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ABSTRACT
Angiogenesis is essential for tumor development. Accumulating evidence
suggests that adenosine monophosphate-activated protein kinase (AMPK), an energy
sensor and redox modulator, is associated with cancer development. However, the
effect of AMPK on tumor development is controversial, and whether AMPK affects
tumor angiogenesis has not been resolved. We show that deletion of AMPKa1, but
not AMPKa2, upregulates non-canonical nuclear factor kappa B2 (NF-kB2)/p52mediated cyclin-dependent kinase 2 (CDK2), which is responsible for the anchorageindependent cell growth of immortalized mouse embryo fibroblasts (MEFs). Co-culture
with AMPKa1 knockout MEFs (or their conditioned medium) enhances the migration
and network formation of human microvascular endothelial cells, which is dependent
on p52-upregulated erythropoietin (Epo). AMPKa1 deletion stimulates cellular
proliferation of allograft MEFs, angiogenesis, and tumor development in athymic
nu/nu mice, which is partly ameliorated by antibody-mediated Epo neutralization.
Therefore, the AMPKa1-p52-Epo pathway may be involved in stromal fibroblastmediated angiogenesis and tumorigenesis.

15 [6]. Constitutive activation of AMPK induced by
loss of the tumor suppressor folliculin is reported to
augment hypoxia-induced factor (HIF)-mediated aerobic
glycolysis, which is a Warburg metabolic transformation
that enhances renal tumorigenesis [7]. Conversely,
AMPK also has been implicated as a tumor suppressor.
For example, AMPKα2 suppresses H-RasV12-induced
MEF transformation. AMPKα2 deletion enhances the
tumorigenesis of H-RasV12-transformed MEFs in the
flank of athymic nude mice [8]. AMPKα2 is significantly
reduced in breast cancer tissue samples, and re-expression
of AMPKα2 in the human breast cancer cell line MCF-7
inhibits xenograft growth in athymic nude mice via p53
upregulation and cyclin D1 reduction [9]. Downregulation
of AMPKα2 is associated with enhanced growth of liver
cancer cells in mouse xenografts [10]. Loss of AMPKα1

INTRODUCTION
Adenosine monophosphate-activated protein kinase
(AMPK) is a heterotrimeric Ser/Thr kinase complex
that contains a catalytic subunit (α subunit) and two
regulatory subunits (β and γ subunits) [1, 2]. Emerging
evidence suggests that AMPK is strongly associated with
cancer development [3], although the role of AMPK in
cancer development and prevention is controversial
[4]. AMPK is necessary for tumor development. For
example, AMPKα is required for the tumorigenesis of
H-Ras-transformed mouse embryonic fibroblasts (MEFs)
in nude mice [5]. Recent work reported that AMPK
activity is required and necessary for kinase suppressor
of Ras 2 (KSR2)-mediated transformation and anchorageindependent growth of tumor cells MIN6 and NG108-
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in B cells accelerates c-Myc-driven lymphomagenesis via
HIF-1α-mediated metabolic shift to aerobic glycolysis
[11]. These combined results suggest that the reported
discrepancy of AMPK function in cancer development
may be due to different AMPKα isoforms and different
experimental cancer cells and tissue systems. Therefore,
the function of AMPK in cancer biology is not clearly
understood, and the role of AMPK in tumor angiogenesis
remains unclear.
Angiogenesis (the formation of new blood vessels)
is a key mechanism that supports tumor development by
providing nutrients and oxygen [12, 13]. Experiments
in mouse models have clearly shown that fibroblasts
in the stromal microenvironment have a significant
role in tumor angiogenesis, which contributes to the
initiation and progression of cancer [14–16]. Increases
in smooth muscle α-actin (SM-α-actin)-expressing
fibroblasts have been reported to enhance angiogenesis
by recruiting endothelial progenitor cells [16].
However, the mechanisms by which AMPK controls
fibroblast-mediated endothelial cell (EC) migration and
differentiation are not fully understood.
AMPK negatively regulates nuclear factor-κB
(NF-κB) signaling [17]. The upregulated non-canonical
nuclear factor kappa B2 (NF-ĸB2) pathway strongly
associates with tumor development and tissue hyperplasia.
For example, mice with a C-terminal truncation of Nfkb2
(leading to enhanced DNA binding of RelB/NF-κB2 p52
dimers) develop massive gastric hyperplasia and gastric
outlet obstruction [18]. Adenoviral-mediated NF-ĸB2/
p52 expression in LNCaP cells enhances tumor growth
in intact male nude mice and induces tumor growth in
castrated male nude mice, suggesting that NF-ĸB2/p52
overexpression induces androgen-independent growth
of androgen-sensitive LNCaP cells [19]. However,
whether p52 is involved in fibroblast transformation and
tumor angiogenesis, as well as the underlying molecular
mechanism is unknown.
Recent work showed that glycoprotein hormone
erythropoietin (Epo) promotes breast tumorigenesis by
activating JAK/STAT signaling in breast tumor-initiating
cells (TIC) and promoted TIC self-renewal [20], although
Epo is well known to regulate the production of red blood
cells primarily by preventing apoptosis of erythroid
progenitors [21]. Epo is reported to guide and enhance
endothelial cell migration to initiate angiogenesis [22].
Currently, it is unclear whether or not p52 controls Epo,
and Epo mediates tumor angiogenesis remain largely
unknown. In the present study, we show that loss of
AMPKα1 but not AMPKα2 activates NF-ĸB2, which
upregulates CDK2 contributing to MEF transformation,
as well as Epo leading to angiogenesis and tumorigenesis.
These findings establish a new role for AMPKα1 in
cellular transformation and stromal fibroblast-mediated
tumorigenesis.

www.impactjournals.com/oncotarget

AMPKα1 deficiency confers anchorageindependent growth mediated by CDK2
induction
Proliferation of nontransformed cells is restrained
by cell-cell contacts, which causes cells to exit the cell
cycle and form a monolayer upon reaching confluency.
The loss of contact inhibition is observed in the majority
of cancer cell lines, and it is a hallmark of cellular
transformation [12]. To assess the contribution of
AMPKα to contact inhibition of MEF proliferation, we
seeded wild type (WT), AMPKα1-knockout (AMPKα1KO), and AMPKα2-KO MEFs at the same initial
density (25% confluency) and allowed them to grow.
As shown in Figure 1A, AMPKα1 deletion dramatically
enhanced colony formation in MEFs cultured for 3
weeks, whereas either WT or AMPKα2-KO MEFs
exhibited robust contact-dependent growth inhibition
and formed a polarized quiescent monolayer after 3
weeks of culture. The results suggest that AMPKα1
deletion in MEFs leads to a loss of contact inhibition
of cell proliferation. The soft agar assay confirmed that
AMPKα1 deletion stimulated anchorage-independent
growth (Figure 1B), which is in line with that AMPKα1
silencing rescues melanoma antigen (MAGE)-A3/6RNAi-induced inhibition on colony formation of HeLa
cells [23]. Cyclin-dependent kinase 2 (CDK2) is essential
for anchorage-independent growth [24], so we analyzed
the CDK2 profile. Both CDK2 and phosphorylated
CDK2 at T160 were markedly elevated in AMPKα1-KO
MEFs, whereas they were clearly reduced in AMPKα2KO MEFs (Figure 1C). CDK2 knockdown by shRNA
significantly inhibited anchorage-independent growth
of AMPKα1-KO MEFs (Figure 1D and 1E), which may
be due to the partial inhibition of cell proliferation.
These results indicated that CDK2 was necessary for
anchorage-independent growth of AMPKα1-KO MEFs.

p52 mediates CDK2 upregulation
Next, we investigated the underlying mechanism
for CDK2 upregulation in AMPKα1-KO MEFs. qRT-PCR
analysis indicated that CDK2 mRNA was significantly
elevated in AMPKα1-KO MEFs when compared with WT
MEFs (Figure 2A). Knockdown of NF-κB2/p52 by siRNA
dramatically abolished CDK2 elevation in AMPKα1KO MEFs (Figure 2B). Chromatin immunoprecipitation
(ChIP) assays further demonstrated that p52 bound to the
CDK2 promoter (Figure 2C). p52 knockdown by shRNA
eliminated anchorage-independent growth of AMPKα1KO MEFs (Figure 2D and 2E).
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AMPKα1 deletion elevates NF-ĸB2/p52 via
β-TrCP-mediated p100 processing

protein (β-TrCP) [25]. P100 phosphorylation is crucial for
the post-translational processing of p100 precursor into
p52 [26, 27]. Accordingly, AMPKα1 deletion dramatically
increased phosphorylation of IĸB kinase-α (IĸKα) at Ser176 (Figure 4C); this is a well-known active form of Iĸkα
[28], which is a key upstream kinase for p100 serines
phosphorylation [29]. Further, AMPKα1 deletion enhanced
the phosphorylation of NF-kappaB-inducing kinase
(NIK) (Figure 3D), which may be due to the inhibition
of protein phosphatase 2A (PP2A) [30]. Activated NIK
preferentially phosphorylates IĸKα over IĸKβ and leads
to the activation of IĸKα kinase activity [28, 31]. The

We found that p52 and RelB protein levels in
MEF cytoplasm and nucleus were elevated by AMPKα1
deletion (Figure 3A). As shown in Figure 3B, total p52
protein was profoundly upregulated in AMPKα1-KO
MEFs compared with that in WT or AMPKα2-KO
MEFs. AMPKα1 deletion substantially upregulated p100
phosphorylation at both Ser-866 and Ser-870 (pp100–
S866/870); phosphorylation of this serine cluster in p100
creates a binding site for β-transducin repeat-containing

Figure 1: AMPKα1 deletion results in CDK2-mediated anchorage-independent MEF growth. A. Spontaneous colony

formation in AMPKα1-KO MEFs. Wild type (WT), AMPKα1-KO, and AMPKα2-KO MEFs (1 × 105 cells/mL) were seeded and cultured
on 6-well plates. Culture medium was changed every 2 days for 3 weeks. (Upper) Representative images showing colony formation of
MEFs. (Bottom) Quantification of colony formation. n=5, *P<0.001 versus WT. B. Anchorage-independent cell growth assay (soft agar
assay) of MEFs. (Upper) Representative images for colony formation. Scale bar =500 μm. (Bottom) Quantification of colony formation.
n=10, *P<0.001 versus WT. C. Phosphorylated CDK2 at The-160 (pCDK2-T160) and CDK2 are upregulated in AMPKα1-KO MEFs.
pCDK2-T160 and CDK2 protein in WT, AMPKα1-KO, and AMPKα2-KO MEFs were analyzed by Western blot (top). Quantification
of pCDK2 and CDK2 data (bottom). n=4, *P<0.01 versus WT; † P<0.05 versus WT. D. Diminished anchorage-independent growth of
AMPKα1-KO MEFs following CDK2 knockdown by shRNA. Representative images are shown. Scale bar =500 μm. E. Representative
Western blot data indicate CDK2 knockdown by shRNA (top). Quantification of anchorage-independent MEF growth (bottom). n=4,
*P<0.01 versus WT/control shRNA; †P<0.01 versus α1-KO/control shRNA.
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Epo upregulation in AMPKα1-KO MEFs is
mediated by p52

associations of pIĸKα with p100 (Figure 3E), and pp100
with β-TrCP (Figure 3F), which is a critical E3 ubiquitin
ligase for p100 ubiquitination and proteolytic processing
[29, 32], were significantly enhanced in AMPKα1-KO
MEFs. In addition, p52 induction in AMPKα1-KO MEFs
was efficiently attenuated by siRNA technology knocking
down β-TrCP (Figure 4G). Collectively, these results
suggest that AMPKα1 deletion very likely activates NFĸB2 signaling, which is mediated by β-TrCP.

We reported previously that plasma Epo levels
were conspicuously elevated in global AMPKα1-KO
mice compared with that in WT mice [33]. Epo protein
levels were significantly (P<0.05) higher in AMPKα1-KO
MEFs than those in either WT or AMPKα2-KO MEFs
(Figure 4A). The level of secreted Epo in medium from

Figure 2: CDK2 elevation in AMPKα1-KO MEFs is mediated by p52. A. Upregulation of CDK2 transcription in AMPKα1-KO

MEFs. CDK2 mRNA levels were measured by quantitative reverse transcription polymerase chain reaction in WT and AMPKα1-KO MEFs.
n=5, *P<0.01 versus WT. B. p52 is responsible for CDK2 elevation in AMPKα1-KO MEFs. MEFs were transfected with either control
siRNA or p52 siRNA (100 nmol/L) for 72 hours. Representative blot from three independent experiments (top). Quantification of Western
blot data (bottom). n=3, *P<0.01 versus WT/control siRNA; †P<0.05 versus α1-KO/control siRNA. C. Chromatin immunoprecipitation
(ChIP) analysis of the CDK2 gene. MEF chromatin from WT and AMPKα1-KO mice was immunoprecipitated with anti-p52 or rabbit
IgG as a negative control. Precipitated DNA or 10% of the chromatin input was amplified with gene-specific primers for mouse CDK2
promoter. This result is representative of four independent experiments. n=4, *P<0.05 versus WT. D. p52 knockdown by shRNA diminishes
anchorage-independent growth of AMPKα1-KO MEFs. Representative images are shown. Scale bar =500 μm. E. Quantification of
anchorage-independent MEF growth. Data are mean ± SD, n=5, *P<0.01 versus WT/control shRNA; †P<0.01 versus α1-KO/control
shRNA.
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Secreted epo from AMPKα1-KO MEFs
stimulates endothelial cell migration and tube
formation

AMPKα1-KO MEFs culture was dramatically increased
compared with that in WT or AMPKα2-KO MEFs culture
medium (Figure 4B). Consistently, Epo mRNA levels
were elevated in these cells (Figure 4C). Epo protein level
was notably reduced by p52 siRNA, which dramatically
downregulated the protein levels of both p100 and p52
(Figure 4D). ChIP assays confirmed that p52 bound to the
Epo promoter area (Figure 4E). Collectively, these results
suggest that AMPKα1 deletion induces p52-mediated Epo
upregulation.

Epo is reported to increase EC migration [34].
Therefore, we analyzed the function of Epo in MEFstimulated EC migration. Human microvascular
endothelial cells (hmvEC) were co-cultured with mouse
MEFs in a Transwell system. As shown in Figure 5A,
AMPKα1-KO MEFs significantly (P<0.05) enhanced

Figure 3: NF-kB2/p52 elevation in AMPKα1-KO MEFs occurs via β-TrCP-mediated p100 processing. A. AMPKα1

deletion upregulates both p52 and RelB protein levels in both cytoplasm and nucleus of MEFs. p52, RelB, GAPDH, and histone H3
proteins in subcellular fractions of WT, AMPKα1-KO, and AMPKα2-KO MEFs were analyzed by Western blot (top). Quantification of
the p52 and RelB data (bottom). n=4, *P<0.05 versus WT/cytoplasm; †P<0.05 versus WT/nucleus. B. Levels of p100 and p52 proteins
in WT, AMPKα1-KO, and AMPKα2-KO MEFs. p100 and p52 protein levels were assessed by Western blot analysis (top). This blot is
representative of five blots from five independent experiments. Quantification of western blot data (bottom). n=5, *P<0.01 versus WT.
C. Increased phosphorylation of p100 at Ser-866/870 (pp100-S866/870) and IκB kinase-α at Ser176 (pIĸKα) in AMPKα1-KO MEFs.
pp100-S866/870, pIκKα, and IκKα protein levels were assessed by Western blot (top). This blot is representative of five independent
experiments. Quantification of Western blot data (bottom). n=5, *P<0.01 versus WT. D. Elevated phosphorylation of NIK at T559
(pNIK-T559) in AMPKα1-KO MEFs. pNIK-T559 and NIK protein levels were assessed by Western blot (top). Quantification of Western
blot data (bottom). n=5, *P<0.01 versus WT. E. Enhanced interaction of p100 with pIκKα in AMPKα1-KO MEFs. pIκKα-S176 was
detected by immunoblotting after immunoprecipitation (IP) with anti-p100 (top). Quantification of Western blot data (bottom). n=5,
*P<0.01 versus WT. F. Augmented association of β-TrCP with pp100 in AMPKα1-KO MEFs. pp100 was detected by immunoblotting
after immunoprecipitation (IP) with anti-β-TrCP (top). Quantification of co-immunoprecipitation data (bottom). n=4, *P<0.01 versus WT.
G. p52 elevation in AMPKα1-KO MEFs is mediated by β-TrCP. MEFs were transfected with either control siRNA or β-TrCP siRNA
(100 nmol/L) for 72 hours. Representative blots from three independent experiments are shown (top). Quantification of Western blot data
(bottom). n=3, *P<0.05 versus WT/control siRNA; †P<0.05 versus α1-KO/control siRNA.
www.impactjournals.com/oncotarget
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hmvEC migration compared with that of WT MEFs. We
found that Epo neutralization with a specific anti-Epo
antibody clearly blocked hmvEC migration enhanced by
AMPKα1-KO MEFs (Figure 5A and 5B). Furthermore,
hmvEC tube formation in Matrigel was markedly
stimulated by conditioned medium from AMPKα1-KO
MEFs compared with that from WT MEFs. However, Epo
neutralization with a specific anti-Epo antibody attenuated
tube formation enhanced by AMPKα1-KO MEFs (Figure
5C and 5D). These combined data strongly suggest that
AMPKα1 deletion stimulates Epo expression in MEFs,
which contributes to EC migration and network formation.

mice dramatically promoted tumor development 6 weeks
after implantation (Figure 6A). However, WT MEFs never
induced tumor development in this setting (Figure 6A),
only presented as the similar size or even shrunk size
of original allograft during 6 weeks, consistent with a
previous report [35]. The implanted MEFs did not grow
at the beginning of week 5, but AMPKα1-KO MEFs then
grew very quickly 5 weeks after MEF injection (Figure
6B). This may be due to the later development of blood
vessels demonstrated by CD31 staining, which is a wellknown endothelium marker [36] (Figure 6D), and by
smooth muscle α-actin (SM-α-actin) staining, which is a
well-established biomarker for vascular smooth muscle
cells (VSMCs) [37] (Figure 6D). AMPKα1 deletion
substantially enhanced MEF proliferation, as indicated
by Ki-67 staining (Figure 6C). These data suggest that
AMPKα1-deleted MEFs stimulate angiogenesis and
subsequent tumor formation in nude mice.

AMPKα1-deleted MEFs lead to tumor formation
in nude mice
Subcutaneous implantation of immortalized MEFs
from AMPKα1-KO embryos into immune-deficient nude

Figure 4: Elevated p52 is responsible for Epo induction. A. Upregulated Epo in AMPKα1-KO MEFs. Epo protein level was

assessed by Western blot analysis (top). Quantification of Western blot data (bottom). n=5, *P<0.05 versus WT. B. Epo was elevated in
culture medium from AMPKα1-KO MEFs. Epo was concentrated from culture medium of MEFs with different genetic background and
detected by ELISA. n=6, *P<0.01 versus WT. C. Upregulation of Epo transcription in AMPKα1-KO MEFs. Epo mRNA levels were
measured by quantitative RT-PCR in WT, AMPKα1-KO, or AMPKα2-KO MEFs. n=5, *P<0.01 versus WT. D. Epo upregulation in
AMPKα1-KO MEFs is mediated by p52. Three kinds of MEFs were transfected with either control siRNA or p52 siRNA (100 nmol/L)
for 72 hours. Representative blots from three independent experiments are shown. E. Chromatin immunoprecipitation (ChIP) analysis of
the Epo gene. MEF chromatin from WT, AMPKα1-KO, and AMPKα2-KO mice was immunoprecipitated with anti-p52 or rabbit IgG as a
negative control. Precipitated DNA or 10% of the chromatin input was amplified with gene-specific primers for the mouse Epo promoter.
This result is representative of four independent experiments. n=4, *P<0.05 versus WT.
www.impactjournals.com/oncotarget
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Epo elevation in AMPKα1-KO MEFs is required
for tumorigenesis

that Epo-mediated angiogenesis or vascularization is an
essential prerequisites for fast development of tumor.

As shown in Figure 7A, plasma Epo levels in nude
mice inoculated with AMPKα1-KO MEFs were increased
5-fold compared with those in nude mice inoculated
with WT MEFs. Epo staining was stronger in implanted
AMPKα1-KO MEFs than in WT MEFs (Figure 7B).
The tumor size in nude mice implanted subcutaneously
with AMPKα1-KO MEFs was partially but significantly
reduced by Epo neutralization with a specific anti-Epo
antibody (Figure 7C). Epo antibody neutralization partly
and clearly weakened the staining of both CD31 and SMα-actin in the tumor area that developed after implantation
of AMPKα1-KO MEFs (Figure 7D). These results imply

DISCUSSION
In this study, we demonstrated for the first time
that deletion of AMPKα1 but not AMPKα2 enhances
immortalized MEF transformation and tumorigenesis
in nude mice. Mechanistically, we found that NF-ĸB2
p52 elevation in AMPKα1-KO MEFs was due to the
increased NIK-mediated phosphorylation of IĸKα, which
led to elevated p100 phosphorylation and enhanced the
proteolytic processing of p100 precursor to p52 mediated
by E3 ubiquitin ligase β-TrCP (Figure 7E). Elevated
p52 levels upregulate CDK2, which contributes to the

Figure 5: Secreted Epo from AMPKα1-KO MEFs enhances human microvascular endothelial cell (hmvEC) migration
and tube formation. A. AMPKα1-KO MEFs promote hmvEC migration, which is inhibited by Epo neutralization. Cell migration was

measured using a Boyden chamber housing a polycarbonate filter in a 24-well plate assay system (8 μm pores, BD Biosciences). hmvEC
(5×104 cells/well in 500 μl of serum-free medium) seeded in upper chamber of Boyden chamber was co-cultured with WT MEFs or
AMPKα1-KO MEFs seeded in bottom chamber plus nonspecific IgG or anti-Epo antibody for 16 h at 37°C. Cells on the lower surface of
the filter were fixed with cold-methanol and stained with hematoxylin. Representative images are shown. B. Quantification of migrated
cells. n=10, *P<0.05 versus WT/IgG; †P<0.05 versus α1-KO/IgG. C. and D. AMPKα1-KO MEF-stimulated EC tube formation is ablated
by anti-Epo neutralization. (C) Representative images showing tube formation. (D) Quantification of tube formation assay. n=4, *P<0.05
versus WT/IgG; †P<0.05 versus α1-KO/IgG.
www.impactjournals.com/oncotarget
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anchorage-independent growth of AMPKα1-KO MEFs.
Increased p52 levels also upregulate Epo, which causes
angiogenesis and subsequent tumorigenesis in athymic
nude mice in vivo (Figure 7E).
Patient tumor samples, including lung squamous
cell carcinoma, colon adenocarcinomas, and breast
invasive carcinoma tumors expressing MAGE-A3/6,
have decreased AMPKα1 protein levels [23]. In addition,
as shown in The Human Protein Atlas (http://www.
proteinatlas.org/ENSG00000132356-PRKAA1/cancer),
lung cancer, stomach cancer, prostate cancer, and renal
cancer tissues have negative staining for AMPKα1 protein
compared with the corresponding normal tissues. While
liver cancer, lung cancer, melanoma, and pancreatic cancer
tissues show moderate AMPKα2 staining compared to
respective normal tissues with negative staining (http://
www.proteinatlas.org/ENSG00000162409-PRKAA2/
cancer). However, there is no clinical report about

AMPKα1 reduction/mutation in stromal cells in human
cancer.
Oncogene H-RasV12-transformed WT MEFs
dramatically develops tumors in nude mice [5], which
is contrast to the results reported by Phoenix et al [8].
H-RasV12-transformed AMPKα1α2 double KO MEFs
fails to form tumors in mice [5], which may be due to
the increased cellular senescence in AMPKα2-KO MEFs
[38]. Here, we showed that AMPKα1 deletion stimulated
anchorage-independent MEF growth, which is consistent
with a previous report that AMPKα1 deletion triggers
MEF hyperproliferation and DNA damage [39]. These
results further indicate that AMPKα1 may act as a tumor
suppressor. Our results are in agreement with the results
of previous reports. For example, AMPK activation
suppressed tumor progression, whereas AMPKα1
inhibition/deletion promoted tumor formation, such as
c-Myc-driven lymphoma development [11] and prostate

Figure 6: Allografed AMPKα1-KO MEFs promote tumor formation with increased vascularization in nude mice. A.

Representative images of tumors in nude mice inoculated with WT or AMPKα1-KO MEFs. n=8–10 per group. B. Tumor growth rate of
AMPKα1-KO MEFs. WT MEFs or AMPKα1-KO MEFs mixed with 100 μl Matrigel were subcutaneously injected into nude mice and
followed up for tumorigenesis as the indicated time. n=10–13 per group, Results are presented as mean ± SD. *P<0.01 versus WT. C.
Staining of proliferation marker Ki-67 in allograft MEFs from nude mice. Allograft MEF tissues were collected from nude mice euthanized
by carbon dioxide inhalation at 6 weeks after MEFs implantation. Representative images are shown. Scale bar =50 μm D. Allograft MEF
tissues were stained with antibodies specific to CD31 or smooth muscle (SM)-α-actin. Allograft MEF tissues were excised from nude mice
euthanized by carbon dioxide inhalation at 6 weeks after MEFs implantation. Representative images are shown (top). Scale bar =50 μm.
Quantification of anti-CD31 or SM-α-actin staining (bottom). n=5–7 per group, *P<0.01 versus WT.
www.impactjournals.com/oncotarget

53661

Oncotarget

cancer [40]. Conversely, several studies reported that
AMPK or its activation was required for the formation of
tumors such as astrocytic tumors [41] and experimental
human breast tumors [42]. The reasons for these
discrepancies are unknown. The reported discrepancy of
AMPK effect in tumor/cancer development may be due
to different AMPKα isoforms and different experimental
tumor cells and tissue systems. The identification of
additional regulators for AMPKα1 activation also will be
of utmost importance.
Further, we demonstrated that AMPKα1 deletion
triggered
fibroblast
transformation
(anchorageindependent growth) via CDK2 upregulation (Figure 1D).
In addition, we detected the protein levels of Merlin [43,
44] and E-cadherin [45, 46], both of them are associated
with anchorage-independent growth. Merlin did not

show difference among WT, AMPKα1-KO MEFs, and
AMPKα2-KO MEFs (data not shown). E-cadherin protein
level was dramatically decreased in both AMPKα1KO MEFs and AMPKα2-KO MEFs as compared with
WT MEFs (data not shown). Taken together, these data
suggest that either Merlin or E-cadherin may not play the
decisive role in AMPKα1 deletion-induced anchorage
independence of cell proliferation. Moreover, AMPK
activation by AICAR or metformin blocks the anchorageindependent growth of Lats1/2 double-knockout (DKO)
MEFs by inhibiting the activity of Yes-associated protein
(YAP) [47]. These results suggest that AMPKα1 regulates
anchorage-independent growth via distinct molecules in
different cell systems.
Epo is a cytokine that stimulates erythropoiesis;
it is produced in the fetal liver and adult kidneys.

Figure 7: Epo elevation in AMPKα1-KO MEFs is required for tumorigenesis. A. Plasma concentrations of Epo in nude mice
inoculated with WT or AMPKα1-KO MEFs. n=10-13 per group; *P<0.01 versus WT. B. Epo upregulation in inoculated AMPKα1-KO
MEFs in nude mice. Implanted MEF tissues were collected from nude mice euthanized by carbon dioxide inhalation at 6 weeks after MEFs
implantation. Representative images show Epo staining (top). Quantification of anti-Epo staining (bottom). n=5 per group; *P<0.01 versus
WT. C. Tumor growth rate of AMPKα1-KO MEFs in nude mice injected intraperitoneally (IP) with an antibody specific to Epo or IgG. n=8–
10 per group, †P<0.01 versus WT/IgG; *P<0.01 versus α1-KO/IgG. D. Representative images showing staining with antibodies specific
to CD-31 or smooth muscle (SM)-α-actin (left). Scale bar =50 μm. Quantification of anti-CD31or SM-α-actin staining (right). Implanted
AMPKα1-KO MEFs were collected from nude mice euthanized by carbon dioxide inhalation at the end of experiment (8 weeks after MEFs
implantation). n=5–6 per group; *P<0.01 versus IgG. E. Mechanisms of AMPKα1deletion-stimulated anchorage-independent growth,
neovascularization, and consequent tumorigenesis. AMPKα1 deletion in fibroblast activates NIK, which phosphorylates and activates
IκKα, then enhance p100 phosphorylation recruiting E3 ubiquitin ligase β-TrCP, which facilitates p100 processing to p52. Upregulated p52
controls CDK2 and Epo expression. Epo-mediated neovascularization cooperating with CDK2-mediated anchorage-independent growth
contributes to tumorigenesis in vivo.
www.impactjournals.com/oncotarget
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The expression of Epo protein can be modulated
by transcriptional regulators and post-translational
modifications. Genetic evidence suggests that Epo
is regulated at the transcriptional level by HIF1α at
embryogenesis, or by HIF2α under physiological and
stress conditions in adults [48, 49]. Platelet-derived
growth factor (PDGF)-BB modulates Epo expression in
stromal cells and perivascular cells via the transcription
factor Atf3 [50]. Our results suggest that NF-ĸB2 p52
functions as a transcription factor for Epo expression in
fibroblasts (Figure 4E). Epo exerts its biological functions
via either canonical transmembrane Epo receptor (EpoR)
[51] or the alternative Epo receptor, ephrin-type B
receptor 4 (EphB4) [52]. Epo has been widely used for
the treatment of cancer-related and chemotherapy-induced
anemia [53]. However, it was reported to stimulate the
growth or survival of tumors including ovarian tumor,
breast tumor [52], and melanoma [54], and to promote
tumor angiogenesis [50]. Our data indicate that Epo
produced in fibroblasts promotes EC migration (Figure
5B) and angiogenesis in mice in vivo (Figure 7D),
suggesting that clinical treatment of cancer patients with
Epo should be approached with caution. In addition, it is
interesting to investigate whether Epo promotes fibroblasts
transdifferentiation into endothelial cells.
In summary, our results elucidate a previously
unrecognized role of AMPKα1 deletion in loss of contact
inhibition of cellular proliferation and angiogenesis, two
key events in tumor/cancer initiation and progression.
Therefore, the AMPKα1 pathway may be a promising
therapeutic target for cancer treatment.

and Use Committee of University of Oklahoma Health
Sciences Center (Oklahoma City, OK).

Cell culture, transfection, and infection
Primary MEFs obtained from 13.5-day old embryos
of WT and knockout (KO) mice were immortalized by
using a standard 3T3 protocol [57, 58]. The immortalized
MEFs (referred to MEFs here) were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, 10013-CV, Corning Cellgro) supplemented with 10% fetal
bovine serum (FBS; Atlanta Biologicals), Glutamine,
penicillin (100 units/ml), and streptomycin (100 mg/ml).
Human microvascular endothelial cells (hmvEC) (Cat.
# C-011-5C) were purchased from Life Technologies
Corporation (Carlsbad, CA). The working concentration
of siRNA duplexes applied was 100 nm. MEFs were
transfected with target-specific siRNA or non-targeting
siRNA for 72 h using Lipofectamine RNAiMAX (13778150, Invitrogen) as previously described [59]. shRNA
lentiviral particles transduction was performed in growth
media supplemented with 8 ng/mL polybrene according to
manufacturer's protocol.

Protein extraction, immunoprecipitation, and
immunoblotting
Whole cell extracts were prepared using cell lysis
buffer (9803) from Cell Signaling Technology (Beverly,
MA) with protease and phosphatase inhibitor cocktails
(Cat. # 78440, Thermo Scientific). Immunoprecipitation
was conducted using 900 μg of protein lysate. Protein
samples (30–50 μg) were separated by SDS-PAGE,
transferred onto nitrocellulose membranes, and probed
with different primary antibodies as previously described
[60, 61]. Following incubation with the appropriate
horseradish peroxidase-linked secondary antibodies
(Cell Signaling Technology), signal was visualized with
an enhanced chemiluminescence detection system (GE
Healthcare) and quantified by densitometry. Equal loading
of protein was verified by immunoblotting with anti-βactin or -GAPDH antibody.

MATERIALS AND METHODS
Materials and reagents
The following antibodies were obtained from Cell
Signaling Technology (Beverly, MA): rabbit anti-CDK2
(2546), rabbit anti-pCDK2-T160 (2561), rabbit antipp100-S866/870 (4810), rabbit anti-pIĸKα/β (2078), rabbit
anti-IĸKα (2682), rabbit anti-NF-ĸB2 p100/p52 (4882),
rabbit anti-NIK (4994), rabbit anti-β-TrCP (D13F10)
(4394), and rabbit anti-PCNA (13110). β-TrCP siRNA (sc37179), p52 siRNA (m) (sc-36043), CDK2 shRNA (m)
lentiviral particles (sc-29260-V), NFκB p52 shRNA (m)
lentiviral particles (sc-36043-V), goat anti-pNIK-T559
(sc-12957), rabbit anti-Epo (sc-7956), mouse antiGAPDH (sc-32233), mouse anti-β-actin (sc-47778), were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Rabbit anti-Epo (ab65394) and rabbit anti-Ki-67
(ab15580) were purchased from Abcam (Cambridge,
MA). Other chemicals and organic solvents of the highest
available grade were obtained from Sigma-Aldrich.
AMPKα1-KO and AMPKα2-KO mice were described
elsewhere [55, 56]. Mice were handled in accordance with
study protocols approved by the Institutional Animal Care
www.impactjournals.com/oncotarget

Epo enzyme-linked immunosorbent assay
(ELISA)
One million MEFs were plated in 10-cm dishes in
8 ml of serum-free medium and cultured under normoxia
(21% O2) for 16 hours. Cell culture media were spun
at 2500 rpm to pellet down any cellular debris, and the
supernatant was then collected and concentrated to 200
μl using Amicon Ultra-15 centrifugal filter units with
Ultracel-10 membrane (UFC901024, EMD Millipore).
Epo levels in cell culture media or blood plasma were
determined in duplicate using a mouse Epo Quantikine
ELISA kit (MEP00B, R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.
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Soft agar assay

in a moist chamber. The sections were washed in PBS,
quenched with blocking buffer (BioGenex, Fremont,
CA). Sections were sequentially treated with individual
primary antibody, secondary antibody (Dako, Carpinteria,
CA) and DAB substrate (Dako, Carpinteria, CA). Finally,
the tissue sections were counterstained with hematoxylin,
dehydrated, cleared and mounted with neutral gums. In
parallel, tissue specimens in which the primary antibody
was replaced with blocking solution served as negative
control.

1.5 × 104 MEFs were gently mixed in 2.5 mL of
0.4% SeaPlaque low melt agarose (Cat. #50101, Lonza)
in complete DMEM culture medium as a soft agar on
the top of 2.5 mL of 2% SeaPlaque agarose dissolved in
PBS in 60-mm cell culture dishes. Once solidified at 4°C,
the top cell/agarose mixture was covered with 2.5 mL of
fresh medium, which was changed twice weekly. After 3
to 4 weeks of incubation at 37°C incubator, anchorageindependent growth in soft agar was quantified by
counting the number of colonies (> 60 μm in diameter) in
each field using a light microscope [62]. The experiments
were replicated four times, and a representative set of data
is photographed for presentation.

qRT-PCR
Confluent MEFs was washed with PBS and
total RNA was extracted with TRIzol (Invitrogen).
Total RNA (400 ng) from each sample will be used for
cDNA synthesis, which will be performed using reverse
transcription reagents from the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s instructions
and as described previously [64]. PCR will be performed
using the following primers: mouse Epo forward primer,
5'-CCT CAT CTG CGA CAG TCG AG-3’; mouse Epo
reverse primer, 5’-ACA ACC CAT CGT GAC ATT TTC
T-3’; mouse CDK2 forward primer, 5'-CCT GCT TAT
CAA TGC AGA GGG-3’; mouse CDK2 reverse primer,
5'-TGC GGG TCA CCA TTT CAG C-3’. Levels of Epo
mRNA or CDK2 mRNA will be normalized to β-actin
mRNA levels. Duplicate PCR reactions will be run for
each sample, and results will be expressed as mean ± SD.

Allograft studies
5×106 MEFs with indicated genotypes mixed with
100 μL Matrigel (Cat. # 356237, BD Biosciences) were
injected subcutaneously into the flanks of athymic nude
(NU/NU, 7~8-week-old male) mice (Charles River,
Wilmington, MA) [35]. IgG (554682) or anti-Epo antibody
(554651, BD Pharmingen) was intraperitoneally injected
(twice a week) since 4 weeks after MEFs implantation.
Mice were checked for the appearance of tumors every
week, and the tumor size was measured by external caliper.
Tumor volumes (V) were calculated with the formula,
V=L×W2×0.5, where L is the longest dimension and W
is the shortest dimension of a tumor (mm) [63]. These
studies were performed in full compliance with current
Institutional Animal Care and Use Committee guidelines
and requirements of University of Oklahoma Health
Sciences Center. At 6 weeks after MEFs implantation or
at the end of experiments with IgG or anti-Epo injection,
animals were euthanized by carbon dioxide inhalation.
Tumors were excised and individually weighed. Tumor
tissue was frozen in liquid nitrogen for future studies or
fixed with 4% buffered paraformaldehyde for paraffin
embedding and sectioning.

Tube formation assay
The formation of vessel-like structures by hmvEC
on growth factor-reduced Matrigel (BD Biosciences) was
performed as previously described [65]. Briefly, 35-mm
culture dishes were coated with Matrigel diluted (1:1)
with supernatants from MEFs culture. The hmvEC were
seeded on coated dishes at 3×105 cells/dish and incubated
at 37°C for 8 hours under normoxic conditions. In some
dishes, either IgG or anti-Epo antibody was also added as
indicated. Tube formation was observed using an inverted
phase contrast microscope (Nikon, Tokyo, Japan). Images
were captured with a videographic system (DEI-750
CE Digital Output camera; Optronics, Goleta, CA). The
degree of tube formation was quantified by measuring the
number of tubes in 30 randomly chosen low-power fields
from each dish using the National Institutes of Health
Image program. Each experiment was repeated 4 times.

Immunohistochemical staining
Allografted MEFs were collected from athymic
nude mice and fixed in 4% paraformaldehyde. The tissue
samples were dehydrated and embedded in paraffin wax.
Serial paraffin sections (4 μm) were obtained and kept at
37°C for more than 12 h. The sections were immersed
in three consecutive washings in xylol for 5 min to
remove paraffin, and then hydrated with five consecutive
washings with alcohol in descending order 100, 100, 90,
80, 70% and deionized water respectively. The slides
were immersed in citrate buffer solution (0.01M, pH
6.0) and heated for 30 min at 100°C, naturally cooled
down and then immersed in 3% aqueous hydrogen
peroxide for endogenous peroxidase ablation at room
temperature for 20 min. Following steps were executed
www.impactjournals.com/oncotarget

Chromatin immunoprecipitation (ChIP) assay
MEFs from WT, AMPKα1-KO, or AMPKα2-KO
embryo will be subjected to ChIP using the ChIP Assay kit
(Millipore Corporation, Billerica, MA). Briefly, 1% fresh
formaldehyde will be used to cross-link proteins with DNA,
and cells will be lysed in SDS lysis buffer. The cell lysate
will be sonicated to shear the DNA into 120- to 400-bp
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fragments. Chromatin samples will then be pre-cleared
with a salmon sperm DNA/protein A agarose-50% slurry
for 30 min at 4°C and immunoprecipitated overnight with
antibody against p52 (Ab7972, Abcam) or normal rabbit
IgG as negative control. The Epo promoter region between
-659 and-466 nucleotides will be amplified with the
forward primer 5'-AAA GCA TCC GAG CCC CTT CTA
GAC TC-3' and the reverse primer 5'-AGG GGG GTG
CGC ATC TGA GAG AT-3'. The CDK2 promoter region
between -4598 and -4395 nucleotides will be amplified
with the forward primer 5'-TGG TGT TTT ATT TTG CTT
GGG GTG GT-3' and the reverse primer 5'- GCA CAG
TGT CAT GGG CCT AGA ATC C-3'. The amplified PCR
products will be separated on a 1.5% agarose gel, stained
with ethidium bromide, and visualized under UV light.

5. Laderoute KR, Amin K, Calaoagan JM, Knapp M, Le
T, Orduna J, Foretz M, Viollet B. 5'-AMP-activated
protein kinase (AMPK) is induced by low-oxygen and
glucose deprivation conditions found in solid-tumor
microenvironments. Mol Cell Biol. 2006; 26:5336-5347.
6. Fernandez MR, Henry MD, Lewis RE. Kinase suppressor
of Ras 2 (KSR2) regulates tumor cell transformation via
AMPK. Mol Cell Biol. 2012; 32:3718-3731.
7. Yan M, Gingras MC, Dunlop EA, Nouet Y, Dupuy F,
Jalali Z, Possik E, Coull BJ, Kharitidi D, Dydensborg AB,
Faubert B, Kamps M, Sabourin S, Preston RS, Davies DM,
Roughead T, et al. The tumor suppressor folliculin regulates
AMPK-dependent metabolic transformation. J Clin Invest.
2014; 124:2640-2650.
8. Phoenix KN, Devarakonda CV, Fox MM, Stevens LE,
Claffey KP. AMPKalpha2 Suppresses Murine Embryonic
Fibroblast Transformation and Tumorigenesis. Genes
Cancer. 2012; 3:51-62. doi: 10.1177/1947601912452883.

Statistical analysis
Data are presented as mean ± SD. All studies will
be conducted with a sufficient number of samples so as
to obtain statistically robust results, with a confidence
interval and P< 0.05. Paired t-tests will be used to compare
results between two related groups. Comparisons between
more than two groups will be performed using an analysis
of variance (ANOVA) followed by the Bonferroni post
hoc test using GraphPad Prism 5 program (GraphPad
Software, La Jolla, CA).

9. Fox MM, Phoenix KN, Kopsiaftis SG, Claffey KP. AMPActivated Protein Kinase alpha 2 Isoform Suppression in
Primary Breast Cancer Alters AMPK Growth Control and
Apoptotic Signaling. Genes Cancer. 2013; 4:3-14. doi:
10.1177/1947601913486346.
10. Lee CW, Wong LL, Tse EY, Liu HF, Leong VY, Lee
JM, Hardie DG, Ng IO, Ching YP. AMPK promotes p53
acetylation via phosphorylation and inactivation of SIRT1
in liver cancer cells. Cancer Res. 2012; 72:4394-4404.

ACKNOWLEDGMENTS

11. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong
Z, Dupuy F, Chambers C, Fuerth BJ, Viollet B, Mamer OA,
Avizonis D, DeBerardinis RJ, Siegel PM, Jones RG. AMPK
is a negative regulator of the Warburg effect and suppresses
tumor growth in vivo. Cell Metab. 2013; 17:113-124.

This publication was made possible by NIH
grants (CA213022, HL132500, HL128014, HL110488,
HL080499, HL089920, and AG047776) to M.-H.Z.,
Scientist Development Grant (11SDG5560036) from
American Heart Association to P.S., and the National Natural
Science Foundation of China grant 81303109 to H.X.

12. Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.
13. Albini A, Tosetti F, Li VW, Noonan DM, Li WW. Cancer
prevention by targeting angiogenesis. Nature reviews
Clinical oncology. 2012; 9:498-509.

CONFLICTS OF INTEREST

14. Bhowmick NA, Neilson EG, Moses HL. Stromal fibroblasts
in cancer initiation and progression. Nature. 2004;
432:332-337.

The authors do not have any conflicts of interest.

REFERENCES

15. Guo X, Oshima H, Kitmura T, Taketo MM, Oshima M.
Stromal fibroblasts activated by tumor cells promote
angiogenesis in mouse gastric cancer. J Biol Chem. 2008;
283:19864-19871.

1. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated
protein kinase: ancient energy gauge provides clues to
modern understanding of metabolism. Cell Metab. 2005;
1:15-25.

16. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F,
Delaunay T, Naeem R, Carey VJ, Richardson AL, Weinberg
RA. Stromal fibroblasts present in invasive human breast
carcinomas promote tumor growth and angiogenesis
through elevated SDF-1/CXCL12 secretion. Cell. 2005;
121:335-348.

2. Song P, Zou MH. Regulation of NAD(P)H oxidases by
AMPK in cardiovascular systems. Free Radic Biol Med.
2012; 52:1607-1619.
3. Luo Z, Zang M, Guo W. AMPK as a metabolic tumor
suppressor: control of metabolism and cell growth. Future
oncology. 2010; 6:457-470.

17. Salminen A, Hyttinen JM, Kaarniranta K. AMP-activated
protein kinase inhibits NF-kappaB signaling and
inflammation: impact on healthspan and lifespan. J Mol
Med (Berl). 2011; 89:667-676.

4. Dasgupta B, Chhipa RR. Evolving Lessons on the Complex
Role of AMPK in Normal Physiology and Cancer. Trends in
pharmacological sciences. 2016; 37:192-206.
www.impactjournals.com/oncotarget

53665

Oncotarget

18. Ishikawa H, Carrasco D, Claudio E, Ryseck RP, Bravo R.
Gastric hyperplasia and increased proliferative responses of
lymphocytes in mice lacking the COOH-terminal ankyrin
domain of NF-kappaB2. J Exp Med. 1997; 186:999-1014.

31. Zhang W, Tan W, Wu X, Poustovoitov M, Strasner A, Li W,
Borcherding N, Ghassemian M, Karin M. A NIK-IKKalpha
module expands ErbB2-induced tumor-initiating cells by
stimulating nuclear export of p27/Kip1. Cancer Cell. 2013;
23:647-659.

19. Nadiminty N, Chun JY, Lou W, Lin X, Gao AC.
NF-kappaB2/p52 enhances androgen-independent growth
of human LNCaP cells via protection from apoptotic cell
death and cell cycle arrest induced by androgen-deprivation.
Prostate. 2008; 68:1725-1733.

32. Fong A, Sun SC. Genetic evidence for the essential role of
beta-transducin repeat-containing protein in the inducible
processing of NF-kappa B2/p100. J Biol Chem. 2002;
277:22111-22114.

20. Zhou B, Damrauer JS, Bailey ST, Hadzic T, Jeong Y,
Clark K, Fan C, Murphy L, Lee CY, Troester MA, Miller
CR, Jin J, Darr D, Perou CM, Levine RL, Diehn M, et
al. Erythropoietin promotes breast tumorigenesis through
tumor-initiating cell self-renewal. J Clin Invest. 2014;
124:553-563.

33. Wang S, Dale GL, Song P, Viollet B, Zou MH. AMPKalpha1
deletion shortens erythrocyte life span in mice: role of
oxidative stress. J Biol Chem. 2010; 285:19976-19985.
34. Su KH, Yu YB, Hou HH, Zhao JF, Kou YR, Cheng LC,
Shyue SK, Lee TS. AMP-activated protein kinase mediates
erythropoietin-induced activation of endothelial nitric
oxide synthase. Journal of cellular physiology. 2012;
227:3053-3062.

21. Silva M, Grillot D, Benito A, Richard C, Nunez G,
Fernandez-Luna JL. Erythropoietin can promote erythroid
progenitor survival by repressing apoptosis through Bcl-XL
and Bcl-2. Blood. 1996; 88:1576-1582.

35. Sebastian C, Zwaans BM, Silberman DM, Gymrek M,
Goren A, Zhong L, Ram O, Truelove J, Guimaraes AR,
Toiber D, Cosentino C, Greenson JK, MacDonald AI,
McGlynn L, Maxwell F, Edwards J, et al. The histone
deacetylase SIRT6 is a tumor suppressor that controls
cancer metabolism. Cell. 2012; 151:1185-1199.

22. Kertesz N, Wu J, Chen TH, Sucov HM, Wu H. The role of
erythropoietin in regulating angiogenesis. Developmental
biology. 2004; 276:101-110.
23. Pineda CT, Ramanathan S, Fon Tacer K, Weon JL,
Potts MB, Ou YH, White MA, Potts PR. Degradation of
AMPK by a cancer-specific ubiquitin ligase. Cell. 2015;
160:715-728.

36. Pusztaszeri
MP,
Seelentag
W,
Bosman
FT.
Immunohistochemical expression of endothelial markers
CD31, CD34, von Willebrand factor, and Fli-1 in normal
human tissues. J Histochem Cytochem. 2006; 54:385-395.

24. Horiuchi D, Huskey NE, Kusdra L, Wohlbold L, Merrick
KA, Zhang C, Creasman KJ, Shokat KM, Fisher RP, Goga
A. Chemical-genetic analysis of cyclin dependent kinase 2
function reveals an important role in cellular transformation
by multiple oncogenic pathways. Proc Natl Acad Sci U S A.
2012; 109:E1019-1027.

37. Owens GK, Kumar MS, Wamhoff BR. Molecular
regulation of vascular smooth muscle cell differentiation in
development and disease. Physiol Rev. 2004; 84:767-801.
38. Ding Y, Chen J, Okon IS, Zou MH, Song P. Absence of
AMPKalpha2 accelerates cellular senescence via p16
induction in mouse embryonic fibroblasts. The international
journal of biochemistry & cell biology. 2016; 71:72-80.

25. Liang C, Zhang M, Sun SC. beta-TrCP binding and
processing of NF-kappaB2/p100 involve its phosphorylation
at serines 866 and 870. Cell Signal. 2006; 18:1309-1317.

39. Xu H, Zhou Y, Coughlan KA, Ding Y, Wang S, Wu Y, Song
P, Zou MH. AMPKalpha1 deficiency promotes cellular
proliferation and DNA damage via p21 reduction in mouse
embryonic fibroblasts. Biochim Biophys Acta. 2015;
1853:65-73.

26. Xiao G, Fong A, Sun SC. Induction of p100 processing
by NF-kappaB-inducing kinase involves docking IkappaB
kinase alpha (IKKalpha) to p100 and IKKalpha-mediated
phosphorylation. J Biol Chem. 2004; 279:30099-30105.
27. Nadiminty N, Lou W, Lee SO, Lin X, Trump DL, Gao AC.
Stat3 activation of NF-{kappa}B p100 processing involves
CBP/p300-mediated acetylation. Proc Natl Acad Sci U S A.
2006; 103:7264-7269.

40. Zadra G, Photopoulos C, Tyekucheva S, Heidari P, Weng
QP, Fedele G, Liu H, Scaglia N, Priolo C, Sicinska E,
Mahmood U, Signoretti S, Birnberg N, Loda M. A novel
direct activator of AMPK inhibits prostate cancer growth
by blocking lipogenesis. EMBO molecular medicine. 2014;
6:519-538.

28. Ling L, Cao Z, Goeddel DV. NF-kappaB-inducing kinase
activates IKK-alpha by phosphorylation of Ser-176. Proc
Natl Acad Sci U S A. 1998; 95:3792-3797.
29. Qing G, Xiao G. Essential role of IkappaB kinase alpha in
the constitutive processing of NF-kappaB2 p100. J Biol
Chem. 2005; 280:9765-9768.

41. Rios M, Foretz M, Viollet B, Prieto A, Fraga M, Costoya
JA, Senaris R. AMPK activation by oncogenesis is required
to maintain cancer cell proliferation in astrocytic tumors.
Cancer Res. 2013; 73:2628-2638.

30. Kim KY, Baek A, Hwang JE, Choi YA, Jeong J, Lee MS,
Cho DH, Lim JS, Kim KI, Yang Y. Adiponectin-activated
AMPK stimulates dephosphorylation of AKT through
protein phosphatase 2A activation. Cancer Res. 2009;
69:4018-4026.

42. Laderoute KR, Calaoagan JM, Chao WR, Dinh D, Denko
N, Duellman S, Kalra J, Liu X, Papandreou I, Sambucetti
L, Boros LG. 5'-AMP-activated protein kinase (AMPK)
supports the growth of aggressive experimental human
breast cancer tumors. J Biol Chem. 2014; 289:22850-22864.

www.impactjournals.com/oncotarget

53666

Oncotarget

43. Lau YK, Murray LB, Houshmandi SS, Xu Y, Gutmann DH,
Yu Q. Merlin is a potent inhibitor of glioma growth. Cancer
Res. 2008; 68:5733-5742.

Gomas E, Nicolas G, Wojtaszewski JF, Kahn A, Carling D,
Schuit FC, et al. The AMP-activated protein kinase alpha2
catalytic subunit controls whole-body insulin sensitivity. J
Clin Invest. 2003; 111:91-98.

44. Curto M, Cole BK, Lallemand D, Liu CH, McClatchey AI.
Contact-dependent inhibition of EGFR signaling by Nf2/
Merlin. J Cell Biol. 2007; 177:893-903.

56. Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB,
Schjerling P, Vaulont S, Richter EA, Wojtaszewski JF.
Knockout of the alpha2 but not alpha1 5'-AMP-activated
protein kinase isoform abolishes 5-aminoimidazole-4carboxamide-1-beta-4-ribofuranosidebut not contractioninduced glucose uptake in skeletal muscle. J Biol Chem.
2004; 279:1070-1079.

45. Kantak SS, Kramer RH. E-cadherin regulates anchorageindependent growth and survival in oral squamous cell
carcinoma cells. J Biol Chem. 1998; 273:16953-16961.
46. Kim NG, Koh E, Chen X, Gumbiner BM. E-cadherin
mediates contact inhibition of proliferation through Hippo
signaling-pathway components. Proc Natl Acad Sci U S A.
2011; 108:11930-11935.

57. Todaro GJ, Green H. Quantitative studies of the growth of
mouse embryo cells in culture and their development into
established lines. J Cell Biol. 1963; 17:299-313.

47. Mo JS, Meng Z, Kim YC, Park HW, Hansen CG, Kim S,
Lim DS, Guan KL. Cellular energy stress induces AMPKmediated regulation of YAP and the Hippo pathway. Nat
Cell Biol. 2015; 17:500-510.

58. Wang S, Song P, Zou MH. Inhibition of AMP-activated
protein kinase alpha (AMPKalpha) by doxorubicin
accentuates genotoxic stress and cell death in mouse
embryonic fibroblasts and cardiomyocytes: role of p53 and
SIRT1. J Biol Chem. 2012; 287:8001-8012.

48. Gruber M, Hu CJ, Johnson RS, Brown EJ, Keith B, Simon
MC. Acute postnatal ablation of Hif-2alpha results in
anemia. Proc Natl Acad Sci U S A. 2007; 104:2301-2306.

59. Song P, Xie Z, Wu Y, Xu J, Dong Y, Zou MH. Protein
kinase Czeta-dependent LKB1 serine 428 phosphorylation
increases LKB1 nucleus export and apoptosis in endothelial
cells. J Biol Chem. 2008; 283:12446-12455.

49. Scortegagna M, Ding K, Zhang Q, Oktay Y, Bennett MJ,
Bennett M, Shelton JM, Richardson JA, Moe O, Garcia JA.
HIF-2alpha regulates murine hematopoietic development
in an erythropoietin-dependent manner. Blood. 2005;
105:3133-3140.

60. Song P, Wu Y, Xu J, Xie Z, Dong Y, Zhang M, Zou MH.
Reactive nitrogen species induced by hyperglycemia
suppresses Akt signaling and triggers apoptosis by
upregulating phosphatase PTEN (phosphatase and tensin
homologue deleted on chromosome 10) in an LKB1dependent manner. Circulation. 2007; 116:1585-1595.

50. Xue Y, Lim S, Yang YL, Wang ZW, Jensen LDE, Hedlund
EM, Andersson P, Sasahara M, Larsson O, Galter D,
Gao RH, Hosaka K, Cao YH. PDGF-BB modulates
hematopoiesis and tumor angiogenesis by inducing
erythropoietin production in stromal cells. Nature Medicine.
2012; 18:100-110.

61. Song P, Zhang M, Wang S, Xu J, Choi HC, Zou MH.
Thromboxane A2 Receptor Activates a Rho-associated
Kinase/LKB1/PTEN Pathway to Attenuate Endothelium
Insulin Signaling. J Biol Chem. 2009; 284:17120-17128.

51. Aapro M, Jelkmann W, Constantinescu SN, Leyland-Jones
B. Effects of erythropoietin receptors and erythropoiesisstimulating agents on disease progression in cancer. British
journal of cancer. 2012; 106:1249-1258.

62. Dohn MR, Brown MV, Reynolds AB. An essential role
for p120-catenin in Src- and Rac1-mediated anchorageindependent cell growth. J Cell Biol. 2009; 184:437-450.

52. Pradeep S, Huang J, Mora EM, Nick AM, Cho MS, Wu
SY, Noh K, Pecot CV, Rupaimoole R, Stein MA, Brock S,
Wen Y, Xiong C, Gharpure K, Hansen JM, Nagaraja AS,
et al. Erythropoietin Stimulates Tumor Growth via EphB4.
Cancer Cell. 2015; 28:610-622.

63. Verona EV, Elkahloun AG, Yang J, Bandyopadhyay A, Yeh
IT, Sun LZ. Transforming growth factor-beta signaling in
prostate stromal cells supports prostate carcinoma growth
by up-regulating stromal genes related to tissue remodeling.
Cancer Res. 2007; 67:5737-5746.

53. Glaspy J. Hematology: ESAs to treat anemia--balancing the
risks and benefits. Nature reviews Clinical oncology. 2009;
6:500-502.

64. Song P, Wei J, Plummer H, 3rd and Wang HC. Potentiated
caspase-3 in Ras-transformed 10T1/2 cells. Biochem
Biophys Res Commun. 2004; 322:557-564.

54. Kumar SM, Zhang G, Bastian BC, Arcasoy MO, Karande
P, Pushparajan A, Acs G, Xu X. Erythropoietin receptor
contributes to melanoma cell survival in vivo. Oncogene.
2012; 31:1649-1660.

65. Xu MJ, Song P, Shirwany N, Liang B, Xing JJ, Viollet
B, Wang X, Zhu Y, Zou MH. Impaired Expression of
Uncoupling Protein 2 Causes Defective Postischemic
Angiogenesis in Mice Deficient in AMP-Activated Protein
Kinase alpha Subunits. Arterioscler Thromb Vasc Biol.
2011; 31:1757-1765.

55. Viollet B, Andreelli F, Jorgensen SB, Perrin C, Geloen
A, Flamez D, Mu J, Lenzner C, Baud O, Bennoun M,

www.impactjournals.com/oncotarget

53667

Oncotarget

