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SUMMARY

Cancer metastasis accounts for the major cause of cancer-related deaths. How disseminated cancer cells
cope with hostile microenvironments in secondary site for full-blown metastasis is largely unknown. Here,
we show that AMPK (AMP-activated protein kinase), activated in mouse metastasis models, drives pyruvate
dehydrogenase complex (PDHc) activation to maintain TCA cycle (tricarboxylic acid cycle) and promotes
cancer metastasis by adapting cancer cells to metabolic and oxidative stresses. This AMPK-PDHc axis is
activated in advanced breast cancer and predicts poor metastasis-free survival. Mechanistically, AMPK lo-
calizes in the mitochondrial matrix and phosphorylates the catalytic alpha subunit of PDHc (PDHA) on two
residues S295 and S314, which activates the enzymatic activity of PDHc and alleviates an inhibitory phos-
phorylation by PDHKs, respectively. Importantly, these phosphorylation events mediate PDHc function in
cancer metastasis. Our study reveals that AMPK-mediated PDHA phosphorylation drives PDHc activation
and TCA cycle to empower cancer cells adaptation to metastatic microenvironments for metastasis.

INTRODUCTION

Cancer-related death is largely attributed to metastasis, which
involves multiple steps of biological processes (Steeg, 2016;
Wirtz et al., 2011). Although metastasis is life threatening, it is
extremely challenging for disseminated cancer cells to success-
fully seed metastases from their primary site (Chambers et al.,
2002). During this risky process, cancer cells encounter tremen-
dous crisis, including anoikis and shear stress-induced
apoptosis in systemic circulation (Douma et al., 2004; Reymond
et al., 2013), hyper-oxidative stress when colonizing at the
distant organ (Piskounova et al., 2015), as well as metabolic
stress when exposing to new inhospitable environments (Kim
et al., 2017; Senft and Ronai, 2016b). Only less than 0.02% of

L))

metastatic cancer cells, once getting into the circulation, could
survive in the secondary site (Chambers et al., 2002; Luzzi
et al., 1998). It has been proposed that metabolic reprogram-
ming confers metastatic cancer cells to adapt to hostile environ-
ments with metabolic stress (Celia-Terrassa and Kang, 2016)
and oxidative stress (Wu et al., 2014).

The role of cancer metabolism in cancer progression and
metastasis starts to emerge. Accumulating evidence reveals
that cancer cells display distinct metabolic states with respect
to their normal counterparts. They often utilize aerobic glycolysis
known as Warburg effect to generate energy, building blocks,
and NADPH to maintain redox balance for their survival and pro-
liferation. Such metabolic reprogramming, which is believed to
play important roles in cancer progression and metastasis, could
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be partly due to the defect in mitochondria TCA cycle and/or
mitochondria functions resulting from the mutations of TCA cycle
enzymes (Mullen and DeBerardinis, 2012). Therefore, it is
thought that defect in mitochondria activity may be a common
event associated with Warburg effect and cancer progression.
However, such concept has been challenged and may need to
be revisited, because recent studies demonstrated that mito-
chondria activity is fully functional in cancers on the basis of
3C-labeled metabolomic analysis (Corbet and Feron, 2017)
and that PGC1a (peroxisome proliferator-activated receptor
gamma coactivator 1-alpha), which could induce mitochondrial
biogenesis and oxidative phosphorylation, promotes metastasis
(LeBleu et al., 2014). Mitochondria TCA cycle also generates en-
ergy and building blocks for cells to maintain their survival, but
hyperactivation of TCA cycle was previously considered to pro-
duce excess reaction oxygen species (ROS) that is otherwise
toxic to cells; however, more recent reports also suggest the
essential role of certain TCA intermediates, such as oxaloacetate
(OAA) and a-ketoglutarate (z-KG) in detoxification of ROS (Sawa
et al., 2017). It is currently unclear about what exact roles the
mitochondria TCA cycle plays in cancer progression and
metastasis.

AMPK is a classical energy sensor activated under diverse
stresses, such as metabolic and oxidative stresses (Hardie
et al.,, 2012). It activates ATP-producing pathways but limits
ATP-consuming pathways in response to metabolic stress. As
such, its function is tightly regulated, and the defect in its function
is associated with aging process and multiple metabolic disorders
(Burkewitz etal., 2014; Ruderman et al., 2013). AMPK is thought to
serve as a tumor suppressor because of its role in suppressing
oncogenic mMTORC1 activation (Shackelford and Shaw, 2009),
and the fact that numerous anti-cancer agents, such as metformin
(Sosnicki et al., 2016), phenformin (Appleyard et al., 2012), and re-
sveratrol (Puissant et al., 2010), could all activate AMPK. However,
some studies revealed that AMPK may promote tumorigenesis by
maintaining redox balance and inducing Akt activation (Han et al.,
2018; Jeon et al., 2012). Therefore, the role of AMPK in cancer
regulation is controversial. Interestingly, AMPK deficiency renders
cancer cells more vulnerable to stresses, including metabolic
stress and cell detachment, which are critical barriers needed to
be overcome during cancer metastasis, although the underlying
mechanisms are not well understood (Ng et al., 2012; Saito
et al., 2015; Svensson and Shaw, 2012).

Pyruvate dehydrogenase complex (PDHc), as a rate-limiting
enzyme complex for maintaining TCA cycle, catalyzes pyruvate
to acetyl-coenzyme A (Ac-CoA) and links glycolysis to oxidative
phosphorylation (Sun et al., 2015). This trimeric complex con-
sists of rate-limiting E1 (pyruvate dehydrogenase, composed
of catalytic « [PDHA] and regulatory  [PDHB] subunits), E2 (di-
hydrolipoyl transacetylase [DLAT]), and E3 (dihydrolipoyl dehy-
drogenase [DLD]), and the integrity of this complex is critical
for PDHc activity (Zhou et al., 2001). How PDHc activity is main-
tained is currently not well understood. It was previously shown
that PDHA S293 phosphorylation serves as a negative signal for
PDHc activation, and the removal of PDHA S293 phosphoryla-
tion is necessary for PDHc activation (Patel et al., 2014). Howev-
er, the molecular basis of how PDHA S293 phosphorylation
serves as a barrier for PDHc activation is unclear. Moreover, little
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is known about what physiological cues may prevent and/or
antagonize PDHA S293 phosphorylation.

Although dysregulation of PDHc leads to multiple metabolic
disorders and neurodegeneration (Brown, 2012), its role in can-
cer progression and cancer metastasis is still elusive. Previous
study reported the PDHK1, which phosphorylates PDHA and
suppresses PDHc activity upon hypoxia, displays oncogenic ac-
tivity in certain cancer contexts, such as lung cancer (Hitosugi
et al., 2011), implying tumor suppressor function of PDHc. How-
ever, more recent publication indicated that depletion of PDHc
E1 B subunit (PDHB) resembles Warburg effect with impaired
PDHc activity but compromises breast cancer growth (Yona-
shiro et al., 2018). Therefore, the role of PDHc in cancer regula-
tion appears to be controversial. In this study, we aimed to
dissect the role of PDHA, the critical rate-limiting catalytic sub-
unit of PDHc, in cancer metastasis and its underlying
mechanisms.

RESULTS

AMPKa1 Critically Regulates Cancer Cell Survival under
Stress to Maintain Metastasis

The TCA cycle maintenance is affected by mitochondria homeo-
stasis, which is dynamically regulated by mitochondria biogen-
esis and mitophagy (Palikaras et al., 2015; Senft and Ronali,
2016a). Interestingly, mitochondria biogenesis and mitophagy
are known to be regulated by AMPK (Marin et al., 2017; Pei
et al., 2018). AMPK is widely believed as a tumor suppressor
for its role in repressing mTOR activation (Shackelford and
Shaw, 2009), although oncogenic activity of AMPK in certain tu-
mor contexts is also reported (Han et al., 2018; Jeon et al., 2012).
Surprisingly, overexpression of AMPK was associated with
shorter metastasis-free survival in breast cancer cohort (Fig-
ure S1A). Because AMPK regulates cancer cell survival under
metabolic stresses (Saito et al., 2015; Svensson and Shaw,
2012), which are critical barriers needed to be overcome during
cancer metastasis, we hypothesized that AMPK may be a critical
player for cancer metastasis by empowering cancer cells to
adapt to diverse stresses in the metastatic microenvironments.
To address this question, we generated 4T1 orthotopic model
by inoculating 4T1 breast cancer cells into mammary fat pads
that develop spontaneous metastasis to lung and harvested
both primary tumor and metastatic tumor tissues for immunohis-
tochemistry (IHC) staining (Figure 1A). Notably, by staining p-
AMPK (T172), AMPK activity was higher in lung metastatic tumor
than primary tumor (Figure 1A), indicating that AMPK activation
may be essential for metastatic adaptation of metastatic pro-
cesses. In support of this notion, impairment of AMPK activation
by AMPKa1 depletion (Figure S1B) abolished cancer lung
metastasis using 4T1 orthotopic metastasis models (Figure 1B).
However, the primary tumor growth was not significantly
affected upon AMPKa1 deficiency in 4T1 cells (Figure S1C).

By using tail vein injection metastasis model, AMPKa1 deple-
tion also impaired lung metastasis in multiple cell models,
including 4T1, 231, and Hep3B (Figures 1C, S1D, and S1E).
Because AMPK activity is elevated in metastatic tissues where
metastatic cancer cells frequently encounter metabolic stresses,
we determined whether the impaired metastasis upon AMPK
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deficiency resulted from the failure of cancer cells to adapt to
stressful conditions during the colonization process. Indeed,
AMPKa1 knockdown rendered cancer cells more vulnerable to
metabolic stress (Figure 1D) and enhanced apoptosis upon
glucose deprivation (Figures S1F and S1G). Oxidative stress is
another critical barrier preventing disseminated tumor cells
from surviving in distant organ (Piskounova et al., 2015).
AMPKa.1 knockdown also conferred cancer cells more sensitive
to oxidative stress (Figures 1E, S1H, and S1l). Thus, AMPKa1 is
critical for cancer cell survival under diverse stresses, thereby
protecting metastatic cells from stress-induced cell death and
maintaining cancer metastasis.

TCA Cycle Is Crucially Maintained by AMPKa.1
Although glycolysis via glucose utilization for the generation of en-
ergy and building blocks is considered as a major strategy for can-
cer cell proliferation and survival, this mechanism is likely impaired
during cancer metastasis processes where metastatic cancer cells
constantly experience metabolic stress and/or oxidative stress in
the secondary site (Piskounova et al., 2015; Senft and Ronai,
2016b). Itis conceivable that metastatic cancer cells will need to re-
wire their metabolic demands from glycolysis to TCA cycle for the
production of energy and building blocks, thereby allowing meta-
static cancer cells to survive in the distant site (Pascual et al., 2018).
Because activation of AMPK renders cancer cells to survive
better under glucose deprivation, where TCA cycle may become
a key strategy for cancer cell survival, we speculated that AMPK
may be crucial for maintaining TCA cycle. Indeed, metabolomics
study revealed that several key intermediates in TCA cycle, such
as o-KG, fumarate, and oxaloacetate, were markedly decreased
in AMPKa1 knockdown cells (Figure 2A). Impaired a-KG level
was also observed in multiple AMPKa1 knockdown cells and
AMPKa1~'~a27~ mouse embryonic fibroblasts (MEFs) (Fig-
ure 2B). Moreover, ATP level and oxygen consumption rates
(OCRs) were declined in AMPKa1-deficient cells (Figures 2C
and 2D). Thus, AMPKa1 is critical for TCA cycle maintenance.
However, the expression level of TCA cycle enzymes and
other enzymes regulating the connection between TCA cycle
and other metabolic pathways were not affected upon AMPK
deficiency (Figures S2A and S2B). We also ruled out the possibil-
ity that AMPK regulates TCA cycle acting through its known tar-
gets, such as PGC1a functioning in mitochondria biogenesis
(Jager et al., 2007) and ACC (acetyl-CoA carboxylase) involved
in lipogenesis, a process squeezing acetyl-CoA needed for
TCA cycle (Minokoshi et al., 2002), as depletion of PGC1a. or
ACC failed to compromise TCA cycle, as indicated by «-KG
and ATP level (Figures S2C and S2D). We then speculated that

Molecular Cell

AMPKa1 may maintain TCA cycle partly through orchestrating
glucose uptake (Wu et al., 2013), because glucose is one of
the major nutritional sources providing pyruvate for TCA cycle.
AMPKa1 knockdown reduced glucose uptake and multiple me-
tabolites from glycolysis, including pyruvate (Figures S2E and
S2F). However, the level of lactate, as final product of glycolysis,
remained unchanged (Figure S2G), indicating AMPK may favor
pyruvate shunting through TCA cycle instead of converting it to
lactate.

To address whether AMPK maintains TCA cycle through
directly facilitating pyruvate metabolism, we performed '°C-
labeled pyruvate- and glutamine-tracing experiments. Notably,
the level of TCA cycle metabolites (citrate, fumarate, malate,
and succinate) incorporated from '3C-labeled pyruvate was
reduced in AMPKa1 knockdown cells (Figure 2E). However,
the level of corresponding TCA metabolites derived from '°C-
labeled glutamine was comparable between control and
AMPKGa.1 knockdown cells (Figure 2E). Collectively, our data sug-
gest AMPKa1 is an essential regulator for TCA cycle mainte-
nance through controlling pyruvate metabolism.

PDHc Activation and TCA Cycle by AMPK«1 Are
Required for Cancer Metastasis

Pyruvate is located at the crossroads of glycolysis and TCA cycle,
and its metabolic fate is mainly controlled by lactate dehydroge-
nase (LDH) and PDHc. The former facilitates glycolysis by con-
verting pyruvate to lactate, although the latter maintains TCA cycle
by catalyzing pyruvate to Ac-CoA (Figure S3A). LDH activity re-
mained unchanged upon AMPKa1 knockdown (Figure S3B), but
PDHc activity was impaired in AMPKa1~'~a2~/~ MEFs and
AMPKa1 knockdown cells (Figure 3A). As a consequence, the
level of Ac-CoA, a direct product of PDHc from pyruvate, in
both whole-cell lysates and mitochondria was markedly reduced
in AMPKa.1-deficient cells (Figure 3B). Thus, AMPKa1 is essential
for maintaining PDHc activity.

Similar to AMPKa1 depletion, knockdown of PDHA, the cata-
lytic subunit of PDHc, specifically impaired cancer metastasis to
lung, but not primary tumor growth, using 4T1 orthotopic metas-
tasis model (Figures 3C and S3C) and 231 tail vein injection
metastasis model (Figure 3D), underscoring the fundamental
role of PDHc in tumor metastasis. Remarkably, introduction of
constitutively active PDHA (PDHA S293A), which restores
PDHc activity in AMPKa1-deficient cells, but not wild-type
(WT) PDHA, fully rescued the defects in TCA cycle, indicated
by ATP and «-KG (Figure 4A), and tumor metastasis (Figures
4B, 4C, S3D, and S3E). Thus, AMPK acts through PDHc activa-
tion to facilitate cancer metastasis.

Figure 1. AMPKa1 Is Essential for Tumor Metastasis

(A) AMPK activity by immunostaining of p-AMPKa(T172) in primary tumor and lung metastatic tumor was shown. N, normal; T, tumor. Scale bars indicate 50 um.
(B) Orthotopic metastasis model from AMPKa1 knockdown 4T1 cells was performed. Representative lung tissues, H&E images, and average number of nodules
per lung were shown. Arrows indicate metastatic nodules. Scale bars indicate 500 um.

(C) Tail vein injection metastasis model from AMPKa1 knockdown 231 cells was performed. Representative bioluminescence images, lung tissues, and average
photon counts and number of nodules per lung were shown. Arrows indicate metastatic nodules.

(D) Survival rate of control and AMPKa1 knockdown cells upon glucose deprivation was determined.

(E) Survival rate of control and AMPKa1 knockdown cells treated with H,O, was determined.

Data are means + SEM from 5-7 mice for metastasis assays and means + SD from 3 independent experiments for other assays. *p < 0.05 and **p < 0.01. See also

Figure S1.
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Figure 2. TCA Cycle Is Critically Regulated by AMPKo.1

(A) Metabolomics analysis in control and AMPKa1 knockdown Hep3B cells was performed. Relative expression levels of three representative TCA intermediates
were shown.

(B) Relative a-KG level in AMPKa1 knockdown cells and AMPKa1~/~a2~/~ MEFs was shown.

(C) Relative ATP level in AMPKa1 knockdown cells and AMPKa1 ™/~ a2/~ MEFs was shown.

(D) Basal and maximal oxygen consumption rate (OCR) was determined in control and AMPKa1 knockdown cells.

(legend continued on next page)
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Activation of PDHc by AMPKa1 Empowers Tumor Cells
to Survive under Various Stresses

PDHA depletion also heightened the sensitivity of cancer cells to
metabolic stress (Figure 4D), similar to AMPKa.1 loss. Introducing
active PDHA in AMPKa1 knockdown cells rescued cancer cell
survival under metabolic and oxidative stresses (Figures 4E and
4F). Interestingly, add-back pyruvate or o-KG largely rescued can-
cer cell survival under metabolic stress in control cells, but not in
AMPKoa1 or PDHA knockdown cancer cells where TCA cycle is
compromised (Figures 4D and 4E). Remarkably, introduction of
active PDHA in AMPKa1 knockdown cells enabled pyruvate or
a-KG to protect cancer cells from death under metabolic stress
(Figure 4E). Collectively, TCA maintenance ensured by AMPK-
mediated PDHc activation is essential for cancer cell survival un-
der diverse stresses, thereby facilitating cancer metastasis.

AMPK-PDHc Axis Is Activated in Advanced Breast
Cancer Patients and Predicts Poor Metastasis-free
Survival

Although PDHc is a crucial regulator for pyruvate metabolism
and TCA cycle, how it is activated to participate in TCA cycle re-
mains largely unclear. Earlier studies revealed that PDHA S293
phosphorylation by PDHKs serves as a negative mechanism to
limit PDHc activation (Kolobova et al., 2001). Interestingly,
elevated PDHA S293 phosphorylation and enhanced interaction
between PDHA and PDHK1 were observed in AMPKa1 knock-
down cells (Figures 5A and 5C), accounting for the impairment
of PDHc activity. Conversely, activation of AMPK upon either
specific activator A-769662 or glucose deprivation resulted in
dissociation between PDHA and PDHK1 and reduced PDHA
S293 phosphorylation, which were reversed by AMPKa.1 deple-
tion or AMPK inhibitor compound C treatment (Figures 5B, 5D,
and S4A-S4D). Impaired interaction between PDHA and other
PDHKs (PDHK2 and PDHK3) was also observed upon AMPK
activation by glucose deprivation or overexpression of constitu-
tively active AMPKa1 (AMPK-CA) (Figure S4E).

By IHC staining, comparing with corresponding primary tumor,
we found elevated activity of PDHc, as indicated by lower expres-
sion of p-PDHA (S293), in metastatic tumor, correlated with
enhanced activity of AMPK, as determined by p-AMPK (T172; Fig-
ure S4F). However, both control and AMPKe.1 knockdown primary
4T1 tumors displayed low AMPK and low PDHc activity. Of note,
AMPKa1 knockdown in 4T1 cells, which impairs lung metastasis,
remarkably reduced PDHc activity as indicated by enhanced p-
PDHA level (Figure S4F), consistent with our in vitro results. To
further support the pathophysiological link between AMPK and
PDHc, we detected p-AMPK (T172) and p-PDHA (S293) in our
in-house 184 breast cancer samples with different tumor stages
and metastasis statuses by IHC staining. Notably, p-AMPK level
was positively correlated with higher tumor stage, although p-
PDHA level was negatively correlated with higher tumor stage
(Figure S4G; Table S1). Moreover, the p-AMPK expression was
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negatively correlated with p-PDHA expression level (Figures 5E
and 5F). Importantly, high p-AMPK or low p-PDHA level predicted
worse metastasis-free survival (Figure 5G; Tables S2 and S3),
highlighting the importance of AMPK-PDHc axis in breast cancer
progression and metastasis.

PDHA Phosphorylation by AMPK Maintains PDHc
Activity
To gain further insight into how AMPK regulates PDHA S293
phosphorylation and PDHc activation, we determined whether
AMPK can be localized in the mitochondrial matrix together
with PDHc. To address this question, we performed mitochon-
drial isolation and mitochondrial subfractionation as previously
described (Nishimura and Yano, 2014). AMPKa could indeed
localize in mitochondrial matrix with PDHA (Figures 6A and
S5A-S5C). Further, AMPKa was found to interact with PDHA,
but not with PDHK1 (Figure S5D). Moreover, active AMPKa. co-
localized with both PDHA and Tomm20 in mitochondria, as indi-
cated by immunofluorescence staining (Figures 6B and S5E).
Thus, AMPK is localized in mitochondria matrix along with PDHc.
In light of these findings, we hypothesized that mitochondria-
localized AMPK could directly induce PDHA phosphorylation,
thereby affecting PDHc activity. In vitro kinase assay revealed
that PDHA could be readily phosphorylated by active AMPK
complex in a dose-dependent manner (Figure 6C). AMPK com-
plex could induce phosphorylation of Mff, a well-known AMPK
substrate (Toyama et al., 2016), but the overall phosphorylation
of Mff was much lower than that of PDHA (Figure 6C). Addition-
ally, y-32P ATP incorporation kinase assays were conducted by
incubating recombinant PDHA with different concentrations of
active AMPK complex and y-32P ATP to study the phosphoryla-
tion stoichiometry. The results indicate that AMPK gradually
enhanced y-*P ATP incorporation on PDHA in a time-depen-
dent and dose-dependent manner. These results further demon-
strate that AMPK serves as a direct kinase for PDHA (Figure 6D).
In vitro kinase assay followed by subsequent mass spectrom-
etry analysis and combined bio-informatic phosphorylation site
prediction indicated that AMPK induced PDHA phosphorylation
at S295 and S314, which were highly conserved among various
species (Figures 6E, 6F, and S5F-S5H). We then developed and
characterized phospho-PDHA antibodies at S295 and S314 (Fig-
ures S5I and S5J). Using these phospho-PDHA antibodies, we
validated that AMPK could specifically induce in vitro PDHA
phosphorylation on S295 and S314 in a dose-dependent
manner, which was abolished upon phospho-dead mutation
on the corresponding site (Figures 6G, S5K, and S5L). AMPK
activation by either AMPK activator A-769662 treatment or
glucose deprivation induced in vivo PDHA phosphorylation on
serine 295 and 314, which was compromised upon AMPK defi-
ciency (Figure 6H), indicating that AMPK activation facilitates
PHDA S295 and S314 phosphorylation under physiological con-
ditions. By performing IHC staining in lung metastatic tumor

(E) The enrichment of isotope derived from '3C3-labeled pyruvate or '*C5-labeled glutamine in TCA intermediates and derivative (glutamate) from TCA cycle was
determined by mass spectrometry analysis. Green circle: '*C-labeled carbon atom derived from '*C3-labeled pyruvate; yellow circle: '*C-labeled carbon atom
derived from ®C3-labeled glutamine; blank circle: no isotope labeled carbon atom.

Data are means + SD from 3 independent experiments. *p < 0.05 and **p < 0.01. See also Figure S2.
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tissues, enhanced p-AMPK level was positively correlated with
elevated expression of p-PDHA (S295) and p-PDHA (S314) but
inversely correlated with p-PDHA (S293) in control group,
although impaired expression of p-PDHA (S295) and p-PDHA
(S314) and enhanced expression of p-PDHA (S293) were
observed in AMPKa1 knockdown group (Figure SBA).

In vivo S295 phosphorylation on PDHA was also validated by
mass spectrometry analysis in cells either upon overexpression
of constitutively active AMPK or glucose deprivation (Figures
S6B and S6C). Combined treatment of AMPK inhibitor com-
pound C could abolish glucose-deprivation-induced S295 phos-
phorylation on PDHA (Figure S6C), suggesting that PDHA S295
is one of the major phosphorylation sites in vivo upon AMPK acti-
vation. Consistent with IHC staining results, S293 phosphoryla-

ure 6J). Collectively, these results indicate
that PDHA phosphorylation by active
AMPK enhances the enzymatic activity of PDHc. Notably, we
found PDHA S295D or S314D, but not WT PDHA, PDHA
S295A, or S314A, could rescue the defect of PDHc activity in
AMPKa.1-deficient cells (Figure 6K), indicative of the crucial
role of AMPK-mediated PDHA S295 and S314 phosphorylation
in PDHc activation.

PDHA S314 Phosphorylation Prevents It from Binding to
Its Negative Regulator, and PDHA S295 Serves as an
Intrinsic Catalytic Site

To gain insight into how AMPK-mediated PDHA S295 and S314
phosphorylation maintains PDHc activity, we determined whether
S295 and S314 phosphorylation affects PDHA-PDHKSs interaction
and PDHA S293 phosphorylation. Of note, PDHA S314D, but not
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Figure 4. Maintenance of PDHc Activity and

S L E— TCA Cycle by AMPKa1 Regulates Cell Sur-
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vival under Diverse Stresses and Tumor
Metastasis

(A) Relative PDHc activity, ATP, and a-KG level in
AMPKa1 knockdown 4T1 cells with restoration of
WT or constitutively active PDHA (S293A) were
shown.

(B) Orthotopic metastasis model from AMPKa1
knockdown 4T1 cells with restoration of WT or
PDHA (S293A) was performed. Representative lung
tissues, H&E images, and average number of nod-
ules per lung were shown. Arrows indicate meta-
static nodules.

(C) Tail vein injection metastasis model from
AMPKa1 knockdown 231 cells with restoration of
WT or PDHA (S293A) was performed. Represen-
tative bioluminescence images and average photon
counts per lung were shown.

(D) Survival rate of control cells and PDHA knock-
down cells supplied with vehicle, pyruvate (5 mM),
or 2-KG (10 mM) under glucose deprivation condi-
tion was shown.
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WT PDHA or PDHA S314A, displayed impaired interaction with
PDHK1 (Figure 6L), indicative of the suppressive role of PDHA
S314 phosphorylation in PDHA and PDHK1 interaction. As a
result, PDHA S293 phosphorylation was markedly reduced in
PDHA S314D compared with WT PDHA and PDHA S314A (Fig-
ure 6M). Surprisingly, both PDHA S295D and PDHA S295A dis-
played attenuated interaction with PDHK1 and decreased S293
phosphorylation when comparing with WT PDHA (Figures 6L
and 6M). We rationalize that this result is likely due to the steric ef-
fect of S295 on S293, because these two sites are physically close
with each other. Indeed, PDHA S295C mutant also exhibited
impaired S293 phosphorylation (Figure S6D), suggesting that
any substitution of amino acid on S295 would destroy the docking
site of PDHKs, leading to reduced S293 phosphorylation.
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also suggests that, although loss of PDHA
S293 phosphorylation elicits PDHc activa-
tion, the failure in S295 phosphorylation
will drive PDHc inactivation, even when PDHA S293 phosphoryla-
tion is lost (e.g., PDHA S295A). Collectively, AMPK-mediated
S314 phosphorylation, but not S295 phosphorylation, blocks the
interaction of PDHA with PDHK1 and subsequent PDHA S293
phosphorylation.

We then assessed how PDHA S295 phosphorylation maintains
PDHc activity. We rationalized that PDHA S295 phosphorylation
may either regulate the integrity of the PDHc or serve as an
intrinsic active site essential for PDHc activation. We ruled out
the first possibility, as there was no difference between PDHA
S295D and PDHA S295A in its interaction with other PDHc sub-
units (Figure S6E). To test the second possibility, we purified
PDHc with WT PDHA, PDHA S295D, and PDHA S295A from cells
and incubated them with C'*-labeled pyruvate to determine the
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Figure 5. AMPK-PDHc Axis Is Activated in Advanced Breast Cancer Patients, and Its Activation Predicts Poor Metastasis-free Survival
(A) PDHA S293 phosphorylation was determined in AMPKa1 knockdown cells.

(B) PDHA S293 phosphorylation was determined in control and AMPKa1 knockdown cells with or without A-769662 (100 uM) treatment.
(C) The interaction between PDHA and PDHK1 was determined in control and AMPKa1 knockdown cells.
(D) The interaction between endogenous PDHA and PDHK1 was determined in control and AMPKa1 knockdown cells upon A-769662 treatment.

(legend continued on next page)
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amounts of C'*-labeled pyruvate trapped in PDHc. Because the
active PDHc could quickly and efficiently catalyze C'*-labeled py-
ruvate, it is not expected to observe C'*-labeled pyruvate trapped
on the active PDHc. Of note, elevated C'*-labeled pyruvate was
detected in PDHc with PDHA S295A but decreased C'*-labeled
pyruvate in PDHc with S295D PDHA (Figure 6N). Similarly,
enhanced C'*-labeled pyruvate trapped on the PDHc was also
observed in AMPK-deficient cells, which could be rescued by
re-introduction of PDHA S295D, but not of PDHA S295A (Fig-
ure 60). Collectively, PDHA S295 phosphorylation is an intrinsic
catalytic site critical for PDHc activation and pyruvate metabolism.

We determined whether PDHA S293 phosphorylation inter-
feres with PDHA S295 phosphorylation and thus blocks intrinsic
PDHc activity. Remarkably, S293 phospho-mimic mutant (PDHA
S293D) abrogated PDHA S295 phosphorylation compared with
the WT PDHA or S293 phospho-deficient mutant (PDHA
S293A) (Figure S7A). Similarly, inhibition of PDHA S293 phos-
phorylation by DCA (dichloroacetate)-mediated PDHKs inactiva-
tion induced PDHA S295 phosphorylation (Figure S7B). PDHA
S314A with enhanced S293 phosphorylation displayed compro-
mised S295 phosphorylation, although PDHA S314D with
impaired phosphorylation on S293 conversely exhibited
increased S295 phosphorylation (Figure S7C). Although PDHA
S314 phosphorylation is required for PDHA S295 phosphoryla-
tion, loss of PDHA S295 phosphorylation did not affect PDHA
S314 phosphorylation (Figure S7D). Thus, PDHKs-mediated
PDHA S293 phosphorylation serves as a barrier to prevent
PDHA S295 phosphorylation, although AMPK-mediated PDHA
S314 phosphorylation relieves the inhibitory effect of PDHA
S293 phosphorylation on PDHA S295 phosphorylation, allowing
for PDHc activation.

Phosphorylation of S295 and S314 by AMPK Is Essential
for PDHA Function in TCA Cycle and Cancer Metastasis
We investigated whether PDHA S295 and S314 phosphorylation
is essential for the maintenance of TCA cycle. Only PDHA S295D
or S314D, but not WT PDHA, PDHA S295A, or S314A, could
rescue the defects in TCA cycle, as indicated by restored
a-KG level and ATP level (Figure 7A), suggesting AMPK-medi-
ated PDHA S295 and S314 phosphorylation maintains TCA cycle
through activating PDHc.

Todirectly investigate whether PDHA S295 and S314 phosphor-
ylation is critical for PDHA-mediated metastasis, we knocked in
human WT PDHA and its mutants resistant to mouse PDHA short
hairpin RNA (shRNA) to PDHA knockdown 4T1 cells and found that
the introduction of PDHA S295D and S314D, but not PDHA S295A
and S314A, rescued impaired lung cancer metastasis upon PDHA
knockdown, albeit their expression level was still lower than
endogenous mouse PDHA level (Figure 7B). However, WT PDHA
only partially rescued impaired lung metastasis upon PDHA deple-
tion, likely due to partial restoration of WT PDHA expression in
PDHA knockdown cells (Figure 7B). PDHA mutants knockin did
not affect primary tumor growth (Figure S7E). Remarkably, the
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impairment of tumor metastasis in AMPKa.1-deficient cells was
also rescued by expressing PDHA S295D or PDHA S314D, but
not WT PDHA, PDHA S295A, or PDHA S314A, in both 4T1 ortho-
topic metastasis model and 231 tail vein injection model (Figures
7C, 7D, and S7F), although the primary tumor was not affected
by these treatment conditions (Figure S7G). Collectively, AMPK
promotes PDHc activation, TCA cycle, and cancer cell metastasis
through facilitating PDHA S295 and S314 phosphorylation.

DISCUSSION

Cancer cells are considered to bypass the TCA cycle and primar-
ily utilize glycolysis based on the early dogma; however,
emerging evidence indicates that certain cancer cells depend
heavily on the TCA cycle for energy production and macromole-
cule synthesis (Anderson et al., 2018). Thus, investigation of the
exact function of TCA cycle and its regulation in various cellular
contexts and different cancer progression stages may yield
great insights into cancer metabolism and potential strategies
for tackling advanced cancer. PDHc is a rate-limiting enzyme
directly controlling pyruvate influx for the maintenance of TCA
cycle, but its function in cancer progression is still under debate
(Chen et al., 2018; Kaplon et al., 2013). However, in our ortho-
topic breast cancer models, impaired PDHc activity by PDHA
deficiency fails to affect primary tumor growth but dramatically
impairs tumor metastasis, suggesting that PDHA is a previously
unrecognized, oncogenic player that promotes tumor metas-
tasis at least in breast cancer models. In further support of this
notion, PDHc activity is significantly upregulated in our advanced
breast cancer patient cohorts, and its activation correlates with
poor metastasis-free survival of breast cancer patients. Thus,
our study not only identifies PDHA as a biomarker for the predic-
tion of tumor metastasis but also provides the evidence that tar-
geting PDHc is a promising strategy for tackling breast cancer
metastasis. Future study aiming to develop PDHc inhibitors,
which are expected to achieve a promising efficacy for breast
cancer metastasis, should be warranted.

How PDHc activity is regulated remains largely unknown. We
provide a detailed model to explain how AMPK activation
induced by metabolic stress inhibits PDHA S293 phosphoryla-
tion and maintains PDHc activity. AMPK triggers phosphoryla-
tion of PDHA on S314 and S295, which is required for PDHc
activation. PDHA S295 phosphorylation is an intrinsic catalytic
site required for PDHc activation and pyruvate metabolism,
whereas PDHA S314 phosphorylation is a primed site required
for subsequent PDHA S295 phosphorylation through prevent-
ing PDHA-PDHKSs interaction and subsequent PDHA S293
phosphorylation, which serves as a barrier for PDHA S295
phosphorylation. The finding that AMPK-mediated PDHA
S295 and S314 phosphorylation serves as a crucial step for
PDHc activation provides the strategy of how PDHc can be
pharmacologically targeted for the intervention of breast cancer
metastasis.

(E) Immunostaining of p-AMPK (T172) and p-PDHA (S293) in breast cancer tissues with different stages were shown.
(F) Scatterplot of pAMPK expression versus pPDHA expression in breast cancer tissues was shown.
(G) Kaplan-Meier plots showed high expression of pAMPK and low expression of pPDHA significantly predicted metastasis-free survival.

Scale bars indicate 100 um. See also Figure S4 and Tables S1-S3.

272 Molecular Cell 80, 263-278, October 15, 2020



Molecular Cell ¢ CellPress

A B p-AMPK DAPI PDHA/p-AMPK/DAPI
Q B ' g
Mitochondrial marker b
g
vall b 5
Membrane marker E-Cadherin Il § = .g -
I [ =3
A : < - s
Cytosolic marker Tubulin E I = £ e ™
Lo |E T 075078 % E E I
Lysosome marker Lamp2 2 === S & <
4 P EI ’é:a Tomm20 g = =
Endosome marker ClathrinE] = L 24 0 2 N
T |2 coup=]
. T 22 0 D 5 . g F
Nuclear marker Lamin B1 44 y-*P ATP incorporation on PDHA & 5
EI - In vitro Kinase Assay
C o3 i
= P SN Sy
Substrates (250ng) - PDHA - MIff 52 I' o
—_— — A
AMPKofy (X100ng) - - 1255 - - 1255 E P
p-Ser/Thr p-Mff 9 Ir!,' -2 AMPK 250ng
-PDHA —— .
r (L:E) J:/ =~ AMPK 500ng Phosphorylationsite
00 1 2847 00 00322 0¥ r T . o
p-Ser/Thr l«——p-Mif 0 0 20 30 prediction by GPS3.0
p-PDHA ——| - . (S.E) E Time (min)
T 00 131 00000 1 2 3
p-AMPK PDHA + + + 1, PDHA 390
00 12842 0 0038233 AMPKofy - + + - —
GST-Mff - =
E Compound C = 2, ®©E® 390
1 1.441.120.97 -Ser/Thr
PDHA P $295 S314
TLI51.041.08 0.03 1T 0.13 S130
ppHA | | |,_ 31 390
G 1 °1.06 1.08
GSTPDHA H (Coomassic Bluie) S130 I S295 S314
Substrates - GST "Wt 2954 S314A IP: IeG PDHA IP:IgG __PDHA o —E
AMPRapy & & = & o & = & ShAMPKal __-__ 1% _2# ShAMPKal ___- + Z14
p-PDHA (5295) - | Glucose = AT69662 + - + - + $12
00 0 01 0 0 0094 . = 1.0
| = erouess IR somcoo NN
p-AMPK - e o T 86 0 28 0 0 7.|z. £08
0_0_ 1 0099 01.06 0102 p-PDHA (5314) p-PDHA (5314) _;3.3
GST-PDHA | P — S 0104 00 0 1 62 08816 £0
0 0 0 1 109 1092095 PDHA 20
0 1 1 0.980.910.92 1 PDHA 0 Y &
-AMPK 0 1 L03LI31.06 Sh ﬁhgg(sg; = - - +
__GST-PDHA _ i 12 194 0 0 0 0 p-aMpK [ i
Substrates - GST Y1 $314A S295A AMPKal = AMPKal 33 1 33071078 . J -
AMPKoPy - - + - + - + - + T 098085 0.04 0 005 0 | & ¢ S T4 008 b0 2 £ 1.6
p-PDHA (S314) | - - PDHA — 0 L110080.0: | 2 510
0 0 0 0 1 0 0 0 113 PDHA & 1.2
0 1 1.021.081.08 .11.09 1 o
1 1.09 1.11 1.01 1.07 = 1
PAMPK| o= o= w GRPT§[==—====—] ; £ o3
00 1 0 1030 1250 L8 08 1 1.03 1.15 11103 0.92 Actin e 2 0.
GST-PDHA R Z 0.4
0 0 1 1095 1 107 1.06 £ 024
K L IP:Flag IP: Flag M Komepowwits _
=] :t’ =] ::t;
=== = o IP:Fla IP: Fla;
FlagPDHA - 2 8 3 =2 & & ng< ng<
2 = zl4 —_— < < o
=& & = sk PDHK1 Enm -
S:':E';l':’l:*': cEee 5:3 T 0104808 0 1 035041 FlagPDHA = 2 3 & -2 & &
al -
;0'8 Flag-PDHA p-PDHA(5293)| - = | -
Flag—PDHA 20'6 D 1 11095 0 1 10309 0 1019125 0 1 0302
AMPKa1 [ — Flag-PDHA [ ememen] [ === Flag PDHA [ el [~ coeves
T 015 0.020.18 022 §0'4 0 1 1807 0 1 096033 | 0 108908 0 1 1 095
ActinEw 30.; l Pm-u(llﬁ 2 FlagPDHA —l
1 .0.95 0.9 0.94 0.! =
SHHAT - - T WT S5295D 52954 1096 1103 1 1.02 1.021.03 0 T TG0 5T 093088 [ &
Sh Con Sh AMPKal GRP78 GRP78 { | =
1 0.861.09094 1 102 1.020.98 1 096097099 1 1.021.041.06
Fe e
L83 2V = — N 0
Flag.PDHA - - 2 2 8 210 = 4.5 =35
ShAMPKal - + + + +  Sgg e TE40 T E30
o 2235 3
FgPoHA[ __===] = =25
& 0 0 1 13107 20'6 _f—?glo Eg o
AMPKal 2 0.4 ' O 25 -
1 _0.110.080.1000 = 2 £2.0 o B 1.5
N =0.2 - > =
Actin S 215 € 210
105708208708 & 0 3 S10 3
PDHA - - WT S314D S314A & Eos & 205
Sh Con Sh AMPKal 5 z 0
PDHA WT 295D S295A ShAMPKal - 1# 24 24 24
PDHA W WT WT  S295D S295A

Figure 6. PDHA Phosphorylation by AMPK Maintains PDHc Activity

(A) Mitochondrial isolation and sub-fractionation were performed, and AMPK and PDHA expression in mitochondrial matrix was determined. Tomm20 is marker
for mitochondrial outer membrane, COX4 is marker for mitochondrial inner membrane, and CS is marker for mitochondrial matrix. Mito, mitochondria; WCL,
whole cell lysis.

(legend continued on next page)
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AMPK selects its substrate with the consensus motif of
AMPK and prefers hydrophobic residues at —5 and +4 posi-
tions of actual phosphorylation site (Schaffer et al., 2015).
We identified PDHA S295 and S314 as two sites phosphory-
lated by AMPK. Consistent with optimal AMPK consensus
motif, PDHA contains hydrophobic residues valine (V) and
methionine (M) at +4 position for S295 and S314 sites, respec-
tively, but histidine (H) for S295 and glutamic acid (E) for S314
at —5 position do not fit perfect AMPK consensus motif. How-
ever, there are also known AMPK substrates without this
optimal consensus motif, such as H2B (Bungard et al., 2010)
with arginine (R) at —5 position and PGC1a (Jager et al,
2007) with asparagine (N) and phenylalanine (F) at —5 position
for two phosphorylation sites, respectively, indicating the
complicity and flexibility of AMPK consensus motif. Moreover,
basic residues at —3 position and serine (S) at —2 position are
considered additional AMPK consensus motif. PDHA also
contains histidine (H) at —3 position, serine (S) at —2 position
for S295 and arginine (R) at —3 position, serine (S) at —2 po-
sition for S314. Using site-specific phospho-antibodies,
PDHA S295 and S314 phosphorylation indeed occurs in vivo
either upon A-769662 treatment or under glucose deprivation
in an AMPK-dependent manner. Moreover, mass spectrom-
etry analysis and site-specific phospho-antibodies from
in vitro kinase assay reveal that AMPK phosphorylates
PDHA on S295 and S314. Thus, PDHA is a bona fide substrate
of AMPK.

Supplying «-KG could protect cancer cells with intact PDHc
from metabolic stress, but not for cancer cells with compro-
mised PDHc activation. Apart from its generation by TCA cy-
cle enzyme IDH (isocitrate dehydrogenase), «-KG can be also
produced through glutaminolysis (Villar et al., 2015), which is
considered as a key metabolic reprogramming for metastasis
(Elia et al., 2018). We rationalize that accumulating «-KG in
disseminated cancer cells during metastasis may not only
promote energy production and building blocks through TCA
cycle maintenance but also orchestrate epigenetic reprog-
ramming to empower cancer cell adaptation to hostile micro-
environment through activating histone and/or DNA demethy-
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lases (Rinaldi et al., 2018). a-KG also functions in regulating
pro-survival signal, such as mTOR pathway (Duran et al.,
2012), which regulates cancer cells survival under oxidative
stress (Malone et al., 2017). Thus, our study defines the critical
role of AMPK-PDHc-TCA cycle-a-KG axis in cancer cell sur-
vival under diverse stresses, allowing for subsequent cancer
metastasis.

In summary, our study defines the crucial role of PDHc and
TCA cycle maintained by AMPK in empowering cancer cell
survival in malicious environments for cancer metastasis (Fig-
ure 7E). Moreover, we also reveal that activation of PDHc is
maintained by AMPK through phosphorylating its catalytic
subunit PDHA. The strategy through PDHA phosphorylation
and PDHc activation by AMPK allows for breast cancer cell
adaption to the hostile microenvironments for developing
full-blown metastatic cancer. Our study advances our current
understanding of how PDHc activity and TCA cycle are main-
tained and offers potential strategies to tackle cancer
metastasis.

Limitations of Study

We demonstrated that AMPK induces PDHA phosphorylation
in vivo under physiological conditions using multiple ap-
proaches. Importantly, we generated site-specific antibodies
to validate PDHA S295 and S314 phosphorylation in cells upon
AMPK activation. However, currently we are only able to detect
in vivo S295 phosphorylation in cells using mass spectrometry
analysis, which occurs in around 10%-20% of PDHA based on
the number of S295 phosphopeptides versus total peptides (Fig-
ures S6B and S6C), although in vitro S314 phosphorylation was
detected by mass spectrometry analysis (Figure S5F). We ratio-
nalize that this result may be due to the low abundance of PDHA
protein with S314 phosphorylation in vivo condition and/or the
condition for our mass spectrometry analysis that may not be
fully optimized. Unfortunately, given the current situation with
COVID-19, it is not possible for us to pursue further the mass
spectrometry analysis. Thus, our future work will dissect how
exactly the AMPK-dependent phosphorylation events regulate
PDHc function.

(B) p-AMPK (T172) and PDHA co-localization was determined by immunofluorescence in cells upon A-769662 treatment.

(C) Phosphorylation level on PDHA or Mff was determined by anti-phosphor-Ser/Thr antibody after in vitro kinase assay. L.E., long exposure; S.E., short exposure.
(D) In vitro y-22P ATP incorporation was determined by incubating recombinant PDHA and active AMPK complex with v-32P ATP.

(E) Phosphorylation level on PDHA was determined by anti-phosphor-Ser/Thr antibody after in vitro kinase assay (left). All the samples were subjected to SDS-
PAGE, and PDHA bands were cut for mass spectrometry analysis. Phosphorylation statuses on each sample were shown (right). Relative phosphorylation in-

tensity was indicated by the number of P.

(F) Venn diagram was used to integrate phosphorylation site detected by mass spectrometry and phosphorylation site predicted by GPS 3.0 (group-based

prediction system; http://gps.biocuckoo.org/).

(G) S295 and S314 phosphorylation on WT PDHA and mutant PDHA after in vitro kinase assay was determined by PDHA-specific phospho-antibodies.

(H) p-PDHA (S295) and p-PDHA (S314) were determined in control and AMPKa1 knockdown cells treated with glucose deprivation (left) or A-769662 (right).
(I) Relative PDHc activity in control and AMPKa1 knockdown cells with or without A-769662 treatment was shown.

(J) Relative PDHc activity was determined in purified PDHc with or without in vitro kinase reaction with active AMPK complex.

(K) Relative PDHc activity in AMPK knockdown cells with restoration of PDHA WT and mutants was shown.

(L) The interaction between PDHK1 and PDHA WT or PDHA mutants was determined.

(M) S293 phosphorylation levels of PDHA WT or PDHA mutants were determined.

(N) Relative level of pyruvate trapped in purified PDHc with PDHA WT, S295D, or S295A was shown.

(O) PDHc was purified from control, AMPK knockdown cells, and AMPK knockdown cells with PDHA S295D or S295A restoration. Relative pyruvate trapped in

PDHc was shown.

Data are means + SD from 3 independent experiments. **p < 0.01. Scale bars indicate 20 um. See also Figures S5 and S6.
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Figure 7. PDHA Phosphorylation by AMPK Is Essential for TCA Cycle and Cancer Metastasis

(A) Relative ATP and «-KG level in control, AMPKa1 knockdown alone, and AMPKa1 knockdown cells with restoration of WT PDHA or mutants were shown.
(B and C) Orthotopic metastasis model from PDHA knockdown 4T1 cells with WT PDHA or mutants knockin was performed (B). Orthotopic metastasis model
from AMPKa1 knockdown 4T1 cells with restoration of WT PDHA or mutants was performed (C). Representative lung tissues, H&E staining, and average number
of nodules per lung were shown. Arrows indicate metastatic nodules.

(D) Tail vein injection metastasis model from AMPKa.1 knockdown 231 cells with restoration of WT PDHA or mutants was performed. Average photon counts per
lung were shown.

(E) A schematic model is presented to dissect the role of AMPK-PDHc axis in cancer metastasis.

Data are means + SEM from 5-7 mice for metastasis assays and means + SD from 3 independent experiments for other assays. *p < 0.05 and **p < 0.01. Scale
bars indicate 500 um. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

P-AMPK (T172) Cell Signaling Technology Cat# 2535S; RRID:AB_331250
AMPK Cell Signaling Technology Cat# 2532L; RRID:AB_330331
P-ACC (S79) Cell Signaling Technology Cat# 3661S; RRID:AB_330337
ACC Cell Signaling Technology Cat# 3662S; RRID:AB_2219400
PDHK1 Cell Signaling Technology Cat# 3820S; RRID:AB_1904078
P-ULK1 (S555) Cell Signaling Technology Cat# 5869S; RRID:AB_10707365
ULK1 Cell Signaling Technology Cat# 8054S; RRID:AB_11178668
HSP60 Cell Signaling Technology Cat# 4870S; RRID:AB_2295614

Cleaved Caspase-3 (Asp175)

Cell Signaling Technology

Cat# 9664S; RRID:AB_2070042

P-PDHA (S293) abcam Cat# Ab92696; RRID:AB_10711672
P-Ser/Thr abcam Cat# Ab17464; RRID:AB_443891
Tomm20 abcam Cat# Ab56783; RRID:AB_945896
PDHK2 Sigma Cat# SAB4502155; RRID:AB_10747420
PDHK3 Sigma Cat# SAB2103934; RRID:AB_10667235
Flag Sigma Cat# F1804; RRID:AB_262044
Actin Sigma Cat# A5441; RRID:AB_476744
GRP78 Santa Cruz Cat# sc-13539; RRID:AB_627698
AMPKa1 Santa Cruz Cat# sc-398861
SDHA Santa Cruz Cat# sc-390381
CS Santa Cruz Cat# sc-390693; RRID:AB_2813783
IDH1 Santa Cruz Cat# sc-515396; RRID:AB_2827767
IDH2 Santa Cruz Cat# sc-374476; RRID:AB_10986415
FH Santa Cruz Cat# sc-393992
SUCLG2 Santa Cruz Cat# sc-390818
PDHA Santa Cruz Cat# sc-377092; RRID:AB_2716767
DLD Santa Cruz Cat# sc-365977; RRID:AB_10917587
DLAT Santa Cruz Cat# sc-271534; RRID:AB_10649809
COX4 Santa Cruz Cat# sc-376731
PDHB Proteintech Cat# 14744-1-AP; RRID:AB_2162941
HA Covance Cat# MMS-101R; RRID:AB_291262
P-PDHA S295 This paper N/A
P-PDHA S314 This paper N/A
Bacterial and Virus Strains
Top10 Hui-Kuan Lin lab N/A
DH5a. Hui-Kuan Lin lab N/A
Stabl3 Hui-Kuan Lin lab N/A
BL21 Hui-Kuan Lin lab N/A
Biological Samples
Human breast cancer tissues Chi Mei Medical Center from 1998 to 2004. N/A

IRB: 10210004
Chemicals, Peptides, and Recombinant Proteins
AMPK (a1, B1, 1) Protein, active millipore 14-840
PDHA Sigma SRP5238

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Pyruvate Thermo 10569010
Permeable o-ketoglutarate (Dimethyl 2- Sigma 349631
oxoglutarate)

ATP, [y-*2P]- 6000Ci/mmol 10mCi/ml PerkinElmer BLU002Z250UC
Pyruvic acid [3-14C] SODIUM SALT Amrican radiolabeled chemicals ARC0220
2-NBDG CAYMAN CHEMICAL 11046
D-Luciferin, Potassium Salt Gold biotechnology LUCK-100
ProLong Gold Antifade Mountant Fisher P36930
protein A/G beads Santa Cruz sc-2003
Critical Commercial Assays

Pyruvate Dehydrogenase (PDH) Activity Biovision K679
Colorimetric Assay Kit

Alpha-Ketoglutarate Colorimetric/ Biovision K677
Fluorometric Assay Kit

Lactate Dehydrogenase Activity Biovision K726
Colorimetric Assay Kit

ATP Determination Kit Fisher A22066
lactate test strip nova biomedical 40813
DAB Substrate Kit Abcam ab64238
VECTASTAIN® Elite® ABC HRP Kit Vector PK-7200

Deposited Data

Unprocessed immunoblotting images

Mendeley datasets

https://dx.doi.org/10.17632/7vijm5bsyyt.1

Experimental Models: Cell Lines

4T1 ATCC Cat# CRL-2539; RRID:CVCL_0125
Hep3B Hui-Kuan Lin lab N/A
MDA-MB-231 (MDA-MB-231-Luci) MD Anderson Cancer Center N/A

293T Hui-Kuan Lin lab N/A
AMPK knockout MEF Hui-Kuan Lin lab N/A
Experimental Models: Organisms/Strains

BALB/c (NCI BALB-cAnNCr) mice Charles Rivers Code 555
Nude (Crl:NU(NCr)-Foxn1™) mice Charles Rivers Code 490
Oligonucleotides

AMPKa1 (Human) Sh RNA-1#: Sigma N/A
GTGACCTCACTTGACTCTTCT

AMPKa1 (Human) Sh RNA-2#: Sigma N/A
GAAGGTTGTAAACCCATATTA

PDHA (Human) Sh RNA-1#: Sigma N/A
CGAGAAATTCTCGCAGAGCTT

PDHA (Human) Sh RNA-2#: Sigma N/A
GCCAATCAGTGGATCAAGTTT

AMPKa1 (Mouse) Sh RNA-1#: Sigma N/A
CGTAGTATTGATGATGAGATT

AMPKa1 (Mouse) Sh RNA-2#: Sigma N/A
GAATCCTCATAGACCTTATTA

PDHA (Mouse) Sh RNA-1#: Sigma N/A
GCTCAAGTACTACAGGATGAT

PDHA (Mouse) Sh RNA-2#: Sigma N/A
GCTCAAGTACTACAGGATGAT

ACC (Human) Sh RNA: Sigma N/A
TATGAGGTGGATCGGAGATTT
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REAGENT or RESOURCE SOURCE IDENTIFIER
PGC1a (Human) Sh RNA: Sigma N/A
TCGTGTTCCCGATCACCATAT

See Table S4 for a detailed primer list This paper N/A

Recombinant DNA

pcDNA3-HA-AMPKo1
pcDNAS-Flag-PDHA

pBabe-Flag-PDHA S293A

Hui-Kuan Lin lab

From Dr. Zhimin Lu (The University of Texas
MD Anderson Cancer Center)

From Dr. Amit Maity (Perelman School of
Medicine at the University of Pennsylvania)

Lee et al., 2015
N/A

Cerniglia et al., 2015

pCDH-3xFlag vector From Dr. Xiaobing Shi (Van Andel Research N/A
Institute)

pCag-3xFlag vector From Dr. Xiaobing Shi N/A
pMD2G From Dr. Xiaobing Shi N/A
pPAX From Dr. Xiaobing Shi N/A
VSVG Hui-Kuan Lin lab N/A
Gal-Pol Hui-Kuan Lin lab N/A
pGEX-PDHA WT This paper N/A
PGEX-PDHA S295A This paper N/A
pGEX-PDHA S314A This paper N/A
pCDH-PDHA WT-Flag This paper N/A
pCDH-PDHA S295 A/D-Flag This paper N/A
pCDH-PDHA S314 A/D-Flag This paper N/A
pCag-PDHA WT-Flag This paper N/A
pCag-PDHA S295A/D-Flag This paper N/A
pCag-PDHA S314A/D-Flag This paper N/A
Software and Algorithms

GPS 3.0 (phosphorylation site prediction) http://gps.biocuckoo.org/ N/A

PROGgeneV2 online prognostic database

ImageQuant TL
Excel
SPSS

https://watson.compbio.iupui.edu/chirayu/
proggene/database/index.php

GE healthcare
Microsoft
IBM

Goswami and Nakshatri, 2013, 2014

N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Hui-

Kuan Lin (hulin@wakehealth.edu).

Materials Availability

The plasmids, stable cell lines and antibodies generated in this study have not been deposited to any repositories yet. These mate-
rials will be available upon request. MTA may apply.

Data and Code Availability

The unprocessed data of immunoblotting have been deposited to Mendeley Data: https://dx.doi.org/10.17632/7vjm5bsyyt.1
Published datasets included in this study are available through PROGgeneV2 online prognostic database.
(https://watson.compbio.iupui.edu/chirayu/proggene/database/index.php)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Studies

The animals used in this study include BALB/c (NCI BALB-cAnNCr) mice (Female, 6 weeks) for orthotopic metastasis model and nude
(Crl:NU(NCr)-Foxn1™) mice (Female, 6 weeks) for tail vein injection metastasis model. All the mice were purchased from Charles River
Laboratories and group housed in a specific-pathogen-free facility under standard condition. All the related protocols were approved
by Institutional Animal Care and Use Committee of Wake Forest School of Medicine.

Cell Culture
4T1, Hep3B, MDA-MB-231, 293T, AMPK«1~/~ a2/~ MEFs were cultured in DMEM supplied with 10% Fetal Bovine Serum (FBS) and
1% Penicillin/Streptomycin at 37°C under 5% CO2. All the cell lines were tested to confirm no mycoplasma contamination.

Human Tumor Samples

All the patient tumor samples included in this study were retrieved from biobank that collected from female patients who underwent
surgical resection in Chi Mei Medical Center from 1998 to 2004. The age of patients ranged from 27 to 85, with a mean of 51.5 and a
medium of 50. As a rule, informed consent was obtained from all subjects and all the samples are anonymized. This study was
approved by the Institutional Review Board (IRB) of the Chi Mei Medical Center (10210004).

METHOD DETAILS

Transfection and Viral Infection

Calcium phosphate transfection method was used to transfect plasmids into 293T cells for virus package. Briefly, for lentiviral ShRNA
infection, 293T cells were co-transfected with pLKO.1-shRNA-puro constructs (Sigma) and packaging plasmids (pMD2G and pPAX).
After 48h, virus containing supernatants were harvested to infect target cells. All stably transfected cells were selected by 3 pg/mi
puromycin for 5 days.

For PDHA S293A, S925D, S295A, S314D, S314A restoration in AMPK deficient cells, 293T were co-transfected with pBabe-PDHA
S293A-neo or pCDH-PDHA S295D, S295A, S314D, S314A-blasticidin and package plasmids (Gag-pol/VSVG or pPAX/pMD2G). Af-
ter 48h, virus containing supernatants were harvested to infect AMPK deficient cells. All stably transfected cells were selected by
1 mg/ml neomycin or 5 ng/ml blasticidin for 7 days.

RNA Isolation and g-PCR

Cells were lysed by TRIZON reagent (Invitrogen) and total RNA were extracted according to the manufacture instruction. 2ug RNA
was immediately processed to cDNA synthesis using PrimeScript RT Master Mix Kit (Clontech). g-PCR was performed in 20ul system
containing 5ul H20, 1l P1 (10 uM), 1ul P2 (10 uM), 3ul diluted cDNA template and 10ul iTaq Universal SYBR® Green Supermix (Bio-
Rad). The reaction was performed on ABI7300 Real-time PCR system. Melting curve analysis was used to guarantee the specificity of
primers. B-Actin (ACTB) was used as an internal control and for normalization. AACt method was used to indicate the relative expres-
sion level of corresponding genes. See Table S4 for a detailed primer list:

Metabolomics analysis and '3C labeled Pyruvate/Glutamine tracing

Methanol extraction was used to prepare metabolomics samples. Briefly, 2x10° cells were seeded on 10cm dish and refreshed with
complete medium for 24h. After quickly aspirating cell culture medium, gently rinse the cells with 37°C PBS. Then immediately add
1 mL 8:2 methanol:H,O (—75°C, on dry ice) into the plates placed on dry ice and incubate for 30min at —75°C to quench metabolism
and perform extraction. Scrape all the cells from dishes at —75°C, and transfer them into tubes. Add 0.7 mL 8:2 methanol:H,O
(=75°C, on dry ice) to perform second extraction, scrape and transfer all the cell contents to tubes. Spin the mixture at
13,000 rpm for 5 min at 0-4°C. Remove all the soluble extract into a vial and completely dry samples using the Speedvac at
30°C. For '3C labeled Pyruvate/Glutamine tracing assay, before extraction, the cells were treated with '*C3 labeled Pyruvate or
13C5 labeled Glutamine for 6h. Global metabolomics analysis was performed using Globally Optimized Targeted-MS (GOT-MS)
by Northwest Metabolomics Research Center (NW-MRC)(Gu et al., 2015).

a-KG, ATP and Ac-CoA Level Detection

The expression levels of a-KG, ATP and Ac-CoA level were determined by using Alpha-Ketoglutarate Colorimetric/Fluorometric Assay Kit
(Biovision), ATP Determination Kit (Invitrogen) and Acetyl-Coenzyme A Assay Kit (Sigma) respectively. Briefly, 2x10° cells were lysed by
corresponding assay buffer. Then deproteinize samples by using 10 kDa molecular weight cut off spin columns (Biovision). Perform spe-
cific reaction according to manufacture instruction and measure the absorption/luminescence/fluorescence using spectrophotometer.

Oxygen Consumption Rate (OCR) Measurement

Oxygen consumption rate was determined using a Seahorse Bioscience XF24 Extracellular Flux Analyzer (Seahorse Bioscience).
0.8x10* Hep3B and 1.5x10* MDA-MB-231 cells were seeded in specialized V7 Seahorse tissue culture plates for overnight. Before
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the experiment, cells were washed and changed to seahorse assay medium (supplement with 10 mM Glucose, 1 mM Pyruvate, 2 mM
Glutamine, adjusted to pH 7.4), then incubated in non-CO, incubator for 1h. After measuring basal OCR level, Oligomycin, FCCP and
Antimycin/Rotenone were sequentially injected into the cell chamber according to Seahorse standard protocol. Basal OCR level was
calculated based on the AUC (area under the curve) before the injection of oligomycin. Maximal OCR level was calculated based on
the AUC between the injection of FCCP and Antimycin/Rotenone.

PDHc Activity Detection

Activity of PDHc was determined by using Pyruvate Dehydrogenase Activity Colorimetric Assay Kit (Biovision). Briefly, 2x10° cells
were homogenized with ice cold assay buffer and incubate on ice for 10min. Spin down at 10,000 x g for 5 min and transfer super-
natant to fresh tube. Perform 100ul reaction (40ul sample, 10ul assay buffer, 50ul reaction mix) in 96 well plate. Measure absorption
immediately at 450 nm in kinetic mode for 0-100 min at 37°C. According to manufacture instruction, calculate the PDHc activity
based on the alteration of absorption (AOD) during specific time frame (AT). Apply AOD to NADH Standard Curve to obtain B
nmol of NADH generated. PDHc Activity = B/(AT x 0.04) = nmol/min/ml = mU/ml.

In Vitro Kinase Assay and y->2P ATP Incorporation Assay

Recombinant PDHA was purchased from Sigma, and active AMPK complex (2181y1) was purchased from Millipore. 10X kinase
assay buffer was purchased from Hyclone. Substrate PDHA was incubated with active AMPK complex for 30 min at 30°C in
20 plL reaction system (2ul 10X kinase assay buffer, 0.5 mM ATP, 250ng substrate, 500ng kinase). The reaction was terminated
by adding SDS-loading buffer and all the samples were subjected to SDS-PAGE directly. For y-2P ATP incorporation assay,
GST-tagged PDHA was purified from bacteria and conjugated with glutathione beads. After performing in vitro kinase assay through
incubating recombinant PDHA with different concentrations of active AMPK complex (250ng, 500ng) and y-22P ATP for 0, 5, 20,
30 min, we washed out un-incorporated y->2P ATP and determined y-32P ATP incorporation on PDHA by liquid scintillation counter.

Immunoprecipitation and Immunoblotting

For immunoblotting assay, cell lysis buffer (50 mM Tris-HCI pH7.4, 250 mM NaCl, 0.5% Triton X-100, 10% Glycerol, 1 mM DTT) con-
taining a protease inhibitor cocktail (Roche) was used to lyse cells. Forimmunoprecipitation (IP) assay, E1A lysis buffer (250 mM NaCl,
50 mM HEPES pH 7.5, 0.1% NP40, 5 mM EDTA) containing a protease inhibitor cocktail was used to lyse cells. After sonication for
10 s for three times, cell debris were removed by spin down at 13,000 rpm for 15 min. Clarified cell lysates were then incubated over-
night with magnetic beads pre-incubated with indicated antibody. The beads were washed with PBST for 6 times before eluting with
SDS sample buffer and subjected to immunoblotting analysis. All the blots were quantified by ImageQuant TL software. The main
antibodies included in the study were listed below: anti-p-AMPK (T172) (1:1000), AMPK (1:1000), anti-p-ACC (S79) (1:1000), anti-
ACC (1:1000), anti-PDHK1 (1:1000) from Cell Signaling Technology; anti-PDHK2 (1:1000), anti-PDHK3 (1:1000), anti-Flag (1:3000)
from Sigma; anti-HA (1:5000) from Covance; anti-GRP78 (1:5000) from BD Transduction Laboratories; anti-phosphor-Ser/Thr anti-
body (1:1000), anti-p-PDHA(S293) (1:1000) from Abcam; anti-PDHA (1:1000) from Santa Cruz. anti-p-PDHA(S295), anti-p-
PDHA(S314) were generated by Proteintech Inc.

Immunohistochemistry (IHC)

Primary tumor and lung metastatic tumor were subjected to paraffin embedding after fixation with 10% formaldehyde overnight. After
dewaxing, the sections were heated at 95°C in pH 6.0 citric acid solution for epitope retrieval, quenched in 3% H,0, to abolish endog-
enous peroxidase. Then standard procedure was applied to determine the expression of p-AMPK (T172), p-PDHA (S293), p-PDHA
(S295) and p-PDHA (S314) in tissue samples.

Immunofluorescence (IF)

Cells were seeded on 8-well chamber slide and treated with AA769662 (100 uM) for 4h at 80% confluence to activate AMPK. After
wash with ice cold PBS, the cells were fixed with 4% Paraformaldehyde under RT for 1h, and then incubated with 0.4% Triton X-100
at 4°C for 30min. After wash with PBS twice, the cells were blocked with 2% BSA under RT for 30min, followed by incubation with the
primary antibody (p-AMPK, 1:100, PDHA 1:200, Tomm20 1:100) at 4°C overnight. After wash with PBS three times to remove the
primary antibody, the cells were incubated with fluorescence conjugated secondary antibody (1:1000) under RT for 45min. After
wash with PBS three times, the cells were incubated with ProLong® Gold Antifade Reagent with DAPI to stain nucleus. Images
were documented by confocal microscope (Olympus FV1200 SPECTRAL Laser scanning Confocal Microscope).

Glucose Uptake Assay

Cells were seeded in 6 well plate and treated with glucose deprivation overnight before the assay. After incubation with 50uM 2-
NBDG for 1h, glucose uptake was determined by FACS analysis. Using cells without 2-NBDG treatment as a blank, the shift of
the FITC peak indicated the relative glucose uptake level.
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Lactate Level Detection

Equal number of the cells was seeded in 6 well plate and refreshed with medium for 24h. Lactate level was determined by lactate test
strips and Accutrend Lactate analyzer (Accutrend Lactate, Roche). Then the total cell number was counted, and the final concentra-
tion of lactate was presented as mM per 1x10° cells.

LDH Activity Assay

Activity of LDH was determined by using Lactate Dehydrogenase Activity Colorimetric Assay Kit (Biovision). 1x10° cells were homog-
enized with ice cold assay buffer and incubated on ice for 10min. Spin down at 10,000 x g for 15 min and transfer supernatant to fresh
tube. Perform 100ul reaction (10ul sample, 40ul assay buffer, 50ul reaction mix) in 96 well plate. Measure absorption immediately at
450 nm in kinetic mode for 0-20 min at 37°C. According to manufacture instruction, calculate the LDH activity based on the alteration
of absorption (AOD) during specific time frame (AT). Apply AOD to NADH Standard Curve to obtain B nmol of NADH generated. LDH
Activity = B/(AT x 0.01) = nmol/min/ml = mU/ml

Cell Survival under Metabolic or Oxidative Stress

2x10* cells were seeded in 24 well plate. After culturing overnight, the cells were treated with either glucose deprivation (for metabolic
stress) or H,O, (for oxidative stress) with the supplement of vehicle, pyruvate (5 mM), «-KG (10 mM) for indicated 48h. Rinsing the well
with PBS to remove the dead cells and stain the remaining cells with crystal violet. After dissolving in 2% SDS, absorption at 600nm
was measured to calculate the relative survival rate for each group. Multiple wells were calculated, and the data were presented as
means = s.d.

Mitochondrial Isolation and Subfractionation

Mitochondrial isolation and Mitochondrial subfractionation were performed as previously described (Nishimura and Yano,
2014). Briefly, 1x10® cells were harvested after PBS wash and suspended in ice cold MTiso-buffer (3 mM HEPES (pH 7.4),
210 mM mannitol, 70 mM sucrose, 0.2 mM EGTA supplemented with protease inhibitor), then subjected to gently homogenize
in a Dounce glass homogenizer using a glass “B”-type pestle for 50-80 strokes. Pile up the homogenate on an equal volume of
340 mM sucrose and centrifuge it at 500 x g for 10min at 4 °C to remove nuclei and unbroken cells as pellet. Collect the su-
pernatant and then centrifuge it at 3,000 x g for 10min at 4 °C to isolate mitochondria as pellet. To ensure the purity of the mito-
chondria, 10% mitochondria pellet was subjected to SDS-PAGE after boiling with SDS loading buffer. The expression levels of
various sub-cellular biomarkers between whole cell lysates and intact mitochondrial lysates were determined by immunoblot-
ting. For mitochondrial subfractionation, re-suspend the isolated mitochondria with 0.5ml of MTiso-buffer with 5 mg/ml digi-
tonin, and mix the suspension intensely for 15min by vortex. Centrifuge the suspension at 10,000 x g for 10min at 4°C to isolate
the pellet containing mitoplast (inner membrane plus matrix) and the supernatant containing solubilized outer membrane (OM)
and inter-membrane space (IMS) proteins. Re-suspend the pellet (mitoplast) in 100 pL of MTiso-buffer, and perform sonication
to disrupt mitoplast, and then centrifuge it at 100,000 x g for 30min at 4°C, resulting in inner membrane (IM) fraction as pellet
and matrix fraction as supernatant.

Pyruvate Trapped in PDHc Assay

Cells were transfected with Flag tagged WT or mutant PDHA. Fresh PDHc was purified through immunoprecipitation with Flag anti-
body and conjugated with protein A/G beads. Then the complex was directly incubated with C'*-labeled pyruvate for 1h at room
temperature. After washing with PBS for three times, pyruvate trapped in PDHc was determined by scintillation counter based on
C'" level.

In vivo Tumor Growth and Metastasis Assay

2x10° (1x10* for 4T1) cells with AMPKa1 knockdown, PDHA knockdown or AMPKa1 knockdown restored with constitutive active
form of PDHA were injected into 7-week old female nude mice (n = 5-7 for each group) through tail veins. Two months later
(385 days for 4T1), mice were sacrificed, and lung tissues were analyzed for the incidence of metastasis. All lung tissues were sub-
jected to 10% formaldehyde fixation and paraffin embedding, followed by H&E (Hematoxylin and Eosin) staining, and metastatic nod-
ules were further confirmed by microscope. For bioluminescence imaging, mice were provided with 150 mg/g D-luciferin through
intraperitoneal injection. After 5 min, IVIS imaging system was used to detect bioluminescence. For spontaneous metastasis model,
1x10% 4T1 cells were injected into the 4" mammary fat pad of 7-week old female BALB/c mice (n = 5-7 for each group). Primary tumor
was measured by Caliper for length and width every three to four days, and growth curve was documented based on the volume of
tumor (V = (Length x Width x Width)/2). 35-40 days later, mice were sacrificed and lung tissues were analyzed for the incidence of
metastasis. If no clear metastatic nodules were found, lung tissues were fixed with 10% formaldehyde and paraffin embedding, fol-
lowed by H&E staining.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Unless otherwise noted, all data were quantified based on 3 independent results and presented as means + s.d. Two-tailed Student's
ttest was performed to calculate P value between different assay groups. For metastasis assay, the data were presented as means +
SEM from 5~7 mice and Wilcoxon rank sum test (non-parametric two sample t test) (Coffelt et al., 2015) was performed to calculate P
value. For all analyses, p < 0.05 regarded as statistically significant was indicated by asterisk (*) and p < 0.01 regarded as statistically
highly significant was indicated by two asterisks (**).
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