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Abstract
PPM1A (magnesium-dependent phosphatase 1A, also known as PP2Ca) is a member of

the Ser/Thr protein phosphatase family. Protein phosphatases catalyze the removal of

phosphate groups from proteins via hydrolysis, thus opposing the role of protein kinases.

The PP2C family is generally considered a negative regulator in the eukaryotic stress

response pathway. PPM1A can bind and dephosphorylate various proteins and is therefore

involved in the regulation of a wide range of physiological processes. It plays a crucial role in

transcriptional regulation, cell proliferation, and apoptosis and has been suggested to be

closely related to the occurrence and development of cancers of the lung, bladder, and

breast, amongst others. Moreover, it is closely related to certain autoimmune diseases and

neurodegenerative diseases. In this review, we provide an insight into currently available

knowledge of PPM1A, including its structure, biological function, involvement in signaling

pathways, and association with diseases. Lastly, we discuss whether PPM1A could be

targeted for therapy of certain human conditions.
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Introduction

Reversible protein phosphorylation is an essential post-
transcriptional modification involved in the regulation of
numerous cellular activities. Protein phosphatases remove
phosphate groups from their substrates via dephosphory-
lation and, together with protein kinases, regulate protein
activity.1 Phosphorylation is involved in a broad range of
cellular processes both in physiology and disease.
Historically, protein kinases have received more attention
than phosphatases, but recent evidence suggests that the
latter play no lesser role in the regulation of physiological
functions than protein kinases.2

The PPM (metal-dependent protein phosphatase)
family, also known as the PP2C family, are metal-
dependent protein phosphatases which bind Mn2þ or
Mg2þ and generally exist in a monomeric state. The
PPM/PP2C family consists of many members, including
PPM1A, PPM1B, PPM1E, and PPM1D, among others.3

PPM1A has been found to participate in various vital cel-
lular processes, and its dysfunction has been shown to
contribute to the occurrence of certain diseases.1 PPM1A
is therefore now regarded as a promising target for thera-
peutic therapies. This review focuses on the structures and
biological functions of the PPM phosphatase family and
diseases associated with their dysfunction.

Structure of PPM1A

Barford et al. first reported the crystal structure of PPM1A
in 1996.4 PPM1A consists of two domains, an N-terminal
catalytic domain and a 90-residue C-terminal protein
domain. The center of its catalytic domain is a b-sandwich
containing two manganese ions surrounded by a-helical
structures. The manganese ions bind phosphate groups of
the substrate in the binuclear enzymatic center. The activity
of PPM1A depends Mn2þ or Mg2þ,5 although subsequent
studies have suggested other metal ions such as ferrous
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ions may also activate PPM1A. Conversely, cadmium ions
can inhibit PPM1A.6 However, as the concentration of
metal ions is very stable under normal physiological con-
ditions, the abovementioned ions will generally not affect
physiological functions of PPM1A and the regulation of
PPM1A activity may therefore depend on tissue- or cell-
specific expression, various post-translational modifica-
tions, subcellular localization, and degradation.3 Research
by the Debnath team found that binding of Mg2þ to the
Asp-146/Asp-239 subunit is necessary for catalysis and
limits the conformational mobility of the active site and
the specific region of the flip subdomain, indicating that
the third metal ion stabilizes the natural structure of the
enzyme.7 Similarly, Jackson et al. discovered the importance
of Arg174 for the phosphatase activity of PPM1A.8

Biological function of PPM1A

PPM1A is one of the most intensively studied members of
the PPM phosphatase family. It not only plays a vital role in
wound healing, inflammation, and neovascularization but
also regulates bone morphogenetic protein signaling1 and
plays a critical function in the formation of the placenta,
synthesis of oocytes, and differentiation of nerve cells.9–11

In short, PPM1A participates in a variety of physiological as
well as pathological processes in vivo.

Virtually all proteins undergo some form ofmodification
after synthesis, with phosphorylation representing one of
the most common post-translational modifications.
Targeted but reversible phosphorylation is crucial for phys-
iological function of many proteins12 and is achieved by the
joint activity of protein and protein phosphatases which
together regulate protein activity. PPM1A is expressed in
nearly all tissues and is localized in both the cytoplasm and
nucleus.13 Due to its wide range of substrates, it partici-
pates in the regulation many important signaling path-
ways, predominantly as a negative regulator. Below, we
have summarized some of the most important substrates
of PPM1A.

AMPK

AMP-activated protein kinase (AMPK) is an essential
serine/threonine protein kinase which is considered a key
coordinator of metabolism and energy. AMPK regulates
short-term effects of the energy metabolism and can
modify gene transcription and is characterized by its ability
to bind to AMP, enabling its adjustment of enzymatic activ-
ity by sensing the cellular energy status and maintaining a
balance between ATP production and consumption in
eukaryotic cells. ATP depletion associated with a variety
of stress responses, such as hypoxia, heat shock, metabolic
poisoning, has been shown to activate AMPK.14,15

Davies et al. first reported that PPM1A could dephos-
phorylate AMPK and thereby inactivate the AMPK path-
way.16 In subsequent studies, PPM1A siRNAwas shown to
increase AMPKa phosphorylation levels in HeLa cells,
indicating that PPM1A is involved in the dephosphoryla-
tion of AMPKa1 and a2. Moreover, PPM1A has been shown
to inhibit HEK-293 cell proliferation.17

MAPK (JNK/p38)

PPM1A is involved in the regulation of mitogen-activated
protein kinase (MAPK) signaling which represents a cen-
tral signaling module of the cell, composed of three layers
of sequentially activated protein kinases: MAPKKKs,
MAPKKs, and MAPKs.3

Moreover, studies have shown that PPM1A can inhibit
stress-induced activation of the p38 and the JNK/MAPK
kinase cascade. Similarly, the JNK and p38 upstream kin-
ases MKK4 and MKK7, and MKK3b and MKK6b, respec-
tively, can be dephosphorylated by PPM1A.18 PPM1A
participates in the regulation of the transforming growth
factor signal transduction pathway through by dephos-
phorylation of p38, which is a marker of inflammation
and angiogenesis19 (Figure 1(a)). It has also been shown
to control macrophage via JNK activation, and knockout
of PPM1A promotes the selective apoptosis of macro-
phages infected by Mycobacterium tuberculosis.20 Takekawa
et al. found that PPM1A can also interact with p38 direct-
ly,21 but this direct interaction is only detected under stress
conditions. There is currently no evidence that PPM1A
causes ERK pathway activation, suggesting that PPM1A
inhibits only selected signaling pathways.22

CDK

Cell growth and cell cycle progression are controlled by the
sequential activation and inactivation of cyclin-dependent
kinases (CDK).23 PPM1A participates in regulation of the
cell cycle by binding and dephosphorylating CDKs. Cheng
et al. showed that more than 99% of the phosphatase activ-
ity acting on Cdk2 is associated with PP2C-like phospha-
tases in HeLa cells. The authors also pointed out an
evolutionary conservation of type 2C protein phosphatases
in the control of cell cycle progression. They further
described this interaction in a subsequent report, showing
that ptc2 and ptc3 (members of the PP2C family in yeast)
can dephosphorylate and inactivate the kinase cdc28p
responsible for yeast budding and reproduction both
in vivo or in vitro, and PPM1A has been shown to dephos-
phorylate both CDK2 and CDK6. These studies demon-
strated that PPM1A plays an important role in the
regulation of cell cycle progression and cell growth.24,25

CDK9 is the catalytic subunit of the general RNA poly-
merase II elongation factor called positive transcription
elongation factor B (P-TEFb). PPM1A dephosphorylates
the T-loop in vitro in both the core and 7SK snRNP
P-TEFb complexes, and deletion of PPM1A in HeLa cells
results in an increase in the total levels of CDK9 t-loop
phosphorylation. Therefore, PPM1A dephosphorylates
the T-loop of CDK9 and acts as a negative regulator of
P-TEFb function.26 In addition, in primary resting CD4þT
cells, deletion of PPM1A increased the phosphorylation of
the CDK9 t-loop, which also led to the increase of HIV-1
gene expression in these cells. Interestingly, although
PPM1A can inhibit CDK9, it does not inhibit CDK8-
mediated activation of -1LTR.27
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p53/MDM2

p53 plays a vital role in cell growth and the maintenance of
genetic stability and prevents the growth of nutrient blood
vessels in tumors.28 Ofek et al. found that overexpression of
PPM1A in 293T cells results in a failure of proliferate and
clone formation. The authors show that overexpression of
PPM1A results in a p53-dependent growth arrest in the
G2/M phase and cellular apoptosis. Moreover, in HCT116
cells, PPM1A has been shown to increase the transcription-
al activity of p53.29 Using a cell line stably expressing
human papillomavirus E6 protein, which induces p53 ubiq-
uitination and degradation, it was also shown that the inhi-
bition of clone formation caused by PPM1A overexpression
is mediated via p53.3 These studies therefore provide firm
evidence that PPM1A is an important regulator of the p53
signaling pathway.

TGF-b/Smad

Transforming growth factor-b (TGF-b) is an effective regu-
lator of cellular growth, differentiation, and migration. In
the early stages of tumorigenesis, TGF-b can directly act on
cancer cells to inhibit tumor growth, but once mutations or
epigenetic modifications are introduced during cancer
development, the tumor suppressive function of the
TGF-b signaling pathway is lost, and instead, it promotes
tumorigenic processes such as cell proliferation,

immunosuppression, angiogenesis, self-renewal of cancer
stem cells, and epithelial-mesenchymal transformation.30

Lin et al. showed that Smad2/3 dephosphorylation is medi-
ated by a phosphatase insensitive to okadaic acid. Among
39 okadaic acid-insensitive phosphatases screened by the
authors, they found that only PPM1A was able dephos-
phorylate Smad2 and Smad3. These experiments suggested
that phosphorylated Smad2 is a direct substrate of Mg2þ-
dependent PPM1A. Dephosphorylation of the SXS motif of
Smad via PPM1A terminates TGF-b signaling. Thus,
PPM1A is proposed to Smad2/3 activity.31 In the pathogen-
esis of endometriosis, TRIM59 (tripartite motif-
containing 59) has been shown to inhibit PPM1A via
ubiquitination and subsequent inactivation of the TGF-
b/Smad signaling pathway, promoting the invasion of
endometrial stromal cells32 (Figure 1(b)). Based on the
above results, it can be inferred that inhibition of the
TGF-b signaling pathway may be related to the anti-
tumoral and growth-limiting effects of PPM1A.

Wnt/Axin

Wnt genes are differentially regulated during development
and encode secreted glycoproteins involved in cell signal-
ing, cell fate determination, and oncogenesis.33 PPM1A can
dephosphorylate Axin, shorten its half-life, release Axin-
mediated inhibition of LEF-1-dependent transcription,
and activate the Wnt pathway. The Wnt signaling pathway

Figure 1. Smad, as the substrate of PPM1A, regulates some diseases or physiological functions. (a) Model representing the role of PPM1A in the TGF-b signaling.

PPM1A specifically dephosphorylates activated p38, making it easy to further phosphorylate in the presence of activation signal. However, p38 was over activated in

the absence of PPM1A, resulting in enhanced transcription of TGF-related genes. TGF-b increased levels of activated TGF-b the receptor, in turn, activates its

downstream Smad2/3, resulting in TGF-b. The lack of PPM1A in the adjusted cornea led to aberrant wound healing, inflammation, and neovascularization. (b) Model of

Trim59 increases the invasion of endometrial stromal cells by ubiquitination of PPM1A. TRIM59 inhibits PPM1A through ubiquitination and activates TGF-b/Smad

signaling to activate MMP (matrix metalloproteinase) and further promote the invasion of ectopic endometrial stromal cells in endometriosis. (c) Model for PPM1A

involvement in renal fibrosis. PPM1A expression (orange) is readily evident in differentiated renal tubules. Kidney injury is accompanied by a progressive reduction

(orange) of PPM1A in the tubular and interstitial regions, with increases in tissue TGF-b1 levels (yellow). Prolonged silencing of PPM1A promotes the secretion of PAI-1,

CTGF, and extracellular matrix (ECM) and promotes the proliferation of fibroblasts through Smad3-dependent mechanism. (A color version of this figure is available in

the online journal.)
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ions may also activate PPM1A. Conversely, cadmium ions
can inhibit PPM1A.6 However, as the concentration of
metal ions is very stable under normal physiological con-
ditions, the abovementioned ions will generally not affect
physiological functions of PPM1A and the regulation of
PPM1A activity may therefore depend on tissue- or cell-
specific expression, various post-translational modifica-
tions, subcellular localization, and degradation.3 Research
by the Debnath team found that binding of Mg2þ to the
Asp-146/Asp-239 subunit is necessary for catalysis and
limits the conformational mobility of the active site and
the specific region of the flip subdomain, indicating that
the third metal ion stabilizes the natural structure of the
enzyme.7 Similarly, Jackson et al. discovered the importance
of Arg174 for the phosphatase activity of PPM1A.8

Biological function of PPM1A

PPM1A is one of the most intensively studied members of
the PPM phosphatase family. It not only plays a vital role in
wound healing, inflammation, and neovascularization but
also regulates bone morphogenetic protein signaling1 and
plays a critical function in the formation of the placenta,
synthesis of oocytes, and differentiation of nerve cells.9–11

In short, PPM1A participates in a variety of physiological as
well as pathological processes in vivo.

Virtually all proteins undergo some form ofmodification
after synthesis, with phosphorylation representing one of
the most common post-translational modifications.
Targeted but reversible phosphorylation is crucial for phys-
iological function of many proteins12 and is achieved by the
joint activity of protein and protein phosphatases which
together regulate protein activity. PPM1A is expressed in
nearly all tissues and is localized in both the cytoplasm and
nucleus.13 Due to its wide range of substrates, it partici-
pates in the regulation many important signaling path-
ways, predominantly as a negative regulator. Below, we
have summarized some of the most important substrates
of PPM1A.

AMPK

AMP-activated protein kinase (AMPK) is an essential
serine/threonine protein kinase which is considered a key
coordinator of metabolism and energy. AMPK regulates
short-term effects of the energy metabolism and can
modify gene transcription and is characterized by its ability
to bind to AMP, enabling its adjustment of enzymatic activ-
ity by sensing the cellular energy status and maintaining a
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results in an increase in the total levels of CDK9 t-loop
phosphorylation. Therefore, PPM1A dephosphorylates
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TGF-b signaling pathway is lost, and instead, it promotes
tumorigenic processes such as cell proliferation,

immunosuppression, angiogenesis, self-renewal of cancer
stem cells, and epithelial-mesenchymal transformation.30

Lin et al. showed that Smad2/3 dephosphorylation is medi-
ated by a phosphatase insensitive to okadaic acid. Among
39 okadaic acid-insensitive phosphatases screened by the
authors, they found that only PPM1A was able dephos-
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that phosphorylated Smad2 is a direct substrate of Mg2þ-
dependent PPM1A. Dephosphorylation of the SXS motif of
Smad via PPM1A terminates TGF-b signaling. Thus,
PPM1A is proposed to Smad2/3 activity.31 In the pathogen-
esis of endometriosis, TRIM59 (tripartite motif-
containing 59) has been shown to inhibit PPM1A via
ubiquitination and subsequent inactivation of the TGF-
b/Smad signaling pathway, promoting the invasion of
endometrial stromal cells32 (Figure 1(b)). Based on the
above results, it can be inferred that inhibition of the
TGF-b signaling pathway may be related to the anti-
tumoral and growth-limiting effects of PPM1A.
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ing, cell fate determination, and oncogenesis.33 PPM1A can
dephosphorylate Axin, shorten its half-life, release Axin-
mediated inhibition of LEF-1-dependent transcription,
and activate the Wnt pathway. The Wnt signaling pathway

Figure 1. Smad, as the substrate of PPM1A, regulates some diseases or physiological functions. (a) Model representing the role of PPM1A in the TGF-b signaling.

PPM1A specifically dephosphorylates activated p38, making it easy to further phosphorylate in the presence of activation signal. However, p38 was over activated in

the absence of PPM1A, resulting in enhanced transcription of TGF-related genes. TGF-b increased levels of activated TGF-b the receptor, in turn, activates its

downstream Smad2/3, resulting in TGF-b. The lack of PPM1A in the adjusted cornea led to aberrant wound healing, inflammation, and neovascularization. (b) Model of

Trim59 increases the invasion of endometrial stromal cells by ubiquitination of PPM1A. TRIM59 inhibits PPM1A through ubiquitination and activates TGF-b/Smad

signaling to activate MMP (matrix metalloproteinase) and further promote the invasion of ectopic endometrial stromal cells in endometriosis. (c) Model for PPM1A

involvement in renal fibrosis. PPM1A expression (orange) is readily evident in differentiated renal tubules. Kidney injury is accompanied by a progressive reduction

(orange) of PPM1A in the tubular and interstitial regions, with increases in tissue TGF-b1 levels (yellow). Prolonged silencing of PPM1A promotes the secretion of PAI-1,

CTGF, and extracellular matrix (ECM) and promotes the proliferation of fibroblasts through Smad3-dependent mechanism. (A color version of this figure is available in

the online journal.)
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and LEF-1-dependent transcription promote tumor prolif-
eration and malignant transformation. Strovel et al.
have shown that by directly dephosphorylating Axin
and thereby decreasing its half-life, PPM1A alleviates the
Axin-mediated repression of LEF-1-dependent transcrip-
tion.34 Taken together, PPM1A can therefore both inhibit
and promote cell growth, depending on involved
pathways.

NF-jB

NF-jB signaling contributes to several human diseases,
notably inflammatory diseases and cancer. Lu and
Yarbrough found that PPM1A inhibits both basal and
TNFa- or IL-1b-stimulated transcriptional activity of
endogenous NF-jB. The efficient inhibition NF-kB activity
in IKKa/b double knockout MEFs suggests that IKKs are
not the dominant mechanism of RelA inhibition by PPM1A.
The authors of the above experiments concluded that
PPM1A inhibits the NF-jB pathway in at least two distinct
ways: (1) inhibition of upstream IKKs and (2) direct
dephosphorylation of Re1A.35 In addition, studies have
also shown that knockout of PPM1A and PPM1B in HeLa
cells resulted in higher TNFa-induced NF-jB activation.36

Moreover, PPM1A acts as a phosphatase to IKKb, the cata-
lytic subunit required for activation of NF-jB in response to
TNFa, dephosphorylating both Ser177 and Ser181 and
thereby negatively regulating the NF-jB signaling path-
way. The abovementioned pathways may be an important
regulatory mechanism involved in the maintenance of the
delicate balance of the inflammatory response mediated
by TNFa.36

The role of PPM1A in human diseases

Nephropathy

Over the last decade, PPM1A has been extensively
researched in the context of several human diseases, and
it is suggested that it may also represent a potential thera-
peutic target. For example, in unilateral ureteral obstruc-
tion (UUO) and aristolochic acid nephropathy (AAN)
kidney injury models, the loss of PPM1A expression has
been shown to initiate the production of fibrotic factors
PAI-1 (plasminogen activator inhibitor-1), CTGF (connec-
tive tissue growth factor), and fibronectin.37 PPM1A
expression inhibited TGF-b1-induced SMAD3 phosphory-
lation and subsequently induced expression of fibrosis
genes in renal epithelial cells and fibroblasts.38 The long-
term loss of PPM1A in kidney cells promotes the formation
of a fibrotic phenotype. As PPM1A appears to act as an
inhibitor of the SMAD3 pathway in renal fibrosis,
decreased PPM1A expression in kidney injury promotes
maladaptive repair, highlighted by epithelial growth
arrest, dedifferentiation, fibrotic factor secretion, and fibro-
blast proliferation38 (Figure 1(c)). Similarly, some studies
have found that PPM1A may be an antifibrotic molecule
in the liver.39 In addition, the PPM1A/vitamin D receptor
(VDR) complex has been shown to be recruited to phospho-
Smad3 (pSmad3) in the presence of both TGF-b1 and OC,
an analog of active vitamin D, which could promote the

dephosphorylation of pSmad3 and attenuate the pSmad3-
dependent production of TGF-b1. Taken together, these
studies suggest that PPM1A may represent an anti-
fibrotic target in the context of kidney injuries.

Diabetes/obesity

Recent studies have shown that show that PPM1A levels
are increased significantly in keratocytes of diabetic rats,40

and PPM family members have been shown to dephos-
phorylate the key molecule PPARc.41 ERK/Cdk5 have pre-
viously been shown to phosphorylate PPARc on Ser273
residues, leading to a disruption of its expression42 and
the promotion of diabetes.43 Khim et al. showed that
PPM1A is a PPARc protein phosphatase which can directly
dephosphorylate PSer273 (Ser273 on PPARc) and rescue
the expression anti-diabetic genes. There is evidence that
PPARc phosphorylation at Ser273 is mediated by ERK and
PPM1A affects PPARc.44 However, so far, the exact relation-
ship between CDK5 and PPM1A in diabetes remains unex-
plored, but investigating the role of phosphorylation and
PPM1A may help to further elucidate potential targets for
the treatment of obesity-related metabolic disorders.

Infectious diseases

The relationship between PPM1A and infectious diseases
has been thoroughly studied. Stimulator of interferon genes
(STING, also known as MITA and ERIS) is a critical adaptor
protein ubiquitously expressed in mammals and located on
the endoplasmic reticulum membrane. It senses microor-
ganisms such as viruses, bacteria, and parasites. Li et al.
demonstrated that PPM1A physically interacts with and
dephosphorylates both STING and TBK1, and thus nega-
tively regulating antiviral signaling. Moreover, PPM1A reg-
ulates antiviral signaling by antagonizing TBK1-mediated
STING phosphorylation and aggregation, maintaining
innate immune homeostasis in the host cells.45 The forced
expression of PPM1A can inhibit the antiviral response to
RNA viruses in cells and transgenic zebrafish expressing
PPM1A displayed profoundly increased vulnerability to
RNA viruses. PPM1A knockout effectively enhanced
RNA perception and viral defense in 239T cells and mice
which is thought to be mediated by the loss of dephosphor-
ylation of mitochondrial antiviral signaling protein (MAVS)
and TBK1 by PPM1A.46 Sun et al. found that the upregula-
tion of PPM1A impaired the antibacterial response of mac-
rophages during HIV-1 and Mycobacterium tuberculosis
infection. Interestingly, HIV-1 may have evolved an
escape mechanism to inactivate the inherent antiviral
response in macrophages by infection-induced upregula-
tion of PPM1A.47 Moreover, Schaaf et al. found that
M. tuberculosis may block the apoptosis of host macro-
phages via the PPM1A signaling pathway.20 In subsequent
studies, the authors also revealed that PPM1A may be a
negative regulator of M1-type monocyte-to-macrophage
differentiation.48 PPM1A can also inhibit the expression
of HIV-1 gene in resting CD4Tþ T cells.27 Based on the
above studies, we can infer that PPM1A seems to play a
central role in the innate immune response of macrophages.
Host-directed therapies against PPM1A may be very
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beneficial, in particular for patients with HIV or M. tuber-
culosis co-infections.

Cancer

Recent studies have suggested that PPM1A may play an
important role in cancer development. As mentioned
above, PPM1A has previously been shown to dephosphor-
ylate SMAD2/3 downstream of TGF-b, thereby inhibiting
the TGF-b pathway. Based on this finding, Geng et al.
assessed PPM1A expression in 145 bladder cancer samples
and found that PPM1A was decreased in samples from
patients with muscle-invasive recurrence. Additionally,
the authors found that PPM1A inhibition via lentivirus-
mediated RNA interference significantly promoted urinary
bladder cancer cell motility and epithelial–mesenchymal
transition in vitro as well as metastasis in vivo. These effects
were dependent on TGF-b/Smad signaling. In addition,
loss of PPM1A expression in patients with bladder cancer
has been shown to be related to poor differentiation, inva-
sive muscle tumors, and poor prognosis. Therefore,
PPM1A appears to promote tumorigenesis.49 Other studies
have found that PPM1A inhibits the invasive behavior of
renal cancer cells stimulated by TGF-b1 in a Smad2/3-
dependent manner and found that PPM1A overexpression
in the tumor suppresses RCC (Renal cell carcinoma) xeno-
graft tumor growth.50

PPM1A has been shown to regulate cellular prolifera-
tion, cell invasion, and migration. However, how exactly
PPM1A regulates these activities is not yet well under-
stood.51 Abhijit et al. found that PPM1A is the most fre-
quently lost phosphatase in ER (estrogen receptor)-
negative breast cancer compared with ER-positive breast
cancer. Loss of PPM1A moreover promotes the develop-
ment of triple negative breast cancer (TNBC), suggesting
that PPM1A is a vital tumor suppressive gene in aggressive
breast cancers.

Nonstructural protein 3 (NS3) in HCV cells directly
interacts with PPM1A promoting its ubiquitination and
degradation. PPM1A inhibition via small interfering RNA
significantly promoted hepatocellular carcinoma (HCC)
cell migration, invasion, and epithelial mesenchymal tran-
sition (EMT), which were further intensified by TGF-b1
stimulation in vitro. Conversely, a rescue of PPM1A expres-
sion abrogated the NS3-mediated effects on HCCmigration
and invasion.52 TRIM52 upregulation promoted prolifera-
tion, migration, and invasion of HCC cells via PPM1A
ubiquitination,53 while knockdown of endogenous
PPM1A increased the proliferation of HepG2 human
liver carcinoma cells.54 It has been suggested that
PPM1A immunohistochemistry may enable more detailed
prognostic stratification of patients with pancreatic duct
cancer.55 Various studies have shown that PPM1A plays a
vital role in cancer suppression, and a PPM1A-activating
compound could represent a therapeutic target for certain
cancers.

Autoimmune disease

PPM1A is involved in various autoimmune diseases. Kim
et al. found that anti-PPM1A autoantibodies were higher in

sera derived from individuals with ankylosing spondylitis
(AS) than from individuals with other autoimmune
diseases. In addition, the authors also found anti-PPM1A
autoantibodies in HLA–B27-transgenic rats which sponta-
neously develop AS-like arthritis. PPM1A is highly
expressed in the synovial tissue of AS patients and pro-
motes osteoblast differentiation. These findings suggest
that PPM1A may be involved in the pathogenesis of AS.56

Further research by Kim et al. revealed that extracellular
PPM1A-induced TNF production via TLR4 and MyD88 in
macrophages and thereby may induce inflammation by
acting as a damage-associated molecular patterns
(DAMP).57

Neurodegenerative diseases

Recent research suggests that PPM1A may play a role in
neurodegenerative diseases. Degenerative brain disease is
characterized, among other factors, by an abnormal activa-
tion of AMPK. For example, Ma et al. demonstrated that
dysfunctional AMPK signaling forms the basis of AD-
related synaptic dysfunction.58 Coughlan et al. found that
AMPK pathway activation delayed disease progression of
amyotrophic lateral sclerosis (ALS) in SOD1 mice.59 Ju et al.
moreover showed that positive feedback regulation
between elevated oxidative stress and AMPK-a1 activation
contributes to the progression of Huntington’s disease
(HD).60 As mentioned above, PPM1A dephosphorylates
and inactivates the AMPK pathway.16 Dysregulated activa-
tion of AMPK may cause undesirable consequences, and
therefore PPM1A may exert neuroprotective effects.
However, the above results are predominantly based on
laboratory studies and it is not yet known whether it is
possible to activate or inhibit the AMPK pathway via
PPM1A in a targeted manner. Nonetheless, this represents
an interesting treatment strategy for neurodegenerative
diseases.

Huntingtin (HTT) phosphorylation on serine-421 (S421)
plays a neuroprotective role by suppressing mutated hun-
tingtin protein (mHTT)-induced neurotoxicity in HD.61,62

Marion et al. discovered that PPM1A interacts with HTT.
Using of cadmium chloride which selectively inhibits the
PPM family the authors demonstrated that inhibition of the
PPM/PP2C family prevented its striatal dopamine D2
receptor (D2R)-mediated biological role in HTT dephos-
phorylation.63 However, the physiological role of PPM1A
in D2R-mediated phosphorylation of HTT is still unclear.

While the exact mechanisms of Parkinson’s disease are
unclear, research has previously focused on the following
four aspects: (1) abnormal regulation of a-synuclein,
(2) mitochondrial dysfunction, (3) oxidative stress, and
(4) neuroinflammation.64–66 Schwarz et al. found that
PPM1A is involved in fatty acid-induced apoptosis of
nerve cells,67 and PPM1A can also negatively regulate the
DLK-1 pathway which is critical during development and
synapse regeneration of mechanosensory neurons. The
above results illustrate the importance of PPM/PP2C phos-
phatase in neuronal development.68 Damage to specific
subnuclei of the pars compacta of the substantia nigra,
with severe obliteration of their neuromelanin neurons, is
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and LEF-1-dependent transcription promote tumor prolif-
eration and malignant transformation. Strovel et al.
have shown that by directly dephosphorylating Axin
and thereby decreasing its half-life, PPM1A alleviates the
Axin-mediated repression of LEF-1-dependent transcrip-
tion.34 Taken together, PPM1A can therefore both inhibit
and promote cell growth, depending on involved
pathways.

NF-jB

NF-jB signaling contributes to several human diseases,
notably inflammatory diseases and cancer. Lu and
Yarbrough found that PPM1A inhibits both basal and
TNFa- or IL-1b-stimulated transcriptional activity of
endogenous NF-jB. The efficient inhibition NF-kB activity
in IKKa/b double knockout MEFs suggests that IKKs are
not the dominant mechanism of RelA inhibition by PPM1A.
The authors of the above experiments concluded that
PPM1A inhibits the NF-jB pathway in at least two distinct
ways: (1) inhibition of upstream IKKs and (2) direct
dephosphorylation of Re1A.35 In addition, studies have
also shown that knockout of PPM1A and PPM1B in HeLa
cells resulted in higher TNFa-induced NF-jB activation.36

Moreover, PPM1A acts as a phosphatase to IKKb, the cata-
lytic subunit required for activation of NF-jB in response to
TNFa, dephosphorylating both Ser177 and Ser181 and
thereby negatively regulating the NF-jB signaling path-
way. The abovementioned pathways may be an important
regulatory mechanism involved in the maintenance of the
delicate balance of the inflammatory response mediated
by TNFa.36

The role of PPM1A in human diseases

Nephropathy

Over the last decade, PPM1A has been extensively
researched in the context of several human diseases, and
it is suggested that it may also represent a potential thera-
peutic target. For example, in unilateral ureteral obstruc-
tion (UUO) and aristolochic acid nephropathy (AAN)
kidney injury models, the loss of PPM1A expression has
been shown to initiate the production of fibrotic factors
PAI-1 (plasminogen activator inhibitor-1), CTGF (connec-
tive tissue growth factor), and fibronectin.37 PPM1A
expression inhibited TGF-b1-induced SMAD3 phosphory-
lation and subsequently induced expression of fibrosis
genes in renal epithelial cells and fibroblasts.38 The long-
term loss of PPM1A in kidney cells promotes the formation
of a fibrotic phenotype. As PPM1A appears to act as an
inhibitor of the SMAD3 pathway in renal fibrosis,
decreased PPM1A expression in kidney injury promotes
maladaptive repair, highlighted by epithelial growth
arrest, dedifferentiation, fibrotic factor secretion, and fibro-
blast proliferation38 (Figure 1(c)). Similarly, some studies
have found that PPM1A may be an antifibrotic molecule
in the liver.39 In addition, the PPM1A/vitamin D receptor
(VDR) complex has been shown to be recruited to phospho-
Smad3 (pSmad3) in the presence of both TGF-b1 and OC,
an analog of active vitamin D, which could promote the

dephosphorylation of pSmad3 and attenuate the pSmad3-
dependent production of TGF-b1. Taken together, these
studies suggest that PPM1A may represent an anti-
fibrotic target in the context of kidney injuries.

Diabetes/obesity

Recent studies have shown that show that PPM1A levels
are increased significantly in keratocytes of diabetic rats,40

and PPM family members have been shown to dephos-
phorylate the key molecule PPARc.41 ERK/Cdk5 have pre-
viously been shown to phosphorylate PPARc on Ser273
residues, leading to a disruption of its expression42 and
the promotion of diabetes.43 Khim et al. showed that
PPM1A is a PPARc protein phosphatase which can directly
dephosphorylate PSer273 (Ser273 on PPARc) and rescue
the expression anti-diabetic genes. There is evidence that
PPARc phosphorylation at Ser273 is mediated by ERK and
PPM1A affects PPARc.44 However, so far, the exact relation-
ship between CDK5 and PPM1A in diabetes remains unex-
plored, but investigating the role of phosphorylation and
PPM1A may help to further elucidate potential targets for
the treatment of obesity-related metabolic disorders.

Infectious diseases

The relationship between PPM1A and infectious diseases
has been thoroughly studied. Stimulator of interferon genes
(STING, also known as MITA and ERIS) is a critical adaptor
protein ubiquitously expressed in mammals and located on
the endoplasmic reticulum membrane. It senses microor-
ganisms such as viruses, bacteria, and parasites. Li et al.
demonstrated that PPM1A physically interacts with and
dephosphorylates both STING and TBK1, and thus nega-
tively regulating antiviral signaling. Moreover, PPM1A reg-
ulates antiviral signaling by antagonizing TBK1-mediated
STING phosphorylation and aggregation, maintaining
innate immune homeostasis in the host cells.45 The forced
expression of PPM1A can inhibit the antiviral response to
RNA viruses in cells and transgenic zebrafish expressing
PPM1A displayed profoundly increased vulnerability to
RNA viruses. PPM1A knockout effectively enhanced
RNA perception and viral defense in 239T cells and mice
which is thought to be mediated by the loss of dephosphor-
ylation of mitochondrial antiviral signaling protein (MAVS)
and TBK1 by PPM1A.46 Sun et al. found that the upregula-
tion of PPM1A impaired the antibacterial response of mac-
rophages during HIV-1 and Mycobacterium tuberculosis
infection. Interestingly, HIV-1 may have evolved an
escape mechanism to inactivate the inherent antiviral
response in macrophages by infection-induced upregula-
tion of PPM1A.47 Moreover, Schaaf et al. found that
M. tuberculosis may block the apoptosis of host macro-
phages via the PPM1A signaling pathway.20 In subsequent
studies, the authors also revealed that PPM1A may be a
negative regulator of M1-type monocyte-to-macrophage
differentiation.48 PPM1A can also inhibit the expression
of HIV-1 gene in resting CD4Tþ T cells.27 Based on the
above studies, we can infer that PPM1A seems to play a
central role in the innate immune response of macrophages.
Host-directed therapies against PPM1A may be very
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beneficial, in particular for patients with HIV or M. tuber-
culosis co-infections.

Cancer

Recent studies have suggested that PPM1A may play an
important role in cancer development. As mentioned
above, PPM1A has previously been shown to dephosphor-
ylate SMAD2/3 downstream of TGF-b, thereby inhibiting
the TGF-b pathway. Based on this finding, Geng et al.
assessed PPM1A expression in 145 bladder cancer samples
and found that PPM1A was decreased in samples from
patients with muscle-invasive recurrence. Additionally,
the authors found that PPM1A inhibition via lentivirus-
mediated RNA interference significantly promoted urinary
bladder cancer cell motility and epithelial–mesenchymal
transition in vitro as well as metastasis in vivo. These effects
were dependent on TGF-b/Smad signaling. In addition,
loss of PPM1A expression in patients with bladder cancer
has been shown to be related to poor differentiation, inva-
sive muscle tumors, and poor prognosis. Therefore,
PPM1A appears to promote tumorigenesis.49 Other studies
have found that PPM1A inhibits the invasive behavior of
renal cancer cells stimulated by TGF-b1 in a Smad2/3-
dependent manner and found that PPM1A overexpression
in the tumor suppresses RCC (Renal cell carcinoma) xeno-
graft tumor growth.50

PPM1A has been shown to regulate cellular prolifera-
tion, cell invasion, and migration. However, how exactly
PPM1A regulates these activities is not yet well under-
stood.51 Abhijit et al. found that PPM1A is the most fre-
quently lost phosphatase in ER (estrogen receptor)-
negative breast cancer compared with ER-positive breast
cancer. Loss of PPM1A moreover promotes the develop-
ment of triple negative breast cancer (TNBC), suggesting
that PPM1A is a vital tumor suppressive gene in aggressive
breast cancers.

Nonstructural protein 3 (NS3) in HCV cells directly
interacts with PPM1A promoting its ubiquitination and
degradation. PPM1A inhibition via small interfering RNA
significantly promoted hepatocellular carcinoma (HCC)
cell migration, invasion, and epithelial mesenchymal tran-
sition (EMT), which were further intensified by TGF-b1
stimulation in vitro. Conversely, a rescue of PPM1A expres-
sion abrogated the NS3-mediated effects on HCCmigration
and invasion.52 TRIM52 upregulation promoted prolifera-
tion, migration, and invasion of HCC cells via PPM1A
ubiquitination,53 while knockdown of endogenous
PPM1A increased the proliferation of HepG2 human
liver carcinoma cells.54 It has been suggested that
PPM1A immunohistochemistry may enable more detailed
prognostic stratification of patients with pancreatic duct
cancer.55 Various studies have shown that PPM1A plays a
vital role in cancer suppression, and a PPM1A-activating
compound could represent a therapeutic target for certain
cancers.

Autoimmune disease

PPM1A is involved in various autoimmune diseases. Kim
et al. found that anti-PPM1A autoantibodies were higher in

sera derived from individuals with ankylosing spondylitis
(AS) than from individuals with other autoimmune
diseases. In addition, the authors also found anti-PPM1A
autoantibodies in HLA–B27-transgenic rats which sponta-
neously develop AS-like arthritis. PPM1A is highly
expressed in the synovial tissue of AS patients and pro-
motes osteoblast differentiation. These findings suggest
that PPM1A may be involved in the pathogenesis of AS.56

Further research by Kim et al. revealed that extracellular
PPM1A-induced TNF production via TLR4 and MyD88 in
macrophages and thereby may induce inflammation by
acting as a damage-associated molecular patterns
(DAMP).57

Neurodegenerative diseases

Recent research suggests that PPM1A may play a role in
neurodegenerative diseases. Degenerative brain disease is
characterized, among other factors, by an abnormal activa-
tion of AMPK. For example, Ma et al. demonstrated that
dysfunctional AMPK signaling forms the basis of AD-
related synaptic dysfunction.58 Coughlan et al. found that
AMPK pathway activation delayed disease progression of
amyotrophic lateral sclerosis (ALS) in SOD1 mice.59 Ju et al.
moreover showed that positive feedback regulation
between elevated oxidative stress and AMPK-a1 activation
contributes to the progression of Huntington’s disease
(HD).60 As mentioned above, PPM1A dephosphorylates
and inactivates the AMPK pathway.16 Dysregulated activa-
tion of AMPK may cause undesirable consequences, and
therefore PPM1A may exert neuroprotective effects.
However, the above results are predominantly based on
laboratory studies and it is not yet known whether it is
possible to activate or inhibit the AMPK pathway via
PPM1A in a targeted manner. Nonetheless, this represents
an interesting treatment strategy for neurodegenerative
diseases.

Huntingtin (HTT) phosphorylation on serine-421 (S421)
plays a neuroprotective role by suppressing mutated hun-
tingtin protein (mHTT)-induced neurotoxicity in HD.61,62

Marion et al. discovered that PPM1A interacts with HTT.
Using of cadmium chloride which selectively inhibits the
PPM family the authors demonstrated that inhibition of the
PPM/PP2C family prevented its striatal dopamine D2
receptor (D2R)-mediated biological role in HTT dephos-
phorylation.63 However, the physiological role of PPM1A
in D2R-mediated phosphorylation of HTT is still unclear.

While the exact mechanisms of Parkinson’s disease are
unclear, research has previously focused on the following
four aspects: (1) abnormal regulation of a-synuclein,
(2) mitochondrial dysfunction, (3) oxidative stress, and
(4) neuroinflammation.64–66 Schwarz et al. found that
PPM1A is involved in fatty acid-induced apoptosis of
nerve cells,67 and PPM1A can also negatively regulate the
DLK-1 pathway which is critical during development and
synapse regeneration of mechanosensory neurons. The
above results illustrate the importance of PPM/PP2C phos-
phatase in neuronal development.68 Damage to specific
subnuclei of the pars compacta of the substantia nigra,
with severe obliteration of their neuromelanin neurons, is
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frequently considered the most important hallmark of PD.
In a PD model, in addition to the most well-known sub-
stantia nigra, severe neuronal loss was also observed in the
ventral tegmental area, locus coeruleus, and raphe nucle-
us.69–71 We speculate that PPM1A may affect neuronal apo-
ptosis in PD patients, but further research is required to
elucidate the specific mechanisms and how to target them
therapeutically.

Targeting PPM1A for treatment of human diseases

It is reported that a third of human intracellular proteins are
regulated by phosphorylation, and abnormal phosphoryla-
tion may be both the cause and consequence of a variety of
human diseases.72 PPM1A is a member of the Ser/Thr
phosphatase family which exhibits half-maximal activation
at physiological levels of Mg2þ. Unfortunately, most inhib-
itors screened in a recent study did not inhibit PPM family
phosphatases.73 Interesting, in silico screening revealed a
small molecule activator nplc0393 of PP2C which could
prevent liver fibrosis by negatively regulating the trans-
forming growth factor signaling pathway and cell cycle.74

Moreover, Rogers et al. applied an in silico ligand screening
of compounds in NCI database to identify micromolar
inhibitors of the PPM family which revealed that a carbox-
ynaphthyl moiety had a significant inhibitory effect
on PP2C.75

While the concentration of Mg2þ appears to be crucial
for the activity of PPM1A, we must consider that Mg2þ is
essential ion in vivo and it is not possible to directly interfere
with the concentration of metal ions in vivo to affect
PPM1A.

In the current studies, researchers used sanguinarine as
a specific inhibitor of PPM1A to investigate the relationship
between infections and PPM1A. PPM1A has been shown to
inhibit macrophage apoptosis during M. tuberculosis infec-
tion via the JNK/AP-1 signaling pathway, which could
be inhibited by sanguinarine.20 A molecular complex
composed of PPM1A and PPM1B has been shown
to dephosphorylate SIRT2-S25 and was necessary for
L. monocytogenes infection, while levels of phosphorylation
were markedly reduced following sanguinarine treatment
in L. monocytogenes infection.76 While sanguinarine may be

Figure 2. A partial overview of the substrates and signaling pathways of PPM1A. Red P represents phosphorylation (or potential phosphorylation sites) of proteins.

PPM1A may regulate these signaling pathways via dephosphorylation of corresponding substrates. (A color version of this figure is available in the online journal.)

Table 1. Introduction of the correlation between PPM1A and various diseases and the substrates involved.

Associated diseases Substrates of PPM1A

Correlation between

PPM1A and disease

Nephropathy Fibrotic kidney38 TGF-b1/Smad2/3 #
Diabetes/obesity Diabetes44 PSer273 #

Infection with vesicular stomatitis virus46 TBK1/IKKe MAV "
Infectious diseases Mycobacterium tuberculosis20 JNK "

HIV infection27 CDK9 "
Bladder cancer49 TGF-b1/Smad2/3 #
Renal cell carcinoma50 TGF-b1/Smad2/3 #

Cancer Triple negative breast cancer51 CDK #
Hepatocellular carcinoma52–54 PXR Smad2/3 #
Pancreatic duct cancer55 – #

Autoimmune disease Ankylosing spondylitis56 – "
Neurodegenerative diseases Alzheimer’s disease58 – –

Amyotrophic lateral sclerosis59 – –

Huntington’s disease63 HTT Ser-421 "
Parkinson’s disease64–68 – –

Note: In Table 1, the references corresponding to related diseases have been explained. In the column of correlation, “"” represents positive correlation, “#”
represents negative correlation, and “�” represents unknown or unclear.
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a key molecule for inhibition of PPM1A in response to infec-
tious diseases, it is not clear how it influences PPM1A
expression in vivo. Moreover, sanguinarine does not specifi-
cally inhibit PPM1A and has been shown to influence other
pathways, such as the MAPK/p38 pathway.77 Due to the
complex nature and extensive interconnection of physiolog-
ical pathways, further research is required to identify spe-
cific inhibitors or activators of PPM1A.

Conclusions

Protein kinases and phosphatase jointly regulate phosphor-
ylation, the most well-studied post-translational modifica-
tion. The reversible process of phosphorylation is tightly
balanced and ensures intact signaling functions. PPM1A
is an important member of the metal ion-dependent PPM
protein phosphatase family which is emerging as an impor-
tant regulator of a plethora of physiological functions and
signaling pathways (Figure 2). In this role, it may also repre-
sent a therapeutic target (Table 1). However, current studies
investigating the role of PPM1A are largely limited to animal
or in vitro models, and the regulation of PPM1A expression,
exact cellular localization, and phosphatase activity in
humans is not yet fully explored, requiring further research.

Looking forward, in-depth investigation of PPM1A may
not only promote our understanding of phosphatases but
may also provide future targets for diseases.
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frequently considered the most important hallmark of PD.
In a PD model, in addition to the most well-known sub-
stantia nigra, severe neuronal loss was also observed in the
ventral tegmental area, locus coeruleus, and raphe nucle-
us.69–71 We speculate that PPM1A may affect neuronal apo-
ptosis in PD patients, but further research is required to
elucidate the specific mechanisms and how to target them
therapeutically.

Targeting PPM1A for treatment of human diseases

It is reported that a third of human intracellular proteins are
regulated by phosphorylation, and abnormal phosphoryla-
tion may be both the cause and consequence of a variety of
human diseases.72 PPM1A is a member of the Ser/Thr
phosphatase family which exhibits half-maximal activation
at physiological levels of Mg2þ. Unfortunately, most inhib-
itors screened in a recent study did not inhibit PPM family
phosphatases.73 Interesting, in silico screening revealed a
small molecule activator nplc0393 of PP2C which could
prevent liver fibrosis by negatively regulating the trans-
forming growth factor signaling pathway and cell cycle.74

Moreover, Rogers et al. applied an in silico ligand screening
of compounds in NCI database to identify micromolar
inhibitors of the PPM family which revealed that a carbox-
ynaphthyl moiety had a significant inhibitory effect
on PP2C.75

While the concentration of Mg2þ appears to be crucial
for the activity of PPM1A, we must consider that Mg2þ is
essential ion in vivo and it is not possible to directly interfere
with the concentration of metal ions in vivo to affect
PPM1A.

In the current studies, researchers used sanguinarine as
a specific inhibitor of PPM1A to investigate the relationship
between infections and PPM1A. PPM1A has been shown to
inhibit macrophage apoptosis during M. tuberculosis infec-
tion via the JNK/AP-1 signaling pathway, which could
be inhibited by sanguinarine.20 A molecular complex
composed of PPM1A and PPM1B has been shown
to dephosphorylate SIRT2-S25 and was necessary for
L. monocytogenes infection, while levels of phosphorylation
were markedly reduced following sanguinarine treatment
in L. monocytogenes infection.76 While sanguinarine may be

Figure 2. A partial overview of the substrates and signaling pathways of PPM1A. Red P represents phosphorylation (or potential phosphorylation sites) of proteins.

PPM1A may regulate these signaling pathways via dephosphorylation of corresponding substrates. (A color version of this figure is available in the online journal.)

Table 1. Introduction of the correlation between PPM1A and various diseases and the substrates involved.

Associated diseases Substrates of PPM1A

Correlation between

PPM1A and disease

Nephropathy Fibrotic kidney38 TGF-b1/Smad2/3 #
Diabetes/obesity Diabetes44 PSer273 #

Infection with vesicular stomatitis virus46 TBK1/IKKe MAV "
Infectious diseases Mycobacterium tuberculosis20 JNK "

HIV infection27 CDK9 "
Bladder cancer49 TGF-b1/Smad2/3 #
Renal cell carcinoma50 TGF-b1/Smad2/3 #

Cancer Triple negative breast cancer51 CDK #
Hepatocellular carcinoma52–54 PXR Smad2/3 #
Pancreatic duct cancer55 – #

Autoimmune disease Ankylosing spondylitis56 – "
Neurodegenerative diseases Alzheimer’s disease58 – –

Amyotrophic lateral sclerosis59 – –

Huntington’s disease63 HTT Ser-421 "
Parkinson’s disease64–68 – –

Note: In Table 1, the references corresponding to related diseases have been explained. In the column of correlation, “"” represents positive correlation, “#”
represents negative correlation, and “�” represents unknown or unclear.
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a key molecule for inhibition of PPM1A in response to infec-
tious diseases, it is not clear how it influences PPM1A
expression in vivo. Moreover, sanguinarine does not specifi-
cally inhibit PPM1A and has been shown to influence other
pathways, such as the MAPK/p38 pathway.77 Due to the
complex nature and extensive interconnection of physiolog-
ical pathways, further research is required to identify spe-
cific inhibitors or activators of PPM1A.

Conclusions

Protein kinases and phosphatase jointly regulate phosphor-
ylation, the most well-studied post-translational modifica-
tion. The reversible process of phosphorylation is tightly
balanced and ensures intact signaling functions. PPM1A
is an important member of the metal ion-dependent PPM
protein phosphatase family which is emerging as an impor-
tant regulator of a plethora of physiological functions and
signaling pathways (Figure 2). In this role, it may also repre-
sent a therapeutic target (Table 1). However, current studies
investigating the role of PPM1A are largely limited to animal
or in vitro models, and the regulation of PPM1A expression,
exact cellular localization, and phosphatase activity in
humans is not yet fully explored, requiring further research.

Looking forward, in-depth investigation of PPM1A may
not only promote our understanding of phosphatases but
may also provide future targets for diseases.
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