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Lin28a Regulates Pathological Cardiac
Hypertrophic Growth Through Pck2-Mediated
Enhancement of Anabolic Synthesis

BACKGROUND: Hypertrophic response to pathological stimuli is a
complex biological process that involves transcriptional and epigenetic
regulation of the cardiac transcriptome. Although previous studies have
implicated transcriptional factors and signaling molecules in pathological
hypertrophy, the role of RNA-binding protein in this process has received
little attention.

METHODS: Here we used transverse aortic constriction and in vitro
cardiac hypertrophy models to characterize the role of an evolutionary
conserved RNA-binding protein Lin28a in pathological cardiac
hypertrophy. Next-generation sequencing, RNA immunoprecipitation, and
gene expression analyses were applied to identify the downstream targets
of Lin28a. Epistatic analysis, metabolic assays, and flux analysis were
further used to characterize the effects of Lin28a and its downstream
mediator in cardiomyocyte hypertrophic growth and metabolic
remodeling.

RESULTS: Cardiac-specific deletion of Lin28a attenuated pressure
overload—-induced hypertrophic growth, cardiac dysfunction, and
alterations in cardiac transcriptome. Mechanistically, Lin28a directly
bound to mitochondrial phosphoenolpyruvate carboxykinase 2 (Pck2)
mRNA and increased its transcript level. Increasing Pck2 was sufficient to
promote hypertrophic growth similar to that caused by increasing Lin28a,
whereas knocking down Pck2 attenuated norepinephrine-induced cardiac
hypertrophy. Epistatic analysis demonstrated that Pck2 mediated, at least
in part, the role of Lin28a in cardiac hypertrophic growth. Furthermore,
metabolomic analyses highlighted the role for Lin28a and Pck2 in
promoting cardiac biosynthesis required for cell growth.

CONCLUSIONS: Our study demonstrates that Lin28a promotes
pathological cardiac hypertrophy and glycolytic reprograming, at least in
part, by binding to and stabilizing Pck2 mRNA.
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Clinical Perspective

What Is New?

e The highly conserved RNA-binding protein,
Lin28a, plays a critical role in pathological cardiac
hypertrophy.

e Lin28a directly binds to mitochondrial phospho-
enolpyruvate carboxykinase 2 (Pck2) mRNA to
increase its transcript level and enhance cardiomyo-
cyte biosynthesis during hypertrophic growth.

e Pck2 mediates, at least in part, the role of Lin28a
in cardiac hypertrophic growth and glycolytic
reprogramming.

What Are the Clinical Implications?

e The identification of Lin28a as a new regulator
of pathological cardiac hypertrophy adds RNA
posttranscriptional regulation as a new regula-
tory mechanism underlying pathological cardiac
hypertrophy.

e Lin28a/Pck2-mediated metabolic repatterning dur-
ing the early stage of cardiac hypertrophy is instru-
mental in cardiac structural remodeling, providing
a potential therapeutic target for pathological car-
diac hypertrophy.

verse pathological conditions such as mechanical
overload, hypertension, and ischemic injury.!2 Al-
though the hypertrophic mechanism has been gener-
ally regarded as compensatory in conferring resistance
to cardiac stress, prolonged growth predisposes indi-
viduals to intractable heart failure and sudden cardiac
death. As such, recent basic and preclinical studies sug-
gest that the attenuation of pathological hypertrophy
has a beneficial effect of mitigating the development of
heart failure,* making it a promising target for thera-
peutic interventions. Although significant advances in
the treatment of pathological hypertrophy have been
achieved, the commonly prescribed medications for
pathological hypertrophy, including angiotensin-con-
verting enzyme inhibitors, angiotensin receptor block-
ers, B-receptor blockers, calcium channel blockers, and
others, usually bring about regression of left ventricular
mass by 10% to 20% in human patients,* an in-depth
knowledge of the molecular basis of this detrimental
process could have considerable impact for the devel-
opment of more potent therapeutics.*®
When subjected to pathological stimuli, the heart
undergoes extensive metabolic and structural changes
characterized by a switch from fatty acid oxidation to
greater reliance on glycolysis and hypertrophic growth
of the cardiomyocytes, respectively.® The hypertrophic
heart also demonstrates enhanced flux of metabolic in-
termediates into biosynthesis. Although the effect of

Cardiac hypertrophy is often associated with di-
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metabolic remodeling on cell growth and proliferation
has been increasingly recognized, questions remain on
whether and how the metabolic remodeling during
pathological hypertrophy contributes to myocardial hy-
pertrophic growth, and the molecular regulation of this
metabolic remodeling, as well.

The extensive cardiac structural and metabolic
changes during pathological hypertrophy involve pro-
found global alterations in cardiac transcriptome.” In
addition to transcriptional regulation of cardiac gene
expression,® RNA-binding protein—mediated posttran-
scriptional regulation has emerged as a critical layer for
the control of gene function during health and diseas-
es.2'% The RNA-binding proteins bind to diverse RNAs
and intimately influence every aspect of RNAs' metabo-
lism throughout their lifecycle, including biogenesis, sta-
bility, splicing, cellular localization, and translation.™®"
Through inhibition of microRNA /let-7 maturation or
directly binding to mRNAs to regulate their abundance
and translation, the evolutionarily conserved RNA-bind-
ing protein Lin28a and its paralogue Lin28b play critical
roles in pluripotency, organismal growth, tissue repair,
and oncogenesis.'>'* Much of these diverse functions
of Lin28 have been attributed to its role in regulating
cellular metabolism, yet the exact mechanisms differ
depending on the biological contexts, highlighting the
complexity of Lin28-mediated metabolic regulation. For
instance, in the context of whole-animal physiology,
Lin28 modulates glucose metabolism through regulat-
ing mechanistic target of rapamycin signaling in a let-
7—-dependent manner.™ In contrast, during tissue repair,
Lin28 enhances glycolysis and oxidative phosphoryla-
tion independently of /et-7 by directly binding to and
enhancing the translation of the mRNAs of multiple
rate-limiting enzymes involved in the glycolysis and oxi-
dative phosphorylation.”™ A recent study on oncogen-
esis further demonstrates an important role of Lin28
in promoting aerobic glycolysis in cancer cells via tar-
geting pyruvate dehydrogenase kinase 1.'® Despite the
important role of Lin28 in metabolic regulation, it re-
mains to be explored whether Lin28 may regulate car-
diac metabolism during pathological hypertrophy, and
how exactly this regulation contributes to pathological
structural remodeling.

In this study, we revealed a critical role of Lin28a in
pathological cardiac hypertrophy and metabolic repat-
terning. Cardiac-specific deletion of Lin28a blunted
pressure overload—induced cardiac hypertrophy and
suppressed cardiac fibrosis. This effect of Lin28a on
cardiac pathological hypertrophy likely occurred in a
let-7—independent manner. Through RNA deep se-
guencing, bioinformatics analyses, and RNA immuno-
precipitation assay, we identified Pck2, which encodes
the mitochondrial phosphoenolpyruvate carboxykinase,
as a direct target of Lin28a in cardiomyocytes. Lin28a
directly bound to Pck2 mRNA and positively impacted its
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expression level. It is remarkable that, whereas knock-
down of Pck2 partially suppressed Lin28a-induced car-
diomyocyte hypertrophic growth, overexpressing Pck2
reversed the attenuation of norepinephrine-induced
hypertrophy by loss of Lin28a function. Furthermore,
metabolomic analyses indicated that the Lin28a/Pck2
axis promoted the cardiac biosynthesis required for cell
growth. Our study thus demonstrates that Lin28a pro-
motes pathological cardiac hypertrophy through regu-
lating biosynthesis.

METHODS

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure on reasonable request.
The detailed methods are provided in the online-only Data
Supplement.

Animals

All experiments involving animals were performed in accor-
dance with the University of North Carolina at Chapel Hill
Institutional Animal Care and Use Committee (IACUC)
approved protocols.

Statistical Analysis

All data were presented as mean+SEM and statistically
analyzed using SPSS or Prism software. The 2-tailed inde-
pendent sample t test was used to compare the mean dif-
ference between 2 groups. One-way or 2-way ANOVA was
used to compare the mean from =3 groups. If ANOVA analy-
sis showed significant difference, then the Least Significant
Difference test or the Tukey multiple comparison test was
applied for post hoc analysis to detect the pairwise difference
while adjusting for multiplicity. P<0.05 was considered statis-
tically significant.

RESULTS

Upregulation of Lin28a by Mechanical
and Neurohumoral Stimuli

Previous studies demonstrated that Lin28a responds to
cellular stress'” and promotes tissue repair.’”> We thus
postulate that Lin28a may play a role in cardiac remod-
eling under stress conditions. To test this hypothesis,
we first determined if Lin28a responded to mechani-
cal stress. We analyzed Lin28a expression in a mouse
model of cardiac hypertrophy whereby the transverse
aorta was constricted to induce pressure overload. Un-
like its paralogue Lin28b, Lin28a was barely detectable
in sham-operated control mouse hearts, yet its expres-
sion was rapidly induced at both transcript and protein
levels in the adult hearts after transverse aortic constric-
tion (TAC) with the protein expression reaching its peak
level at 3 days after TAC surgery (Figure 1A and 1B,
Figure IA and IB in the online-only Data Supplement,
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and Table | in the online-only Data Supplement). We
also found that the response of Lin28a to TAC surgery
was similar, albeit slightly delayed, to that of the ear-
ly-response genes such as c-Jun and c-Myc (Figure 1A
in the online-only Data Supplement and Table | in the
online-only Data Supplement), suggesting that Lin28a
might act downstream of the early-response genes.'®?
In parallel, we assessed the response of Lin28a expres-
sion to neurohormonal agonists. Likewise, Lin28a, but
not Lin28b, was significantly upregulated in isolated
neonatal rat cardiomyocytes (NRCMs) in response to
angiotensin Il or norepinephrine (NE; Figure 1C).

Lin28a Plays a Significant Role in NE-
Induced Cardiac Hypertrophy

As a first step to test the requirement for Lin28a in stress-
induced cardiac hypertrophy, we assessed the effect of
manipulating Lin28 expression on NE-induced NRCM
hypertrophy. Whereas NRCMs infected with nontarget-
ing small interfering RNA (siRNA) control (siNT) devel-
oped massive hypertrophy after NE treatment, the NE-
induced NRCM enlargement was markedly suppressed
by siRNAs against Lin28a (siLin28a; Figure 1D through
1F and Figure IC in the online-only Data Supplement).
siLin28a consistently suppressed NE-induced upregula-
tion of hypertrophic markers atrial natriuretic peptide
(Anp) and brain natriuretic peptide (Bnp; Figure 1G and
1H). Conversely, lentiviral-mediated Lin28a overexpres-
sion (Lenti-Lin28a) caused a substantial increase in the
size of NRCMs in comparison with lentiviral control
(Lenti-Con; Figure 11 and 1J and Figure ID in the online-
only Data Supplement), and upregulated the expression
of Anp and Bnp (Figure 1K and 1L). It is more impor-
tant that lentiviral-mediated Lin28a overexpression in
adult mouse hearts also upregulated the expression of
fetal genes such as Anp, Bnp, a-skeletal muscle actin
(Actat), and myosin heavy chain beta (Myh7), and led
to an increase in cardiomyocyte size (Figure IE through
IG in the online-only Data Supplement and Table | in
the online-only Data Supplement, and data not shown).

Loss of Cardiac Lin28a Blunted Pressure
Overload-Induced Cardiac Hypertrophy

Next, we sought to determine the functional involve-
ment of Lin28a in stress-induced cardiac hypertrophy in
vivo. Cardiac-specific Lin28a knockout model (Lin28a%°)
was generated by crossing Lin28a™" mice with Mic2v-Cre
mice. Western blot analysis indicated that Cre-mediated
conditional knockout of Lin28a reduced Lin28a protein
level by at least 70% (Figure lIA in the online-only Data
Supplement). The Lin28a%° mice and control Lin28a™"
mice were then subjected to sham or TAC surgery. In the
sham group, the gross morphology of Lin28a%° hearts
did not differ from that of Lin28a™" hearts (Figure 2A).
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Figure 1. Lin28a plays a critical role in NE-induced cardiac hypertrophy.

A, The expression level of Lin28a mRNA in BL6 wild-type adult mice at indicated time points after TAC surgery. B, Western blot analysis and quantification of
Lin28a protein expression in BL6 wild-type adult mice at indicated time points after TAC. C, The expression level of Lin28a mRNA in NRCMs 12 hours after an-
giotensin Il (Angll), norepinephrine (NE), or fetal bovine serum (FBS) treatment. D, Schematic of siRNA-mediated Lin28a knockdown in NRCMs. E, Representative
images of a-actinin—stained cardiomyocytes treated with NE, and transfected with negative control siRNA (siNT) or Silencer Select validated siRNA targeting Lin28a
(siLin28a) as indicated. Nuclei were counterstained with DAPI. Scale bar, 50 um. F, Quantification of the cell surface area shown in E. G and H, Relative quantifica-
tion (RQ) of fetal genes expression (Anp, Bnp) in cardiomyocytes treated with NE, and siNT or siLin28a as indicated. I, Representative images of a-actinin—stained
cardiomyocytes transduced with control lentiviruses (Lenti-Con) or lentiviruses expressing Lin28a (Lenti-Lin28a) as indicated. Nuclei are counterstained with DAPI.
Scale bar, 50 pm. J, Quantification of the cell surface area shown in I. K and L, RQ of fetal genes expression (Anp, Bnp) in cardiomyocytes transduced with Lenti-
Con or Lenti-Lin28a as indicated. Data are presented as mean+SEM. *P<0.05; **P<0.01 by t test (G and H and J and L) or 1-way ANOVA (A through C) or 2-way
ANOVA (F). Con indicates control; DAPI, 4’,6-diamidino-2-phenylindole; gPCR, quantitative polymerase chain reaction; NRCM, neonatal rat cardiomyocyte; si, small

interfering; TAC, transverse aortic constriction; and Veh, vehicle.

In addition, we did not observe significant differences
in the heart to body weight ratio between Lin28a%°
mice and Lin28a™" mice (5.40+0.06 versus 5.34+0.15
mg/g, P>0.05; Figure 2B). In contrast, TAC induced a
significant increase in the size of Lin28a™" hearts, and
this TAC-induced hypertrophic growth was substantially
suppressed by cardiac ablation of Lin28a (Figure 2A).
Lin28a“° mice consistently demonstrated substantially
decreased heart to body weight ratio in comparison
with the Lin28a™" mice after TAC surgery (7.84+0.29
versus 9.86+0.48 mg/g, P<0.05; Figure 2B). To further
evaluate the effect of cardiac-specific Lin28a ablation on
TAC-induced cardiac hypertrophy, we measured myo-
cardial wall thickness of Lin28a%° and Lin28a™ hearts
at end-diastole (Figure 2C). At baseline, the thickness
of Lin28a%*° myocardial wall, including both left ven-
tricular posterior wall and interventricular septum, was
comparable to that of their control Lin28a™" littermates
(left ventricular posterior wall thickness: 0.79+0.03 ver-

1728  April 2,2019

sus 0.78+0.02 mm, P>0.05; interventricular septum
thickness: 0.78+0.03 versus 0.76+0.02 mm, P>0.05;
Figure 2D and 2E). Although both dimensions were
substantially increased in Lin28a™" hearts by TAC at 1
week postsurgery, Lin28a° hearts exhibited only a mild
increase in left ventricular wall thickness in response to
TAC. Two and 4 weeks after TAC, the difference in the
myocardial wall thickness between the 2 genotypes was
even greater. For instance, at 4 weeks after TAC, left
ventricular posterior wall thickness and interventricular
septum thickness increased by 90.2% and 91.5%, re-
spectively, in Lin28a™" mice relative to baseline, whereas
these dimensions increased only by 28.5% and 30.1%,
respectively, in Lin28a° mice (Figure 2D and 2E).

At the cellular level, pathological cardiac hypertro-
phy is characterized by an increase in cardiomyocyte
size. To determine if the attenuation of hypertrophy by
the loss of Lin28a function was attributable to the alter-
ation in cardiomyocyte size, we labeled cardiomyocytes

Circulation. 2019;139:1725-1740. DOI: 10.1161/CIRCULATIONAHA.118.037803
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Figure 2. Cardiac conditional knockout of Lin28a attenuates pressure overload-induced cardiac hypertrophy.

A, Representative images of gross heart morphology and H&E-stained longitudinal sections of Lin28a%° or Lin28a"" hearts at 4 weeks after TAC or sham opera-
tion. Scale bar in H&E gross image, 3 mm. Scale bar in H&E section, 500 pm. Scale bar in zoomed-in images, 100 um. B, Heart weight to body weight (HW/BW)
ratio at 4 weeks after TAC or sham operations. C, Representative examples of M-mode echocardiography of Lin28a%° and Lin28a™" hearts under pressure over-
load. D and E, Quantification of end-diastolic posterior wall thickness (LVPWd; D) or end-diastolic interventricular septal wall thickness (IVSd; E) of Lin28a%° and
Lin28a"" hearts at 1 week, 2 weeks, and 4 weeks after sham or TAC operations. F, Representative images of heart sections from Lin28a%° mice or their Lin28a"
littermates at 4 weeks after sham or TAC operations. The heart sections were immunostained with wheat germ agglutinin (WGA) in purple, a-actinin in green,
and DAPI in blue. Scale bar, 100 pm. Quantification of the cross-sectional area of the cardiomyocytes shown in bar graph. G, RQ of the fetal gene expression (Anp,
Bnp, Myh?7) in Lin28a%° and Lin28a"" hearts at 7 days after sham or TAC operations. H, RQ of calcium-handling gene ryanodine receptor type 2 (Ryr2) expres-
sion in Lin28a%° and Lin28a"" hearts at 7 days after sham or TAC operations. Data are presented as mean+SEM. *P<0.05, **P<0.01 by 2-way ANOVA (B and D
through H). DAPI indicates 4/,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; RQ, relative quantification; and TAC, transverse aortic constriction.

218.57+4.62, P>0.05; Figure 2F). However, cardiac ab-
lation of Lin28a significantly suppressed TAC-induced
enlargement of myocyte size (229.32+6.84 versus
328.14+8.92, P<0.01; Figure 2F).

with wheat germ agglutinin and a-actinin double-im-
munostaining (Figure 2F). No significant difference was
found in cardiomyocyte size between sham-operated
Lin28a%*° and Lin28a™" hearts (220.30+8.75 versus

Circulation. 2019;139:1725-1740. DOI: 10.1161/CIRCULATIONAHA.118.037803 April 2,2019 1729
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We examined the effect of Lin28a ablation on cardiac
hypertrophic marker genes expression. The upregula-
tion of the fetal genes, including Anp, Bnp, and Myh?7,
observed in the hypertrophic hearts of Lin28a™"" mice
was significantly suppressed in TAC-operated Lin28a°
hearts (Figure 2G). We also determined the expression
of genes involved in cardiac function. The expression
levels of ryanodine receptor 2 (Ryr2) and ATPase sar-
coplasmic/endoplasmic reticulum Ca?* transporting 2
(Serca2) were well preserved in TAC-operated Lin28a°
but not in Lin28a™" hearts subjected to TAC (Figure 2H
and Figure IIB in the online-only Data Supplement).
Similar alterations in the expression seem to hold true
also for several other genes important for cardiac con-
tractility or function, such as phospholamban (PIn), ATP
synthase, and myosin light chain (My/; Figure IIC in the
online-only Data Supplement), suggesting a potential
beneficial effect of cardiac Lin28a ablation under pres-
sure overload. Together, our studies demonstrate that
Lin28a plays a critical role in both pressure overload and
agonist-induced cardiac hypertrophy.

Loss of Cardiac Lin28a Attenuated Pressure
Overload-Induced Cardiac Remodeling

Cardiac fibrosis is a maladaptive response to pres-
sure overload and contributes to the transition from
hypertrophy toward intractable heart failure.?%?' We
performed Picrosirius red staining to assess interstitial
and perivascular fibrosis at 4 weeks after TAC. Under
basal condition, neither Lin28a™" nor Lin28a%° mice
showed any sign of cardiac fibrosis (0.68+0.14% versus
0.75+0.15%, P>0.05; Figure 3A). It is notable that TAC
significantly increased fibrosis in interstitial and perivas-
cular areas in Lin28a™" hearts but not in Lin28a% hearts
(Figure 3A). This observation was further confirmed by
analysis of collagen content with polarized light, which
revealed collagen type | in yellow (Figure 3B).
Transforming growth factor § signaling constitutes
one of the most important signaling pathways required
for cardiac fibrosis.???? Transforming growth factor 3 sig-
naling induces activation of cardiac fibroblast and sub-
sequent fibrogenesis, in part, through its downstream
mediator connective tissue growth factor (Ctgf).*?> It
is interesting to note that gene expression analysis re-
vealed that TAC-induced upregulation of transforming
growth factor B signaling components and Ctgf was
suppressed by loss of Lin28a (Figure IID in the online-only
Data Supplement), suggesting that reduced activation of
transforming growth factor 3 signaling may underlie the
decreased fibrosis in the Lin28a%° hearts after TAC. We
then examined the expression of genes more directly in-
volved in fibrosis. Collagen type | a1 (Col7aT) and colla-
gen type lll a1 (Col3a7) encode the major collagen types
in cardiac fibrotic tissue. Consistent with Picrosirius red
staining, we observed a significant upregulation of both

1730 April 2,2019
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Col1al and Col3a7 at 4 weeks after TAC, and this up-
regulation was attenuated in Lin28a%*° hearts (Figure 3C
and 3D, Figure IID in the online-only Data Supplement,
and Table | in the online-only Data Supplement). Colla-
gen turnover and homeostasis in the heart is also affect-
ed by the levels of matrix metalloproteinases and tissue
inhibitors of metalloproteinase. Although the expression
levels of matrix metallopeptidase 2 (Mmp2) and ma-
trix metallopeptidase 9 (Mmp9) remained comparable
between TAC-operated Lin28a%° and Lin28a"" hearts
(Figure 3E and 3F), the expression of tissue inhibitor of
metalloproteinase 1 (Timp71) and Timp2 was significantly
higher in Lin28a™" control hearts than in Lin28a%° hearts
after TAC (Figure 3G, Figure IID in the online-only Data
Supplement, and Table | in the online-only Data Supple-
ment). Our findings thus suggest that a decrease in the
synthesis and an increase in the degradation of collagen
may contribute to the reduction in fibrosis observed in
Lin28a%*° hearts subjected to TAC.

Cardiac hypertrophy is a major risk factor for the de-
velopment of heart failure, eventually leading to ven-
tricular dilation and dysfunction.’? We performed echo-
cardiographic measurement to assess long-term cardiac
structural remodeling and function. At baseline, both Lin-
28a%° and Lin28a™" mice showed comparable left ven-
tricle diastolic dimension (3.36+0.09 versus 3.27+0.18
mm, P>0.05; Figure 3H) and normal cardiac function
(ejection fraction, 83.01x1.54 versus 79.10+2.48,
P>0.05; Figure 3I). In line with blunted hypertrophic
growth, structural remodeling as indicated by LVID was
alleviated in Lin28a%° hearts in comparison with Lin28a™
" hearts after TAC (Figure 3J through 3L). Concomitantly,
the TAC-operated Lin28a° hearts exhibited reduced left
ventricular end-diastolic volume (Figure 3M) and end-
systolic volume (Figure 3N). It is more important that
Lin28a*° mice displayed preservation of ventricular sys-
tolic function as evidenced by their significantly reduced
decline in ejection fraction and fraction shortening (Fig-
ure 30 and 3P). The survival rate of the Lin28a%*° mice
was improved consistently (Figure 3Q). The improvement
of cardiac performance may result from a combination
of increased contractility and decreased fibrotic remodel-
ing (Figure 3A through 3D and Figure IIC and IID in the
online-only Data Supplement). Together, loss of Lin28a
ameliorates pressure overload-induced cardiac dysfunc-
tion and improved long-term survival.

Cardiac Ablation of Lin28a Mitigated
Pressure Overload-Induced Alterations in
Cardiac Transcriptomes

Given the well-known function of Lin28a in blocking
let-7 biogenesis,?®?” we determined if let-7 miRNAs
participated in Lin28a-mediated cardiac hypertrophy.
Consistent with a previous report,?® several members of
the let-7 family were found to be upregulated in control

Circulation. 2019;139:1725-1740. DOI: 10.1161/CIRCULATIONAHA.118.037803
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Figure 3. Pressure overload-induced cardiac fibrosis and cardiac dysfunction are alleviated by cardiac-specific knockout of Lin28a.

A, Representative images of Picrosirius red—stained sections from Lin28a% or Lin28a™" hearts at 4 weeks after sham or TAC operations. Scale bar, 500 pm. Quan-
tification of cardiac fibrotic tissues in red is shown to the right. B, Representative images of Picrosirius red-stained sections from Lin28a%e or Lin28a™" hearts at 4
weeks after sham or TAC operations visualized under polarized light microscopy. Collagen type | is shown in yellow-orange. Collagen type lIl is shown in green.
Scale bar, 500 um. C through G, RQ of collagen type | a1 (Col7aT; C), collagen type lll a1 (Col3a7; D), matrix metallopeptidase 2 (Mmp2; E), matrix metallopep-
tidase 9 (Mmp9; F), and tissue inhibitor of metalloproteinase 1 (Timp1; G) expression in Lin28a%° and Lin28a™" hearts at 7 days after sham or TAC operations.

H and I, Quantification of left ventricle diastolic diameter (LVIDd; H) and ejection fraction (EF; I) of Lin28a%° and Lin28a"" hearts at baseline. J, Representative
examples of M-mode echocardiography of Lin28a%° and Lin28a™" hearts under pressure overload at 12 weeks after TAC surgery. K through P, Changes in LVIDd
(K), left ventricle systolic diameter (LVIDs; L), left ventricular volume at diastole (M) and systole (N), EF (O), and fraction shortening (FS; P) in Lin28a%° mice and
their Lin28a™ littermates at 12 weeks after TAC surgery. Q, Survival rates of Lin28a%° mice and their Lin28a™" littermates after sham or TAC operations. Data are
presented as mean+SEM. *P<0.05, **P<0.01; n.s., not significant by ¢ test (H and I and K through P), or 2-way ANOVA (A and C through G). LV indicates left
ventricular; RQ, relative quantification; and TAC, transverse aortic constriction.

hearts subjected to TAC surgery (Figure IlIA through IlIC
in the online-only Data Supplement). However, cardiac-
specific ablation of Lin28a did not further increase the
expression of these /let-7 miRNAs. In addition, com-
parison of Lin28a and let-7 expression revealed that
they were both upregulated after TAC during a similar

time window (Figure IlIA through HlIC in the online-only
Data Supplement; see also Figure 1A and 1B), suggest-
ing that the effect of Lin28a on cardiac hypertrophy
is unlikely to be mediated by /et-7. In addition to the
established role in inhibiting /et-7 biogenesis, Lin28a
also directly binds to mRNAs to enhance mRNA stabil-
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ity or translation efficiency."”?*' To identify potential
let-7-independent mechanisms underlying Lin28a-
mediated cardiac hypertrophy, we conducted whole
genome-wide RNA deep sequencing to profile the
transcriptomes of Lin28a%° and control hearts at 5 days
after sham or TAC, a time point shortly after Lin28a ex-
hibited a peak level of upregulation in response to TAC
(Figure 1B). Boxplot, MA plots, and clustering of the
RNA-sequencing data confirmed the consistency be-
tween the biological repeats for each condition (Figure
IVA through IVD in the online-only Data Supplement).
Although the cardiac transcriptomes of Lin28a%° and
Lin28a™" mice were similar (Figure IVE in the online-
only Data Supplement) and clustered closely together
under baseline (Figure IVC and IVD in the online-only
Data Supplement), unsupervised hierarchical clustering
analysis indicated that TAC markedly altered cardiac
transcriptome of Lin28a™ mice (Figure IVC and IVD in
the online-only Data Supplement and Figure VA in the
online-only Data Supplement). The cardiac transcrip-
tome of TAC-operated Lin28a®*° mice, however, more
closely resembled that of sham-operated controls than
that of TAC-operated Lin28a™" mice, suggesting that
the effect of mechanical stress on cardiac transcriptome
was mitigated by loss of Lin28a function (Figure IVC
and IVD in the online-only Data Supplement and Figure
VA in the online-only Data Supplement).

We identified a total of 4706 genes differentially ex-
pressed between TAC-operated Lin28a%° and Lin28a™
i cardiac samples (Figure VB in the online-only Data
Supplement). Functional annotation of these differ-
entially expressed genes using DAVID tools (Database
for Annotation, Visualization and Integrated Discovery)
revealed that several previously reported pathways,
such as metabolic, phosphoinositide-3-kinase—Akt and
mitogen-activated protein kinase signaling pathways
were affected by loss of Lin28a function (Figure 4A).
It is notable that a close exploration of the differen-
tially expressed metabolic gene sets using DAVID,
pathway analysis (Ingenuity pathway analysis), and
gene set enrichment analysis demonstrated extensive
alterations in multiple metabolic processes, including
fatty acid oxidation, tricarboxylic acid (TCA) cycle, oxi-
dative phosphorylation, glycolysis, and pentose phos-
phate pathways (Figure 4B through 4E, Figure VC and
VD in the online-only Data Supplement, and Figure VI
in the online-only Data Supplement), suggesting that
loss of Lin28a function had a profound effect on car-
diac metabolism during hypertrophy. In particular, both
gene set enrichment and Ingenuity pathway analyses
indicated that TAC-induced downregulation of oxida-
tive phosphorylation was alleviated by cardiac ablation
of Lin28a (Figure 4C through 4E and Figure VI in the
online-only Data Supplement). For instance, detailed
gene expression analysis demonstrated that TAC-op-
erated Lin28a*° hearts showed significant higher ex-
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pression of the genes encoding mitochondrial oxida-
tion complex, such as succinate dehydrogenase (Sdh),
NADH:ubiquinone oxidoreductase (Nduf), cytochrome
¢ oxidase (Cox) and ubiquinol-cytochrome c reductase
(Uqcr) in comparison with Lin28a™" hearts subjected to
TAC (Figure IIE in the online-only Data Supplement),
which may contribute to the improvement of cardiac
function observed in Lin28a%*° hearts subjected to TAC.
Quantitative reverse transcription polymerase chain re-
action analysis consistently revealed a similar trend of
metabolic gene expression changes between control
NRCMs, NRCMs treated with NE, and NRCMs treated
with NE and siLina28a (Figure 4F).

Identification of Pck2 as a Direct Target
of Lin28a

To gain insight into how Lin28a regulates pathological
hypertrophic growth, we sought to identify direct tar-
gets of Lin28a among the differentially expressed genes
that responded to loss of Lin28a function after TAC. It
is interesting to note that several genome-wide studies
have attempted to identify direct targets of Lin28a. We
reanalyzed the cross linking and immunoprecipitation—
sequencing data generated by Cho et al,* and found
that 1249 genes were significantly enriched in Lin28a
pull-down components. These 1249 genes were po-
tentially direct targets of Lin28a because their mRNAs
were directly bound to Lin28a protein. Among the dif-
ferentially expressed genes in our RNA-sequencing data
(total 4706 genes), and potential Lin28a direct targets
(total 1249 genes), 47 and 19 of which were involved
in the most enriched metabolic and phosphoinositide-
3-kinase—AKT pathways (Figure 5A). We focused on the
overlapping candidate genes (Figure 5A) and performed
guantitative reverse transcription polymerase chain re-
action to further assess their expression in response to
pathological hypertrophic stimuli. Fifteen of these can-
didate genes showed a similar response to mechanical
overload in vivo and neurohumoral stimuli in vitro (Fig-
ure 5B). We performed RNA immunoprecipitation assay
to test whether these candidates were directly bound
by Lin28a in cardiomyocytes. FLAG-tagged Lin28a was
overexpressed in cardiomyocytes and was pulled down
by anti-FLAG antibody (Figure 5C). Quantitative poly-
merase chain reaction analysis was then performed to
determine the level of transcripts in the protein-RNA
complex pulled down by anti-FLAG antibody in com-
parison with that by anti-IgG controls (Figure 5D). Pck2
was the most enriched candidate transcripts in the anti-
FLAG fraction (Figure 5D, Figure VIIA in the online-only
Data Supplement and Tables | and Il in the online-only
Data Supplement). To further examine the physical in-
teraction between Lin28a and Pck2 mRNA, lentiviruses
expressing FLAG-tagged Lin28a were transduced into
adult mouse hearts via myocardial injection. RNA immu-
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Figure 4. Loss of Lin28a mitigated the effect of TAC on cardiac transcriptome.

A, Functional enrichment analysis using DAVID tools. Gene Ontology (GO) annotation of the differentially expressed genes from the hypertrophied Lin28a%° and Lin-
28a"" hearts. Metabolism-related terms are labeled in red. B, GO analysis of the metabolic processes affected in the hypertrophied Lin28a%*° and Lin28a™" hearts. C
through E, Gene set enrichment analysis (GSEA) showing the gene sets of metabolic process (C), fatty acid metabolism (D), and TCA process (E) affected by cardiac

deletion of Lin28a in cardiac hypertrophy. F, Heatmaps of the relative expression

of the differentially expressed genes identified in RNA-sequencing in cardiomyocyte

transfected with negative control siRNA (siNT) or Lin28a siRNA (siLin28a) under NE treatment for 48 hours in vitro. CoA indicates coenzyme A; DAVID, Database
for Annotation, Visualization and Integrated Discovery; KEGG, Kyoto Encyclopedia of Genes and Genomes; NE, norepinephrine; MAPK, mitogen-activated protein
kinase; NRCM, neonatal rat cardiomyocyte; PI3K, phosphoinositide-3-kinase; TAC, transverse aortic constriction; TCA, tricarboxylic acid; and Veh, vehicle.

noprecipitation demonstrated that Pck2 mRNA was en-
riched in the anti-FLAG pull-down fraction (Figure VIIB
in the online-only Data Supplement). Through these se-
lection criteria, we were able to narrow down to Pck2
as the most prominent downstream target of Lin28a
in cardiomyocytes (Figure 5D). To validate this finding,
we performed quantitative polymerase chain reaction
analysis with RNA samples from the TAC-operated Lin-
28a™" hearts, and found that these hearts exhibited a
significantly upregulated Pck2 level in comparison with

Circulation. 2019;139:1725-1740. DOI: 10.1161/CIRCULATIONAHA.118.037803

sham-operated Lin28a™" hearts (Figure 5E). Cardiac-
specific knockout of Lin28a mitigated this TAC-induced
upregulation of Pck2 (Figure 5E). Likewise, Pck2 expres-
sion was markedly upregulated in NE-treated hypertro-
phic NRCMs (Figure 5F). Furthermore, overexpression
of Lin28a in NRCMs resulted in a remarkable increase
in Pck2 expression at both transcript and protein lev-
els, whereas silencing of Lin28a downregulated Pck2
expression by 46% in NRCMs (Figure 5G and 5H and
Figure VIIC in the online-only Data Supplement). These
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Figure 5. Pck2 functions as a direct downstream mediator of Lin28a in cardiomyocyte hypertrophic growth.

A, Workflow to identify and further validate the direct targets of Lin28a involved in metabolic regulation through analysis of our RNA-sequencing data and
published CLIP-sequencing data. B, RQ of the upregulation of the top 20 candidate target genes in cardiomyocytes in response to pressure overload in vivo (in
orange) or NE stimulation in vitro (in blue). (Continued)
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data collectively demonstrate that Pck2 mRNA is physi-
cally bound by Lin28a and its level is controlled by
Lin28a during cardiac hypertrophy.

Genetic Interaction of Lin28a and Pck2 in
NE-Induced Cardiac Hypertrophy

We sought to determine whether a Lin28a/Pck2 axis
existed in regulating cardiac hypertrophic growth. First,
we examined the response of Pck2 to TAC surgery and
found that Pck2 exhibited transient upregulation similar
to that of Lin28a with its peak level of expression occur-
ring at 5 to 7 days after TAC (Figure VIID and VIIE in the
online-only Data Supplement; see also Figure 1A and
1B). Then, we addressed the requirement for Pck2 in
NE-induced NRCM hypertrophy. Analysis of NRCM size
demonstrated that knocking down Pck2 resulted in the
attenuation of NE-induced increase in NRCM size and
upregulation of Anp, Bnp, Actal, and Myh7 (Figure 5l
through 5L, and Figure VIIF through VIIH in the online-
only Data Supplement), indicating that Pck2 is required
for the development of NE-induced cardiac hypertro-
phy. Conversely, overexpression of Pck2 by transducing
NRCMs with lentiviruses expressing Pck2 (Lenti-Pck2)
resulted in a similar, albeit less pronounced, NRCM hy-
pertrophic growth phenotype to that of overexpressing
Lin28a (Figure 5M through 5P and Figure VIII through
VIIK in the online-only Data Supplement), and reacti-
vated fetal gene expression indicated by the upregula-
tion of Anp, Bnp, Myh7, and Actal (Figure 50 and 5P
and Figure VIIJ and VIIK in the online-only Data Supple-
ment). Likewise, lentiviral-mediated Pck2 overexpres-
sion in adult mouse hearts also led to enlargement of
cardiomyocyte size and reactivation of fetal gene ex-
pression (Figure VIIA through VIIF in the online-only
Data Supplement). Because knockdown of Lin28a and
overexpression of Pck2 resulted in opposite pheno-
types, we asked if overexpressing Pck2 could reverse
the attenuation of NE-induced NRCM hypertrophy by
the loss of Lin28a function. To this end, we introduced
the NE-treated NRCMs with siLin28a, and subsequently

Lin28a/Pck2 in Pathological Cardiac Hypertrophy

transduced these cells with Lenti-Pck2. It is remarkable
that we found that Pck2 overexpression was sufficient
to induce hypertrophic growth of the NE-treated NRC-
Ms even in the absence of Lin28a function (Figure 5Q
and 5R), suggesting that Pck2 acted epistatically to
Lin28a to regulate NRCM hypertrophy. To directly de-
termine the epistatic relationship of Lin28a and Pck2,
we knocked down Pck2 in Lenti-Lin28a—transduced
NRCMs, and found that knockdown of Pck2 sup-
pressed Lin28a-induced NRCM hypertrophy (Figure 5S
and 5T). The above data thus indicate that Pck2 func-
tions to mediate, at least in part, the effect of Lin28a in
cardiac hypertrophic growth.

Lin28a/Pck2 Promotes Cardiac Glycolysis
and Anabolic Synthesis

Because the hypertrophic heart features an increased
reliance on glucose metabolism, we monitored the
glycolytic capacity of NRCMs by measuring the extra-
cellular acidification rate of the surrounding media
(Figure 6A). As expected, NE treatment resulted in a
significant increase in the glycolytic capacity of NRCMs
in comparison with vehicle treatment (Figure 6B). Sig-
nificantly enhanced NRCM glycolytic capacity was also
observed in Lin28a- or Pck2-overexpressing NRCMs
in comparison with the control cells (Figure 6B). This
enhanced glycolytic metabolism was accompanied
by compromised capacity to use palmitate as energy
source (Figure IXA through IXD in the online-only Data
Supplement), consistent with the data that cardiac de-
letion of Lin28a may improve the oxidative metabolism
after TAC operation (Figure 4B through 4E and Figure VI
in the online-only Data Supplement). Giving the ability
of Lin28 and Pck2 to promote glycolysis, we examined
the expression of glucose transporter and genes encod-
ing key glycolytic enzymes and found significant up-
regulation of glucose transporter 1(Slc2a), hexokinase
1(HkT), and muscle pyruvate kinase (Pkm) on Lin28 or
Pck2 overexpression (Figure IXE through IXH in the on-
line-only Data Supplement). It is interesting to note that

Figure 5 Continued. C, Schematic overview of RNA immunoprecipitation against FLAG-tagged Lin28a in cardiomyocytes to determine enrichment of potential
Lin28a binding targets. D, RQ of Lin28a target genes enrichment in the Lin28a protein-RNA complex determined by RNA immunoprecipitation (RIP) assay (y axis)
and of Lin28a binding target genes upregulation in response to NE stimulation in cardiomyocytes (x axis). The dots represent the Lin28a target genes tested in

B: Acsl4, Chsy1, Hmgcr, Lamad4, Pck2, Spp1, Sptlc2, St6gall, Ugcg, and Xylt1. E, RQ of Pck2 expression in sham or TAC-operated Lin28a%° and Lin28a™" hearts.
F, RQ of Pck2 expression level in vehicle or NE-treated cardiomyocytes. G, RQ of the upregulation of Pck2 in Lin28a-overexpressing cardiomyocytes. H, RQ of
Pck2 expression in shSC- or shLin28a-treated cardiomyocytes. I, Representative images of a-actinin—stained cardiomyocytes treated with NE, and shSC or shPck2
as indicated. Nuclei are counterstained with DAPI. Scale bar, 50 pm. J, Quantification of the surface area of the cells as shown in I. K and L, RQ of fetal genes
expression (Anp, Bnp) in cardiomyocytes treated with NE, and transduced with shSC or shPck2 as indicated. M, Representative images of a-actinin—stained car-
diomyocytes transduced with Lenti-Con or Lenti-Pck2. Nuclei are stained with DAPI. Scale bar, 50 pm. N, Quantification of the surface area of the cells as shown
in M. For cell surface area quantification, >100 cells indiscriminately selected were measured in each group. O and P, RQ of fetal genes expression (Anp, Bnp)

in cardiomyocytes transduced with Lenti-Con or Lenti-Pck2. Q, Schematic of lentivirus-mediated Pck2 overexpression in the Lin28a knockdown cardiomyocytes
under NE stimulation and representative images of a-actinin-stained cardiomyocytes treated by combinations of vehicle or NE, siNT or siLin28a, and Lenti-Con or
Lenti-Pck2 as indicated. Nuclei were counterstained with DAPI. Scale bar, 50 pm. R, Quantification of the surface area of the cells as shown in Q. S, Representa-
tive images of a-actinin—stained cardiomyocytes transduced with combinations of Lenti-Con or Lenti-Lin28a, shSC or shPck2 as indicated. Nuclei were counter-
stained with DAPI. Scale bar, 50 pm. T, Quantification of the surface area of the cells as shown in S. Data are presented as mean+SEM. *P<0.05, **P<0.01 by

t test (F through H, and N through P), or 1-way ANOVA (R and T), or 2-way ANOVA (E and J through L). CLIP indicates cross linking and immunoprecipitation;
DAPI, 4,6-diamidino-2-phenylindole; NE, norepinephrine; PI3K, phosphoinositide-3-kinase; RQ, relative quantification; sh, short hairpin; si, small interfering;

TAC, transverse aortic constriction; and Veh, vehicle.
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Figure 6. Lin28a/Pck2 promotes cardiac glycolysis and anabolic synthesis.

A, Schematic of extracellular acidification rate (ECAR) measurements in cardiomyocytes. B, Glycolytic capacity of cardiomyocytes with control (GFP) or lentivirus-
mediated Lin28a overexpression (Lin28a) or Pck2 overexpression (Pck2) under vehicle or NE treatment as indicated. C, Glycolytic capacity of cardiomyocytes treated
with NE, and siNT or siLin28a as indicated. D, Glycolytic capacity of cardiomyocytes treated with combinations of vehicle or NE, shSC or shLin28a and GFP control
or lentivirus-mediated Pck2 overexpression (Pck2) as indicated. E, Schematic of metabolism of uniformly *C-labeled glucose. Glycolytic and Pck2-mediated meta-
bolic fluxes are highlighted in blue and orange, respectively. F, Schematic of Pck2-mediated biosynthesis. G, Schematic of biosynthesis from glycolysis. (Continued)
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knockdown of Lin28a suppressed NE-induced enhance-
ment of cardiac glycolysis (Figure 6C).Gene expression
analysis also consistently showed that the upregulation
of the key glycolytic genes induced by NE was attenuat-
ed by knockdown of Lin28a or Pck2 (Figure IX| through
IXL in the online-only Data Supplement). We also evalu-
ated the effect of Pck2 overexpression on glycolytic rate
of the NE- and siLin28a-treated NRCMs. Extracellular
acidification rate measurements demonstrated that
Pck2 overexpression could partly reverse the suppres-
sion of NE-induced enhancement of NRCM glycolysis
by Lin28a knockdown (Figure 6D).

Next, we used stable isotope tracing of glucose to fur-
ther determine the effects of Lin28a or Pck2 overexpres-
sion on cardiac glycolysis. The incorporation of U-3C-
glucose was monitored by using liquid chromatography
coupled to high-resolution mass spectrometry.3®> Metab-
olism of U-'*C-glucose is depicted in Figure 6E. Glycolytic
and Pck2-mediated metabolic fluxes are highlighted in
blue and orange, respectively (Figure 6E through 6G and
Table Il in the online-only Data Supplement). Consistent
with the role of Pck2 in catalyzing the conversion of oxa-
loacetate (OAA) from TCA cycle to phosphoenolpyru-
vate, NE treatment, and Lin28a or Pck2 overexpression
resulted in a significant increase in the production of '*C-
labeled OAA-derived phosphoenolpyruvate (Figure 6F
and 6H). Likewise, Lin28a or Pck2 overexpression sig-
nificantly increased the relative abundance of glycolytic
metabolites, including glucose 6-phosphate and 3-phos-
phoglycerate (Figure 61 and 6J). It is interesting to note
that this increase in glycolytic metabolite abundance
was attributable to enhanced production of both U-'3C-
glucose—derived and *C-labeled OAA-derived glycolytic
metabolites (Figure 6F through 6K).

Pck2-mediated synthesis of phosphoenolpyruvate
could be channeled to biosynthesis required for cell
growth***; we determined the effect of Lin28a/Pck2
overexpression on the synthesis of anabolic metabo-
lites. Liquid chromatography/high-resolution mass
spectrometry analysis demonstrated that Lin28a or
Pck2 overexpression led to significantly increased rela-
tive abundance of Pck2-mediated synthesis of OAA-
derived ribose 5-phosphate (Figure 6L). This enhanced
production of ribose 5-phosphate, in turn, contributed
to an increased nucleotide synthesis as indicated by
the upregulated levels of nucleotides, such as ATP and
UTP (Figure XA through XC in the online-only Data
Supplement). Cardiomyocyte hypertrophic growth also
requires synthesis of lipids for the generation of bio-

Lin28a/Pck2 in Pathological Cardiac Hypertrophy

logical membranes.®® The production of OAA-derived
glycerol 3-phosphate, an important starting material
for de novo synthesis of glycerophospholipids, was re-
markably enhanced on Lin28a or Pck2 overexpres-
sion (Figure 6M). Serine is the essential precursor for
nucleotides, proteins, and lipids during cell growth.?’
We addressed whether overexpression of Lin28a or
Pck2 could promote the production of OAA-derived
serine. Among all the 3C-labeled serine, the m+2 frac-
tions directly generated from OAA mediated by Pck2
increased by 1.75+0.14- and 1.34+0.05-fold (Fig-
ure 6N), respectively, in Lin28a- or Pck2-overexpressing
cardiomyocytes. In addition to the increased production
of OAA-derived anabolic metabolites, the levels of the
fully labeled anabolic metabolites were also significant-
ly elevated (Figure 6E and 6H through 6N). It is worth
noting that the increase in glycolytic and anabolic me-
tabolites in NE-treated, Lin28a- or Pck2-overexpressing
cardiomyocytes was not at the expense of TCA cycle
intermediates, because the levels of the major TCA
metabolites such as a-ketoglutarate, succinate, and
fumarate remained comparable to, if not higher than,
those in the control cardiomyocytes (Figure 60). Al-
though the enhanced production of anabolic metabo-
lites may be explained by the increased abundance of
glycolytic intermediates, which serve as the precursors
for biosynthesis, we found that Lin28/Pck2 overexpres-
sion also upregulated the expression of genes encod-
ing the key metabolic enzymes in the pentose phos-
phate pathway, serine biosynthesis, and one-carbon
metabolic pathways, including glucose-6-phosphate
dehydrogenase (G6pd), phosphogluconate dehydroge-
nase (Pgd), phosphoglycerate dehydrogenase (Phgdh),
phosphoserine aminotransferase 1 (Psat?), methylene-
tetrahydrofolate dehydrogenase 1 like (Mthfd1l), and
methylenetetrahydrofolate dehydrogenase 2 (Mthfd2;
Figure XD through Xl in the online-only Data Supple-
ment). This increase in the expression of one-carbon
metabolic genes Mthfd1l and Mthfd2 suggests that
the serine that enters one-carbon metabolism may be
further used within the activated folate cycle to sup-
port cell growth.?® Conversely, knockdown of Lin28a
or Pck2 and cardiac ablation of Lin28a attenuated the
upregulation of these key biosynthetic genes induced
by NE and TAC, respectively (Figure XJ through XP in
the online-only Data Supplement). These observations
are consistent with gene set enrichment and Ingenuity
pathway analyses of the RNA-sequencing data, show-
ing that the biosynthetic pathways are enriched in the

Figure 6 Continued. H through O, Relative abundance of glycolytic-derived (blue) or OAA-derived (orange) metabolic intermediates in NE-treated, Lin28a- or
Pck2-overexpressing cardiomyocytes relative to GFP control, including PEP (H), G6P (1), 3PG (J), Pyr (K), R5P (L), G3P (M), Ser (N), and TCA intermediates a-KG,
Suc, Fum (O) generated from U-"*C-Glucose or diverted from TCA cycle by Pck2. The sum of the indicated fractions from M+0 to M+n was labeled under the
corresponding plots. Data are presented as mean+SEM. *P<0.05, **P<0.01, ***P<0.001 by 1-way ANOVA (B through D and H through O). Fum indicates
fumaratep; G3P, glyceraldehyde 3-phosphate; G6P, glucose 6-phosphate; GFP, green fluorescent protein; a-KG, a-ketoglutarate; NE, norepinephrine; OAA,
oxaloacetate; PEP, phosphoenolpyruvate; 3PG, 3-phosphoglycerate; Pyr, pyruvate; R5P, ribose 5-phosphate; Ser, serine; sh, short hairpin; si, small interfering;

Suc, succinate; TCA, tricarboxylic acid; and Veh, vehicle.
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differentially expressed genes between TAC-operated
Lin28a%*° and control hearts (Figures VI and XQ in the
online-only Data Supplement). Our data thus implicate
Lin28a/Pck2-dependent enhancement of biosynthesis
and glycolysis as a mechanism for cardiomyocyte hy-
pertrophic growth.

DISCUSSION

Hypertrophic response to pathological stimuli is a com-
plex biological process that involves transcriptional,
posttranscriptional, and epigenetic regulation of the
cardiac genome. Despite substantial progress in our un-
derstanding of the molecular and physiological basis of
this detrimental process, much remains to be learned.
Here, we report that Lin28a plays a pivotal role in
pathological cardiac hypertrophy. Cardiac-specific dele-
tion of Lin28a blunted pressure overload—induced car-
diac hypertrophy and suppressed cardiac fibrosis. It is
more important that Lin28a conditional knockout mice
showed preserved cardiac function and improved long-
term survival. Likewise, in an in vitro model of cardiac
hypertrophy, knockdown of Lin28a attenuated NE-in-
duced hypertrophy, while overexpressing Lin28a alone
was sufficient to stimulate cardiomyocyte hypertrophic
growth. Further study indicated that the role of Lin28a
in cardiac hypertrophic growth was mediated at least in
part by Pck2, which in turn promoted cardiac glycolysis
and biosynthesis during cardiac hypertrophy. Although
knockdown of Pck2 suppressed Lin28a-induced car-
diomyocyte hypertrophic growth, overexpressing Pck2
reversed the attenuation of NE-induced hypertrophy by
loss of Lin28a function. Together, our study indicated
that Lin28a acts as a crucial regulator of pathological
cardiac hypertrophy via regulating cardiomyocyte gly-
colysis and biosynthesis.

Lin28 was initially characterized in Caenorhabditis
elegans for its role in controlling developmental timing.
The vertebrate genome contains 2 Lin28 paralogues,
Lin28a and Lin28b. Over the past 3 decades, the Lin28
paralogues have been primarily implicated in promot-
ing pluripotency and carcinogenesis,' yet its roles in
terminally differentiated organs such as heart, espe-
cially under stress conditions, remain largely unknown.
In this study, we found that the expression of Lin28a,
but not Lin28b, was stimulated by pathological hyper-
trophic stimuli. This observation is reminiscent of the
differential stabilization of Lin28a through mitogen-
activated protein kinase-dependent posttranscriptional
mechanism.* Although it is not clear whether Lin28a
could also be stabilized at the protein level during
pathological cardiac hypertrophy, our finding highlights
a previously unappreciated differential regulation of
Lin28 paralogous at the transcriptional level. The Lin28
paralogues are thought to have arisen by gene dupli-
cation, yet their distinct and overlapping functions still
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await to be fully characterized. In light of the recent re-
ports that Lin28a is primarily localized in the cytoplasm
while Lin28b is predominantly found in the nucleus,* it
is conceivable the relative distinct subcellular localiza-
tion might contribute to the distinct roles the 2 Lin28
proteins play in regulating diverse cellular processes.
During pathological hypertrophy, the early-response
genes, such as c-fFos, c-Jun, and c-Myc, are generally
induced within 30 minutes after pathological stimula-
tion.#" Our observation that the induction of Lin28a
slightly lagged behind that of the early-response genes
suggests that Lin28a could be directly activated by
these factors. Indeed, previous studies indicated that c-
Myc binds to the promoter of Lin28a and activates its
transcription in cancer cells.’™®™ It will be interesting to
determine if Lin28a is a direct target of c-Myc in car-
diac tissue during pathological hypertrophy. Pathologi-
cal hypertrophic stimuli induce extensive and dynamic
changes in cardiac transcriptome at both transcriptional
and posttranscriptional levels. miRNA-mediated RNA
decay has been shown to be a critical component of the
posttranscriptional mechanisms to fine-tune the cardiac
transcriptome, yet several lines of evidence imply that
increased mMRNA stability may also contribute to the dy-
namic regulation of cardiac transcriptome during hy-
pertrophic growth.*43 Lin28a directly binds to diverse
mMRNAs*' and enhances their stability and translation ef-
ficiency.””* This regulatory mechanism of gene expres-
sion could poise the cells to readily adapt to external
challenges. Our data consistently showed that cardiac
conditional knockout of Lin28a largely mitigated the al-
terations in cardiac transcriptome induced by pressure
overload. Thus, Lin28a-mediated transcript stabilization
represents another type of posttranscriptional regula-
tory mechanism during pathological hypertrophy.
Metabolic reprogramming is one of the major hall-
marks of cardiac hypertrophy, because the hypertrophic
heart relies more on glucose metabolism than fatty acid
oxidation.® It is interesting to note that most of the
genes affected by the loss of Lin28a at the early phase
of cardiac hypertrophy are enriched in metabolism and
related pathways. In addition, glycolytic capacity assay
and metabolic flux analysis using '*C-glucose further
demonstrated that Lin28a functioned to increase gly-
colysis and anabolic pathways at the expense of com-
promised oxidative capacity in the hypertrophied car-
diomyocytes. Our findings are thus not only consistent
with previous findings that Lin28a functions as primal
regulator of glucose metabolism in diabetes mellitus,™
wound healing,’™ oncogenesis,'® and pluripotency,'™
but also highlight its distinct role in the adult heart
under stress conditions. It is more important that we
identified Pck2 as a critical direct target of Lin28a in car-
diomyocytes. Manipulation of Pck2 expression recapit-
ulated the phenotypes of manipulating Lin28a knock-
down or overexpression, demonstrating the crucial role

Circulation. 2019;139:1725-1740. DOI: 10.1161/CIRCULATIONAHA.118.037803



Maetal

of Lin28a/Pck2 axis in metabolic reprogramming during
cardiac hypertrophy. Cardiomyocytes subjected to hy-
pertrophic stimuli exhibit increased demands for pro-
tein, lipid, and nucleotide synthesis to fulfill the require-
ment for cell growth.® Pck2 diverts carbon substrates
from the TCA cycle to glycolysis flux, thereby enhancing
anabolic synthesis from glycolytic intermediates to sup-
port cardiomyocyte growth. Recent studies have shown
that phosphoenolpyruvate carboxykinase/Pck2 may
function as common regulators to promote glucose
or glutamine utilization toward biosynthetic pathways
to promote proliferation or cell growth.3*3> However,
Pck2-mediated one-carbon signals may directly impact
histone modification to influence gene expression.*
Our study provides strong evidence that Lin28a is ma-
jor regulator of pathological cardiac hypertrophy, which
directly bound Pck2 mRNA to facilitate the metabolic
repatterning in response to cardiac stress. These results
are consistent with previous findings that metabolic
shift precedes ventricular hypertrophic growth,*-4¢ and
support the idea that metabolic repatterning during the
early stage of cardiac hypertrophy could be instrumen-
tal in cardiac structural remodeling. Thus, the identi-
fication of metabolic regulators, such as Lin28a/Pck2,
may provide potential therapeutic options to those who
have pathological hypertrophy and heart failure.
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