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Cardiomyocyte PRL2 Promotes
Cardiac Hypertrophy via Directly
Dephosphorylating AMPKa2

Xue Han;" Qiaojuan Shi; Yu Tu, Jiajia Zhang, Mengyang Wang, Weigi Li, Yanan Liu, Ruyi Zheng, Jiajia Wei, Shiju Ye,
Yanmei Zhang®, Bozhi Ye(®, Yi Wang, Huazhong Ying, Guang Liang

BACKGROUND: Pathological cardiac hypertrophy can result in heart failure. Protein dephosphorylation plays a primary role
in the mediation of various cellular processes in cardiomyocytes. Here, we investigated the effects of a protein tyrosine
phosphatase, PRL2 (phosphatase of regenerative liver 2), on pathological cardiac hypertrophy.

METHODS: The PRL2 knockout mice were subjected to angiotensin Il infusion or transverse aortic constriction to induce
myocardial hypertrophy and cardiac dysfunction. RNA-sequencing analysis was performed to explore the underlying
mechanisms. Mass spectrometry and bio-layer interferometry assays were used to identify AMPKa2 (AMP-activated protein
kinase 02) as an interacting protein of PRL2. Mutant plasmids of AMPKa2 were used to clarify how PRL2 interacts and
dephosphorylates AMPKa.2.

RESULTS: A significant upregulation of PRL2 was observed in hypertrophic myocardium tissues in mice and patients with heart
failure. PRL2 deficiency alleviated cardiac hypertrophy, fibrosis, and dysfunction in mice challenged with angiotensin Il infusion
or transverse aortic constriction. Transcriptomic and biochemical analyses showed that PRL2 knockout or silence maintained
AMPKT'"2 phosphorylation and subsequent mitochondrial integrity in angiotensin II-challenged heart tissues or cardiomyocytes.
Mass spectrometry-based interactome assay indicated AMPKa2 subunit as the substrate of PRL2. Mechanistically, PRL2
binds to the C-terminal domain of AMPKaZ2 and then dephosphorylates AMPKa2"'™ via its active site C46. Adeno-associated
virus 9-mediated deficiency of cardiomyocyte PRL2 also protected cardiac mitochondrial function and showed cardioprotective
effects in angiotensin ll-challenged mice, but these benefits were not observed in AMPKa.27~ mice.

CONCLUSIONS: This study reveals that PRL2, as a novel AMPK-regulating phosphatase, promotes mitochondrial instability and
hypertrophic injury in cardiomyocytes and provides PLR2 as a potential target for future drug development treating heart
failure.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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(HF) is maladaptive myocardial hypertrophy, which
results in subsequent myocyte fibrosis, chronic
heart dysfunction, and even sudden death." Increasing
evidences have demonstrated that inflammation, calcium

One of the crucial precursor courses of heart failure

imbalance, oxidative stress, and impaired mitochondrial
function are involved in the pathogenesis of myocardial
hypertrophy.2* Despite convincing progress in treating
cardiovascular diseases, the mortality of HF remains
high, creating an urgent need for new therapeutic targets
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PRL2 Dephosphorylates AMPKa2 in Heart

Novelty and Significance

What Is Known?

* Protein phosphorylation or dephosphorylation regula-
tion plays a critical role in regulating the progression of
cardiac hypertrophy and heart failure.

+ AMPK (AMP-activated protein kinase) activation has
been demonstrated as an effective strategy to pre-
serve mitochondrial homeostasis and prevent cardiac
hypertrophy.

What New Information Does This Article

Contribute?

+ The expression of a phosphatase, PRL2 (phosphatase
of regenerative liver 2), is upregulated in both human
and mouse hypertrophic myocardium, especially in
cardiomyocytes.

* PRL2 deficiency or knockdown in cardiomyocytes pre-
vents mitochondrial instability and subsequently car-
diac hypertrophy and dysfunction in mouse models via
activating AMPK.

* PRL2 inactivates AMPK via dephosphorylating
AMPKa2 at threonine 172 through its active site of
cysteine 46 in cardiomyocytes.

Understanding key protein tyrosine phosphatases
in cardiac pathophysiology may provide new targets
and strategies for the treatment of heart failure. Our
study shows that PRL2 directly binds to AMPK, lead-
ing to the dephosphorylated AMPKa2 subunit at the
T172 site to initiate mitochondrial changes in cardio-
myocytes and then induce cardiac hypertrophy. Small-
molecule PRL2 inhibitors may be a strategy to activate
AMPK. Our findings suggest that PRL2 inhibition may
be a future target for the treatment of heart failure.

Nonstandard Abbreviations and Acronyms

4-HNE 4-hydroxynonenal

8-OHdG  8-hydroxydeoxyguanosine

AAV9 adeno-associated virus 9

ACC acetyl-CoA carboxylase

AMPK AMP-activated protein kinase

Ang Il angiotensin ||

ANP atrial natriuretic peptide

ARPC adult rat primary cardiomyocyte

CaMKK  calcium-activated calmodulin-dependent
kinase kinase

CTD C-terminal domain

Col1a1 collagen type | a 1 chain

FAO fatty acid oxidation

HF heart failure

LKB1 liver kinase BT

MYH7 myosin heavy chain 7

NRPC neonatal rat primary cardiomyocyte

OXPHOS oxidative phosphorylation

PGC-1a  peroxisome proliferator-activated
receptor-y coactivator-1a

PPARa peroxidase proliferators activate receptor a

PRL2 phosphatase of regenerative liver 2

PTP protein tyrosine phosphatase

TAC transverse aortic constriction
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TAK1 TGF-B-activated kinase-1
TGF-p1 transforming growth factor 31
VEGF vascular endothelial growth factor
WT wild type

for effective pharmacological interventions against car-
diac hypertrophy.

Especially, HF and myocardial hypertrophy are com-
monly linked with cardiac energy disturbance because
of the high energy demand by the heart.® The mitochon-
dria offer the primary energy source to sustain cardiac
excitation-contraction coupling, and this organelle is
also involved in the production of ATP by oxidative phos-
phorylation (OXPHOS) and the maintenance of cellu-
lar capacity against oxidative stress.®” Previous studies
have shown that cardiac mitochondrial dysfunction and
impaired mitochondrial biogenesis are positively asso-
ciated with the progress of HF in patients and animal
models.®8 It has been recently reported that activation of
AMPK (AMP-activated protein kinase) ameliorates car-
diac hypertrophy by modulating multiple processes such
as mitochondrial energy metabolism, mitochondrial bio-
genesis, autophagy, fatty acid oxidation (FAO), and glu-
cose metabolism.®> " AMPKa2 protects hearts against
hypertrophy and contractile dysfunction via enhancing
mitochondrial OXPHOS and improving mitochondrial
function.”® These reports suggest that maintaining
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Figure 1. Upregulation of PRL2 level in cardiac hypertrophy.
A, RNA transcriptome sequencing was performed to analyze the expression profile of protein tyrosine phosphatases (PTPs) in angiotensin Il (Ang
I)-induced cardiac hypertrophy. Volcano plot of differentially expressed genes in heart tissues from control and Ang Il-infusion mice. B and C,
The mRNA levels of Prl1, Pri2, and Pri3in Ang Il- or transverse aortic constriction (TAC)-treated mice. D and E, The mRNA levels of Anp, Myh?,
Prl1, Pri2, and Pri3in patients with heart failure (HF; no heart failure [NHF]). F, Immunoblots analysis of PRL2 (phosphatase of regenerative liver
2) in Ang ll-infused heart tissues and densitometric quantification. G and H, The protein levels of PRL2 in Ang ll-induced neonatal rat primary
cardiomyocytes (NRPCs) and primary fibroblasts. I, NRPCs were transfected with siRNA targeting PRL1, PRL2, or PRL3, then treated with 1
umol/L Ang Il for 24 hours. Real-time quantitative polymerase chain reaction analysis mRNA levels of Anp and Myh7. J and K, (Continued)
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AMPK activity and mitochondrial metabolism represents
a promising therapeutic strategy for treating HF.

Protein phosphorylation plays critical roles in regu-
lating the progression of HFE'> The protein tyrosine
phosphatases (PTPs) serve as counterbalance pro-
tein tyrosine kinases in response to signal transduction
through dephosphorylating modification.”® Phosphory-
lation modification can influence the activity, localiza-
tion, and complex association of the functional proteins
in cellular processes.'* Therefore, deregulation of PTP
expression or activity disrupts various signaling pathways
and compromises cell physiological processes, leading
to multiple disorders ranging from cancer to immune
deficiencies and cardiovascular diseases.'*"'® In the past
decade, despite new drugs on PTP-targeted treatment
emerging for cancer therapy,''® PTP-dependent thera-
peutics for cardiac diseases are still in the preliminary
phase.'® Discovering key PTPs in cardiac pathophysiol-
ogy may provide new targets and strategies for the treat-
ment of HF.

The PTP subfamily phosphatase of regenerative liver
(PRL) comprises 3 members, including PRL1, PRL2,
and PRL3, and possesses a conserved CAAX box at
the C-terminal region and a single phosphatase domain
that dephosphorylates the tyrosine and serine/threonine
residues of kinases.?® Compared with PRL1 and PRLS,
PRL2 is broadly expressed and plays a prominent role
in various pathophysiological processes.?'?? For example,
mice with PRL2 deletion exhibit limited angiogenesis and
defective retinal vascular outgrowth.?® However, the role
of PRL2 in cardiac pathophysiology is poorly understood.

In this study, we examined the expression profile of
all PTP genes in angiotensin Il (Ang Il)-infused mouse
hearts, finding that PRL2 was significantly overex-
pressed. This phenomenon was further validated in a
transverse aortic constriction (TAC)-induced cardiac
hypertrophy mouse model and in patients with HF. PRL2
deficiency effectively prevented Ang Il- or TAC-induced
cardiac dysfunction and hypertrophy in mice. Interestingly,
our mechanistic studies showed that PRL2 directly binds
to AMPK and causes the dephosphorylated AMPKa2
subunit at the T172 site to initiate mitochondrial disorder
in cardiomyocytes. These studies reveal a phosphatase,
PRL2, as a new regulator in cardiac hypertrophy and HF.

METHODS

Data Availability

The data and detailed methods that support the findings of
this study are described in the Supplemental Material and the
Major Resources Table in the online supplementary files. The

PRL2 Dephosphorylates AMPKa2 in Heart

primers used for real-time quantitative polymerase chain reac-
tion analysis are shown in Table S1. The experimental materials
and analytical methods are also available from the correspond-
ing author on reasonable request. Statistical analysis was
performed as the Statistical Reporting Recommendations of
Circulation Research.

RESULTS

Cardiomyocyte PRL2 Is Elevated in Pathological
Cardiac Hypertrophy

To profile the variation of PTPs in the pathologically cardiac
hypertrophy, we performed unbiased RNA-sequencing
analysis in myocardium tissues of mice subjected to
Ang II infusion. Among 107 PTP genes, we observed
an abnormal expression of genes in the PRL subfam-
ily in the Ang II infusion group (Figure 1A). We further
examined the mRNA levels of PRLs (Pri1, Pri2 and Pri3)
in Ang II-infused and TAC-treated mouse hearts, and
interestingly, only Pri2 mRNA was significantly elevated
in heart tissues (Figure 1B and 1C). This finding was
confirmed in myocardium tissues of human subjects who
suffered from HF (Figure 1D and 1E; Table S2). Western
blotting analysis showed that the protein level of cardiac
PRL2 was much higher in Ang II-infused mice than that
in the sham group (Figure 1F). Besides, Ang Il increased
PRL2 expression in neonatal rat primary cardiomyocytes
(NRPCs) in a time-dependent manner, while no expres-
sion change was seen in primary fibroblasts (Figure 1G
and 1H), indicating that increased PRL2 is mainly derived
from the cardiomyocytes in the hearts of HF mice. Fur-
thermore, the immunofluorescence staining using mouse
heart samples verified that the PRL2 expression was
upregulated in a-actinin-positive cardiomyocytes under
Ang Il infusion (Figure S1).

For functional examination of the PRLs family, we
knocked down the PRLs in NRPCs (Figure S2A) and
showed that deficiency in PRL2 (but not PRL1 and
PRL3) significantly reduced Ang H-induced hypertro-
phic genes, including atrial natriuretic peptide (Anp) and
myosin heavy 7 (Myh7: Figure 11). Ang Il stimulation also
led to the increase in cardiomyocyte area, which was
significantly reversed by transfection of siRNA (siPRL2;
Figure 1J; Figure S2B). In contrast, overexpression of
PRL2 through transfecting PRL2 plasmid in NRPCs
aggravated Ang ll-induced hypertrophic phenotypes
(Figure 1K; Figure S2C and S2D). As expected, silenc-
ing PRL2 did not change the Ang ll-induced increases
of TGF-B1 (transforming growth factor $1) and Collal
(collagen type | o 1 chain) in fibroblasts (Figure S2E),
indicating that PRL2 in fibroblasts does not mediate

Figure 1 Continued. TRITC-phalloidin staining in NRPCs, and the area of cardiomyocytes was quantified. Scale bar=100 ym. Data are shown
as meantSEM. A, G-K: n=3; B, C, and F: n=7; D and E: n=4; B, and F, Welch t test; C, Student ttest; D and E, Mann-Whitney U test; G-K|
1-way ANOVA followed by Tukey post hoc tests; Pvalues indicated. EV indicates empty vector; NC, negative control; oePRL2, over expression

PRL2; and TRITC, tetramethylrhodamine.
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Figure 2. PRL2 (phosphatase of regenerative liver 2) deficiency alleviates angiotensin Il (Ang Il)-induced cardiac hypertrophy.
A lllustration of experimental protocols. The wild-type (WT) mice and PRL2 knockout (PRL2~~) mice were injected with Ang Il via an osmotic
pump for 28 days. After 4 weeks, the cardiac function of mice was assessed using echocardiography. Mice were then euthanized and samples
were harvested. B, Mice systolic blood pressure was measured during the study. **£<0.001 vs WT-Sham; ###~<0.001 vs PRL2~~-Sham;

ns, no significance. € and D, Serum Ang Il and atrial natriuretic peptide (ANP) levels were detected using ELISA kits. E and F, Real-time
quantitative polymerase chain reaction analysis of mMRNA levels of Anp and Myh7 in cardiac tissues. G, Representative left ventricular M-mode
echocardiographic images. H and I, Values of ejection fraction (EF) and fractional shortening (FS). J, Representative whole heart images. K, The
ratio of heart weight to tibia length ratios (HW/TL). L, Representative images of hematoxylin and eosin (H&E) staining in (Continued)
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profibrotic phenotypes. The pathological cardiomyocyte
hypertrophy can activate cardiac fibroblasts and promote
fibrosis via paracrine communications. We examined if
cardiomyocyte PRL2 affects the activation of fibroblasts
via intercellular crosstalk. We transfected NRPCs with
siPRL2 or PRL2 plasmid and exposed them to Ang Il
for 24 hours, and the conditional medium of NRPCs
was then collected and applied to primary mouse car-
diac fibroblasts (Figure S2F). Our results showed that
silencing PRL2 in cardiomyocytes significantly reduced
the conditional medium-induced TGF-f71 and Collal
levels in fibroblasts (Figure S2G), while overexpressing
PRL2 in cardiomyocytes exacerbated these changes in
fibroblasts (Figure S2H). We also examined the effect
of PRL2 in myocardial microvascular endothelial cells.
Ang Il reduced the mRNA level of vascular endothelial
cadherin (Cdhb) and increased mesenchymal vimentin
(Vim) and Acat2, while silencing PRL2 did not change
the profile of these transcription factors associated with
endothelial to mesenchymal transformation (EndMT; Fig-
ure S2I). Hence, these data suggest that PRL2 in car-
diomyocytes seems to be related to cardiac hypertrophy.

PRL2 Deficiency Is Sufficient to Alleviate Ang
llI-Induced Cardiac Hypertrophy

To examine the function of PRL2 in Ang II-induced car-
diac hypertrophy, the PRL2 knockout mice (PRL27-)
were constructed (Figure S3A). There was no detectable
protein level of PRL2 in PRL2~~ mouse hearts (Figure
S3B). The littermate wild-type (WT) mice and PRL2~~
mice were infused with Ang Il at 1 ug/kg per min for
28 days to produce a well-established mouse model of
pathological cardiac hypertrophy (Figure 2A). After Ang Il
infusion, the systolic blood pressure and the serum level
of Ang Il content were comparably risen in both WT and
PRL2~~ mice (Figure 2B and 2C), indicating that loss of
PRL2 does not influence the blood pressure and Ang I
content in vivo. However, knockout of PRL2 diminished
the serum concentration of ANP and the mRNA levels of
Anp and Myh7 in heart tissues of Ang ll-challenged mice
(Figure 2D and 2F). More importantly, a notable increase
in cardiac performance was recorded in PRL2™~ mice
compared with Ang ll-challenged WT mice based on
echocardiographic parameters, including ejection frac-
tion and fractional shortening (Figure 2G through 2I;
Table S3), and the decreases in the left ventricular inter-
nal diameter and interventricular septal thickness were
also observed (Table S3), suggesting that PRL2 deletion
protected systolic function in Ang ll-infused mice. Con-
sistent with echocardiography data, Ang lIl-challenged

PRL2 Dephosphorylates AMPKa2 in Heart

WT mice had larger hearts and a more increased heart
weight to tibia length ratio than untreated WT mice, while
PRL2 knockout significantly reversed these changes
(Figure 2J and 2K; Table S3). Analysis of pathological
changes in heart tissues showed remarkably hypertrophy
and fibrosis in WT mice but not in PRL2™~ mice chal-
lenged with Ang Il (Figure 2L through 2P; Figure S4).
Therefore, knockout of PRL2 dramatically improves
cardiac function and alleviates cardiac hypertrophy and
fibrosis in Ang Il-infused mice.

PRL2 Deficiency Prevents TAC-Induced Cardiac
Hypertrophy

We also examined the function of PRL2 on cardiac hyper-
trophy using the TAC mouse model (Figure 3A). The sig-
nificant elevations in serum ANP and mRNA levels of
Anp and Myh7 were detected in TAC-WT mice compared
with sham mice, while PRL2 knockout did not show the
TAC-induced increases (Figure 3B through 3D). Echo-
cardiography assay showed that PRL2 deficiency pre-
served cardiac function in TAC mice (Figure 3E through
3G; Table S4). Cardiac hypertrophy and fibrosis in TAC
mice were also markedly decreased by PRL2 knockout
(Figure 3H through 3N; Figure SBA through S5C), along
with the significantly reduced expression of TGF-31 and
Col1alin TAC-induced PRL2~~ mice compared with WT
mice (Figure S5D and S5E).

PRL2 Deficiency Rescues AMPK Activation
and Alleviates Mitochondrial Injury in Ang II-
Challenged Mouse Heart

To identify the molecular mechanism underlying PRL2-
mediated cardiac hypertrophy, we performed RNA-
sequencing analysis in the hearts of Ang Il-challenged
WT and PRL2™~ mice. A total of 948 genes were down-
regulated and 294 genes were upregulated after Ang Il
infusion in PRL2 deficient heart tissues (Figure S6A).
Interestingly, gene set enrichment analysis found that the
pathway of AMPK was affected by PRL2 deficiency in
Ang ll-challenged hearts (Figure 4A). We then examined
the potential effects of PRL2 on AMPK phosphoryla-
tion at 3 probable phosphorylation sites (T172, S491,
and S173) using a public proteomic database (Table
SbB).2* Interestingly, Ang Il infusion significantly inhibited
the phosphorylation of AMPK at T172, but not at S491
and S173, while PRL2 knockout reduced Ang ll-induced
AMPK dephosphorylation at T172 and AMPK activity in
the heart, indicating the regulation of AMPK activity by
PRL2 (Figure 4B; Figure S6B and S6C).

Figure 2 Continued. heart samples (transverse). Representative images and quantitative analysis for wheat germ agglutinin (WGA; M and
N) and Masson (O and P) staining. Scale bar=2.5 mm for H&E; 50 pm for WGA and Masson. Data are shown as mean+SEM. N=7; B, 2-way
ANOVA followed by Tukey post hoc tests; C, D, H, I, K, N, and P, 1-way ANOVA followed by Tukey post hoc tests; E and F, Kruskal-Wallis test

with Dunn post hoc tests; P values indicated.
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Figure 3. PRL2 (phosphatase of regenerative liver 2) knockout ameliorates transverse aortic constriction (TAC)-induced cardiac
hypertrophy.

A lllustration of experimental design for TAC-induced cardiac remodeling model. B, The concentration of atrial natriuretic peptide (ANP) in serum.
C and D, The mRNA levels of Anp and Myh7 were detected by real-time quantitative polymerase chain reaction in heart tissues. E, Representative
M-mode echocardiographic images in TAC-induced mice. F and G, Ejection fraction (EF) and fractional shortening (FS) values in all groups. H,
Representative whole heart images. I, The ratio of heart weight to tibia length ratios (HW/TL). J through L, Size of myocardial cells was evaluated
with hematoxylin and eosin (H&E) and wheat germ agglutinin (WGA) staining in heart samples. M and N, The degree of fibrosis was analyzed with
Masson staining. Scale bar=2.56 mm for H&E; 50 um for WGA and Masson. Data are shown as meantSEM. N=7; B-D, F, G, I, L, and N, 1-way
ANOVA followed by Tukey post hoc tests; P values indicated.
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Figure 4. PRL2 (phosphatase of regenerative liver 2) deficiency maintains AMPK (AMP-activated protein kinase)
phosphorylation and protects mitochondrial function in angiotensin Il (Ang Il)-challenged mouse hearts.

A and B, Pathway enrichment analysis related to AMPK pathway in heart tissues of the wild-type (WT)-Ang Il and PRL27~-Ang Il mice based
on RNA-sequencing data. B, Western blotting analysis of phosphorylated AMPK at different sites in heart tissues. C, Western blotting analysis of
proteins associated with fatty acid oxidation (FAO) and mitochondrial biogenesis. D, The fold change of fractional enrichment of acetyl-coenzyme
A (CoA) from '*C-labeled palmitate into the transverse aortic constriction cycle in the isolated mouse heart. E, FAO was measured by oxygen
consumption with octanoylcarnitine in adult mouse primary cardiomyocytes (AMPCs). F, Pathway enrichment analysis related to mitochondrial
homeostasis in PRL2~~ heart tissues compared with WT heart tissues. G and H, Oxygen consumption by mitochondrial complex | (Continued)
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Acetyl-CoA carboxylase (ACC) and PPARa (per-
oxisome proliferator-activated receptor a) are known
as the downstream substrates/signals of AMPK and
are involved in accelerating FAO in cardiomyocytes.®?
The gene ontology biological process analyses of our
RNA-sequencing data also showed that the fatty acid
metabolism-related process was enriched (Figure S6D
and SBE), and the fatty acid metabolism pathways were
significantly upregulated by PRL2 deficiency. In Ang Il
infusion mice, PRL2 knockout caused higher levels of
p-ACC and PPARa in heart tissues than that of WT mice
(Figure 4C; Figure S6F). We further evaluated the fatty
acid metabolism and FAO respiration in vivo. The mouse
hearts were perfused with 13C-palmitate to assess fatty
acid metabolism, as previously reported.?® The contri-
bution of carbon derived from palmitate entry into the
Krebs cycle was much greater in Ang ll-challenged
PRL2™~ mouse hearts than that in WT hearts, suggest-
ing a high level of fatty acid utilization in PRL2™~ hearts
(Figure 4D). In addition, Ang Il challenge impaired the
FAQ respiratory in adult mouse primary cardiomyocytes
with malate and octanoylcarnitine, while this change was
reversed by PRL2 knockout (Figure 4E).

AMPK has been reported to regulate mitochondrial
function and subsequent oxidative stress in cardiomyo-
cytes.’® Gene set enrichment analysis also found that the
pathways of mitochondrial biogenesis and mitochondrial
respiratory chain were affected by PRL2 deficiency in Ang
lI-challenged hearts (Figure 4F; Figure S6G). Consistent
with the gene set enrichment analysis results, upregulated
expression of PGC-1a (peroxisome proliferator-activated
receptor-y coactivator-1a) was observed in heart tissues
from Ang Il-infused PRL2~~ mice (Figure 4C; Figure S6F).
Meanwhile, Ang llI-challenged WT mouse heart tissues
had lower mitochondrial DNA content than the PRL2~~
hearts (Figure S6H). In addition, mitochondrial oxygen
consumption was detected in isolated mitochondria from
heart tissues. The complex | and lI-mediated mitochondrial
respiration was significantly impaired in the hearts of Ang
[I-challenged mice, while an improvement of mitochondrial
oxygen consumption was observed in PRL2™~ mouse
hearts (Figure 4G and 4H). Moreover, the steady-state lev-
els of mitochondrial complex I and III were much higher in
heart tissues of PRL2™~ mice than that of WT mice with
Ang Il infusion, while the levels of mitochondrial complex
ll, IV, and V remained unaffected (Figure 41). We further
performed electron microscopy and found mitochondrial
swelling, mitochondrial ridge disappearance, and increased
mitochondrial size in heart tissues from Ang Il-infused WT

PRL2 Dephosphorylates AMPKa2 in Heart

mice, while PRL2~~ mice mitigated these changes (Fig-
ure 4J; Figure S6l and S6J). We applied a modified 5-grade
scorning system to evaluate mitochondrial damage,?” and
the score showed that PRL2 knockout effectively improved
Ang ll-induced mitochondrial damage in heart tissues
(Figure SBK). Ang Il decreased the mitochondrial mem-
brane potential in adult mouse primary cardiomyocytes
from WT mice, while adult mouse primary cardiomyocytes
from PRL2 knockout mice showed a resistance against
this Ang ll-induced change (Figure S6L and S6M). To
assess oxidative stress changes, we detected the levels of
8-hydroxydeoxyguanosine (8-OHdJG), an indicator of DNA
damage, and 4-hydroxynonenal (4-HNE), a product of lipid
peroxidation. High levels of 8-OHdG and 4-HNE were
decreased by PRL2 deficiency in Ang ll-challenged heart
tissues (Figure 4K and 4L). Ang ll-induced H,0, emissions
indicated by Amplex Red fluorochrome were also signifi-
cantly reduced by PRL2 knockout in adult mouse primary
cardiomyocytes (Figure 4M).

Similarly, PRL2 knockout alleviated TAC-induced
AMPKT™'"2 dephosphorylation, downregulation of p-ACC,
PPARa, PGC-1a, and fatty acid metabolism, and upreg-
ulation of 8-OHdG and 4-HNE in heart tissues (Fig-
ure S7). PRL2 deletion in endothelial cells has been
reported to limit retinal vascular outgrowth and sprouting
angiogenesis in mice.?® Then, we examined the possible
role of PRL2 in cardiac angiogenesis. RNA-sequencing-
based pathway enrichment analysis showed that PRL2
deficiency failed to affect the enrichment of angiogenesis-
related signals in Ang ll-infused mouse heart tissues
(Figure S8A through S8D). In addition, immunofluores-
cence staining for the endothelial marker CD31 showed
that PRL2 knockout did not affect Ang ll-induced CD31
expression in mouse heart tissues (Figure S8E). These
results deny the involvement of PRL2 in cardiac angio-
genesis in Ang ll-infused mice. Taken together, these
results indicate that PRL2 deficiency rescues AMPK
phosphorylation and subsequently alleviates mitochon-
drial injury in Ang Il- and TAC-challenged myocardium.

PRL2 Mediates Ang lI-Induced AMPK
Inactivation and Mitochondrial Injury in
Cardiomyocytes

We further evaluated the effects of PRL2 on AMPK phos-
phorylation and mitochondrial homeostasis in NRPCs.
Silencing PRL2 in NRPCs dramatically increased the

phosphorylation at T172 of AMPK and p-ACC upon
Ang Il stimulation, concurrent with significantly increased

Figure 4 Continued. and complex Il in mitochondria isolated from heart tissues. I, Western blotting analysis of mitochondrial respiratory
complex and densitometric quantification. J, Representative electron microscopic images of heart sections. K and L, The levels of
8-hydroxydeoxyguanosine (8-OHdG) and 4-hydroxynonenal (4-HNE) were detected by ELISA kits. M, H,O, emissions were measured by Amplex
Red fluorochrome in AMPCs. Scale bar=2 pym (top) and 1 pm (bottom) for electron microscopic images. Data are shown as mean=SEM. A and
F. n=4; B-E, G-M: n=7; D, E, G, H, and K-M, 1-way ANOVA followed by Tukey post hoc tests; |, Student ¢ test; | (C, I1l), Mann-Whitney U test;
Pvalues indicated. ACC indicates acetyl-CoA carboxylase; p-ACC, phosphorylated-acetyl-CoA carboxylase; PGC-10a, peroxisome proliferator-
activated receptor-y coactivator-1a; and PPARa, peroxidase proliferators activate receptor o.
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Figure 5. PRL2 (phosphatase of regenerative liver 2) mediates angiotensin Il (Ang Il)-induced AMPK (AMP-activated protein

kinase) inactivation and mitochondrial dysfunction in cardiomyocytes.

Neonatal rat primary cardiomyocytes (NRPCs) were transfected with siRNA targeting PRL2 or negative control (NC), or with a plasmid encoding
PRL2 or empty vector (EV) before Ang Il stimulation. A, Western blotting analysis of p"'72>-AMPK, AMPK, p-ACC (phosphorylated-acetyl-CoA
carboxylase), acetyl-CoA carboxylase (ACC), PPARa (peroxidase proliferators activate receptor a), and PGC-1a (peroxisome proliferator-
activated receptor-y coactivator-1a) in NRPCs. B, Hek293T cells were transfected with various amounts of Flag-PRL2. Western blotting analysis
(left) and densitometric quantification (right) of PRL2. C, ATP contents in NRPCs. D and E, Oxygen consumption by mitochondrial complex I and
complex I in NRPCs. F, Representative transmission electron micrographs of NRPCs, and mitochondrial scores were analyzed. (Continued)
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levels of PPARa and PGC-1a (Figure BA; Figure S9A
and S9B). By contrast, increased protein expression of
the PRL2 via transfection of PRL2 plasmid in NRPCs
significantly reduced the levels of p""2-AMPK, p-ACC,
PPARa, and PGC-1a under Ang Il treatment (Figure bA,;
Figure S9A and S9B). Consistently, neither knockdown
nor overexpression of PRL2 affected the levels of pS*°'-
AMPK and p®'"-AMPK in NRPCs (Figure S9C). In
HEK-293T cells, the reduced levels of p""?-AMPK were
correlated with increased protein levels of PRL2, further
validating that PRL2 dephosphorylates AMPK at T172
(Figure 5B). Moreover, we found that silencing PRL1 or
PRL3 could not affect AMPK phosphorylation at T172
in NRPCs with or without Ang II challenge (Figure S9D).
Subsequently, we examined the AMPK-downstream
mitochondrial phenotypes in NRPCs. Silencing PRL2 sig-
nificantly increased ATP production (Figure 5C), complex
I and II-mediated mitochondrial respiration (Figure 5D),
intracellular basal mitochondrial respiration, proton leakage-
associated respiration, and maximal respiration in Ang
lI-challenged NRPCs (Figure S9E). In contrast, these
parameters were further reduced in NRPCs stably overex-
pressing PRL2 (Figure 5C and 5E; Figure SOF). In parallel,
PRL2 knockdown alleviated the Ang ll-induced mitochon-
drial morphology damage (Figure 5F) and mitochondrial
reactive oxygen species, 8-OHdG, and 4-HNE levels in
NRPCs (Figure 5G and 5H; Figure S9G and S9H), while
overexpression of PRL2 aggravated these parameters
in Ang ll-challenged NRPCs (Figure 5F, 5G, and 5l; Fig-
ure S9G and S9H). Finally, we examined whether PRL2
affected Ang ll-induced cardiac hypertrophy through
regulating AMPK' activity in cardiomyocytes. As shown
in Figure BJ, AMPK knockdown by siRNA significantly
reversed siPRL2-decreased cardiomyocyte area. Similarly,
AMPK knockdown by siRNA also abolished the reduction
of hypertrophic gene expression by siPRL2 treatment in
Ang ll-challenged NRPCs (Figure 5K). These results con-
firm that PRL2 regulates AMPK activity and mitochondrial
damage to induce hypertrophy in cardiomyocytes.

PRL2 Directly Interacts with the C-Terminal
Domain of AMPKa2 and Dephosphorylates
AMPKo2 at T172 via Its Active Site C46

To identify the detailed mechanism and potential targets

by which PRL2 regulates AMPK dephosphorylation, we
analyzed the PRL2 interactome by immunoprecipitation

PRL2 Dephosphorylates AMPKa2 in Heart

and mass spectrometry assay for 3x (interactome work-
flow shown in Figure 6A). Through comparing these 3
interactomes, we identified 5 potential substrates of
PRL2, including Prkaa2 (AMPKa2), Clqgbp, Atad3a,
Rpl10a, and Rpn1 (Figure 6A). Among these 5 can-
didate proteins, AMPKaZ2, Clgbp, and Atad3a have
been reported to participate in cardiomyocyte patho-
physiology?®?°® (Table S6). Therefore, we examined the
endogenous interaction of PRL2 with these 3 potential
substrates in cardiomyocytes. We confirmed the interac-
tions of PRL2 with AMPK and Atad3a in Ang ll-induced
NRPCs, but there was no interaction between PRL2
and C1qbp (Figure 6B and 6C; Figure S10A and S10B).
Interestingly, the interaction between PRL2 and Atad3a
disappeared when AMPKa2 was deleted in NRPCs (Fig-
ure ST10A), suggesting that the PRL2-Atad3a interaction
depends on AMPKa2. These data indicate that AMPK,
but not C1qgbp or Atad3a, is the main substrate of PRL2
in cardiomyocytes. We then examined the PRL2-AMPK
interaction in heart tissues (Figure 6D). We also used a
bio-layer interferometry assay to confirm the direct inter-
action between rhPRL2 and rhAMPK proteins, with an
association constant (KD) of 1.09x107® M (Figure 6E).
Structurally, AMPK, as an obligate heterotrimer, is
composed of a catalytic subunit a (a1 or a2) and 2
noncatalytic subunits § (B1or f2) and vy (y1, v2, or v3)
subunits. It has been reported that AMPKa2, 1, B2,
v1, and y2 are expressed in the mammal heart.'® We
constructed the plasmids for HA-tagged AMPKa1, a2,
B1, B2, v1, and y2 subunits and cotransfected the Flag-
tagged PRL2 and different AMPK subunit plasmids in
HEK-293T cells. It was shown that PRL2 only bound to
AMPKa1 and a2 but not other subunits (Figure 6F; Fig-
ure S10C). However, when we assessed the interaction
of endogenous PRL2 and AMPK subunit a. (a1 and a.2)
in NRPCs, we found that PRL2 predominantly bound to
AMPKa2 but not a1, as the total AMPK a1 protein level
is low in cardiomyocytes (Figure S10D and S10E). We
further showed that silencing AMPKa1 did not affect
PRL2-induced upregulation of Anp and Myh7 mRNAs
in Ang ll-challenged NRPCs (Figure S10F). These data
promote us to further validate the AMPKa2-PRL2 inter-
action in cardiomyocytes. Immunofluorescence staining
further demonstrated endogenous PRL2 and AMPKa2
showed obvious colocalization in NRPCs upon Ang |l
exposure (Figure 6G). Coimmunoprecipitation assay
using HEK-293T cells with Flag-tagged PRL2 and

Figure 5 Continued. G, Representative images and quantitative analysis of MitoSox staining. H and I, The levels of 8-hydroxydeoxyguanosine
(8-OHdG) and 4-hydroxynonenal (4-HNE) in NRPCs. F, ATP content in the NRPCs. G and H, Oxygen consumption rate in the NRPCs. The

base represents basal mitochondrial respiration; oligomycin (oligo) represents uncoupled mitochondrial respiration, and carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) represents uncoupled mitochondrial respiration, measured in the presence of oligomycin (2 ug/
mL). J, NRPCs were transfected with siPRL2 or AMPK knockdown by siRNA (siAMPK) before exposure to Ang Il for 24 hours. TRITC-phalloidin
staining of NRPCs and the area of cardiomyocytes were quantified. K, The mRNA levels of Anp and Myh7 were detected by real-time quantitative
polymerase chain reaction in NRPCs. Scale bar=500 nm for electron microscopic images; 100 pm for MitoSox; 100 um for TRITC-phalloidin.
Data are shown as mean+SEM. N=3; G, Student t test; B-E and H-K, 1-way ANOVA followed by Tukey post hoc tests; P values indicated.

0ePRL2 indicates over expression PRL2.
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Figure 6. Identification of AMPKo2 (AMP-activated protein kinase) as a substrate of PRL2 (phosphatase of regenerative liver 2).
A, Schematic of the quantitative proteomic screen to identify proteins binding to PRL2. B, Tandem mass spectrometry (MS/MS) spectrum

of the specific peptide (-NPVTGNYVK-) from AMPKa2. € and D, Coimmunoprecipitation of PRL2 and AMPK in neonatal rat primary
cardiomyocytes (NRPCs) and heart tissues. E, Bio-layer interferometry analysis showing the interaction between PRL2 and recombinant AMPK
protein. AMPK was added at different concentrations ranging from 6.25 to 100 nmol/L, and kinase domain (KD) values were calculated. F,
Coimmunoprecipitation of PRL2 and different subunits of AMPK in Hek293T cells. G, Representative images of immunofluorescence staining for
PRL2 (red) and AMPKa2 (green) in NRPCs. H, lllustration of the AMPKa2 domain deletion construct, and coimmunoprecipitation of PRL2 and
wild-type (WT)-AMPKa.2 or mutants-AMPKa2 in Hek293T cells. I, Hek293T cells cotransfected with Flag-PRL2 and HA-WT-(Continued)
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HA-tagged AMPKaZ2 plasmids confirmed this interac-
tion (Figure S10G and S10H). Furthermore, mapping the
domain of AMPKaZ2 required for PRL2 binding showed
that the C-terminal domain (CTD; AA477-AAB21) was
critical for the interaction with PRL2 (Figure 6H). When
deleting the CTD region in AMPKa2, PRL2 failed to
dephosphorylate AMPK at T172 (Figure 6l), indicating
that the PRL2-AMPKa2 interaction affords the dephos-
phorylating regulation of PRL2 on AMPK™™, Taken
together, these evidences indicate that PRL2 binds to
AMPKa2 directly via its CTD, which subsequently results
in the dephosphorylation of AMPK at the T172 site.

To further evaluate the effects of AMPK™'™ phos-
phorylation on cardiac hypertrophy, we constructed a
gain-of-function mutant plasmid (AMPKa2"'7%) or loss-
of-function mutant plasmid (AMPKa2™7*) and trans-
fected them in NRPCs (Figure S10I). Overexpression
of AMPKa2"" inhibited Ang ll-induced mRNA levels of
hypertrophic genes Anp and Myh7 in NRPCs. The auto-
activated mutation, AMPKa 277 further decreased Ang
ll-induced Anp/Myh7 expression than AMPKa2"T, while
the inactive mutation AMPKa2"'74 fajled to affect Ang II-
induced gene expression (Figure 6J). These results sug-
gest that AMPKa2 phosphorylation at T172 plays a key
role in preventing PRL2-mediated cardiac hypertrophy.

It has been reported that the C46, D69, and C101
residues in the PTP domain of the PRL2 protein are
the active sites supporting the phosphatase activity of
PRL2.”" We constructed WT, C46A, D69A, and C101A
variants of PRL2, respectively, and transfected these
plasmids into HEK293T cells. As shown in Figure 7A,
only the C46A mutation failed to reduce the phosphory-
lation of AMPK™'72, These data indicate that the C46 site,
a residue evolutionarily conserved across species (Fig-
ure 7B), is the critical residue for PRL2 activity regulating
AMPK. We then examined whether the C46A mutation
would also diminish the effects of PRL2 on subsequent
mitochondrial injury and hypertrophy in cardiomyocytes.
We expressed the PRL2YT or PRL2%464 in NRPCs, where
the basal PRL2 protein had been deleted by siRNA. Ang
[l stimulation inhibited the mitochondrial OXPHOS and
increased Anp/Myh7 expression in PRL2"T NRPCs,
while the C46A mutation in PRL2%“%* NRPCs signifi-
cantly reversed these changes induced by Ang Il (Fig-
ure 7C and 7D). Collectively, these lines of mechanistic
studies show that PRL2 directly interacts with the CTD
of AMPKa2 and then dephosphorylates AMPK at the
T172 site via its active residue C46, resulting in subse-
quent mitochondrial injury and hypertrophy in cardiomyo-
cytes (Figure 7E).

PRL2 Dephosphorylates AMPKa2 in Heart

AMPKa2 Knockout Diminishes the
Cardioprotective Effects of PRL2 Deficiency in
Ang lI-Challenged Mice

To validate whether PRL2 deficiency protects hearts
through regulating AMPKa2 in mice, we used WT and
AMPKa2 knockout (AMPKa277) mice and injected
them with recombinant adeno-associated virus 9 (AAV9)
vector carrying PRL2 shRNA (AAV9-shPRL2) to silenc-
ing PRL2 in mouse hearts (Figure 8A). The efficacy of
the AMPKa2 knockout and AAV9-shPRL2-mediated
PRL2 knockdown in mouse hearts was confirmed at the
protein level (Figure S11A and S11 B). PRL2 knockdown
induced by AAV9-shPRL2 did not affect the protein lev-
els of AMPKa1, AMPKa2, and total AMPK in mouse
hearts, while AMPKa1 level showed a slight and compen-
satory upregulation in AMPKa2~~ mice (Figure S11B).
However, because the level of AMPKa 1 was much lower
than AMPKa2 in hearts (Figure S10D), the compensa-
tory upregulation of AMPKa. 1 failed to change the overall
situation of AMPK, and the total AMPK remains signifi-
cantly downregulated in AMPKa2~~ mice compared
with WT mice (Figure S11B). Neither AMPKa2 knock-
out nor PRL2 knockdown affected the Ang ll-induced
blood pressure profile in mice (Figure 8B). The content
of serum ANP and the mRNA levels of cardiac Anp and
Myh7 indicated that AAVO-mediated PRL2 knockdown
in hearts significantly blunted Ang Il-induced myocardial
hypertrophy in WT mice (Figure 8C through 8E). How-
ever, knockdown of PRL2 failed to reduce Anp/Myh7
levels in AMPKa2~~ mice (Figure 8C through 8E). Echo-
cardiography assay also showed that PRL2 knockdown
reversed Ang ll-induced heart dysfunction in the WT
mice but failed in AMPKa2~~ mice (Figure 8F through
8H; Table S7). Examination on the ratio of heart weight
to tibia length and morphological analyses showed that
AAVO-shPRL2 injection attenuated cardiac hypertro-
phy in Ang ll-challenged WT mice (Figure 8| through
8M; Table S7). Masson and Sirius red staining revealed
that AAVO-shPRL2 also attenuated Ang Il-induced car-
diac fibrosis in WT mice (Figure S12). However, PRL2
knockdown in hearts showed no effects against Ang II-
induced fibrosis when AMPKaZ2 is deficient in mice (Fig-
ure S12). Finally, the upregulated AMPK™" and ACC
phosphorylation, PPARa, and PGC-1a were observed
in the heart tissues of AAV9-shPRL2-infected WT mice,
while these changes were not observed in AMPKa 2~
mice (Figure S13A). Subsequently, AAV9-shPRL2 treat-
ment improved mitochondrial morphology and injury of
cardiomyocytes in WT mice but not in AMPKa2~~ mice

Figure 6 Continued. AMPKa2 or HA-CTD deletion-rAMPKa2. Western blotting analysis of p"'"2-AMPK level. J, Schematic of the AMPKa2
phosphorylated threonine residue variant (T172E and T172A). Real-time quantitative polymerase chain reaction of Anp and Myh7 in lysates of
NRPCs transfected with WT-AMPKa.2 or AMPKa2 mutant vectors, and then challenged with angiotensin Il (Ang II) for 24 hours. Scale bar=200
pm. Data are shown as mean+SEM. A, n=4; C-J, n=3; J, 1-way ANOVA followed by Tukey post hoc tests; P values indicated. AID indicates
autoinhibitory sequence domain; CTD, carboxyl-terminal domain; EV, empty vector; and HA, hemagglutinin.
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Figure 7. PRL2 (phosphatase of regenerative liver 2) dephosphorylates AMPKa2™72 (AMP-activated protein kinase) via its

enzyme active site C46.

A, Western blotting analysis of pT™-AMPK and AMPK in Hek293T cells cotransfected with wild-type (WT) or mutation of enzyme active sites

of PRL2 plasmids (top) and densitometric quantification (bottom). B, Clustal alignment of conserved sites in PRL2. C, Neonatal rat primary
cardiomyocytes (NRPCs) were transfected with siRNA targeting PRL2, cotransfected with a plasmid encoding PRL2-WT or PRL2-C46A, then
stimulated with angiotensin Il (Ang I). Oxygen consumption rate measured in the NRPCs. The base represents basal mitochondrial respiration;
oligomycin (oligo) represents uncoupled mitochondrial respiration, and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) represents
uncoupled mitochondrial respiration. D, Real-time quantitative polymerase chain reaction was used for the detection of Anp and Myh7. E, Scheme
of the molecular mechanism of PRL2 dephosphorylation of AMPKa2. Data are shown as meantSEM. N=3; A, C, and D, 1-way ANOVA followed
by Tukey post hoc tests; Pvalues indicated. AID indicates autoinhibitory sequence domain; CTD, carboxyl-terminal domain; EV, empty vector; and

KD, kinase domain.

(Figure 8N; Figure S13B through S13D), suggesting
that AMPKa2 is required for PLR2-mediated mito-
chondrial injury in mice. In addition, we noted that PRL2
knockdown did not affect cardiac physiology and func-
tion at the basal condition (Figure 8C through 8L; Figure
S13A through S13D). Collectively, these results suggest
that AMPKa2 mediates the cardioprotective effects of
PRL2 deficiency in Ang ll-challenged mice.

We also examined if AMPK activation mimics PRL2
deficiency in Ang ll-infused mice using A769662, a
direct allosteric activator of AMPK. Ang Il-challenged
WT and PRL2~~ mice were administered with A769662
(80 mg/kg) or vehicle for 2 weeks, respectively (Figure
S14A). A769662 treatment did not affect the raised

658  March 28, 2025

blood pressure in Ang ll-infused PRL2™~ and WT mice
(Figure S14B), while significantly reducing the serum
concentration of ANP and the hypertrophic gene expres-
sion in hearts in Ang ll-infused WT mice (Figure S14C
through S14E). A769662 rescued the Ang ll-induced
cardiac dysfunction, hypertrophy, and fibrosis in WT mice
(Figure S14F through S14P; Table S8). It is important
to note that the cardioprotective effects of A769662
treatment are comparable to PRL2 deficiency in Ang
[l-infused mice, and A769662 failed to further protect
hearts in Ang ll-infused mice when PRL2 was deleted
(Figure S14C through S14P; Table S8). Consistently,
either A769662 or PRL2 knockout elevated the levels
of p-AMPK, p-ACC, PPARa, PGC-1a, and mitochondrial
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Figure 8. AMPKo2 (AMP-activated protein kinase) knockout abolished the protective effects of PRL2 (phosphatase of
regenerative liver 2) deficiency against cardiac hypertrophy.
A, The adeno-associated virus 9 (AAV9)-shPRL2 or empty AAV9-Vector virus was injected into mice through the tail vein (2x10'" vg/mouse).
Four weeks later, the mice were injected with the AAV9 virus again, followed by a 4-week infusion of angiotensin Il (Ang II). B, The systolic blood
pressure was detected in mice. **P<0.001 vs Ang lI-wild-type (WT) AAV9-vector; ns, no significance. C, Serum atrial natriuretic peptide (ANP)
level was detected by the ELISA kit. D and E, Real-time quantitative polymerase chain reaction analysis of mRNA levels of Anp and Myh7 in
cardiac tissues. F and G, Values of ejection fraction (EF) and fractional shortening (FS). H, Representative M-mode echocardiographic images. I,
The ratio of heart weight to tibia length ratios (HW/TL). J, Representative whole heart images. K through M, Representative (Continued)
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score in the Ang lI-challenged mouse heart tissues (Fig-
ure S14Q and S14R). These results further validate that
AMPK activation is essential for PRL2 deficiency against
cardiac hypertrophy in mice.

DISCUSSION

In this study, we found that PRL2 expression is upregu-
lated in both human and mouse hypertrophic myocardium,
especially in cardiomyocytes. Deletion of PRL2 mitigates
cardiac dysfunction and hypertrophy in Ang II- or TAC-
treated mouse models. Mechanistically, we provide the
first evidence that PRL2 directly binds to the CTD of
AMPKa2 and dephosphorylates AMPKo2 at the T172
site through its active site C46. Through regulating AMPK
activity, PRL2 critically contributes to mitochondrial insta-
bility and FAO in Ang ll-treated cardiomyocytes, result-
ing in hypertrophy and dysfunction in hearts. AMPKa2
knockout significantly diminishes the cardioprotective
effects of PRL2 deficiency in Ang ll-challenged mice.
AMPK activation by A769662 mimics PRL2 deficiency
against cardiac hypertrophy in Ang ll-induced mice. This
study provides PLR2 as a new target protein for future
drug development treating HF. A schematic summary of
the major findings is presented in the Graphical Abstract.

Protein dephosphorylation is a fundamental regula-
tory mechanism for protein posttranslational modifica-
tion.?® PTP family consists of 107 protein members. A
previous study has found that the protein level of low
molecular weight PTP is upregulated in mouse cardiac
tissues under pressure overload, and gene deletion of
low molecular weight PTP protects hearts against dys-
function and hypertrophy3' Conversely, deficiency of
another PTP, PTP1B, shows deleterious effects on
pathological hypertrophy3? In addition, scr homology-2
domain-bearing nontransmembrane PTP deficiency
in cardiomyocytes could result in cardiomyopathy and
premature death.®®* PRLs, a novel and relatively small
subfamily in PTPs, have been reported to regulate the
proliferation and migration of tumor cells?° Although
PRL2 has been demonstrated to be involved in angio-
genesis through regulating VEGF (vascular endothelial
growth factor)-A and NOTCH-1 signaling in mouse ret-
ina,?® no robust substrates for this subfamily have been
reported to date. Through an RNA-sequencing analysis
and a loss-of-function screen of PLR subfamily mem-
bers, we identified PLR2 for the first time as an important
regulator in pathological cardiac remodeling. The in vivo
studies confirmed that PRL2 deficiency alleviated car-
diac hypertrophy and dysfunction in mice upon Ang Il or
TAC challenge.

PRL2 Dephosphorylates AMPKa2 in Heart

No explicit substrate for PRL2 phosphatase has been
identified to date.?’ In this study, we identify that AMPK
is a substrate of PRL2. Notably, PRL2-AMPK interac-
tion is independent of Ang Il induction. What Ang Il does
is induce PRL2 overexpression in cardiomyocytes, and
then the increased PRL2 protein binds to more AMPK in
heart tissues. As summarized by the previous review arti-
cle, a series of downstream targets/pathways of AMPK
have been reported to be responsible for preventing
hypertrophy in cardiomyocytes, including regulating fatty
acid synthesis, FAO, mitochondrial biogenesis, mitochon-
drial OXPHQOS, and oxidative stress.!"%* AMPK-mediated
mitochondrial abnormality reduces cardiac ATP level and
suppresses OXPHOS, which impairs systolic and dia-
stolic function and induces pathological hypertrophy in
cardiomyocyte.’®"" In addition, dysfunctional mitochon-
dria also increase intracellular reactive oxygen species
production, which subsequently harms cardiomyocytes.®
Inactivated AMPK and subsequent dysfunctions of mito-
chondria and fatty acid metabolism have been observed
in TAC-induced cardiac hypertrophy mice.®® This study
reveals PRL2 as a novel AMPK-regulating phospha-
tase in cardiomyocytes. We examined some well-known
downstream targets/pathways of AMPK activation, and
our results supported that PRL2-mediated AMPK acti-
vation prevents cardiomyocyte hypertrophy and positively
regulates these targets/pathways, including p-ACC,
PPARa, PGC-1a, ATP content, mtDNA, mitochondrial
respiratory, FAO, mitoSox, 8-OHdG, and 4-HNE levels.
Therefore, we consider that PRL2-mediated AMPK acti-
vation prevents cardiomyocyte hypertrophy through the
previously reported downstream targets/pathways.

Interestingly, it is still a little bit controversial if TAC
increases or decreases AMPK activation in hypertrophic
hearts. We summarized previous publications reporting
AMPK activity in the TAC mouse model. Generally, TAC
surgery seems to inactivate AMPK at the relatively short
time points while inducing AMPK activation at relatively
long time point.'®?%%7 |n this study, we killed and exam-
ined the mice at 4 weeks after TAC. Previous studies
agree with cardiac AMPK inactivation in response to
TAC after 4 weeks.'®?® Since the heart may be restored
a long time after TAC surgery and the recovery of the
heart needs AMPK activation-mediated energy metabo-
lism, we may hypothesize that cardiac AMPK is inac-
tivated during the pathological period after TAC (early
stage), while AMPK  activity is increased during the
restorative period after TAC (later stage). In another
word, AMPK inactivation should be pathological, and
AMPK activation may be restorative in the hearts of
mice with TAC. In addition, maintaining AMPK activation

Figure 8 Continued. images of hematoxylin and eosin (H&E) and wheat germ agglutinin (WGA) staining in heart samples, and quantitative
analysis for WGA. N, Representative electron microscopic images of heart sections. Scale bar=2.5 m for H&E; 50 ym for WGA; 2 um (top), and 1
pm (bottom) for electron microscopic images. Data are shown as meant+SEM. N=7; B, 2-way ANOVA followed by Tukey post hoc tests; C-G, I,

and M, 1-way ANOVA followed by Tukey post hoc tests; P values indicated.
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has been demonstrated as an effective strategy to pre-
serve mitochondrial homeostasis and prevent cardiac
hypertrophy, which also supports our finding. For exam-
ple, AMPK activation improves mitochondrial function
and decreases reactive oxygen species production and
apoptosis of cardiomyocytes via phosphorylating PINKT,
preventing the progression of cardiac hypertrophy.’
Small-molecule AMPK activators, including metformin,
5-aminoimidazole-4-carboxamide ribonucleoside, and
melatonin, have been reported to prevent cardiac hyper-
trophy via manipulating mitochondrial function in animal
models.%¥% Our study also confirmed the cardioprotec-
tive effects of the AMPK activator A769662.

Although some AMPK-activating compounds have
been reported and tested, none of them have been
approved for clinical use*' To date, no specifically
designed AMPK activators have been applied in clinical
trials.? It will be interesting to establish a more specific
and safe manner to regulate AMPK activity in cardiomyo-
cytes. Here, we found that PRL2 deficiency significantly
attenuated Ang ll-induced cardiac dysfunction through
dephosphorylating AMPKa2, indicating that targeting
PRL2 may be a new strategy to activate AMPK and then
treat HFE. From another perspective, designing and dis-
covering an activator of a protein is much more difficult
than the discovery of an inhibitor. It may be a more con-
venient strategy for medicinal chemists to design small-
molecule PRL2 inhibitors with high druggability than to
design small-molecule AMPK activators. Especially, we
have demonstrated that PRL2 dephosphorylates T172
of AMPKa2 at T172 via its crucial active C46 site, and
the CTD of AMPKa2 acted as a scaffold sustaining
this posttranslational modification. Therefore, designing
the small-molecule compounds, which can specifically
block the protein-protein interaction between PRL2 and
AMPKa2 CTD or specifically target the C46 residue in
PRL2, may achieve an excellent selectivity and reduce
the potential side effects. These findings provide impor-
tant guidance for the design and discovery of specific
PRL2 inhibitors treating HF.

Accumulating research has shown that the activity
of AMPK is regulated by phosphorylating modifica-
tion, and the ubiquitination of AMPK can influence and
regulate its phosphorylation.**** It has been reported
that the active site T172 of AMPK could be phosphory-
lated by upstream kinases, such as LKB1 (liver kinase
B1), TAK1 (TGF-B-activated kinase-1), and CaMKK
(calcium-activated calmodulin-dependent kinase kinase).*
AMPKa also could be ubiquitinating modification by
ubiquitin-specific ligase USP10 or MG53, thereby pro-
moting AMPKa phosphorylation by LKB1.444% T172,
S491, and S173 residues in AMPK have been reported
to be phosphorylated by upstream kinases.** Among
these 3 sites, T172 phosphorylation has been demon-
strated to contribute mainly to the AMPK activity,*647
and dephosphorylating AMPK at T172 significantly
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inhibited AMPK and promoted mitochondrial injury in
cardiomyocytes.394%42 The present study, for the first
time, illustrated the entire molecular process of PRL2-
mediated AMPKa2™"? dephosphorylating modification
in cardiomyocytes.

Structurally, the AMPK complex is composed of 1
catalytic a-subunit and 2 regulatory - and y-subunits.*®
The y-subunit binds AMP, enabling AMPK phosphoryla-
tion of T172 in a2 subunit.** Based on the heterotri-
meric complex of AMPK whose distribution depends on
the species and tissue specificity,*® the subunit-specific
selectivity of AMPK may be beneficial to targeting spe-
cific tissues. In our experimental systems, PRL2 binds
to AMPKa1 and a2 subunits, but not p1, f2, y1, and
v2 subunits. The endogenous interaction experiment
in NRPCs found that PRL2 predominantly bound to
AMPKa2 but not a1, as the total AMPK a1 protein
level in cardiomyocytes was low."” We also showed
that the compensatory upregulation of AMPKal in
AMPKa 27~ mice failed to change the whole situation
of AMPK. The AMPKa2 subunit-specific regulation
of PRL2 may afford the cardiac specificity of PRL2-
targeting therapy. These results also suggest that it will
be interesting to investigate the role of PRL2-AMPKa1
interaction in AMPKa1-containing cells (eg, hepa-
tocytes) and AMPKa1-mediated diseases (eg, non-
alcoholic fatty liver disease) in the future.

A limitation of this study may be that we did not
use the cardiomyocyte-specific PRL2 knockout mice,
while AAV9-mediated PRL2 knockdown specifically in
cardiomyocytes validated the beneficial effects of car-
diomyocyte PRL2 against cardiac hypertrophy in Ang
[I-challenged mice. In addition, we found that Ang Il chal-
lenge time-dependently increased PRL2 protein in car-
diomyocytes, whereas this phenomenon was not seen
in fibroblasts, and PRL2 did not affect the pathological
changes in Ang ll-challenged myocardial microvascular
endothelial cells. Another concerned question may be
other substrates of PRL2 in cardiomyocytes. Although
we selected AMPKa2 as the substrate of PRL2 via a
strict screening and our in vivo data show that AMPKa2
knockout in cardiomyocytes significantly diminished the
cardioprotective effects of PRL2 deficiency, it is difficult
to completely exclude the potential involvement of other
substrate proteins of PRL2.

In conclusion, we show that PRL2 directly binds to
and then dephosphorylates AMPKa?2 at the T172 site
to promote mitochondrial dysfunction and pathological
hypertrophy in cardiomyocytes. We reveal for the first
time the protective effects of PRL2 deficiency against
pathological cardiac hypertrophy in mice. These find-
ings highlight an important role of PRL2 as an AMPK-
regulating PTP in cardiac pathology, suggesting that
future pharmacological inhibition or gene therapy tar-
geting PRL2 may represent a promising therapeutic
strategy for HR.
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