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TGF-B-activated kinase-1 (TAK1), also known as MAPKK kinase-7
(MAP3K?7), is a candidate effector of multiple circuits in cardiac
biology and disease. Here, we show that inhibition of TAK1 in mice
by a cardiac-specific dominant-negative mutation evokes electro-
physiological and biochemical properties reminiscent of human
Wolff-Parkinson-White syndrome, arising from mutations in AMP-
activated protein kinase (AMPK), most notably, accelerated atrio-
ventricular conduction and impaired AMPK activation. To test
conclusively the biochemical connection from TAK1 to AMPK sug-
gested by this phenotype, we disrupted TAK1 in mouse embryos
and embryonic fibroblasts by Cre-mediated recombination. In
TAK1-null embryos, the activating phosphorylation of AMPK at
T172 was blocked, accompanied by defective AMPK activity. How-
ever, loss of endogenous TAK1 causes midgestation lethality, with
defective yolk sac and intraembryonic vasculature. To preclude
confounding lethal defects, we acutely ablated floxed TAK1 in
culture by viral delivery of Cre. In culture, endogenous TAK1
was activated by oligomycin, the antidiabetic drug metformin,
5-aminoimidazole-4-carboxamide riboside (AICAR), and ischemia,
well established triggers of AMPK activity. Loss of TAK1 in culture
blocked T172 phosphorylation induced by all three agents, inter-
fered with AMPK activation, impaired phosphorylation of the
endogenous AMPK substrate acetyl CoA carboxylase, and also
interfered with activation of the AMPK kinase LKB1. Thus, by
disrupting the endogenous TAK1 locus, we prove a pivotal role for
TAK1 in the LKB1/AMPK signaling axis, an essential governor of
cell metabolism.
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APKs, MAPKKs (MAP2Ks), and MAP2K kinases

(MAP3Ks) comprise a multitiered signaling cascade that
couples extracellular cues and intracellular stresses to diverse
effector pathways controlling cell growth, survival, transcription,
and function (1). Among upstream members of this superfamily,
TGF-B-activated kinase-1 (TAK1)/MAPKK kinase-7
(MAP3K7) first was identified as a mammalian kinase that
complements the lack of Stell, a MAP3K, in yeast and is
activated by TGF-B and the relative, bone morphogenetic pro-
tein (2). Within the MAPK family, TAK1 is coupled preferen-
tially to JNK and p38. Additional inputs for TAKI activation
include cytokine signaling and innate immunity, and additional
outputs include IkB kinase B (3). Disruption of TAKI by
saturation mutagenesis in ES cells substantiated that TAK1 is
indeed essential for a subset of TGF-f effects and also exerts
essential functions in signaling by cytokine and Toll-like recep-
tors (3), as proposed on earlier grounds. Additionally, the
early-lethal phenotype of TAK1-null embryos, with intraembry-
onic and yolk sac vascular patterning defects, resembles that of
mice devoid of other TGF-B signaling proteins, the type I
receptor Alkl and type III receptor endoglin (4).
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Arecognized limitation of germ-line deletions is that potential
gene functions may be obscured by early lethality, indirect
effects, or secondary adaptations, fueling interest in lineage-
restricted or temporally controlled means to achieve a loss of
function (5). As an interim model while constructing a condi-
tional (“floxed”) TAKI allele, we sought to test the in vivo
functions of TAK1 in mouse myocardium using a cardiac-specific
dominant-interfering mutation. The resulting phenotype, accel-
erated atrioventricular (AV) conduction, bore noteworthy sim-
ilarity to a human preexcitation disorder, Wolff-Parkinson—
White syndrome (WPW). Although the phenotypes differ in
other respects, this similarity prompted our testing for unfore-
seen connections between TAKI and the best-defined genetic
cause of WPW, AMP-activated protein kinase (AMPK; refs.
6-9). A pivotal regulator of energy homeostasis in multiple
tissues including the heart (10-12), AMPK is a heterotrimeric
protein comprising a catalytic subunit («) and two regulatory
subunits (B, ), with human mutations affecting the y subunit,
PRKAG2. Homologous with yeast Snfl, AMPK is activated
classically by an increased ratio of AMP to ATP, resulting in
activation of energy-producing pathways and suppression of
energy-consuming ones to restore ATP levels; AMPK also is
controlled by an AMP-independent osmotic stress pathway (13).
A distinguishing feature of preexcitation caused by PRKAG?2
mutations is glycogen accumulation (7-9, 14), with fatal con-
genital cardiac glycogenosis in the most severe example (15).
Several of the human mutations confer a loss of function in
culture (16, 17), and at least two result in diminished AMPK
activity in vivo (9, 14), but increased basal activity also is
observed (7, 8, 15). Using TAK1-null embryos and acute dele-
tion of floxed TAK1 in cultured cells, we here report a pivotal
role for TAKI in the pathway for AMPK activation.

Results

Cardiac-Specific Inhibition of TAK1 Causes Anomalous AV Conduction
in Mice. To overcome foreseeable problems generating mice with
dominant-negative TAKI in the cardiac lineage, we engineered
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Fig.1. Cardiac-specificinhibition of TAK1 causes accelerated AV conduction.
(A) The Cre-dependent dnTAK1 gene (stop-dnTAK). CAG, CMV enhancer +
chicken B-actin promoter; CAT, chloramphenicol acetyltransferase; pA, poly-
adenylation signal. (B) Transgene expression was contingent on stop-dnTAK
plus aMyHC-Cre (PCR, above) and blocked activation of JNK and p38 [Western
blot (WB), below]. (C) Lead Il ECGs and simultaneous intracardiac His bundle
electrograms (HBE), showing accelerated atrial-to-His bundle conduction (ab-
breviated A-H interval).

kinase-inactive TAKI1 (2, 18) as a latent, Cre-dependent trans-
gene (CAG-CATOX-TAKIXOW  “stop-dnTAK”; Fig. 14). Three
founder lines resulted, which transmitted the transgene and
expressed it conditionally in the presence of aMyHC-Cre (19).
Expression required both genes (Fig. 1B) and was restricted to
myocardium (not shown). Each gene was inherited in Mendelian
fashion, with no significant embryonic lethality. Activation of
both TAKI-dependent terminal MAPKs, JNK and p38, was
selectively suppressed in Cre/stop-dnTAK myocardium, 1 and 6 d
after birth, whereas ERK was unaffected (Fig. 1B). No change
resulted from either transgene alone. Cre/stop-dnTAK mice
appeared grossly normal at birth but developed growth retar-
dation within 1 wk, decreased activity and periorbital edema, and
died by 11 d (Fig. 54, which is published as supporting infor-
mation on the PNAS web site). No deaths occurred in littermates
even by 6 wk. The heart-to-body weight ratio was normal at birth
then doubled by 7 d, largely ascribable to concomitant growth
failure. However, myocyte hypertrophy was suggested by in-
creased myocyte diameter and induction of hypertrophic marker
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genes (ANP, B-MyHC; Fig. 5B). Cre/stop-dnTAK mice invariably
developed ventricular wall thinning, dilatation, left atrial
thrombi, papillary muscle dysplasia and fibrosis, and Doppler-
echocardiography results consistent with severely impaired ven-
tricular filling and regurgitant flow into the left atrium (Fig. 5C;
Fig. 6 A-C, which is published as supporting information on the
PNAS web site).

An unexpected ECG finding during echo-Doppler evalua-
tion was a shortened PR interval in all Cre/stop-dnTAK mice
(Fig. 6A4), potentially indicating accelerated electrical conduc-
tion from the atria to the ventricles. To analyze more defini-
tively the impact of TAKI on cardiac conduction, we obtained
full ECG recordings at 6 d (Fig. 6D), daily ECGs in a subset
of mice (Fig. 6F), and transesophageal and intracardiac pacing
and recording (Figs. 1C and 6 F and G). Whereas single- and
nontransgenic mice were indistinguishable, PR shortening was
evident in Cre/stop-dnTAK mice at 1 d, even at the lowest
transgene expression. The ventricular QRS complex was ini-
tially normal, but all Cre/stop-dnTAK mice from line no. 1232
and 4 of 11 from line no. 5361 developed an even shorter PR
interval (=11 ms) by 4-8 d, plus a slurred widened QRS
morphology with an initial delta wave (=18 ms), the hallmark
of anomalous AV conduction in WPW. By intracardiac re-
cording of the His bundle electrogram (Fig. 1C), we directly
confirmed shortening of the atrial-His interval in the inter-
mediate-expression line (9.3 = 0.3 vs. 21.2 = 0.9 ms; n = 3-6;
P < 0.001); His-ventricular conduction time was unaffected.
Anomalous conduction behaved exactly as in the human
disorder in response to rapid pacing and pharmacological
maneuvers, distinct from normal conduction through the AV
node (Fig. 6 F and G), and anatomical disruption of the
annulus fibrosus was confirmed (Fig. 5C g and h).

Dominant-Negative TAK1 (dnTAK1) Prevents the Activating Phosphor-
ylation of AMPK. The phenotype imposed by dnTAK1 differs in
notable respects from human WPW and mouse models bearing
the human mutations, e.g., by ventricular dilation and mortality,
likely because of concurrent mitral abnormalities and regurgi-
tant volume overload. The latter components are consistent with
suggested functions of TAKI in growth factor signaling for AV
cushion development (19), defects in which can cause preexci-
tation (20). However, given the existence of AMPK mutations in
humans as a genetic basis for preexcitation (6-9), the electro-
physiological phenotype prompted us to test for glycogen accu-
mulation and altered AMPK activation, potential signatures of
abnormalities in the AMPK pathway.

As expected from the normal postnatal shift from glycolysis to
fatty acid utilization, control myocardium contained visible
glycogen stores in late gestation that persisted at birth but
resolved within 1 wk. By contrast, cardiomyocyte glycogen
content was elevated in Cre/stop-dnTAK mouse hearts at 7 d,
measured by periodic acid-Schiff staining (Fig. 5C i and j) and
a colorimetric assay (Fig. 5B Lower Right) (21). More directly, we
assessed a molecular marker of cardiac AMPK activation, phos-
phorylation of the T-loop threonine (T172) in the catalytic
subunit AMPKa by immunoprecipitation with isoform-specific
antibodies (Fig. 24), then Western blotting for the T172 phos-
pho-epitope. dnTAKI did not disrupt AMPKa expression but
inhibited T-loop phosphorylation (Fig. 2B Left) and suppressed
myocardial AMPK activity toward a synthetic substrate peptide.
AMPKoa2 was the predominant isoform detected (Fig. 2B Center
Right). Likewise, dnTAK1 inhibited myocardial LKB1 activity
(Fig. 2C); LKB1 was recently identified as the first defined kinase
to phosphorylate AMPK (22-24).

To exclude confounding developmental or hemodynamic ef-
fects on AMPK, we confirmed the ability of dnTAK1 to disrupt
AMPK phosphorylation acutely in cultured myocytes, using
oligomycin, an inhibitor of the mitochondrial FOF1-ATP syn-

PNAS | November 14,2006 | vol. 103 | no.46 | 17379

MEDICAL SCIENCES



SINPAS

A B omHccre: - o+ -+ C
= o stop-dnTAK: - - + +
% = aMyHC-Cre: - + aMyHC-Cre: - + aMyHC-Cre: - +
ek AMPK”_E stop-dnTAK: -  +  stop-dnTAK: -  + stop-dnTAK: -  +
188 - o
— e ¥
25% input—[ o w== AMERa1 =] EER =5 5160 ZE
P-AMPK (2 — | s s emmm %-E 400 * EE 120 %g ) *
P g - == ] - E £
IB: GST AMPKo2 — | e g pr— :% 200 ;__E 80 gg
IP: AMPKx2 P-ACC — | e s s o 1
AveKe? - [ SE ZE @ XE
P L & 8
ot BRI L1~ [ ]
et [ —— Aavacz ++ - -
AdMAP4K4: - + +
Ad.dnTAK1: - +
Oligomycin: - + - + Metformin: - + - + AdLKB1: + + + + ==
Ad.lacZ: + + - - AdLlacZ: + + - - Ad.MO25: - 4+ - + p-AMPKo —
Ad.dnTAK1: - - + 4 AddnTAKL: - - + 4 AdSTRAD: - + - 4+ AMPKc — | i s s s s
B R 7 ace _ I
Ad.LacZ: +++ + ++ -
AVPKo. — [ | ANPKo —| S w—— ACC —[memmm——— |
Flag-LKB1 — — i
ce—[ =] ACC — [ —— T
ge pAcE Myc-MO25 — — — P R
I =R ———— PO
FoRRTn = e . RN
- iy lag- — ————
HAGNTAK! —[ wwwee| HA-dnTAKI N |, - e Hi.d v
e n —]
Actin — [ Actn — Y | Actin — S ———— i
2 . Actin —[——

Relative AMPK
phosphorylation

Relative AMPK
phosphorylation
(=] - ~n w - (4]

*
—
|DIID] ;

Fig. 2.

50 1 — 3 * %
e it i
40 1

30 1
20 4

2

1

LKB1 activity
(pmol/mg/min)

10 1

Relative AMPK
phosphorylation

0: 0

dnTAK1 prevents the activating phosphorylation of AMPK. (A) Specificity of the AMPKa1 and -a2 antibodies by Western blotting, using transfected 293

cells. (B and C) Transgenic mouse myocardium (day 6). (B) Cre/stop-dnTAKT inhibits AMPKa T-loop phosphorylation (Left), phosphorylation of the AMPK
substrate acetyl-CoA carboxylase 1 (Left), and AMPK activity (Center Right). (C) Cre/stop-dnTAKT inhibits LKB1 activity. (D-G) Viral gene delivery to cultured
cardiomyocytes. (D) dnTAK1 blocks oligomycin-induced AMPKa phosphorylation. (E) dnTAK1 prevents metformin-induced AMPKa phosphorylation. (F) dnTAK1
inhibits activation of the AMPK kinase, LKB1, by MO25« and STRADa. (G) MAP4K4 induces AMPKa phosphorylation by TAK1. n = 3; P < 0.05.

thase. In LacZ-infected myocytes, oligomycin induced AMPKa
phosphorylation 4.5-fold at the activation-specific epitope;
dnTAKI reduced this >80% (Fig. 2D). dnTAKI1 also blocked
AMPK activation by the antidiabetic drug metformin (Fig. 2E),
which activates AMPK independently of cellss AMP-to-ATP
ratio. Overexpressing wild-type TAK1 had no effect on AMPK
phosphorylation (not shown). dnTAK1 blocked activation of the
AMPK kinase LKBI1 by its partners, the pseudokinase Ste20-
related adaptor protein-a (STRAD«) and armadillo repeat
protein mouse protein 25-a (MO25«) (25), with no effect on
stable accumulation of the proteins (Fig. 2F). Consistent with a
functional impact on AMPK-dependent events, dnTAK1 sup-
pressed phosphorylation of the AMPK substrate, acetyl-CoA
carboxylase in cultured cardiomyocytes (Fig. 2 D and E) and
myocardium (Fig. 2B).

AMPK Agonists Activate Endogenous TAK1. Dominant-negative
experiments formally do not prove a role for endogenous
TAK1 in AMPK activation. A complementary criterion is
whether endogenous TAKI is activated by known activators of
AMPK. TAKI1 was rapidly activated by oligomycin, the AMP
analogue 5-aminoimidazole-4-carboxamide riboside, and met-
formin in cultured cardiomyocytes (Fig. 3 A-C), and by
ischemia in isolated perfused hearts (Fig. 3D). Conversely,
using viral gene transfer, we tested whether a TAKI1 activator
activates AMPK: hematopoietic progenitor kinase-/germinal
cell kinase-like kinase (MAP4K4), an Ste20-related kinase

17380 | www.pnas.org/cgi/doi/10.1073/pnas.0604708103

(26), led to activation of JNK, as expected, and of AMPKa«a
(Fig. 2G). Activation of both was blocked completely by
dnTAKI.

Next, we tested AMPK phosphorylation in JNK-deficient
(Jnk1~/~Jnk27/7) fibroblasts (27) and in Mkk4~/~Mkk7~/~
fibroblasts that are defective for JNK activation (28). Oligo-
mycin-induced AMPK phosphorylation required neither JNK
nor the MAP2Ks (Fig. 7 A and B, which is published as
supporting information on the PNAS web site). Conversely,
JNK activation by anisomycin and TNF-a was not accompa-
nied by AMPK phosphorylation (Fig. 7 C-E). Thus, JNK
activation is neither required nor sufficient to explain the
impact of TAK1 on AMPK.

Endogenous TAK1 Is Indispensable for Normal AMPK Activation. To
obviate conceivable promiscuous effects of kinase-defective
TAKI, we generated floxed Takl mice for germline and heart-
specific deletion mutants using Ella-Cre and aMyHC-Cre, re-
spectively (Fig. 8, which is published as supporting information
on the PNAS web site). By homologous recombination, a loxP
site was inserted 5’ to the transcription initiation site and a
frt-NEO-frt-loxP cassette into intron 1. Homozygous-null em-
bryos at embryonic day 9 lack TAK1 protein by Western blotting,
and phosphorylation of AMPKal and -a2 was reduced >90%,
without confounding reductions in AMPK subunits or LKB1
(Fig. 44). AMPK and LKB1 activities were reduced =50% (Fig.
4B). AMPKal and -a2 each contributed half of the AMPK

Xie et al.
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AMPK-activating signals activate endogenous TAK1. Cardiac myocytes were treated with oligomycin, 500 nM (A); metformin, 2.5 mM (B); and

5-aminoimidazole-4-carboxamide riboside, 1 mM (C); and isolated perfused rat hearts were subjected to ischemic injury (D). TAK1 activation is shown by the
immune complex kinase assay, and TAK1 protein levels are indicated by Western blotting. n = 3; P < 0.05.

activity in the embryos, each reduced equivalently by absence of
TAKI1. Germ-line deletion of the floxed allele produced a
phenotype identical to that from a gene trap insertion at this
locus (4), with severe yolk sac and intraembryonic vascular
defects. Cardiac-specific deletion of Takl likewise was lethal in
midgestation (unpublished results). Hence, neither germ-line
nor heart-specific deletion enabled us to examine the functions
of Takl after cardiac organogenesis.

We therefore investigated fibroblasts from embryonic mice
homozygous for the floxed allele, analogous to the use of
homozygous-null fibroblasts in mapping other TAK1 effects
(3); additionally, acute disruption of Takl minimizes the
potential for long-term adaptations or counterregulatory
events. Viral delivery of Cre largely converted the floxed allele
to the null, reducing TAK1 protein by 80% (Fig. 8B). Under
these conditions, incomplete loss is ascribable to <100%
infectivity, plus the need to delete both alleles in homozygous-
floxed cells. Nevertheless, disruption of Takl reduced oligo-
mycin-induced AMPK phosphorylation nearly to the basal
level (Fig. 4C) and likewise disrupted AMPK activation by
metformin (Fig. 4D) and 5-aminoimidazole-4-carboxamide
riboside (Fig. 4E). Thus, endogenous TAKI1 is indispensable
for these biochemical triggers to activate AMPK. Loss of
TAKTI also impaired acetyl-CoA carboxylase phosphorylation
(Fig. 4 A and C-E).

Last, we tested whether the AMPK kinase LKB1 was normal
or defective after deletion of Takl; virally delivered LKBI,
STRADe, and MO25a were expressed normally, but LKB1
activity was suppressed >80% (Fig. 4F).

Discussion

The phenotype provoked by cardiac-specific interference with
TAKI1 in mice exhibited features that resemble human WPW
because of mutations of PRKAG?2, encoding the y2 subunit of
AMPK, anomalous AV conduction through an accessory path-
way, glycogen accumulation, and altered AMPK activation. The
correspondence with human WPW is inexact, and the directional
effect of PRKAG2 mutations eludes simple generalizations:
suggested complexities include loss of sensitivity to activation by
AMP, inactivation by ATP, or both (15, 29); anomalies in some
cell lines; and secondary effects of glycogenosis on AMPK
function (14). AMPK-independent effects of TAK1 on the heart
also are possible, but the unambiguous preconduction pheno-
type motivated our testing genetically for a heretofore- unknown
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connection between TAK1 and AMPK (Fig. 4G). AMPK acti-
vation was impaired by dnTAKI1 in vitro and in vivo, acting
proximal to the AMPK kinase, LKB1. TAKI was activated by
established triggers of AMPK activity; conversely, AMPK was
activated by MAP4K4, working through TAKI1; and Cre-
mediated deletion of endogenous TAKI suppressed activation of
AMPK and LKB1 by pharmacological treatments and protein
partners, respectively. Neither JNK nor the JNK kinases con-
tributed to AMPK phosphorylation; interference with p38 like-
wise had no effect (not shown). Consequently, we surmise that
TAKI itself or a TAKI-associated protein is responsible for
coupling AMPK agonists to LKB1 activity and AMPK
phosphorylation.

The block to AMPK phosphorylation in cells and embryos
lacking TAKI1 provides unequivocal genetic evidence linking the
MAPK superfamily to the energy sensor cascade. Interestingly,
the TAK1-binding protein TAB1 is found in a physical complex
with AMPK in myocardium (30), suggesting a simple basis for
interplay between the two kinases. While this manuscript was in
review, a TAK1-TABI fusion protein was reported to phosphor-
ylate AMPK in vitro at T172 (31), making TAK1 a candidate
AMPK kinase. However, TAK1 does not resemble LKB1 or
other authentic AMPK kinases, and defective activation of
LKBI1 in the absence of TAK1 (Figs. 2 C and F and 4 B and F)
suggests that other mechanisms might operate, in addition or
instead of TAK1 phosphorylating AMPK directly.

TAKI1-deficient embryos do not recapitulate the loss of
AMPK (32), highlighting the existence of other targets for this
kinase, but the germ-line deletion bears striking similarity to
mice lacking LKB1: both die in midgestation from intraem-
bryonic and placental vascular abnormalities (4, 33). LKBI1 is
a tumor suppressor in Peutz-Jeghers syndrome and other
cancers (10, 24), and AMPK activity is a suppressor of cardiac
hypertrophy (34, 35), indicating a plausible role for TAKI in
cell growth control. Cardiac hypertrophy results from both
inhibition and excess of TAKI activity (18), albeit associated
with volume overload and fulminant apoptosis, respectively, as
potential instigators: whether TAKI directly participates in
cardiac myocyte growth is presently unproven. Because LKB1
is not thought to be activated by ischemia yet is required in the
heart for AMPKa2 activation (36), it will be important to
ascertain whether TAKI1 is required for assembly or trafficking
of the LKBI signaling module (25) or perhaps regulation of
substrate readiness, and whether TAKI1 is essential for the
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phosphorylation. No change was seen in AMPK subunit expression or levels of LKB1. (B) Loss of TAK1 disrupts inhibits AMPKa1, AMPK«2, and LKB1 activities.
(C-F) Viral delivery of Cre to mouse embryo fibroblasts. (C-E) Deleting TAK1 disrupts agonist-induced phosphorylation of AMPKqa, AMPK activity, and
phosphorylation of acetyl-CoA carboxylase. (F) Deleting TAK1 reduced by >80% the activation of LKB1 by coexpressed MO25a and STRAD«. (G) Schematic model

coupling TAK1 to AMPK phosphorylation and activity. n = 3; P < 0.05.

alternative kinases that phosphorylate AMPKa (37). Condi-
tional deletion in T cells has proven an essential role for TAK1
in thymocyte activation (38, 39). Deleting Takl in other
lineages should prove instructive even more generally, in
mapping how stress signals are coupled to biochemical and
biological effects.
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Materials and Methods

Transgenic Mice. Construction of the Cre-activated double-
negative transgene stop-dnTAK (Fig. 1A4) is detailed in Support-
ing Text, which is published as supporting information on the
PNAS web site. To generate Takl knockout mice, a dual
recombinase Cre-loxP and Flp-Frt system was used (40).

Xie et al.
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Protein and Gene Expression. Western blots and real-time quan-
titative RT-PCR were performed as described (18). For antibody
sources, see Supporting Text.

Electrophysiological Studies. Surface ECGs and invasive studies
were performed as described (9).

Cell Culture. Neonatal rat cardiomyocytes were cultured as de-
scribed (18). Mouse embryo fibroblasts were isolated at embry-
onic day 12.5. For other cell types and recombinant viruses, see
Supporting Text. Cells were treated with 500 nM oligomycin, 2.5
mM metformin, 1 mM 5-aminoimidazole-4-carboxamide ribo-
side, 50 ng/ml anisomycin, or 10 ng/ml TNF-a (1 h, unless
otherwise indicated).
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