This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Elevation of adenylate energy charge by
angiopoietin‑like 4 enhances
epithelial–mesenchymal transition by inducing
14‑3‑3γ expression
Teo, Ziqiang; Sng, Ming Keat; Chan, Jeremy Soon Kiat; Lim, Maegan Miang Kee; Li, Yinliang;
Li, Luchun; Phua, Terri; Lee, J. Y. H.; Tan, Zhen Wei; Zhu, Pengcheng; Tan, Nguan Soon
2017
Teo, Z., Sng, M. K., Chan, J. S. K., Lim, M. M. K., Li, Y., Li, L., et al. (2017). Elevation of
adenylate energy charge by angiopoietin‑like 4 enhances epithelial–mesenchymal
transition by inducing 14‑3‑3γ expression. Oncogene, 36(46), 6408‑6419.

https://hdl.handle.net/10356/89157
https://doi.org/10.1038/onc.2017.244

© 2017 The Author(s) (Nature Publishing Group). This work is licensed under a Creative
Commons Attribution‑NonCommercial‑ShareAlike 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in the credit line; if the material is not included under
the Creative Commons license, users will need to obtain permission from the license holder
to reproduce the material. To view a copy of this license, visit
http://creativecommons.org/licenses/by‑nc‑sa/4.0/

Downloaded on 09 Jan 2023 10:36:19 SGT

Oncogene (2017) 36, 6408–6419

OPEN

www.nature.com/onc

ORIGINAL ARTICLE

Elevation of adenylate energy charge by angiopoietin-like
4 enhances epithelial–mesenchymal transition by inducing
14-3-3γ expression
Z Teo1, MK Sng1, JSK Chan1, MMK Lim1, Y Li1, L Li1, T Phua1,2, JYH Lee1, ZW Tan1, P Zhu1 and NS Tan1,3,4,5
Metastatic cancer cells acquire energy-intensive processes including increased invasiveness and chemoresistance. However, how
the energy demand is met and the molecular drivers that coordinate an increase in cellular metabolic activity to drive epithelial–
mesenchymal transition (EMT), the ﬁrst step of metastasis, remain unclear. Using different in vitro and in vivo EMT models with
clinical patient’s samples, we showed that EMT is an energy-demanding process fueled by glucose metabolism-derived
adenosine triphosphate (ATP). We identiﬁed angiopoietin-like 4 (ANGPTL4) as a key player that coordinates an increase in
cellular energy ﬂux crucial for EMT via an ANGPTL4/14-3-3γ signaling axis. This augmented cellular metabolic activity enhanced
metastasis. ANGPTL4 knockdown suppresses an adenylate energy charge elevation, delaying EMT. Using an in vivo dualinducible EMT model, we found that ANGPTL4 deﬁciency reduces cancer metastasis to the lung and liver. Unbiased kinase
inhibitor screens and Ingenuity Pathway Analysis revealed that ANGPTL4 regulates the expression of 14-3-3γ adaptor protein via
the phosphatidylinositol-3-kinase/AKT and mitogen-activated protein kinase signaling pathways that culminate to activation of
transcription factors, CREB, cFOS and STAT3. Using a different mode of action, as compared with protein kinases, the
ANGPTL4/14-3-3γ signaling axis consolidated cellular bioenergetics and stabilized critical EMT proteins to coordinate energy
demand and enhanced EMT competency and metastasis, through interaction with speciﬁc phosphorylation signals on target
proteins.
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INTRODUCTION
The exponential growth of the primary tumor exposes cancer cells
to various microenvironmental stresses, including hypoxic, acidic
and inﬂammatory milieus.1,2 Interestingly, though these constraints
can kill cancer cells, they also exert selective pressures on cells to
exploit adverse microenvironments by modifying their cellular
behavior and selecting for a highly invasive phenotype that
facilitates metastasis.3 Metastasis, the spread of cancer cells to
distant tissues and/or organs, is a complex and multistep process,
making it a challenging therapeutic target.4 Metastasis accounts for
490% of cancer mortality.5 Initiation of the metastatic process is
considered a rate-limiting event and resembles the epithelial–
mesenchymal transition (EMT) that occurs during embryogenesis
and wound healing.1,2 Microenviromental stimuli can initiate the
EMT process by controlling the expression and function of speciﬁc
transcription factors, such as Snai1, Slug, Twist and ZEB-1.6 During
EMT in cancer, epithelial cells lose their cell polarity and cell–cell
adhesions are weakened as they adopt a mesenchymal phenotype.
This change is accompanied by energy-demanding processes such
as cytoskeletal remodeling and increased chemoresistance, ultimately allowing the cells to gain motility and the ability to invade
distant organs.7 However, the mechanism that secures the energy
supply for EMT competency remains unknown.
Our current understanding of cancer cell metabolism is based
primarily on a comparison of metabolic status between primary
1

tumors and normal healthy cells. Cancer cells derive a substantial
amount of adenosine triphosphate (ATP) from aerobic glycolysis
(that is, the Warburg effect) instead of oxidative phosphorylation
to support their anabolic growth and proliferation.8 Cancer cells
also exploit glutaminolytic ﬂux, amino acid and lipid metabolism,
mitochondrial biogenesis, the pentose phosphate pathway and
macromolecular biosynthesis to progress malignancy.9,10 Recent
studies have suggested that oncogenes and tumor suppressors
function as critical modulators of metabolic reprogramming to
support tumor progression.11,12 Hypoxia and transforming growth
factor-β (TGF-β), which are known initiators of EMT, can also
modulate cancer cell metabolism during tumorigenesis.3,13 Thus,
these microenvironmental signals may also alter cancer cell
bioenergetics to increase their motility and enhance their invasive
capabilities. Despite the signiﬁcance of EMT in metastasis, little is
known about the changes in cellular bioenergetics that occur
during this process and whether a demand for metabolic energy is
a functional prerequisite. Furthermore, the molecular drivers of
metabolic reprogramming in EMT remain unknown.
Using three different in vitro and in vivo EMT models to
compliment human cancer biopsies, we identiﬁed angiopoietinlike 4 (ANGPTL4) as a key player that adenylates energy charge
and coordinates the energy demands required for EMT. We further
revealed an ANGPTL4/14-3-3 signaling inﬂuences biological
processes by protein–protein interactions.
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RESULTS
ANGPTL4 increases cellular bioenergetics needed for EMT
competency
ANGPTL4 is best known for its role as an adipocytokine involved in
systemic glucose and lipid metabolism.14 ANGPTL4 has been
identiﬁed as a prometastatic gene that is involved in tumor
growth, anoikis resistance, angiogenesis and tumor invasion.15
However, its involvement in EMT, particularly its function in
energy homeostasis in the cellular level, is unknown. Herein, to
examine changes in energy demand during metastasis, we ﬁrst
measured the energy charge and examined the expression of
ANGPTL4 in human tumor biopsies. Clinical samples showed
signiﬁcant correlations between the energy charge status and
tumor grades, with the higher- grade metastatic tumors exhibiting
between 26.7% and 106% increases in energy charge compared
with cognate stage I tumors (Figure 1a; Supplementary Table S1).
The energy charge status of the cells is indicative of the cellular
metabolic activity.16–18 Importantly, our analysis also revealed that
human metastatic cancers expressed higher ANGPTL4 expression
compared with their lower-grade counterparts, suggesting a role
for ANGPTL4 in regulating cellular bioenergetics for metastasis
(Figure 1b).
Next, we carried out a series of molecular and biochemical
analyses to examine whether change in cellular bioenergetics was
observed in in vitro EMT of cancer cells. First, we established three
in vitro EMT models using the polarized gastric carcinoma cell line
MKN74. In two models, EMT was initiated by either hypoxia (1%
O2, Figures 1c–e) or TGF-β (Supplementary Figures S1a–c) to
mimic the microenvironment of stress-induced EMT. The third
model utilized the transgenic MKN74 cell line harboring a Snai1-ER
transgene (MKN74Snai1ER) that allows direct initiation of EMT by
4-hydroxytamoxifen (4-OHT) (Supplementary Figures S1d–f). Upon
exposure to either microenvironmental stress or 4-OHT, the
colonies of MKN74 underwent EMT, with diminished E-cadherin
staining bordering the epithelial cells after 48–96 h (Figure 1c and
Supplementary Figures S1c and f). Real-time PCR and immunoblot
analysis showed the expression of critical epithelial genes
(E-cadherin (CDH1); discoidin domain receptor 1 (DDR1);
receptor-tyrosine kinase (ErBb3)) was downregulated, with a
concomitant increase in mesenchymal gene expression (Snai1;
zinc ﬁnger E-box-binding homeobox 1 (ZEB-1); Figures 1d and e
and Supplementary Figures S1a, b, d and e). Regardless of the EMT
stimuli, we detected an increase in glucose uptake and energy
charge in cancer cells, indicative of increased cellular metabolic
activity during EMT (Figures 1f and g). Importantly, ANGPTL4
mRNA and protein levels, speciﬁcally the C-terminal ﬁbrinogenlike form (cANGPTL4), were elevated during EMT (Figure 1h). An
increase in cANGPTL4 expression (Supplementary Figure S1g) and
augmented cellular metabolic activity were also observed in
hypoxia-induced EMT of MCF7, II4, HSC and HepG2 cancer cell
lines (Figure 1i and Supplementary Figure S1h). Our observations
indicate that an increase in cellular bioenergetics in cancer cells
undergoing EMT is widespread.
To conﬁrm a role for cANGPTL4 in metabolic activity of cancer
cells during EMT, we investigated the effects of ANGPTL4
deﬁciency (through knockdown or immunoneutralization) and
treatment of recombinant human cANGPTL4 (rh-cANGPTL4) on
energy charge and EMT. The increases in glucose uptake and
energy charge were suppressed by either neutralizing cANGPTL4
antibody (α-cANGPTL4) or small interfering RNA against
ANGPTL4 (ΔANGPTL4) in MKN74 (Figures 2a and b and
Supplementary Figures S2a and b), MCF7, II4, HSC and HepG2
cancer lines during hypoxia-induced EMT (Supplementary
Figure S1h). Exogenous rh-cANGPTL4 alone elevated 2deoxyglucose uptake associated with increased GLUT1 protein
expression and augmented the energy charge status during EMT
(Figures 2a–c and Supplementary Figure S2c). Importantly, an
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impaired ANGPTL4-mediated increase in energy charge delayed
EMT. At 48 and 96 h after EMT induction, the ANGPTL4-deﬁcient
cells still retained their epithelial-like morphology characterized
by clear E-cadherin staining (Figure 2d and Supplementary
Figures S2d and f). Quantitative PCR (qPCR) and immunoblot
analysis revealed a delay in the expression of critical EMT genes
(Figure 2e and Supplementary Figures S2e and g). Conversely,
MKN74 cells treated with rh-cANGPTL4 resulted in an incomplete
disruption of E-cadherin staining (Figure 2f), repressed expression of epithelial markers and signiﬁcant elevation of mesenchymal markers (Figure 2g). Taken together, these observations
suggest that ANGPTL4 modulates cellular bioenergetics needed
for EMT competency.
ANGPTL4 modulates energy charge in metastasis
EMT is an integral step of metastasis. An increase in cellular
metabolic activity could fuel energy-demanding processes
required for enhanced invasiveness to the cancer cells. To further
strengthen the link between ANGPTL4 and energy-demanding
EMT, we generated a dual-inducible EMT xenograft mouse model.
The MKN74Snai1ER:shANGPTL4 cell line for tumor xenograft has a
doxycycline (Dox)-inducible shANGPTL4 expression plasmid introduced into MKN74Snai1ER cells. This cell line undergoes EMT when
treated with 4-OHT, whereas endogenous ANGPTL4 will be
suppressed when treated with Dox (Supplementary Figure S3a).
Mice on a normal diet and injected with 4-OHT harbored
signiﬁcantly more lung metastases than the vehicle control mice
or mice treated with 4-OHT and fed a Dox diet (Figure 3a). Next,
we used human-speciﬁc TBP primers to identify and quantify
human MKN74Snai1ER cells that have metastasized to the
recipient mouse lung. The 18S primers were used to detect both
human and mouse cells for normalization. In line with the above
observation, the qPCR result showed the presence of human
cancer cells in mouse lung sections after 4-OHT induction
(Figure 3a). The cANGPTL4 protein was elevated in the xenograft
tumors of 4-OHT-treated mice, whereas mice fed simultaneously
with a Dox diet exhibited in vivo suppression of cANGPTL4 in
MKN74Snai1ER:shANGPTL4-derived tumors (Figure 3b). Histological
analysis of tumor sections revealed that vehicle-treated control
tumors showed strong deﬁned E-cadherin and laminin 332
staining (Figure 3c). The 4-OHT-treated tumors lost E-cadherin
staining at the cell–cell borders, with clear disruption of basement
membrane laminin 332 compared with vehicle-treated tumors.
After in vivo suppression of ANGPTL4 by the Dox diet, the
punctuated E-cadherin staining was diminished (Figure 3c).
Gelatin zymography revealed elevated activities for proinvasive
matrix metalloproteinases 2 and 9 in 4-OHT-treated tumors,
indicating an aggressive tumor phenotype (Supplementary
Figure S3b). The in vivo 2-deoxyglucose imaging showed that 4OHT-treated tumors had signiﬁcantly elevated glucose uptake
compared with vehicle-treated tumors (Figure 3d). The suppression of ANGPTL4 in 4-OHT-treated tumors reduced the 2deoxyglucose uptake to levels comparable to vehicle-treated
tumors (Figure 3d). Consistent with our ﬁndings, 4-OHT-treated
tumors expressed higher levels of GLUT1 than vehicle- and Doxtreated tumors. ANGPTL4 suppression in 4-OHT-treated tumors
resulted in decreased GLUT1 expression (Figure 3b). Importantly,
in vivo xenograft tumors exhibited a similar elevation in the
energy charge status during EMT, and this elevation was
diminished by Dox diet-induced ANGPTL4 depletion (Figure 3e).
Taken together, these observations indicate a role for cANGPTL4
in cellular metabolic changes during EMT in vivo.
ANGPTL4 is a molecular driver of metabolic changes during EMT
The phosphatidylinositol-3-kinase (PI3K)/AKT and AMPK (adenosine monophosphate-activated protein kinase) pathways were
identiﬁed as two major regulatory conduits for cellular
Oncogene (2017) 6408 – 6419
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bioenergetics in cancer cells.19 To gain further insights into how
cellular bioenergetics affects EMT, dominant-negative (dn) and
constitutive active forms (ca) of AKT and AMPK were introduced
into MKN74 cells (Supplementary Figure S3c). As expected,
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MKN74CTRL cells underwent EMT after 48 h of hypoxia as
evidenced by diminished immunoﬂuorescence signal for E-cadherin at the cell–cell junction (Supplementary Figure S3d),
reduced E-cadherin and concomitant increased Snai1 protein
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Figure 2. ANGPTL4 increases cellular bioenergetics for EMT competency. (a) Fluorescence-activated cell sorting (FACS) analysis of the
ﬂuorescent glucose analog 2-NBDG uptake and (b) percentage increase in energy charge in MKN74 and MKN74Snai1ER cells after the indicated
treatments. (c) Immunoblot analysis of GLUT1 expression in MKN74 cells after the indicated treatments. (d, f) Immunoﬂuorescence staining of
E-cadherin in hypoxia-treated MKN74 cells in the presence of neutralizing human cANGPTL4 antibodies (α-cANGPTL4) (d) and recombinant
human cANGPTL4 (rh-cANGPTL4) -treated MKN74 (f) at the indicated time intervals. Cells were counterstained with DAPI (blue) for nuclei and
phalloidin (red) for actin cytoskeleton. Scale bar = 40 μm. (e, g) Relative mRNA expression (left panel) and immunodetection (middle and right
panels) of EMT markers in hypoxia-treated MKN74 cells exposed to α-cANGPTL4 (e) and rh-cANGPTL4 (g) at the indicated time intervals. For
immunoblot analyses, representative immunoblot pictures and densitometric quantiﬁcation plots are shown. Loading controls for the
immunoblot analyses were from the same sample. For qPCR, TBP was used as reference gene. Data are represented as mean ± s.d. from at
least three independent experiments. *P o0.05, **Po 0.01, ***Po 0.001; n.s., not signiﬁcant.

Figure 1. Increased cellular metabolic activity is essential for epithelial–mesenchymal transition. (a) Percentage increase in energy charge in breast,
colorectal, gastric and head and neck tissues at various tumor stages. Comparison was made against respective stage I samples. (b) Immunoblot
analysis of cANGPTL4 expression in patient biopsies at various tumor stages. (c) Immunoﬂuorescence staining of E-cadherin (green) in hypoxia cells
at the indicated time intervals. Cells were counterstained with DAPI (blue) for nuclei and phalloidin (red) for actin cytoskeleton. Scale bar = 40 μm.
(d) Relative mRNA expression of EMT markers (CDH1, DDR1, ERBB3, Snai1 and ZEB1) in hypoxia-exposed MKN74 cells at indicated time points.
(e) Immunoblot analysis of E-cadherin and Snai2 expression in hypoxia-exposed MKN74 cells at indicated time points. (f) Fluorescence-activated
cell sorting (FACS) analysis of the ﬂuorescent glucose analog 2-NBDG uptake and (g) percentage increase in energy charge in MKN74 and
MKN74Snai1ER cells after the indicated treatments. (h) Relative mRNA expression (left panel) and immunoblot analysis (right panel) of ANGPTL4 in
MKN74 and MKN74Snai1ER cells after the indicated treatments. (i) Percentage increase in energy change in MCF7, HSC, II4 and HepG2 cells after
indicated treatments. For immunoblot analyses, representative immunoblot pictures and densitometric quantiﬁcation plots are shown. Loading
controls for the immunoblot analyses were from the same sample. For qPCR, TBP was used as reference gene. Data are represented as mean ± s.d.
from at least three independent experiments. *Po0.05, **Po0.01, ***Po0.001; n.s., not signiﬁcant.
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Figure 3. ANGPTL4 modulates energy charge during metastasis. (a) Representative macroscopic images of lungs (upper panel) and the
relative expression of human TBP from the indicated lungs (lower panel). Black arrows indicate micrometastases (n = 8–10). The 18S was used
as reference gene. (b) Immunodetection of cANGPTL4 and GLUT1 from tumor lysates exposed to the indicated treatments. (c) Representative
hematoxylin and eosin (H&E) images and immunoﬂuorescence images of E-cadherin and laminin 332 from MKN74Snai1ER:shANGPTL4-derived
tumor sections exposed to the indicated treatments. Scale bar = 40 μm (upper and middle panels) or 100 μm (lower panel). (d) The in vivo
2-deoxyglucose (2-DG) ﬂuorescence imaging of mice bearing tumors and (e) the percentage increase in energy charge in xenograft tumors
that received the indicated treatments. Data are represented as mean ± s.d. from at least three independent experiments. *Po 0.05, **Po 0.01,
***P o0.001. Loading controls for the immunoblot analyses were from the same sample.

levels (Figure 4a). In normoxic condition, the colony morphology
of MKN74 cells harboring dnAKT (MKN74dnAKT), caAMPK
(MKN74caAMPK) and dnAMPK (MKN74dnAMPK) resembled that of
MKN74CTRL (empty vector). The MKN74caAKT cells revealed a
reduced E-cadherin signal compared with MKN74CTRL cells
(Supplementary Figure S3d). Upon exposure to hypoxia-induced
EMT, MKN74caAKT and MKN74caAMPK cells exhibited an earlier (24 h)
and more pronounced EMT phenotype than corresponding
MKN74CTRL cells (48 h) (Supplementary Figure S3d). Indeed,
immunoblots for E-cadherin and Snai1 indicated that dnAKT or
dnAMPK was attenuated (Figure 4a), whereas caAKT and caAMPK
facilitated hypoxia-induced EMT (Figure 4a). Importantly, the
enhanced EMT observed in MKN74caAKT and MKN74caAMPK cells
was associated with an increase in energy charge compared with
MKN74CTRL (Figure 4b). Conversely, the delayed EMT in
MKN74dnAKT and MKN74dnAMPK was accompanied by the abolishment of the rise in energy charge for EMT of these cells
(Figure 4b). Similar observations were also obtained using 4OHT-induced EMT of MKNSnai1ER cells (Figure 4c).
The above observations prompted us to examine whether
ANGPTL4 could modulate these two pathways. MKN74CTRL
cells exposed to hypoxia and 4-OHT-treated MKN74Snai1ER
Oncogene (2017) 6408 – 6419

displayed increased phospho-activation of AKT and AMPK
(Figures 4d and e). We examined the temporal phosphorylation
proﬁles of AMPK and AKT during rh-cANGPTL4-induced EMT. The
expression of phospho-AMPK peaked by 48 h and returned to
basal level by 96 h. Notably, the expression of phospho-AKT
peaked at 72 h and remained elevated even at 96 h (Figure 4f).
This suggests that ANGPTL4-mediated activation of AMPK and
AKT may play nonredundant roles to metabolically prime cancer
cells for EMT. The analysis of MKN74Snai1ER:shANGPTL4-derived
xenograft tumors and MCF7, II4, HSC and HepG2 cancer cell lines
also revealed similar phospho-activation of AKT (Figure 4g and
Supplementary Figures S3c and e). Higher AKT activity was also
detected in patients’ metastatic tumors compared with lowergrade tumors (Figure 4h). Taken together, these observations
suggest that ANGPTL4 modules the AKT and AMPK pathways and
that the consolidation of cellular bioenergetics is important for
EMT competency.
The ANGPTL4/14-3-3γ axis coordinates energy demand for EMT
The 14-3-3 protein family consists of adaptor proteins that play
critical roles in numerous important cellular functions via binding
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Figure 4. ANGPTL4 is a molecular driver of metabolic changes during EMT. (a) Immunoblot analysis of E-cadherin and Snai1 and
(b) percentage increase in energy charge in MKN74 cells (MKN74caAKT, MKN74dnAKT, MKN74caAMPK and MKN74dnAMPK) under normoxic or
hypoxic conditions. (c) Percentage increase in energy charge in 4-OHT-induced EMT in MKN74Snai1ER cells under similar modiﬁcations
in (b). (d–g) Immunoblot analysis of pAKT (S473), total AKT, pAMPK (T172) and AMPKα in MKN74ΔANGPTL4 and MKN74Ctrl (d), MKN74Snai1ER
(e), MKN74Ctrl (f) cells and MKN74Snai1ER:shANGPTL4-derived xenograft tumors (g) after indicated treatments. (h) Immunoblot analysis of
pGSK3α/β (S21/9) and total GSK3α/β in breast, colorectal, gastric and head and neck tissues at various tumor stages. For immunoblot analyses,
representative immunoblot pictures and densitometric quantiﬁcation plots are shown. Loading controls for the immunoblot analyses were
from the same sample. Data are represented as mean ± s.d. from at least three independent experiments. */#P o0.05, **/##Po 0.01,
***/###P o0.001; n.s., not signiﬁcant.

to speciﬁc phosphorylation signals on target proteins.20 Previous
studies showed that ANGPTL4 inﬂuenced the expression of 14-3-3
adaptor protein family during wound healing, reminiscent of
EMT.21,22 Thus, we hypothesize that ANGPTL4 consolidates cellular

bioenergetics to enhance EMT by regulating several key
regulatory networks.
In response to EMT-inducing signals, only the expression of
14-3-3γ was consistently elevated by ANGPTL4 in MKN74CTRL and
Oncogene (2017) 6408 – 6419
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MKN74Snai1ER (Figures 5a and b and Supplementary Figures S4a
and b). The remaining 14-3-3 isotypes were unchanged. Consistently, the suppression of ANGPTL4 resulted in a signiﬁcant
decrease in the expression of 14-3-3γ, whereas the exposure of
MKN74CTRL cells to rh-cANGPTL4 enhanced 14-3-3γ expression

Oncogene (2017) 6408 – 6419

(Figure 5c and Supplementary Figure S4c). Similar changes in
14-3-3γ expression were also observed in four other cancer lines
during EMT as well as in metastatic human tumor biopsies
(Figure 5d and Supplementary Figures S4d–g). Notably, the
knockdown of 14-3-3γ in MKN74CTRL attenuated the expression
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of mesenchymal markers (Supplementary Figures S4h and i).
These observations suggest that ANGPTL4 may exert its effect on
cancer cell bioenergetics and EMT competency by modulating the
expression of 14-3-3γ.
Many studies showed that 14-3-3 can associate with diverse
proteins, modulating complex regulatory networks, but how 14-33 is transcriptionally regulated remains unclear. We observed that
rh-cANGPTL4 increased the expression of 14-3-3γ mRNA in MKN74
cells in 6 h (Supplementary Figure S4j). To obtain further insight
into the signaling pathways, we performed an unbiased kinase
inhibitor screen to identify key signaling mediators whose
inhibition would suppress ANGPTL4-mediated upregulation of
14-3-3γ mRNA (Supplementary Figure S4k). Coincidentally, qPCR
followed by Ingenuity Pathway Analysis revealed a convergence
to the PI3K/AKT and mitogen-activated protein kinase signaling
cascades and implicated several transcription factors known to be
involved in cancer progression (Figure 5e). Immunoblot analysis
showed that three of these transcription factors, namely CREB,
cFOS and Stat3, were phospho-activated during EMT (Figure 5f
and Supplementary Figure S4l). Next, we performed chromatin
immunoprecipitation (ChIP) analysis using antibodies against
phosphorylated CREB (pCREB), pSTAT3 and p-cFOS on MKN74
cells treated with rh-cANGPTL4. Our result showed that these
transcription factors were bound to their cognate binding sites
along the promoter region of 14-3-3γ gene (Figure 5g). These
observations indicate that ANGPTL4 can activate speciﬁc transcription factors via the PI3K/AKT pathway to differentially
regulate speciﬁc 14-3-3γ isotype.
Next, we interrogated the ANnotation and Integrated Analysis
of the 14-3-3 interactome (ANIA) database to ﬁnd key signaling
mediators of cancer cell metabolism and EMT.23 Interestingly, our
analysis identiﬁed tuberin sclerosis complex (TSC2) and Snai1 as
highly ranked interaction partners for 14-3-3. TSC2 is an important
gatekeeper of cellular metabolism that integrates extracellular
signals to direct anabolic or catabolic activities.24,25 During EMT,
TSC2 phosphorylation at Ser939 (TSC2S939) was increased,
indicating TSC2 inhibition (Supplementary Figures S5a–c).
Co-immunoprecipitation and proximity ligation assay (PLA)
revealed increased 14-3-3γ/TSCS939 complex formation in
in vitro EMT culture (Figures 6a and b and Supplementary
Figure S5d), MKN74Snai1ER:shANGPTL4-derived xenografts (Figure 6c
and Supplementary Figure S5e) and patients’ tumor biopsies
(Figure 6d and Supplementary Figures S5f–h), further conﬁrming
that TSC2 was suppressed during EMT. Conversely, ANGPTL4
deﬁciency diminished 14-3-3γ/TSCS939 complex formation
(Figures 6a–c and Supplementary Figures S5d and e). To further
clarify the role for ANGPTL4 in the elevation of adenylate charge,
we performed transient small interfering RNA knockdown of TSC2
in MKN74 cells (MKN74ΔTSC2) that successfully suppressed the
endogenous TSC2 level by ~ 70% (Supplementary Figure S5i left
panel). The MKN74ΔTSC2 cells were subjected to hypoxic condition
in the presence or absence of rh-cANGPTL4 protein for 48 h before
energy charge was measured. Consistent with our ﬁnding, the
ANGPTL4-dependent elevation in adenylate charge was abolished

by ~ 45% because of TSC2 knockdown, resulting in an abrogation
of EMT under hypoxia. The rh-cANGPTL4 treatment failed to
rescue the increase in energy charge and therefore failed to
induce EMT, indicating that TSC2 is one downstream effector of
the ANGPTL4/14-3-3γ axis that regulates energy ﬂux during EMT
(Supplementary Figure S5i, middle and right panels). Taken
together, all these results evidenced that ANGPTL4 coordinates
energy demand for EMT through a TSC2-dependent pathway.
The in vitro co-immunoprecipitation analysis and PLA of Snai1
and 14-3-3 revealed a signiﬁcant increase in 14-3-3γ/Snai1
complex formation during hypoxia-induced EMT. This interaction
was diminished in the absence of ANGPTL4 (Figures 6e and f and
Supplementary Figure S6a). No change in complex formation
between Snai1 and 14-3-3η or τ was observed. The 14-3-3β, which
does not interact with Snai1, served as a negative control
(Figure 6g). Similarly, PLA analysis revealed signiﬁcantly more
14-3-3γ/Snai1 complexes in 4-OHT-treated tumors than in vehicletreated tumors from mice fed a normal diet (Figure 6h and
Supplementary Figure S6b). PLA analysis of tumor biopsies from
patients further conﬁrmed that higher-grade, more aggressive
tumors harbored signiﬁcantly more 14-3-3γ/Snai1 complexes than
their benign counterparts, highlighting the importance of 14-3-3γ/
Snai1 complexes during malignancy (Figure 6I and Supplementary
Figures S6c–e). These observations underscore the ANGPTL4/14-33 signaling axis as an important driver of the observed changes in
bioenergetics during EMT.
The interaction of 14-3-3 with Snai1 was proposed to stabilize
Snai1 binding on the E-cadherin promoter to facilitate transcriptional repression.26 We showed that reduced 14-3-3γ/Snai1
complex in MKN74ΔANGPTL4 decreased Snai1 occupancy of the
E-cadherin promoter during hypoxia-induced EMT, indicating that
the repression of E-cadherin gene expression was impaired
(Figure 6j). Furthermore, EMT was delayed in the absence of
ANGPTL4, highlighting the importance of 14-3-3γ/Snai1 complexes during malignancy. Altogether, our data revealed a
previously unknown mechanism where the ANGPTL4/14-3-3γ
signaling axis coordinates energy demand and stability of critical
EMT proteins necessary to drive EMT (Figure 6k).
DISCUSSION
Metastatic cancer cells acquire energy-intensive processes including increased invasiveness and chemoresistance.2 However, how
the energy demand is met and the mechanisms that coordinate
cellular metabolic activity with EMT remain unclear. Using
experimental and clinical metastatic tumors, we showed that an
increase in adenylate energy charge during cancer cell EMT is
widespread and is required for metastasis competency. We
identiﬁed ANGPTL4, a matricellular protein with no intrinsic
enzymatic activity, as a novel extracellular driver of cellular
metabolic activity during EMT. ANGPTL4 exploited the PI3K/AKT
and mitogen-activated protein kinase signaling cascades
to regulate the expression of 14-3-3γ adaptor protein. This
ANGPTL4/14-3-3γ signaling axis, through interaction with speciﬁc

Figure 5. ANGPTL4 regulates 14-3-3γ expression to facilitate EMT. (a–c) Relative fold change of the various 14-3-3 isoforms (protein level) in
hypoxia-induced MKN74Ctrl and MKN74ΔANGPTL4 (a), 4-OHT-induced MKN74Snai1ER (b) and rh-cANGPTL4-induced MKN74Ctrl conditions (c).
(d) Immunoblot analysis of 14-3-3γ in breast, colorectal, gastric and head and neck tissues at various tumor stages. (e) Analysis map of kinases
(solid line) whose inhibition attenuates ANGPTL4-induced 14-3-3 expression and possible downstream transcriptional regulators (dotted line).
(f) Relative fold changes of the various transcription factors (phospho- and total-proteins) in hypoxic-induced (left panel) and rh-cANGPTL4treated (right panel) MKN74Ctrl cells. The plots were derived based on western blots shown on Supplementary Figure S4l. (g) Representative
ChIP assay performed using preimmune IgG (p.i.) or antibodies against pCREB, pSTAT3 or p-cFOS in rh-cANGPTL4-treated MKN74 cells.
Putative speciﬁc binding sites for respective transcription factors spanning the promoter region of 14-3-3γ are shown on the left panel, along
with their cognate primers. A control region 2 kb upstream of the promoter served as a negative control. For the immunoblot analyses,
densitometric quantiﬁcation plots are shown. Loading controls were from the same sample. Data are represented as mean ± s.d. from at least
three independent experiments. *P o0.05, **P o0.01.
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Figure 6. The ANGPTL4/14-3-3γ axis coordinates energy demand during EMT. (a, e) Immunoblot analysis of 14-3-3γ expression after TSC2S939
(a) or Snai1 (e) immunoprecipitation in MKN74Ctrl and MKN74ΔANGPTL4 cells. (b–d and f, h–i) Proximity ligation assay (PLA) quantiﬁcation
of 14-3-3γ/TSC2S939 and 14-3-3γ/Snai1 interactions in MKN74CTRL and MKN74ΔANGPTL4 cells (b, f), xenograft tumors (c, h), and tumor biopsies
from patients (d, i) after the indicated treatments or with indicated disease stages. (g) Immunodetection of the indicated proteins in hypoxicinduced MKN74CTRL and MKN74ΔANGPTL4 cells at 0 and 48 h. (j) Representative ChIP results using anti-Snai1 (upper panel) followed by
re-ChIP with anti-14-3-3γ (lower panel) in MKN74CTRL and MKN74ΔANGPTL4 cells under normoxic or hypoxic conditions. Preimmune serum
(IgG) served as control. (k) Schematic diagram depicting the coordination of metabolic reprogramming by the ANGPTL4/14-3-3 axis during
EMT. Data are represented as mean ± s.d. from at least three independent experiments. *P o0.05, **P o0.01. Loading controls for the
immunoblot analyses were from the same sample.

phosphorylation signals on target proteins, consolidated cellular
bioenergetics and stabilized critical EMT proteins to coordinate
energy demand and enhanced EMT.
Many studies have linked ANGPTL4 to metastasis, from cell
motility, angiogenesis to vascular dysfunction to facilitate distal
dissemination.27–29 Indeed, ANGPTL4 has been recently implicated
in EMT of non-small-cell lung cancer;30 however, a role for
Oncogene (2017) 6408 – 6419

ANGPTL4 in cellular metabolic changes is still unknown. We
identiﬁed ANGPTL4 as a molecular driver of EMT-enriched
metabolic changes as supported by several lines of experimental
evidence. First, in vitro and in vivo EMT models showed that cancer
cells deﬁcient in ANGPTL4 were unable to increase the cellular
energy charge during EMT, resulting in reduced metastasis.
Molecular and biochemical analyses conﬁrmed the down- and
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up-regulation of epithelial and mesenchymal markers, respectively. Histological analysis of xenograft tumors also showed
increased matrix metalloproteinase activities and a disrupted
laminin 332 phenotype. Second, ANGPTL4 activated the proglycolysis AKT and AMPK pathways to enhance the glycolytic
phenotype and increase the cellular energy charge necessary to
fuel biological processes of EMT. The active remodeling of the
actin cytoskeleton requires ATP binding and hydrolysis to confer
invasive abilities to the cancer cells.31,32 AMPK has been proposed
to play both ‘conditional’ tumour suppressor and ‘contextual’
oncogene roles.33,34 In cancer cells, AMPK functions as an energy
sensor that inhibits the main anabolic processes that cancer cells
needed for proliferation and growth, similarly observed in cells at
0 h. During EMT, AMPK was rapidly phospho-activated to carry out
its ‘contextual’ oncogene role to increase glucose uptake and ATP
production. Upon completion of EMT, AMPK returned to basal
level. Independently, phospho-activation of AKT modulates the
mTOR machinery regulating energy ﬂux for EMT progression. After
EMT, phospho-activated AKT remained elevated for subsequent
metastatic events, such as resistance to anoikis.29 Finally, ANGPTL4
regulates the expression of speciﬁc 14-3-3 proteins that coordinates the energy supply during EMT. Notably, these changes were
also detected in clinical tumor biopsies and strongly correlated
with the stage and aggressiveness of the tumors, further
underscoring the clinical relevance of our ﬁndings. TGF-β and
hypoxia are well-established stimuli of EMT. The human
metastasis-related ANGPTL4 gene is transcriptional upregulated
by TGF-β28 and hypoxia14 Hypoxia stabilizes the hypoxia-inducible
factor-1α that upregulates several genes to promote
metastasis.35,36 The hypoxia-inducible factor-1α has been shown
to directly upregulate ANGPTL4 expression that facilitates
transendothelial migration and increases angiogenesis.37–40 We
showed that the expression of ANGPTL4 was increased during
hypoxia-induced EMT. The ANGPTL4-mediated upregulation
of 14-3-3γ expression stabilizes Snai1-mediated repression of
E-cadherin and elevated adenylate charge to fuel the various
biological activities required for EMT.
Metastasis necessitates the cooperative effects of multiple
signaling events and biological progresses.1,13,41 A key mechanistic insight is that ANGPTL4 regulates 14-3-3γ expression and
contributes to an important new signaling axis that coordinates
multiple biological processes for metastasis. Unlike protein
kinases, 14-3-3γ adaptor protein associates with many mediators
of key signaling hubs to either augment or attenuate the activities
of speciﬁc pathways. We showed that ANGPTL4/14-3-3γ coordinated cellular metabolic activity during EMT via interaction with
TCS and Snai1, respectively. The TSC2 pathway coordinates
catabolic processes, such as glycolysis, to provide the necessary
substrates for the PI3K/AKT signaling pathways to signal anabolic
metabolism. The phospho-inhibition of TSC2 by ANGPTL4mediated AKT activation altered cellular energy charge and
primed cancer cells for EMT. ANGPTL4 also modulated Snai1
complex stabilization through the 14-3-3 γ/Snai1 interaction to
stably suppress E-cadherin gene expression and augment the EMT
progression. Interestingly, the loss of E-cadherin has been
reported to trigger a glycolytic switch that favors EMT.42,43
Previous studies showed that ANGPTL4 triggers the 14-3-3
adaptor protein to sequester the pro-apoptotic Bad protein from
mitochondria, conferring resistance to anoikis and favoring tumor
survival and growth that has been suggested to be a prerequisite
for EMT.29 In addition, ANGPTL4/14-3-3 is involved in rapid
integrin recycling during cell migration, an important biological
process for metastasis.21
Our study shows that an increase in adenylate energy charge by
angiopoietin-like 4 protein enhances EMT by inducing 14-3-3γ
expression. Our ﬁndings of the ANGPTL4/14-3-3γ signaling axis
revealed the integration of protein–protein interactome with

kinome network to synchronize cancer cell metabolic activities
with EMT.
MATERIALS AND METHODS
Antibodies
Otherwise indicated, all antibodies were from Cell Signaling (Boston, MA,
USA); N-cadherin and Snai2 from Millipore (Billerica, MA, USA); β-tubulin,
Snai1, hypoxia-inducible factor-1α and 14-3-3σ from Santa Cruz (Dallas, TX,
USA); Vimentin, laminin 332 and mouse monoclonal anti-human
cANGPTL4 mAb11F6C4 from Abcam (Cambridge, MA, USA); pancytokeratin and IRdye 680-conjugated secondary antibodies from Thermo
Scientiﬁc (Waltham, MA, USA); and Alexa Fluor 488-conjugated secondary
antibodies and Alexa Fluor 594-conjugated phalloidin from Molecular
Probes (Waltham, MA, USA).

Human tumor biopsies
Fresh frozen breast, colon, gastric and head and neck tumor biopsies
(Proteogenex, Culver City, CA, USA) were used for protein, energy charge
and immunoﬂuorescence analysis (Supplementary Table S1).

Expression and puriﬁcation of recombinant cANGPTL4 proteins
The expression and puriﬁcation of recombinant cANGPTL4 were
performed as previously described.21,22

Cell culture
MKN74 human gastric carcinoma (JCRB0255, Osaka, Japan) was cultured in
RPMI-1640 supplemented with 10% fetal bovine serum in a humidiﬁed
atmosphere of 5% CO2 at 37 °C. All other cell lines were cultured in
Dulbecco’s modiﬁed Eagle’s medium with 10% fetal bovine serum. HSC
and II4 were from German Cancer Research Center (DKFZ, Heidelberg,
Germany), and MCF7 (HTB-22) and HepG2 (HB-8065) were from American
Type Culture Collection (ATCC, Manassas, VA, USA). Smartpool small
interfering RNAs (Thermo Scientiﬁc) against human ANGPTL4 (L-00780700-0050) and TSC2 (L-003029-00-0005) were used to knockdown
respective genes in cells of interest. AKT activity was measured using the
AKT activity kit (Cell Signaling).

Retrovirus transduction
MKN74Snai1ER cells were generated using retroviral transduction as
previously described.44 Brieﬂy, HEK 293T cells were transfected with
pCL-10A1 retrovirus packaging vector (Imgenex, Littleton, CO, USA) and
pWZL-Snai1-ER (Addgene, Cambridge, MA, USA). Harvested pseudoviruses
were used to infect MKN74 cells. Following transduction, cells were
selected with 5 μg/ml of blasticidin hydrochloride (Sigma Aldrich, St Louis,
CO, USA).

Generation of dual-inducible MKN74Snai1ER/shANGPTL4 cell line
Dox-inducible pSingle-tTS-shRNA vector carrying either shANGPTL4 or
scrambled shRNA was introduced into MKN74Snai1ER cells using Fugene HD
reagent as per the manufacturer protocol (Promega, Madison, WI, USA).
MKN74Snai1ER:shANGPTL4 cells were selected with 1 mg/ml of G418 (Sigma
Aldrich). The efﬁciency of knockdown was veriﬁed by qPCR and
immunoblotting after treatment with various concentrations of Dox (up
to 10 μg/ml).

Glucose uptake assay
Brieﬂy, cells were incubated with 10 μM of 2-NBDG for 12 h. The cells were
then harvested and subjected to ﬂuorescence-activated cell sorting
analysis using BD Accuri C6 ﬂow cytometer (BD Biosciences, San Jose,
CA, USA). Data were analyzed using FlowJo (Ashland, OR, USA) and plotted
based on mean intensity.

In vitro induction of EMT
Cells were seeded at a density of 5.25 × 102 cell per cm2. Hypoxia treatment
(1% O2 concentration) was conducted in hypoxic chamber (Stem Cell
Technology, Cambridge, MA, USA). For TGF-β-induced and Snai1-mediated
EMT, cells were treated with 10 ng/ml of TGF-β for 2 days and with 20 ng/
ml of 4-OHT for 4 days, respectively.
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In vivo induction of EMT
Six-week-old male NSG mice (20–22 g; NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ)
were injected subcutaneously with 1 × 106 cancer cells resuspended in
matrigel. A week after the xenograft injection, each xenograft group was
randomly divided into four subgroups. Two subgroups received intraperitoneal injection of 4-OHT (4 mg/kg) and were fed on either normal chow
diet or Dox diet (625 mg/kg, Harlan Laboratories, Indianapolis, IN, USA).
The other two subgroups received vehicle (sunﬂower seed oil) and
similarly fed on the two different diets. After 8 weeks, tumors and lungs
were harvested for analysis. Power analysis was used to determine the
required number of animal necessary to ensure adequate power to detect
a prespeciﬁed effect size. All the experimental groups were allocated with
double-blinded randomization. Animal experiments were carried out in
accordance to the guidelines of the institutional animal care and use
committee (ARF-SBS/NIE-A0250AZ, -A0324 and -A0321) of Nanyang
Technological University, Singapore.

ChIP and Re-ChIP
ChIP experiments were carried out as previously described.45 Sonicated
chromatin complexes were immunoprecipitated using antibodies against
Snai1, pCREB, pSTAT3 or p-cFOS and Re-ChIP using anti-14-3-3γ.
Immunocomplexes were afﬁnity precipitated by Protein A/G Sepharose
(Santa Cruz). The ChIP primer sequences are listed in Supplementary
Table S2.

Energy charge determination
Cellular levels of AMP, ADP and ATP were determined by highperformance liquid chromatography. A Shimadzu LC-20AD (Kyoto, Japan)
series Quaternary Gradient HPLC system with PDA detector using a
Hypersil ODS 150 mm × 4.6 mm I.D. C18 reverse-phase column with 3 μm
particle size and 5 μm Hypersil ODS C18 guard column (Thermo Scientiﬁc)
was used. Nucleotides were extracted as previously described.46 Nucleotides standards were from Sigma Aldrich. Separation of the nucleotides
was carried out with a mobile phase containing 60 mmol/l of KH2PO4,
0.45 mmol/l of tetrabutylammonium bromide and 1.26 mol/l of acetonitrile. The pH of the mobile phase was adjusted to 3.20 using concentrated
phosphoric acid. Retention times of the individual nucleotides were
matched to that of the respective nucleotide standards. Areas under the
peaks for the respective nucleotides were tabulated and energy charge
was calculated using the formula: Energy Charge = [ATP]+½[ADP]/[ATP]
+[ADP]+[AMP].

Kinase inhibitor array
MKN74 cells were treated with 95 different kinase inhibitors (SYN-2103;
Synkinase, Victoria, Australia) in the absence and presence of rh-cANGPTL4
(10 μg/ml) for 6 h. RNA was isolated and reverse transcribed using the
iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA). qPCR
was done using the KAPA SYBR qPCR Universal Master Mix (KAPABiosystems). The qPCR primer sequences are listed in Supplementary Table S3.

Immunoﬂuorescence staining
EMT was identiﬁed by immunoﬂuorescence staining for E-cadherin and
Snai2. MKN74 cells were ﬁxed with 4% paraformaldehyde for 10 min,
permeabilized with 0.2% Triton X-100 for 10 min and blocked with 3%
normal goat serum (NGS) containing 0.05% Triton X-100 in a humidiﬁed
chamber for 1 h at room temperature. Following three washes in
phosphate-buffered saline, cells were incubated overnight at 4 °C with
either anti-human-E-cadherin (1:200) or Snai1 (1:100) antibodies in 3%
NGS. After three washes, cells were incubated for 1 h at room temperature
with Alexa488-secondary antibodies (1:250) and counterstained with
Alexa594-phalloidin for F-actin and DAPI (4',6-diamidino-2-phenylindole)
for nuclei. Immunostainings performed without primary antibodies served
as negative controls. Images were acquired using Zeiss (Munich, Germany)
LSM710 confocal microscope with a Plan-APOCHROMAT 40 × /1.4 oil
objective and ZEN2009 software.

PLA and analysis
MKN74CTRL or MKN74ΔANGPTL4 (5 × 103 cells) were subjected to either
normoxia or hypoxia for 2 days at 37 °C. At indicated time, MKN74 cells
were ﬁxed, permeabilized and blocked like immunoﬂuorescence staining.
Next, MKN74 cells were incubated with monoclonal mouse-anti human
Oncogene (2017) 6408 – 6419

14-3-3γ antibody (1:200) and monoclonal rabbit anti-human Snai1
antibody (1:200) in 3% NGS overnight at 4 °C. PLA was carried out as per
the manufacturer’s protocol (Olink Bioscience, Watertown, MA, USA).
Images were taken using Carl Zeiss confocal microscope LSM710 using a
Plan-APOCHROMAT 63 × /1.4 oil DIC objective, and ZEN2012 LE software
with constant exposure and gain. Number of protein interaction was
quantiﬁed using the BlobFinder software.47

Immunoprecipitation and immunoblot
For immunoprecipitation, at the indicated time points after treatments,
cells were lysed using IP lysis buffer (25 mM Tris-HCl pH7.4, 150 mM NaCl,
1% NP-40, 1 mM EDTA). The lysate was then incubated with indicated
antibodies overnight at 4 °C with constant rotation. Following that, the
antibodies were afﬁnity precipitated using protein A/G beads (Santa Cruz).
Proteins were released by boiling for 10 min in Lamelli’s buffer. Protein
extracts were resolved using 12% SDS–polyacrylamide gel electrophoresis
and electrotransferred (25 mM Tris, 192 mM glycine, 20% methanol) onto a
low ﬂuorescence polyvinylidene diﬂuoride membrane for immunoblot
analysis. Membranes were stripped and reprobed for other proteins as
previously described.48 Protein bands were detected using Odyssey CLx
Infrared Imaging system (LI-COR, Lincoln, NE, USA).

Statistical analysis
Statistical analyses were performed using two-tailed Mann–Whitney or
one-way analysis of variance test with SPSS software (New York, NY, USA)
where appropriate. A P-value of o 0.05 is considered signiﬁcant.
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