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Glucose promotes cell growth by suppressing
branched-chain amino acid degradation
Dan Shao1, Outi Villet1, Zhen Zhang1, Sung Won Choi1, Jie Yan2, Julia Ritterhoff1, Haiwei Gu1, Danijel Djukovic1,

Danos Christodoulou2, Stephen C. Kolwicz Jr1, Daniel Raftery 1,3 & Rong Tian1

Glucose and branched-chain amino acids (BCAAs) are essential nutrients and key deter-

minants of cell growth and stress responses. High BCAA level inhibits glucose metabolism

but reciprocal regulation of BCAA metabolism by glucose has not been demonstrated. Here

we show that glucose suppresses BCAA catabolism in cardiomyocytes to promote hyper-

trophic response. High glucose inhibits CREB stimulated KLF15 transcription resulting in

downregulation of enzymes in the BCAA catabolism pathway. Accumulation of BCAA

through the glucose-KLF15-BCAA degradation axis is required for the activation of mTOR

signaling during the hypertrophic growth of cardiomyocytes. Restoration of KLF15 prevents

cardiac hypertrophy in response to pressure overload in wildtype mice but not in mutant mice

deficient of BCAA degradation gene. Thus, regulation of KLF15 transcription by glucose is

critical for the glucose-BCAA circuit which controls a cascade of obligatory metabolic

responses previously unrecognized for cell growth.
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Cell proliferation, such as during fetal development or
cancerous growth, is highly dependent on glucose meta-
bolism which not only provides a source of energy but also

supplies metabolites for biosynthesis of membrane lipids and
nucleic acids, as well as contributes to epigenetic and post-
translational modifications1–4. The growth of post-mitotic cells, i.
e, increases of cell mass, is also associated with increased glucose
utilization5–8. The hypertrophic growth of the heart under stress
conditions is a hallmark of pathological remodeling which ulti-
mately leads to heart failure9,10. Cardiac pathological hypertrophy
is accompanied by a switch of substrate metabolism from fatty
acid oxidation to glucose use, resulting in a fetal like metabolic
profile5,11,12. While such a metabolic reprogramming has been
shown maladaptive for sustaining energy supply13,14, its role in
cardiomyocyte growth is poorly understood. It has been suggested
that metabolites of glucose, in particular, glucose-6-phosphate,
play an important role in cell growth by activating the mechan-
istic target of rapamycin (mTOR) complex15,16. However,
enhancing glucose utilization alone does not drive cell growth
suggesting that it is unlikely that glucose or its metabolites
directly stimulates mTOR17,18.

The Krüppel-like factors (KLFs) are a family of gene regulatory
proteins that govern the transcriptional regulation of cell pro-
liferation, differentiation and metabolism19,20. KLF15 has been
shown as a negative regulator of cardiomyocyte hypertrophy, and
KLF15 expression is negatively correlated with cell growth in
proliferating and non-proliferating cells21,22. Despite the close
association, molecular mediator(s) connecting the downstream of
KLF15 and the growth signals have been elusive. The driver or
suppressor of KLF15 expression at different developmental stages
is also unknown. Interestingly, the expression profile of KLF15
during developmental and postnatal phases predicts a negative
relationship with glucose utilization23,24.

Using an unbiased transcriptome analysis, we here identified
glucose as a negative regulator of KLF15 expression. Increases of
intracellular glucose, via downregulation of KLF15, suppressed
the expression of BCAA degradation enzymes resulting in BCAA
accumulation. While glucose did not directly modify the
upstream signaling of cell growth, e.g., phosphatidylinositide-3-
kinase (PI3K) or mitogen-activated protein kinase (MAPK),
activation of glucose-KLF15-BCAAs axis was required for the
signal transduction through the mTOR complex. Furthermore,
upregulation of KLF15 in an in vivo model of cardiac pressure
overload prevented the development of cardiomyocyte hyper-
trophy in wildtype mice but not in mice deficient of BCAA
degradation genes. Collectively, our results identified a regulatory
circuit between glucose and BCAA, and unveiled a previously
unrecognized pathway for metabolic regulation of cell growth.

Results
Glucose negatively regulates BCAA degradation. Previously we
have demonstrated that overexpression of an insulin independent
glucose transporter Glut1 in cardiomyocytes (Glut1-TG)
increased glucose uptake and utilization but did not alter cardiac
function or survival of the mice under unstressed condition17,25.
RNA microarray and gene ontology analysis of the Glut1-TG
hearts revealed that downregulation of the “branched-chain
amino acids (BCAAs) degradation” pathway was among the most
enriched terms (Fig. 1a), which was confirmed by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways analysis
(Supplementary Table 1). A total of 26 out of 46 genes in the
BCAA degradation pathway was downregulated in the Glut1-TG
heart (Supplementary Fig. 1a, b), and the changes of the key
enzymes were confirmed by real-time PCR (Fig. 1b, c)26. The
mRNA levels of branched-chain amino acid transaminase 2

(BCAT2) and branched-chain alpha-keto acid dehydrogenase
(BCKDH) complex, two enzymes that catalyzed the initial and
committed steps of BCAA degradation to branched-chain acyl-
coA, were significantly downregulated, so were multiple enzymes
involved in downstream reactions for converting the CoA pro-
ducts into the TCA cycle (Fig. 1b, c). The mRNA level of mito-
chondrial targeted 2C-type serine/threonine protein phosphatase
(PP2Cm), that dephosphorylates and activates BCKDH complex,
was also decreased (Fig. 1b, c). The protein levels of the BCAT2,
branched-chain keto acid dehydrogenase E1 Alpha Polypeptide
(BCKDHA), and PP2Cm were also significantly decreased in
Glut1-TG hearts (Fig. 1d). No reduction was seen in the mRNA
and protein expression of BCKD kinase (BCKDK) in Glut1-TG
hearts (Supplementary Fig. 1c, d).

Consistent with the in vivo observations in mice, increasing
glucose uptake by either overexpression of Glut1 or high glucose
medium (HG, 25 mM) reduced the expressions of BCAT2,
BCKDHA, and PP2Cm, the three key proteins in BCAA
degradation pathway, in both primary cells and proliferating cell
lines (Fig. 1e, Supplementary Fig. 1e-h). Taken together, these
data indicate that high glucose suppresses the expression of
BCAA degradation enzymes.

We subsequently performed targeted metabolomics analysis to
determine whether the downregulation of gene expression in
Glut1-TG hearts affected the BCAA degradation in vivo.
Increased glucose uptake in Glut1-TG hearts led to a higher
level of glycolytic metabolites (Supplementary Fig. 1i, j), as
expected. Importantly, the level of BCAAs was also increased
while the downstream BCAA metabolites, e.g., α-keto-β-
methylvalerate (KMV) and α-ketoisocaproate (KIC) were
decreased in Glut1-TG hearts (Fig. 1f). Notably, levels of other
amino acids exhibited the opposing trend compared to that of the
BCAAs (Supplementary Fig. 1i), suggesting that high glucose
selectively inhibited BCAA degradation. Independent biochem-
ical assays showed a 2.5-fold increase of BCAA level in Glut1-TG
hearts (Fig. 1g). In addition, high glucose medium or Glut1
overexpression also increased the BCAA content in both myocyte
and non-myocyte cell types (Fig. 1h, Supplementary Fig. 1k).
Taken together, these observations strongly suggest that glucose
negatively regulates intracellular BCAA degradation.

KLF15 is the target of high intracellular glucose. We next
searched for the upstream regulatory mechanisms mediating the
transcriptional suppression of BCAA degradation pathway. The
microarray data showed ~2-fold downregulation of KLF15 in
Glut1-TG hearts (Supplementary Fig. 2a), which was confirmed
by RT-PCR and immunoblot (Fig. 2a, b). Furthermore, both high
glucose medium and Glut1 overexpression reduced the KLF15
mRNA and protein levels in neonatal rat cardiomyocytes
(NRCMs) (Fig. 2c, d, Supplementary Fig. 2b). Similar observa-
tions were also made in other cell lines including H9C2 and HEK-
293 (Supplementary Fig. 2c, d). Previously, KLF15 has been
shown to mediate the transcription of genes for BCAA degra-
dation in multiple organs, including skeletal muscle, liver, and
heart27,28. We found that overexpression of KLF15 in the pre-
sence of high glucose is sufficient to normalize both mRNA and
protein expression of BCAA degradation enzymes (Fig. 2e, Sup-
plementary Fig. 2e, f), suggesting that glucose negatively regulates
BCAAs degradation through a KLF15 dependent mechanism.

To investigate the mechanisms by which high glucose
suppressed KLF15 expression, the KLF15 promoter region
containing ~1 kb upstream sequence from the transcription start
site or its serially truncated segments was cloned into a luciferase
vector and the luciferase activity was examined (Fig. 3a). High
glucose medium or Glut1 overexpression significantly reduced
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the luciferase activity containing 1 kb promoter sequence and the
combination of the two showed synergetic effects (Supplementary
Fig. 2g). However, the suppression effect on luciferase activity by
high glucose was no longer observed in smaller promoter
constructs (Fig. 3a), indicating that the glucose response
element(s) is located between the −1068 to −541 bp regions.
We found two potential binding elements (CREI and CREII) for
the cAMP response element binding protein (CREB) in this
region (http://jaspar.genereg.net/); both exhibited high similarity
with CRE consensus sequence and were conserved across species
(Fig. 3b). The chromatin immunoprecipitation (ChIP) revealed
that endogenous CREB bound to both CREI and CREII sites

(Fig. 3b). Importantly, high glucose significantly reduced CREB
binding occupancy of CREI and CREII on the KLF15 promoter
(Fig. 3c). To further test if high glucose suppressed the CREB
transcriptional activity, cells expressing a luciferase vector
containing three CREB consensus elements (CRE-luc) were
subjected to high glucose medium or Glut1 overexpression. Both
measures significantly decreased CRE luciferase activity (Fig. 3d).
We also observed that the phosphorylation of CREB at Ser 133,
critical for CREB transcriptional activation29, was significantly
decreased in cells cultured in high glucose medium or over-
expressing Glut1 (Fig. 3e). Moreover, overexpression of CREB
was sufficient to attenuate high glucose induced downregulation
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of KLF15, as well as BCAA degradation enzymes (Fig. 3f, g).
These data indicated that high glucose inhibited KLF15
transcription by negatively regulating the binding of CREB to
its promoter region.

Glucose promotes cell growth through the KLF15-BCAA
pathway. Previous studies have identified KLF15 as a negative
regulator of cardiac hypertrophy21. In pathological cardiac
hypertrophy caused by pressure overload in vivo or by pheny-
lephrine (PE) treatment of NRCMs in vitro, the expressions of

KLF15 and BCAA degradation enzymes were decreased (Sup-
plementary Fig. 3a–d), whereas glucose utilization increased6,30.
Physiological stimuli for growth that caused increased glucose
uptake e.g., insulin or insulin like growth factor 1 (IGF-1) also
induced similar changes of KLF15 and BCAA degradation
enzymes (Supplementary Fig. 3e–g)31. While overexpression of
Glut1 did not further increase myocyte cell size in response to PE
stimulation (Supplementary Fig. 3h), reducing glucose uptake by
knocking down Glut1 (sh-Glut1, Supplementary Fig. 3i, j) was
sufficient to attenuate the downregulation of KLF15 and BCAA
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Fig. 2 KLF15 is essential for glucose-mediated downregulation of BCAA degradation. a qRT-PCR analysis of KLF15 mRNA in Glut1-TG and WT hearts. The
expression was normalized to 18S rRNA and reported as fold change over WT (*p < 0.05 vs. WT, n= 6). b Representative immunoblots of KLF15 and α-
tubulin in heart tissue homogenates (left) and statistical analysis of densitomeric measurement of KLF15 (right) are shown (*p < 0.05 vs. WT, n= 4). c The
mRNA level of KLF15 in NRCMs incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h (*p < 0.05 vs. 5.5 mM Glc, n= 4). d NRCMs were
incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h. Representative immunoblots from cytosolic and nuclear fractions (left) and
statistical analysis of densitomeric measurement of nuclear KLF15 (right) are shown (*p < 0.05 vs. 5.5 mM Glc, n= 4). e NRCMs transduced with indicated
adenovirus were incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h. Immunoblots of cell lysates (left) and statistical analyses of
densitomeric measurements of BCAT2, BCKDHA, and PP2Cm (right) are shown (*p < 0.05 vs. LacZ/5.5mM Glc, #p < 0.05 vs. LacZ/25mM Glc, n= 4).
Data shown as mean ± s.e.m. P values were determined using unpaired Student’s t-test (a, b, c, d) or one-way ANOVA followed by Newman–Keuls
comparison test (e)

Fig. 1 Glucose negatively regulates BCAA degradation. a GO enrichment analysis of differentially regulated genes in Glut1-TG hearts using DAVID. Top 5
clusters of either downregulated or upregulated genes are shown. b qRT-PCR analyses of selected BCAA degradation genes in Glut1-TG and WT mouse
hearts. The expression was normalized to 18S rRNA and reported as fold change over WT (*p < 0.05 vs. WT, n= 6). Bckdhb branched-chain keto acid
dehydrogenase E1 subunit beta, Dbt dihydrolipoamide branched-chain transacylase E2, Ivd isovaleryl-CoA dehydrogenase, Mccc2 Methylcrotonoyl-CoA
Carboxylase 2, Mccc1 Methylcrotonoyl-CoA Carboxylase 1, Pccb Propionyl Coenzyme A Carboxylase, Beta Polypeptide; Pcca Propionyl Coenzyme A
Carboxylase, Alpha Polypeptide; Mut Methylmalonyl Coenzyme A Mutase. c Schematic illustration of the BCAA degradation pathway. Enzymes examined
in Fig. 1b are shown in blue. Degradation of Leu, Ile, and Val share the same initial steps catalyzed by Bcat2, Bckdha, Bckdhb, PP2Cm, and Dbt. Leu leucine,
Ile isoleucine, Val valine, KIV α-ketoisovalerate, 3-MB-CoA 3-Methylbutanoyl-CoA, 2-MB-CoA 2-Methylbutanoyl-CoA, IB-CoA Isobutyryl-CoA, MC-CoA
2-Methylcrotonyl-CoA, MG-CoA 2-Methylglutaconyl-CoA, MA-CoA 2-Methylbutanoyl-CoA, MM-CoA Methylmalonyl-CoA. d Representative
immunoblots of BCAT2, BCKDHA, PP2Cm, and α-tubulin in heart tissue homogenates (left) and statistical analyses of densitomeric measurements of
BCAT2, BCKDHA, and PP2Cm (right) are shown (*p < 0.05 vs. WT, n= 4). e NRCMs were incubated with DMEM containing 5.5 mM or 25mM glucose
for 24 h. Representative immunoblots of cell lysates (left) and statistical analyses of densitomeric measurements of BCAT2, BCKDHA, and PP2Cm (right)
are shown (*p < 0.05 vs. 5.5 mM Glc, n= 4). Glc glucose. f The relative intensity of indicated BCAAs and their metabolites measured by targeted
metabolomics of Glut1-TG and WT mouse hearts (*p < 0.05 vs. WT, n= 4). g The intracellular BCAA concentration was quantified in Glut1-TG and WT
hearts (*p < 0.05 vs. WT, n= 6). h Cellular BCAA levels after 24 h incubation with DMEM containing 5.5 mM or 25mM glucose (*p < 0.05 vs. 5.5 mM Glc,
n= 6). Data shown as mean ± s.e.m. P values were determined using unpaired Student’s t-test (b, d, e, f, g, h) or Mann–Whitney test (b, d, e, f)
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degradation enzymes in PE stimulated cells (Fig. 4a, b). Fur-
thermore, the increases in cell size and atrial natriuretic factor
(ANF) promoter activity was significantly reduced by knocking
down Glut1 (sh-Glut1) in the presence of PE (Fig. 4c, d).
Knockdown of KLF15 reversed the anti-hypertrophy effect by

sh-Glut1 in PE treated groups (Fig. 4c, d, Supplementary Fig. 3k),
suggesting that KLF15 was an important mediator of glucose-
dependent cell growth. We also found that overexpression of
KLF15 prevented the downregulation of BCAA degradation
enzymes in PE treated cells, in parallel with the reductions in cell
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size and ANF promoter luciferase activity (Fig. 4e–g, Supple-
mentary Fig. 3l). The anti-hypertrophy effect of KLF15 over-
expression was partially abolished when BCAA degradation
pathway was inhibited by knocking down PP2Cm or BCAT2
(Fig. 4f, g, Supplementary Fig. 3m, n). Taken together, these data
reveal a mechanism that links glucose reliance in cell growth to
BCAA degradation pathway through KLF15.

Glucose modulates mTOR in an energy independent manner.
In searching for the end effector of glucose mediated cell growth,
we found that knockdown of Glut1 attenuated PE induced mTOR
activation in NRCMs (Supplementary Fig. 4a). Consistent with
previous observations, inhibition of mTOR activity by rapamycin
treatment is sufficient to prevent PE induced cardiomyocyte
growth (Supplementary Fig. 4b, c). As glucose is an important
energy substrate and the mTOR activity is highly sensitive to
cellular energy status, we investigated whether glucose is required
to maintain cellular energy balance during the growth. Replacing
glucose with either pyruvate (12 mM) or lactate (12 mM) in the
culture medium attenuated NRCMs’ growth in response to
hypertrophic stimulus (Fig. 5a) with no change in viability or
intracellular ATP level compared with cells cultured with glucose
(Supplementary Fig. 4d, e). Moreover, only NRCMs cultured with
glucose showed mTOR activation in response to PE treatment
(Fig. 5b, Supplementary Fig. 4f). However, we observed that
NRCMs cultured with pyruvate or lactate exhibited increased
phosphorylation of AMP-activated protein kinase (AMPK)
indicating that AMPK was activated (Supplementary Fig. 4f).
AMPK is an energy sensor and a negative regulator of mTOR
activity and cell growth32. To determine whether restricting
glucose inhibited mTOR through activation of AMPK, we pre-
vented AMPK activation by including both lactate (6 mM) and
acetate (6 mM) as the replacement of glucose in the culture
(Supplementary Fig. 4d, e, Fig. 5b). NRCMs cultured with lactate
and acetate, nevertheless, remained resistant to mTOR activation
and hypertrophic growth by PE (Fig. 5a, b), suggesting that
AMPK activation is not required for mTOR inhibition under
these conditions. Similarly, rat adult cardiomyocytes cultured
with pyruvate or lactate showed no activation of AMPK but
showed attenuated mTOR activation and reduced hypertrophic
growth during PE stimulation (Supplementary Fig. 4g, h). Taken
together, these observations show that independent of its function
in energy provision, glucose plays an essential role in mediating
mTOR activation in response to growth stimulation.

mTOR activation requires the inhibition of BCAA degrada-
tion. To test if the suppression of BCAA degradation by glucose
was required for mTOR activation during cell growth, we first

examined the intracellular BCAAs amount in response to
PE treatment at various time points. PE induced a transient
accumulation of intracellular BCAA that coincided with
activation of mTOR, which was prevented by overexpression
of KLF15 (Fig. 6a, b, Supplementary Fig. 4i). This transient
accumulation of BCAA in cultured cardiomyocytes is consistent
with the observation in the hearts in response to pressure
overload or myocardial infarction, in which the increase of
myocardial BCAA level peaks at one week after the stimulus33,34.
Knockdown of BCAT2 or PP2Cm, the key enzymes for BCAA
degradation, induced the intracellular BCAA accumulation
(Supplementary Fig. 4j) and restored mTOR activation by
PE in KLF15 overexpressing cells (Fig. 6c, Supplementary
Fig. 4k). Similarly, the downregulation of BCAA degradation
enzymes by PE was abolished in cardiomyocytes cultured
with non-glucose medium (Supplementary Fig. 4l). Knocking
down PP2Cm or BCAT2 was sufficient to reactivate mTOR
during PE treatment in both neonatal and adult rat cardiomyo-
cytes cultured even in non-glucose medium and restored
the growth response to the same extent as in cells cultured
with glucose (Fig. 6d, e, Supplementary Fig. 4m-p). Taking
together, these data suggest that suppression of BCAA degrada-
tion pathway by glucose is required for mTOR activation during
cell growth.

Crosstalk between growth stimulus and metabolic response.
Although glucose is required for cell growth, high glucose alone did
not stimulate mTOR activation in cardiomyocytes in the absence of
hypertrophic stimuli (Supplementary Fig. 5a). The Glut1-TG hearts
did not develop hypertrophy without stress17, and high glucose
medium did not increase cell size in NRCMs (Supplementary
Fig. 5b). These findings suggest that BCAA accumulation induced
by increased glucose reliance is required but not sufficient to sti-
mulate cell growth, i.e., the activation of mTOR requires additional
input even in the presence of metabolic reprogramming. We thus
investigated the cross talk between glucose and the two upstream
regulators of mTOR signaling: PI3K and MAPK pathways. As
expected, PE treatment stimulated both PI3K and MAPK pathways
(Supplementary Fig. 5c), while high glucose had no effect on either
(Supplementary Fig. 5d). Similarly, removing glucose or over-
expression of KLF15 had no effect on activation of either PI3K or
MAPK in response to PE treatment (Fig. 7a, b‚ Supplementary
Fig. 5e), but strongly suppressed mTOR activation and cardio-
myocyte growth in response to PE (Figs. 4f, 5a, b, 6c, Supplemen-
tary Fig. 4i). In addition, inhibition of PI3K pathway by
wortmannin or inhibition of MAPK by U0126 was sufficient to
inhibit mTOR activation during PE stimulation but had no effect
on BCAA degradation pathway (Fig. 8a, Supplementary Fig. 5f).

Fig. 3 Glucose negatively regulates KLF15 through a CREB dependent mechanism. a NRCMs transfected with 1 μg indicated KLF15 promoter luciferase
vectors or empty vector were incubated with DMEM containing 5.5 mM or 25mM glucose for 36 h. The luciferase activity was measured (*p < 0.05 vs.
−1068-luc/5.5 mM Glc, n= 6). b Upper panel: a schematic illustration of two potential CREB DNA-binding elements in the KLF15 promoter region, referred
to as CRE I and CRE II. Lower panel: ChIP analysis of CREB binding of the KLF15 promoter in vivo. Results are representative of three independent
experiments. c NRCMs were incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h. Protein-bound chromatin was prepared and
immunoprecipitated with IgG and CREB antibodies. The relative occupancy on the promoter was compared with the input signal (*p < 0.05 vs. 5.5 mM Glc,
n= 4). d NRCMs transfected with 1 μg CRE-luc vector were incubated with DMEM containing 5.5 mM or 25mM glucose or transfected with Glut1 or
control (GFP) plasmid for 36 h. The luciferase activity was measured (*p < 0.05 vs. 5.5 mM Glc or GFP, n= 6). e NRCMs were transduced with indicated
adenovirus or incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h. Representative immunoblots of cell lysates for p-CREB (Ser 133), CREB
and β-actin (left) and statistical analysis of densitomeric measurement of p-CREB (Ser 133) (right) are shown (*p < 0.05 vs. 5.5 mM Glc or LacZ, n= 4). f, g
NRCMs transduced with indicated adenovirus were incubated with DMEM containing 5.5 mM or 25mM glucose for 24 h. f Representative immunoblots of
cytosolic and nuclear fractions (left) and statistical analysis of densitomeric measurement of nuclear KLF15 (right) are shown (*p < 0.05 vs. LacZ/5.5mM
Glc, #p < 0.05 vs. LacZ/25mM Glc, n= 4). g Immunoblots of cell lysates (left) and statistical analyses of densitomeric measurements of BCAT2, BCKDHA
and PP2Cm (right) are shown (*p < 0.05 vs. LacZ/5.5mM Glc, #p < 0.05 vs. LacZ/25mM Glc, n= 4). Data shown as mean ± s.e.m. P values were
determined using unpaired Student’s t-test (a, d, e), Mann–Whitney test (c, d), or one-way ANOVA followed by Newman-Keuls comparison test (f, g)
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Knockdown of KLF15 or PP2Cm in cells subjected to PE stimu-
lation, which effectively suppressed BCAA degradation pathway,
failed to restore mTOR activation or hypertrophic growth when
PI3K or MAPK was inhibited (Fig. 8b, c, Supplementary Fig. 5g-l),
indicating that PE induced mTOR activation also required intact
PI3K or MAPK signaling. Taken together, these data suggest that
the activation of mTOR during a growth response requires input
signal via the PI3K and/or MAPK pathway, as well as the metabolic
response via increased intracellular glucose (Fig. 8d). Either com-
ponent is indispensable, and they act cooperatively to sustain a
growth response.

Glucose-BCAA circuit regulates cardiac hypertrophy in mice.
Increased glucose reliance, downregulation of KLF15 and
impaired BCAA degradation have been demonstrated in hearts
with pathological hypertrophy6,21,28, but their role as a regulatory
circuit for hypertrophic response has never been tested. If our
hypothesis is correct, the anti-hypertrophy effect of KLF15 will not
be observed in mice deficient of BCAA degradation such as
PP2Cm KO. We thus sought to increase KLF15 expression in the
heart of WT and PP2Cm KO mice, via retro-orbital injection of an
adeno-associated virus serotype 9 vector carrying KLF15 and
directed by the cardiac-specific cTNT promoter (AAV9-KLF15)35.
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This approach showed high efficiency and specificity of gene
expression in the heart (Supplementary Fig. 6a, b). As high level
overexpression of KLF15 in transgenic mice causes arrhythmia
due to a regulatory role of KLF15 on potassium channel36, we
titrated the dosage of AAV9-KLF15 to limit the KLF15 over-
expression to ~2-fold (Fig. 9a, Supplementary Fig. 6c). The
expression level of KLF15 was stable for up to 5 weeks and did not
cause any overt phenotype in WT mice. Importantly, AAV9-
KLF15 administration was sufficient to increase multiple enzymes
involved in BCAA degradation pathway (Fig. 9a).

We found that the increases in heart weight and myocyte
cross-sectional area, induced by TAC, were significantly reduced
by KLF15 overexpression in WT but not in PP2Cm KO mice
(Fig. 9b, c). Immunoblot analysis demonstrated that AAV9-
KLF15 treatment significantly reduced the phosphorylation of
p70 S6K and mTOR after TAC in WT mice but not in PP2Cm
KO mice (Fig. 9d). Importantly, PI3K and MAPK signaling was
activated to a similar extent in all the groups subjected to TAC
compared with sham operated mice (Supplementary Fig. 6c). In
addition, molecular markers for pathological cardiac hypertrophy
ANP and BNP, were markedly elevated in WT-TAC and a greater
increase observed in PP2Cm KO-TAC hearts (Fig. 9e). AAV9-
KLF15 treatment significantly reduced the expression of ANP and
BNP in WT but not in PP2Cm KO hearts after TAC (Fig. 9e).
Echocardiographic measurements demonstrated that TAC
induced cardiac dysfunction in both WT and PP2Cm KO mice
compared with sham operated mice, which was rescued by
AAV9-KLF15 in WT only (Fig. 9f, Supplementary Table 2).
Collectively, these data demonstrate that suppression of KLF15-
BCAA degradation pathway is required for activation of mTOR
and development of pathological hypertrophy of adult hearts
in vivo.

Discussion
The study reveals a regulatory circuit between glucose and BCAA
that serves as a metabolic determinant of growth signaling. In a
variety of cell types, we observed that increased intracellular
glucose inhibits the expression of KLF15 and its downstream
genes resulting in decreased BCAA degradation. Such a response
is required for sustaining the activation of mTOR during growth
stimulation even though energy provision by glucose is dis-
pensable. Importantly, disruption of this regulatory cascade
alleviates cardiomyocyte hypertrophy during pressure overload in
mice demonstrating that this mechanism plays a critical role in
cellular growth response in disease.

The mTOR complex is a nutrient sensor and a signaling hub
where various inputs are vetted and relayed cumulating in
changes of protein synthesis, cell growth, and survival. Here we
demonstrate that activation of mTOR requires growth stimuli
that act in concert with increased glucose metabolism. This is
consistent with previous observations that mTOR activation by
insulin stimulation or increased hemodynamic load in the heart
requires increased glucose metabolism15,16. However, prior
hypothesis that mTOR activity is modulated by a direct interac-
tion of glucose metabolite(s) with protein(s) in the mTOR com-
plex has not been supported by direct evidence. Here we have
identified a cascade of mechanisms linking glucose metabolism to
the mTOR activity through the inhibition of BCAA degradation.
Previous studies have shown that mTOR activity is regulated by
nutrients, mostly in the form of amino acids, especially leucine,
the most abundant BCAA37–40. Here we demonstrate that
increased glucose metabolism in growing cells modulates the
amino acid levels by suppressing the BCAA degradation pathway,
thus, reveal a missing link in the coordination of cell metabolism
and intracellular nutrient environment for cell growth. Further-
more, the identification of the glucose-BCAA circuit reveals a
fundamental mechanism in metabolic regulation that will likely
advance research on metabolic signaling beyond cell growth.

Similar to our observations in this study, activation of mTOR
by amino acids also requires the presence of upstream signals,
such as growth factors39. These observations indicate that meta-
bolic responses elicited by growth signals, instead of indepen-
dently stimulating cell growth, play an obligatory role in setting
the intracellular environment in favor of growth signal trans-
duction. Understanding the molecular mechanisms underlying
the metabolic determinant of mTOR activity, therefore, presents
new avenue to target cell growth independent of growth
stimulation.

We find that restoration of mTOR activity is sufficient to
promote the growth of both neonatal and adult rat cardiomyo-
cytes in the absence of glucose. This seemingly surprising
observation suggests that glycolysis is not required in the growth
of post-mitotic cells once mTOR is activated. Substitution of
glucose with pyruvate, lactate and/or, acetate is sufficient to meet
the energy demand and prevent AMPK activation. However,
glucose metabolites also fuel several accessary pathways, e.g.,
hexosamine biosynthetic pathway or pentose phosphate pathway.
Since gluconeogenesis is normally not present in cardiomyocytes,
long term culture with non-glucose substrates could deplete
metabolites produced by these pathways which have been shown
critical for cell growth3,41. It is possible that these metabolites are

Fig. 4 Suppression of BCAA degradation by high glucose is required for cardiomyocyte growth in response to PE. a, b NRCMs transduced with indicated
adenovirus for 72 h were treated with phenylephrine (PE, 100 μM) or vehicle for 6 h. a Representative immunoblots of cytosolic and nuclear fractions (left)
and statistical analysis of densitomeric measurement of KLF15 (right) are shown (*p < 0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-con/PE, n= 4). b
Representative immunoblots of cell lysates (left) and statistical analyses of densitomeric measurements of BCAT2 and BCKDHA (right) are shown (*p <
0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-con/PE, n= 5). c NRCMs transduced with indicated adenovirus were treated with phenylephrine (PE, 100 μM) or
vehicle for 48 h. Cellular surface area in each group was quantified and expressed relative to the control (*p < 0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-
con/PE, &p < 0.05 vs. sh-Glut1/PE, n= 4). Scale bar, 25 μm. d NRCMs transfected with 1 μg ANF promoter luciferase reporter (ANF-luc) were transduced
with indicated adenovirus for 36 h and further incubated with phenylephrine (PE, 100 μM) or vehicle. The luciferase activity was measured after 36 h of PE
(*p < 0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-con/PE, &p < 0.05 vs. sh-Glut1/PE, n= 4). e NRCMs transduced with indicated adenovirus were treated
with phenylephrine (PE, 100 μM) or vehicle for 6 h. Representative immunoblots of cell lysates (upper) and statistical analyses of densitomeric
measurements of BCAT2, BCKDHA and PP2Cm (lower) are shown (*p < 0.05 vs. LacZ/Vehicle, #p < 0.05 vs. LacZ/PE, n= 4). f NRCMs transduced with
indicated adenovirus were treated with phenylephrine (PE, 100 μM) or vehicle for 48 h. Cellular surface area in each group was quantified and expressed
relative to the control (*p < 0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-con/PE, &p < 0.05 vs. KLF15/PE, n= 4). Scale bar, 25 μm. g NRCMs transfected with
1 μg ANF-luc were transduced with indicated adenovirus followed by incubation with phenylephrine (PE, 100 μM) or vehicle for 36 h. The luciferase
activity was measured (*p < 0.05 vs. sh-con/Vehicle, #p < 0.05 vs. sh-con/PE, &p < 0.05 vs. KLF15/PE, n= 4). Data shown as mean ± s.e.m. P values
were determined using one-way ANOVA followed by Newman–Keuls comparison test (a, b, g) or Kruskal–Wallis test followed by Dunn’s comparison
test (c, d, e, f)
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not sufficiently depleted during the short-term experiments in the
present study hence not affecting cell growth. It also raises the
intriguing question whether other mechanisms are present to
compensate for the loss of glycolysis in those cells during
hypertrophic growth. Further investigations along this line may
lead to discovery of novel metabolites and pathways that con-
tribute to the growth of post-mitotic cells.

A key finding of this study is the identification of KLF15 as a
critical node connecting metabolism and cell growth. KLF15 has
long been recognized as a pleiotropic transcriptional factor20,42.
KLF15-mediated transcriptional mechanisms regulate cell differ-
entiation, circadian rhythm, ion channel activity, and multiple
aspects of metabolism23,27,36,43–45. Despite clear evidence for a
role of KLF15 in determining the metabolic phenotype of dif-
ferentiated cells, the upstream mechanism(s) that drive KLF15
expression have not been defined. Interestingly, KLF15 expression
is substantially suppressed during development and in pro-
liferating cells when basal glucose uptake and utilization is
high21–23,46. Results from this study reveal a regulatory
mechanism by glucose through which immature cells suppress
KLF15 to sustain a metabolic profile favorable for cell growth.
Consistent with the notion, exponential increases of KLF15
expression occur at the end of postnatal growth period which
coincide with the switch to insulin regulated glucose disposal in
the heart coupled with increased fatty acid oxidation and amino
acid catabolism23,24. When the metabolic pattern returned to the
fetal form in hypertrophic hearts, KLF15 level is reduced21.
Indeed, the present study confirmed prior observation that both
physiological and pathological growth stimuli, known to stimu-
late glucose uptake, reduced the KLF15 expression21,47. Here we
have identified one glucose responsive mechanism that sup-
presses KLF15 transcription through reducing the binding of
CREB on its promoter region. KLF15 expression is also respon-
sive to multiple hormonal regulations such as glucocorticoids or

during fasting of which the molecular mechanisms are unknown.
The role of intracellular glucose in these responses warrants
investigation.

Several observations have been made that the expression of
KLF15 and BCAA degradation enzymes are downregulated in
failing hearts21,28. However, Glut1-TG mice was able to maintain
cardiac function at baseline and protected against pressure
overload induced cardiac dysfunction even though the KLF15-
BCAA pathway was inhibited. We speculate that the seemingly
contradictory outcome observed in Glut1-TG hearts reflects the
complex role of substrate metabolism in modulating myocardial
energetics and signaling transduction. In Glut1-TG mice, the
tremendous capacity of glucose supply allows glucose to become
the predominant fuel and is able to maintain cardiac energetics
during pressure overload, a condition when downregulation of
fatty acid oxidation (FAO) compromises myocardial energy
supply while increased glucose utilization through endogenous
mechanisms is not sufficient to maintain myocardial
energetics17,48. The study by Sun et al. suggests that accumulation
of BCAA metabolites, BCKAs, contribute to the development of
TAC induced cardiac dysfunction in PP2Cm KO hearts28. We did
not observe BCKAs accumulation in Glut1-TG hearts (Fig. 1f),
since the entire BCAA degradation pathway was downregulated
including the enzyme converting BCAAs to BCKAs. Therefore,
improved energy metabolism in Glut1-TG hearts likely con-
tributes to delayed progression to heart failure. However, com-
pared to other interventions of sustaining myocardial energetics,
such as preventing the downregulation of FAO, improved func-
tion in Glut1-TG after TAC was not accompanied by the
expected reduction of cardiac hypertrophy49. These observations
are consistent with the role of glucose in regulating cell growth
independent of its role in ATP production, as shown in the
present study.
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NRCMs transduced with indicated adenovirus were treated with phenylephrine (PE, 100 μM) or vehicle for 6 h. Immunoblots of cell lysates (left) and
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incubated with DMEM containing either glucose or non-glucose substrates for one hour and then treated with phenylephrine (PE, 100 μM) or vehicle. d
Immunoblots of cell lysates (left) and statistical analyses of densitomeric measurements of p-p70 S6K (Thr 389) and p-mTOR (Ser 2448) (right) are
shown (*p < 0.05 vs. sh-con/Glucose/Vehicle, #p < 0.05 vs. sh-con/Glucose/PE, &p < 0.05 vs. sh-con/Lactate/PE, n= 4). e 48 h after PE treatment,
myocytes were fixed and stained with anti-Troponin T. Cell surface area in each group was quantified and expressed relative to the control (*p < 0.05 vs.
sh-con/Glucose/Vehicle, #p < 0.05 vs. sh-con/Glucose/PE, &p < 0.05 vs. sh-con/Lactate/PE, n= 4). Scale bar, 25 μm. Data shown as mean ± s.e.m. P
values were determined using one-way ANOVA followed by Newman-Keuls comparison test (a, b, c, d) or Kruskal–Wallis test followed by Dunn’s
comparison test (e)
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The identification of the glucose-KLF15-BCAA regulatory
circuit has potential implications in the cardiac remodeling of
patients with diabetes or metabolic disorders. BCAAs catabolic
enzyme gene expression is reduced in individuals with the
metabolic syndrome and obesity50,51. Metabolomics studies has
demonstrated a positive correlation between circulating BCAA
levels and insulin resistance in obesity, and a high blood BCAA
level is a risk factor for future development of diabetes52,53. These
observations suggest a potential feedback regulation between
glucose and BCAA metabolism54. A further understanding of the
molecular mechanisms holds promise of revealing novel ther-
apeutic targets for metabolic disorders.

In conclusion, our study demonstrates that glucose negatively
regulates BCAAs degradation pathway through a KLF15 depen-
dent mechanism. Mobilization of this pathway is required for
mTOR activation and the development of cardiac hypertrophy.
Thus, the study uncovers a molecular link between the metabolic
programming and the growth signaling in the post-mitotic cells.
Importantly, identification of the glucose and BCAA circuit adds

to the fundamental principle of metabolic regulation, which has
significant implications beyond cell growth.

Methods
Animal model. A transgenic mouse expressing human Glut1 driving by the alpha-
myosin heavy chain promoter (designated as Glut1-TG) was generated on an FVB
background17. PP2Cm systematic knock out mice (designated as PP2Cm KO) was
achieved by gene targeting and maintained on C57BL/6 background55. All the mice
were housed at 22 °C with a 12-h light, 12-h dark cycle with free access to water
and standard chow. The experiments included in this study were performed with
male mice. All protocols concerning animal use were approved by the Institutional
Animal Care and Use Committee at University of Washington.

Transverse aortic constriction (TAC) surgery. PP2Cm KO mice and their lit-
termate controls at the age of 10–12 weeks underwent TAC or sham surgery56.
Briefly, mice were anesthetized with an intraperitoneal injection of 130 mg/kg
ketamine and 8.8 mg/kg xylazine in saline. Mice were intubated with 20 G cannula
and ventilated 140 breaths per minute by small animal TOPO ventilator (Kent
Scientific). The aortic arch was exposed via a left thoracotomy and by carefully
separating the thymus. A constriction of the transverse aorta was generated by
tying a 6-0 Ethilon ligature against a 27-gauge blunt needle around the aorta
between the brachiocephalic and left common carotid arteries. Promptly the needle
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was removed and the chest and skin were closed by 5-0 polypropylene suture. The
animal was removed from ventilation and kept on a heating blanket during
recovery from anesthesia. SR buprenorphine (0.05 mg/kg) was administered sub-
cutaneously for analgesia. Sham operated mice underwent all the same procedures
as TAC mice excluding the constriction of the aorta. All mice were monitored
every 12 h during the first 72 h post-surgery, followed by daily visits over the next
4 weeks.

Transthoracic echocardiography. The mice were anesthetized and maintained
with 1–2% isofluorane in 95% oxygen. Trans-thoracic echocardiography was
conducted at 2 and 4 weeks post TAC surgery with Vevo 2100 high-frequency,

high-resolution digital imaging system (VisualSonics) equipped with a MS400
MicroScan Transducer. A parasternal short axis view was used to obtain M-mode
images for analysis of fractional shortening, ejection fraction, and other cardiac
functional parameters.

Bioinformatics analysis. Glut1-TG and WT hearts were subjected to microarray
analysis (Affymetrix). The preselected genes (Fold change > 1.25, p < 0.05 vs. WT)
were analyzed using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (http://david.abcc.ncifcrf.gov)57,58. The lists of genes showing
either down-regulation (806 genes) or up-regulation (1248 genes) in GLUT1-TG
hearts were separately entered into the DAVID and subjected to Functional
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Annotation Chart analysis for general GO enrichment analysis and pathway
enrichment analysis (Threshold: Count of 5 and EASE score of 0.05) using the
KEGG pathway database26. KEGG pathway tool was utilized through DAVID
online tools to visually map down-regulated genes involved in BCAAs degradation
pathway in GLUT1-TG heart.

Immunoblot analysis. Heart homogenates or cell lysates were prepared using
RIPA buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100,
0.1% SDS, 1% deoxycholic acid, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF, 0.5 mM
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 0.5 μg/ml aprotinin, and
0.5 μg/ml leupeptin. Equal amounts of proteins (10–20 μg) were subjected to SDS-
PAGE. The nuclear and cytosolic fractions were prepared with NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Pierce). After proteins were transferred to a
PVDF membrane, immunoblots were probed with the indicated antibodies. The
protein abundance was analyzed densitometrically and normalized by the level of
α-tubulin, β-actin, GAPDH or Lamin A. Antibodies used for immunoblots were
purchased from the indicated companies. Primary antibodies against BCKDHA (1:
10000, ab138460), KLF15 (1: 2000, ab185958), p-mTOR (Ser 2481) (1: 10000,
ab137133) were from Abcam. Primary antibodies against p-AMPKα (Thr 172)
(1:1000, 2535), AMPKα (1: 2000, 2532), p-Akt (Thr 308) (1: 2000, 13038), Akt
(1:5000, 4685), p-CREB (Ser 133) (1: 1000, 9198), CREB (1: 2000, 9197), GAPDH
(1: 10000, 5174), p-mTOR (Ser 2448) (1: 5000, 5536), mTOR (1: 4000, 2983), p-
p44–42 MAPK (Thr 202/204) (1: 10000, 4370), p44–42 MAPK (1: 5000, 4695), p-
p70 S6K (Thr 389) (1: 1000, 9234), p70 S6K (1: 5000, 2708), p-TSC2 (Ser 939) (1:
5000, 3615), p-TSC2 (Thr 1462) (1: 1000, 3617), TSC2 (1: 4000, 4308), β-actin
(1:5000, 4970) were from Cell Signaling Technology. Primary antibody against GFP
(1: 10000, A-11122) was from Life Technology. Primary antibody against Glut1 (1:
2000, MABS132) was from Millipore. Primary antibody against BCKDK (1:1000,
NBP2-15553) were from Novus Biologicals. Primary antibodies against BCAT2
(1:1000, 16417-1-AP) and PP2Cm (1: 2000, 14573-1-AP) were from Proteintech.
Primary antibodies against Lamin A (1: 10000, sc-56137) and LDH (1: 5000, sc-
33781) were from Santa Cruz Biotechnology. Primary antibodies against α-tubulin
(1: 5000, T6199) and FLAG (1: 5000, F1804) were from Sigma. Uncropped images
of immunoblots in the main figures are presented in the Supplementary Fig. 7.

Cell cultures. H9C2 and HEK 293 cells were purchased from American Type
Culture Collection (ATCC) and were cultured at 37 °C in Dulbecco’s modified
Eagle’s medium (DMEM) containing 5.5 mM Glucose (Life Technology) with 10%
FBS. Cell lines used in this study were not verified as mycoplasma-negative and
their morphology and growth characteristics were compared to published infor-
mation to ensure their authenticity. Primary cultures of ventricular cardiac myo-
cytes were prepared from 1-day-old Crl: (WI) BR-Wistar rats (Harlan
Laboratories). A cardiac myocyte-rich fraction was obtained by centrifugation
through a discontinuous Percoll gradient. Cells were cultured in complete medium
(CM) containing DMEM/F-12 supplemented with 5% horse serum, 4 μg/ml
transferrin, 0.7 ng/ml sodium selenite (Life Technologies, Inc.), 2 g/L bovine serum
albumin (fraction V), 3 mM pyruvic acid, 15 mM HEPES, 100 μM ascorbic acid,
100 μg/ml ampicillin, 5 μg/ml linoleic acid and 100 μM 5-bromo-2′-deoxyuridine
(Sigma). Myocytes were switched to serum-free medium for 24 h before any
experiment. Primary adult cardiomyocytes were isolated from the heart of Sprague
Dawley rats (Harlan Laboratories) using standard enzymatic technique59. Briefly,
the heart was quickly removed, cannulated via the ascending aorta, and mounted
on a modified Langendorff perfusion system and subsequently perfused with
oxygenated Krebs–Henseleit Buffer (KHB) solution supplemented with collagenase
II (Worthington) and hyaluronidase (Sigma) at 37 °C. Rod shaped adult cardiac
myocytes were collected and cultured in serum-free M199 medium (Sigma) sup-
plemented with 10 mM glutathione, 26.2 mM sodium bicarbonate, 0.02% bovine
serum albumin and 50 Uml−1 penicillin/streptomycin. All the experiments were
conducted under 5.5 mM glucose concentration unless it’s specified. Non-glucose
substrates (12 mM pyruvate, 12 mM lactate or 6 mM lactate plus 6 mM acetate)

were added to DMEM containing 0 mM glucose for the indicated experiments. In
order to maintain the same osmolality, D-mannitol (Sigma) was added to the
medium samples if different concentrations of glucose were applied.

Measurements of metabolite content and cell viability. Intracellular ATP
contents were measured using an ATP Bioluminescent Assay Kit (Sigma)
according to the manufacturer’s protocol. BCAA contents of mouse hearts or cells
were measured using a BCAA Colorimetric Assay Kit (Sigma) according to the
manufacturer’s instructions. The BCAA content was normalized by protein levels.
Viability of the cells was measured by CellTiter-Blue (CTB) assays (Promega)
according to the supplier’s protocol. In brief, cardiac myocytes (1 × 105 per 100 μl)
were seeded onto 96-well plates. On second day, the cells were changed to serum
free medium for 24 h followed by incubation with either DMEM or glucose-free
medium containing non-glucose substrates for 48 h before the CTB assay.

Construction of adenoviral expression vectors. Briefly, pBHGloxΔE1,3Cre
(Microbix), including the ΔE1 adenoviral genome, was co-transfected with pDC
shuttle vector containing the gene of interest into 293 cells using Lipofectamine
2000 (Invitrogen). Through homologous recombination, the test genes were inte-
grated into the E1-deleted adenoviral genome. The viruses were propagated in 293
cells as described60. The cDNA clones for Glut1 and KLF15 were purchased from
Origene. Adenovirus harboring β-galactosidase (Ad-LacZ) was used as a control.

Construction of shRNA adenoviral expression vectors. Adenoviruses harboring
short hairpin RNA (shRNA) for Glut1 (Ad-sh-Glut1), KLF15 (Ad-sh-KLF15),
BCAT2 (Ad-sh-BCAT2), and PP2Cm (Ad-sh-PP2Cm) were generated using the
following hairpin forming oligos:

Glut1:(5′-GCTTATGGGTTTCTCCAAACTTTCAAGAGAAGTTTGGAGAA
ACCCATAAGCTTTTTT-3′)

KLF15:(5′-GCAAGACAAATGGAGCCATATTTCAAGAGAATATGGCTCC
ATTTGTCTTGCTTTTTT-3′)

BCAT2:(5′-GCAGAACGCAAGGTCACTATGTTCAAGAGACATAGTGACC
TTGCGTTCTGCTTTTTT-3′)

PP2Cm:(5′- GCTATACTTTGCAGTCTATGATTCAAGAGATCATAGACTG
CAAAGTATAGCTTTTTT-3′)

These oligos and their corresponding antisense oligos with ApaI and Hind III
overhangs were synthesized, annealed, and subcloned into the pDC311 vector. The
loop sequences are underlined. Recombinant adenoviruses were generated using
homologous recombination in 293 cells as described above.

Generation and administration of AAV (serotype 9). KLF15 cDNA and GFP
were separately cloned into ITR-containing AAV plasmid harboring the chicken
cardiac TNT promoter to yield constructs pAAV9.cTnT-KLF15 and pAAV9.cTnT-
GFP, respectively. AAV was packaged in 293 T cells using AAV9:Rep-Cap and
pAd:deltaF6 (Penn Vector Core); then purified and concentrated by gradient
centrifugation61,62. AAV9 titer was determined by Droplet Digital PCR (ddPCR).
AAV9 virus (1 × 1012 virus genome per animal) was injected into PP2Cm KO mice
and their control littermates by retro-orbital injection.

Immunocytochemistry. Neonatal cardiac myocytes in 4-well chambers were
washed with phosphate-buffered saline (PBS) three times, fixed with 4% paraf-
ormaldehyde for 15 min, permeabilized in 0.3% Triton X-100 for 10 min and
blocked with 10% normal goat serum for 1 h at room temperature. The following
antibodies were used as primary antibodies: KLF15 (1: 200, ab185958, abcam) and
Troponin T (1: 400, MS295P1, Thermo Scientific). Alexa Fluor 488 Dye-conjugated
or Alexa Fluor 555 Dye-conjugated secondary antibody (Invitrogen) was used for
detecting indirect fluorescence. Slides were mounted with Prolong Diamond
Antifade Mountant containing DAPI (Life Technology).

Fig. 9 Glucose and KLF15 mediated BCAA degradation is essential for cardiomyocyte growth in vivo. a Immunoblots of cardiac tissue homogenates from
WT mice injected with AAV9-KLF15 or PBS for indicated time period are shown. b–f PP2Cm KO and WT mice were subjected to TAC surgery one week
after retro-orbital injection of AAV9-KLF15 or control virus (AAV9-GFP). b The heart weight/body weight (HW/BW) ratio of PP2Cm KO and WT hearts
with indicated AAV injection 4 weeks after TAC or sham operation (*p < 0.05 vs. WT/AA9-GFP/sham, #p < 0.05 vs. WT/AAV9-GFP/TAC, &p < 0.05 vs.
WT/AAV9-KLF15/TAC, n= 5–11). c Representative wheat germ agglutinin staining and quantification of cardiomyocyte cross-sectional area in indicated
hearts 4 weeks after TAC or sham operation (*p < 0.05 vs. WT/AA9-GFP/sham, #p < 0.05 vs. WT/AAV9-GFP/TAC, &p < 0.05 vs. WT/AAV9-KLF15/
TAC, n= 3–4). Scale bar, 50 μm. d Left ventricles from indicated hearts were collected 3 days post surgery. Immunoblots of tissue homogenates (left) and
statistical analyses of densitomeric measurements of p-p70 S6K (Thr 389), p-mTOR (Ser 2448) and p-mTOR (Ser 2481) (right) are shown (*p < 0.05 vs.
WT/AA9-GFP/sham, #p < 0.05 vs. WT/AAV9-GFP/TAC, &p < 0.05 vs. WT/AAV9-KLF15/TAC, n= 3). e qRT-PCR measurements of ANP and BNP levels
in PP2Cm KO and WT hearts with indicated AAV injection 4 weeks after surgery (*p < 0.05 vs. WT/AA9-GFP/sham, #p < 0.05 vs. WT/AAV9-GFP/TAC,
&p < 0.05 vs. WT/AAV9-KLF15/TAC, n= 3–4). f Left ventricular ejection fraction (LVEF%) assessed by echocardiography at 2 weeks and 4 weeks post
TAC surgery (*p < 0.05 vs. WT/AA9-GFP/sham, #p < 0.05 vs. WT/AAV9-GFP/TAC, &p < 0.05 vs. WT/AAV9-KLF15/TAC, n= 5–12). Data shown as
mean ± s.e.m. P values were determined using one-way ANOVA followed by Newman–Keuls comparison test (b, c, d, e, f)
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Single-cell fluorescent hexose uptake assay. Neonatal cardiac myocytes in 4-
well chambers were washed with phosphate-buffered saline (PBS) for three times.
The myocytes were subsequently incubated with 2-(N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG, 300 µM) (Life Technology) in
Krebs buffer without glucose (145 mM NaCl, 5 mM KCl, 6 mM CaCl2, 1 mM
MgCl2, 25 mM HEPES Na, and 10 mM NaHCO3, pH 7.4) for 1 h at 37 °C in the
dark. After rinsed with Krebs buffer, intracellular fluorescence was acquired by
confocal microscope. 2-NBDG uptake was estimated by comparing intracellular
fluorescence with the extracellular signal. The images were quantified by ImageJ
software (NIH). Approximately 75–100 cells were analyzed for each condition per
experiment. Glucose uptake was expressed as the fold change over the control cells.

Cryosectioning and immunofluorescence of GFP. To visualize transgene dis-
tribution after retro-orbital injection, hearts from mice injected with AAV9-GFP or
PBS were harvested and fixed for four hours at 4 °C in PBS containing 0.1%
glutaraldehyde/1.5% paraformaldehyde/20% sucrose, embedded in Tissue-Plus O.
T.C Compound (Fisher Scientific) and quickly frozen in liquid nitrogen. Cryo-
sections of 5 µm thickness were cut and GFP expression was detected by anti-GFP
antibody (1: 400, A-11122, Invitrogen). Slides were mounted with Prolong Dia-
mond Antifade Mountant containing DAPI (Life Technology).

Targeted metabolite profiling. Targeted reverse phase (RP) liquid chromato-
graphy (LC)-mass spectrometry (MS) metabolite analysis was performed at the
University of Washington Northwest Metabolomics Research Center63. Briefly,
frozen heart tissues (~20 mg) were homogenized in 2 mL 80:20 methanol:water.
The soluble extracts were collected and then dried at 30 °C in a Speed-Vac. Dried
extracts were reconstituted in 200 μL of 5 mM ammonium acetate in 95% water/
5% acetonitrile+ 0.3% acetic acid (pH= 3.5) and filtered prior to LC-MS analysis.
Targeted LC-MS analysis was performed in RP chromatography mode on two
parallel C18 analytical columns, one for positive and the other for negative MS
ionization mode, respectively. LC system was composed of two Agilent 1260 binary
pumps, an Agilent 1260 auto-sampler and an Agilent 1290 column compartment
containing a column-switching valve (Agilent Technologies). The chromatography
was performed in RP mode using solvents A (95% water/5% acetonitrile+ 0.3%
acetic acid) and B (5% water/95% acetonitrile+ 0.3% acetic acid): 5% B for 2 min,
5% B to 80% B in 3 min, 80% B for 3 min, 80%B to 5% B in 3 min, and 5% B for 7
min (18 min total for each ionization mode). After the chromatographic separa-
tion, MS ionization and data acquisition was performed using AB Sciex QTrap
5500 mass spectrometer (AB Sciex) equipped with electrospray ionization (ESI)
source. Multiplereaction-monitoring (MRM) mode was used for targeted data
acquisition. Total 137 metabolites were measured as relative MRM peak areas using
MultiQuant 2.1 software (AB Sciex).

Construction of luciferase reporter vectors. Four proximal 5′ regions (−1068,
−541, −322, −189 bp relative to transcript start site, respectively) of mouse KLF15
promoter region were amplified by PCR. Promoter PCR product was cloned into a
firefly luciferase reporter pGL3-Basic vector to drive luciferase expression (Pro-
mega). 3XCRE (TGACGTCA) was inserted into pGL3 vector (CRE-luc). A PCR
product containing 638 bp upstream of the rat atrial natriuretic factor (ANF)
transcription start site was cloned into pGL3 vector (ANF-luc)64.

Transient transfection and luciferase assays. Neonatal cardiomyocytes were
plated on 12-well plates and transfected with 1 μg of the indicated luciferase vectors
with or without overexpression plasmids using Fugene 6. Six hours after trans-
fection, the cells were washed and transduced with the indicated adenovirus. Then
the cells were lysed with Passive Lysis Buffer, and the transcriptional activity was
determined using a luciferase assay system (Promega). For each construct, more
than three independent experiments were performed in triplicate.

Chromatin immunoprecipitation (ChIP). Neonatal cardiomyocytes were treated
with 1% formaldehyde for 10 min to cross-link proteins and chromatin. The
reaction was stopped by adding 0.125M Glycine for 5 min. Cells were washed with
cold PBS twice. Cells were then resuspended in 1 ml ChIP lysis buffer (20 mM Tris-
HCl (pH 8.0), 85 mM KCl, 0.5% NP-40) for 10 min at 4 °C and centrifuged at
2600×g to pellet the nuclei. The cell nuclei were resuspended in 400 μL nuclei lysis
buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% SDS) and then subjected to
sonication 5 times for 30 s with 30 s intervals. Purified chromatin was analyzed on a
1% agarose gel to determine the shearing efficiency. As a control, normal IgG (sc-
2027, Santa Cruz Biotechnology) was used as a replacement for the CREB antibody
(sc-186×, Santa Cruz Biotechnology). The ChIP procedure was performed as in the
supplier’s protocol (Active Motif). The primer information is listed in Supple-
mentary Table 3.

Histological analyses. Mouse heart tissues were rinsed with PBS and fixed in 10%
neutral buffered formalin overnight. Fixed samples were dehydrated, embedded in
paraffin wax and sectioned for Wheat Germ Agglutinin staining. The outline of
cross-sectional areas for 100–150 myocytes was traced and quantified with ImageJ

software in each section. Suitable cross sections of the myocardium were defined as
having nearly circular capillary profiles and circular-to-oval myocyte sections.

RNA extraction and quantitative real-time PCR. Total RNA was extracted from
cells using Quick-RNA MiniPrep Kit (Zymo Research) and from frozen LV tissue
using the RNeasy Fibrous Tissue Mini Kit (Qiagen) according to the manu-
facturer’s instructions. Total RNA was reverse-transcribed into the first-strand
cDNA using the Superscript First-Strand Synthesis Kit (Invitrogen). cDNA tran-
scripts were quantified by Rotor Gene Real-Time PCR System (Qiagen) using
SYBR Green (Biorad). Results of mRNA levels were normalized to 18S rRNA levels
and reported as fold-change over control. The primer information is listed in
Supplementary Table 3.

Statistical analysis. The numbers of independent experiments are specified in
the relevant figure legends. Data are expressed as mean ± standard error of the
mean (SEM). Statistical analysis was performed with Prism 7.0 software
(GraphPad). Normal distribution of the data was assessed using Shapiro–Wilk
normality test. Statistical comparisons between groups were conducted by
unpaired Student’s t-test or one-way ANOVA followed by a Newman–Keuls
comparison test for normal distribution. Otherwise, Mann–Whitney test or
Kruskal–Wallis test followed by Dunn’s multiple comparison test were applied.
(No assumption was made that variance was similar between the groups being
statistically compared). The value of p < 0.05 was considered to be significant. No
statistical method was used to predetermine samples size. There was a 10–15%
surgical failure rate with the mouse TAC surgery, and it was pre-established that
these mice would be excluded from the analysis. Animals within each cohort
were randomly assigned to various groups based upon experimental design.
Investigators were blinded for experiments including AAV injection, TAC sur-
gery and echocardiography. Otherwise, the experiments were not randomized
and investigators were not blinded to allocation during experiments and out-
come assessments.

Data availability. Microarray data displayed in Fig. 1a, Supplementary Fig.1a, b
and Supplementary Table 1 are deposited in NCBI Gene Expression Omnibus
under accession code GSE110766. All other remaining data are available within the
article and Supplementary Files, or available from the authors upon request.

Received: 7 December 2017 Accepted: 13 June 2018

References
1. Issad, T. & Kuo, M. O-GlcNAc modification of transcription factors, glucose

sensing and glucotoxicity. Trends Endocrinol. Metab. 19, 380–389 (2008).
2. Lunt, S. Y. & Vander Heiden, M. G. Aerobic glycolysis: meeting the metabolic

requirements of cell proliferation. Annu. Rev. Cell. Dev. Biol. 27, 441–464
(2011).

3. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029–1033 (2009).

4. Wellen, K. E. et al. ATP-citrate lyase links cellular metabolism to histone
acetylation. Science 324, 1076–1080 (2009).

5. Allard, M. F., Schonekess, B. O., Henning, S. L., English, D. R. & Lopaschuk,
G. D. Contribution of oxidative metabolism and glycolysis to ATP production
in hypertrophied hearts. Am. J. Physiol. 267, H742–H750 (1994).

6. Nascimben, L. et al. Mechanisms for increased glycolysis in the hypertrophied
rat heart. Hypertension 44, 662–667 (2004).

7. Hernandez, J. M., Fedele, M. J. & Farrell, P. A. Time course evaluation of
protein synthesis and glucose uptake after acute resistance exercise in rats. J.
Appl. Physiol. 88, 1142–1149 (2000).

8. Baar, K. & Esser, K. Phosphorylation of p70(S6k) correlates with increased
skeletal muscle mass following resistance exercise. Am. J. Physiol. 276,
C120–C127 (1999).

9. Frey, N., Katus, H. A., Olson, E. N. & Hill, J. A. Hypertrophy of the heart: a
new therapeutic target? Circulation 109, 1580–1589 (2004).

10. Bisping, E., Wakula, P., Poteser, M. & Heinzel, F. R. Targeting cardiac
hypertrophy: toward a causal heart failure therapy. J. Cardiovasc. Pharmacol.
64, 293–305 (2014).

11. Razeghi, P. et al. Metabolic gene expression in fetal and failing human heart.
Circulation 104, 2923–2931 (2001).

12. el Alaoui-Talibi, Z., Landormy, S., Loireau, A. & Moravec, J. Fatty acid
oxidation and mechanical performance of volume-overloaded rat hearts. Am.
J. Physiol. 262, H1068–H1074 (1992).

13. Neubauer, S. The failing heart—an engine out of fuel. N. Engl. J. Med. 356,
1140–1151 (2007).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05362-7 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2935 | DOI: 10.1038/s41467-018-05362-7 |www.nature.com/naturecommunications 15

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110766
www.nature.com/naturecommunications
www.nature.com/naturecommunications


14. Stanley, W. C., Recchia, F. A. & Lopaschuk, G. D. Myocardial substrate
metabolism in the normal and failing heart. Physiol. Rev. 85, 1093–1129
(2005).

15. Sen, S. et al. Glucose regulation of load-induced mTOR signaling and ER
stress in mammalian heart. J. Am. Heart Assoc. 2, e004796 (2013).

16. Sharma, S., Guthrie, P. H., Chan, S. S., Haq, S. & Taegtmeyer, H. Glucose
phosphorylation is required for insulin-dependent mTOR signalling in the
heart. Cardiovasc. Res. 76, 71–80 (2007).

17. Liao, R. et al. Cardiac-specific overexpression of GLUT1 prevents the
development of heart failure attributable to pressure overload in mice.
Circulation 106, 2125–2131 (2002).

18. Assmann, A., Ueki, K., Winnay, J. N., Kadowaki, T. & Kulkarni, R. N. Glucose
effects on beta-cell growth and survival require activation of insulin receptors
and insulin receptor substrate 2. Mol. Cell. Biol. 29, 3219–3228 (2009).

19. Pearson, R., Fleetwood, J., Eaton, S., Crossley, M. & Bao, S. Kruppel-like
transcription factors: a functional family. Int. J. Biochem. Cell. Biol. 40,
1996–2001 (2008).

20. McConnell, B. B. & Yang, V. W. Mammalian Kruppel-like factors in health
and diseases. Physiol. Rev. 90, 1337–1381 (2010).

21. Fisch, S. et al. Kruppel-like factor 15 is a regulator of cardiomyocyte
hypertrophy. Proc. Natl Acad. Sci. USA 104, 7074–7079 (2007).

22. Yoda, T. et al. KLF15 in breast cancer: a novel tumor suppressor? Cell Oncol.
38, 227–235 (2015).

23. Prosdocimo, D. A. et al. KLF15 and PPARalpha cooperate to regulate
cardiomyocyte lipid gene expression and oxidation. Ppar. Res. 2015, 201625
(2015).

24. Prosdocimo, D. A. et al. Kruppel-like factor 15 is a critical regulator of cardiac
lipid metabolism. J. Biol. Chem. 289, 5914–5924 (2014).

25. Luptak, I. et al. Long-term effects of increased glucose entry on mouse hearts
during normal aging and ischemic stress. Circulation 116, 901–909 (2007).

26. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 28, 27–30 (2000).

27. Gray, S. et al. Regulation of gluconeogenesis by Kruppel-like factor 15. Cell.
Metab. 5, 305–312 (2007).

28. Sun, H. et al. Catabolic defect of branched-chain amino acids promotes heart
failure. Circulation 133, 2038–2049 (2016).

29. Mayr, B. & Montminy, M. Transcriptional regulation by the phosphorylation-
dependent factor CREB. Nat. Rev. Mol. Cell Biol. 2, 599–609 (2001).

30. Fischer, Y., Thomas, J., Holman, G. D., Rose, H. & Kammermeier, H.
Contraction-independent effects of catecholamines on glucose transport in
isolated rat cardiomyocytes. Am. J. Physiol. 270, C1204–C1210 (1996).

31. Maillet, M., van Berlo, J. H. & Molkentin, J. D. Molecular basis of
physiological heart growth: fundamental concepts and new players. Nat. Rev.
Mol. Cell Biol. 14, 38–48 (2013).

32. Mihaylova, M. M. & Shaw, R. J. The AMPK signalling pathway coordinates
cell growth, autophagy and metabolism. Nat. Cell Biol. 13, 1016–1023
(2011).

33. Sansbury, B. E. et al. Metabolomic analysis of pressure-overloaded and
infarcted mouse hearts. Circ. Heart Fail 7, 634–642 (2014).

34. Wang, W. et al. Defective branched chain amino acid catabolism contributes
to cardiac dysfunction and remodeling following myocardial infarction. Am. J.
Physiol. Heart Circ. Physiol. 311, H1160–H1169 (2016).

35. Prasad, K. M., Xu, Y., Yang, Z., Acton, S. T. & French, B. A. Robust
cardiomyocyte-specific gene expression following systemic injection of AAV:
in vivo gene delivery follows a Poisson distribution. Gene Ther. 18, 43–52
(2011).

36. Jeyaraj, D. et al. Circadian rhythms govern cardiac repolarization and
arrhythmogenesis. Nature 483, 96–99 (2012).

37. Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P. & Guan, K. L. Regulation of
TORC1 by Rag GTPases in nutrient response. Nat. Cell Biol. 10, 935–945
(2008).

38. Sancak, Y. et al. The Rag GTPases bind raptor and mediate amino acid
signaling to mTORC1. Science 320, 1496–1501 (2008).

39. Hara, K. et al. Amino acid sufficiency and mTOR regulate p70 S6 kinase and
eIF-4E BP1 through a common effector mechanism. J. Biol. Chem. 273,
14484–14494 (1998).

40. Wang, X., Campbell, L. E., Miller, C. M. & Proud, C. G. Amino acid
availability regulates p70 S6 kinase and multiple translation factors. Biochem.
J. 334, 261–267 (1998).

41. Wellen, K. E. & Thompson, C. B. A two-way street: reciprocal regulation
of metabolism and signalling. Nat. Rev. Mol. Cell Biol. 13, 270–276 (2012).

42. Prosdocimo, D. A., Sabeh, M. K. & Jain, M. K. Kruppel-like factors in muscle
health and disease. Trends Cardiovasc. Med. 25, 278–287 (2015).

43. Gray, S. et al. The Kruppel-like factor KLF15 regulates the insulin-sensitive
glucose transporter GLUT4. J. Biol. Chem. 277, 34322–34328 (2002).

44. Yamamoto, J. et al. A Kruppel-like factor KLF15 contributes fasting-induced
transcriptional activation of mitochondrial acetyl-CoA synthetase gene
AceCS2. J. Biol. Chem. 279, 16954–16962 (2004).

45. Mori, T. et al. Role of Kruppel-like factor 15 (KLF15) in transcriptional
regulation of adipogenesis. J. Biol. Chem. 280, 12867–12875 (2005).

46. Hong, Q. et al. Kruppel-like factor-15 inhibits the proliferation of mesangial
cells. Cell. Physiol. Biochem. 29, 893–904 (2012).

47. Teshigawara, K. et al. Role of Kruppel-like factor 15 in PEPCK gene
expression in the liver. Biochem. Biophys. Res. Commun. 327, 920–926 (2005).

48. Luptak, I. et al. Decreased contractile and metabolic reserve in peroxisome
proliferator-activated receptor-alpha-null hearts can be rescued by
increasing glucose transport and utilization. Circulation 112, 2339–2346
(2005).

49. Kolwicz, S. C. Jr. et al. Cardiac-specific deletion of acetyl CoA carboxylase 2
prevents metabolic remodeling during pressure-overload hypertrophy. Circ.
Res. 111, 728–738 (2012).

50. Stancakova, A. et al. Hyperglycemia and a common variant of GCKR are
associated with the levels of eight amino acids in 9,369 Finnish men. Diabetes
61, 1895–1902 (2012).

51. Lackey, D. E. et al. Regulation of adipose branched-chain amino acid
catabolism enzyme expression and cross-adipose amino acid flux in
human obesity. Am. J. Physiol. Endocrinol. Metab. 304, E1175–E1187
(2013).

52. Wang, T. J. et al. Metabolite profiles and the risk of developing diabetes. Nat.
Med. 17, 448–453 (2011).

53. Newgard, C. B. et al. A branched-chain amino acid-related metabolic
signature that differentiates obese and lean humans and contributes to insulin
resistance. Cell. Metab. 9, 311–326 (2009).

54. Li, T. et al. Defective branched-chain amino acid catabolism disrupts glucose
metabolism and sensitizes the heart to ischemia-reperfusion injury. Cell.
Metab. 25, 374–385 (2017).

55. Lu, G. et al. Protein phosphatase 2Cm is a critical regulator of branched-chain
amino acid catabolism in mice and cultured cells. J. Clin. Invest. 119,
1678–1687 (2009).

56. Tarnavski, O. et al. Mouse cardiac surgery: comprehensive techniques for the
generation of mouse models of human diseases and their application for
genomic studies. Physiol. Genom. 16, 349–360 (2004).

57. Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc.
4, 44–57 (2009).

58. Huang da, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 37, 1–13 (2009).

59. Gong, G., Liu, X. & Wang, W. Regulation of metabolism in individual
mitochondria during excitation-contraction coupling. J. Mol. Cell. Cardiol. 76,
235–246 (2014).

60. Yamamoto, S. et al. Activation of Mst1 causes dilated cardiomyopathy by
stimulating apoptosis without compensatory ventricular myocyte
hypertrophy. J. Clin. Invest. 111, 1463–1474 (2003).

61. Grieger, J. C., Choi, V. W. & Samulski, R. J. Production and characterization
of adeno-associated viral vectors. Nat. Protoc. 1, 1412–1428 (2006).

62. Huang, Z. P. et al. Cardiomyocyte-enriched protein CIP protects against
pathophysiological stresses and regulates cardiac homeostasis. J. Clin. Invest.
125, 4122–4134 (2015).

63. Dai, D. F. et al. Altered proteome turnover and remodeling by short-term
caloric restriction or rapamycin rejuvenate the aging heart. Aging Cell. 13,
529–539 (2014).

64. Yang, Y. et al. miR-206 mediates YAP-induced cardiac hypertrophy and
survival. Circ. Res. 117, 891–904 (2015).

Acknowledgements
We thank members of the Tian laboratory for the support. This work was supported in
part by U.S. National Institutes of Health Grants HL-088634, HL-118989, and HL-
129510 (to R.T.), the American Heart Association Postdoctoral Fellowship
15POST21620006 (to D.S.), the American Heart Association Scientist Development
Grant 14SDG18590020 (to S.C.K.) and the Deutsche Forschungsgemeinschaft Research
Fellowship 2764/1-1 (to J.R.). We thank Dr. Yibin Wang (University of California, Los
Angeles) for generously providing the PP2Cm KO mice. We thank Dr. Pete Watson
(University of Colorado) for his courtesy of CREB adenovirus. We thank Dr. Karol
Bomsztyk (University of Washington) for providing Diagenode Bioruptor for ChIP
assays. We also thank Dr. Roger J. Hajjar (Icahn School of Medicine at Mount Sinai) for
providing AAV.cTnT construct. We also appreciate and thank the NHLBI Gene Therapy
Resource Program and the Penn Vector Core Facility for the production of AAV9 virus.

Author contributions
D.S. and R.T. designed the experiments and wrote the manuscript. D.S., Z.Z., S.W.C., J.Y.,
and D.C. performed the experiments and D.S. analyzed the data. O.V. performed the
AAV injection and mouse surgery. O.V. and J.R. performed the mouse echocardiography
and D.S. analyzed the data. H.G., D.D., and D.R. performed the metabolomics analysis.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05362-7

16 NATURE COMMUNICATIONS |  (2018) 9:2935 | DOI: 10.1038/s41467-018-05362-7 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


J.R. and S.C.K. provided advice on data analyses and the manuscript. R.T. supervised
the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05362-7.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05362-7 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2935 | DOI: 10.1038/s41467-018-05362-7 |www.nature.com/naturecommunications 17

https://doi.org/10.1038/s41467-018-05362-7
https://doi.org/10.1038/s41467-018-05362-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Glucose promotes cell growth by suppressing branched-chain amino acid degradation
	Results
	Glucose negatively regulates BCAA degradation
	KLF15 is the target of high intracellular glucose
	Glucose promotes cell growth through the KLF15-BCAA pathway
	Glucose modulates mTOR in an energy independent manner
	mTOR activation requires the inhibition of BCAA degradation
	Crosstalk between growth stimulus and metabolic response
	Glucose-BCAA circuit regulates cardiac hypertrophy in mice

	Discussion
	Methods
	Animal model
	Transverse aortic constriction (TAC) surgery
	Transthoracic echocardiography
	Bioinformatics analysis
	Immunoblot analysis
	Cell cultures
	Measurements of metabolite content and cell viability
	Construction of adenoviral expression vectors
	Construction of shRNA adenoviral expression vectors
	Generation and administration of AAV (serotype 9)
	Immunocytochemistry
	Single-cell fluorescent hexose uptake assay
	Cryosectioning and immunofluorescence of GFP
	Targeted metabolite profiling
	Construction of luciferase reporter vectors
	Transient transfection and luciferase assays
	Chromatin immunoprecipitation (ChIP)
	Histological analyses
	RNA extraction and quantitative real-time PCR
	Statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




