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Abstract

Mitogen-activated protein kinases (MAPKs) play a critical role in regulating cardiac hypertrophy 

and remodeling in response to increased workload or pathological insults. The spatiotemporal 

activities and inactivation of MAPKs are tightly controlled by a family of dual-specificity MAPK 

phosphatases (DUSPs). Over the past 2 decades, we and others have determined the critical role 

for selected DUSP family members in controlling MAPK activity in the heart and the ensuing 

effects on ventricular growth and remodeling. More specifically, studies from mice deficient for 

individual Dusp genes as well as heart-specific inducible transgene-mediated overexpression have 

implicated select DUSPs as essential signaling effectors in the heart that function by dynamically 

regulating the level, subcellular and temporal activities of the extracellular signal-regulated kinases 

(ERKs), c-Jun N-terminal kinases (JNKs) and p38 MAPKs. This review summarizes recent 

literature on the physiological and pathological roles of MAPK-specific DUSPs in regulating 

MAPK signaling in the heart and the effect on cardiac growth and remodeling.
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1. Introduction and overview

The heart can hypertrophy in response to increased workload caused by physiological or 

pathological stimulation [1-3]. Cardiac hypertrophy is an adaptive response that reduces wall 
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stress in an attempt to augment or preserve cardiac function [4]. Sustained cardiac 

hypertrophy in response to pathologic insults is maladaptive and can eventually lead to 

systolic insufficiency and heart failure characterized by increased rates of myocyte 

apoptosis, interstitial fibrosis and ventricular dilation [4]. Over the last two decades a great 

deal of progress has been made in annotating the intracellular signaling pathways that are 

associated with cardiac remodeling and hypertrophy. Neuroendocrine receptor initiated 

mitogen-activated protein kinase (MAPK) signaling has been demonstrated to play a pivotal 

role in controlling both physiological and pathological responsiveness of the heart.

The MAPKs are central signaling intermediates that coordinate diverse physiological and 

pathological events such as cancer, inflammation, diabetes, memory and cardiac remodeling 

[5]. MAPK activation is typically achieved by membrane receptors or other ill-defined 

stress-sensing effectors, which then leads to activation of a highly organized sequence of 

successively acting protein kinases that both amplify the signal and mediate phosphorylation 

of diverse cytoplasmic and nuclear regulatory proteins (Figure 1). In its broadest terms the 

MAPK signaling cascade is divided into 3 major pathways that culminate in the activation of 

either the p38 MAPKs, the c-Jun N-terminal kinases (JNK), or the extracellular signal-

regulated kinases (ERK) [6, 7]. Phosphorylation within their activation loop (TxY) of these 

three terminal MAPKs is mediated by the upstream dual-specificity MAPK kinases 

(MAPKKs, also named MEKs or MKKs) including MEK1/2 for ERK1/2, MKK3/MKK6 for 

p38, and MKK4/MKK7 for JNK1/2 [7]. Upstream of MAPKKs, multiple MAPKKKs are 

either directly activated by environmental stress, reactive oxygen species, or by G proteins 

(Ras, Rac, Rho, and others), G protein-coupled receptors, receptor tyrosine kinases or 

receptor serine/threonine kinases [8-11] (Figure 1). Once activated, MAPKs phosphorylate 

a variety of downstream substrates to regulate events such as cell proliferation, 

differentiation, apoptosis, growth, cellular re-organization and metabolism [12]. In end-stage 

heart failure or pathological cardiac hypertrophy, almost all MAPK signaling components 

are activated where they phosphorylate diverse effectors that drive or modify the disease 

process [13, 14].

MAPKs are phosphorylated at both threonine and tyrosine residues within their activation 

loop (TxY motif), and dephosphorylation is achieved by either serine/threonine 

phosphatases such as protein phosphatase 2A (PP2A) and protein phosphatase 2C (PP2C) 

[15], tyrosine phosphatases [16, 17] or more specifically by dedicated dual-specificity 

phosphatases (DUSPs) that can dephosphorylate both residues concurrently, previously 

called MAPK phosphatases (MKPs) [18, 19]. There are 25 human DUSPs genes that are 

roughly divided into those specifically dedicated to MAPK signaling inactivation 

(approximately 11 genes) and those that regulate the dephosphorylation of diverse and often 

unknown targets, although all 25 genes are expressed in unique patterns across cell-types 

and tissues [20]. For example, DUSP2 is enriched in hematopoietic cells [21] while DUSP10 

is abundantly expressed in cerebellum, skeletal muscle and bone marrow [22]. The majority 

of the 11 MAPK-specific DUSP genes are transcriptionally induced in response to the same 

mitogen and stress stimuli that activate selected MAPKs, and thereafter translated leading to 

protein appearance within 10-30 minutes where they then inactivate the MAPKs to permit 

their recycling [23, 24] (Table 1).
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The 11 MAPK-specific DUSPs are further classified into 3 subfamilies based on domain 

structure, sequence homology and subcellular localization [25, 26]. The first subfamily is 

composed of nuclear localized DUSPs: DUSP1/MKP1, DUSP2/PAC-1, DUSP4/MKP2, and 

DUSP5/HVH3, which more or less dephosphorylate all three MAPKs within the nucleus 

(Table 1). The second and cytoplasmic-localized group includes DUSP6/MKP-3, DUSP7 

and DUSP9/MKP4, which are largely specific for ERK1/2 dephosphorylation [25]. The final 

group includes the cytoplasmic and nuclear localized DUSPs, including DUSP8 (M3/6), 

DUSP10/MKP5, DUSP14/MKP6, and DUSP16/MKP7, which are thought to have greater 

specificity for JNK and p38, although DUSP14 is also involved in inactivation of 

transforming growth factor beta-activated kinase 1 (TAK1) and DUSP8 appears to be more 

specific for ERK1/2 [27, 28]. The exact specificity of a given DUSP protein for selected 

MAPKs is often difficult to determine as it can vary between cell-types and depend on the 

type of assay empolyed. For example, DUSP8 was originally shown to be JNK-specific 

based on work in cultured cells [29] but in knock-out (KO) mice lacking Dusp8 we have 

shown a greater preference for ERK1/2 inactivation within the heart [28].

All three subfamilies of DUSPs have a common phosphatase domain as well as CDC25 

homology domains and a kinase interacting motif (KIM) within the N-terminal region [20]. 

The DUSPs also demonstrate different subcellular localizations due to divergent N or C-

terminal sequences that can contain a nuclear localization sequence [30, 31] or a nuclear 

export sequence [32]. DUSP8 and DUSP16 also contain PEST sequences (proline [P], 

glutamic acid [E], serine [S], and threonine [T] rich) within their C-terminal region that 

controls protein stability and turnover [20, 33]. An elegant study performed by Tanoue et al 

demonstrated that the interaction of MAPKs with MAPKKs or DUSPs is achieved through a 

domain within the MAPKs that contains two negatively charged aspartic acids and a cluster 

of positively charged amino acids [34]. Moreover, DUSPs are also found within signaling 

complexes of the cognate MAPKs and their selected scaffold proteins, which achieves 

efficient regulation of the MAPKs. For example, scaffold protein JNK-interacting 

protein-1(JIP-1) recruits MKK7, JNK, and DUSP16 to form a signaling complex for rapid 

proximity regulation of signaling [29, 35].

As briefly mentioned above, the DUSPs are transiently induced in response to growth 

factors or cellular stresses, although some are more constitutively expressed and have basal 

effects on MAPK activity [28, 36]. The induction and transcription of DUSPs are dependent 

on the activation of MAPKs, which creates a “self-limiting” feed-back loop. For example, 

DUSP1 was originally identified as an immediate early gene in cultured cells that is induced 

in response to mitogen stimulation [37]. Overexpression of calcineurin in neonatal rat 

cardiomyocytes led to increased level of DUSP1 through a specific regulatory site in the 

Dusp1 promoter, which then reduced p38 activity [23]. Analysis of the Dusp5 promoter 

showed two CArG boxes that bound to the transcription factor, serum response factor (SRF), 

which was part of a regulatory mechanism whereby the serum response factor interacting 

factor Elk-1 was phosphorylated by ERK1/2 to induce gene transcription [38]. DUSP6 

expression was also induced in response to elevated ERK1/2 signaling as a feedback 

regulator [39]. Further analysis of Dusp6 promoter discovered two binding sites for Ets2 

protein, a known target of ERK2 [40].
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2. MAPK signaling in cardiac remodeling and diseases

Studies in KO and transgenic (Tg) mice with altered p38, JNK or ERK activity have 

annotated the physiological or pathological function of these MAPK effectors in the heart. 

The first reported study on the functional role of ERK1/2 in the heart utilized Tg mice with 

cardiac-specific expression of an activated MEK1 mutant protein [41]. MEK1 Tg mice 

developed mild concentric hypertrophy by 2 months of age without signs of cardiomyopathy 

or lethality up to 12 months of age. These mice were also resistant to apoptotic stimulation 

and were protected after ischemia-reperfusion (I/R) injury [42]. Moreover, mice with 

cardiac-specific overexpression of DN-Raf (a dominant negative form of Raf-1) were 

resistant to pressure overload-induced cardiac hypertrophy in conjunction with reduced 

ERK1/2 activation, suggesting the prohypertrophic effects of MEK1/2-ERK1/2 signaling in 

the heart [43]. Loss-of-function approaches were also pursued to address the necessity of 

MEK1/2-ERK1/2 signaling in cardiac hypertrophy and remodeling. Cardiac-specific 

Mapk1/Mapk3 (ERK1/2) KO mice developed cardiac dilation and eccentric growth of the 

heart, suggesting that ERK1/2 regulate the dimensional growth of the heart, which was 

linked to individual cardiomyocytes growing in either width (more ERK1/2 activity) or 

length (loss of ERK1/2 activity) [44]. Consistent with these results, cardiac-specific Tg mice 

overexpressing DUSP6 in the heart, which showed specific and complete loss of all ERK1/2 

signaling, developed eccentric or dilatory growth with a loss of ventricular performance 

upon stress stimulation [45]. Based on these findings, it is clear that ERK1/2 signaling 

regulates the balance between eccentric and concentric cardiac growth by regulating how 

individual cardiomyocytes grow in either length or width [2, 44, 46].

Cardiac-specific expression of activated mutants of MKK3 and MKK6 (specific to p38 

activation) did not promote cardiac hypertrophy but instead led to profound disease with 

interstitial fibrosis, ventricular dysfunction, ventricular dilation and early death [47]. 

Consistent with these observations, dominant-negative p38α, MKK3, or MKK6 Tg mice 

each showed enhanced cardiac hypertrophy following aortic banding or infusion of different 

neuroendocrine factors for 14 days, whereas Mapk14 (p38) heart-specific null mice were 

more prone to heart failure and pathological remodeling [48, 49]. Similarly, genetic 

inhibition of JNK1/2 rendered the heart more susceptible to cardiac hypertrophy, similar to 

the phenotype of mice with cardiac-specific deletion of the genes encoding MKK4 or 

MKK7 protein [50-52]. Thus, studies in genetically modified mice generally suggest that 

greater p38 or JNK signaling in the heart promotes profound disease with ventricular 

remodeling and dilation, while inhibition of p38 or JNK appears to promote hypertrophy and 

a different type of disease phenotype.

3. DUSPs in cardiac remodeling through MAPK regulation

3.1 Nuclear localized DUSPs: DUSP1, DUSP4, and DUSP5

DUSP1 was the first identified family member, which is implicated in diverse biological 

events such as inflammation, cancer, metabolism, and diabetes [53]. DUSP1 is expressed in 

a variety of tissues with the highest levels being observed in the lung [37], and it is induced 

in the heart upon disease stimulation [54]. Both in vitro and in vivo studies have 

demonstrated that DUSP1 dephosphorylates all three MAPKs in a cell-type dependent 
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manner [55]. Treatment of cardiac myocytes with an endogenous peptide hormone 

angiotensin-(1-7) decreased the phosphorylation of ERK1/2 in association with DUSP1 

induction [56]. The first study of DUSP1 in the adult heart was from in Tg mice with 

cardiac-specific expression [57] (Table 2). High expressing Tg mice had reduced activity of 

all 3 MAPKs and severe ventricular dilation with early postnatal lethality [57]. Lower 

expressing DUSP1 Tg mice were also resistant to pressure overload induced cardiac 

hypertrophy collectively suggesting that a physiologic “mix” of all 3 MAPK signaling 

branches is necessary to support adaptive growth of the heart [57].

Dusp1−/− mice were normal and fertile and did not show overt phenotypical or histological 

abnormalities or changes in MAPK phosphorylation [58] (Table 2). However, when both 

Dusp1 and Dusp4 were deleted together, two DUSPs that appear to selectively inactivate p38 

in the heart, mice demonstrated increased baseline p38 phosphorylation and cardiomyopathy 

in response to pathological insults [59] (Table 2). This later result is likely because Dusp4 
induction can compensate for loss of Dusp1 in mediating p38 inactivation in response to 

cardiac pathological conditions [20]. Despite this argument of compensation, Dusp1−/− mice 

did show greater infarction injury compared to controls after I/R insult [60], and p38 over-

activation is generally known to promote cell death [61]. Mice deficient for Dusp1 also 

exhibited increased hypertension following endotoxin treatment or a hypoxia procedure [62, 

63]. Finally, DUSP1 was also involved in regulation of cardiac fibroblast proliferation and 

migration through p38 and ERK1/2 signaling [64]. Taken together, these data suggest that 

DUSP1 is a critical signaling effector in the heart, most likely due to its preference of p38 

inactivation.

DUSP4 was first cloned from PC-12 cells and characterized to inactivate all three MAPKs 

[65-69]. Overexpression of DUSP4 in human umbilical vein endothelial cells abolished JNK 

activity and protected cells against tumor necrosis factor α-mediated apoptosis [70]. Genetic 

ablation of Dusp4 in neurons enhanced ERK1/2 activity during neuronal differentiation [67]. 

In terms of the functional role of DUSP4 in the heart, we showed that deletion of either 

Dusp1 or Dusp4 alone had little effect but that the double deletion of these genes promoted 

greater p38 activity in the heart with no effect on JNK or ERK1/2, which produced a disease 

susceptible phenotype [59] (Table 2). The Dusp1/4 double null mice showed induction of 

cardiomyopathy with aging that was reversed by pharmacological inhibition of p38 MAPK 

with SB731445 suggesting that these 2 DUSPs function primarily through p38 [59]. In a 

parallel study, Choi et al discovered that DUSP4 mRNA was selectively upregulated in the 

hearts of a mouse model of lamin A/C cardiomyopathy (Lmna H222P/H222P mice), and 

generation and characterization of DUSP4 cardiac-specific Tg mice showed cardiomyopathy 

[71]. Such results are consistent with the disease predisposing phenotype observed in 

DUSP1 heart-specific Tg mice [57].

Considered as a regulator and anchor for nuclear ERK2, DUSP5 has yet to be extensively 

investigated for effects on the heart. However, in cultured neonatal rat ventricular myocytes 

selective inhibitors for class I histone deacetylases (HDACs) led to decreased DUSP5 

expression, and overexpression of DUSP5 promoted ERK1/2 inactivation and the reduction 

in agonist-induced hypertrophy [72]. DUSP5 was also shown to dephosphorylate ERK1/2 

Liu and Molkentin Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during cardiac fibroblast proliferation [73]. Finally, while Dusp5 KO mice are viable, the 

effect of gene deletion on cardiac growth and remodeling has yet to be investigated [74].

3.2 Cytosolic DUSPs in the heart: DUSP6, DUSP7, and DUSP9

DUSP6 is exclusively cytosolic and highly specific for ERK1/2 dephosphorylation in a 

diverse array of cell-types and tissues [75-78]. Dusp6 KO mice are viable, fertile and overtly 

normal [79]. Interestingly, loss of Dusp6 resulted in increased baseline ERK1/2 activity in 

multiple tissues without any effect on phosphorylation of JNK, p38, or ERK5 [79] (Table 2). 

However, loss of Dusp6 did not further enhance or prolong ERK1/2 signaling after 

stimulation, suggesting that DUSP6 is more dedicated to baseline ERK1/2 activity. This 

increase in ERK1/2 activity at baseline in Dusp6 KO mice produced an increase in heart 

weight at every age investigated due to increased rate of myocyte proliferation during 

development, which protected the heart from decompensation and cardiomyopathy in 

response to pressure overload and myocardial infarction injuries [79]. Cardiac-specific 

DUSP6 Tg mice exhibited inactivation of ERK1/2 without reduction in p38 or JNK 

phosphorylation at baseline or following stimulation, demonstrating the highly specific 

nature of DUSP6 for ERK1/2 [45]. As discussed earlier, DUSP6 Tg mice showed alterations 

in cardiac ventricular remodeling with pressure overload, such as greater dilation and loss of 

ventricular performance [45]. This is consistent with the phenotype of Mapk1/3 (ERK1/2) 

heart-specific null mice that also showed failure with ventricular dilation and increase in 

myocyte growth in the long axis [28, 44]. Taken together, manipulation of ERK1/2 signaling 

by DUSP6 suggests that ERK1/2 are not required for mediating hypertrophy per se, but 

rather that DUSP6-ERK1/2 influence the balance between concentric and eccentric growth 

of the heart with myocytes growing in either their long or short axis.

Given that DUSP6, DUSP7 and DUSP9 each regulate ERK1/2; we might expect that loss of 

these later 2 DUSPs might impact the heart with either greater myocyte proliferation during 

development or greater concentric remodeling with stimulation, all due to greater ERK1/2 

activity. However, deletion of Dusp9 in the mouse resulted in embryonic lethality due to 

placental abnormalities, hence this gene would have to be LoxP targeted to allow for heart-

specific deletion along with the appropriate Cre expressing Tg lines [80].

3.3 Dually localized DUSPs in the heart: DUSP8, DUSP10, DUSP14, and DUSP16

DUSP8 was initially identified as a JNK-specific phosphatase and implicated in diabetes and 

alcohol dependence [81-83]. Recently, both Dusp8 KO mice and heart-specific inducible Tg 

mice were generated and analyzed [28] (Table 2). DUSP8 was found to be predominantly 

expressed in cardiomyocytes over other non-myocyte populations in the heart, and induced 

in response to pressure overload or myocardial infarction injury [28]. Dusp8 KO mice were 

viable and fertile and while they maintained normal cardiac function, the morphology of the 

left ventricle was altered with a mild form of concentric hypertrophy [28]. Specifically, the 

left ventricular chamber dimension was smaller and septal thickness was increased 

compared to the wild type controls. Isolation of adult myocytes from hearts of Dusp8 KO 

mice showed myocyte thickening [28], similar to heart-specific MEK1 Tg mice [41]. This 

alteration in ventricular geometry in null mice was protective and resulted in less 

cardiomyopathy following ischemic injury and TAC stimulation, while Tg overexpression of 
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DUSP8 in the heart promoted cardiomyopathy and cardiomyocyte lengthening [28]. 

Mechanistically, Dusp8 KO mice had increased activity of ERK1/2 at baseline and following 

acute stimulation, which is the first study to suggest a preference for ERK1/2 inactivation, 

although a partial effect on JNK inactivation in the heart was also noted [28]. However, the 

results observed in Dusp8 null mice is highly consistent with many past studies in mice with 

altered ERK1/2 activity, which collectively underscores the biology of ERK1/2 as master 

regulators of cardiac remodeling by directly controlling how individual cardiomyocytes 

grow in either their long or short axis.

DUSP14 is not considered a traditional MAPK-DUSP compared with the 10 other members 

of this subfamily, but functional studies with DUSP14 have shown the ability to directly 

regulate the MAPKs [84]. For example, Li et al characterized the role of DUSP14 in the 

heart in the hypertrophic response using both Dusp14−/− mice as well as Tg mice with 

cardiac overexpression of this gene [27] (Table 2). In cardiomyopathic human hearts, as 

well as in TAC-operated mouse hearts, DUSP14 expression was decreased. Indeed, 

Dusp14−/− mice exhibited cardiac hypertrophy, fibrosis, ventricular dilation and dysfunction 

in response to 4 weeks of pressure overload injury. In contrast, DUSP14 Tg mice had 

attenuated cardiac hypertrophy and less dysfunction following stress [27]. Interestingly, loss 

of Dusp14 led to increased activity of TAK1, p38 and JNK1/2 without alterations in ERK1/2 

phosphorylation in TAC operated mice, whereas hearts from DUSP14 Tg mice had reduced 

activity of TAK1, p38 and JNK1/2.

Both DUSP10 and DUSP16 were initially identified as phosphatases for JNK and p38, 

although studies in mice deficient for these genes also suggest a role in regulating ERK1/2 

signaling [85-90]. However, the role that these two genes play in the heart has yet to be 

examined, although KO mice have been reported [91, 92].

4 Conclusions and future directions

One critical point to consider in DUSP biology is specificity validation for ERK, JNK and 

p38 kinases. Earlier studies were largely based on cultured cells with overexpression 

approaches (transfection of expression plasmids) or with some sort of partial knock-down 

technique. Such studies gave a profile of DUSP regulation towards selected MAPKs that 

sometimes were inconsistent with studies from KO mice or null cells. For example, DUSP1 

was originally shown to be specific for ERK1/2, yet our analysis in Dusp1 gene-deleted 

hearts clearly shows a strong preference for p38 MAPK. Other factors that might affect 

observed profiles of specificity between DUSPs and the MAPK terminal effector proteins is 

the presence or absence of select MAPK docking proteins that could vary between tissues 

and cell-types, or more importantly, the repertoire of other expressed DUSPs with similar 

specificity, thus more or less masking the effects of the DUSP factor under investigation. For 

example, high levels of Dusp4 expression appear to mask the effects of Dusp1 deletion in 

the heart, such that only in the absence of both genes is an alteration in p38 MAPK observed 

[59]. By extension, it is possible that Dusp4 is not highly expressed in other cell-types or 

tissues, such that deletion of Dusp1 now has an easily observable effect on MAPK signaling 

and associated biologic processes. A final issue to consider is that overexpression 

approaches, even in Tg mice with tissue specific promoters, is not an ideal means of 
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annotating specificity compared with loss-of-function approaches. For example, 

overexpression of DUSP1 in the heart generated promiscuity and inactivation of all three 

MAPK terminal effectors groups [57], a finding that is inconsistent with the loss-of-function 

approach discussed above (specific for p38 MAPK).

In conclusion, studies over more than 2 decades have provided considerable insight into the 

function and importance of the MAPK dedicated Dusp genes in the heart. This review 

focused mostly on studies conducted in genetically modified mice so we apologize for not 

covering all aspects of the field that were based on studies in cultured cells. Table 2 
summarizes the most prominent of these studies conducted in genetically modified mice, 

including gene-deleted mice. Further characterization is needed to investigate the role of 

additional Dusp genes to collectively understand the dynamic regulation of MAPK signaling 

in the heart and how the DUSPs are involved.
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Highlights

• MAPK signaling critically regulates cardiac adaptive and maladaptive 

cardiac hypertrophy

• Inactivation of the MAPKs are regulated by dedicated dual-specificity 

phosphatases (DUSPs)

• DUSP-dependent regulation of the MAPKs dynamically alters cardiac 

responses to physiological and pathological stimuli
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Figure 1. Overview of MAPK signaling and DUSP regulation
Simplified diagram of the MAPK signaling cascade showing each step in the cascade 

culminating in ERK1/2, JNK1/2/3 or p38α,β,δ,γ activation, which are inactivated by 

specific DUSP proteins in either the cytoplasm or nucleus. Other MAPK branches not 

shown include MEK5-ERK5 and ERK3/4, which are less well characterized for DUSPs 

counter-regulation.
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Table 1

MAPK-DUSPs: names and subcellular localization

Gene MKP name Other names Localization

DUSP1 MKP-1 CL100, HVH1, ERP, PTPN10 Nuclear

DUSP2 PAC-1 Nuclear

DUSP4 MKP-2 NKP2, HVH2, TYP Nuclear

DUSP5 HVH3 Nuclear

DUSP6 MKP-3 PYST1 Cytosolic

DUSP7 MKP-X PYST2 Cytosolic

DUSP8 M3/6, HVH5 Cytosolic/nuclear

DUSP9 MKP-4 PYST3 Cytosolic

DUSP10 MKP-5 Cytosolic/nuclear

DUSP14 MKP-6 Cytosolic/nuclear

DUSP16 MKP-7 Cytosolic/nuclear

Abbreviations: DUSP, dual-specificity phosphatase; MKP, MAPK phosphatase
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Table 2

Role of DUSPs in the heart from knockout and transgenic mouse studies

DUSP MAPK activity in KO 
mice

Phenotype of KO mice MAPK activity in Tg mice Phenotype of Tg mice References

DUSP1 No change in ERK1/2, 
JNK, and p38 in fibroblasts

Greater infarction 
injury following I/R; 
hypertension following 
endotoxin treatment

Reduced activity of ERK1/2, 
JNK, and p38

Dilation, attenuated 
hypertrophy, increased 
apoptosis

[57, 58, 60, 
62, 63]

DUSP4 Increased p38 activity Cardiomyopathy in 
Dusp1/4−/− mice

Reduced ERK1/2 activity Cardiac hypertrophy 
and impaired function

[59, 71]

DUSP6 Increased ERK1/2 activity 
at baseline

Increased myocyte 
proliferation; Increased 
heart weight; protected 
from decompensation 
following prolonged 
TAC

Reduced ERK1/2 activity Decompensation, 
increased fibrosis and 
apoptosis following 
prolonged TAC

[79, 45]

DUSP8 Increased ERK1/2 activity 
at baseline and following 
stimulation

Concentric remodeling; 
increased contractility; 
protected from injury

Reduced activity of ERK1/2, 
p38 and JNK

Dilation, fibrosis and 
cardiac dysfunction

[28]

DUSP14 Increased activity of p38 
and JNK following TAC

Hypertrophy, fibrosis, 
dilation, dysfunction 
following TAC

Decreased activity of p38 and 
JNK following TAC

Attenuated TAC-
induced cardiac 
dysfunction and 
remodeling

[27]

Abbreviations: DUSP, dual-specificity phosphatase; ERK, extracellular signal-regulated kinase; I/R, ischemia-reperfusion; JNK, c-Jun N-terminal 
kinase; KO, knockout; MAPK, mitogen-activated protein kinase; TAC, transverse aortic constriction; Tg, transgenic.
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