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Abstract
Nonamyloidogenic processing of amyloid precursor protein (APP) by augmenting ADAM10 is a promising therapeutic strategy
for Alzheimer’s disease (AD). Therefore identification of molecular pathways that regulate ADAM10 expression is crucial.
Autophagy is strongly dysregulated in AD, and TFEB was recently shown to be a master regulator of autophagy-lysosome
pathway (ALP). Here, we report that TFEB expression in HeLa cells increased ADAM10 mature form by 72% (p < 0.01, n = 4),
while TFEB knockdown by CRISPR strategy reduced ADAM10mature form by 36% (p < 0.05, n = 4). Autophagy inhibition by
3-methyladenine (3-MA), but not bafilomycin A1 (BAF1), reduced ADAM10mature form by 49% (p < 0.05, n = 4) in the TFEB
expressing HeLa cells. Autophagy activation by 3 h of starvation increased ADAM10 to 91% (p < 0.001, n = 6) relative to 51%
(p < 0.01, n = 6) in the nutrient-fed cells. Further, siRNAs targeted against PPARα in HeLa cells decreased ADAM10 levels by
28% (p < 0.05, n = 6) relative to the cells treated with scrambled siRNAs. Further, incubation of EGFP-TFEB expressing HeLa
cells with PPARα antagonist, but not PPARβ or PPARγ antagonists, prevented TFEB-induced increase in ADAM10 levels.
Importantly, flag-TFEB expression in the brain also increased ADAM10 by 60% (p < 0.05, n = 3) in the cortical and 34%
(p < 0.001, n = 3) in the hippocampal homogenates. ADAM10 activity also increased by 57% (p < 0.01, n = 3) in the HeLa cells.
Finally, TFEB-induced ADAM10 potentiation led to increased secretion of sAPPα by 154% (p < 0.001, n = 3) in the cortex and
62% (p < 0.001, n = 3) in the hippocampus. Thus, TFEB expression enhances nonamyloidogenic processing of APP. In conclu-
sion, TFEB expression induces ADAM10 in an autophagy-dependent manner through PPARα.
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Abbreviations
AD Alzheimer’s disease
ADAM10 ADAM metallopeptidase domain 10
ALP Autophagy-lysosome pathway
APP Amyloid precursor protein
BAF1 Bafilomycin A1
CRISPR Clustered regularly interspaced short palindrom-

ic repeats
LC3 Microtubule-associated protein 1A/1B-light

chain 3

3-MA 3-Methyl adenine
PPARα Peroxisome proliferator-activated receptor-alpha
PPRE Peroxisome proliferator response element
SAP97 Synapse-associated protein 97
sAPPα Soluble amyloid precursor protein alpha
TFEB Transcription factor EB
UPS Ubiquitin-proteasome system

Introduction

Ever since Andrea Ballabio’s group described the pivotal role
of the transcription factor EB (TFEB) in the autophagy-
lysosome pathway (ALP) [1, 2], numerous studies have fur-
ther documented the beneficial roles of TFEB in several
models of neurological diseases. TFEB controls ALP by reg-
ulating the expression of more than 35 CLEAR network genes
[1, 3]. Thus, viral transduction of TFEB has demonstrated
therapeutic benefits in mouse models of Alzheimer’s disease
(AD) [4–6], tauopathy [7, 8], Parkinson’s disease (PD) [9, 10],
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and Huntington’s disease (HD) [11, 12]. Indeed, by generat-
ing flag-TFEB expressing transgenic mice for the first time,
we also recently demonstrated that TFEB overexpression in
the P301S model of tauopathy markedly cleared PHF-tau
levels which led to the recovery of cognitive deficits [13].
Importantly, TFEB expression significantly reduced the age-
associated lipofuscin pigments which were so far considered
to be nondegradable [13]. An expanding role of TFEB in
various other non-neuronal diseases is also becoming clear
especially in the lysosomal storage diseases (LSDs), diet-
induced obesity, multiple sulfatase deficiency, and α-1-
antitrypsin deficiency [14]. The beneficial role of TFEB-
mediated clearance of toxic protein aggregates in multiple
neurodegenerative diseases is not surprising given that
TFEB protein levels are reduced in many patient brains with
neurological diseases including AD, amyotrophic lateral scle-
rosis (ALS) [15, 16], PD [17], and mouse models of
SODG93A, HD, PD, and polyQ AR spinobulbar muscular at-
rophy [18–21]. Because cytoplasm to nuclear translocation of
TFEB is critical for its transcriptional regulation of ALP,
replenishing the reduced nuclear TFEB levels by overexpres-
sion studies is a logical step towards therapeutic benefits in
various neurological models. Thus, since enhancing the TFEB
pathway is expected to have a broad impact on human health,
it has triggered intense research efforts in understanding the
molecular basis for many of these beneficial properties of
TFEB. Yet, how TFEB expression decreases Aβ and
hyperphosphorylated tau and also increases longevity [22,
23] remains poorly understood.

ADAM10 (a disintegrin and metalloproteinase 10) has re-
cently emerged as the major α-secretase responsible for amy-
loid precursor protein (APP) processing [24, 25]. Multiple
pieces of evidence, including A673T mutation in the APP
which decreases Aβ levels leading to protection against AD
[26], K16N mutation at the APP α-secretase cleavage site
[27], and two (Q170H and R181G) mutations within
ADAM10 [28], which also increases Aβ levels and leads to
late-onset Alzheimer’s disease (LOAD), all provide solid ev-
idence that inadequate ADAM10 activity is likely the cause of
not only familial but also sporadic cases of AD. Moreover,
ADAM10 has been shown to play a pivotal role in the prolif-
eration of neural precursor cells (NPCs) and neurogenesis in
the adult brain [29, 30]. Equally important, ADAM10 has
demonstrated neuroprotection against Aβ and excitotoxicity
[31]. Additionally, ADAM10 plays a crucial role in axon
guidance [32], spine density regulation, and in decreasing
neuroinflammation [33, 34]. Further, ADAM10 expression
correlates with mini-mental state of AD patients [35] and al-
leviates long-term potentiation (LTP) and cognitive deficits in
an APP transgenic mouse model [31, 34]; its impaired traf-
ficking to the synapse generates a model of the sporadic AD
[36], and there is now definitive evidence that reduction of
ADAM10 activity can cause AD [30], and finally,

ADAM10 is particularly high in the subventricular zone
(SVZ) suggesting a correlation between this pathway and
the adult neurogenesis [37]. Although this overwhelming ev-
idence suggests the ADAM10 pathway is the right target to
combat AD, so far only limited studies have identified genetic
regulation of ADAM10 activity.

Here, we unexpectedly discovered that TFEB increases the
expression of mature ADAM10 in HeLa cells. Further, using
pharmacological and genetic approaches, we identified
PPARα as the mediator of increased ADAM10 in TFEB ex-
pressing cells. Finally, using our recently generated flag-
TFEB transgenic mice, we confirmed the increased levels of
mature ADAM10 protein and enzyme activity in both the
cortex and hippocampus of mouse brains. This remarkable
finding further reinforces TFEB as a reliable candidate thera-
peutic target for AD and possibly several other neurological
disorders.

Results

TFEB Increases ADAM10 Protein Levels in HeLa Cells

Several studies have demonstrated that TFEB expression
using adenoviral vectors reduces Aβ generation in cells as
well as in the brain [4, 5], but the mechanism by which
TFEB reduces Aβ is not known. Since ADAM10 is the
major α-secretase known to reduce Aβ generation through
the nonamyloidogenic pathway, in this study, we wanted to
measure if there are any alterations in ADAM10 protein
levels and activity following TFEB expression. HeLa cells
stably expressing EGFP-TFEB were successfully generated
and confirmed the expression of EGFP-tagged TFEB using
both TFEB-specific and GFP-specific antibodies.
Quantitation of actin normalized levels of ADAM10, and
analysis by t test revealed significant differences.
ADAM10 mature form was increased by 72% (p < 0.01,
n = 4) in the EGFP-TFEB expressing HeLa cells compared
to HeLa control cells. Similarly, ADAM10 proform was
increased by 118% (p < 0.001, n = 4) compared to HeLa
control cells (Fig. 1 a and b). Thus, TFEB expression leads
to a robust increase in both proform and mature forms of
ADAM10 in HeLa cells. We next used CRISPR strategy to
knockdown endogenous TFEB to verify whether reduced
TFEB expression decreases ADAM10 protein levels. HeLa
cells stably expressing CRISPR construct targeted against
TFEB were generated, and ADAM10 levels were compared
between HeLa, HeLa-EGFP-TFEB cells, and HeLa-TFEB-
CRISPR cells. Statistical tests by analysis of variance
(ANOVA) followed by Dunnett’s test showed a significant
effect. In the HeLa-CRISPR stable cells, the endogenous
TFEB levels were only 12% (p < 0.05, n = 4) of the HeLa
control cells (Fig. 1 c and d), suggesting that the used
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CRISPR construct correctly targeted the endogenous TFEB.
Results showed that mature ADAM10 protein level was
decreased by 36% (p < 0.05, n = 4) in the HeLa-CRISPR
cells while increased by 46% (p < 0.01, n = 4) in the HeLa-
EGFP-TFEB cells compared to HeLa control cells (Fig. 1e).
ADAM10 proform was also increased by 160% (p < 0.01,
n = 4) in the HeLa-EGFP-TFEB cells but decreased by 30%
in the HeLa-CRISPR cells (Fig. 1f) which were statistically
significant.

Increased ADAM10 by TFEB Is Autophagy-Dependent
in HeLa Cells

Having confirmed the increased ADAM10 protein levels, we
wanted to investigate whether this effect of TFEB on
ADAM10 is autophagy-dependent since TFEB is the master
regulator of the ALP [1, 2]. To address this point, we utilized
both autophagy inhibition approach using pharmacological
inhibitors and autophagy activation through starvation in

Fig. 1 Effect of TFEB on ADAM10 protein levels in the HeLa cells. a
HeLa cells stably expressing EGFP-TFEB and control HeLa cells were
plated in the 6-well plates in duplicates, and next day cells were lysed, and
the lysates were separated by SDS-PAGE and transferred to nitrocellulose
membranes. Representative images are shown for the HeLa control and
HeLa-EGFP cells in duplicate wells. bQuantitation of ADAM10 proform
and mature forms normalized to actin levels showed significant differ-
ences by t test. In the EGFP-TFEB expressing cells, ADAM10 mature
form was increased by 72% (**, p < 0.01, n = 4), and the ADAM10
proform was increased by 118% (***, p < 0.001, n = 4) compared to
HeLa control cells. c In addition to HeLa cells and HeLa-EGFP cells,
another HeLa cells line stably expressing CRISPR construct targeted
against TFEB were plated in duplicate wells, and the lysates were

subjected to immunoblotting. TFEB antibody detected endogenous
TFEB protein (panel 3), while GFP antibody detected EGFP-TFEB pro-
tein (panel 5). dBar diagrams show that in the HeLa-CRISPR stable cells,
the endogenous TFEB levels were only 12% (*, p < 0.05, n = 4) of the
HeLa control cells which was statistically significant as analyzed by anal-
ysis of variance (ANOVA) followed by Dunnett’s test. e ADAM10 ma-
ture form was decreased by 36% (*, p < 0.05, n = 4) in the HeLa-CRISPR
cells while increased by 46% (**, p < 0.01, n = 4) in the HeLa-EGFP-
TFEB cells compared to HeLa control cells. ADAM10 proform was also
increased by 160% (**, p < 0.01, n = 4) in the HeLa-EGFP-TFEB cells,
but the 30% decrease in the HeLa-CRISPR cells were not statistically
significant
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HeLa control cells as well as HeLa cells under TFEB overex-
pression conditions (Fig. 2a). To increase rigor in the study,
we used both 3-methyladenine (3-MA) which inhibits autoph-
agy by blocking autophagosome formation by inhibiting type
III phosphatidylinositol 3-kinases (PI-3K) [38] and
bafilomycin A1 (BAF1) which is a blocker of autophagy flux
by disrupting the autophagosome-lysosome (A-L) fusion,
thereby inhibiting ALP pathway (39). As expected mature
ADAM10 protein levels normalized to actin were increased
in untreated HeLa-EGFP-TFEB cells compared to untreated
HeLa control cells by 67% (p < 0.05, n = 4) which was

statistically significant by t test (Fig. 2b). Autophagy inhibi-
tion per se either by BAF1 or 3-MA did not alter ADAM10
protein levels as seen in the HeLa cells. However, comparison
among all the groups that include HeLa cells and HeLa-
EGFP-TFEB cells treated or untreated with BAF1 or 3-MA
showed significant differences. Quantitation and analysis of
mature ADAM10 by ANOVA followed by Dunnett’s test
revealed a 67% (p < 0.01, n = 6) increase in the HeLa-EGFP-
TFEB cells and a 54% (*, p < 0.05, n = 6) increase in the
BAF1-treated cells when compared to HeLa control cells
(Fig. 2c), suggesting that autophagy inhibition by 3-MA but

Fig. 2 Effect of autophagy inhibition on ADAM10, LC3-II, and p62
protein levels in the HeLa cells and HeLa-EGFP-TFEB cells. a Both
HeLa control cells and HeLa-EGFP-TFEB stable cells were plated on
to 6-well plates in duplicates and were treated with either vehicle as
control, bafilomycin a1 (BAF1) at 100 nM final concentration or 3-
methyladenine (3-MA) at 5 mM final concentration. After 4 h, cell lysates
were subjected to SDS-PAGE and transferred to nitrocellulose mem-
branes. Representative images are shown for several proteins and actin.
bAs analyzed by t test, mature ADAM10 protein levels were significant-
ly increased by 67% (*, p < 0.05, n = 6) when HeLa control cells were
compared to HeLa-EGFP-TFEB cells. However, mature ADAM10 levels

were not altered when comparisons were made between HeLa-EGFP-
TFEB cells and the same cells treated with either BAF1 or 3-MA. c
Quantitation of mature ADAM10 byANOVA followed byDunnett’s test
revealed a 67% (**, p < 0.01, n = 6) increase in the HeLa-EGFP-TFEB
cells, a 54% (*, p < 0.05, n = 6) increase in the BAF1-treated cells when
compared to HeLa control cells. Also in the HeLa-EGFP-TFEB cells,
LC3-II levels showed 147% (**, p < 0.01, n = 6) increase in the BAF1-
treated cells and 145% (p < 0.01, n = 6) increase in the 3-MA-treated cells
when compared to HeLa control cells. BAF1 treatment also increased
LC3-II levels by) 100% (*, p < 0.05) in the HeLa control cells
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not BAF1 can prevent TFEB-induced increased ADAM10
protein levels. This implies that the TFEB-mediated effect
on ADAM10 is autophagy-dependent. Although BAF1 is
known to inhibit autophagy, LC3-II levels were significantly
increased (100%, *, p < 0.05) in the HeLa control cells (Fig.
2c). Also in the HeLa-EGFP-TFEB cells, LC3-II levels
showed 147% (**, p < 0.01, n = 6) increase in the BAF1-
treated cells and 145% (p < 0.01, n = 6) increase in the 3-
MA-treated cells when compared to HeLa control cells (Fig.
2c).

Starvation is a well-characterized method to induce au-
tophagy which is also known to activate TFEB [1, 2].
Therefore to induce autophagy, HeLa control cells and
HeLa-EGFP-TFEB cells were exposed to either DMEM
medium with 10% fetal bovine serum (FBS) as well-fed
controls or induced starvation incubating cells with HBSS
medium without fetal bovine serum (FBS) for 1 h or 3 h
(Fig. 3a). Autophagy activation per se, similar to autoph-
agy inhibition, did not alter ADAM10 protein levels in the
HeLa control cells (Fig. 3b). Consistent with results in
Figs. 1 and 2, compared to control HeLa cells, mature
ADAM10 protein levels were increased in the HeLa-
EGFP-TFEB cells by 51% (p < 0.01, n = 4). Autophagy
activation by starvation further increased ADAM10 ma-
ture form by 63% (p < 0.001, n = 4) after 1 h and 91%
(p < 0.001, n = 4) after 3 h which were all highly signifi-
cant by ANOVA followed by Student-Newman-Keuls
multiple comparisons test (Fig. 3b). When the comparison
is made between the fully fed HeLa-EGFP-TFEB cells
and after starvation for 3 h, there was a further 40% ($$,
p < 0.01) increase in mature ADAM10 levels (Fig. 3b),
suggesting that under TFEB expression conditions,
starvation-induced autophagy activation enhances
ADAM10 protein levels. A similar trend of ADAM10
proform was also noted, i.e., no changes in the HeLa cells
subjected to starvation, but increased in the HeLa-EGFP-
TFEB cells by 41% (p < 0.001, n = 4) when compared to
HeLa control cells, by 72% (p < 0.001, n = 6) after 1 h
starvation and by 111% (p < 0.001, n = 4) after 3 h star-
vation (Fig. 3b). Activation of autophagy by TFEB ex-
pression is indicated by LC3-II levels which were in-
creased by 62% (p < 0.05) in the HeLa-EGFP-TFEB cells
when compared to HeLa cells. However, it is intriguing
that starvation-induced autophagy activation failed to in-
crease the levels of either LC3-I, LC3-II, or P62 levels,
although an increasing trend is noted in the HeLa-EGFP-
TFEB cells subjected to starvation (Fig. 3b). Although we
did not quantify, starvation is known to dephosphorylate
TFEB which is apparent in this study (Fig. 3a) indicating
autophagy activation. Overall, results from both autopha-
gy inhibition and starvation-induced autophagy activation
studies suggest that the TFEB-mediated increase in
ADAM10 protein levels is autophagy-dependent.

Genetic and Pharmacological Evidence that TFEB
Increases ADAM10 Through PPARα Signaling

Both TFEB [40] and peroxisome proliferator-activated recep-
tor α (PPARα) [41] regulate peroxisome biogenesis. Both
these transcription factors are also known to regulate fatty acid
metabolism and lysosome biogenesis in the same pathway.

Fig. 3 Effect of starvation-induced autophagy activation on ADAM10
andmarkers of autophagy in the HeLa cells andHeLa-EGFP-TFEB cells.
a Cells were exposed to either DMEM medium with 10% fetal bovine
serum (FBS) as well-fed control or induced starvation with HBSS medi-
um without FBS for 1 h or 3 h, followed by SDS-PAGE analysis of cell
lysates. Representative images of blots from different experiments are
shown for several proteins along with actin for each of these proteins. b
Compared to control HeLa cells, mature ADAM10 protein levels were
increased in the HeLa-EGFP-TFEB cells by 51% (**, p < 0.01, n = 4) or
63% (***, p < 0.001, n = 4) after 1 h starvation and 91% (***, p < 0.001,
n = 4) after 3 h starvation as analyzed by ANOVA followed by Student-
Newman-Keuls multiple comparisons test. Compared to HeLa-EGFP-
TFEB cells, there was a 41% ($$, p < 0.01) further increase in mature
ADAM10 levels after 3 h starvation. ADAM10 proform levels were also
increased in HeLa-EGFP-TFEB cells by 41% (***, p < 0.001, n = 4),
after 1 h starvation by 72% ((***, p < 0.001, n = 4) and after 3 h starvation
by 111% (***, p < 0.001, n = 4). LC3-II levels were increased by 62% (*,
p < 0.05) only when HeLa cells were compared to HeLa-EGFP-TFEB
cells. However, LC3-I levels were not statistically significant
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Moreover, like TFEB [4, 5], PPARα activation also decreases
Aβ generation likely through the activation of the
nonamyloidogenic pathway [42]. Accordingly, we suspected
that PPARα signaling might be responsible for TFEB-
induced ADAM10 potentiation. Therefore, we used
PPARα-specific synthetic siRNAs or scrambled control
siRNAs which were transiently transfected into the HeLa-
EGFP-TFEB cells and compared with those of HeLa control

cells. There was a 57% (p < 0.01, n = 6) increase of normal-
ized mature ADAM10 in the HeLa-EGFP-TFEB cells
transfected with control siRNA and only 29% (p < 0.05, n =
6) increase in the cells treated with PPAR-α-specific siRNA
compared to HeLa cells (Fig. 4a). Thus, a 28% reduction in
ADAM10 protein levels may be due to a reduction of
PPAR-α levels by 28% ($$, p < 0.01) when compared to
EGFP-TFEB cells transfected with control siRNAs (Fig. 4a).

Fig. 4 PPAR-α is responsible for TFEB-mediated increased mature
ADAM10 levels in HeLa cells. aHeLa cells and HeLa-EGFP-TFEB cells
were plated in 6-well plates in duplicate wells, and HeLa-EGFP-TFEB
cells were transiently transfected twice at 24 h interval with either control
scrambled siRNA or PPAR-α-specific siRNA. Twenty-four hours after
the second transfection, cells were lysed and subjected to SDS-PAGE.
Blots shown are from different experiments. Quantitation and analysis by
ANOVA followed by Student-Newman-Keuls multiple comparisons test
showed a 57% (**, p < 0.01, n = 6) increase of mature ADAM10 in the
HeLa-EGFP-TFEB cells transfected with control siRNA and only 29%
(*, p < 0.05, n = 6) increase in the cells treated with PPAR-α-specific
siRNA compared to HeLa cells. PPAR-α levels were increased to 17%
(*, p < 0.05, n = 6) in the HeLa-EGFP-TFEB cells but reduced to 89%

($$, p < 0.01, n = 6) after transfection with PPAR-α-specific siRNA. b
HeLa-EGFP-TFEB cells were treated with either vehicle control or
GSK0660 (PPAR-β antagonist), GW6471 (PPAR-α antagonist), or
GW9662 (PPAR-g antagonist) for 24 h, and then lysates were
immunoblotted. Mature ADAM10 levels increased in the EGFP-TFEB
cells treated with the vehicle by 33% (**, p < 0.01, n = 4), in the
GSK0660-treated cells by 40% (**, p < 0.01, n = 4), and in the
GW9662-treated cells by 28% (*, p < 0.05, n = 4) but was not altered in
the GW6471-treated cells. Similarly, ADAM10 proform increased in the
EGFP-TFEB cells treated with the vehicle by 69% (*, p < 0.05, n = 4), in
the GSK0660-treated cells by 114% (**, p < 0.01, n = 4), in the GW6471-
treated cells by 86% (**, p < 0.01, n = 4), and by 75% (*, p < 0.05, n = 4)
in the GW9662-treated cells
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These results suggest that a decrease in PPARα leads to a
reduction in the amount of ADAM10 mature protein in
HeLa cells. To confirm these results, we also used a pharma-
cological approach. There was a 33% (p < 0.01, n = 4) in-
crease in ADAM10 protein levels when HeLa-EGFP-TFEB
cells were compared to HeLa control cells (Fig. 4b). When
HeLa-EGFP-TFEB cells were treated with GSK0660, a
PPAR-β antagonist, there was 40% (p < 0.01, n = 4) increase
in ADAM10 protein levels, with GW9662, a PPAR-γ antag-
onist, there was 28% (p < 0.05, n = 4) increase, which was all
statistically significant as analyzed by ANOVA and Dunnett’s
test (Fig. 4b). However, when HeLa-EGFP-TFEB cells were
treated with GW6471, a PPAR-α antagonist, there was no
significant change in the ADAM10 protein levels and was
similar to HeLa control cells. Similarly, ADAM10 proform
increased in the EGFP-TFEB cells treated with the vehicle by
69% (p < 0.05); the increase was 114% (p < 0.01) after
GSK0660 treatment, 86% (p < 0.01) after GW6471 treatment,
and by 75% (*, p < 0.05) in the GW9662-treated cells (Fig.
4b). These results from pharmacological inhibition studies of
PPAR isoforms are consistent with the results from PPAR-α
targeted siRNA experiments. Taken together, these results
suggest that TFEB-induced increased mature ADAM10 pro-
tein levels is mediated through PPAR-α.

TFEB Expression Increases ADAM10 Protein Levels
In Vivo in the Transgenic Mouse Brain Expressing
Flag-TFEB

We next examined whether TFEB expression can increase
ADAM10 in vivo in the mouse brains. To investigate this,
we used our flag-TFEB transgenic mice [13]. We found a
significant increase of ADAM10 protein levels by 60%
(p < 0.05, n = 3) in the cortex and by 34% (p < 0.001, n = 3)
in the hippocampal homogenates of flag-TFEB mice com-
pared to wild-type (WT) mice and as analyzed by t test
(Fig. 5a). Since ADAM10 is known to be localized to synaptic
terminals [43, 44], we also wanted to assess whether TFEB
has any differential effects on the cellular localization of
ADAM10. Therefore, we also quantified ADAM10 protein
levels in the synaptosomes. We used our optimized protocol
for the separation of synaptosomes, the purity of which has
been confirmed by both biochemical methods and transmis-
sion electron microscopy [45, 46]. Similar to results in the
homogenates, quantitation of mature ADAM10 protein levels
normalized to actin in the synaptosomes fractions revealed an
increase of 56% (p < 0.01, n = 3) in the cortex and 64%
(p < 0.01, n = 3) in the hippocampal synaptosomes which
were also statistically significant by t test (Fig. 5b). This
in vivo evidence of an increased mature form of ADAM10
protein levels by TFEB is consistent with the results from
HeLa cells.

TFEB Expression Increases ADAM10 Enzyme Activity
in HeLa Cells and In Vivo in the Mouse Brain

To ascertain that increased ADAM10 protein levels by TFEB
indeed result in increased ADAM10 enzyme activity, we ini-
tially prepared cell lysates from HeLa control cells and HeLa
cells stably expressing EGFP-TFEB. Results showed that
compared to HeLa control cells, HeLa-EGFP cells showed
an increased ADAM10 enzyme activity by 57% (p < 0.01,
n = 3) (Fig. 6a). Similarly, cortical and hippocampal homoge-
nate fractions derived from WT and flag-TFEB mice were
subjected to a fluorogenic method of ADAM10 enzyme ac-
tivity assay. A 37% (p < 0.01, n = 3) and 50% (p < 0.05, n = 3)
increase in ADAM10 enzyme activity was found in the cortex
and hippocampus, respectively, as revealed by t test (Fig. 6b).
Thus, TFEB is a bona fide activator of ADAM10 activity with
enormous therapeutic potential.

Increased ADAM10 Activity by TFEB Results in
Increased sAPPα Levels in the Mouse Brain

Since the major α-secretase in the brain is ADAM10 [47, 48],
its enhanced cleavage of amyloid precursor protein (APP)
should invariably increase the generation of soluble-APP-α
(sAPPα). To prove that the increased ADAM10 protein levels
and enzyme activity by TFEB are physiologically relevant, we
measured the quantity of secreted sAPPα levels in the brain
lysates from WT and flag-TFEB mice. Using mouse sAPPα-
specific antibodyM3.2, we found an increase of sAPPα levels
normalized to actin by 154% (***, p < 0.001, n = 3) in the
cortex and by 62% (***, p < 0.001, n = 3) in the hippocampus
(Fig. 7 a and b) which were highly significant by t test. To
further confirm these results, based on our previous experi-
ence, we also used a 6E10 antibody which detects mouse
sAPPα also, although 6E10 antibody was raised against the
human protein. With 6E10 antibody, we found 153%
(p < 0.001, n = 3) and 176% (p < 0.01, n = 3) increase of
sAPPα levels in the cortex and hippocampus, respectively
(Fig. 7 a and b). There was no apparent change in the levels
of APP holoprotein either in the cortex or hippocampus of
flag-TFEB mice compared to WT mice. Additionally, we
found decreased c-terminal fragment (CTF)-β levels by 46%
(p < 0.001) in the cortex, but not in the hippocampus (Fig. 7 a
and b). Increased nonamyloidogenic processing of APP is
expected to decrease CTF-β levels. Therefore, the observed
decreased CTF-β levels are consistent with the increased
sAPPα levels.

Discussion

A promising alternative approach for the therapeutic benefit of
AD patients is the activation or potentiation of the
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nonamyloidogenic processing of APP [49–51]. Activation of
the nonamyloidogenic ADAM10 pathway not only precludes
Aβ generation but most importantly increases sAPPα which
is known to exert potent neuroprotective properties as well as
regulate synaptic plasticity and learning and memory [52].
The reduced ADAM10 trafficking [53], protein expression
[54], and enzyme activity [55] in AD patients underscore the
significance of ADAM10 in AD. Therefore, it is crucial to
identify and understand the mechanistic regulation of
ADAM10.

Here, we found that TFEB overexpression robustly in-
creased actin normalized levels of mature ADAM10 protein
in the HeLa cells. Importantly, CRISPR-based stable knock-
down of TFEB in the same HeLa cells, as confirmed by a
marked reduction in the levels of endogenous TFEB, signifi-
cantly reduced mature ADAM10 protein levels. This suggests
that TFEB indeed has a pertinent role in regulating ADAM10
protein levels in the HeLa cells. From this study, two strong

pieces of evidence also suggest that TFEB may increase
ADAM10 mature form through the autophagy pathway.
First, autophagy inhibition by 3-MA prevented TFEB-
induced increased ADAM10 mature form in the HeLa-
EGFP-TFEB cells. However, mature ADAM10 protein levels
in the BAF1-treated HeLa-EGFP-TFEB cells were not signif-
icantly reduced compared to HeLa-EGFP-TFEB cells. 3-MA
inhibits autophagosome initiation by inhibiting type III phos-
phatidylinositol 3-kinases (PI-3K) of class III PI3K [38, 56];
thus, 3-MA is an early-stage autophagy-lysosome pathway
inhibitor. But BAF1inhibits the late stage of the ALP pathway
during autophagosome-lysosome fusion [39]. These observa-
tions imply that TFEB-induced increased ADAM10 might
require activation of the entire autophagy-lysosome pathway
including the initiation of autophagosome formation. Second,
after the activation of autophagy by starvation, especially after
3 h, the increase in ADAM10 mature protein levels was sig-
nificantly more than the completely nutrient-fed HeLa-EGFP-

Fig. 5 TFEB expression
increases mature ADAM10 levels
in the mouse brain. a Cortical and
hippocampal brain homogenates
were prepared from wild-type
(WT) and flag-TFEB mice and
immunoblotted showing
ADAM10, flag-TFEB, and actin
protein blots. Quantitation of ma-
ture ADAM10 protein levels re-
vealed an increase of 60% (*,
p < 0.05, n = 3) in the cortex and
34% (***, p < 0.001, n = 3) in the
hippocampal homogenates. b
Cortical and hippocampal synap-
tosomes were prepared from the
WT and flag-TFEB mice and
immunoblotted. Quantitation of
mature ADAM10 protein levels
revealed an increase of 56% (**,
p < 0.01, n = 3) in the cortex and
64% (**, p < 0.01, n = 3) in the
hippocampal homogenates which
were statistically significant by t
test
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TFEB cells. Interestingly, starvation alone, in the absence of
TFEB expression, failed to increase ADAM10 protein levels
in the HeLa control cells, although an insignificant increasing
trend was noted. Thus although endogenous TFEB in HeLa
cells as well as exogenously expressed EGFP-TFEB both
underwent dephosphorylation, a necessary step for TFEB-
mediated activation of the autophagy-lysosome pathway,
ADAM10 levels were increased only after TFEB overexpres-
sion. This evidence together with the results from autophagy
inhibition studies strongly suggests that TFEB influences
ADAM10 levels through the autophagy-lysosome pathway.
The role of the autophagy-lysosome pathway in ADAM10
regulation has not been thoroughly investigated previously
except a recent demonstration that knockdown of
ATG16L1, a key player in basic autophagy mechanism, de-
creased levels of ADAM10 mature form [57].

Intriguingly, in the present study, autophagymarker LC3-II
was not significantly altered following starvation-induced au-
tophagy, but as expected, we observed increased LC3-II levels
only following TFEB overexpression during nutrient-rich
conditions, which is consistent with the previous reports [58,
59]. Surprisingly, under nutrient-rich conditions, BAF1 rather
increased LC3-II levels, but when TFEB was overexpressed,

both BAF1 and 3-MA increased LC3-II levels. Increased
LC3-II activity of 3-MA may be due to its differential tempo-
ral effects on class I and class III PI3K. In our study, although
both inhibitors were expected to decrease LC3-II levels during
autophagy inhibition exposed to 4 h, a previous study also
found increased LC3-II levels after exposure of several cell
types to 3-MA for 9 h [60]. BAF1 also has been shown to
increase LC3-II levels [61]. Increased LC3-II may simply re-
flect the accumulation of autophagosomes, rather than in-
creased autophagy flux or may even be due to blockage of
fusion of autophagosomes with lysosomes as has been shown
previously by others [62–64]. Alternatively, TFEB expression
and autophagy activation may be dominant over autophagy
inhibition by 3-MA and BAF1. We also did not find any
changes in the levels of P62 following autophagy inhibition
with 3-MA or BAF1 or during starvation-induced autophagy
activation. This may likely be due to our short time exposures
ranging from 1 to 4 h. In HeLa cells, the half-life of P62 is
about 6 h [65]. So, detectable differences in P62 protein levels
may not be apparent by 4 h.

An important finding from the present study is the demon-
stration that PPARα is the mediator of TFEB-induced in-
creased ADAM10 mature form in HeLa cells by using
PPARα-specific siRNA-based knockdown method. Further,
using isoform-specific inhibitors, our pharmacological studies
confirmed that PPARα, but not either PPARβ or PPARγ, is
responsible for TFEB-induced increased ADAM10 protein
levels. Interestingly, PPARα is one of the major genes that
is significantly enhanced by increased TFEB activity under
starvation-induced stress [66]; thus, PPARα is downstream
to TFEB and can mediate this function. Additionally, the
ADAM10 promoter harbors PPAR response elements
(PPRE) [67], and among several isoforms, an inhibitor of
PPARα but not PPARβ, PPAR δ, or PPARγ decreased the
ADAM10 protein levels in primary hippocampal neurons
[67]. Thus our identification of PPARα as the mediator of
increased ADAM10 is consistent with these reported observa-
tions. However, it should also be noted that the mouse TFEB
promoter harbors a PPRE, and PPARα can also regulate tran-
scriptional activation of TFEB [66, 68]. Thus TFEB can also
function downstream of PPARα as confirmed by gemfibrozil,
a PPARα agonist [68]. Indeed, PPARα stimulation has been
shown to regulate ADAM10 protein expression [67]. On the
contrary, PPARα deficiency in brains and neurons results in
impaired ADAM10 expression [67]. These multiple pieces of
evidence support our finding that PPARα can mediate TFEB-
induced ADAM10 protein maturation.

While these observations in HeLa cells are important espe-
cially for identifying the mechanism, it is even more crucial to
verify whether TFEB expression can also increase ADAM10
mature form in vivo in the brain. Our flag-TFEB mice [13]
became an invaluable tool to address this issue. Indeed, sim-
ilar to results from HeLa cells, flag-TFEB expression

Fig. 6 TFEB expression increases ADAM10 enzyme activity in HeLa
cells and in the mouse brain. a ADAM10 activity in cell lysates showed
an increase by 57% (p < 0.01, n = 3) in the HeLa-EGFP stable cells com-
pared to HeLa control cells. b Cortical and hippocampal brain homoge-
nates were prepared from the WT and flag-TFEB mice, and the measure-
ment of ADAM10 activity showed a statistically significant increase of
37% (**, p < 0.01, n = 3) in the cortex and 50% (*, p < 0.05, n = 3) in the
hippocampus as revealed by t test
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significantly increased ADAM10 mature form in the whole
homogenate fractions of both the cortex and hippocampus.
This observation in the brain confirms that TFEB-induced
increased ADAM10 mature protein occurs in vivo and is con-
sistent with increased ADAM10 enzyme activity observed in
the same brain regions as well as HeLa cells. Since ADAM10
may also play a critical role at synapses as reflected by its
colocalization with the presynaptic protein synaptophysin
and postsynaptic protein SAP-97 [43], and in dendritic spine
generation [33], we quantified ADAM10 protein levels in the
purified synaptosomes and found a robust increase from both

hippocampal and cortical synaptosomes. As both ADAM10
deficiency [33] and Alzheimer’s disease [69, 70] result in
fewer and abnormally shaped spines, TFEB-induced en-
hanced ADAM10 expression can be expected to rescue such
synaptic abnormalities which is the best pathological correlate
of cognitive deficits in AD. Thus, cognitive deficits that cor-
relate with reduced ADAM10 levels seen in AD patient plate-
lets [35, 71] may also be rescued with the TFEB-induced
ADAM10 expression, thereby may reverse cognitive deficits.

Another important proof for the physiological significance
of TFEB-induced increased ADAM10 mature protein and

Fig. 7 Increased ADAM10 activity by TFEB increases sAPPα levels and
reduces c-terminal fragment-β (CTF-β) levels in the brain. Secreted pro-
teins such as sAPPα were extracted using tris buffer, while the other
cellular proteins such as CTF-β, amyloid precursor protein (APP), and
flag-TFEB were extracted using a detergent containing buffer and
immunoblotted as shown. In the cortex, sAPPα levels increased by
154% (***, p < 0.001, n = 3) as detected by M3.2 antibody or by 153%
(***, p < 0.001, n = 3) as detected by 6E10 antibody and analyzed by t
test. In the hippocampus, sAPPα levels increased by 62% (***,

p < 0.001, n = 3) as detected by the M3.2 antibody or by 176% (**,
p < 0.01, n = 3) as detected by 6E10 antibody and analyzed by t test.
Increased sAPPα levels were confirmed using two antibodies, M3.2
and 6E10. CTF-β levels were significantly reduced by 46% (***,
p < 0.001, n = 3) in the cortex, but in the hippocampus, it was insignifi-
cant. Similar levels of APP, as detected by anti-APP antibody, were seen
in both WT and flag-TFEB brains. As expected flag antibody detected
flag-TFEB expression only from flag-TFEB mice and not fromWTmice
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enzyme activity comes from the observed more sAPPα in the
cortex and hippocampus of flag-TFEB mice than the WT
mice. ADAM10 being the major α-secretase in the brain for
cleaving APP at the α-secretase cleavage site [24, 25], in-
creased sAPPα level is another solid evidence in support of
increased ADAM10 by TFEB. Overexpression of ADAM10
that results in only 30% more enzymes over the endogenous
levels leading to increased sAPPα levels was shown to almost
completely prevent plaque formation and learning and mem-
ory deficits in the APP/PS1 transgenicmice [34]. In this study,
we found a more than 30% increase in the mature ADAM10
protein levels, as well as ADAM10 enzyme activity suggest-
ing that the extent of ADAM10 induction in the brain regions
by TFEB is sufficient for significantly reducing, amyloid
plaques, synaptic deficits, and the associated cognitive defi-
cits. Pieces of evidence such as a robust elevation in plaque
area, number, and size in the brain following PPARα deficien-
cy in the 5XFAD mice [67] and increased ADAM10 protein
both proform and mature form as well as sAPPα levels after
PPARα agonist,WY14643 stimulation [67], together with the
present results imply that TFEB-induced enhanced ADAM10
and sAPPα occur through PPARα pathway. Although the
mature form of ADAM10 has been recently shown to rapidly
undergo autoproteolytic degradation in the normal lysis
buffers [72], it is important to note that we have used the same
lysis buffer and similar lysis conditions in both the control and
experimental conditions, and therefore, if at all there was any
degradation, it is expected to occur in both the groups.
Moreover, increased ADAM10 enzyme activity as well as
sAPPα levels in the brain validated the increased levels of
mature form of ADAM10 by TFEB.

The current study has several limitations. First, we have
demonstrated ADAM10 potentiation and PPARαmechanism
only in HeLa cells, and therefore, it is important to investigate
whether the observed effects also occur in other cell types.
Autophagy inhibition by BAF1 and 3-MA may not be selec-
tive on autophagy, and other pathways may be affected. The
doses of BAF1 and 3-MA were selected based on literature
reports. Future studies should look at a range of doses and
multiple time points so that autophagy markers should reflect
the correct stage of the autophagy-lysosome pathway. Finally,
future studies could use cells derived from PPARα deficient
mice to provide confirmatory evidence that PPARα mediates
TFEB-induced increased ADAM10. Nevertheless, the present
data, especially from the mouse brain, provides solid data for
our conclusion.

In summary, we have demonstrated that TFEB activates
ADAM10 through PPARα pathway in HeLa cells and that such
ADAM10 potentiation resulting in nonamyloidogenic process-
ing of APP and sAPPα generation also occurs in vivo in the
brain. Since there is an age-associated decline in
nonamyloidogenic processing of APP [73] and since sAPPα is
also known to directly bind to BACE1, thereby inhibiting

BACE1 and reducing Aβ [74, 75], both TFEB and PPARα
are excellent targets to augment nonamyloidogenic pathway as
a therapeutic strategy for AD.

Materials and Methods

Chemicals and Antibodies

GW7647 (cat # G6793), GSK0660 (cat # G5797), GW6471
(cat # G5045), protease inhibitor cocktail (cat # P8340), di-
thiothreitol (cat # D9779), sodium orthovanadate (cat #
450243), and G418 disulfate (cat # A1729) were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). Puromycin
dihydrochloride (cat # 540222) and microcystin-LR (cat#
475815) were purchased from Calbiochem-Millipore
(Temecula, CA, USA). Nonidet-P40 substitute (cat # M158)
was obtained from AMRESCO (Solon, OH, USA). Fetal bo-
vine serum (FBS) was purchased fromBioFluid Technologies
(cat # SKU: 200-500-Q). Polyclonal TFEB antibody (cat #
4240) was purchased from Cell Signaling (Danvers, MA,
USA.). Polyclonal rabbit anti-ADAM10 antibody (cat #
A10348) was from ABclonal. Monoclonal mouse anti-
PPARα antibody (cat # sc-398,394) was from Santa Cruz
Biotechnology (Dallas, TX, USA). Monoclonal flag antibody
(M2, cat # F1804) and mouse monoclonal anti-GFP antibody
(cat # SAB5300167) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). For the detection of sAPPα from soluble
fractions, 6E10 antibody (cat # SIG-39320) and M3.2 anti-
body (cat # SIG-39155) were purchased from Covance.
Anti-actin antibody (cat # JLA20) deposited by Jim Jung-
Ching Lin was purchased from Developmental Studies
Hybridoma Bank (DSHB), University of Iowa (Iowa City,
IA, USA). Mouse monoclonal antibody against the alpha-
tubulin (cat # A01410) was purchased from GenScript
(Piscataway, NJ, USA). Secondary antibodies such as
peroxidase-conjugated AffiniPure goat anti-mouse (code #
115-035-146) and goat anti-rabbit (code # 111-035-144) IgG
(H + L) were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). All primary antibodies
for immunoblot analysis were diluted in 5% nonfat milk in
tris-buffered saline with 0.1% Tween-20 (TBS-T) buffer,
while the secondary antibodies were diluted in the TBS-T
buffer.

Generation of Stable HeLa Cells Expressing EGFP-TFEB
or mCherry-TFEB sgRNA

The plasmid pEGFP-N1-TFEB expressing human TFEB, de-
posited by Shawn Michael Ferguson, Department of Cell
Biology, Yale School of Medicine, was obtained from
Addgene (cat # 38119). HeLa cells (cat # CCL-2) derived
from epithelial cells of human origin were purchased from
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the American Type Culture Collection (Manassas, VA, USA).
To generate HeLa stable clones, cells were plated in a 10-cm
plate and after 24 h were transiently transfected with the
pEGFP-N1-TFEB plasmid using lipofectamine 2000 accord-
ing to the manufacturer’s instructions. Following 24 h of
transfection, the medium was replaced with DMEM medium
containing the antibiotic G418 at 600 μg/mL concentration.
Cells were cultured under the G418 selection-medium for ap-
proximately 1month, which resulted in the growth of about 20
individual colonies. Each colony was further expanded and
evaluated for the expression levels of EGFP-TFEB using a
fluorescence microscope. Out of 20 clones, 3 were narrowed
down, and one clone expressing highest levels of EGFP-
TFEB was selected and maintained in the culture medium
containing 300 μg/mL of G418. This cell line was designated
as HeLa-EGFP-TFEB and was used in the present experi-
ments. Similarly to generate TFEB knockdown, we purchased
a lentiviral sgRNA clone for the human TFEB gene (cat #
HCP219038-LvSG03-1-B) with the targeting sequence
“GCCACCATGGCGTCACGCAT” against human TFEB
in the dua l -use vec to r pCRISPR-LvSG03 f rom
GeneCopoeia (Rockville, MD, USA). After transient transfec-
tion of the construct with lipofectamine 2000, stable clones
resistant to puromycin were selected and expanded. The stable
cells were used only after the successful knockdown of TFEB
was confirmed by immunoblotting.

Generation of Transgenic Mice with Neuronal
Expression of Flag-TFEB Using Mouse Thy1 Promoter

All animal studies were approved by the institutional animal
care and use committee (IACUC) and followed all the NIH
ethical guidelines. The detailed methods of flag-TFEB trans-
genic mice generation are available in our previous publica-
tion [13]. Briefly, using pLenti6.2/V5-TFEB construct as the
source of human TFEB cDNA, the p3XFlag-TFEB-P2A-
EYFP construct was made by the combination of both restric-
tion digestion and polymerase chain reaction (PCR). A single
XhoI site within the TFEB cDNA was removed by site-
directed mutagenesis, and the entire 3XFlag-TFEB-P2A-
EYFP sequence was shuttled and fused with mouse thy-1
promoter at the XhoI restriction site in the pTSC21K plasmid.
The use of thy1 promoter was successful in restricting flag-
TFEB expression only in the neurons of the postnatal brain.

Isolation of Synaptosomes from the Mouse Brains

We used Syn-PER synaptic protein extraction reagent (cat #
87793, Thermo Scientific, Rockland, IL, USA) to prepare
synaptic proteins that have been previously shown to retain
phosphoprotein integrity. We followed the manufacturer’s in-
structions with a slight modification concerning the speed and
duration of centrifugation steps. Briefly, freshly dissected

cortical and hippocampal brain tissues isolated from the
wild-type (WT) and flag-TFEB transgenic mice were mixed
with Syn-PER reagent at 100 mg/mL and hand homogenized
using Teflon pestle glass homogenizer. Tissue debris was re-
moved by centrifuging the homogenate at 3000×g for 10 min,
followed by another centrifugation at 15,000×g. The superna-
tant was used as the homogenate fraction, and the pellet was
dissolved in Syn-PER reagent at 1.0 mL per 100 mg initial
brain tissue and used as synaptosome fractions.We previously
confirmed the integrity of synaptosomes isolated by this meth-
od by enriched detection of synaptic protein markers by west-
ern blots and the presence of postsynaptic density by trans-
mission electron microscopy.

Quantitation of Protein Levels by Immunoblotting

HeLa cells stably expressing EGFP-TFEB and control HeLa
cells were plated into 6-well plates at about 70% confluency.
The next day EGFP-TFEB cells were treated with either the
vehicle control or GSK0660 (PPARβ antagonist), GW6471
(PPARα antagonist), or GW9662 (PPARγ antagonist), all at
1.0 μM final concentration, and after 24 h, the cells were lysed
using lysis buffer (1% NP40) with complete protease inhibitor
mix (Sigma) supplemented with sodium vanadate and
microcystin. To quantitate protein levels in the brain, WT
and flag-TFEB mice were euthanized with isoflurane, decap-
itated immediately, and cortical and hippocampal brain re-
gions were rapidly separated into Syn-PER reagent containing
the complete protease inhibitor cocktail plus the microcystin
and sodium vanadate. For synaptic protein quantitation, syn-
aptosomes isolated as described above were used. Lysate sam-
ples were loaded into each well and subjected to SDS-PAGE
electrophoresis. The proteins were then transferred onto
PVDF membranes, blocked with 5% milk, and incubated
overnight with primary antibodies followed by 1-h incubation
with HRP-conjugated secondary antibodies. The protein sig-
nals were detected using super signal west pico chemilumi-
nescent substrate (Pierce, USA). Quantification of Western
blot signals was done using ImageJ software.

Quantitation of ADAM10 Enzyme Activity

To quantitate ADAM10 activity, we used a fluorometric
SensoLyte® 520 ADAM10 activity assay kit from AnaSpec
(cat # AS-72226) and followed their recommended protocol.
Briefly, working solutions of ADAM10 substrate, recombi-
nant ADAM10 enzyme, and inhibitors were prepared as per
their recommended protocol. Lysates from HeLa and HeLa-
EGFP cells were prepared using assay buffer with additional
protease inhibitor cocktail. Similarly, mice were euthanized,
and brain regions such as cortex and hippocampus were rap-
idly removed and homogenized using cold assay buffer, cen-
trifuged for 15 min at 10,000×g at 4 °C, and 25 uL of
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supernatants was added to the plate in a total volume of
100 μL reaction. For endpoint reading, the reactions were
incubated at 37 °C for 1 h and read at excitation 490 nm and
emission at 520 nm. The provided 5-FAM fluorescence refer-
ence standard was used to plot the standard curve as relative
fluorescence units (RFU), and the concentration of the final
product generated from the brain samples was deduced from
the standard graph.

Statistical Analysis

ImageJ software was used to quantify the protein bands from
the immunoblots. Actin levels were used for normalization of
proteins of interest to reflect true changes. Statistical analysis
was performed by using Instat3 software (GraphPad Software,
San Diego, CA, USA). In those experiments where only two
groups were involved (ADAM10 protein levels in the cortex
and hippocampal brain regions, HeLa cells), the student’s t
test was used assuming values are sampled from Gaussian
distribution and using two-tail p value. In experiments involv-
ing more than two groups (HeLa cells exposed to PPAR an-
tagonists), either ordinary ANOVA or repeated measures one-
way analysis of variance (ANOVA) as standard parametric
methods was used followed by post hoc Dunnett’s multiple
comparison test or Student-Newman-Keuls multiple compar-
isons test for comparisons among the different types of PPAR
antagonists. The data presented are the mean + standard devi-
ation (SD). The data were considered significant only if
p < 0.05. * indicates p < 0.05, ** p < 0.01, and *** p < 0.001.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12035-020-02230-8.
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