimu-
lated autophagy. Our results are sup-
ported by recent findings which show
that translocation of ULKI to mito-
chondria triggers selective mitochon-
drial autophagy.*”*' Collectively, our
results suggest that ROS-activated
PRKAA1/AMPK signaling is essential
for priming mitochondrial degrada-

tion through its activation of ULKI. In order to determine
the specific contribution of ULKI and SQSTMI to mitoph-
agy vs. general autophagy, we performed siRNA knockdown
of these genes and assessed their effects on these 2 processes.
Surprisingly, although both ULKI and SQSTM1 were essen-
tial for T3-induced mitophagy, their loss had no significant
impact on autophagosome formation in 7HRB-HepG2 cells
in either basal conditions or after T3 treatment. These
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Figure 7. T3-induced autophagy is CAMKK2-AMPK-mediated. (A and B) Representative blots and den-
sitometric analysis showing the phosphorylated and total protein levels of PRKAA1/AMPKa1, ULKT,
RPTOR, MTOR, and RPS6KB in THRB-HepG2 cells treated with T3 (100 nM/48 h). Bars represent the
mean of the respective individual ratios +SD (n = 5, *P < 0 .05). (C and D) Representative blots and
densitometric analysis showing the effect of PRKAA1 knockdown (Kp) on LC3-Il levels in THRB-HepG2
cells treated with T3 (100 nM/48 h). Bars represent the mean of the respective individual ratios +SD
(n=5,*P < 0.05 vs control and #P < 0 .05 vs T3 alone). (E) Efficacy of STK11 and CAMMK2 Knock
down (Kp) at RNA and protein levels. (F and G) Representative blots and densitometric analysis show-
ing the effect of STK11 and CAMKK2 Kp on PRKAAT/AMPK activation in THRB-HepG2 cells treated with
T3 (100 nM/48 h). Bars represent the mean of the respective individual ratios 5D (n = 3, *P < 0 .05).

expenditure.

Autophagy

findings suggest that ULKI and SQSTMI1 are specifically
required for mitophagy and not for general autophagy
induced by Tj;. Of note, we found that T3 also induced the
translocation of mitochondrial fission protein, DNMIL, an
event that precedes mitophagy.*® Interestingly, it recently has
been shown that hormonal stimulation of mitochondrial fis-
sion is employed by brown adipocytes to amplify energy
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observed the co-occurrence of lipoph-
agy and mitophagy at all the T3 doses
used in this study (1 to 100 nM)
(Sinha and Yen, unpublished data);
however, lipophagy was best visualized
when cells were preloaded with exoge-
nous fatty acids. Of note, we found
that it was not necessary to preload cells
with fatty acids to observe mitophagy,
and since we used higher magnification
images to visualize mitophagy events,
endogenous lipid droplets in autopha-

gosomes do not appear prominently in

Figure 8. T3-induced oxidative stress mediates PRKAAT/AMPK-ULK1 activation. (A and B) Representa-
tive blots showing total or phosphorylated PRKAA1/AMPK, LC3-Il and ULK1 protein levels in whole cell
lysates after addition of ROS inhibitor (L-NAC; 5 mM) in THRB-HepG2 treated with T3(100 nM/48 h).
Bars represent the mean of the respective individual ratios +SD (n = 3). The asterisk (* P < 0 .05) indi-
cates a difference between T3 alone vs. control and (#P < 0 .05) indicates difference between T3-+L-
NAC vs. T3-alone treated cells. (C) Cells were treated with T3 (100 nM/24 h +/— LNAC (5 mM), and
then loaded with Fura-2AM (1 wM). Intracellular Ca*" was measured by fluorescence analysis. The data
were presented as mean of arbitrary fluorescence units (AFU) £ SD (n = 6, *P < 0.05).

the EM images of this current study. At
this point, we cannot determine con-
clusively whether mitophagy, lipoph-
agy, or both, are the major drivers for
the beneficial effect of T3 on hepatic
lipid metabolism. We believe that both
processes are coordinated such that lip-

We found that T3 induced the expression of mitophagy-
related genes such as BNIP3L and BNIP3 but does not affect the
expression of other mitophagy genes such as PINKI and PARK2.
Although the latter proteins are commonly implicated in mitoph-
agy, recent studies show that initiation of mitophagy can include
alternative mechanisms such those involving BNTP3L.® Loss of
BNIP3L impaired T3-induced mitophagy in our system; how-
ever, further studies are needed to elucidate the precise roles of
BNIP3L and/or other related proteins in T5-induced mitophagy.

Here we show a functional dependence of Ts-stimulated
mitochondrial activity on mitophagy since mitophagy was
required for Ts-induction of oxidative phosphorylation. This
finding was surprising since mitophagy previously had been
thought to be associated with mitochondrial dysfunction.””
However, our data suggest that the co-occurrence of mitophagy,
mitochondrial biogenesis, and increased mitochondrial activity
in Tj-treated cells may be necessary in order to sustain hepatic
mitochondrial without ROS-induced

turnover major
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ophagy helps to deliver fuel to the
mitochondria and mitophagy helps to
maintain a healthy population of mito-
chondria that can effectively utilize the delivered fuel (Fig. 13).
Furthermore, our study illustrates the point that mitochondria
may act as both the source as well as the target of hormone-
induced autophagy.

Taken together, our data demonstrate that T3 maintains
increased hepatic metabolic activity by promoting turnover of
the intracellular pool of mitochondria through increased rates
of mitophagy and mitochondrial synthesis. Thus, induction of
mitophagy by intracellular ROS derived from increased mito-
chondrial energy production can help prevent the accumulation
of damaged mitochondria as well as promote cellular health
and function in hypermetabolic states. Mitochondrial function
and its quality control are important factors in metabolic dis-
eases such as diabetes and nonalcoholic fatty liver disease as
well as aging.SL52 Our studies thus suggest that T or its ana-
logs may be beneficial for treating these conditions by promot-
>> Lastly, our finding that Tj
stimulation of mitophagy occurs via a pathway involving

ing mitochondrial turnover.

Volume 11 Issue 8



TOMMZ20-DAPI FLAG-ULK1 Colocalization

W e
DNMIL ———
- + TUBB
ULK1 s
“ ©
SQSTM1 ik =
=
o
LC3-I
——
150 — .
100 —| b
80 —| - .
@
] E=
60 — >——3. g
c =]
c m
’_
37 —
25 — J
18 —
VDAC
D RFP
©
) 80 E
=t * o]
£ [ o
860
g
© 50
8 40
©
§ =
g 30
= 20
har ]
é 10 %
~
0 —— 5
Control T3 treated S
+
™
i_
=
E _2% .
T3
S o 30
5 o
> -
s s 25
S a
5320
» T
=
w515 ]
&
é g 10
=2 o
L s
2
0
Control T3 treated T3 treated +Ulk1KD

Figure 9. Mitophagy proteins translocate to mitochondria and are necessary for T3 stimulation of mitophagy. (A) Immunoblot showing mitochondrial
protein ubiquitination and localization of ULK1, SQSTM1, LC3B-II, and DNM1L proteins in isolated mitochondrial fraction from T3 (100 nM/48 h)-treated
THRB-HepG2 cells. Purity/enrichment of the mitochondrial fraction (Mito) was verified by the absence of TUBB/B-tubulin (cytosolic) and LAMP1 (lyso-
somal) relative to its level in the whole cell lysate (WCL) for the same amount of VDAC levels. (B) THRB-HepG2 cells transfected with Flag-ULK1 construct
were treated with T3 (100 nM/48 h) and subsequently, immunostained with anti-TOMM20 (green) and anti-Flag (red) antibodies (40X magnification).
Nuclei were stained with DAPI. In the fluorescent images, yellow color indicates the colocalization of ULK1 to the mitochondria. (C) Quantification of
colocalization of Flag-ULK1 in the mitochondria (at least 15 transfected cells per each sample in 3 different fields) was conducted with ImageJ software.
Bars represent the mean of the respective individual ratios +SD (*P < 0.05). (D) THRB-HepG2 cells transiently expressing Mito-mRFP-EGFP were treated
with 100 nM T3 for 48 h with or without ULK1 Kp, followed by visualization using confocal microscopy (40X magnification). Nuclei were stained with
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color, mitophagy. (E) Quantitative analysis of the RFP (red) fluorescence to denote % mitophagy. Quantification of images (at least 10 transfected cells
per each sample in 3 different fields) was conducted with ImageJ software. Bars represent the mean of the respective individual ratios +SD (*P < 0.05).
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increased ROS production; intracellu-
lar  Ca®’"  increase; CAMKK2,
PRKAA1/AMPK, and ULKI1 activa-
tion now provides several new thera-
peutic  targets for  maintaining
mitochondrial number and function
that could lead to novel treatments for

metabolic and aging-related diseases.”

Materials and Methods

Reagents

Triiodothyronine (T3) (IRMM
469-1EA), N-acetyl-L-cysteine (L-
NAGC; A7250), bafilomycin A; (Baf;
B1793) and chloroquine (CQ;
C6628) were purchased from Sigma-
Aldrich. Antibodies were procured
from Cell Signaling Technology
(LC3B, 2775; SQSTM1/p62, 5114;
PRKAA1/AMPKal, 2795; phospho-
PRKAAI/AMPKa  (Thr172) (D79.
5E) rabbit mAb, 4188, ULKI1
(D8H5) rabbit mAb, 8054; phospho-
ULK1 (Ser555) (D1H4) rabbit mAb,
5869, MTOR (7C10) rabbit mAb,
2983; phospho-MTOR  (Ser2448)
(D9C2) XP® rabbit mAb, 5536,
RPS6KB/p70S6 kinase (49D7) rabbit
mAb, 2708; phospho-RPS6KB/p70S6
kinase (Thr389) (108D2) rabbit
mAb, 9234; RPTOR/Raptor (24C12)
rabbit mAb, 2280; phospho-RPTOR/
Raptor (Ser792), 2083; DNMIL/
DRP1 (D6C7) rabbit mAb, 8570;
GAPDH (D16H11) XP® rabbit
mAb, 5174; Mitochondrial Marker
Antibody Sampler Kit 8674; TUBB/
B-tubulin, 2146; BECN1/Beclin-1,
3738) and Santa Cruz Biotechnology
(ACTB/B-actin (ACTBDI11B7), sc-
81178; STKI11/LKB1 (E-9), sc-
374334; CAMKK2/CaMKKB (H-
95), sc-50341; BNIP3L/Nix (N-19),
sc-5860. Culture media, MitoTracker
Red (Molecular Probes, M-7512),
MitoSOX (Molecular Probes, M-
36008), DCFH-DA  (Molecular
Probes, TD-399), TMRE (Molecular

were from Invitrogen,USA. Silencer
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Figure 10. Inhibition of T3-induced mitophagy impairs mitochondrial activity and increases oxidative
stress. (A) Immunoblot showing knockdown (Kp) efficiency of ULK1 and SQSTM1 in THRB-HepG2 cells.
(B) Seahorse analysis of oxygen consumption in T3 (100 nM/48 h)-treated THRB-HepG2 cells +/—
ULK1 and SQSTM1 Kp. OCR was measured as described in Fig. 1. (C) Representative plot basal/maxi-
mal respiration as well as spare respiratory capacity in T3 (100 nM/48 h)-treated THRB-HepG2 cells.
Bars represent the mean of the respective individual ratios +=SD (n = 5). The asterisk (*P < 0.05) indi-
cates difference compared between T3 alone vs. control and (#P < 0.05) indicates difference between
T3+ULK1 or SQSTM1 Kp, vs. T3 alone treated cells. (D) Protein oxidation analysis using the oxyblot
method in T3 (100 nM/48 h)-treated THRB-HepG2 cells +/— ULK1 and SQSTM1 Kp (E) Quantification
of Oxyblots (bars represent the mean of the respective individual ratios +SD , n = 3). The asterisk
(*P < 0.05) indicates difference compared between T3 alone vs. control and (#P < 0 .05) indicates dif-
ference between T3 +ULK1 or SQSTM1 Kp vs. T3-alone treated cells.

Probes, T-669), Fura-
2AM (Molecular Probes, F-1201), and transfection reagents
Select siRNAs from
Ambion® were used at a concentration of 10 nM (ULKI
s15963, PRKAAI s100, SQSTM1 s16960, CAMKK?2 s20927,
STK11 513579, BECNI 516537, BNIP3L 52062). CoralHue®

expression

plasmid

(pMT-mKeima-Red) was purchased from MBL International
Corporation (AM-V0251), and eGFP-LC3 (Addgene plasmid
21073) plasmids were gifts from Prof. T. Yoshimori (Osaka
University, Osaka, Japan). Mito-RFP-EGFP plasmid was a
kind gift from Dr. Andreas Till (Institute of Clinical Molecu-
lar Biology; Christian-Albrechts-University of Kiel; Kiel, Ger-
many) and described in Ref.*
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Figure 12. T3 increases oxidative stress and mitophagy in vivo. (A) A representative immunoblot using
whole cell lysates showing hepatic levels of mitochondrial proteins in vehicle (PBS), T3 (10 .g/100 g B.
W. for 3 d) - and T3+CQ (i.p. administration CQ at 60 mg/kg B.W. for 3 d) - treated mice. (B) Protein
oxidation analysis using the Oxyblot method on liver tissues from euthyroid and hyperthyroid
(injected with 10 g T3/100 g B.W. for 3 d) mice. (C) Quantification of Oxyblot assays (n = 5). (D and
E) Representative blots and densitometric analysis showing total and phosphorylated PRKAA1/AMPK,
ULK1, and LC3-Il in whole cell lysates after T3 treatment (10 pg T3/100 g B.W. for 3 days) in vivo. Bars
represent the mean of the respective individual ratios +SD (n = 5). Asterisk indicates P < 0.05.

dark schedule. Animals were euthanized
in CO, chambers, and blood was drawn
by cardiac puncture. All mice were
maintained according to the Guide for
the Care and Use of Laboratory Ani-
mals (NIH publication no. One.0.0.
Revised 2011), and experiments were
approved by the IACUCs at Duke-
NUS Graduate Medical School.

Cell culture

HepG2 cells with stably transfected
human 7HRB were maintained at
37°C in DMEM supplemented with
10% fetal bovine serum as described
previously.”® For Tj treatment, cells
were preconditioned in TH depleted
media (DMEM+Dowex stripped 10%
fetal bovine serum,?® for 3 d before
adding T;. Primary mouse hepatocytes
were isolated and cultured using a stan-
dard 2-step collagenase perfusion proto-
col. For knockdown studies, HepG2
cells were treated with specific siRNA
(10 nM) for 24 h before adding T} for
the next 48 h.

RNA isolation and real-time PCR

Total RNA was isolated and qPCR
performed using the QuantiTect SYBR
Green PCR Kit (Qiagen, 204141) in
accordance to the manufacturer’s
instructions. Primer sequence provided

as (Fig. S9).

Western blotting

Cells or tissue samples were lysed
using CelLytic™ M Cell Lysis Reagent
(Sigma, C2978) and immunobloting
was performed as described previ-
ously.”® Densitometry analysis was per-
formed using Image ] software (NIH,
Bethesda, MD, USA).

Immunofluorescence studies and
transmission electron microscopy

Immunofluorescences  experiments
were performed as described previ-
ously5 > and cell imaging was performed
® High Content
Imaging System (PerkinElmer, Massa-
chusetts, USA) LSM710 Carl Zeiss
(Carl  Zeiss Microscopy GmbH,

using an Operetta

Animals Germany) confocal microscopy images were obtained from a z
Male C57BL/6 mice (8- to 10-wk-old) were purchased and confocal plane and quantification was done in single planes.
housed in hanging polycarbonate cages under a 12 h/12 h light/  Transmission electron microscopy was performed as described
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previously.”® Imaging was performed on
an Olympus EM208S transmission elec-
tron microscope; Japan.

Mitochondrial membrane potential
and superoxide detection

Cells were treated with T3 or the
vehicle for a period of 48 h. Fluoro-
chromes TMRE (to detect membrane
potential) or MitoSOX (to detect mito-
chondrial superoxide radical), were used
as per manufacturer’s instructions and

CAMKK2

)| Ca*

analyzed using flow cytometry (MACS-
Quant Analyzer 10, Miltenyi Biotec,
Germany).

Py

Measurement of intracellular Ca*™
Intracellular Ca?* was monitored
using the Ca**-sensitive fluorescent dye,

A Mitochondrial respiration

L Mitochondrial biogenesis
#A p-Oxidative genes

o

P ULKA)

D

[ RPTOR

A Mitophagy

A

i=)

L2 MTOR

ALipophagy,
General autophagy

A Autophagy /
mitophagy gene e
(LC3B, SQSTM1,
ULK1, etc.)

ession

a
o

Fura 2-acetoxymethyl ester (Fura-2AM;

1 pmol/L) as per the manufacturer’s
instructions.

Mitochondrial fraction preparation

Mitochondrial fraction was prepared
using the Mitochondria Isolation Kit for
Cultured Cells (Thermo Scientific'™
Pierce™, 89874) as per the man-
ufacturer’s instructions.

Figure 13. Model of T3-induced hepatic mitophagy. T3 increases mitochondrial activity by either
increasing mitochondrial fuel delivery via transcription of genes like CPT1A and PDK4 and by increas-
ing mitochondrial biogenesis via PPARGCTA. Increased mitochondrial function leads to increased res-
piration which in turn causes ROS generation. ROS increases activation of PRKAA1/AMPK via Ca*'-
CAMKK2 signaling. PRKAA1/AMPK activation leads to 2 distinct bifurcated pathways with one increas-
ing mitophagy through ULK1 and the other increasing general autophagy such as lipophagy via
MTOR suppression. T3 also augment the transcription of key autophagy genes via a still uncharacter-
ized nuclear pathway which may include THR's or other transcription factors. A concurrent increase in
both mitophagy and lipophagy may help sustain mitochondrial respiration with lipophagy providing
fuel for oxidation and mitophagy helping to maintain homeostatic mitochondrial turnover.

In vivo protein oxidation assay

Protein carbonyl formation as a mea-
sure of oxidative stress was measured using an Oxyblot system
(Millipore, S7150) according to the manufacturer’s instructions.

Seahorse XF-24 metabolic flux analysis

Oxygen consumption was measured at 37°C using an XF24
extracellular analyzer (Seahorse Bioscience,USA). Thirty thou-
sand HepG2 cells were seeded in 24-well XF24 culture plates
and treated with or without T3 prior to the assay. Optimization
of reagents was performed using the Mito stress test kit from Sea-
horse Bioscience (103015-100) using the protocol and algorithm
program in the XF24 analyzer. Basal OCR is [OCR with sub-
strates - OCR with rotenone and antimycin A]. ATP turnover
corresponds to the OCR used for mitochondrial ATP synthesis,
and reflects the OCR inhibited by oligomycin. However, ATP
could be generated in glycolysis, and oligomycin does not inhibit
that. Therefore, here we use the term “ATP turnover” strictly for
ATP generated via oxidative phosphorylation due to the ATP
synthase. Maximal OCR or respiratory capacity is [OCR with
FCCP - OCR with rotenone and antimycin A. The spare respira-
tory capacity (SRC) is OCR with FCCP - Basal OCR].

Calculations and statistics

Results were expressed as either SD or mean =+ standard error
of the mean (SEM). The statistical significance of differences

www.tandfonline.com
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(*, P < 0.05) was assessed by Student # test. Two-way ANOVA
analyses followed by Tukey’s post-hoc were performed when
comparing different groups.
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