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Abstract

Map4k4, originally identified in siRNA screens and characterized by tissue specific gene 

deletions, is emerging as a regulator of glucose homeostasis and cardiovascular health. Recent 

studies have shown that Map4k4 gene ablation or inhibition of its kinase activity attenuates 

hyperglycemia and plaque formation in mouse models of insulin resistance and atherosclerosis, 

and suggest roles for Map4k4 in multiple signaling systems, including NFκB activation, small 

GTPase regulation, the Hippo cascade, and regulation of cell dynamics by FERM domain proteins. 

This new and promising area of inquiry raises key questions that need to be addressed in the 

future, such as defining which of the above or other effectors mediate Map4k4 control of 

metabolic and vascular functions, and identifying upstream activators of Map4k4.
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Map4k4 as a novel target in metabolic and cardiovascular disease

An exciting aspect of investigations into the underlying mechanisms of major diseases is 

uncovering unexpected proteins that may serve as targets for new therapeutics. The Sterile 

20-related kinase mitogen activated kinase kinase kinase kinase-4 (Map4k4) has emerged as 

such a potential therapeutic target in recent studies on animal models of obesity, insulin 

resistance, type 2 diabetes and atherosclerosis. Concurrently, Map4k4 was surprisingly 

shown to participate in pathways distinct from the canonical Map kinase signaling pathway 

suggested by its name and the function of its yeast ortholog. We review here the role of 

Map4k4 in these pathways that regulate energy metabolism, inflammation and cell 

dynamics, and address the connections of these cellular functions to whole-body phenotypes 

relevant to metabolic and cardiovascular diseases.
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Sterile 20 kinases and Map4ks: Emerging roles in cell and animal function

The Saccharomyces cerevisiae sterile 20 gene was originally identified as a mutant allele in 

the haploid yeast mating pathway, and its product Ste20p was found to be a serine kinase 

functioning as a mitogen activated kinase kinase kinase kinase (Map4k) upstream of the 

Fus3p Map kinase [1, 2]. This Map kinase cascade regulates responses to pheromones and 

other environmental signals in yeast. In mammals, kinases with catalytic domains related to 

Ste20p have diversified into a group of over 30 members divisible into two major subgroups: 

the p21-activated kinase (PAK) and germinal center kinase (GCK) families, the latter 

comprising the mammalian Map4ks including Map4k4 [3].

Increasing recent interest in Ste20 kinase function has been spurred in part by genetic 

studies in Drosophila melanogaster that identified Ste20 kinases as key regulators of 

development and organ size, most notably members of the Hippo signaling pathway (Figure 

1). The Hippo mutation in Drosophila leads to dramatic overgrowth of multiple tissues as a 

result of greater cell number and cell size. The Hippo gene encodes a Ste20 kinase (most 

closely related to mammalian Ste20 kinases Mst1/2) that phosphorylates and activates whose 

mammalian homolog is LATS (Warts). Warts in turn phosphorylates and promotes 

cytoplasmic retention of the transcription factor Yorkie, thus downregulating Yorkie-

dependent genes [4]. Recent work elaborating a parallel Hippo pathway in mammalian cells 

has demonstrated that a variety of Ste20 kinases can function as upstream activators by 

phosphorylation of LATS [5–7], among them multiple members of the Map4 family 

including Map4k4, Map4k1/HPK1, Map4k2/GCK, Map4k3/GLK, Map4k5/KHS Map4k6/

MINK1, Map4k7/TNIK. In some cellular contexts, the specific contribution of Map4k4 to 

LATS phosphorylation appears minor, and is detectable only in the background of multiple 

deletion of other LATS kinases [6]. However, evidence for a direct interaction of Map4k4 

with LATS and a strong effect of Map4k4 deletion on latrunculin-stimulated LATS 

phosphorylation in mouse embryo fibroblasts [5] supports the view that at least in some 

situations Map4k4 may be a major contributor to Hippo signaling. The Drosophila Ste20 

kinase Tao-1 has also been shown to phosphorylate Warts [8], but a similar function of three 

mammalian homologs Tao 1, 2 and 3 has not been reported to date.

In addition to this recently identified association with the Hippo pathway, Map4ks and other 

Ste20 kinases have been independently identified in a variety of gene association studies, 

loss or gain of function screens, and protein-protein interaction studies [9–16]. Most notably, 

Map4k4 has repeatedly emerged as a gene involved in the promotion of cancer invasion and 

metastasis, and associated with poor prognosis in advanced and metastatic cancers [17–21]. 

We discuss this interesting aspect below in the context of cellular pathways modulated by 

Map4k4, however, in this review we focus on Map4k4 function in metabolic and 

cardiovascular disease (Figure 2, Key Figure).

Map4k4 in metabolic disease models

Interest in a potential role of Map4k4 in metabolism emerged from results of an siRNA-

mediated loss of function screen of protein kinases expressed in differentiated 3T3-L1 

adipocytes [22]. This screen was designed to identify novel components of a signaling 
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pathway connecting insulin receptor activation to increased glucose uptake and other 

metabolic responses in adipocytes. Among the protein kinases assessed for their contribution 

to insulin-stimulated glucose uptake and insulin signaling in these studies, several targets 

were identified that upon silencing resulted in enhanced glucose uptake, suggesting they 

function as negative regulators of the pathway [22]. Most prominent among these was 

Map4k4. Map4k4 was originally identified in mammalian cells as Nck-interacting kinase 

[23] in a yeast two-hybrid screen using the Nck SH3 domain as bait. It was independently 

identified as HPK/GCK like kinase (Hgk) in studies that reported a function for this kinase 

in the JNK signaling pathway [16], suggesting a parallel function to the yeast Ste20p. 

Silencing of Map4k4 expression in differentiated 3T3-L1 adipocytes resulted in increased 

expression of the key adipogenic transcription factors C/EBPα, C/EBPβ, and PPARγ and of 

the insulin-regulated glucose transporter GLUT4, resulting in increased adipogenesis, 

glucose uptake, and triglyceride (TG) depletion [22]. Further studies in adipocytes 

demonstrated these effects of Map4k4 depletion are mediated in part through mTOR-

dependent regulation of translation resulting in increased levels of PPARγ protein [24]. 

Based on the association of Map4k4 with signaling pathways associated with inflammation, 

it was hypothesized that Map4k4 could be a mechanistic connection between obesity-

associated inflammation and dysfunction of adipose tissue associated with insulin resistance 

and type 2 diabetes (T2D) [25]. Increased expression of Map4k4 in adipocytes treated with 

TNFα [26] gave further credence to this idea.

Further studies by several laboratories provided additional weight to an association of 

Map4k4 with obesity and metabolic disease in both human subjects and mouse models. 

Preadipocytes and primary mature adipocytes from obese individuals displayed increased 

expression of Map4k4 compared to cells from non-obese individuals [27]. Another study of 

a large cohort of human subjects who were characterized for parameters of insulin sensitivity 

and glucose tolerance revealed a set of common polymorphisms in the Map4k4 locus that 

associated with T2D and insulin resistance [28]. Further indication of relevance to human 

metabolic disease came from a study indicating that Map4k4 contributes to inflammatory 

signals that impair insulin sensitivity in human skeletal muscle. Silencing of Map4k4 in 

human primary skeletal muscle cells prevents TNFα-induced insulin resistance, while 

siRNA against Map4k4 introduced into myotubes from insulin-resistant T2D patients 

restored insulin sensitivity and glucose uptake to normal healthy levels [29]. Recently, a 

large-scale human study identified increased Map4k4 gene expression in atherosclerosis [30] 

which was also observed in a smaller number of samples from human atherosclerotic lesions 

[31].

Based on these indications of a potential role for Map4k4 in promoting metabolic disease, 

mouse models have been developed for inducible and tissue-specific ablation of Map4k4 

expression to explore functions of Map4k4 in vivo (Table 1). Since whole-body Map4k4-

knockout (KO) animals die at E9.5 due to failure of mesodermal cells to migrate away from 

the primitive streak [32], a mouse line with loxP sites flanking exon7 of Map4k4 and a 

tamoxifen inducible, ubiquitously expressed Cre was generated (iMap4k4-KO mice, [33]). 

This enabled ablation of Map4k4 expression in adult animals, bypassing any developmental 

effects of Map4k4 loss at the embryonic stage. Treatment of these animals with tamoxifen 

caused efficient deletion of Map4k4 in all tissues examined. The floxed Map4k4 allele was 
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also employed to effect tissue-specific deletion when crossed with appropriate tissue-specific 

promoter driven Cre expressing lines to delineate Map4k4 functions in many relevant 

tissues.

Map4k4 contributes to obesity-associated insulin resistance and hyperglycemia

The systemic metabolic effects of tamoxifen-inducible global Map4k4 depletion were tested 

in iMap4k4-KO mice or floxed controls, on a normal chow or high fat diet (HFD), an 

established model of diet-induced obesity (DIO) and insulin resistance. Despite equivalent 

weight gain on HFD, iMap4k4-KO mice maintain significantly lower fasting blood glucose 

compared to floxed controls. This is associated with greatly improved insulin response in 

insulin tolerance tests, enhanced insulin signaling to Akt in adipose tissue and liver, and 

decreased markers of inflammation in adipose tissue. Interestingly, despite increased insulin 

sensitivity and lower fasting blood glucose, iMap4k4-KO mice on HFD exhibit delayed 

glucose clearance in a glucose tolerance test (GTT). This is probably a result of lower basal 

and glucose-stimulated insulin levels in these animals [33], which may indicate an additional 

role of Map4k4 in regulating beta cell function and insulin secretion.

Notably, a recent study describing a novel small molecule Map4k4 kinase inhibitor showed 

dramatically improved glycemic control in the ob/ob (leptin deficient and hyperphagic) 

mouse model of T2D, following treatment with the compound [34]. This study did not 

identify the relevant target tissue for Map4k4 inhibition, but confirms the potential of 

Map4k4 as a therapeutic target for T2D.

The simplest explanation for improved insulin response upon whole body deletion or 

inhibition of Map4k4 would be direct improvements in insulin sensitivity in adipose tissue 

and/or liver, possibly via improved resistance to obesity-associated inflammation in adipose 

tissue or resistance to hepatic steatosis. However, selective deletion of Map4k4 in adipose 

tissue (via adipocyte expressed adiponectin-Cre) or liver (albumin-Cre) had no effect on 

insulin sensitivity or glucose homeostasis in either lean or obese, HFD mice. Furthermore, 

adipose tissue showed similar levels of obesity-associated inflammation, while hepatic 

steatosis was unchanged in the liver KO model.

Skeletal muscle also contributes significantly to insulin-mediated glucose disposal. Based on 

previous data showing a significant role of Map4k4 in promoting differentiation and 

myotube formation in C2C12 muscle cells [35], the effect of Map4k4 deletion in early 

muscle development by employing a Myf5-Cre to delete Map4k4 in the skeletal muscle 

lineage was assessed [33]. These mice do in fact display protection from obesity-associated 

insulin resistance and hyperglycemia. Surprisingly this protection is associated with a 

dramatic improvement in insulin signaling to Akt in visceral adipose depot, a tissue where 

Map4k4 is intact. However, no change in insulin responsiveness in either liver or muscle 

could be detected in these animals. Thus, Map4k4 may mediate the expression of a signal 

emanating from a Myf5 lineage cell likely muscle that is delivered to adipose depots and 

enhances adipose tissue insulin sensitivity (Figure 2). The nature of this signal is unknown. 

One caveat to the interpretation of these results is that the Myf5 lineage also includes 

precursors of brown adipocytes and a limited subset of white adipocytes in specific depots 

[36]. However, since the adiponectin-Cre drives gene deletion in mature brown adipose cells 
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as well as all white adipose depots, the effect of Myf5-Cre-driven deletion of Map4k4 on 

adipocytes is likely mediated through cells other than adipocytes.

Endothelial Map4k4 promotes atherosclerosis

Map4k4 is highly expressed in endothelial cells, which line the circulatory and lymphatic 

vasculature. Since Map4k4 plays a role in inflammation and lipid pathways, it is reasonable 

to think that it might function in the development of atherosclerosis, which is triggered by an 

inflammatory response to lipid-mediated vascular damage. Furthermore, Map4k4 has been 

reported to promote endothelial permeability [37], which could contribute to atherosclerosis 

by enabling leucocyte extravasation as well as transport of macromolecules including 

oxidized lipids to plaques (Figure 2). When Map4k4 was deleted in endothelial cells of adult 

Apoe−/− mice using a tamoxifen-inducible Ve-cadherin-Cre, mice on a high fat/high 

cholesterol Western diet (to initiate atherosclerosis), exhibited greater than 50% decreases in 

atherosclerotic lesion area and lipid accumulation in the aortic root [31]. This was associated 

with decreased macrophage accumulation in plaque areas. Furthermore, homing of 

intravenously injected GFP-expressing macrophages to plaque areas was substantially 

reduced in Map4k4 endothelial KO mice. Dramatically reduced atherosclerotic lesion area 

was also observed in both Apoe−/− and Ldlr−/− mice treated with a selective small molecule 

MAP4K4 inhibitor.

These effects of Map4k4 in endothelial function as well as its role in angiogenesis [38, 39] 

could also contribute to vascular functions that influence insulin sensitivity and glucose 

homeostasis including delivery of insulin to skeletal muscle [40], as well as modulation of 

inflammation in adipose tissue [41]. Endothelial cell Map4k4 has also been implicated in 

lymphatic vessel formation and function [42]. Thus effects of whole body deletion or 

systemic inhibition on insulin resistance and glucose homeostasis mediated by endothelial 

cells cannot be ruled out.

Signaling pathways of Map4k4: activators and effectors

A significant challenge in research on Map4k4 functions relates to the plethora of signaling 

pathways by which it has been reported to operate (see below). It is possible that Map4k4 

represents a key node in each of these reported pathways, but more information is required 

for firm conclusions to be drawn. Another confounding aspect of this field is that many of 

the Ste20-like protein kinases in mammalian tissues may overlap in their substrates and 

exhibit functional redundancies. Recent studies delineating Map4k4 function in the Hippo 

pathway have indeed indicated a high degree of overlap and redundancy [7]. Based on these 

studies, all of the mammalian homologs of the fly proteins Hippo, Misshapen and 

Happyhour, are upstream of LATS and Yap/Taz (Figure 1). Numerous inputs influence the 

Hippo pathway, but specific signals and activators of the Ste20 kinases relevant to Hippo 

regulation in various cell types have not been well established.

Inflammatory pathways: Cytokine signaling to Jnk and NfKb

Substantial evidence exists for involvement of Map4k4 in regulating some physiological 

functions through Hippo-independent cellular signaling pathways. Since Ste20p in yeast 
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functions as a Map4k in a classical Map kinase cascade analogous to such pathways in 

mammalian cells, a reasonable initial hypothesis was that Map4k4 functions in the canonical 

Jnk pathway and transmits stress signals through a Map kinase cascade. Indeed, early studies 

seemed to confirm this supposition. Several publications reported the activation of JNK by 

Map4k4, but in each case the conclusion was based on ectopic cotransfection and high 

expression of Map4k4 and JNK [16, 23]. While these results could be replicated, neither 

siRNA mediated depletion nor adenovirus mediated overexpression of Map4k4 had any 

effect on endogenous JNK activation by TNFα in 293 cells [43]. Moreover, siRNA 

knockdown of JNK decreased TG deposition in adipocytes, while Map4k4 knockdown 

increased lipogenesis and TG accumulation. Furthermore, TNFα activation of JNK is 

unaffected by knockdown of Map4k4 in human umbilical vein endothelial cells (HUVECs), 

yet increased adhesion molecule expression following TNFα treatment (a well established 

phenomenon that promotes leukocyte adhesion and extravasation) was reduced by Map4k4 

knockdown in the same cells [31].

More recent findings indicate the NfkB pathway, independent of JNK signaling, is employed 

by Map4k4 to increase expression of adhesion molecules Icam-1 and Vcam-1 in response to 

TNFα. Canonical NfkB activation occurs by phosphorylation and degradation of IkB, 

permitting the nuclear translocation of the p65 transcriptional activator within the NfkB 

complex [44]. Silencing of Map4k4 expression did not affect IkB phosphorylation or 

degradation, nonetheless TNF-α-induced NFκB transcriptional activity as assessed by a 

luciferase reporter containing NFκB binding elements that was attenuated when Map4k4 

was silenced [31]. Furthermore, using p65 chromatin immunoprecipitation (ChIP) in 

HUVECs, TNF-α-induced p65 binding to the VCAM-1, E-selectin, and IKBα promoters 

was reduced in Map4k4-silenced cells, suggesting that Map4k4 may regulate NFκB target 

gene expression via a distinct mechanism.

Taken together with other studies showing association of Map4k4 with inflammation 

pathways [26, 29, 45], these findings suggest a role for Map4k4 signaling independent of 

canonical Map kinase cascades or classical NfKb activation mechanisms. Notably the small 

molecule inhibitor of Map4k4 activity also dramatically blunts TNFα upregulation in a 

lipopolysaccharide challenge model [34], consistent with earlier findings with siRNA-

mediated knockdown of Map4k4 [45]. We note that one cell-specific model of Map4k4 KO 

contradicts this general scheme: T-cell specific KO of Map4k4 (CD4-Cre) has been reported 

to promote Th17 differentiation and accumulation of Th17 cells in adipose tissue, leading to 

insulin resistance [46]. However, another recent study reported that CD4-Cre mediated KO 

of Map4k4 led to inhibition of CD4 T-cell proliferation and enhanced regulatory T-cell 

differentiation [47], thus potentially complex roles of Map4k4 in T-cell function have yet to 

be established.

AMP Kinase and mTOR: Map4k4 influence on cultured adipocyte metabolism

Interest in Map4k4 as a metabolic regulator was initially based on improved glucose 

transport and TG synthesis upon knockdown of Map4k4 in cultured adipocytes [22] and 

involvement of the mTOR pathway in mediating translation of key adipogenic regulators 

[24]. However, mTOR also transmits signals of nutrient sufficiency to mediate increased 
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lipogenesis through SREBP-1, a transcriptional regulator of numerous genes involved in 

lipid synthesis [48]. Conversely, AMP kinase (AMPK) signaling in response to energy 

depletion inhibits the major anabolic process of lipogenesis by downregulation of SREBP-1, 

and also by inhibitory phosphorylation of acetyl-CoA carboxylase (Acc), a key enzyme in 

the de novo lipogenesis pathway. Interestingly, Map4k4 was also found to regulate SREBP-1 

and lipogenesis in an mTOR-dependent manner [43]. Surprisingly, it was discovered that 

Map4k4 is required for full activation of AMPK in response to nutrient stress signals. 

Silencing of Map4k4 expression blunted AMPK phosphorylation of substrates including 

Acc1, providing a hypothesis on how depletion of Map4k4 enhances lipogenesis. However, 

adipose specific KO of Map4k4 has no detectable metabolic phenotype in the HFD-fed 

obese mouse model, indicating these effects, if they do occur in vivo, are masked by more 

complex regulation or redundancy in the adipose tissue environment.

Map4k4 function in cytoskeletal dynamics and cell adhesion

Although a comprehensive set of direct Map4k4 substrates is not yet available, several 

studies have identified Map4k4 as an upstream regulator of proteins involved in cytoskeletal 

dynamics or adhesion including Arp2 [49], Farp1 [50], moesin [39], IQSEC [51] and Pyk2 

[10]. Deletion of Map4k4 in endothelial cells altered membrane dynamics resulting in 

reduced endothelial cell migration and impaired angiogenesis [39]. Map4k4 has also been 

reported to alter endothelial barrier function and permeability through Rap GTPases [37]. 

These alterations in membrane dynamics, adhesion and cell-cell interactions are likely 

correlated with the observations of Map4k4 involvement in tumor metastasis and 

invasiveness [18–21, 52]; however, as noted earlier, altered endothelial function is also 

associated with metabolic dysfunctions in insulin resistance as well as atherosclerosis.

Concluding remarks and future perspectives

The studies described here include evidence for significant roles of Map4k4 in the 

development and progression of metabolic and cardiovascular dysfunctions. Based on data 

generated in vitro with cultured adipocytes, it is surprising that selective deletion of Map4k4 

in adipocytes or in liver is without detectable metabolic phenotype. Strikingly, however, 

Map4k4 appears to be involved in a large number of vascular functions, perhaps most 

notably endothelial mobility, adhesion properties and permeability, which combine to drive 

atherosclerosis and glucose intolerance. The dramatic attenuation of atherosclerosis in 

endothelial-specific Map4k4 KO mice, and the replication of this effect by treating mice 

with a selective Map4k4 inhibitor, suggest major signaling pathways are at play. However, 

revealing the connections of these physiological phenotypes to such signaling pathways of 

Map4k4 has just begun and will remain a fruitful area of investigation. Among the 

remaining challenges is systematic identification of upstream activators as well as effectors 

of Map4k4 function (see Outstanding Questions). Several substrates of Map4k4 have been 

reported [39, 49, 50, 53, 54] and phosphopeptides dependent on Map4k4 activity identified 

in HepG2 cells [50] but further identification and validation of Map4k4 targets in tissues of 

interest should be informative.
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Outstanding Questions

What are the cellular and intracellular signals and upstream activators that 

modulate Map4k4 activity? Are these distinct from other activators of Hippo 

signaling?

What are the direct substrates and downstream effectors of Map4k4, especially 

in Hippo-independent pathways? Which of these are specific vs. shared with 

other Map4ks, or other Ste20 kinases?

What is the Map4k4-modulated signal from Myf5-lineage cells that improves 

insulin sensitivity in adipose tissue? What are the specific functions of Map4k4 

in beta-cell function and insulin secretion?

Given the apparent involvement of Map4k4 in endothelial cell function, what 

other roles does it play in physiological or developmental regulation of 

vasculature (both blood and lymphatic)?

Does Map4k4 integrate nutrient or inflammatory signals with other regulators of 

Hippo signaling such as cell tension?

None of the animal models of Map4k4 depletion developed to date display significant 

changes in organ size that might be predicted from dysregulation of the Hippo pathway as 

have been observed in other KO models of LATS kinases [55, 56]. However, this could be 

explained by redundancy or overlapping functions of closely related Ste20/Map4 kinases, 

like Map4k6/MINK1 and Map4k7/TNIK, which converge on LATS phosphorylation to 

regulate Hippo signaling. The relation of Hippo pathway components to processes that may 

be relevant to metabolic phenotypes such as adipocyte proliferation and differentiation [57], 

and to PI3K-mTOR signaling pathway [58], should be investigated further in this context. 

Nonetheless the profound effects of Map4k4 deletion, particularly in endothelial and Myf5-

lineage cells, imply Hippo-independent functions that are not redundant with other Map4k’s/

LATS kinases. Another open question is the role of Map4k4 in pancreatic beta cell function 

that is suggested by the reduced insulin secretion in iMap4k4KO mice [33].

It will also be of great interest to understand how Map4k4 might play a role in integrating its 

associated signaling pathways. Inhibition of mTOR, activation of AMPK and activation of 

the Hippo pathway are conceptually consistent with a role for Map4k4 in restricting anabolic 

functions and cell growth in response to nutrient, endocrine, inflammatory or other signals. 

Furthermore, it will be interesting to determine whether Map4k4 functions in coordinating 

these pathways with cellular dynamics mediated by regulators of cytoskeletal function or 

adhesion. In this regard it is of interest that AMPK mediates energy stress signaling to the 

Hippo pathway by phosphorylation of angiomotin-like 1 (AMOTL1) [59], which sequesters 

Yap/TAZ in the cytosol [60]. It is intriguing that angiomotin family members are also 

associated with regulation of endothelial cell shape, migration and cell-cell connections [61–

63], suggesting a possible common signaling nexus involving Map4k4, which is also 

consistent with observations of a major role of Map4k4 in endothelial function.
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Collectively, a picture is starting to emerge implicating Map4k4 in various cellular 

pathways, including responses to nutrient availability, inflammation and cell growth, as well 

as having key roles in insulin resistance and atherosclerosis. Future research to further 

decipher Map4k4 signaling nodes in metabolic and cardiovascular diseases is warranted.
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Trends

Mediators of energy metabolism and inflammation can contribute to dysfunction 

in metabolic diseases such as T2D and atherosclerosis, and may be valid targets 

for pharmaceutical therapies.

Map4k4 contributes to the development of insulin resistance associated with 

obesity and atherosclerosis. Genetic knockdown and small molecule inhibition 

of Map4k4 are protective in these pathologies in mouse models, especially in 

attenuating plaque formation in atherosclerosis.

Originally associated with canonical Map kinase signaling in yeast and 

mammalian cells, Map4k4 now appears to participate in the Hippo signaling 

pathway, inflammatory cascades, energy regulatory pathways (mTOR, AMPK), 

and cytoskeletal dynamics.

Understanding the role of Map4k4 in connections between these cellular 

functions to disease phenotypes will provide new insights into the pathology of 

metabolic and cardiovascular diseases.
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Figure 1. Sterile 20 kinases in Hippo signaling
Drosophila kinases (orange boxes) and their mammalian counterparts (blue boxes) 

phosphorylate and activate the Warts or LATS (mammalian) protein kinases. These in turn 

phosphorylate the Yorkie or Taz/Yap transcription factor, resulting in exclusion from the 

nucleus and downregulation of growth-promoting genes (see references 4 and 6).
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Figure 2. Signaling and tissue targets of Map4k4
Studies in cellular models have implicated the involvement of Map4k4 as a signaling node in 

a variety of regulatory pathways (within box) relevant to downstream nutrient responses, cell 

growth and dynamics, and inflammatory activation. Animal models have demonstrated 

significant effects of Map4k4 in muscle and endothelium in insulin resistance and 

atherosclerosis, respectively (solid arrows). Contributions of Map4k4 in leukocytes, 

pancreatic beta cells and adipose tissue are uncertain (dashed arrows), but Map4k4 action 

may modulate inter-organ communication relevant to metabolic and cardiovascular diseases 

(blue arrows).
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Table 1

Metabolic or cardiovascular phenotypes of Map4k4 knockout models.

Cre/tissue(s) deleted Metabolic or cardiovascular phenotype Ref

Ubiquitin-ERT2/whole body (inducible) ↑insulin sensitivity
↓insulin (HFD fed animals)

[33]

Adiponectin/white and brown adipose tissue none [33]

Albumin/liver none [33]

Myf5/skeletal muscle, brown adipose tissue ↑glucose tolerance
↑insulin sensitivity (HFD fed animals)

[33]

CD4/T-cells ↑glucose ↑insulin
↓glucose tolerance
↓insulin sensitivity (chow fed, lean animals)

[46]

Cdh5(PAC)-ERT2/endothelial cells (inducible) ↓plaque formation (Western diet, ApoE−/− mice) [31]
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