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PHLPP2 is a member of the PHLPP family of phosphatases, known to suppress cell growth by inhibiting proliferation or promoting

apoptosis. Oncogenic kinases Akt, S6K, and PKC, and pro-apoptotic kinase Mst1, have been recognized as functional targets of the

PHLPP family. However, we observed that, in T-leukemia cells subjected to metabolic stress from glucose limitation,

PHLPP2 specifically targets the energy-sensing AMP-activated protein kinase, pAMPK, rather than Akt or S6K. PHLPP2

dephosphorylates pAMPK in several other human cancer cells as well. PHLPP2 and pAMPK interact with each other, and the

pleckstrin homology (PH) domain on PHLPP2 is required for their interaction, for dephosphorylating and inactivating AMPK, and for

the apoptotic response of the leukemia cells to glucose limitation. Silencing PHLPP2 protein expression prolongs the survival of

leukemia cells subjected to severe glucose limitation by promoting a switch to AMPK-mediated fatty acid oxidation for energy

generation. Thus, this study reveals a novel role for PHLPP2 in suppressing a survival response mediated through AMPK signaling.

Given the multiple ways in which PHLPP phosphatases act to oppose survival signaling in cancers and the pivotal role played by

AMPK in redox homeostasis via glucose and fatty acid metabolism, the revelation that AMPK is a target of PHLPP2 could lead to

better therapeutics directed both at cancer and at metabolic diseases.

Cell Death and Disease          (2021) 12:904 ; https://doi.org/10.1038/s41419-021-04196-4

INTRODUCTION
The PH-domain Leucine-Rich Repeat Protein Phosphatase,
PHLPP2, is a member of the PHLPP family of serine-threonine
PP2C phosphatases, which function to suppress cell growth or to
promote death. Originally identified in a search for a phosphatase
that targeted Akt-like PH domain-containing proteins, PHLPPs
have emerged as major regulators of the PI3K/Akt signaling
cascade [1–3]. Additional PHLPP targets, including Protein Kinase
C (PKC), S6 Kinase 1 (S6K1), and Mammalian STE20-like protein 1
(Mst1), have since been identified [1, 4–6]. Dephosphorylation of
oncogenic kinases Akt, S6K1, and PKC by PHLPPs, terminates
downstream signaling and leads to growth suppression, whereas
dephosphorylation of Mst1 activates its apoptotic function. In
keeping with their tumor suppressor role, PHLPP genes are deleted
in many cancers while protein expression is downregulated in
others [7, 8]. However, PHLPPs are also stably expressed in some
hematological malignancies [7], suggesting their enzymatic
activity is subject to posttranslational control.
Nutrient limitation effectively increases metabolic stress by

lowering intracellular energy levels. Low ATP levels and increased
AMP/ATP ratios rapidly upregulate AMP-activated protein kinase
(AMPK), a key energy-sensing kinase and master regulator [9].
AMPK, a heterotrimeric protein comprising one catalytic α subunit,

one β, and one γ regulatory subunit, functions to restore
homeostasis when cellular energy is low by activating glucose
and fatty acid uptake and oxidation [10]. Interaction of AMP with
the catalytic subunit causes a conformational change that
promotes phosphorylation of threonine 172 (Thr172) and activates
the kinase [11]. Phosphorylation of its downstream targets, such as
Acetyl-CoA Carboxylase (ACC), ULK1, and TSC2 [12, 13] drives
catabolic pathways, primarily fatty acid oxidation (FAO) and
autophagy, resulting in increased ATP production while shutting
down ATP-consuming fatty acid and protein synthesis [14]. Thus,
the AMPK kinase/AMPK phosphatase axis is important for
controlling AMPK activation and function, and for terminating
AMPK signaling [15]. Upstream kinases that phosphorylate AMPK,
the LKB1/STRAD/MO25 complex [16–18], and Ca2+-dependent
CaMKKβ kinase, have been well described [19–21]. Few studies
have also shown that PP2C family phosphatases can depho-
sphorylate AMPKα in vitro [22, 23].
Our interest in PHLPP2 stemmed from its identification as a

component of a glucose-sensitive multi-protein particle in Jurkat
T-ALL cells ([24] and unpublished). Evidence showing PHLPP2 was
able to regulate the cellular response to energy stress induced by
glucose withdrawal in Jurkat T-ALL cells (Fig. 1A) led us to ask
whether PHLPP2, a PP2C phosphatase, targeted AMPK. The data
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demonstrate that PHLPP2 mediates the cellular response to
metabolic stress not by dephosphorylating Akt or S6K but by
targeting AMPK, making this conserved, energy-sensing kinase the
newest addition to the small list of known PHLPP2 targets. Our
studies suggest PHLPP2 deregulates homeostasis by preventing
the utilization of fatty acid for energy production through an
AMPK/ACC route when glucose supply is limited. In addition to
offering a window into a new signaling pathway regulated by
PHLPP2, the studies described here reveal that the targets of this,
and other, PHLPP proteins, can vary with cell type and stress
stimulus.

RESULTS
PHLPP2 suppresses cell survival under metabolic stress by
targeting AMPK
PHLPP family phosphatases function as tumor suppressors. Thus,
their genes are often deleted, or poorly expressed, in cancers [25].
However, PHLPP proteins are also constitutively expressed in

some cancers, including leukemia [7, 26]. We identified PHLPP2 in
a cytosolic glucose-sensitive multiprotein particle from Jurkat
T-ALL cells by MS analysis [24], which suggested a possible role for
this phosphatase in glucose metabolism. A stable isotope tracer
study, however, did not reveal significant differences in the
enrichment of [13C]-labeled glycolytic or TCA cycle metabolites
between [1,2-13C] D glucose-fed siPHLPP2 and control Jurkat cells,
and only a small, albeit significant, enrichment in acetyl CoA, (Fig.
S1B–D). Therefore, we asked whether PHLPP2 was required for the
cellular response to glucose limitation. Jurkat cells, normally
grown in 10 mM glucose, are sensitive to lower (2–5mM) levels of
glucose in the growth medium. PHLPP2 silencing imparted a
survival advantage to Jurkat cells grown in 5mM glucose (Fig. 1A).
However, this survival response was not mediated via phosphor-
ylation of two commonly known PHLPP2 targets, pAkt and pS6K
(Fig. 1B).
Low glucose availability can alter intracellular AMP/ATP ratios

and activate AMPK via T172 phosphorylation [9, 11], as well as that
of its downstream targets, ACC and ULK1 [12, 13]. We observed a

Fig. 1 PHLPP2 suppresses cell survival under metabolic stress by targeting AMPK. A Jurkat cells were transfected with control siRNA (NC)
or PHLPP2 siRNA (Si-PHLPP2) and, 24 h later, cultured for 4 days in 10 mM (high) or 5mM (low) glucose medium. Cell viability was measured by
flow cytometric analysis of Annexin V/PI uptake. Western blots of lysates from control siRNA (NC) or PHLPP2 siRNA (Si-P) transfected Jurkat
cells, 3 days after growth in medium with 10mM or 5mM glucose showing phospho-Akt (S473), total Akt, phospho-S6K (T389), and total S6K
protein expression (B), phosphorylation of AMPKα (T172) and downstream target, ACC (C, left), and averaged pAMPKα/AMPK and pACC/ACC
ratios scanned from three independent experiments (C, right). D PHLPP2 inhibitor increases phosphorylation of AMPKα. Western blot showing
phospho-AMPKα and total AMPKα in lysates of Jurkat cells grown in the presence of a PHLPP2 inhibitor (20 μM) for 72 h. E AMPK inhibitor,
Compound C, abrogates the pro-survival effect of PHLPP2 loss under metabolic stress. Control siRNA (NC) or PHLPP2 siRNA (Si-PH2)
transfected Jurkat cells were cultured for 4 days in 10mM or 5mM glucose medium with or without 2 μM Compound C. Cell viability was
determined by flow cytometric analysis of Annexin V/PI staining. F PHLPP2 silencing increases phospho-AMPKα levels in a variety of cancer
cell lines. Immunoblots of lysates from Molt 4 (acute lymphocytic leukemia), K562 (chronic myeloid leukemia), H522 (non-small cell lung
cancer), and DLD1 (colorectal adenocarcinoma) cells were transfected with control siRNA (NC) or PHLPP2 siRNA (Si-P). Seventy-two hours after
transfection, protein levels were determined by WB. Two-way ANOVA analyses were used to compare experimental groups in (A, E).
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selective increase in AMPKα-pT172 phosphorylation, and as well as
that of its substrate ACC in PHLPP2-silenced Jurkat cells under
glucose stress (Fig. 1C), but no significant effects on pULK1 levels
(Fig. S2). Exposure of the cells to a small molecule PHLPP2
inhibitor [27], again, did not affect pAkt, but increased AMPKα-
pT172 levels (Fig. 1D). Thus, knock-down as well as pharmacolo-
gical inhibition of PHLPP2, resulted in activation of AMPK and its
downstream signaling pathways in T-ALL cells. Additionally, AMPK
inhibitor Compound C [28, 29] abrogated the protective effect of
PHLPP2 knockdown under glucose limitation (Fig. 1E). Together,
the data point to PHLPP2 as a sensor of glucose availability and to
AMPK as its target.
We checked whether PHLPP2 dephosphorylates AMPKα in

other cancer cells. Figure 1F shows AMPKα-pT172 levels increased
when PHLPP2 was silenced in Molt4 (acute lymphocytic leukemia)
and K562 (chronic myeloid leukemia) cell lines, and in
epithelial cancer lines H522 (non-small cell lung cancer) and
DLD1 (colorectal adenocarcinoma). However, while the absence of
PHLPP2 protected against cell death induced by metabolic stress
in K562 and H522 cells, it had the opposite effect in Molt4 and
DLD1 cells (Fig. S3A−D). This is not surprising, given recent
studies showing activated AMPK can be tumor-suppressive or
oncogenic, depending on the cellular context and on the α-
subunit targeted [30–33].
Both PHLPP2 and PHLPP1 belong to the PHLPP family of

phosphatases and are known to share targets [8]. To determine
whether PHLPP1 also affected the viability and AMPK T172

phosphorylation we silenced both phosphatases, either singly or
together, in Jurkat cells (Fig. S4A). Only PHLPP2 silencing increased
cell viability under metabolic stress (Fig. S4B). Moreover, PHLPP1
knockdown had no effect on the phosphorylation of AMPKα
(Fig. S4C). Thus, regulation of AMPKα phosphorylation and cell
viability in human leukemia cells under glucose stress is unique to
PHLPP2.

PHLPP2 regulates phosphorylation and activation of AMPK in
response to glucose availability
Jurkat cells express the α1 isoform of the AMPK-α subunit. We
generated AMPKα1 knock out (KO) lines using a CRISPR-Cas9
approach followed by single-cell cloning. Figure 2A shows AMPKα1
expression in a Cas9 control cell lysate in comparison with a
representative KO Jurkat cell clonal line, with concomitant loss of
phosphorylated ACC, its downstream target. The protective effect of
PHLPP2 silencing under low glucose conditions, as observed in Cas9
cells, was diminished in the AMPKα1 KO cells (Fig. 2B).
AMPK is phosphorylated and activated when AMP binds to its γ

subunit [11]. AICAR (5-Aminoimidazole-4-carboxamide ribonucleo-
tide), an AMP mimetic, also binds to the AMPKγ subunit, to induce
phosphorylation of AMPKα and activate the kinase [34]. Both
glucose deprivation and AICAR treatment increased phospho (p)
AMPKα (T172) levels in the absence of PHLPP2 (Fig. 2C). AICAR also
promoted survival of Jurkat cells in low glucose (Fig. 2D),
consistent with the protective effects of PHLPP2 inhibition or
loss, shown earlier (Fig. 1A).
Compound C was ineffective at inhibiting AMPK phosphorylation

at concentrations below 2 μM, in the absence of PHLPP2 (Fig. 2E).
Moreover, in a low glucose milieu, silencing PHLPP2 protected
against the death-promoting effects of low (0.5 μM) concentrations
of the AMPK inhibitor (Fig. 2F). These data further confirm that
PHLPP2 targets, and inactivates, AMPK to promote cell death.

PHLPP2 interacts with endogenous AMPK, with its PH domain
required for interaction, phosphatase activity, and response
to glucose limitation
PHLPP family proteins, including PHLPP2, harbor conserved func-
tional domains, including a Ras-Association domain (RA), Pleckstrin
Homology domain (PH), Leucine-Rich Repeat domain (LRR), PP2C
phosphatase domain, and a PDZ-binding motif (Fig. 3A) [1, 25]. Since

phosphatases are known to interact directly with their targets, we
checked whether PHLPP2 could interact with pAMPK. Figure 3B
shows that endogenous PHLPP2 co-immunoprecipitates with an
anti-pAMPKα antibody. Previous studies have shown that PHLPP2
phosphatase activity is regulated by the PH domain and PDZ-
binding motif [1, 4]. Endogenous AMPKα-pT172 levels were
significantly reduced in Jurkat cells transiently over-expressing FLAG
epitope-tagged full length PHLPP2, but not in cells expressing ΔPH
or ΔPH/LRR deletion mutants (Fig. 3C). Anti-FLAG immunoprecipita-
tions confirmed that deletion of the PH domain affected the
interaction of endogenous AMPK with PHLPP2 (Fig. 3D). The ability
of over-expressed full length PHLPP2 to promote apoptosis in Jurkat
cells under low glucose conditions was also compromised in the
absence of the PH domain (Fig. 3E).
AMPK was shown to be a target of PP2C phosphatases [22, 23], and

we show here that targeting of T172 on AMPKα by PP2C phosphatase
PHLPP2, disrupts the ability of AMPK to restore homeostasis.

PHLPP2 dephosphorylates pAMPK in phosphatase assays
in vitro
We next tested the ability of PHLPP2 to dephosphorylate
recombinant active AMPKα in an in vitro phosphatase assay.
Western blots in Fig. 4A, B show that transiently expressed FLAG-
PHLPP2, immunoprecipitated from cell lysates, reduced phosphor-
ylation in recombinant active AMPK-pT172 within 15 min of
incubation, in a dose-dependent manner. The inability of PH
domain-deleted PHLPP2 to dephosphorylate pAMPKα in the
in vitro assay (Fig. 4C, D) could be attributed to the impaired
interaction between ΔPH PHLPP2 and AMPK (Fig. 3D).
We also tested the ability of recombinant purified (r)PHLPP2

protein to dephosphorylate pAMPKα in vitro. Although we were
unable to detect phosphatase activity with the recombinant
protein in assay buffer alone (data not shown),
rPHLPP2 significantly reduced levels of pAMPKα in the assay
buffer in the presence of cellular protein lysate (Fig. 4E). The data
suggest that PHLPP2 may require a regulatory intracellular scaffold
protein or active co-factor to either stabilize its interaction with
pAMPK or directly stimulate phosphatase activity. AMPK KO Jurkat
cell lysates were the source of cellular protein in these
experiments (endogenous pAMPK is undetectable in 10ug cellular
protein from Cas9 controls). Figure S5 shows the results of an
in vitro binding assay with the two recombinant proteins in the
presence or absence of AMPK KO cell lysate. Data in Fig. 4E further
confirm that PHLPP2 targets AMPK for dephosphorylation.
Previous studies have demonstrated phosphatase activity of
PHLPP proteins on Akt and PKC using PP2C domain peptides
[1, 2], but this would be the first demonstration of PHLPP2 activity
in vitro using the full-length purified recombinant phosphatase.

PHLPP2 exerts its metabolic and apoptotic effects through an
AMPK-ACC pathway
We showed increased phosphorylation of AMPK, and its down-
stream target ACC1/2, in glucose-deprived Jurkat cells, in the
absence of PHLPP2 (Fig. 1C). Phosphorylation inhibits ACC activity,
leading to increased catabolic FAO and decreased fatty acid
synthesis (FAS) [35, 36]. The increase in pACC levels with PHLPP2
downregulation suggested that PHLPP2 contributed to metabolic
stress-induced cell death through an AMPK-ACC pathway.
To determine whether PHLPP2 influenced FAS we measured the

incorporation of [14C]-acetate into triacylglycerols (TAG) and
phospholipids (PL). Silencing PHLPP2 expression in Jurkat cells
did not significantly affect de novo lipogenesis (Fig. S6A). To check
dependence on FAO, we determined the sensitivity of the oxygen
consumption rate (OCR) to FAO inhibition. Long-chain fatty acids
are transported to the mitochondrial matrix through a carnitine
palmitoyl transferase (CPT) system [37]. In mitochondria, fatty acid
is oxidized to acetyl-CoA which enters the TCA cycle for further
oxidation. Electrons derived from these steps move through the
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transport chain, generating energy for ATP synthesis. To
determine whether PHLPP2 influenced fatty acid utilization
through regulation of AMPK activity, under energy stress, we
utilized the AMPK KO Jurkat cells and Cas9 controls described
earlier (Fig. 2A). Control siRNA and PHLPP2-silenced Cas-9 cells
were subjected to a Seahorse MitoStress test in nutrient-limited
medium. PHLPP2 loss increased both maximum OCR and Spare
Respiratory Capacity (SRC), but this was reversed in the presence
of Etomoxir (ETO), a CPT1 inhibitor (Fig. 5A, B). Thus, cells lacking
PHLPP2 showed greater dependence on FAO for respiration when
metabolically stressed.
Etomoxir treatment did not significantly affect OCR and SRC in

the knockout cells (Fig. 5C, D), which lacked an active FAO
pathway, in keeping with the role of AMPK in fatty acid
metabolism. Accordingly, PHLPP2 knockdown could no longer
promote FAO in the AMPKα1 KO cells (Fig. 5E). Pharmacological

inhibition of AMPK by Compound C reversed the FAO enhance-
ment in PHLPP2 silenced cells (Figs. 5F, S6B, and S6C). Together,
the data support a role for PHLPP2 in regulating FAO through an
AMPK-ACC route during energy stress. The ability of PHLPP2 loss
to protect against glucose deprivation-induced cell death (Figs. 1
and 2) is significantly reduced in the presence of FAO inhibition
(Fig. 6A), further confirming the contribution of FAO to the
protection imparted by PHLPP2 loss. The model in Fig. 6B
summarizes our current understanding of how PHLPP2 prevents
survival of metabolically stressed cells via regulation of AMPK
activity and, thereby, fatty acid metabolism.

DISCUSSION
PHLPP phosphatases suppress cell survival either by inhibiting cell
proliferation or promoting cell death [8]. Here we describe a novel

Fig. 2 PHLPP2 regulates the phosphorylation and activation of AMPK in response to glucose availability. A AMPKα1 was knocked out in
Jurkat cells through CRISPR-Cas9. AMPKα, phosphorylation of AMPKα (T172), and downstream target, ACC, were detected by WB after
growing cells in a medium with 10mM or 5mM glucose for 3 days. B CRISPR-Cas9 control (Cas9) or AMPKα1 knockout (AMPKα1 KO) Jurkat
cells, in which PHLPP2 was silenced, were cultured for 5 days in 10 mM or 5mM glucose medium. Cell viability was measured by flow
cytometric analysis of Annexin V/PI staining. C Both glucose deprivation and AICAR treatment promote phosphorylation of AMPKα in the
absence of PHLPP2. WB of lysates from Jurkat cells cultured in glucose-free medium or treated with 0.5 mM AICAR for 6 h, 48 h after
transfection with control siRNA (NC) or PHLPP2 siRNA (Si-P). D AICAR treatment prevents cell death under metabolic stress. Viability of Jurkat
cells grown in 10 mM or 5mM Glucose medium in the presence or absence of 0.2 mM AICAR for 3 days. E PHLPP2 silencing abrogates the
inhibitory effect of Compound C on AMPKα. Jurkat cells transfected with control siRNA (NC) or PHLPP2 siRNA (Si-PHLPP2) were exposed 24 h
later to 0.5, 1, 2 μM of Compound C for a period of 3 days. Protein levels were detected by WB. F The ability of Compound C to promote death
under glucose stress is mitigated in the absence of PHLPP2. Jurkat cells, 24 h transfected, were cultured for 3 days in 10mM or 5mM glucose
medium with or without 0.5 μM Compound C. Cell viability was measured by flow cytometric analysis of Annexin V/PI staining. Two-way
ANOVA analyses were used to compare experimental groups in (B, D, F).
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growth inhibitory role for PHLPP2 in metabolically stressed cells
that are mediated by the key energy sensor kinase, AMPK. Four
PHLPP phosphatase targets, Akt, PKC, S6K1, and Mst1, had been
identified since the initial discovery of the PHLPP family [1, 4–6].
Our studies show that in glucose-deprived T leukemia cells,
activated PHLPP2 targets AMPK, rather than Akt or S6K.
In our Jurkat T leukemia model, loss of PHLPP2 promotes cell

survival under glucose stress by increasing levels of AMPKα-pT172,
effectively activating the kinase. AMPK activator AICAR also
enables survival under these conditions, while inhibitor Com-
pound C promotes death (Fig. 2D, F), suggesting an oncogenic
role for AMPK in Jurkat cells. However, phosphorylation of the
AMPKα subunit can also serve to inhibit cell viability and survival.
In one study, AMPKα loss effectively accelerated Myc-driven
lymphomagenesis [30] but other studies, showing AMPK promot-
ing lung tumor cell survival and protecting leukemia-initiating
cells during metabolic stress [32, 33], support an oncogenic role
for the kinase. We observe that PHLPP2 also targets phospho-
AMPK in solid tumor-derived cancer lines (Fig. 1F), although
differences in the impact of PHLPP2 loss on their responses to
glucose limitation (Fig. S3) suggest different roles for AMPK in the
cell lines. These opposing roles for AMPK in cancer may depend
on several factors, including cell type, context, and the expressed
AMPK isoform. Emerging evidence suggests that the
AMPKα2 subunit is a tumor suppressor, but the more commonly
expressed AMPKα1 isoform is an oncoprotein [31].
Previous studies have shown that PHLPP1 and PHLPP2

phosphatases share targets [3]. One group recently demonstrated
that PHLPP1 could regulate ER stress in mouse skeletal muscle
myoblasts through dephosphorylation of AMPK, as well as known

targets, such as Akt [38], although the study did not test a similar
role for PHLPP2. We suggest that the two phosphatases exhibit
lesser redundancy than previously believed, often showing
context-dependent specificities, localization, and function. We
previously identified PHLPP2 in a glucose-sensitive multi-protein
particle in Jurkat T-ALL cells following mass-spectrometric analysis
(unpublished). PHLPP2 functions as a sensor of glucose availability
in primary tissue, such as pancreatic beta cells [39], and our study
suggests it plays a similar role in some cancer cells. Other
phosphatases that are activated by energy depletion and low fuel
would be predicted to target AMPK, given its central role in energy
homeostasis, and PP2A, PP2C, and PPM1E have been shown to
inhibit its activity in cardiac and skeletal muscle, liver, and lung
[40–44]. It would be of interest to determine whether their
activation is cell type-specific or whether glucose limitation could
also trigger one or more of these phosphatases to target AMPK in
the T leukemia cell model described here, and whether there is
physiologically relevant ‘crosstalk’ between phosphatases acti-
vated by the same trigger.
We have demonstrated phosphatase activity on AMPKα-pT172

using endogenous, transfected, and purified recombinant PHLPP2
(Fig. 4). PHLPP2 requires its PH domain for binding and dephos-
phorylating AMPKα-pT172 in Jurkat cells in response to glucose
stress. Furthermore, the inability of purified rPHLPP2 to dephos-
phorylate recombinant pAMPK in an in vitro assay in the absence of
cell extract (Fig. 4E) points to dependence on a regulatory factor or
‘scaffold’ protein to stabilize the interaction and/or trigger
phosphatase activity. The phosphatase assays, using endogenous
PHLPP2 immunoprecipitated from cell lysates (Fig. 4A−C), suggest
that the cellular regulator may associate with PHLPP2. Other groups

Fig. 3 PHLPP2 interacts with endogenous AMPK and the PH domain is required for the interaction, phosphatase activity, and the
response to glucose limitation. A Domain structure of FLAG-tagged full length and deletion mutants of human PHLPP2 used in transfection
studies and phosphatase assays. RA Ras-Associated domain. PH Pleckstrin Homology domain. LRR Leucine-Rich Repeat domain. PP2C Protein
Phosphatase 2C domain. B Endogenous PHLPP2 co-immunoprecipitates with phospho-AMPKα in Jurkat cell extracts. C Over-expression of
full-length PHLPP2 induces dephosphorylation of AMPKα in Jurkat cells. WB of lysates from Jurkat cells transfected with empty vector, PHLPP2
full-length (FL), PH domain deleted (ΔPH), and PH/LRR domain deleted (ΔPH/LRR) constructs showing expression of transfected proteins and
the phosphorylation of AMPKα (T172). D Full-length FLAG-tagged PHLPP2, but not the PH domain deleted mutant, interacts with AMPKα.
Lysates from Jurkat cells transfected with the indicated construct were subjected to immunoprecipitation with anti-FLAG antibody 72 h after
transfection. Immunoblots were probed for AMPKα and PHLPP2. E The PH domain is required for the death-promoting effect of over-
expressed PHLPP2 under metabolic stress. Jurkat cells were transfected with the indicated constructs and 24 h later, cells were cultured in
10mM or 5mM glucose medium for 4 days and checked for viability by flow cytometric analysis of Annexin V/PI staining. Two-way ANOVA
analysis were used to compare experimental groups.
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have shown that FKBP51, an immunophilin that interacts with both
Akt and PHLPP2, serves as an adaptor molecule, providing a scaffold
to facilitate PHLPP2 phosphatase activity [45, 46]. Future efforts will
focus on identifying the putative cellular factor that could regulate
PHLPP2 activity or its interaction with pAMPK.
AMPK exerts its oncogenic or tumor-suppressive function

through regulation of glucose metabolism, redox homeostasis,
and fatty acid synthesis/oxidation [36]. Increased phosphorylation
of AMPKα in PHLPP2 silenced cells significantly increased
phosphorylation of its downstream target Acetyl-CoA Carboxylase
(Fig. 1C). Our studies point to a regulatory role for PHLPP2 in FAO,
rather than FAS. When glucose supplies are limited, Jurkat cells
switch to FAO to support ATP production and to survive, but only
when PHLPP2 is not expressed. Thus, PHLPP2 promotes cell death
under nutrient stress in part by preventing the switch to FAO. Our
current understanding of how PHLPP2 modulates energy home-
ostasis through the regulation of AMPK and fatty acid metabolism
is summarized in the simple model shown in Fig. 6B.

In conclusion, we offer evidence of a novel role for PHLPP2 in
suppressing a survival response mediated through AMPK signal-
ing, although the mechanism underlying its activation in response
to metabolic stress remains elusive. Given the pivotal role of AMPK
in coordinating cell growth and metabolism, new insights into the
regulation of this key energy sensor by a tumor suppressor
phosphatase could lead to better therapeutics directed not only at
cancer but also at metabolic diseases.

MATERIALS AND METHODS
Reagents, chemicals, and antibodies
The antibodies directed against PHLPP1 (A304-029A) and PHLPP2 (PHLPPL,
A300-661A) were purchased from Bethyl Laboratories (Montgomery, TX).
Compound C was purchased from Sigma and AICAR was purchased from
Cell Signaling Technology (Beverly, MA). Antibodies for P70S6K (9202),
phospho-P70S6K (Thr389) (9205), Akt (9272), phospho-Akt (Ser473) (9271),
ACC (3676), phospho-ACC Ser79 (11818), ULK1 (4776), phospho-ULK1

Fig. 4 PHLPP2 dephosphorylates active recombinant (r)AMPK in phosphatase assays in vitro. A PHLPP2 dephosphorylates purified
recombinant active p-AMPKα in vitro. Jurkat cells were transfected with an empty pcDNA vector or FLAG-PHLPP2 full-length construct.
Seventy-two hours post transfection PHLPP2 proteins were immunoprecipitated and tested for phosphatase activity. The phosphorylation
level of AMPKα and total AMPK levels (using AMPKβ as an indicator) were determined by WB. B PHLPP2 de-phosphorylates AMPKα in a dose-
dependent manner. FLAG-PHLPP2 proteins that were immunoprecipitated from 400 μg or 200 μg cell lysate protein were included in the
phosphatase assay. Phosphorylated AMPKα levels were determined by WB. AMPKβ expression was used as an indicator of total AMPK. C The
PH domain is required for in vitro phosphatase activity PHLPP2 on AMPKα. Seventy-two hours after Jurkat cells were transfected with the
indicated plasmids, expressed full length PHLPP2 or PH-deleted PHLPP2 pulled down with anti-FLAG agarose beads were tested in an in vitro
phosphatase assay. D The graph shows the phosphorylation levels of AMPKα normalized to total AMPK level (checked by AMPKβ) after the
in vitro assay shown in (C). pAMPKα and AMPKβ band densities were determined and the ratio of pAMPKα/AMPK in the PHLPP2 FL or ΔPH
assay sets was normalized to that in the pcDNA control vector group. Data shown are the mean ± S.D from three independent experiments.
The student’s two-tailed test was used for data analyses. E Phosphatase assay, in which indicated amounts of purified recombinant (r) PHLPP2
were incubated with recombinant p-AMPKα and assay buffer at 30 °C for 15min in the presence of 10 μg AMPK-KO or Cas9 control cell lysate.
* PHLPP2 was heat-inactivated prior to assay.
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Ser757 (6888), AMPKβ (4150) were from Cell Signaling Technology.
Antibodies for AMPKα (74461), phospho-AMPKα Thr172 (33524), and
β-Actin (69879) were from Santa Cruz Biotechnology (Dallas, TX).

Cell lines, cell culture, and transfection
Jurkat, Molt4, K562, H522, and DLD1 cells were grown in RPMI-1640,
supplemented with 10% FBS, 2 mM L-glutamine, and non-essential amino
acids. HEK293 cells were grown in DMEM with 10% FBS and 2 mM
L-glutamine. All cells were supplemented with 100-units/mL penicillin and
100 ug/mL streptomycin and maintained in a humidified atmosphere of
5% CO2 at 37 °C. PHLPP2 full length or truncated constructs were
transfected into Jurkat cells with a BioRad Electroporator, as described
previously [24] or a NeonTM Transfection System (Invitrogen) using the
manufacturer’s protocol. Control, PHLPP1, and PHLPP2 siRNAs (GE
Dharmacon, Lafayette, CO) were introduced into Jurkat, Molt4, K562,
H522, and DLD1 cells using the Neon System.

Glucose labeling experiments in cell culture
Live, healthy cells were recovered by Ficoll density gradient centrifugation
within 24 h prior to the experiment and 10 million cells per sample were
pelleted and washed in a glucose-free medium. Cells were resuspended at
1E6 cells/ml in complete glucose-free medium supplemented with 10%
dialyzed FBS, NEAA, and 4mM L-glutamine for 1 h and starvation and

supplemented with 10mM [1,2-13C] labeled glucose for 24 h. Cells were
then pelleted and washed once with cold PBS and resuspended in
100–200 μl −20 °C methanol, snap-frozen, and stored at −80 °C. Liquid
chromatography/mass spectrometry (LC/MS) and gas chromatography/
mass spectrometry (GC/MS) were used for the identification and
quantification of labeled metabolites of all samples. [1,2-13C] glucose was
purchased from Cambridge Isotopes (Tewksbury, MA USA).

Western blotting and immunoprecipitation
For Western blotting, cells were lysed in RIPA buffer (50 mM Tris-HCl (pH
7.5), 150mM NaCl, 0.5% v/v sodium deoxycholate, 1% v/v Nonidet P-40,
0.1% SDS) supplemented with protease and phosphatase inhibitor
cocktails. Lysates were resolved by SDS-PAGE and transferred to
nitrocellulose membrane. The blots were incubated with specific
antibodies and chemiluminescent reactions were carried out using the
ECL Plus kit (Amersham). Blots were stripped for reuse by washing for
30min in TBS-T buffer (pH 2.5–3.0). For immunoprecipitation, cells were
lysed in buffer A (10mM HEPES, 0.015mM MgCl2; 10 mM KCl; 0.05%
IGEPAL) supplemented with protease and phosphatase inhibitors. Cell
lysates were first cleared with protein A/G agarose beads and then
incubated with either IgG or phospho-AMPKα antibodies overnight at 4 °C.
The immunoprecipitated complex was recovered with Protein A/G beads
and washed three times with Buffer A. Immunoprecipitated proteins were
detected by western blotting as described above.

Fig. 5 PHLPP2 exerts its metabolic and apoptotic effects through an AMPK-ACC pathway. The contribution of fatty acid beta-oxidation
(FAO) to mitochondrial respiration was determined using a Seahorse FAO assay. Cells were cultured in nutrient-limited medium a day before
the Seahorse assay and maintained in KHB medium for the duration of the assay (see “Methods”). Shown in the figure are mitochondrial
oxygen consumption rates (A) and spare respiratory capacity (B) of siControl and siPHLPP2 expressing Jurkat cells in the presence or absence
of 20 μM FAO inhibitor, Etomoxir (Eto). Mitochondrial oxygen consumption rates (C) and spare respiratory capacity (D) of control (Cas9) and
AMPK knockout Jurkat cells transfected with siControl or siPHLPP2 RNA, in the presence or absence of Eto (n= 4−6). E Change in maximal
oxygen consumption rates of siControl and siPHLPP2 Cas9 and AMPK knockout cells in the presence of FAO inhibitor, Eto. F FAO dependent
OCR values in siControl cells or siPHLPP2 cells without (CON) or with Compound C treatment. An unpaired two-tailed Student’s t-test was used
to compare groups. Data depict mean values (n= 3−7) and standard error; statistical significance was defined in the following manner— *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and p values > 0.05 were considered not significant (ns).
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Cell death assay
For cell viability studies, cells were collected under indicated conditions,
washed once with cold PBS, and stained with Annexin V-FITC and
Propidium iodide (PI) as described previously [24]. Flow cytometry data
were analyzed using FlowJo software (Tree Star, Inc).

Generation of AMPKα1 Knockout clones
PRKAA1, human AMPKα1 (4077757 seq G*U*U*GGCAAACAUGAAUUGAC)
sgRNA was purchased from Synthego. The CRISPR/Cas9 electroporation

mix, containing 100 uM PRKAA1 sgRNA in TE buffer and 1.0 mg/mL Cas9
mRNA (TriLink L7606), was incubated for 10min, at room temperature, to
allow RNP complexes to form. Jurkat cells, washed in PBS and resuspended
in R buffer (Neon electroporation kit) at 2 × 107 cells/mL, were added to the
RNP solution and electroporated at 1325 V using 3 pulses at 10ms intervals
using a Neon Electroporator (ThermoFisher, Waltham, MA). The suspension
was incubated for 48 h in an antibiotic-free culture medium before being
transferred to a regular growth medium. Clonal populations, derived using
limit dilution, were expanded and gene knockout was confirmed with TIDE
[47] and Western blot analyses.

In-vitro phosphatase assay
FLAG-tagged PHLPP2, immunoprecipitated from cell lysates, or purified
recombinant PHLPP2 (Origene Technologies, Rockville, MD), was incubated
with 25 ng of active recombinant AMPKα1β1γ2 (ThermoFisher) for 15min
at 30 °C in assay buffer containing 0.05 M Tris-HCL PH7.4, 1 mM DTT and
5mM MnCl2. The reaction was terminated using Laemmli buffer without
reducing agent. Phospho-AMPK α1 and total AMPK protein levels were
determined through Western Blotting.

De-novo lipogenesis assay
Media containing trace amounts of [1-14C] acetic acid were added to cells for
2 h. Subsequently, lipids were extracted and analyzed via TLC for incorporation
of labeled acetic acid into neutral lipids as previously described [48].

Seahorse FAO assay
Oxidation of fatty acids was measured using a modified version of the XF
Cell Mito Stress Test (Seahorse/Agilent, Santa Clara, CA). Growth medium
was replaced with substrate-limited medium (0.5 mM glucose, 1 mM
GlutaMAX, 0.5 mM carnitine and 1% FBS) 24 h prior to the assay, 45 min
ahead, cells were washed once with FAO assay medium (111mM NaCl,
4.7 mM KCl, 1.25mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4. 2.5 mM
glucose, 0.5 mM carnitine and 5mM HEPES, PH 7.4). Cells plated at 200,000
cells/well using CellTak (Corning, Oneonta, NY), were incubated in a non-
CO2 incubator for 30–45min at 37 °C. The assay cartridge was loaded with
Stress Test inhibitors (final concentration: 2.5 μg/ml oligomycin, 2 μM FCCP,
2 μM rotenone/4 μM antimycin A), Etomoxir (Eto, final concentration
20 μM) or vehicle was added to cells, and the culture plate was incubated
for 37 °C in a non-CO2 incubator for 15min prior to starting the assay.

Statistical analysis
Data show the average of at least three independent experiments. All
averages are presented as mean ± s.d. Two-way ANOVA test and Student’s
two-tailed test were used for data analyses: *p< 0.05; **p < 0.01; ***p< 0.001;
****p < 0.0001, and p values >0.05 were considered not significant (ns).

REFERENCES

1. Gao T, Furnari F, Newton AC. PHLPP: a phosphatase that directly depho-

sphorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol Cell.

2005;18:13–24.

2. Brognard J, Sierecki E, Gao T, Newton AC. PHLPP and a second isoform, PHLPP2,

differentially attenuate the amplitude of Akt signaling by regulating distinct Akt

isoforms. Mol Cell. 2007;25:917–31.

3. Warfel NA, Newton AC. Pleckstrin homology domain leucine-rich repeat protein

phosphatase (PHLPP): a new player in cell signaling. J Biol Chem.

2012;287:3610–6.

4. Gao T, Brognard J, Newton AC. The phosphatase PHLPP controls the cellular

levels of protein kinase C. J Biol Chem. 2008;283:6300–11.

5. Liu J, Stevens PD, Li X, Schmidt MD, Gao T. PHLPP-mediated dephosphorylation

of S6K1 inhibits protein translation and cell growth. Mol Cell Biol.

2011;31:4917–27.

6. Qiao M, Wang Y, Xu X, Lu J, Dong Y, Tao W, et al. Mst1 is an interacting protein

that mediates PHLPPs’ induced apoptosis. Mol Cell. 2010;38:512–23.

7. Yan Y, Hanse EA, Stedman K, Benson JM, Lowman XH, Subramanian S, et al.

Transcription factor C/EBP-beta induces tumor-suppressor phosphatase PHLPP2

through repression of the miR-17-92 cluster in differentiating AML cells. Cell

Death Differ. 2016;23:1232–42.

8. O’Neill AK, Niederst MJ, Newton AC. Suppression of survival signalling pathways

by the phosphatase PHLPP. FEBS J. 2013;280:572–83.

9. Carling D, Mayer FV, Sanders MJ, Gamblin SJ. AMP-activated protein kinase:

nature’s energy sensor. Nat Chem Biol. 2011;7:512–8.

Fig. 6 PHLPP2 regulation of the cellular response to metabolic
stress is mediated by AMPK and fatty acid oxidation. A Pro-survival
effects of PHLPP2 knockdown were reversed by FAO inhibition.
Control siRNA (NC) or PHLPP2 siRNA (Si-PH2) transfected Jurkat cells,
were cultured for 4 days (24 h post-transfection) in a medium
containing either 10mM or 5mM glucose, in the presence or absence
of 20 μM Eto, and analyzed for cell viability by flow cytometry. Two-
way ANOVA analysis was used to compare experimental groups. B A
simple model to illustrate how PHLPP2 functions as a tumor
suppressor in cells undergoing metabolic stress. Under conditions
of limited glucose availability, when AMP:ATP ratios are high, energy-
sensing kinase AMPK is activated by phosphorylation and promotes
fatty acid β-oxidation (FAO), enabling cells to generate energy and
survive. Dephosphorylation of p-AMPKα at T172 by PHLPP2 inactivates
the kinase and, subsequently, FAO, leading to cell death.

Y. Yan et al.

8

Cell Death and Disease          (2021) 12:904 



10. Carling D, Thornton C, Woods A, Sanders MJ. AMP-activated protein kinase: new

regulation, new roles? Biochem J. 2012;445:11–27.

11. Hawley SA, Davison M, Woods A, Davies SP, Beri RK, Carling D, et al. Character-

ization of the AMP-activated protein kinase kinase from rat liver and identifica-

tion of threonine 172 as the major site at which it phosphorylates AMP-activated

protein kinase. J Biol Chem. 1996;271:27879–87.

12. Mack HI, Zheng B, Asara JM, Thomas SM. AMPK-dependent phosphorylation of

ULK1 regulates ATG9 localization. Autophagy 2012;8:1197–214.

13. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell

growth and survival. Cell 2003;115:577–90.

14. Kim I, He YY. Targeting the AMP-activated protein kinase for cancer prevention

and therapy. Front Oncol. 2013;3:175.

15. Willows R, Sanders MJ, Xiao B, Patel BR, Martin SR, Read J, et al. Phosphorylation

of AMPK by upstream kinases is required for activity in mammalian cells. Biochem

J. 2017;474:3059–73.

16. Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Makela TP, et al. Complexes

between the LKB1 tumor suppressor, STRAD alpha/beta, and MO25 alpha/beta are

upstream kinases in the AMP-activated protein kinase cascade. J Biol. 2003;2:28.

17. Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, DePinho RA, et al. The

tumor suppressor LKB1 kinase directly activates AMP-activated kinase and reg-

ulates apoptosis in response to energy stress. Proc Natl Acad Sci USA.

2004;101:3329–35.

18. Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, Neumann D, et al. LKB1

is the upstream kinase in the AMP-activated protein kinase cascade. Curr Biol: CB.

2003;13:2004–8.

19. Hurley RL, Anderson KA, Franzone JM, Kemp BE, Means AR, Witters LA. The Ca2

+/calmodulin-dependent protein kinase kinases are AMP-activated protein

kinase kinases. J Biol Chem. 2005;280:29060–6.

20. Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, et al. Calmodulin-

dependent protein kinase kinase-beta is an alternative upstream kinase for AMP-

activated protein kinase. Cell Metab. 2005;2:9–19.

21. Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, Johnstone SR, et al. Ca2

+/calmodulin-dependent protein kinase kinase-beta acts upstream of AMP-

activated protein kinase in mammalian cells. Cell Metab. 2005;2:21–33.

22. Davies SP, Helps NR, Cohen PT, Hardie DG. 5′-AMP inhibits dephosphorylation, as

well as promoting phosphorylation, of the AMP-activated protein kinase. Studies

using bacterially expressed human protein phosphatase-2C alpha and native

bovine protein phosphatase-2AC. FEBS Lett. 1995;377:421–5.

23. Stein SC, Woods A, Jones NA, Davison MD, Carling D. The regulation of AMP-

activated protein kinase by phosphorylation. Biochem J. 2000;345:437–43.

24. Lowman XH, McDonnell MA, Kosloske A, Odumade OA, Jenness C, Karim CB, et al.

The proapoptotic function of Noxa in human leukemia cells is regulated by the

kinase Cdk5 and by glucose. Mol Cell. 2010;40:823–33.

25. Brognard J, Newton AC. PHLiPPing the switch on Akt and protein kinase C sig-

naling. Trends Endocrinol Metab: TEM. 2008;19:223–30.

26. Liu J, Stevens PD, Gao T. mTOR-dependent regulation of PHLPP expression

controls the rapamycin sensitivity in cancer cells. J Biol Chem. 2011;286:6510–20.

27. Sierecki E, Sinko W, McCammon JA, Newton AC. Discovery of small molecule

inhibitors of the PH domain leucine-rich repeat protein phosphatase (PHLPP) by

chemical and virtual screening. J Med Chem. 2010;53:6899–911.

28. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-

activated protein kinase in mechanism of metformin action. J Clin Investig.

2001;108:1167–74.

29. Handa N, Takagi T, Saijo S, Kishishita S, Takaya D, Toyama M. et al. Structural basis for

compound C inhibition of the human AMP-activated protein kinase alpha2 subunit

kinase domain. Acta Crystallogr Sect D, Biol Crystallogr. 2011;67:480–7.

30. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, et al. AMPK is a negative

regulator of the Warburg effect and suppresses tumor growth in vivo. Cell Metab.

2013;17:113–24.

31. Hardie DG. An oncogenic role for the ubiquitin ligase UBE2O by targeting AMPK-

alpha2 for degradation. Cancer Cell. 2017;31:163–5.

32. Jeon SM, Chandel NS, Hay N. AMPK regulates NADPH homeostasis to promote

tumour cell survival during energy stress. Nature 2012;485:661–5.

33. Saito Y, Chapple RH, Lin A, Kitano A, Nakada D. AMPK protects leukemia-initiating

cells in myeloid leukemias from metabolic stress in the bone marrow. Cell Stem

Cell. 2015;17:585–96.

34. Corton JM, Gillespie JG, Hawley SA, Hardie DG. 5-aminoimidazole-4-carboxamide

ribonucleoside. A specific method for activating AMP-activated protein kinase in

intact cells? Eur J Biochem. 1995;229:558–65.

35. Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen ZP, et al. Single

phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the

insulin-sensitizing effects of metformin. Nat Med. 2013;19:1649–54.

36. Garcia D, Shaw RJ. AMPK: mechanisms of cellular energy sensing and restoration

of metabolic balance. Mol Cell. 2017;66:789–800.

37. Wakil SJ, Abu-Elheiga LA. Fatty acid metabolism: target for metabolic syndrome. J

Lipid Res. 2009;50 Suppl:S138–43.

38. Behera S, Kapadia B, Kain V, Alamuru-Yellapragada NP, Murunikkara V, Kumar ST.

et al. ERK1/2 activated PHLPP1 induces skeletal muscle ER stress through the

inhibition of a novel substrate AMPK. Biochim Biophys Acta Mol Basis Dis.

2018;1864:1702–16.

39. Hribal ML, Mancuso E, Arcidiacono GP, Greco A, Musca D, Procopio T, et al. The

phosphatase PHLPP2 plays a key role in the regulation of pancreatic beta-cell

survival. Int J Endocrinol. 2020;2020:1027386.

40. Chen MB, Liu YY, Cheng LB, Lu JW, Zeng P, Lu PH. AMPKalpha phosphatase

Ppm1E upregulation in human gastric cancer is required for cell proliferation.

Oncotarget 2017;8:31288–96.

41. Dai C, Zhang X, Xie D, Tang P, Li C, Zuo Y, et al. Targeting PP2A activates AMPK

signaling to inhibit colorectal cancer cells. Oncotarget 2017;8:95810–23.

42. Jeon SM. Regulation and function of AMPK in physiology and diseases. Exp Mol

Med. 2016;48:e245.

43. Joseph BK, Liu HY, Francisco J, Pandya D, Donigan M, Gallo-Ebert C, et al. Inhi-

bition of AMP kinase by the protein phosphatase 2A heterotrimer, PP2APpp2r2d.

J Biol Chem. 2015;290:10588–98.

44. Voss M, Paterson J, Kelsall IR, Martin-Granados C, Hastie CJ, Peggie MW, et al.

Ppm1E is an in cellulo AMP-activated protein kinase phosphatase. Cell Signal.

2011;23:114–24.

45. Boonying W, Joselin A, Huang E, Qu D, Safarpour F, Iyirhiaro GO, et al. Pink1

regulates FKBP5 interaction with AKT/PHLPP and protects neurons from neuro-

toxin stress induced by MPP(.). J Neurochem. 2019;150:312–29.

46. Pei H, Li L, Fridley BL, Jenkins GD, Kalari KR, Lingle W, et al. FKBP51 affects cancer cell

response to chemotherapy by negatively regulating Akt. Cancer Cell. 2009;16:259–66.

47. Brinkman EK, Chen T, Amendola M, van Steensel B. Easy quantitative assessment of

genome editing by sequence trace decomposition. Nucleic Acids Res. 2014;42:e168.

48. Bu SY, Mashek DG. Hepatic long-chain acyl-CoA synthetase 5 mediates fatty acid

channeling between anabolic and catabolic pathways. J Lipid Res. 2010;51:3270–80.

ACKNOWLEDGEMENTS
The authors thank Drs. Eric Hanse and Do-Hyung Kim for stimulating discussions, Dr.

Alexandra Newton for providing the PHLPP2 inhibitor, and Dr. Christopher Jenness

for constructing deletion mutants. The authors acknowledge the support of the Flow

Cytometry Core (UFCR) at the University of Minnesota and Masonic Cancer Center

(MCC), as well as the University of Michigan Metabolomics Core.

AUTHOR CONTRIBUTIONS
YY designed the study, performed the experiments, data analysis, and wrote the paper. KK

performed experiments, data analysis and edited the paper. TY and AB carried out IP and

western blot analysis, ML performed the in vitro lipogenesis assay. DM provided expertise

and edited the paper. AK designed the study and wrote the paper.

FUNDING
This study was supported by NIH grant R01 CA157971 and MN Partnership

Infrastructure Award MNP IF #16.09 (to AK), by R01s DK114401, DK108790, AG055452,

and American Diabetes Association grant 1-16-IBS-203 (to DGM) and grant U24

DK097153 to the University of Michigan Metabolomics Core, MRC2. YY was supported

by a Doctoral Dissertation Fellowship from the University of Minnesota.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material

available at https://doi.org/10.1038/s41419-021-04196-4.

Correspondence and requests for materials should be addressed to Ameeta Kelekar.

Reprints and permission information is available at http://www.nature.com/

reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims

in published maps and institutional affiliations.

Y. Yan et al.

9

Cell Death and Disease          (2021) 12:904 

https://doi.org/10.1038/s41419-021-04196-4
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

© The Author(s) 2021

Y. Yan et al.

10

Cell Death and Disease          (2021) 12:904 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phosphatase PHLPP2 regulates the cellular response to metabolic stress through AMPK
	Introduction
	Results
	PHLPP2�suppresses cell survival under metabolic stress by targeting AMPK
	PHLPP2 regulates phosphorylation and activation of AMPK in response to glucose availability
	PHLPP2 interacts with endogenous AMPK, with its PH domain required for interaction, phosphatase activity, and response to glucose limitation
	PHLPP2 dephosphorylates pAMPK in phosphatase assays in�vitro
	PHLPP2 exerts its metabolic and apoptotic effects through an AMPK-ACC pathway

	Discussion
	Materials and methods
	Reagents, chemicals, and antibodies
	Cell lines, cell culture, and transfection
	Glucose labeling experiments in cell culture
	Western blotting and immunoprecipitation
	Cell death assay
	Generation of AMPK&#x003B1;1 Knockout clones
	In-vitro phosphatase assay
	De-novo lipogenesis assay
	Seahorse FAO assay
	Statistical analysis

	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION


