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Abstract

Di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) and its analogues are potent anti-
cancer agents through their ability to target lysosomes. Considering this, it was important to
understand the mechanisms involved in the Dp44mT-mediated induction of autophagy and the role
of 5'-adenosine monophosphate-activated protein kinase (AMPK) as a critical autophagic regulator.
As such, this investigation examined AMPK’s role in the regulation of the transcription factor EB
(TFEB), which transcribes genes involved in autophagy and lysosome biosynthesis. For the first
time, this study demonstrated that Dp44mT induces translocation of TFEB to the nucleus.
Furthermore, Dp44mT-mediated nuclear translocation of TFEB was AMPK-dependent.

Considering that: (1) the mammalian target of rapamycin complex 1 (mTORCI1) plays an important



role in the regulation of TFEB; and (2) that AMPK is a known regulator of mTORCI, this study
also elucidated the mechanisms through which Dp44mT regulates nuclear translocation of TFEB
via AMPK. Silencing AMPK led to increased mTOR phosphorylation, that activates mTORCI.
Since Dp44mT inhibits mMTORCI1 in an AMPK-dependent manner through raptor phosphorylation,
Dp44mT is demonstrated to regulate TFEB translocation through dual mechanisms: AMPK
activation, which inhibits mTOR, and inhibition of mTORCI1 via phosphorylation of raptor.
Collectively, Dp44mT-mediated activation of AMPK plays a crucial role in lysosomal biogenesis
and TFEB function. As Dp44mT potently chelates copper and iron that are crucial for tumor
growth, these studies provide insight into the regulatory mechanisms involved in intracellular
clearance and energy metabolism that occur upon alterations in metal ion homeostasis.
1. Introduction

The catabolic enzyme, 5'-adenosine monophosphate-activated protein kinase (AMPK), plays a
crucial role in the induction of autophagy [1, 2]. AMPK regulates autophagy via two mechanisms.
First, AMPK phosphorylates Unc-51 like autophagy activating kinase 1 (ULK1), an important
initiator of autophagy [3]. Second, AMPK is known to inhibit the mammalian target of rapamycin
complex 1 (mTORCI) and mTORCI inhibits the activation of ULKI, but also regulates the
transcription of autophagy-related genes [3]. Previously our laboratory demonstrated that the anti-
cancer agent, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT; Fig. 1A), which
demonstrates potent and selective anti-tumor activity, can activate ULK1 in an AMPK-dependent

manner to induce autophagy [4].

Examining the mechanism of Dp44mT anti-cancer activity was important, as this agent belongs to
the di-2-pyridylketone thiosemicarbazone (DpT) class of agents [5, 6], which have entered multi-
center, Phase I clinical trials [7]. These compounds demonstrate marked potential through their
ability to inhibit metastasis by up-regulating N-myc downstream regulated gene-1 [8, 9] and
overcoming P-glycoprotein-mediated drug resistance [10, 11]. A key part of their efficacy is due to
the so-called “double punch mechanism” [7]. This occurs when the agents first bind the essential

cellular nutrients, iron and copper, which are critical for tumor growth (“first punch”), and then



form cytotoxic redox active iron, and particularly, copper complexes (“second punch”), that damage

lysosomes [11, 12].

This latter mechanism induces lysosome membrane permeabilization and cathepsin release into the
cytosol, which results in the cleavage of pro-apoptotic, Bid, that leads to apoptosis [11, 12]. The
damage to the lysosome inhibits the fusion of the lysosome and the autophagosome, which prevents
the completion of autophagy [13, 14]. Considering this, further studies are important to understand
the mechanism of action of Dp44mT on the autophagic apparatus, as this understanding could lead

to the development of agents with even greater efficacy and selectivity.

One of the regulators of autophagy-related gene transcription is the basic helix-loop-helix, leucine
zipper transcription factor, namely transcription factor EB (TFEB) [15]. TFEB modulates the
formation of autophagosomes and also the fusion of the autophagosome and lysosome [16].
Furthermore, TFEB also regulates lysosomal biogenesis through transcription of several lysosomal
membrane proteins, including lysosomal hydrolase and components of the vacuolar H'-ATPase

complex [15, 17].

TFEB is regulated by nutrient fluctuations and cellular stress [18, 19] and is also modulated by the
lysosome itself, as a response to lysosomal status through mTORCI1 [20]. It is known that mTORC1
inhibits TFEB nuclear translocation, and additionally, mTORC1 has been identified on the
lysosomal membrane [17]. Settembre et al. [20], showed that mTORCI1 regulates the subcellular
localization of TFEB including its translocation to the nucleus. In fact, mMTORCI] targets Ser142 and
Ser211 of TFEB for phosphorylation and this interaction occurs on the lysosomal membrane, as a
response to lysosomal nutrient status [20]. TFEB has been reported to continuously cycle between
the lysosome and the cytosol according to cellular nutrient levels with some fraction of TFEB being

associated with lysosomes [20, 21].



Under normal nutritionally replete conditions, mTORCI1 present on the lysosomal membrane
phosphorylates TFEB and this phosphorylation inhibits the translocation of TFEB to the nucleus
and prevents its function as a transcription factor [20]. Under cellular stress, such as low levels of
ATP or glucose, mTORCI is inhibited and TFEB then translocates to the nucleus to transcribe its
target genes [20]. Once in the nucleus, TFEB is responsible for the transcription of autophagy-
related genes and genes encoding lysosomal proteins [19]. These autophagy-related genes include
LC3B, P62, VPSI11, VPS8, UVRAG, WIPI and ATGY9B [16]. Once transcribed and translated, the
autophagy-related proteins are responsible for the formation of the double membrane
autophagosome, in which damaged proteins and organelles are sequestered [22, 23]. The
autophagosome loaded with cargo, fuses with the lysosome, resulting in the formation of the
autolysosome [24]. The acidic hydrolases from lysosomes degrade the loaded cargo and release

nutrients back into the cytoplasm for recycling, correcting the nutritional deficiency [24].

As lysosomes are important for the anti-tumor activity of Dp44mT [12] and because this agent is a
potent chelator of the crucial cellular nutrients, iron and copper [6, 12, 25, 26], it is vital to
investigate the role of TFEB in the regulation of the lysosome as a response to Dp44mT. TFEB
plays a key role in the regulation of autophagy, but also organelle-specific autophagy, such as
lipophagy and mitophagy [16, 27]. Since TFEB plays a role in the regulation of both autophagy and
lysosomal biogenesis, modulating the transcriptional activity of TFEB enables regulation of

lysosomal function and autophagy in response to environmental cues [19].

AMPK is known to inhibit mTORCI1 activity both directly and indirectly, through raptor and
tuberous sclerosis complex 2 (TSC2), respectively [28, 29]. AMPK increases the phosphorylation
of raptor, which prevents the formation of the mTOR complex [28]. Additionally, AMPK also
activates, TSC2, which is known to inhibit ras homolog enriched in brain (RHEB), an activator of

mTOR [29, 30].



Our previous studies demonstrated that treatment of tumor cells with Dp44mT results in the
phosphorylation of raptor in an AMPK-dependent manner [4]. From this observation it was
hypothesized that Dp44mT-mediated activation of the AMPK pathway may lead to the inhibition of
mTORCI1. These events would subsequently activate TFEB, resulting in increased autophagy-
related gene transcription and lysosomal biosynthesis. The current investigation aimed to examine
this to understand the role of AMPK in the effect of Dp44mT on lysosomes and the pathways
involved, as well as its effect on autophagy. Considering the potential of Dp44mT and its analogues
as effective anti-cancer agents [5, 6], it was important to understand the mechanisms involved in

Dp44mT-mediated autophagy [14, 31], and the role of AMPK as a key regulator of autophagy.

2. Materials and methods

2.1 Cell culture and treatment

PANCI cells were grown and cultured as previously described [32]. The chelator, Dp44mT, was
synthesized and characterized according to our established methodology [25, 33]. Cells were seeded
into tissue culture plates and incubated until reaching approximately 80% confluence. These cells
were then treated with either control medium or this medium containing Dp44mT at the indicated

concentrations for 24 h/37°C, or unless otherwise specified.

2.2 Gene silencing using siRNA

Cells were seeded onto plates and incubated for 24 h/37°C, under the conditions described above in
Section 2.1. These cells were then incubated with either 150 pmoles of negative control siRNA (NC
siRNA; Cat. #AM4637; ThermoFisher Scientific, Waltham, MA, USA), AMPK al siRNA, herein
referred to AMPK siRNA (Cat. #143192; ThermoFisher Scientific), or TFEB siRNA (Cat. #s15495;
ThermoFisher Scientific), and Lipofectamine 2000 in Opti-MEM (ThermoFisher Scientific) for 6

h/37°C. The media was replaced, and cells were incubated for 48 h/37°C, prior to treatment.

2.3 Protein extraction and western blotting



Protein was prepared using either whole cell lysates, as described previously [4, 34], or nuclear and
cytoplasmic fractions were extracted using the NE-PER Nuclear and Cytoplasmic Extraction
Reagent Kit (Pierce, IL, USA) following the manufacturer’s protocol. The primary antibodies used
included those against: p-AMPKal (Thr172; Cat. #2535; Cell Signaling Technology, Danvers, MA,
USA); AMPKa (Cat. #2793; Cell Signaling Technology); LC3 (Cat. #PM036; MBL International,
WOBURN, MA, USA); Beclin-1 (Cat. #3495, Cell Signaling Technology); TFEB (Cat. #37785;
Cell Signaling Technology); LAMP2 (Cat. #ab25631; Abcam); cathepsin D (Cat. #ab72915;
Abcam); p-mTOR (Ser2448; Cat. #2971; Cell Signaling Technology); mTOR (Cat. #2983; Cell
Signaling Technology); p-TSC2 (Ser1387; Cat. #8350; Cell Signaling Technology); and TSC2 (Cat.
#8350; Cell Signaling Technology). The primary antibodies were diluted 1:1000 in 5% (w/v)
bovine serum albumin (BSA) in Tris-buffered saline (TBS; Sigma) containing 0.1% Tween-20
(TBST). As an assessment of equal protein-loading, membranes were probed for B-actin (Cat.
#A1978; Sigma-Aldrich). The antibody against B-actin was diluted to 1:10,000 in 5% (w/v) non-fat
milk in TBST. None of the agents tested had any effect on B-actin expression relative to the control,

demonstrating its utility as an appropriate loading control.

Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG from Sigma-Aldrich
were used as secondary antibodies. These were diluted to 1:10,000 in 5% non-fat milk in TBST.
The membranes were incubated with Luminata Crescendo Western HRP substrate (Cat.
#WBLURO100; Millipore, Billerica, MA, USA), or Luminata Forte Western HRP substrate (Cat.
#WBLUFO0100; Millipore). The chemiluminescence signals were captured using a ChemiDoc MP
Imaging System (BioRad; NSW, Australia). Densitometric analysis was performed using
ChemiDoc Image Lab Software (BioRad). Densitometry of bands was normalized to the

corresponding f-actin standards.

2.4 Confocal immunofluorescence microscopy



Immunofluorescence using confocal microscopy was performed according to standard procedures
[35, 36] . The slides were incubated with primary antibodies against rabbit anti-TFEB (Cat.
#37785S; Cell Signaling Technology) in PBS (1% BSA) at 4 °C overnight. The slides were then
washed in PBS and incubated with the secondary antibody anti-rabbit Ab conjugated to Alexa
Fluor® 488 fluorescent dye (1:1000; Cat. #4412S; Cell Signaling) for 2 h/20 °C. Coverslips were
mounted onto glass slides using ProLong® Gold Antifade Reagent with DAPI (Cat. #P36935; Life
Technologies). Stained samples were examined with the Zeiss LSM 510 Meta Spectral Confocal
Microscope using the 63 x oil objective. Images were captured with AxioVision Rel 4.8 software.
The quantification of nuclear and cytoplasmic intensity was performed with the intensity ratio
nuclei cytoplasmic tool using ImageJ (NIH, Maryland) and represents the average intensity/cell

with 24-30 cells being quantified/condition over 3 experiments.

2.5 Statistics
Experimental data were compared using the Student’s paired #¢-test. Results were considered
statistically significant when p < 0.05. Results are presented as the mean + standard error of the
mean (SEM) of 3 experiments.

3. Results
3.1 Dp44mT induces translocation of TFEB from the cytoplasm to the nucleus
Research from our laboratory has convincingly demonstrated that Dp44mT activates autophagy in
cancer cells [14, 31, 32]. As TFEB is a key regulator of transcription of autophagy-related genes
[16], the goal of initial experiments was to examine the effect of Dp44mT on the sub-cellular
localization of TFEB in the cytoplasm and nucleus. For these studies, the PANCI cell-type was
specifically chosen as our laboratory has previously characterized the response of these cells to
Dp44mT, including its ability to activate AMPK, induce autophagy and elicit lysosomal membrane
permeabilization [14, 31, 32]. Furthermore, our studies demonstrated that AMPK activation by
Dp44mT in PANCI cells was similar to other pancreatic cancer cell-types (i.e., AsPC-1 and

MIAPaCa-2) [32] and also to a panel of other tumor cell-types, including: MCF7 breast cancer



cells, HT29 colon carcinoma cells, DU145 prostate cancer cells and SK-N-MC neuroepithelioma
cells [4]. These data indicate the response of PANCI1 cells to Dp44mT is typical amongst a range of

tumor cells, demonstrating their usefulness as a model for the current studies.

First, TFEB expression in PANCI1 cells was assessed in the cytoplasm and nucleus, with fraction
purity being determined by the expression of the cytoplasmic and nuclear proteins, glyceraldehyde-
phosphate dehydrogenase (GAPDH) and histone deacetylase 1 (HDACI; [37]), respectively. Two
bands corresponding to TFEB were observed in the nuclear fraction at 65- and 70-kDa, with the
latter band being the predominate isoform (Fig. 1B). The minor 65-kDa isoform was not always

apparent in repeat experiments, probably due to it merging with the upper 70-kDa band.

The expression of TFEB was markedly and significantly (p < 0.001-0.01) higher levels in the
nucleus relative to the cytoplasmic fraction (Fig. 1B, C), which is consistent with its known role as
a transcription factor [15]. TFEB has been described as a low abundance protein in some cell-types
[38]. The very low levels of TFEB in the cytoplasmic fraction was surprising and is further
examined in the next stage of experimentation below in Figure 2. PANCI cells incubated with
serum-starved media were used as a positive control relative to incubation with medium containing
serum, as serum-starvation is known to initiate nuclear translocation of TFEB [18, 38]. Under
serum-starvation, there was a significant (p < 0.01) increase in the top band of TFEB at 70 kDa in
the nuclear relative to cytoplasmic fraction (Fig. 1B, C). Hence, as this is an expected response that
classically stimulates autophagy, the top band of TFEB at 70 kDa was used for quantification of the
protein here and in all further studies, as this supported its role as the typical TFEB isoform

involved in autophagy [18, 38].

PANCI cells were then incubated with control medium or this medium containing increasing
concentrations of Dp44mT (0-, 2.5-, or 5-uM) for 24 h/37 °C and the cytoplasmic and nuclear
fractions then extracted and examined by western analysis (Fig. 1D, E). Again, TFEB levels in the

nucleus in the control and Dp44mT-treated samples were markedly and significantly (p < 0.001)



greater in the nucleus relative to their respective cytoplasmic samples. There was a significant (p <
0.05) increase in TFEB levels (70-kDa) in the nucleus after incubation with Dp44mT (2.5- and 5-
uM) versus the nuclear control (Fig. 1D, E). While the levels of TFEB at 70-kDa were increased by
Dp44mT at both 2.5- and 5-uM relative to the respective control, a slight decrease in TFEB levels
was observed at 5- relative to 2.5-uM. The reason for this response of TFEB to increasing Dp44mT
concentration is currently unclear. However, it could be related to alterations in the metabolic
response to this agent, which has been reported in this cell-type, where autophagy can convert to
apoptosis under the stress induced by this anti-tumor agent [32]. The 65-kDa isoform of TFEB in
the nucleus was shown to decrease as the concentration of Dp44mT increased (Fig. 1D), but
because of the unknown significance of this isoform, it is not considered further and was not

quantitated.

Collectively, these results in Figure 1B-E indicate that Dp44mT increased nuclear translocation of
the 70-kDa TFEB isoform that responded to nutrient deprivation (i.e., serum starvation in Fig. 1B,

C and iron and copper chelation by Dp44mT in Fig. 1D, E).

3.2 Confocal microscopy identifies cytosolic TFEB in punctate foci in cells that translocate to
nuclei upon Dp44mT treatment

Considering these results from western analysis in Figs. 1D, E, the intracellular localization of
TFEB was also examined using a different antibody that is recommended for immunofluorescence
using confocal microscopy (Fig. 2). In these studies, PANCI cells were incubated for 24 h/37°C
with 0 (Control), 1.25-, 2.5- or 5-uM Dp44mT. The intracellular localization of TFEB was
demonstrated to be significantly (p < 0.001) higher in the cytoplasm relative to the nucleus under
control conditions (Fig. 2A, B). Clearly, the antibody used for immunofluorescence appeared to
demonstrate far greater sensitivity in detecting “cytosolic” TFEB relative to the antibody

implemented for western analysis (Fig. 1B, D). However, from confocal microscopy analysis,



TFEB appeared in the cytoplasm as granular puncta, suggesting that it may be associated with

organelles, rather than being “free” in the cytosol (see magnified image; Fig. 2A).

In fact, TFEB has been reported to continuously cycle between lysosomes, the cytosol and the
nucleus according to cellular nutrient levels [20, 21]. As such, the granular puncta of TFEB in cells
could indicate its association with lysosomes or associated organelle systems (e.g., endoplasmic
reticulum, vesicles, efc.) that enable the known inter-organelle shuttling of TFEB. Increased amino
acid levels lead to the interaction of TFEB with active Rag guanosine triphosphatases (GTPases) to
promote recruitment of TFEB to lysosomes [21]. This results in mTORCI1-dependent
phosphorylation and inhibition of TFEB on lysosomes [21] and may explain the lower levels of
TFEB in the nucleus under control conditions and the granular appearance of cytosolic TFEB (Fig.
2A). Hence, the cytoplasmic fraction of TFEB in Figure 1B, D probably does not correlate to the

cytosolic TFEB observed via confocal microscopy, which includes organelle interactions (Fig. 2A).

Nonetheless, after incubation of cells with Dp44mT at all concentrations (1.25-5 pM), there was a
significant (p < 0.001-0.05) increase in perinuclear and nuclear-associated TFEB and a marked
decrease in cytosolic TFEB expression (Fig. 2A, B). These results are consistent with the western
analysis in Figure 1D, E. In fact, after Dp44mT treatment, TFEB was localized in the nucleus as
granular occlusions and also in a perinuclear location (Fig. 2A). Some evidence of plasma
membrane-associated TFEB also was observed after Dp44mT treatment, with a definite,
pronounced decrease in total cellular TFEB being identified after incubation with all Dp44mT

concentrations relative to the control (Fig. 2A).

Collectively, these data in Figures 1 and 2 indicate that incubation of PANCI cells with Dp44mT
leads to perinuclear and nuclear translocation of the master transcriptional regulator of autophagy,

TFEB.



3.3 AMPK expression is essential for the nuclear translocation of TFEB

It is well known that AMPK plays a role in the initiation of autophagy in cancer cells through
activation of ULK1 and inhibition of mTORCI1 [3]. Furthermore, since the nuclear translocation of
TFEB is inhibited by mTORCI1 [20], this study aimed to examine the role of Dp44mT-mediated

activation of the AMPK pathway in the nuclear localization of TFEB (Fig. 3).

To investigate this, PANC-1 cells were incubated for 48 h/37 °C with either negative control (NC)
siRNA or AMPK siRNA, followed by incubation with control medium or this medium containing
Dp44mT (2.5 uM) for 24 h/37 °C (Fig. 3A, B). This concentration of Dp44mT was implemented as
it demonstrated maximal ability to induce nuclear translocation of TFEB (Fig. 2B) without evidence
of cytotoxicity after a 24 h incubation and has also been previously demonstrated to activate AMPK
[4]. Sub-cellular localization of TFEB was again examined using confocal immunofluorescence
microscopy, with the granular, punctate nature of TFEB again being evident in the magnified image
(Fig. 3A). In control cells treated with the NC siRNA, TFEB was again observed to be at
significantly (p < 0.05) greater levels in the cytoplasm relative to the nucleus (Fig. 3A, B), as found
in Figure 2A, B. In contrast, incubation of NC siRNA-treated cells with Dp44mT (2.5 uM),
resulted in a significant (p < 0.05) increase in perinuclear and nuclear TFEB compared to the
control, and a significant (p < 0.05) decrease of TFEB in the cytoplasm relative to the control (Fig.
3A, B). As observed in Figure 2A, B there was also a decrease in total TFEB fluorescence after

Dp44mT treatment relative to the control in NC siRNA-treated cells (Fig. 3A).

After silencing AMPK in PANCI cells and then treating them with either the control medium or this
medium containing Dp44mT, there was a marked decrease in total cellular TFEB relative to control
cells incubated with NC siRNA (Fig. 3A). Relative to the control in NC siRNA-treated cells,
silencing AMPK in control cells led to a decrease in cytosolic TFEB and a slight increase in nuclear
TFEB (Fig. 3A, B). Incubation of AMPK siRNA-treated cells with Dp44mT (2.5 uM) had no

significant (p > 0.05) effect on the subcellular localization of TFEB in the nucleus or cytoplasm



compared to the respective control (Fig. 3A, B). Importantly, relative to NC siRNA-treated cells
incubated with Dp44mT, AMPK silencing largely prevented the ability of Dp44mT to increase

nuclear levels of TFEB.

These results in Figure 3 indicate that AMPK expression plays a role in the ability of Dp44mT to
induce nuclear translocation of TFEB, suggesting the known activation of AMPK by Dp44mT [4]

could be involved in its ability to result in nuclear translocation of TFEB.

3.4 Dp44mT increases p-TSC levels and AMPK inhibits mTOR phosphorylation-independent
of TSC2

As demonstrated in the previous section, AMPK played an important role in the regulation of the
sub-cellular localization of TFEB in response to Dp44mT (Fig. 3). This effect can be hypothesized
to be due to AMPK’s ability to inhibit mTOR phosphorylation via TSC2 [29]. AMPK is known to
supresses mMTORCI activity through dual mechanisms. First, AMPK inhibits the formation of the
mTORCI1 complex through phosphorylation of raptor [28]. Second, AMPK also phosphorylates
TSC2, which subsequently decreases mTOR phosphorylation and its activation [29, 30]. Our
laboratory demonstrated that Dp44mT markedly increases AMPK activation and raptor
phosphorylation, which are known to prevent the formation of the mTORCI1 complex that inhibits
protein synthesis [4]. However, the effect of Dp44mT on mTOR and TSC2 phosphorylation was
not examined, and is now investigated here, together with the role of AMPK in this regulation (Fig.

4).

In these studies, PANC1 cells were incubated for 48 h/37°C with either NC siRNA or AMPK
siRNA, followed by a 24 h/37°C incubation with control medium or this medium containing
Dp44mT (2.5 uM). As shown by our laboratory previously [4], Dp44mT significantly (p < 0.05)
inhibited total AMPK protein level and also significantly (p < 0.05) increased p-AMPK (Thr172)

relative to the respective controls after incubation with NC siRNA (Fig. 4A, Bi,ii). As a control for



AMPK silencing, total AMPK and p-AMPK was investigated, with AMPK siRNA significantly (p <
0.01-0.001) decreasing total and p-AMPK levels in the presence or absence of Dp44mT relative to

NC siRNA (Fig. 4A, Bi,ii).

Examining p-TSC2 (Ser1387) levels, there was a significant (p < 0.05) increase after incubation
with Dp44mT compared to the control in NC siRNA-treated cells (Fig. 4A, Biii). In contrast, p-
TSC2 levels were significantly (p < 0.05) decreased in AMPK-silenced cells after incubation with
the control or Dp44mT relative to the respective treatments in NC siRNA cells (Fig. 4A, Biii).
However, despite AMPK-silencing, there was a significant (p < 0.05) increase in p-TSC2 levels
after incubation with Dp44mT relative to the respective control (Fig. 4A, Biii). Assessing total
TSC2 levels, there was a significant (p < 0.01-0.05) decrease in TSC2 levels after incubation with
Dp44mT in both NC- and -AMPK siRNA treated cells, compared to their respective controls (Fig.
4A, Biv). The effect of Dp44mT on decreasing TSC2 was significantly (p < 0.05) greater after

AMPK siRNA relative to the NC siRNA treatment.

There was a marked and significant (p < 0.05) increase in the p-TSC2/TSC2 ratio after incubation
with Dp44mT, which occurred to a similar extent in both NC siRNA cells and AMPK siRNA cells,
compared to the respective control (Fig. 4A, Bv). Interestingly, despite the increase in p-TSC2
levels after incubation with Dp44mT in the NC siRNA cells (Fig. 4A, Biii), there was only a slight
(p > 0.05) increase of p-mTOR (Ser2448) levels after incubation with Dp44mT compared to control
cells (Fig. 4A, Bvi). However, there was a pronounced and significant (p < 0.01-0.05) increase in p-
mTOR levels in AMPK-silenced cells for both the control- and Dp44mT-treatment, compared to the
respective NC siRNA-treated cells (Fig. 4A, Bvi). This observation suggests that AMPK expression
inhibits mTOR phosphorylation irrespective of Dp44mT. In contrast, AMPK-silencing resulted in a
significant (p < 0.01-0.05) decrease in mTOR levels for both the control and Dp44mT compared to

the analogous treatment of NC siRNA cells (Fig. 4A, Bvii). Due to these latter alterations, there was



a significant (p < 0.01-0.05) increase in p-mTOR/mTOR ratio in AMPK-silenced cells for both the

control and Dp44mT-treatment compared to NC siRNA cells (Fig. 4A, Bviii).

Collectively, these results indicate that: (1) Dp44mT increases p-TSC2 levels irrespective of AMPK
expression, and increased p-TSC2 is known to inhibit mTORC1 formation; and (2) AMPK silencing
increases p-mTOR in the presence or absence of Dp44mT, implying that AMPK inhibits p-mTOR
in the presence or absence of Dp44mT. Hence, Dp44mT will lead to autophagy through both these

mechanisms.

3.5 TFEB plays a role in Dp44mT-mediated autophagy

Our previous studies have clearly demonstrated that through its ability to bind the crucial cellular
nutrients, iron and copper, Dp44mT activates AMPK to induce autophagy [4]. In the current
investigation, AMPK silencing was demonstrated to largely prevent the ability of Dp44mT to
increase nuclear TFEB levels (Fig. 3), implying a role for AMPK in this process. Since AMPK is
known to play a role in the regulation of TFEB [20], the role of TFEB in Dp44mT-mediated
autophagy was also examined. These studies were performed in the presence or absence of the late-
stage autophagic inhibitor, Bafilomycin Al (Baf Al; Fig. 5) [39]. Autophagosome levels were
assessed by examining the expression of its classical marker, microtubule-associated protein 1 light
chain 3 (LC3-II), which is present on the autophagosome membrane throughout its life [40].
Initially, PANCI1 cells were incubated with either NC siRNA or 7FEB siRNA for 48 h/37°C,
followed by incubation with Dp44mT (2.5 uM), Baf A1 (100 nM), or both, for 24 h/37°C. These
conditions with Baf Al have previously been demonstrated by our laboratory to optimally inhibit

autophagosome formation in PANCI cells [31].

In these experiments, Dp44mT markedly and significantly (p < 0.001) decreased total cellular
TFEB expression in NC siRNA-treated cells in the absence of Baf A1 versus the respective controls

(Fig. 5A, Bi). A similar decrease in total cellular TFEB after incubation with Dp44mT was



demonstrated in Figures 2 and 3. Silencing TFEB caused a pronounced and significant (p < 0.001)
decrease in its levels in the presence and absence of Dp44mT relative to the respective NC siRNA
conditions (Fig. 5A, Bi). Examining LC3-I levels in the absence of Baf Al, both NC siRNA and
TFEB siRNA did not result in any significant (p > 0.05) alteration relative to the respective controls
(Fig. 5A, Bii). After incubation of Baf A1 with the NC siRNA- or TFEB siRNA-treated cells, there
was no significant (p > 0.05) change in LC3-I level in either the control- or Dp44mT-treated groups

relative to the control of the NC siRNA group not treated with Baf A1 (Fig. SA, Bii).

Assessing LC3-II levels in cells not treated with Baf A1, there was a significant (p < 0.01-0.05)
increase in the NC siRNA- and TFEB siRNA-treated cells after incubation with Dp44mT relative to
the control (Fig. SA, Biii). This increase in LC3-II after incubation with Dp44mT could be due to
either increased autophagosome formation or a decrease in lysosome-mediated autophagosome
degradation. To further elucidate this mechanism cells were also co-incubated with the late-stage

autophagy inhibitor Baf Al.

Incubation of NC siRNA-treated cells with Baf Al in the absence of Dp44mT resulted in a
significant (p < 0.01) increase in the level of LC3-II compared to the relative NC siRNA-treated
control cells (Fig. SA, Biii). Interestingly, while there was a significant (p < 0.05) increase in LC3-
IT levels in the TFEB-silenced and Baf Al-treated cells after incubation with Dp44mT relative to
the control (Fig. SA, Biii), this increase was significantly (p < 0.05) less pronounced than that
observed with Dp44mT in NC siRNA-treated cells (Fig. SA, Biii). This observation suggests that

silencing TFEB suppressed the Dp44mT-mediated initiation of autophagy.

In summary, these results in Figure SA, B indicate that Dp44mT induces autophagy in a TFEB-

dependent manner.

3.6 Dp44mT suppresses Beclin-1 expression in the absence and presence of TFEB



We further examined the role of TFEB in the regulation of Beclin-1 (Fig. SC, D), another regulator
of the autophagy process [41]. PANCI cells were incubated for 48 h/37°C with either NC siRNA or
TFEB siRNA, followed by incubation for 24 h/37°C in the absence and presence Dp44mT (2.5
uM). The levels of TFEB and Beclin-1 were then analyzed by western blotting. Incubation with
Dp44mT significantly (p < 0.001) decreased total TFEB expression after incubation with NC
siRNA or TFEB siRNA relative to the NC siRNA-treated control (Fig. SC, Di). Silencing TFEB
resulted in a marked and significant (p < 0.001) decrease in its expression relative to the respective
NC siRNA (Fig. 5C, Di). There was a significant (p < 0.01-0.05) decrease in Beclin-1 levels in NC
siRNA-treated cells and TFEB siRNA-treated cells after incubation with Dp44mT relative to the
respective controls (Fig. 5C, Dii). Silencing TFEB expression resulted in a significant (p < 0.05)
increase in Beclin-1 levels for both the control and Dp44mT-treatments relative to the respective

treatments after incubation with the NC siRNA (Fig. 5C, Dii).

In summary, the results in Figure 5C, D demonstrate that the suppression of Beclin-1 expression by

Dp44mT is TFEB-independent.

3.7 AMPK and Dp44mT regulate levels of the lysosomal markers, LAMP2 and cathepsin D

Apart from regulating autophagy, TFEB plays a key role in lysosomal biosynthesis due to the
transcription of several lysosomal genes [15, 17]. One of the major mechanisms of action for
Dp44mT is through its ability to induce lysosomal membrane permeabilization [7, 12, 14]. We
previously demonstrated that AMPK-silencing results in decreased lysosomal membrane
permeabilization and stabilization of lysosomes in PANCI cells [32]. The current study examined
the effect of AMPK-silencing on the well-known lysosomal markers, lysosome-associated

membrane protein 2 (LAMP2; [42]), and the soluble lysosomal protease, cathepsin D ([43]; Fig. 6).

In these studies, PANCI1 cells were incubated for 48 h/37°C with either NC siRNA or AMPK

siRNA, prior to incubation in the absence or presence of Dp44mT (2.5 uM; 24 h). Again, total



AMPK was used as a control with AMPK siRNA significantly (»p < 0.001-0.01) decreasing its levels
(Fig. 6A, Bi). Furthermore, as shown previously [4], total AMPK and its levels were significantly
(» < 0.001-0.01) decreased by Dp44mT after treatment of PANCI cells with NC siRNA and

especially AMPK siRNA (Fig. 6A, Bi).

There was a slight, but significant (p < 0.05) decrease in LAMP2 levels in NC siRNA-treated cells
after incubation with Dp44mT compared to the control (Fig. 6A, Bii). In contrast, LAMP2 levels
were significantly (p < 0.01) increased in AMPK-silenced control cells compared to NC siRNA-
treated control cells (Fig. 6A, Cii). This observation may be related to our previously reported
finding that AMPK silencing stabilizes the lysosome in PANC-1 cells due to increased cholesterol
levels [32]. There was a significant (p < 0.05) decrease in LAMP2 expression after incubation of
PANCI cells with Dp44mT after AMPK-silencing, compared to the respective control (Fig. 6A,
Bii), which may be again related to the ability of Dp44mT to induce lysosomal membrane

permeabilization [12, 14].

Examining cathepsin D levels in NC siRNA-treated cells, there was a significant (p < 0.05)
decrease after incubation with Dp44mT versus the control (Fig. 6A, Biii). Silencing AMPK resulted
in a slight, but significant (p < 0.01) increase of cathepsin D levels in the control treatment relative
to the NC siRNA-treated control. A more pronounced and significant (p < 0.05) increase in
cathepsin D expression was observed with AMPK silencing after Dp44mT treatment relative to the

analogously treated NC siRNA cells (Fig. 6A, Biii).

In summary, silencing AMPK led to increased lysosomal LAMP2 and cathepsin D in control cells,
while AMPK silenced cells incubated with Dp44mT resulted in either decreased LAMP2 or
increased cathepsin D expression versus the relative control. The difference in response may be
related to LAMP2 being a membrane-bound lysosomal protein, while cathepsin D is a soluble

lysosomal enzyme [42, 43].



3.8 TFEB and Dp44mT regulate levels of the lysosomal markers, LAMP2 and cathepsin D

The role of TFEB expression in the regulation of LAMP2 and cathepsin D levels by Dp44mT was
also examined using western blotting (Fig. 6C, Di-iii). PANCI1 cells were treated with NC siRNA
or TFEB siRNA for 48 h, followed by an incubation in the absence or presence of Dp44mT (2.5
uM) for 24 h. As shown in Figures 2A, B, 3A, B, and 5A, Bi, again total TFEB was significantly
(p < 0.001-0.05) decreased by Dp44mT in cells incubated with NC siRNA and especially AMPK
siRNA (Fig. 6C, Di). Incubation of PANCI cells with TFEB siRNA followed by with the control or

Dp44mT resulted in a marked and significant (p < 0.001) decrease in its levels (Fig. 6C, Di).

Assessing NC siRNA-treated cells, there was a significant (p < 0.001-0.05) decrease in both
LAMP2 and cathepsin D expression after incubation with Dp44mT relative to the control (Fig. 6C,
Dp44mT to induce lysosomal membrane permeabilization [7, 12, 14]. In TFEB-silenced cells, there
was a significant (p < 0.001) decrease in the levels of both LAMP2 and cathepsin D after incubation
with the control or Dp44mT relative to the respective treatments incubated with NC siRNA (Fig.
6C, Dii, iii). However, incubation with Dp44mT did not lead to any significant (p > 0.05) alteration
in LAMP?2 or cathepsin D levels compared to the respective control after TFEB-silencing (Fig. 6C,
Dii). Collectively, these results suggest that TFEB expression plays a role in the regulation of
LAMP?2 and cathepsin D, both being targets of this transcription factor [44]. Moreover, the decrease
in LAMP2 and cathepsin D by Dp44mT could be related to the decreased total levels of TFEB
induced by this agent (Figs. 2A,B, 3A,B, 5A,Bi, 6C,Di), or its ability to increase lysosomal

membrane permeabilization [7, 12, 14].

4 Discussion
TFEB plays a role as a master regulator of autophagy and also lysosomal biosynthesis as it is
responsible for the transcription of multiple lysosomal genes [19, 20]. One of the major mechanisms

of anti-proliferative activity of Dp44mT involves lysosomal membrane permeabilization [7, 12, 14].



Such lysosomal damage impairs autophagy, as the lysosome and the autophagosome are no longer

able to fuse to form the autolysosome resulting in dysfunctional autophagy [14].

TFEB acts in the nucleus and its localization is regulated by mTORCI activity [20]. For the first
time, we demonstrate that Dp44mT induces increased nuclear TFEB, although total cellular levels
of TFEB were also suppressed. The increased nuclear TFEB may play a role in the increased
autophagy observed after incubation with Dp44mT [14, 31]. Considering this, it is well known that
TFEB regulates the transcription of autophagy-related genes [19]. In our studies, we demonstrated
that LC3-II levels were decreased in TFEB-silenced cells and Dp44mT was able increase LC3-II
levels. However, silencing TFEB suppressed the ability of Dp44mT to increase LC3-II levels in the
presence of the late-stage autophagy inhibitor, Baf A1, suggesting a decrease in autophagy flux, and
thus, these studies demonstrate a role for TFEB in promoting Dp44mT-mediated autophagic

Initiation.

Previous investigations from our laboratory demonstrated that Dp44mT can increase the
phosphorylation of raptor [4], which is known to inhibit the formation of mTORCI that plays a
crucial role in protein synthesis and proliferation and negatively regulates catabolic processes such
as autophagy [45]. This inhibition of mTORCI1 activity by Dp44mT, could potentially lead to TFEB

activation, as mTORCI1 is known to suppress nuclear translocation of TFEB [20].

Our previous studies demonstrated that the Dp44mT-mediated phosphorylation of raptor was
AMPK-dependent [4]. Herein, we have demonstrated that AMPK silencing increases
phosphorylation of mTOR. This result implies that AMPK activation and expression inhibits mMTOR
activation, which would prevent mTORC]1 formation and result in nuclear translocation of TFEB.
We previously demonstrated that Dp44mT markedly promotes AMPK activation [4], and in the
current study, this agent increased p-TSC2 levels. Hence, Dp44mT regulates subcellular

localization of TFEB by inhibiting both arms of mTORCI activation, namely by: (1) inhibiting



mTORCI1 formation via the phosphorylation of raptor [4]; and (2) by activation of the AMPK
pathway, which leads to phosphorylation of TSC2 at Ser1387, preventing mTORCI1 formation that
is vital for protein synthesis and growth. Our previous studies have demonstrated that cytotoxic iron
chelators markedly inhibit protein synthesis in a wide variety of tumor cells in vitro [46], although

the exact molecular mechanism had not been elucidated until this investigation.

The identification of TFEB as a global modulator of intracellular clearance and energy metabolism,
through the regulation of genes involved in the lysosomal—-autophagic pathways, has provided
insights into the mechanism by which the cell responds to environmental cues such as nutrient
availability. However, the effect of chelation of the essential nutrients iron and copper has not been
examined in terms of these regulatory pathways. As Dp44mT is a potent chelator of both these
metal ions [6, 12], the current studies provide insight also into the regulatory responses that occur

upon alterations in metal ion homeostasis.

Constitutively enhanced TFEB activity has been linked to increased tumorigenesis, as in the case of
renal clear cell carcinoma [47, 48]. Furthermore, induction of autophagy by activation of
microphthalmia-associated transcription factor (MiT) genes, including TFEB, has been found to
have an important role in pancreatic cancer [49], which is relevant to the current investigation
assessing PANCI pancreatic cancer cells. As such, the ability of Dp44mT to: (1) inhibit mTORC1,
which is key to protein synthesis and proliferation [45]; and (2) to stimulate the initiation of
autophagy, that is then targeted via lysosomal membrane permeabilization [12]; explains, in part,

the potent anti-tumor activity of this class of thiosemicarbazones [5-7].

Despite the increase in nuclear TFEB after incubation with Dp44mT (Figs. 1C,D, 2A,B, 3A,B), it
was of interest to note that several well-characterized downstream targets of TFEB, namely the
lysosomal proteins, LAMP2 and cathepsin D, were down-regulated by Dp44mT. The decrease in

the expression of these proteins could be due to the decreased protein synthesis induced by the



ability of Dp44mT to inhibit mMTORCI1 formation. Alternatively, or together with this latter effect,
the decrease in lysosomal LAMP2 and cathepsin D could be due to the ability of Dp44mT to induce
lysosomal membrane permeabilization. In fact, previous studies using immunofluorescence have
demonstrated a decrease in lysosomal LAMP2 and cathepsin D after incubation with cells with

Dp44mT and its closely related analogues [50].

5. Summary and Conclusions

The present work demonstrates that Dp44mT-mediated activation of the AMPK pathway plays a
role in lysosomal biogenesis and function of TFEB (Fig. 7). This agent was demonstrated to
increase nuclear TFEB, which plays a key role in the transcription of genes involved in both
lysosomal biogenesis and autophagy. Dp44mT regulates TFEB by inhibiting both arms of
mTORCI1 activation. This occurs through Dp44mT activating AMPK, which results in: (1)
phosphorylation of raptor [4]; and (2) TSC2 phosphorylation, which prevents mTORC1 formation
that is critical for protein synthesis and proliferation.

Collectively, together with our previous studies [12], the current investigation demonstrates that
Dp44mT increases TFEB nuclear localization to induce autophagy, which is then targeted by this
agent to provoke lysosomal membrane permeabilization [7, 12, 14]. This mechanism explains, in
part, the marked and promising anti-tumor efficacy of this class of thiosemicarbazones. This insight
into the role of TFEB in Dp44mT-mediated autophagy could result in better anti-cancer treatment
strategies in the future.
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Figure Legends

Figure 1. TFEB localization after incubation of cells with Dp44mT. (A) Line drawing of di-2-
pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT). (B) PANCI cells were incubated with
control medium or this medium without FCS for 24 h/37°C. Cytoplasmic and nuclear fractions were
then analyzed using western blot analysis to study the effect of these incubation conditions on the
levels of TFEB, HDAC (nuclear control) and GAPDH (cytoplasmic control). (C) Densitometric
analysis (arbitrary units) of the results in (B) for the 75 kDa TFEB band. (D) PANCI cells were
incubated with control medium or this medium containing Dp44mT (2.5- or 5-uM) for 24 h/37°C.
Cytoplasmic and nuclear fractions were then analyzed using western blot analysis to study the effect

of the experimental conditions on the expression of TFEB, HDAC and GAPDH. (E) Densitometric



analysis (arbitrary units) of the results in (D) for the 75 kDa TFEB band. Densitometry of bands
was normalized to the corresponding B-actin standards. Results are shown as mean £+ SEM (3
experiments): *p < 0.05, **p < 0.01; compared to the respective control cells. ##p < 0.01, #Hp <
0.001; compared to the relative cytoplasmic treatment.

Figure 2. Dp44mT results in the nuclear translocation of TFEB. (A) PANCI cells were
incubated with control medium or this medium containing Dp44mT (1.25-, 2.5-, or 5-uM) for 24
h/37°C. Immunofluorescence analysis was then performed to study the co-localization of TFEB
relative to DAPI-stained nuclei (DAPI, TFEB and Merge images; Scale bar: 22 pm; objective:
63x). The magnified image represents a 2.7-fold increase from that observed in the DAPI, TFEB
and Merge images. Scale bar: 22 pum. Images are representative of three experiments. The
quantification of intensity was performed with the intensity ratio nuclei cytoplasmic tool using
ImageJ and represents the average intensity/cell with 24-30 cells being quantified/condition. (B)
Quantitative analysis (arbitrary units) of TFEB intensity in (A). Results are shown as mean = SEM
(3 experiments): *p < 0.05, ***p < 0.001; compared to control cells. #p < 0.05, ###p < 0.001;
comparison of the nuclear and cytoplasmic fraction under the same conditions.

Figure 3. TFEB translocation to the nucleus is AMPK-dependent (A) PANCI cells were pre-
incubated for 48 h/37°C with either a negative control (NC) siRNA, or a selective siRNA against
AMPK. Cells were then subsequently incubated with control medium or this medium containing
Dp44mT (2.5 uM) for 24 h/37°C. Immunofluorescence analysis was then performed to study the
co-localization of TFEB relative to DAPI-stained nuclei (DAPI, TFEB and Merge images; Scale
bar: 22 um; objective: 63x). The Magnified image represents a 2.7-fold increase from that observed
in the DAPI, TFEB and Merge images. Scale bar: 22 pm. Images are representative of three
experiments. The quantification of intensity was performed with the intensity ratio nuclei
cytoplasmic tool using ImageJ and represents the average intensity/cell with 24-30 cells being
quantified/condition. (B) Quantitative analysis (arbitrary units) of TFEB intensity in (A). Results
are shown as mean + SEM (3 experiments): *p < 0.05 compared to the relative control cells. #p <

0.05, ##p < 0.01 comparison of nuclear and cytoplasmic fractions under the same condition.



Figure 4. AMPK silencing inhibits mTOR phosphorylation. (A) PANCI cells were pre-incubated
for 48 h/37°C with either a negative control (NC) siRNA, or a selective siRNA against AMPK.
Cells were then subsequently incubated with control medium or this medium containing Dp44mT
(2.5 uM) for 24 h/37°C. Western analysis was then performed to study the effect on the levels of
total AMPK, p-AMPK (Thr172), p-TSC2 (Ser1387), TSC2, p-mTOR (Ser2448), mTOR and B-
actin. (B) Densitometric analysis (arbitrary units) of the results in (A). Results are shown as mean +

SEM (3 experiments). Densitometry of bands was normalized to the corresponding [B-actin
standards.

*p <0.05, **p <0.01, ***p < 0.001; compared to control cells. #p < 0.05, ##p < 0.01; compared to
relative control treatment; ¥p < 0.05 comparison of the activity of Dp44mT (2.5 uM) between the
NC siRNA and AMPK siRNA-treatment.

Figure 5. Dp44mT increases LC3-II expression in a TFEB-dependent manner. (A) PANCI
cells were pre-incubated for 48 h/37°C with either NC siRNA or TFEB siRNA. The cells were then
subsequently incubated with control medium or this medium containing Baf A1 (100 nM) for 30
min/37°C followed by either control medium or this medium containing Dp44mT (2.5 uM) for 24
h/37°C. Western blot analysis was then performed to study the effect of these experimental
conditions on the levels of LC3-1, LC3-II, TFEB, or B-actin. (B) Densitometric analysis (arbitrary
units) of the results in (A). (C) PANCI1 cells were pre-incubated for 48 h/37°C with either NC
siRNA or TFEB siRNA. Cells were then subsequently incubated with control medium or this
medium containing Dp44mT (2.5 uM) for 24 h/37°C. Western blot analysis was then performed to
study the effect of these experimental conditions on total TFEB or Beclin-1 levels. (D)
Densitometric analysis (arbitrary units) of the results in (C). Densitometry of bands was normalized
to the corresponding B-actin standards. Results are shown as mean = SEM (3 experiments). *p <
0.05, ***p < 0.001 compared to the relative NC siRNA control cells. #p < 0.05, ##p < 0.01;
compared to the respective treatment without Baf Al. ¥ p < 0.05, ¥ p < 0.01; compared to
respective control treatment, or as indicated. ~ p < 0.05 compared to respective Dp44mT-treated

NC siRNA condition.



Figure 6. Effect of AMPK or TFEB silencing on the expression of the lysosomal markers,
lysosomal-associated membrane protein 2 (LAMP2) and cathepsin D. (A) PANCI cells were
pre-incubated for 48 h/37°C with either NC siRNA, or TFEB siRNA. Cells were then subsequently
incubated with control medium or this medium containing Dp44mT (2.5 uM) for 24 h/37°C.
Western blot analysis was then performed to study the effect on AMPK, LAMP2, cathepsin D, or 8-
actin levels. (B) Densitometric analysis (arbitrary units) of the results in (A). (C) PANCI cells were
pre-incubated for 48 h/37°C with either NC siRNA or TFEB siRNA. Cells were then subsequently
incubated with control medium or this medium containing Dp44mT (2.5 puM) for 24 h/37°C.
Western blot analysis was then performed to study the effect on TFEB, LAMP 2, cathepsin-D, or -
actin expression. (D) Densitometric analysis (arbitrary units) of the results in (C). Densitometry of
bands was normalized to the corresponding B-actin standards. Results are shown as mean = SEM (3
experiments). *p < 0.05, **p <0.01; ***p < 0.001 compared to relative NC siRNA control cells. #p
< 0.05 compared to the respective control treatment, or as shown.

Figure 7. Schematic overview of the effect of Dp44mT on the TFEB regulation. The chelator,
Dp44mT, induces translocation of TFEB to the nucleus through two processes. Once activated,
AMPK inhibits mTORCI, by inhibiting the phosphorylation of mTOR. Dp44mT also inhibits
mTORCI1 by preventing complex formation by phosphorylation of raptor by an AMPK-dependent
mechanism. The inhibition of mTORCI results in dephosphorylation of TFEB, allowing it to be
translocated to the nucleus. This activation of TFEB leads to increased autophagic initiation.
However, Dp44mT induces lysosomal membrane permeabilization (LMP), resulting in

dysfunctional autophagy [14].
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Highlights

Dp44mT shows potent anti-cancer activity through its ability to target lysosomes

Dp44mT induces nuclear translocation of the major regulator of autophagy, TFEB
Dp44mT-mediated nuclear translocation of TFEB was AMPK-dependent

Dp44mT regulates TFEB translocation through AMPK activation and mTORCI1 inhibition
AMPK activation by Dp44mT plays a role in lysosomal biogenesis and TFEB function
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