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BACKGROUND AND PURPOSE

Autophagy is an important intracellular degradation system, which is related to various diseases. In preliminary experiments
we found that D4-[6-(4-isopropoxyphenyl)pyrazolo [1,5-a]pyrimidin-3-yl] quinoline (DMHT) inhibited autophagy responses.
However DMHT1 also inhibits the signalling pathway activated by bone morphogenetic protein-4 (BMP4). The aim of the
present study was to elucidate the inhibitory effects of DMH1 on autophagy and the underlying mechanisms.

EXPERIMENTAL APPROACH
The effects of DMH1 on autophagy responses were evaluated in cultures of different cell types and with different stimuli to
induce autophagy, using Western blots, transmission electron microscopy and fluorescent microscopy.

KEY RESULTS

DMHT1 inhibited starvation-induced autophagy in cardiomyocytes, HeLa and MCF-7 cells, without involving the signalling
pathway of BMP4. DMH1 inhibited aminoimidazole carboxamide ribonucleotide (AICAR)- and rapamycin-induced autophagy
in HeLa and MCF-7 cells. DMHT1 reversed starvation- and AICAR-induced inhibition of Akt, mammalian target of rapamycin
(mTOR) and p70S6 kinase (S6K), and reversed rapamycin-induced inhibition of mTOR and S6K. DMH1 reversed
starvation-induced decrease of the phosphorylated form of glycogen synthase kinase-3 in MCF-7 and HT29 cells. Activation of
Akt and inhibition of autophagy induced by DMH1 were antagonized by an Akt specific inhibitor or by small interfering RNA
for Akt in Hela cells.

CONCLUSION AND IMPLICATIONS
DMHT1 inhibited cellular autophagy responses in a range of cell types and the underlying mechanisms include activation of
the Akt pathway.

Abbreviations

AICAR, aminoimidazole carboxamide ribonucleotide; BMP4, bone morphogenetic protein-4; DMH]1,
4-[6-(4-isopropoxyphenyl)pyrazolo [1,5-a]pyrimidin-3-yl] quinoline; GSK3, glycogen synthase kinase 3; mTOR,
mammalian target of rapamycin; S6K, p70S6 kinase; TEM, transmission electron microscopy
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Table of Links

TARGETS

DMHT1 inhibits autophagy

LIGANDS

Akt (protein kinase B)
glycogen synthase kinase (GSK)-3
mTOR

BMP4
Chloroquine
Rapamycin

This Table lists key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a, Alexander et al., 2013b).

Introduction

Autophagy is an intracellular bulk degradation process involv-
ing sequestration of cell structures in double-membrane orga-
nelles and their delivery to lysosomes for degradation. Under
normal conditions, the function of autophagy is to remove
malfunctioning organelles or damaged proteins and to main-
tain cellular homeostasis, but when this process is extensive,
autophagy acts as a cell death pathway (Yang and Klionsky,
2010).

The low MW compound, 4-[6-(4-isopropoxyphenyl)
pyrazolo [1,5-a]pyrimidin-3-yl] quinoline (DMH1) (chemical
structure is shown in Supporting Information Fig. S1A) is a
highly selective inhibitor of the signalling pathway initiated
by bone morphogenetic protein (BMP) (Hao et al., 2010) and
pathological cardiac hypertrophy mediated by BMP4 was
inhibited by DMH1 (Sun etal., 2013). Because pressure-
overload induced cardiac autophagy and suppression of
autophagy attenuated cardiac hypertrophy (Zhu et al., 2007;
Cao et al., 2011; Sun et al., 2013), we hypothesized that the
autophagy process might be involved in DMH1-induced inhi-
bition of cardiac hypertrophy. However, we found, surpris-
ingly, that DMH1 inhibited starvation-induced autophagy in
cardiomyocytes, HeLa and MCF-7 cells, but BMP4 and the
BMP4 inhibitor noggin were without effect, indicating that
DMHI1 inhibited autophagy independently of the BMP4
pathway. So the aim of the present work was to elucidate the
inhibitory effects of DMH1 on autophagy and the underlying
mechanisms.

Methods

Cell culture

Primary cultures of cardiomyocytes were prepared from the
ventricles of 1-day-old neonatal Wistar rats as previously
described (Dong et al., 2010; Sun et al., 2013). Cardiomyo-
cytes, MCF-7 (human breast cancer) cells (Type Culture Col-
lection of the Chinese Academy of Sciences, Shanghai, China)
and Hela (human cervical carcinoma) and HT29 (human
colon adenocarcinoma) cells (Type Culture Collection of the
Chinese Academy of Sciences) were maintained in DMEM/
high glucose supplemented with 10% FBS, 100 units-mL™
penicillin and 100 pg-mL™" streptomycin at 37°C, 5% CO,.
Cells were rested for 24 h and then treated with starvation, the
mTOR inhibitor rapamycin, the AMPK activator, aminoimida-

zole carboxamide ribonucleotide (AICAR), and/or DMH1 or
the lysosomal inhibitor chloroquine. For starvation, cells were
washed with PBS and incubated in serum-free DMEM with low
glucose. The time of treatment and the concentration of
agents were shown in the Figures and/or corresponding Figure
legends. Unless otherwise stated, the starvation condition was
serum-free DMEM (5.5 mM glucose).

Transmission electron microscopy (TEM)

TEM was performed to identify autophagy and intracellular
autophagolysosomes. The cells were fixed with ice-cold 2.5%
glutaraldehyde in PBS (pH 7.3) at 4°C for 4 h. Fixed cells were
post-fixed in 2% OsO,, dehydrated in graded alcohol, embed-
ded in Epon 812 (Electron Microscopy Sciences, Fort Wash-
ington, PA, USA), sectioned with an ultramicrotome, and
stained with uranyl acetate and lead citrate. The sections were
examined with a TEM (Technai 10, Philips, The Netherlands).

Western blot analysis

Cells were lysed with RIPA buffer containing 1% protease
inhibitor and centrifuged at 13 500x g for 15 min at 4°C. The
supernatants were collected, and the protein concentrations
were determined with BCA Protein Assay Kit (Bio-Rad, Hercu-
les, CA, USA). The proteins were separated by electrophoresis
in 8-15% SDS-PAGE gels and transferred to nitrocellulose
membranes. After blocking with 5% non-fat dry milk in PBS
for 2 h at room temperature, the membranes were incubated
with the primary antibodies against LC3B (1:2000), AMPK
(1:200), phospho-AMPK (Thr'’?) (1:500), mTOR (1:500),
phospho-mTOR (Ser?**) (1:500), Akt (1:1000), phospho-Akt
(Ser*”®) (1:1000), p70S6K (1:500), phospho-p70S6K (Thr**)
(1:500), SQSTM1/p62 (1:1000), actin (1:1000) at 4°C over-
night. After washing with PBS-0.1% Tween 20 (PBST), mem-
branes were incubated with fluorescence-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG secondary antibody
(Invitrogen, Carlsbad, CA, USA 1:10 000) at room temperature
for 1 h. The band densities were quantified by densitometry
using Odyssey v3.0 software (LI-COR Inc., Lincoln, NE, USA).

Autophagy detection by GFP-LC3

GFP-LC3 expression constructs were a kind gift from Dr
Honglin Luo (The iCAPTURE Center, St. Paul’s Hospital/
Providence Health Care — University of British Columbia,
Vancouver, British Columbia, Canada). The cells were seeded
onto coverslips placed onto a six-well plate. After overnight
culture, cells were transfected with 3 ug GFP-LC3 expressing
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plasmid using a mixture of Lipofectamine 2000 reagent (Inv-
itrogen) and GFP-LC3 plasmid in Opti-MEM medium (Life
Technologies, Rockville, MD, USA) for 6 h of incubation. The
medium was removed and regular complete medium was
added to the wells overnight. Cells were treated with starva-
tion in the presence or absence of DMH1 for 24 h. At the end
of treatment, cells were washed twice with PBS and fixed
in 4% paraformaldehyde-PBS solution for 10 min at room
temperature. After washing with PBS, coverslips were
mounted on a microscope slide. GFP-LC3 dots in cells
were investigated by an Olympus fluorescent microscope
(Olympus, Tokyo, Japan) at 400x magnification.

Data analysis

Data are presented as mean + SEM. Student’s t-test was used
for the evaluation of statistical significance. For multiple
comparisons, one-way ANovA and Tukey’s post-test was used.
P < 0.05 was considered significant.

Materials

Rapamycin, AICAR, DMH]1, chloroquine were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Recombinant human
BMP4 and noggin were purchased from R&D Systems (Minne-
apolis, MN, USA). The cell culture media were Hyclone
products (Logan, UT, USA). Antibody against LC3B was from
Sigma-Aldrich. Antibodies against AMP-activated PK (AMPK),
phospho-AMPK (Thr'”?), mammalian target of rapamycin
(mTOR), phospho-mTOR (Ser***¥), Akt, phospho-Akt (Ser*®),
p70S6 kinase (70S6K), phospho-p70S6K (Thr*?), SQSTM1/

A Cardiomyocytes
HG medium + - + + _
LG+serum depletion - + - - +
DMH1 (10 uM)
LC3-I
LC3-1I

Actin

B Cardiomyocytes
HG medium + - - -
HG+serum depletion - + + +
BMP4 (50 ng-mL™") - - + -
DMH1 (10 uM)  — - - +

Noggin (100 ng-mL™")  — - - -

p62, actin, glycogen synthase kinase (GSK)-3a/p and phospho-
GSK-30/B  (Ser?®) were purchased from Cell Signaling
Technology (Beverly, MA, USA). The Akt1/2 kinase inhibitor,
1,3-dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4,5-g]quinoxalin-
7-yl)phenyl)methyl)-4-piperidinyl)-2H-benzimidazol-2-one
trifluoroacetate salt hydrate was purchased from Sigma-
Aldrich. siRNA for Akt and control siRNA were purchased from
Cell Signaling Technology. DMH1 was dissolved in DMSO and
diluted in the culture media (0.7uL in 1000 pL). Under these
conditions, these vehicles showed no effect on autophagy or
cell viability (data not shown).

Results

DMH]1 inhibits starvation-induced autophagy
in cardiomyocytes, HeLa and MCF-7 cells
Serum depletion starvation for 24 h increased the formation
of LC3-II in cardiomyocytes and this increase was inhibited
by DMH1 (10 uM) treatment (Figure 1A), suggesting that
DMH1 inhibited activation of autophagy. DMH1 had no
effect on the basal LC3-II level (Figure 1A). Next, we starved
cardiomyocytes by serum deprivation for 48 h to induce
autophagy and observed the effects of BMP4, noggin and
DMH1. Because BMP4 and noggin are proteins, we removed
serum to avoid the interference of serum on the action
of BMP4 and noggin. BMP4 (50 ng-mL"') and noggin
(100 ng-mL™) treatment had no effect, but DMH1 treatment
significantly reduced the increased formation of LC3-II
induced by serum depletion (Figure 1B).
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DMHT inhibits starvation-induced autophagy in cardiomyocytes. (A) DMH1 inhibited autophagy in cardiomyocytes induced by serum depletion
(in 5.5 mM glucose medium). Cells were cultured for 24 h.**P < 0.01 versus HG; ##P < 0.01 versus serum depletion (in 5.5 mM glucose medium).
HG (25 mM) medium; low glucose (5.5 mM) medium. (B) DMH1, but neither BMP4 nor noggin inhibited autophagy induced by serum depletion
in cardiomyocytes. Cells were cultured in 25 mM glucose medium for 48 h.**P < 0.01 versus HG; #P < 0.05 versus HG + serum depletion.
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(A) BMP4 did not affect autophagy responses in cardiomyocytes. Cells were cultured in 25 mM glucose medium with 0.1% FBS for 48 h. The
concentration of BMP4 was 50 ng-mL™" and noggin was 100 ng-mL™". (B-C) BMP4 did not affect the autophagy responses in Hela cells, but
activated its downstream component, Smad. The concentration of BMP4 was 50 ng-mL™" and noggin was 100 ng-mL™". Cells were cultured in
25 mM glucose medium with 0.1% FBS for 24 h. **P < 0.01 versus control; ##P < 0.01 versus BMP4. CTL, control.

Under conditions of serum depletion, the process of
autophagy is already activated (Figure 1B) and thus any acti-
vation by BMP4 would be less easily observed. We therefore
examined the effects of BMP4 on un-activated autophagy,
under normal, basal conditions. BMP4 (50 ng-mL™) and
BMP4 plus noggin (100 ng-mL™") treatments had no effect on
the basal autophagy in cardiomyocytes and HeLa cells
(Figure 2A, B). In order to confirm that the BMP4 pathway
could be activated, we examined the effects of BMP4 on
Smad1/5/8, a known downstream component of the BMP4
signalling pathway, in HeLa cells. BMP4 treatment signifi-
cantly increased p-Smad1/5/8 levels and this increase was
inhibited by the BMP4 inhibitor noggin (100 ng-mL™)
(Figure 2C).

These data indicated that BMP4 was able to activate
downstream targets in its signalling pathway, but did not
affect the autophagy responses. However, DMH1 inhibited
autophagy, without involving the BMP4 signalling pathway.

Then we starved HeLa cells and MCF-7 cells for further
analysis of the effects of DMH1 on autophagy. Starvation
accelerated autophagic flux in HeLa cells, as quantified by the
difference of LC3-II in the absence and presence of the lyso-
somal inhibitor chloroquine (Figure 3A, panelsa and b).
DMH1 treatment had no effect on the basal level of LC3-II,
but significantly inhibited the increased formation of LC3-II
induced by starvation in HeLa cells (Figure 3B). Noggin treat-
ment did not affect starvation-induced increase of LC3-II in
HeLa cells (Figure 3B). These results were reproduced in
MCEF-7 cells (Figure 3C).

The inhibition of autophagy by DMH1 was further con-
firmed in HeLa cells using the GFP-LC3 fusion protein, an
autophagy reporter widely used to visualize autophagic

vacuole formation after induction of autophagy, by measur-
ing p62 and by assessment of autophagosome formation with
TEM. Results from fluorescence microscopy showed that
DMH1 treatment inhibited the punctate pattern of GFP-LC3,
caused by starvation stimuli (Figure 3D). p62 is a marker of
autophagic flux because it accumulates when autophagy is
inhibited, and it decreases when autophagy is induced.
DMH1 inhibited the starvation-induced decrease of p62 accu-
mulation (Figure 3E). TEM examination showed that a large
number of cytoplasmic autophagosomes appeared after star-
vation treatment, but fewer autophagosomes were observed
in the cells exposed to starvation plus DMH1 treatment
(Figure 3F). Concentration-effect experiments with DMH1
showed that levels of DMH1 as low as 5uM inhibited
autophagy (Figure 4A). The time-course experiments showed
that increasing times of starvation (6-24h) increased levels of
LC-II and that DMH1 was inhibitory at all times assayed, in
MCEF-7 cells (Figure 4B). We then used another cell line, HT29
cells, to examine the inhibitory effects of DMH1 on
starvation-induced autophagy responses. As shown in Sup-
porting Information Fig. S2, DMH1 inhibited starvation-
induced autophagy in a concentration-dependent manner
and completely inhibited the increased autophagy response
at 100 uM concentrations in HT29 cells. Taken together, our
data showed that DMH1 inhibited autophagy and this effect
was not cell-specific.

DMH1 inhibits AICAR- and
rapamycin-induced autophagy

In addition to the starvation-induced autophagy, we tested
the effects of DMH1 on AICAR- and rapamycin-induced
autophagy in HeLa and MCEF-7 cells. As shown in Figure 5A

British Journal of Pharmacology (2014) 171 4970-4980 4973



Y Sheng et al.

A 3 A (n=6) b Hela R (n=6)
= *k Starv  Starv (24 h)+ = *x i
CTL CQ(20uM = =
QoM & 2 T CTL (24h) CQ(20uM, 1h) £O 8 o
LC3-| | e s | 18 kKD S e ‘ QL
LC3-I| | =5 kD EE 1 LC3-I }m 18 kD EE 4
3 E 4 Q Actin | e s | 43D S E 2 2 29
2 o © - 2 o 8 8O
£ £ n nt
B HelLa ) < E 4 (n=5)
x Y "5 o *%
&\/\z:\ Y \fé\b\ \'& & ©
N O < S ) =90 3
& O o O O * o #
LC3 18kD 982
S| — —— = ©
LC3-lI 16 kD Z g1 l—ln
Acti 43 kD Qgot -
CliN | e c— c—— c—— £ J +- 2+t C
ORS£5353
CaP%HaH e
C MCF-7 o (n=7)
&\z \\\X Y ‘3 ('3
~ Q\ Q 8 *%
& O o 222 #
LC3-I . 18 kD O
e * = N
LCa-I — RCTUI ! I—IH H
™
Actin |¢—--i 43k 950
= EArgizis
OFRS853553
CFP3EH 8
Starvation+
Control Starvation (24 h) DMH1 (10 uM)(24 h)
= 15 *x
53
(o]
g g 10
Es 5 #Ht
ze
5 o L[] []
CTL Starv Starv+
x400 x400 DMH1
Starv+ Starvation+

CTL Starv DMH1 Control Starvation (24 h) DMH1 (10 uM)(24 h)

= (n=6)
#
5 10 .
I=
8% 05
o N
88 o
= N RY
E & %\Q} \’ﬁx\?‘\
D™
N o nsend
Figure 3

DMHT1 inhibits starvation-induced autophagy in HelLa and MCF-7 cells. (A) Chloroquine (CQ) increased the basal LC3-Il level (a) and the
starvation-induced LC3-Il accumulation (b) in Hela cells. **P < 0.01 versus control; #P < 0.05 versus starvation. (B and C) DMH1 (10 uM), but not
noggin (100 ng-mL™) inhibited starvation-induced autophagy in HeLa and MCF-7 cells. **P < 0.01 versus control; #P < 0.05, ##P < 0.01 versus
starvation. CTL, control; Stary, starvation. (D) DMH1 (10 uM) reduced the increased LC3-GFP punctate distribution, induced by starvation. The
left was the representative image and the right was the analysed data. **P < 0.01 versus control; ##P < 0.01 versus starvation. CTL, control; Starv,
starvation. (E) DMH1 (10 uM) treatment for 24 h inhibited the starvation-induced decrease of p62 accumulation **P < 0.01 versus control; #P <
0.05 versus starvation. (F) Photographs from TEM showed characteristic autophagosomes (arrows) in Hela cells after 24 h starvation. Magnifi-
cation, x20 000. CTL, control; Starv, starvation.
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The concentration- and time-dependent effects of DMH1 on starvation-induced autophagy in MCF-7 cells (A) The concentration-dependent effect
of DMHT1 on the levels of LC3-ll in MCF-7 cells. *P < 0.05, **P < 0.01 versus starvation. (B) The effect of DMH1 (10 uM) on the levels of LC3-II

in MCEF-7 cells subjected to different periods of starvation. *P < 0.05, **P <

and B, DMHI1 treatment inhibited the increased formation of
LC3-II induced by AICAR (0.5 mM) and rapamycin (0.5 uM)
in HeLa and MCEF-7 cells, showing that the inhibition of
autophagy by DMH1 was not model-specific.

DMH1 inhibits autophagy through
Akt-dependent pathways
Activation of AMPK by starvation or AICAR induced
autophagy responses (Wang et al., 2009; Kim et al., 2011).
Given that DMH1 inhibited starvation- and AICAR-induced
autophagy, we tested the effects of DMH1 on AMPK activa-
tion. As shown in Supporting Information Fig. S3, starvation
and AICAR treatment significantly activated AMPK; however,
DMH1 treatment showed no inhibitory effects on the AMPK
activation in HeLa cells, indicating that the inhibition of
autophagy by DMH1 was exerted either downstream of
AMPK or by pathways other than those involving AMPK.
The Akt/mTOR/p70S6K pathway is the main regulatory
pathway that suppresses autophagy (Blommaart et al., 1995;
Shigemitsu et al., 1999; Arico et al., 2001). Firstly, we exam-
ined the effects of DMH1 on the Akt/mTOR/p70S6K pathway
in HeLa cells under starvation conditions. As shown in

0.01 versus starvation. Starv, starvation. CTL, control.

Figure 6A, starvation treatment significantly down-regulated
phosphorylated Akt, mTOR and p70S6K, but these down-
regulations were reversed by DMHI1 treatment. AICAR not
only activates AMPK, but also reduces Akt activation (King
et al.,, 2006). We therefore examined the effects of DMH1
on the Akt/mTOR/p70S6K pathway in AICAR-induced
autophagy using HeLa cells. AICAR treatment down-
regulated phosphorylated Akt, mTOR and p70S6K, and
these down-regulations were reversed by DMH1 treatment
(Figure 6B), similar to the results shown in Figure 6A.
Activated Akt leads to activation of mTOR, which results
in inhibition of autophagy. As DMH1 activated Akt, we exam-
ined whether activation of mTOR was due to the activated
AKkt or direct activation by DMH1, using rapamycin, known
to be a direct inhibitor of mTOR. Rapamycin significantly
decreased phosphorylation of mTOR and p70S6K, and DMH1
treatment reversed the decreased phosphorylation of mTOR
and p70S6K induced by rapamycin in HeLa cells (Figure 6C),
indicating that DMH1 could also directly activate mTOR.
These data showed that DMH1 inhibited autophagy when
the autophagy response was activated. We further tested the
effect of DMH]1 alone, in normal medium, without serum
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was 24 h. CTL, control.

depletion. Relative to the high glucose (25 mM) medium, low
glucose (5.5 mM) medium represents a starving state. There-
fore, we first compared the basal level of LC3II, Akt, mTOR
and S6K in the normal high glucose (HG) and low glucose
(LG) medium. Results showed that, compared with HG, LG
conditions showed increased LC3II expression and less acti-
vated Akt, mTOR and S6K (Figure 7A). Then, we compared
the effects of DMH1 on Akt, mTOR and S6K in the normal HG
and LG medium. In HG medium, DMH1 had no effects on
Akt, mTOR and S6K activation (Figure 7B). However, in LG
medium, DMHI1 treatment increased p-Akt, p-mTOR and
p-S6K levels (Figure 7C). Because the autophagy response
increased and Akt, mTOR and S6K activation decreased in LG
conditions, compared with HG conditions, and DMH1 acti-
vated Akt, mTOR and S6K in LG conditions, but not in HG
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conditions, it suggested that DMH1 activated the inhibited
Akt signal and specifically inhibited the increased autophagy
response.

The kinase, GSK3, is a critical downstream component of
the Akt pathway and is rapidly phosphorylated at Ser* in
GSK-3a or Ser’ in GSK-3p, resulting in inhibition of GSK-3
activity. We further examined the effects of DMH1 on the
starvation-induced increase of GSK3 activity. As shown in
Supporting Information Fig. S4, serum starvation decreased
levels of phospho-GSK-3a/f in MCF-7 and HT29 cells, and
these effects were reversed by DMH1 treatment.

Our data, so far, showed that DMH1 inhibited autophagy
responses and reversed the inhibition of Akt/mTOR/p70S6K,
induced by different stimuli of autophagy. However, it was
not clear if DMHI1 inhibited autophagy through activating
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the Akt pathway. Therefore, we used the Akt-specific inhibitor
and Akt siRNA to inhibit Akt function and expression. As
shown in Figure 8A, the Akt inhibitor (0.5 uM) inhibited
DMH1-induced Akt activation and DMH1-induced inhibition
of autophagy, indicating that Akt activation was involved in
DMH1-induced autophagy inhibition. However, it was
noticeable that, when Akt function and expression were sup-
pressed by the Akt inhibitor or Akt siRNA, as shown in
Figure 8A (p-Akt in Starv + Akti group) and Figure 8B (t-Akt
and p-Akt in Akt siRNA group), DMH1 still showed inhibitory
effects on autophagy (Figure 8A, B), indicating that there
were signal pathways, other than Akt activation, involved in
DMH1-induced inhibition. Indeed, as shown in Figure 6C,
DMH1 directly activated mTOR/p70S6K.

Discussion and conclusions

We have shown that DMHI1 inhibited cell autophagy
responses and the underlying mechanisms appeared to
involve activation of the Akt pathway. In the present study,
inhibition of autophagy by DMH1 was demonstrated in three
different models, induced by starvation, AICAR or rapamycin
and in four different cell types, cardiomyocytes, HeLa, MCF-7
and HT29 cells, indicating that the inhibition of autophagy
by DMH1 was not cell- or model-specific. Therefore, we used
HelLa cells to elucidate the mechanism of DMH1 action.
mTOR is a key regulator of autophagy (Jung et al., 2010)
and AMPK inhibits and Akt activates mTOR (Gwinn et al.,
2008). We found that DMH1 did not block AMPK activation,
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but activated Akt. In rapamycin-induced autophagy,
DMH1 directly activated the rapamycin-inhibited mTOR
(Figure 6C). Thus, the activation of mTOR by DMH1 derived
from two actions, a direct activation of mTOR and, indirectly
through Akt activation. These results also explained why
DMH1 did not block AMPK activation itself (Supporting
Information Fig. S3), but still blocked AMPK activation-
induced autophagy (Figure 5A).

DMH1is a compound C analogue with structural modifi-
cations at the 3- and 6-positions in the pyrazolo[1,5-
a]pyrimidine backbone (Supporting Information Fig. S1A, B)
(Hao et al., 2010). Compound C is a potent, selective AMPK
inhibitor, but DMH1 showed no inhibitory effects on AMPK
activation as shown by our present data and other studies
(Hao et al., 2010). However, DMH1 and compound C exerted
completely opposing effects on autophagy and the Akt/
mTOR pathway. From our data, DMH1 inhibited autophagy
mainly through activating the Akt/mTOR pathway, whereas
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earlier work with compound C showed it induced autophagy
through inhibiting the Akt/mTOR pathway in U251 human
glioma, C6 rat glioma, L929 mouse fibrosarcoma and B16
mouse melanoma cells (Vucicevic et al., 2011). These results
indicated that the opposing effects of DMH1 and compound
C on autophagy were not cell-specific. Based on the similar
structure of DMH1 and compound C and their opposing
effects on the Akt/mTOR pathway, we postulate that there
might be a common target that binds to DMH1 and com-
pound C, and the binding state of the target would determine
the different functional consequences. DMH1 and compound
C could activate and inhibit Akt/mTOR pathway, respec-
tively, but it was still unclear whether these compounds influ-
enced Akt activity directly or were indirect, influencing some
upstream component in the Akt signalling pathway.
Autophagy can be suppressed at any stage of the
autophagic process. At this time, many inhibitors have been
identified, including 3-methyladenine (3-MA), wortmannin,
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(A) Akt inhibitor inhibited DMH1-induced Akt activation and DMH1-induced autophagy inhibition, **P < 0.01 versus control; #P < 0.05, ##P < 0.01
versus Starv; &P < 0.05 versus Starv + DMH1. §P < 0.05 versus Starv + Akti. The concentrations of DMH1 and Akti were 10 and 0.5 uM. (B) Akt
siRNA (50 nM) inhibited Akt expression and induced autophagy, and DMH1 (10 pM) inhibited Akt siRNA-induced autophagy. **P < 0.01 versus
control; #P < 0.05 versus Akt siRNA; TP < 0.01 versus control. Because both total Akt and phosphorylated Akt decreased in Akt siRNA and Akt
siRNA + DMHT groups, the p-Akt/actin and t-Akt/actin were used for analysis. CTL, control; Starv, starvation.

LY294002, cycloheximide, bafilomycin Al and chloroquine
(Yang etal.,, 2013). These compounds inhibit autophagy
responses through different mechanisms. Thus, 3-MA, wort-
mannin and LY294002 suppress autophagy via inhibition of
class IIT PI3K and cycloheximide inhibits protein biosynthe-
sis. Bafilomycin Al is a specific inhibitor of vacuolar-type
H*-ATPases, which are within the membranes of many orga-
nelles including lysosomes, endosomes and secretory vesi-
cles. Chloroquine is a lysosomal lumen alkalizer and its
accumulation inside the acidic parts of the cell leads to inhi-
bition of lysosomal enzymes and blocks the fusion of
endosomes and lysosomes. Some autophagy inhibitors are
not specific for autophagy and have to be used at higher
concentrations or doses. For example, the classical autophagy
inhibitor 3-MA is generally used as high as 10 mM (Li et al.,
2009; Wong et al., 2011). Our previous study also showed that
3-MA induced cell death, independently of autophagy inhi-
bition (Sheng et al., 2013). The present study provides a new
inhibitor for further studies of autophagy.
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Figure S1 Chemical structures of DMH1 and compound C.
DMHI1 is a compound C analogue with structural modifica-
tions at the 3- and 6-positions in the pyrazolo[1,5-
a]pyrimidine backbone.

Figure S2 DMHI1 treatment inhibits starvation-induced
autophagy responses in HT29 cells. *P < 0.05; **P < 0.01
versus ST. n = 3 individual experiment. CTL, control; ST,
starvation.

Figure $3 DMH]1 treatment does not inhibit starvation- and
AICAR-induced AMPK activation in Hela cells. **P < 0.01
versus control. The concentrations of DMH1 and AICAR were
10 uM and 0.5 mM respectively.

Figure S4 DMH1 treatment inhibits starvation-induced
GSK3 activation. (A) DMH1 treatment inhibited starvation-
induced GSK3 activation in MCF7 cells. n = 4. (B) DMH1
treatment inhibited starvation-induced GSK3 activation in
HT29 cells. n = 6. **P < 0.01 versus CTL; #P < 0.05, ##P < 0.01
versus ST. CTL, control; ST, starvation.
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