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Abstract 

Metabolic reprogramming is a distinct hallmark in tumorigenesis. Autophagy can rewire cell 
metabolism by regulating intracellular homeostasis. Warburg effect is a specific energy metabolic 
process that allows tumor cells to metabolize glucose via glycolysis into lactate even in the presence 
of oxygen. Although both autophagy and Warburg effect are involved in the stress response to 
energy crisis in tumor cells, their molecular relationship has remained largely elusive. We found that 
Atg7, a key molecule involved in autophagy, inhibits the Warburg effect. Mechanistically, Atg7 binds 
PKM2 and prevents its Tyr-105 phosphorylation by FGFR1. Furthermore, the hyperphosphorylation 
of PKM2 and its induced Warburg effect due to Atg7 deficiency promote epithelial-mesenchymal 
transition (EMT). Conversely, overexpression of Atg7 inhibits PKM2 phosphorylation and the 
Warburg effect, thereby inhibiting EMT of tumor cells. Our work reveals a molecular link between 
Atg7 and the Warburg effect, which may provide insight into novel strategies for cancer treatment. 
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Introduction 
Metabolic reprogramming is a distinct hallmark 

of cancer[1-3]. Under well-oxygenated conditions, 
most differentiated cells rely primarily on mitocho-
ndrial oxidative phosphorylation for energy 
production [4]. In the 1920s, however, Otto Warburg 
found that cancer cells undergo metabolic reprogram-
mming. Even in the presence of oxygen, cancer cells 
generate energy by metabolizing glucose to lactate 
through a process known as aerobic glycolysis, or the 
Warburg effect[5]. Although the Warburg effect is less 
energetically efficient, a large number of glycolytic 
intermediates (synthesized proteins, nucleic acids, 
lipids and other biological macromolecules) can be 
used by tumor cells for growth and survival[6, 7].  

Autophagy is an evolutionarily conserved 
lysosomal degradation process of cytoplasmic 

constituents, which can regulate cell energy 
metabolism and self-update by maintaining intracell-
ular homeostasis[8, 9]. As a process first identified to 
confer stress tolerance, limit damage, and sustain 
viability, autophagy has recently been found to be 
associated with a variety of human diseases including 
cancer[10, 11]. Autophagy is now emerging as a 
potent regulator of tumorigenesis, but the exact role of 
autophagy in cancer development remains contradic-
tory[12]. On one hand, autophagy protects cells from 
metabolic stress and oxidative damage, thus suppres-
sing tumorigenesis[13-15]. On the other hand, stress- 
induced autophagy can facilitate tumorgenesis by 
helping tumor cells overcome nutritional deficiencies 
or adverse hypoxic environment, thereby promoting 
more favorable conditions for cell growth[16, 17].   
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Among multiple factors involved in autophagy 
signalling pathway, the autophagy-related protein 
Atg7 is a key factor indispensable for successful 
autophagic process. Loss of Atg7 impairs the 
formation of autophagosome, resulting in a deficiency 
of or even block of autophagy[18, 19]. Except the 
function in autophagy, Atg7 is involving in many 
other biological behaviors which are autophagy- 
independent. We previously found that Atg7 
modulates p53 activity to regulate cell cycle and 
survival during metabolic stress[20]. And we obser-
ved that knockout of Atg7 significantly increased 
basal glycolytic rates[21], but the underlying 
molecular mechanism still remains undetermined.  

PKM2 is the key mediator for the Warburg effect, 
and the phosphorylation of PKM2 Tyr105 site leads to 
less pyruvate kinase activity and promotes the 
Warburg effect[22]. Here, we found that Atg7 inhibits 
the Warburg effect by suppressing the 
phosphorylation of PKM2 Tyr105 site through 
blocking the binding of PKM2 with its upstream 
kinase FGFR1, resulting in reduced EMT in tumor 
cells. The new function of Atg7 in regulating the 
Warburg effect we unraveled in this study might shed 
light on novel mechanism of tumorigenesis and 
provide promising targets for therapy.  

Materials and Methods 
Chemicals and reagents 

DMEM medium, penicillin/streptomycin, FBS, 
and trypsin were purchased from Invitrogen. 
Puromycin was purchased from Sigma. PKM2(4053s), 
pPKM2 (Tyr-105)(3827s), Myc(2276s), Flag(2368s) and 
HRP-conjugated secondary antibodies were 
purchased from Cell Signaling Technology. 
Antibodies specific to Atg7(A2856), tubulin(T6199) 
and β-actin(A1978) were purchased from Sigma. 
FGFR1(sc-121) antibodies were purchased from Santa 
Cruz Biotechnology. Unless otherwise stated, 
chemicals were purchased from Sigma.  

Plasmid construction  
Expression of the Atg7 shRNA plasmid was 

previously described[20]. Expression of the Myc-Atg7 
plasmid was previously described[23]. The Atg7 
shRNA nontargetable mutant Myc-Atg7 plasmid 
were constructed by PCR amplification and 
subcloned into pCMV-myc vector (Clontech, 631604). 
The PKM2 expression plasmid of was bought from 
OriGene (SC315792). The Flag-PKM2 Y105 
point mutation plasmid Y105-E was constructed with 
the Quickchange Site-Directed Mutagenesis Kit 
(Stratagene, 200519). GST-tagged Atg7 and PKM2 
plasmids were constructed by PCR amplification and 
subcloned into pGEX-5x-1 (GE Healthcare, 

28-9545-53) vectors. PKM2 knockdown lentivirus was 
bought from Genechem. 

Cell Culture and Transfection 
HeLa and HEK293T cells were cultured in 

high-glucose Dulbecco’s modified medium (DMEM, 
Gibco, 12100046), supplemented with 10% fetal 
bovine serum (FBS, Gibco, 10099141) and 100 
units/ml of penicillin/streptomycin at 37oC in a 
5%CO2 incubator. Wild-type and atg7−/−MEF cells 
were obtained as followed: pregnant mice were 
euthanized to obtain embryos (day e13 to e15). The 
limb, head, tail and viscera were removed, and 
subsequently the remaining tissues were minced into 
smaller pieces and digested in 0.25% 
trypsin/0.01%EDTA with pipetting. After 10 min of 
digesting, the mixture was inactivated with fetal 
bovine serum, centrifuged at 1000 rpm for five 
minutes, and the cell pellets were resuspended with 
15%FBS DMEM. The cells were plated in culture 
dishes at 37oC in a 5%CO2 incubator.  

The cells were plated one day before transfection 
and reached 70% confluence at the time of 
transfection. The transfection process was performed 
using Lipofectamine 2000 (Thermo Fisher Scientific, 
11668019) in accordance with the manufacturer’s 
instructions. Cells were harvested 48 h after 
transfection. 

Western Blot Analysis 
Cells were lysed for 30 min on ice with RIPA 

buffer (50 mM Tris/HCl pH 7.5, 200 mM NaCl,12.5% 
glycerol, 1% NP40, 1 mM EDTA, 1 mM EGTA, and 1 
mM DTT) supplemented with protease and 
phosphatase inhibitor cocktails, and the total protein 
was harvested by cryogenic centrifugation at 15,000 
rpm for 20 min. Protein concentration was measured 
by G250 and 30 μg of cell lysate were used in samples. 

Protein was also isolated from in vivo sources. 
The fresh tissues were dissected from mice soon after 
birth. Tissues were immediately frozen in liquid 
nitrogen, then incubated with RIPA buffer with 
protease and phosphatase inhibitor cocktails to 
prepare tissue homogenate. Samples were placed on 
ice for 30 min with shaking to solubilize the tissue 
homogenate. The homogenate was centrifuged at 
15,000 rpm for 30 min at 4°C. The supernatant was 
transferred to a new tube and protein concentration 
was measured by G250. 40 μg of tissue lysate was 
prepared for separation and blotting. 

Samples were separated on 8% SDS PAGE and 
transferred to PVDF membrane (Millipore, 
IPVH00010) for 2 h at 80V. The membranes were 
blocked in 5% BSA in TBST for 1 h at room 
temperature and probed with primary antibodies 
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overnight at 4°C. Membranes were then washed with 
TBST three times and incubated with HRP-conjugated 
secondary antibody for 2 h at room temperature. After 
three washes, bands were detected by enhanced 
chemi-luminescence detection kit (ThermoFisher 
Scientific, 32106) and visualized via the DNR western 
blot detection system.  

Co-immunoprecipitation and GST-pull down 
Analysis 

HeLa or transfected cells were lysed with IP lysis 
buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 1% 
Nonidet P-40, 1 mM EDTA), and 1 mg protein was 
incubated with antibody and protein A/G-Sepharose 
(Santa Cruz, sc-2003) on a rocking platform overnight 
at 4°C. The beads were then harvested by 
centrifugation for 5 min at 500 g at 4°C and the 
supernatant was removed. The beads were then 
resuspended in IP lysis buffer and repeatedly inverted 
on a rocking platform for 10 min. This wash was 
repeated three times to remove the nonspecific 
binding protein and obtain purified protein 
complexes that are bound to the antibody-coated 
beads. The beads were resuspended with loading 
buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% 
glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, and 
0.02% bromphenol blue) for Western blot analysis.  

In vitro transcription and translation of PKM2 or 
Atg7 proteins were performed by T7-TNT Kits 
(Promega, L1170) in accordance with the manufact-
urer's instructions. Bacterial-expressed GST-PKM2 or 
GST-Atg7 and control GST proteins were purified 
with GST sepharose beads (GE Healthcare, 17-0756- 
01). The GST pull-down assays were performed by 
incubating equal amounts of GST, GST-fusion 
proteins bound to GST sepharose beads and in 
vitro-translated protein for 4 h at 4°C. Then the 
complexes of proteins were washed three times with 
binding buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 10% 
Glycerol, 1% NP-40). The sediments were eluted by 
2×loading buffer, and separated by SDS-PAGE for 
Western blot analysis. 

Analysis of glucose consumption and lactate 
production 

Cells were seeded in six-well culture plate. After 
6 h adherence, the medium was changed to DMEM 
media without phenol red. After an additional 48 h of 
incubation, the media was harvested for measurement 
of glucose and lactate concentration. Glucose levels 
were detected with assay kits (Sigma, GAHK20) 
according to the manufacturer’s instructions. Glucose 
consumption was measured as the difference in 
glucose levels in the media before and after the 48 h 
incubation period. The extracellular lactate levels 

were measured by lactate assay kits (Sigma, MAK065) 
according to the manufacturer’s instruction. The 
values were normalized to the protein concentration. 

Measurement of extracellular acidification 
rate (ECAR)  

ECAR were measured using a Seahorse XFp 
analyzer (Seahorse Bioscience, 103020-100). In brief, 
cells were plated on Seahorse XFp plates for 12-15 h at 
a concentration of 6×103 cells/well. Cells were 
washed and incubated with assay medium at 37°C for 
1 h in a non-CO2 incubator. Glucose, oligomycin and 
2-deoxyglucose were injected into the medium at final 
concentrations of 10 mM, 1 μM, 50 mM, respectively. 
The ECAR were automatically recorded and 
calculated by the Seahorse XFp software as per 
manufacture’s recommendation. 

Transwell migration assay 
To measure cellular capacity for migration, cells 

were seeded into the upper chamber with the 
serum-free media in 8 um Boyden Chamber (Corning, 
3422). Following 24 h incubation with different 
treatments, non-invaded cells were removed. Invasive 
cells on the underside of chambers were fixed in 
methanol for 5 min. Then, the invaded cells were 
stained with Giemsa for 30 min and imaged using an 
inverted microscope. Five individual fields were 
counted for each sample, and three independent 
experiments were performed for statistical analysis.   

Statistical analysis 
Data were statistically analyzed by paired t test 

or One Way ANOVA using the software GraphPad 
Prism version 5.0 (GraphPad Software Inc, San Diego, 
CA, USA). The statistical significance between the 
experimental groups and their respective control 
groups were expressed as p values, and p<0.05 was 
considered statistically different. All experiments 
were independently repeated at least three times.  

Results 
Atg7 interacts with PKM2 directly and inhibits 
PKM2 phosphorylation 

We previously observed that knockout of Atg7 
significantly increased basal glycolytic rates[21]. To 
understand how Atg7 inhibits the Warburg effect, we 
tested whether Atg7 interacts with PKM2, the key 
mediator of the Warburg effect. Endogenous Atg7 
interacted with endogenous PKM2 in HeLa cells 
(Figure 1A, 1B). Similarly, Myc-tagged Atg7 
co-immunoprecipitated with Flag-tagged PKM2 in 
293T cells (Figure 1C). GST pull-down assays using 
purified glutathione S-transferase (GST)-PKM2 fusion 
protein and Flag-Atg7 mammalian fusion protein 
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showed that the binding of Atg7 to PKM2 is direct 
(Figure 1D). The reciprocal pull-down assay using 
GST-Atg7 and Flag-PKM2 mammalian fusion 
proteins confirmed this finding (Figure 1E). In order 
to understand the mechanisms underlying the 
binding between Atg7 and PKM2, we identified a 
possible relationship between Atg7 and PKM2. First, 
we examined the expression of total and Tyr-105 
phosphorylated PKM2 in vivo. We found that the 
phosphorylation of PKM2(Tyr-105) was significantly 
elevated in Atg7-/- mice tissues, including brain, 
liver, kidney and lung compared with wild type 
tissues, whereas total PKM2 expression demonstrated 
no significant changes (Figure 1F). Cultures of 
Atg7−/− mouse embryonic fibroblast cells (MEFs) 
and wild-type MEFs showed no significant 
differences in total PKM2 but significantly increased 
in phosphorylation of PKM2(Tyr-105) (Figure 1G). 
These results suggest that Atg7 interacts with PKM2 
directly and inhibits PKM2 phosphorylation. 

Atg7 inhibits PKM2 phosphorylation via 
blocking the interaction of FGFR1 and PKM2 

We next explored the molecular mechanism of 
how Atg7 inhibits PKM2 phosphorylation through 
both the overexpression Atg7 in HeLa cells using 
pCMV-myc-Atg7 plasmid and the knockdown of 
Atg7 in HeLa cells using Atg7-specific short hairpin 
(sh)RNA lentiviruses. As controls, we used 
lentiviruses expressing nonspecific shRNA (shNS). 
Efficient Atg7 knockdown and its influence on 
autophagy were confirmed by WB (Figure S1A). We 
found that total PKM2 expression was unchanged 
with Atg7 overexpression or knockdown, but 
phosphorylation of PKM2 at the Tyr-105 site was 
significantly decreased in Atg7 overexpressed cells 
(Figure 2A) and increased in Atg7 knockdown cells 
(Figure 2B). Restoration of Atg7 expression in Atg7 
knockdown cells rescued the reduction of PKM2 
phosphorylation at Tyr-105 (Figure 2C). As fibroblast 
growth factor receptor 1 (FGFR1) directly 
phosphorylates PKM2(Tyr-105)[22], we investigated 
the effect of Atg7 on the binding of FGFR1 with 
PKM2. We found in HeLa cells that while Atg7 
overexpression decreased the binding between 
FGFR1 and PKM2 when compared with control cells 
(Figure 2D), Atg7 knockdown significantly enhanced 
FGFR1 and PKM2 binding (Figure 2E). Restoring Atg7 
expression in Atg7 knockdown cells decreased the 
binding between FGFR1 and PKM2(Figure S1B). 
Adding bFGF, which activates FGFR1, enhanced 
binding between FGFR1 and PKM2 similar to Atg7 
knockdown cells (Figure 2F). These results showed 
that Atg7 inhibits PKM2 phosphorylation by blocking 
the interaction between FGFR1 and PKM2.  

 
Figure 1. Atg7 interacts with PKM2 directly and inhibits PKM2 
phosphorylation. Atg7 interacts with PKM2. (A, B) Coimmuno-
precipitation (IP) of endogenous Atg7 with PKM2 in HeLa cells. Cell lysates 
were subjected to IP using anti-PKM2(rabbit) or anti-Atg7(rabbit) and unrelated 
rabbit IgG as a control. The resulting precipitates were subjected to Western 
blot (WB) analysis with anti-Atg7 or anti-PKM2. A portion of the whole-cell 
lysate (WCL) of the input for IP was also subjected to IB analysis. (C) HEK293T 
cells were co-transfected with expression plasmids encoding Myc-tag or 
Myc-tagged Atg7 and Flag-tagged PKM2 as indicated. Cells were lysed and 
subjected to IP with an anti-Myc antibody. The resulting precipitates were 
subjected to WB analysis with anti-Flag antibody. A portion of the whole-cell 
lysate of the input for IP was also subjected to IB analysis. (D, E) GST pull-down 
assay was performed with glutathione S-transferase (GST) or GST fused PKM2 
protein and in vitro translated Flag-Atg7 (D) or GST fused Atg7 protein and in 
vitro translated Flag-PKM2 (E). Input and pull-down fractions of Flag-Atg7 (D) 
or Flag-PKM2 (E) were detected by immunoblots using anti-Flag antibodies. The 
corresponding SDS-PAGE gels show the amount of GST or GST-PKM2/Atg7 
immobilized in each assay. Atg7 inhibitsTyr-105 phosphorylation of PKM2. (F) 
Tissues (brain, kidney, liver and lung) from Atg7 knockout mice and wide type 
mice were gained soon after born and tissue lysates was used for Western blot 
assay to detect total and Tyr-105 phosphorylation of PKM2. (G) Western blot 
analysis of total and Tyr-105 phosphorylation of PKM2 in wide type and Atg7 
knockout MEF cells. 

 

Atg7 inhibits the Warburg effect 
It has been reported that phosphorylation of 

PKM2 (Tyr-105) promotes the Warburg effect[22]. We 
have found that Atg7 inhibits PKM2 phosphorylation, 
so we wanted to investigate the functional role of 
Atg7 on the Warburg effect. We found that cells 
overexpressing Atg7 had significantly decreased 
levels of glucose consumption and lactate production 
compared with control cells (Figure 3A, 3B). This 
metabolic change was also accompanied by a decrease 
in ECAR (Figure 3C) but no obvious change of oxygen 
consumption rate (OCR). (Figure S1C). Knockdown of 
Atg7 in HeLa cells increased glucose consumption, 
lactate production (Figure 3D, 3E), ECAR (Figure 3F) 



Int. J. Biol. Sci. 2018, Vol. 14 
 

 
http://www.ijbs.com 

779 

but no obvious change of OCR (Figure S1D) in 
comparison to control. We found that Atg7−/− MEFs 
similarly exhibited an increase in glucose 
consumption and lactate production compared to 
control cells (Figure 3G, 3H), accompanied by an 
increase in ECAR (Figure 3I). Taken together, these 
results suggested that Atg7 inhibits the Warburg 
effect. 

Inhibition of Atg7 promotes 
epithelial-mesenchymal transition (EMT) 
through PKM2 mediated Warburg effect 

As we confirmed that Atg7 inhibites the 
Warburg effect (Figure 3), we further explored if Atg7 
influences EMT by altering PKM2 mediated Warburg 
effect. Cells overexpressing Atg7 had a significantly 
decreased glucose consumption and lactate produc-
tion previously described (Figure 3A, 3B). We next 
mutated tyrosine 105 phosphorylation site to 
artificially induce phosphomimetic mutant (Y105E) 
and overexpressed PKM2 (Y105E) would recover the 
effect caused by Atg7 overexpression (Figure 4A, 4B). 
These results showed that Atg7 inhibits the Warburg 
effect via PKM2 phosphorylation(Tyr-105). Atg7 
knockdown in HeLa and HCT-116 cells activated 

EMT, as demonstrated by the increase in N-cadherin 
expression (Figure 4C). Knockdown of PKM2 in 
Atg7-knockdown HeLa and HCT-116 cells could 
rescue this effect caused by Atg7 inhibition (Figure 
4C). In addition, 2DG (inhibitor of glycolysis) 
administration in Atg7-knockdown HCT-116, HeLa, 
and MEF cells consistently rescued the enhancement 
of EMT observed in these cells (Figure 4D). As shown 
in Figure 4E, 4F, Atg7 knockdown promotes HCT-116 
cell migration, while 2DG administration revered this 
effect. These results demonstrate that inhibition of 
Atg7 promotes EMT through PKM2 mediated 
Warburg effect. 

Discussion 
Our key findings described here are summarized 

in a model presented in Figure 5. Here, we revealed 
that Atg7 interacts with PKM2, the protein 
responsible for the Warburg effect during 
tumorigenesis. Atg7 inhibits the phosphorylation of 
PKM2 Tyr105 by blocking the binding of PKM2 with 
its upstream kinase, FGFR1. This in turn inhibits the 
Warburg effect and reduces EMT. 

 

 
Figure 2. Atg7 inhibits PKM2 phosphorylation via blocking the interaction of PKM2 and FGFR1. Atg7 inhibitsTyr-105 phosphorylation of PKM2. 
(A, B, C) Western blot analysis of total and Tyr-105 phosphorylation of PKM2 in HeLa cell expressing Myc-Atg7(A), shRNA-Atg7(B), HeLa cell stable knockdown of 
endogenous PKM2 and “rescue” expression of Myc-Atg7 NTm (nontargetable mutant). (C) and their corresponding control cells. Right: Quantification of protein 
expression (Tyr-105 phosphorylation of PKM2) shown in (A, B, C) normalized to β-actin. Data shown are mean±S.E.M. of n≥3 technical replicates and are 
representative of three independent experiments. P values were calculated by t-test. *P<0.005, **P<0.001. Atg7 blocked the interaction of PKM2 and FGFR1(D, E). 
Coimmunoprecipitation (IP) of endogenous PKM2 with FGFR1 in HeLa cell transfected with expression plasmids encoding Myc-tag or Myc-tagged Atg7(D), HeLa cell 
stable knockdown of endogenous PKM2(E). Cell lysates were subjected to IP using anti-FGFR1(rabbit) and unrelated rabbit IgG as a control. The resulting precipitates 
were subjected to WB analysis with anti-PKM2. A portion of the whole-cell lysate (WCL) of the input for IP was also subjected to IB analysis. (F) HeLa cell stable 
knockdown of endogenous PKM2 and control cell were treated with bFGF(10 ng/mL), cell lysates were subjected to IP using anti-FGFR1(rabbit). The resulting 
precipitates were subjected to Immunoblot (IB) analysis with anti-PKM2. A portion of the whole-cell lysate (WCL) of the input for IP was also subjected to WB 
analysis. 
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Figure 3. Atg7 inhibits the Warburg effect. Glucose consumption (A, D, G), lactate production (B, E, H) and ECAR (a proxy for the rate of glycolysis) (C, F, I) 
in HeLa cell expressing Myc-Atg7(A, B, C), HeLa cell knockdown Atg7(D, E, F), Atg7 konckout MEF cell(G, H, I), and their control cells. Data shown are mean±S.E.M. 
of n≥3 technical replicates and are representative of three independent experiments. P values were calculated by t-test. *P<0.005, **P<0.001. 

 
Metabolic reprogramming is one of the critical 

hallmarks of cancer cells[1-3]. Cancer cells metabolize 
glucose via glycolysis to lactate even in the presence 
of oxygen, a process known as the Warburg effect[5]. 
This metabolic switch can provide cancer cells with 
growth and invasion advantages through the 
biosynthesis of materials needed cells to thrive in an 
acidic tumor microenvironment[24]. Understanding 
the regulation and molecular mechanism underlying 
the Warburg effect could help us find a new way for 
cancer therapy.  

Autophagy is an evolutionarily conserved 
process for lysosomal degradation of cytoplasmic 
constituents. It can modulate cellular energy 
metabolism and self-regulate to maintain intracellular 
homeostasis and cell development[8, 9]. 

Recently, it was reported that autophagy might 
be implicated in the Warburg effect. It has been 

shown that autophagy limits proliferation and 
glycolytic metabolism in acute myeloid leukemia[25]. 
Other studies have suggested that epithelial cancer 
cells may induce the Warburg effect in neighboring 
stromal fibroblasts in which autophagy was 
activated[26]. The autophagy related protein Atg7 is 
key component of autophagy as silencing Atg7 
expression reduces or even blocks autophagy, while 
enhanced levels of Atg7 expression were sufficient to 
induce autophagy[27]. Recently, it has been reported 
that Atg7 is tightly associated with the Warburg 
effect, but the role of Atg7 remains controversial. 
Some studies have shown that monoallelic loss of 
Atg7 in a mouse AML model was sufficient to 
increase glycolytic metabolism[25], and that Atg7-/- 

MEFs exhibited a reduction in basal oxygen 
consumption and an increase in ECAR[21]. However, 
other work has found that shATG7-expressing K562 
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cells are less glycolytic compared with control 
cells[28]. In addition, paclitaxel-resistant cervical 
cancer cells with activation of autophagy genes, 
including Atg7, revealed a significant switch of 
cellular metabolism from oxidative phosphorylation 
to glycolysis[29]. However, most of these studies 
illustrate the relationship between autophagy and 
Warburg effects from a phenomenological perspective 
and lacks in-depth study at the molecular level.  

Recent studies have demonstrated that PKM2 is 
highly expressed in cancer cells, where 
phosphorylation of PKM2 Tyr105 hinders the 
formation of tetramer and subsequently inhibits 
PKM2 activity and promotes the Warburg effect[22]. 
In this study, we identified the molecular connection 
between Atg7 and the Warburg effect. We found that 
Atg7 directly interacts with PKM2, a key regulator of 
the Warburg effect. We then confirmed the influence 
of Atg7 on the Warburg effect. Cells overexpressing 

Atg7 had a significantly decreased level of glucose 
consumption and lactate production, accompanied by 
a decreased ECAR. This results from the inhibition of 
the phosphorylation (Tyr-105) and subsequent 
activation of PKM2 in these cells, as addition of 
constitutively active PKM2 could rescue this effect 
caused by Atg7 overexpression. These results showed 
that Atg7 inhibits the Warburg effect by inhibiting 
PKM2 phosphorylation(Tyr-105). In accordance with 
this, Knockdown of Atg7 in HeLa cell lines or 
knockout of Atg7 in MEF cells increased glucose 
consumption, lactate production, and ECAR. In 
Atg7-/- mice tissues, the phosphorylation of PKM2 
(Tyr-105) was significantly elevated in many 
important organs, including brain, liver, kidney and 
lung. This result was confirmed in Atg7 
overexpression, knockdown or knockout cells which 
indicated that Atg7 inhibited the the Warburg effect 
was a consequence of PKM2 dephosphorylation. 

 

 
Figure 4. Atg7 inhibition promotes epithelial-mesenchymal transition through enhanced Warburg effect. Mutational analysis revealed that 
substitution of Y105 to E105 results in a significant increase glucose consumption(A), lactate production(B) in Atg7 knockdown cells. P values were calculated by One 
Way ANOVA. *P<0.005, **P<0.001. (C) Western blot analysis of EMT markers in knockdown Atg7 and PKM2. (D) 2DG (inhibitor of glycolysis) administration in 
Atg7-knockdown cell, Western blot analysis of EMT markers in HCT-116, HeLa and MEF cells. (E) Transwell assay in HCT-116 2DG administration. Original 
magnification, ×200. Scale bar represents 100 μm. (F) Statistical analysis result of transwell assay in (E). P values were calculated by One Way ANOVA. *P<0.005, 
**P<0.001. 
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Figure 5. Model for Atg7 inhibiting Warburg effect by suppressing 
PKM2 phosphorylation resulting reduced EMT. Atg7 interacts with 
PKM2 directly and inhibits PKM2 phosphorylation. PKM2 dephosphorylation 
inhibits the Warburg effect, thereby inhibiting EMT. See text for details. 

 
The phosphorylation of PKM2(Tyr105) is 

directly regulated by the kinase FGFR1[22]. Therefore, 
we checked the effect of Atg7 on the binding of FGFR1 
to PKM2. We found that Atg7 blocked the interaction 
between FGFR1 and PKM2 and that knockdown of 
Atg7 enhanced the interaction between FGFR1 and 
PKM2. The enhancement of this interaction seen with 
Atg7 knockdown was similar to that seen after bFGF 
treatment. Taken together, these studies show that 
Atg7 inhibites PKM2 phosphorylation by blocking the 
interaction between FGFR1and PKM2. In further 
support of this, we found that Atg7 can interact with 
FGFR1 (Figure S1E) and PTP1B (dephosphorylates 
PKM2) (Figure S1F). It has been reported that ROS 
promotes the phosphorylation of PKM2[30] and that 
defects in autophagy increases intracellular ROS 
levels[31]. We applied NAC (ROS scavenging agent) 
to both Atg7 knockdown cells and controls cells to 
access the influence of ROS, and found that NAC 
partly influenced the phosphorylation of PKM2 
(Figure SG, H).  

Epithelial to mesenchymal transition (EMT) is a 
complex phenomenon by which epithelial cells lose 
their polarity and cell-cell connections, and gain 
mesenchymal features such as of movement and 
invasion[32]. This allows them to detach from their 
primary site and invade surrounding tissues and 
blood vessels. EMT plays a fundamental role in 
embryonic development and tissue repair[33], as well 
as in tumor progression and metastasis[34]. Induction 
of autophagy inhibits migration and invasion through 
degrading EMT transcriptional factors, whereas 
Knockdown of ATG5 or ATG7 stimulates the 
expression of the EMT regulators Snail and Slug, and 
promotes cell invasion[35]. 

Here we suggest for the first time that the 
inhibition of Atg7 promotes EMT through PKM2 

mediated Warburg effect. Atg7 knockdown cells 
demonstrated activated EMT, as indicated by an 
increase in N-cadherin expression. Both Knockdown 
of PKM2 and addition of a glycolysis inhibitor 2DG 
could rescue this phenotype, which suggests that the 
enhancement of EMT seen in these Atg-knockdown 
cells is dependent on the Warburg effect. Our findings 
provide a novel insight into the molecular 
relationships between Atg7 and Warburg effect, 
which might offer novel therapeutic targets in future.  

Conclusion 
In summary, our study suggests that Atg7 

inhibits PKM2 Tyr105 phosphorylation and 
suppresses the Warburg effect by blocking the 
binding of PKM2 with its upstream kinase, FGFR1. 
Inhibition of Atg7 promotes epithelial-mesenchymal 
transition (EMT) through enhancing the Warburg 
effect.  

Supplementary Material  
Supplementary figure S1.  
http://www.ijbs.com/v14p0775s1.pdf  
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