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SUMMARY
Recent studies suggest that metabolic regulationmay improve differentiation of cardiomyocytes derived from induced pluripotent stem

cells (iPSCs). AMP-activated protein kinase (AMPK) is a master regulator of metabolic activities. We investigated whether AMPK partic-

ipates in iPSC-derived cardiomyocyte differentiation. We observed that AMPK phosphorylation at Thr172 increased at day 9 but then

decreased after day 11 of differentiation to cardiomyocytes. Inhibition of AMPKwith compound C significantly reducedmRNA and pro-

tein expression of cardiac troponins TNNT2 and TNNI3. Moreover, sustained AMPK activation using AICAR from days 9 to 14 of differ-

entiation increased mRNA and protein expression of both TNNT2 and TNNI3. AICAR decreased acetylation of histone 3 at Lys9 and 56

andhistone 4 at Lys16 (known target sites for nuclear-localized sirtuins [SIRT1, SIRT6]), suggesting that AMPK activation enhances sirtuin

activity. SustainedAMPK activation during days 9–14 of differentiation induces sirtuin-mediated histone deacetylation andmay enhance

cardiomyocyte differentiation from iPSCs.
INTRODUCTION

The application of stem cell-derived cardiomyocytes for

cardiac disease modeling, drug screening and potential

cell therapies is highly dependent on production of

differentiated cardiomyocytes. However, cardiomyocytes

derived from embryonic or induced pluripotent stem cells

(ESCs or iPSCs, respectively) do not fully differentiate

with existing protocols (Yang et al., 2014). Despite various

strategies, iPSC-derived cardiomyocytes are metabolically,

structurally, and functionally immature, with molecular

mechanisms of cardiomyocyte differentiation incom-

pletely defined (Scuderi and Butcher, 2017; Yang et al.,

2014). Successful translation of cell therapies for cardiovas-

cular disease may require improving methods to differen-

tiate stem cell-derived cardiomyocytes.

The mammalian heart relies on carbohydrate meta-

bolism via glycolysis during early development in utero

(Yuan and Braun, 2017). After birth, metabolic changes,

including exposure to higher oxygen levels and initiation

of enteral nutrition affect the early regenerative capability

of cardiomyocytes and differentiation (Yuan and Braun,

2017). The first meal of the newborn is enriched in

lipids from maternal milk (colostrum) and accelerates a

metabolic switch from carbohydrate to lipid metabolism

(Piquereau and Ventura-Clapier, 2018), leading to upregu-

lation of genes involved in fatty acid uptake to provide cells

with required energy (Sim et al., 2015). This switch is neces-

sary to establish the highly oxidative metabolism of the
498 Stem Cell Reports j Vol. 15 j 498–514 j August 11, 2020 j
This is an open access article under the CC BY-NC-ND license (http://creativ
postnatal heart and provide increased ATP to meet de-

mand, facilitating cardiomyocyte maturation (Yuan and

Braun, 2017). Relative availability of carbohydrate and

fatty acid substrates affects the cellular metabolic pheno-

type (Wanet et al., 2015). The metabolic shift is accompa-

nied by increased mitochondrial number and activity to

help differentiation and maturation during heart develop-

ment, withmitochondria occupying 20%–40%of the adult

myocyte volume (Yang et al., 2014). Thus, evidence sup-

ports the role of metabolism in cardiac growth and

maturation.

Regulation of AMP-activated protein kinase (AMPK) dur-

ing heart failure is well studied (Arad et al., 2007); however,

the role of AMPK in cardiac development is not well under-

stood. AMPK is a heterotrimeric enzyme that regulates

metabolism by enhancing fatty acid uptake, glycolysis,

glucose uptake, and autophagy (Arad et al., 2007). AMPK

is activated when the AMP/ATP ratio increases, triggering

AMPK to help the cell to produce energy (Zaha and Young,

2012). Each AMPK molecule is comprised of a catalytic a

and regulatory b and g subunit. The a1b1g1 complex is

ubiquitous, whereas a2b2g2 is found primarily in the heart

in humans (Arad et al., 2007). Mice with deletion of

AMPKa1 or AMPKa2 are viable, but AMPKa1/a2 double

deletion causes embryonic lethality at ~10.5 days (Viollet

et al., 2009). Prolonged AMPK activation increases expres-

sion of fatty acid transporters in cardiomyocytes (Chabow-

ski et al., 2006). Moreover, AMPK activation enhances

NAD+ abundance and the NAD/NADH ratio which
ecommons.org/licenses/by-nc-nd/4.0/).
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enhances NAD+-dependent type III deacetylase SIRT1 (si-

lent information regulator of transcription 1) activity

(Canto et al., 2009). Phosphorylation of AMPK occurs via

one of two known AMPK kinases (AMPKKs) in the heart:

the tumor suppressor kinase, LKB1, and a calmodulin-

dependent protein kinase, CaMKK (Arad et al., 2007).

LKB1 is deactivated by deacetylation of LKB1 at lysine 48

by SIRT1 (Lan et al., 2008); thus the sirtuin family of deace-

tylases may both be activated by AMPK and also provide

negative feedback to regulate AMPK.

The sirtuin family of proteins includes a group of class III

lysine deacetylases that regulate various intracellular pro-

cesses, including metabolism (Alcendor et al., 2004; Bao

and Sack, 2010), oxidative stress, apoptosis (Alcendor

et al., 2004; Motta et al., 2004), chromatin condensation

(Jing and Lin, 2015), and the cell cycle (Sasaki et al.,

2006). There are seven known sirtuins that act in cellular

regulation in humans (Li and Kazgan, 2011). Sirtuins are

localized in different compartments, with SIRT1, 6, and 7

located mainly in the nucleus, SIRT2 located mainly in

the cytosol and also shuttled in the nucleus, and SIRT3,

4, and 5 located in themitochondria (Herskovits and Guar-

ente, 2013). Activation of SIRT is dependent onNAD+ (Imai

et al., 2000). Among the seven mammalian sirtuins, SIRT1,

2, 6, and 7 are demonstrated to have important epigenetic

roles (Jing and Lin, 2015). SIRT1 regulates chromatin struc-

ture by deacetylating histone lysines (H4K16, H3K9,

H3K14, H4K8, and H4K12) (Imai et al., 2000; Jing and

Lin, 2015; Vaquero et al., 2004) or indirectly regulating

other epigenetic enzymes, including histone acetyltrans-

ferase (CBP/P300) and methyltransferases (Benetti et al.,

2007; Yamagoe et al., 2003). SIRT2 deletion increases

H4K16 acetylation (Serrano et al., 2013), and SIRT2 inhibi-

tion leads to hyperacetylation at H3K18 and H3K56 (Das

et al., 2009; Eskandarian et al., 2013). SIRT6 has also been

shown to be a weak deacetylase but also can play a role in

genome stability (Liao and Kennedy, 2016).

In this study, we tested the hypothesis that AMPK

regulates differentiation of cardiomyocytes from iPSCs. In

addition, we evaluated whether changes in AMPK activa-
Figure 1. Transient Activation of AMPK during Early iPSC-Derived
(A) Cardiomyocyte differentiation protocol.
(B) Western analysis of phospho-AMPK and AMPK at baseline on days
UCSD cell lines.
(C) Time course qPCR of sarcomere genes (TNNT2, NKX2-5, and GATA4)
11, 14, and 16, n = 3 independent experiments (I.E.).
(D and E) Time course qPCR for (D) PRKAA1 and (E) PRKAA2, n = 3 I.E
(F) Western analysis of phospho-LKB1 at days 7, 9, 11, and 14.
(G) Time course qPCR for LKB1, n = 3 I.E.
(H) Endogenous LKB1 immunoprecipitated from days 4, 7, 9, 11, and
iPSC-derived cardiomyocytes unless noted otherwise.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOV
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tion alters NAD+ levels and subsequent SIRT1 activation

to affect chromatin accessibility during differentiation of

iPSC-derived cardiomyocytes.
RESULTS

AMPK Undergoes Transient Phosphorylation during

Early iPSC-Derived Cardiomyocyte Differentiation

Recent studies revealed the importance of metabolic path-

ways in cardiomyocyte maturation (Horikoshi et al., 2019;

Hu et al., 2018; Marchiano et al., 2019; Yang et al., 2019).

AMPK is a master regulator of metabolism, yet its role dur-

ing differentiation of iPSC-derived cardiomyocytes is not

defined. To perform this study, we used a well-established

iPSC-derived cardiomyocyte differentiation protocol in

three human iPSC lines (BJRiPS-A, Gibco episomal iPSC

line, UCSD142i-86-1) (Lian et al., 2013) and harvested cells

at different differentiation time points (days 0, 2, 4, 7, 9, 11,

and 14) (Figure 1A, non-cropped images shown in Figures

S3–S5 for all westerns). We observed that AMPK was hyper-

phosphorylated at days 9–11 of differentiation with a

decrease in AMPK phosphorylation at later time points in

each of the three iPSC lines tested (Figure 1B); this was

repeated in multiple batches in each cell line and a similar

transient activation of AMPK was seen consistently (Fig-

ure 1H shows a different batch in the Gibco cell line).

Also, AMPK remains hypophosphorylated at later time

points to at least day 21 of differentiation (Figure S1A).

The three iPSC lines tested showed similar time courses

for mRNA (Figure 1C) and protein (Figure 1B) expression

of selected cardiomyocyte markers (TNNT2, NKX2.5, and

GATA4) (Figure 1B). PRKAA1 (AMPK-a1) had decreased

mRNA expression at days 9–11 versus day 7 but PRKAA2

(AMPK-a2) mRNA expression was significantly increased

on days 9–11 and increased sharply at day 14 versus day

7 (Figures 1D and 1E, respectively).

AMPK can be phosphorylated at Thr172 by either LKB1

or calmodulin-dependent protein kinase kinase (CaMKK)

in the heart (Arad et al., 2007). LKB1 appears to be the
Cardiomyocyte Differentiation

0, 2, 4, 7, 9, 11, and 14 of differentiation in Gibco, BJRiPS-A, and

in untreated iPSC-derived cardiomyocytes at baseline on days 7, 9,

.

14 and probed for acetyl lysine. Data shown from untreated Gibco

A.



Figure 2. Antagonism of AMPK Inhibits iPSC-Derived Cardiomyocyte Differentiation
(A) Schematic depicting timing of compound C treatment.
(B) Western analysis of phospho-AMPK, TNNT2, and TNNI3, GAPDH as loading control, n = 5 I.E.
(C) Densitometry of TNNI3 bands by western analysis, n = 3; ***p < 0.001 by t test.
(D) Densitometry of TNNT2 band by western analysis, n = 3 independent experiments (I.E.); **p < 0.01 by t test.

(legend continued on next page)
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primary upstream kinase of AMPK in the heart (Sakamoto

et al., 2006). We observed transient LKB1 phosphorylation

between days 9 and 11 of differentiation, similar to the

time course of AMPK phosphorylation, suggesting that

AMPK phosphorylation occurs via LKB1 (Figure 1F,

mRNA expression of LKB1 shown in Figure 1B). SIRT1-

mediated deacetylation of LKB1 enhances its activity (Lan

et al., 2008). Western analysis demonstrated that SIRT1

protein levels decreased with time (Figure 1H), coinciding

with increased acetylation of LKB1 (Figure 1H). These

data demonstrate transient AMPK activation during cardi-

omyocyte differentiation from iPSCs, with LKB1 activation

likely mediating hyperphosphorylation of AMPK.

Antagonism of AMPK Inhibits iPSC-Derived

Cardiomyocyte Differentiation

To determine if transient activation of AMPK regulates

iPSC-derived cardiomyocyte differentiation, we inhibited

AMPK using the selective small-molecule inhibitor com-

pound C (10 mM) (Liu et al., 2014) versus vehicle (DMSO)

for 5 days from ~1 day after onset of beating (Figure 2A).

Compound C decreased expression of phosphorylated

AMPK as well as expression of TNNT2 and TNNI3 by west-

ern analysis (Figures 2B–2D). We observed a similar signif-

icant decrease in the mean fluorescence intensity (MFI) of

TNNT2 by flow cytometry (Figure 2E) and mRNA expres-

sion of TNNT2 and TNNI3 (Figure 2F). Compound C also

decreased mRNA expression of MYH7 and CD36, with no

change in cardiac transcription factors (TFs), GATA4,

NKX2.5, or MEF2 (Figure S1B). Compound C administra-

tion unexpectedly increased mRNA expression of the ion

channel, KCNJ2, and glucose transporter, GLUT1, with no

change in expression GLUT4 (Figure S1B).

Cardiomyocytes have high mitochondrial density

which facilitates generation of ATP (Piquereau et al.,

2013), and AMPK promotes mitochondrial respiration

(Wang et al., 2019). Using the Seahorse Mito Stress Test

to evaluate mitochondrial function (oxygen consumption

rate [OCR] profile shown in Figure 2G), inhibition of

AMPK with compound C decreased normalized maximal

OCR (Figure 2H) and respiratory reverse capacity (Fig-

ure 2I) and decreased extracellular acidification rate

(ECAR) (Figure 2J). These results suggest that the transient

activation of AMPK is necessary for cardiomyocyte differ-

entiation from iPSCs.
(E) Mean fluorescence intensity (MFI) of TNNT2-Alexa Fluor 647 of TN
(F) qPCR of TNNT2 and TNNI3, n = 3 I.E.; ****p < 0.0001, ***p < 0.0
(G) Oxygen consumption rate (OCR) normalized to cell number versus
(H and I) (H) Maximum OCR and (I) respiratory reserve capacity norm
(J) Extracellular acidification rate (ECAR) normalized to cell number
All data are from Gibco-CMs treated with DMSO (control) or compou
group.

502 Stem Cell Reports j Vol. 15 j 498–514 j August 11, 2020
Sustained AMPK Activation Improves iPSC-Derived

Cardiomyocyte Differentiation

Because inhibition of AMPK impaired iPSC-derived cardio-

myocyte differentiation, we hypothesized that sustaining

AMPK phosphorylation beyond day 11 of differentiation

might enhance cardiomyocyte differentiation. To test this

hypothesis, we treated cardiomyocytes ~1 day after onset

of beating for 5 days with AICAR (AMPK activator) (Kim

et al., 2016) (Figure 3A). AICAR-treated cells significantly

increased mRNA (Figure 3F) and protein expression of

TNNT2 and TNNI3 (Figures 3B–3D, western analysis; Fig-

ure 3E, MFI of TNNT2 by flow cytometry; Figures 3I–3K,

MFI of TNNT2 and TNNI3 by image-based analysis). We

observed increased TNNT2 protein expression in three

different iPSC lines treated with AICAR (Figure 3G). More-

over, AICAR treatment significantly increased mRNA and

protein expression of the cardiac TFs GATA4 and NKX2.5

(Figures S1C [western] and 1D [qPCR]) and mRNA expres-

sion of MYH7 and MYH6 (Figure S1C). ATP levels were

also higher atmultiple time points after initiation of AICAR

(Figure 3H), suggesting that sustained activation of AMPK

improved the metabolic phenotype of cardiomyocytes.

Arguably, mature cardiomyocytes would be expected to

have eventual downregulation of GATA4, NKX2-5, and

MYH6 so AMPK activationmay facilitate mid-late differen-

tiation but not later maturation. AMPK activation also led

to a significant decrease in KCNJ2 (Kir 2.1) expression,

consistent with the results we observed with compound

C administration (Figure S1C). While we did not measure

the Ik1 current in this study, these results would suggest

that AMPK activation may have a detrimental effect on

electrical maturation, contrary to the effects on sarcomere

proteins and metabolic phenotype. We also note that the

change in medium composition starting on day 7 of differ-

entiation (with the removal of ascorbic acid and addition of

insulin) could drive the changes seen on AMPK phosphor-

ylation at days 9–11. However, even when insulin was not

added to the medium on day 7 (and ascorbic acid was

continued), we still observed a significant increase in

TNNT2 expression (Figure S1E, with no change in %

TNNT2+ cells with AICAR in Figure S1F).

Because AMPK can affect cell proliferation, we performed

cell-cycle analysis by flow cytometry in beating cardiomyo-

cytes at day 16 of differentiation in cells treated with 1 or

10 mM of AICAR for 5 days (Figure S1G). We observed an
NT2+ cells. n = 3 I.E.; *p < 0.05 by unpaired t test.
01 one-way ANOVA.
time, Seahorse Mito Stress Test, n = 20 wells/group.
alized to baseline of control, *p < 0.05 t test.
versus time, Seahorse Mito Stress Test, n = 20 wells/group.
nd C for 5 days; sample numbers indicate biological replicates per



Figure 3. Persistent AMPK Activation Improves iPSC-Derived Cardiomyocyte Differentiation
(A) Protocol depicting timing of AICAR treatment.
(B) Western analysis of phospho-AMPK, TNNI3, TNNT2, and SIRT1.
(C and D) (C) TNNI3 and (D) TNNT2 western densitometry analyses, n = 3 independent experiments (I.E.); **p < 0.001 t test.
(E) MFI of TNNT2-Alexa Fluor 647 of TNNT2+ cells, n = 3 I.E.; ***p < 0.001 t test.

(legend continued on next page)
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increase in the %TNNT2+ cardiomyocytes in G1 and a sig-

nificant decrease in the %TNNT2+ cardiomyocytes in G2

(Figure S1G). We also found a significant decrease in the

number of EdU+ cells with AMPK activation (Figures S1H

and S1I). These data from TNNT2+ cardiomyocytes suggest

that AICAR activity directly regulates iPSC-derived cardio-

myocyte differentiation, but we cannot exclude a possible

role of non-cardiomyocytes (TNNT2� cells account for

~20% of total cells, Figure S1F) in differentiation andmatu-

ration. AMPK can also increase apoptosis (Kuznetsov et al.,

2011), and we found that 10 mM but not 1 mM AICAR

significantly increased the percentage of cells in sub-G1

(Figure S1G) (representing cells with DNA fragmentation

seen during apoptosis [Huang et al., 2005]). We also found

that AICAR significantly increased mRNA expression of

BCL2-like 1 (BCL2L1) (Figure S2A), which can have either

pro- and anti-apoptotic effects due to alternative splicing

(Boise et al., 1993).

Removal of AICAR from the medium after 5 days led to

dephosphorylation of AMPK by 48 h (Figure S2B), while

sustained treatment with AICAR beyond 5 days led to

sustained phosphorylation of AMPK (Figure S2C). Paradox-

ically, prolonged activation of AMPK beyond day 14 of dif-

ferentiation led to a decrease in TNNT2 expression at later

time points (Figure S2C), suggesting that additional mech-

anisms may be required to maintain the effects of AMPK at

later time points. Therefore, we chose to focus on molecu-

lar changes that occur during the narrow window of cardi-

omyocyte differentiation between days 7 and 16 for the

remainder of this study.

Activation of AMPK May Enhance iPSC-Derived

Cardiomyocyte Metabolic Maturation

Considering the importance of AMPK in the regulation of

glucose metabolism and fatty acid oxidation (Ofir et al.,

2008), the relative abundance of ATP could play an impor-

tant role in cardiomyocyte differentiation. It has recently

been shown that fatty acids enhance iPSC-derived cardio-

myocyte maturation by increasing mitochondrial activity

(Yang et al., 2019). In addition, iPSC-derived cardiomyo-

cytes express high levels of GLUT1 and low levels of

GLUT4 compared with primary cardiomyocytes (Bowman

et al., 2019). GLUT4 and CD36 are the major glucose and

fatty acid transporters in the heart, respectively (Holloway

et al., 2009; Shao and Tian, 2015). However, GLUT4 is pre-
(F) qPCR TNNI3 and TNNT2, n = 3 I.E.; ***p < 0.001 one-way ANOVA.
(G) Western analysis of TNNT2 in Gibco, UCSD, and BJRiPS.
(H) ATP concentration nmol/106 cells per time point, n = 3 per time
(I) Confocal imaging of cells stained with a-actinin (green).
(J and K) (J) MFI of TNNT2 of TNNT2+ cells or (K) MFI of TNNI3 of TN
All data are from Gibco-CMs treated with DMSO (control) or compou
biological replicates per group.
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dominantly upregulated in the postnatal and adult heart

(Liu et al., 1992) and is the major mediator of insulin-stim-

ulated glucose uptake in the heart (Laybutt et al., 1997).

AMPK also increases gene expression of GLUT4 to facilitate

glucose uptake (Zheng et al., 2001), and activation of

AMPK in HepG2 cells leads to increased expression of

CD36 (Choi et al., 2017). Regional variation in GLUT4

expression has been described in the heart (Maria et al.,

2015), thus further investigation should be performed to

determine whether AMPK has similar effects on atrial,

nodal, and ventricular cardiomyocytes. Interestingly, we

observed a significant decrease in mRNA expression of

the atrial TF, COUP-TFII, with AICAR treatment, while we

saw no difference in HCN4 (pacemaker ion channel) or

IRX4 (ventricular marker) mRNA levels (Figure S2D) or

MYL2 protein expression (Figure S2E).

To evaluate glucose uptake with AMPK activation, we

performed 2NBDG (fluorescent glucose analog) uptake in

the presence and absence of insulin. Our data showed

that AICAR significantly increased 2NBDG uptake under

basal conditions as well as in insulin-treated cells (Fig-

ure 4A). AICAR also significantly increased fatty acid up-

take (Figure 4B). AICAR-treated cells significantly increased

membrane recruitment of GLUT4 and CD36 (Figure 4C).

AICAR increasedmRNA (Figure 4D) and protein (Figure 4E)

expression of SLC2A4 (GLUT4) and CD36while decreasing

SLC2A1 (GLUT1) expression (Figures 4D and 4E). AICAR

also increased mRNA expression of PPARGC1a (PGC1a),

which regulates mitochondrial biogenesis (Irrcher et al.,

2008) (Figure 4F). We also observed significantly increased

PPARA (PPARa) and PPARG (PPARg) mRNA levels in AICAR-

treated cells versus control, suggesting that AICAR treat-

ment increased fatty acid b-oxidation (Figure 4F). AICAR

treatment also significantly increased the mitochondrial

DNA to nuclear DNA ratio (Figure 4G). Cardiomyocytes

treated with AICAR had a significantly increased OCR

(Figure 4I) and respiratory reserve capacity (Figure 4J),

suggesting that these cells are metabolically more active

(Figure 4H). Interestingly, AICAR did not change ECAR

(Figure 4K), suggesting that glucose utilization is un-

changed despite an increase in the OCR. Thus, while

AMPK activation may increase oxidative phosphorylation,

it may not inhibit glycolysis, consistent with our finding

that GLUT4 expression increased. Overall, these data

suggest that sustaining activation of AMPK may
point I.E.; *p < 0.05 two-way ANOVA.

NI3+ cells, n = 5 wells/group; ***p < 0.001 by unpaired t test.
nd C for 5 days unless noted otherwise; sample numbers indicate
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enhance iPSC-derived cardiomyocyte metabolic matura-

tion through upregulation of fatty acid oxidation path-

ways, although it may also increase glycolysis.
AMPK Activation Increased NAD/NADH and Reduced

Lysine Acetylation through Sirtuins

To understand how sustained activation of AMPK can

affect NAD+ levels and consequently activate sirtuins, we

evaluated NAD+ levels in control and AICAR-treated cells

and found significant increases in NAD+ levels from days

9 to 16 of differentiation with AMPK activation (Figure 5A).

To determine whether AMPK-mediated iPSC-derived cardi-

omyocyte differentiation acts via sirtuins, cells were treated

with nicotinamide (NAM) (Bonkowski and Sinclair, 2016)

(known sirtuin class 3 histone deacetylases inhibitor) and

trichostatin A (TSA) (inhibitor of class I and class II histone

deacetylases) (Vanhaecke et al., 2004). We observed a sig-

nificant decrease in MFI of TNNT2 in NAM-treated cells

comparedwith control by flow cytometry, while no change

was observed in TSA-treated cells (Figure 5B). Similar find-

ings were observed by western analysis with NAM-treated

cells with decreased expression of TNNT2 and TNNI3 (Fig-

ure 5C), while no change was observed in TSA-treated cells.

Pan-hyperacetylation was also observed in NAM-treated

but not TSA-treated cells (Figures 5C and 5D, respectively).

To further evaluate whether AMPK-mediated sirtuin acti-

vation improves differentiation of cardiomyocytes, we

treated cells with AICAR, NAM, and NAM + AICAR. We

observed that the AICAR-mediated increase in TNNI3 and

TNNT2was reduced in AICAR +NAM cells by western anal-

ysis (Figure 5E). In addition, we observed a trend toward

decreased acetylation in cells treated with AICAR and AI-

CAR + NAM compared with control or those treated with

NAM alone (Figure 5E). Similarly, mRNA expression of

TNNT2 was significantly decreased in NAM + AICAR-

treated cells compared with AICAR (Figure 5F). SIRT1 acet-

ylation sites, H3K9 and H4K16, and the SIRT6 acetylation

site, H3K56, had decreased acetylation in AICAR-treated
Figure 4. Activation of AMPK Enhances iPSC-Derived Cardiomyocy
(A) 2-NBDG uptake measured in control and AICAR-treated Gibco-CM
periments (I.E.); *p < 0.05 two-way ANOVA.
(B) Fluorescence fatty acid uptake, n = 6 I.E.; *p < 0.05 t test.
(C) MFI of CD36-Alexa Fluor 594 and GLUT4-Alexa Fluor 488, n = 3 I.
(D) mRNA levels of CD36, GLUT4, and GLUT1 by qPCR, n = 3 I.E.; *p <
(E) Western analysis of GLUT4, CD36, and GLUT1.
(F) qPCR for PPARGC1A, PPARA, and PPARG. n = 3 I.E.; ****p < 0.000
(G) Mitochondrial (ND1) to nuclear (B2M) DNA ratio, n = 3 I.E.; *p <
(H) OCR normalized to cell number versus time, Seahorse Mito Stress
(I and J) (I) Maximum OCR and (J) respiratory reserve capacity norm
normalized to cell number versus time, Seahorse Mito Stress Test, n =
All data shown from Gibco-CMs treated with DMSO (control) or AICAR fo
replicates.
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cells (Figure 5G), while compound C increased acetylation

of these sites (Figure 5H). To examine expression of SIRT1,

SIRT2, and SIRT6we performed qPCR and found that SIRT1

expression was significantly increased at day 11 while

SIRT2 mRNA levels after day 4 of differentiation signifi-

cantly increased, and SIRT6 mRNA levels on days 7, 9,

and 11 were significantly increased and followed by a

decrease (Figure S2F).
Sustained AMPK Activation in iPSC-Derived

Cardiomyocytes Changes Gene Expression through

Chromatin Accessibility

Wehypothesized that the transcriptome change associated

with NAM and AICAR treatment was mediated through

changes in chromatin accessibility. To investigate the

global epigenomic landscape of iPSC-derived cardiomyo-

cyte samples, an assay for transposase-accessible chromatin

using sequencing (ATAC-seq) to detect chromatin accessi-

bility (Buenrostro et al., 2013) was performed. We calcu-

lated motif accessibility scores (Schep et al., 2017) and

found that ATAC-seq data from NAM and AICAR condi-

tions showed high correlation (R = 0.97 and 1.00) between

biological replicates, indicating that ATAC-seq could reli-

ably and reproducibly measure chromatin accessibility in

these samples. We focused on cardiac- or metabolic-related

TFs and calculated their motif scores (Schep et al., 2017).

We observed global depletion of chromatin accessibility

at MEF2A, HGMA1, and MYOD1 TF motif binding sites

and enrichment at GATA4, NKX2-5, HNF4, and SP3 TF

motif binding sites upon AICAR treatment (Figures 6A

and 6B). GATA4 and NKX2-5 TFs are known to control car-

diac biogenesis and maintenance pathways (Kohli et al.,

2011). We found significantly increased chromatin accessi-

bility around TNNT2 and MYH6/7 loci with AICAR alone

compared with NAM alone, consistent with changes in

gene expression (Figure 6C) (Koshiba-Takeuchi et al.,

2016). Histone acetylation is associated with increased

transcriptional activity (euchromatin) and deacetylation
te Metabolic Maturation
s in the presence and absence of insulin, n = 6 independent ex-

E.; **p < 0.001, ****p < 0.0001 two-way ANOVA.
0.05 one-way ANOVA.

1 one-way ANOVA.
0.05 unpaired t test.
Test, n = 20 wells/group.
alized to baseline of control, *p < 0.05 unpaired t test. (K) ECAR
20 wells/group.
r 5 days unless noted otherwise; sample numbers indicate biological



Figure 5. AMPK Activation Increases NAD/NADH and Reduces Lysine Acetylation through Sirtuins
(A) NAD to NADH ratio with DMSO or AICAR, n = 3/time point independent experiments (I.E.); ***p < 0.001 two-way ANOVA.
(B) MFI of TNNT2-Alexa Fluor 647 of TNNT2+ cells for DMSO, NAM and TSA, n = 3/group I.E.; **p < 0.001, ****p < 0.0001 one-way ANOVA.
(C) Western analysis for TNNI3, TNNT2, and total acetylation in control and NAM-treated cells.
(D) Immunoblot images of TNNI3, TNNT2, and total acetylation with control and TSA.

(legend continued on next page)
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of histones leads to gene silencing (heterochromatin) (Ver-

done et al., 2005). High DAPI intensity is a marker of het-

erochromatin, while euchromatin displays weaker DAPI

fluorescence (Gorisch et al., 2005). We observed signifi-

cantly increased DAPI intensity by flow cytometry and im-

aging in AICAR-treated samples versus control (Figures 6D

and 6E), suggesting that AICAR-mediated histone deacety-

lation may increase heterochromatin and gene expression

profiling. Taken together, these data show that AMPK acti-

vation affects chromatin accessibility, which may enhance

cardiomyocyte differentiation through transcription.

To evaluate whether transcriptional changes were consis-

tent with the ATAC-seq data observed, we utilized theNano-

String Metabolic Pathways Panel with an additional 30 car-

diac custom genes selected to provide amultiplex analysis of

genes associated with metabolism and cardiomyocyte

phenotype in cells treatedwithAICAR or NAM.With hierar-

chical clustering and principal-component analysis, we

observed clustering by AICAR- and NAM-treated samples

at the level of all gene pathways in the panel, including in

selected cardiac genes (Figure 6F), with significantly

increased mRNA levels of TNNT2, TNNI3, NPPA, ACTN2,

and ATP2A2 in AICAR-treated cells compared with NAM-

treated cells (Figures 6G, S2G, and S2H).

A schematic summarizing the major findings in this

study is presented in Figure 7. We propose that AMPK acti-

vation via AICAR increased recruitment of GLUT4 and

CD36 to themembrane and increasedmitochondrial activ-

ity. In addition, hyperactivation of AMPK led to increased

NAD/NADHwhichmaymediate sirtuin activation and his-

tone modification.
DISCUSSION

Current protocols to differentiate cardiomyocytes from

pluripotent stem cells generate immature cardiomyocytes

with fetal-like phenotype (Yang et al., 2014). Fetal cardio-

myocytes rely predominantly on aerobic glycolysis until un-

dergoing a postnatal shift to b-oxidation of fatty acids to

fulfill a high demand for ATP production (Hu et al., 2018).

In this study, we tested the hypothesis that sustained

AMPK activation facilitates cardiomyocyte differentiation

via sirtuin activation, leading to altered histone acetylation,

chromatin accessibility, and gene expression. AMPK activa-

tion transiently increased in early differentiation. AMPK

activation was accompanied with hyperactivation of
(E) Western analysis of control, NAM, AICAR, and AICAR + NAM-treat
(F) mRNA levels of TNNT2 and TNNI3 in DMSO, AICAR, NAM, and NAM
(G) Western analysis for sirtuin target histone deacetylation lysine in
(H) Representative immunoblot analysis for sirtuin histone target de
All data shown from Gibco-CMs after indicated treatment; sample num
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AMPK kinase LKB1. Inhibition of AMPK reduced expression

of sarcomere components (TNNI3 and TNNT2) and OCR,

suggesting that AMPK activation is required for normal

iPSC-derived cardiomyocyte differentiation. We also

observed that sustained AMPK activation with AICAR treat-

ment significantly increased TNNI3 and TNNT2protein and

gene expression, and that these changes were accompanied

with increased ATP levels. These effects appear to be

confined to a narrow time window, as 10 days (instead of

5 days) of AICAR treatment appeared to have a detrimental

effect on TNNT2 expression, thus we focused our study on

evaluation of metabolic and molecular effects during the

7- to 16-day window of differentiation. AMPK activation

leads to increased fatty acid uptake and inhibition of fatty

acid synthesis by facilitating more fatty acid transporters

to the membrane and increasing fatty acid b-oxidation

(Arad et al., 2007). Sustained AMPK activation led to

increased glucose and fatty acid uptake as well as increased

mRNA and protein expression of GLUT4 and CD36 with

increased OCR. In previous literature, fatty acid treatment

of human pluripotent stem cell-derived cardiomyocytes

led to hyperphosphorylation of AMPK, which ultimately

increased cardiomyocyte maturation (Horikoshi et al.,

2019; Yang et al., 2019). Moreover, mammalian target of ra-

pamycin (mTOR) inhibition promotes iPSC-derived cardio-

myocyte maturation through enhancing a quiescent state

(Garbern et al., 2020). mTOR inhibition is also known to

be regulated by AMPK activation (Agarwal et al., 2015).

Here, activation of AMPK increased NAD/NADH levels and

led to hyperactivation of sirtuins.

These data demonstrate that AICAR treatment reduced

acetylation of sirtuin target sites (H3K9, H3K56, and

H4K16) while AMPK inhibition led to hyperacetylation of

the same target sites. Histone acetylation increases chro-

matin accessibility, thus these data suggest that NAD-medi-

ated sirtuin activationmay participate in iPSC-derived cardi-

omyocyte differentiation (Jing and Lin, 2015). ATAC-seq

data showedthat chromatinaccessibilityof cardiac transcrip-

tion factors are affected by AICAR and NAM treatment,

which supports the hypothesis that AMPK modifies the

epigenetic state through sirtuin activation. These results

were also supported by gene expression data which

confirmed that AMPK activation not only increased expres-

sion of metabolic genes but also increased expression of

cardiac transcription factors, such as GATA4 and NKX2-5,

and sarcomere components, including TNNT2 and

TNNI3. Several epigenetic mechanisms, including DNA
ed cells for phospho-AMPK, TNNI3, and TNNT2.
+ AICAR, n = 3 I.E.; *p < 0.05 one-way ANOVA.
control and AICAR-treated cells.

acetylation lysine in control and compound C-treated cells.
bers indicate biological replicates.
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methylation, histone methylation, and histone acetylation,

are essential to control expression during cardiac develop-

ment (Chang and Bruneau, 2012; Wu and Sun, 2006). DNA

methylationplaysan important role inmouseheart develop-

ment andmaturation, which ismediated bymethyltransfer-

ase activity during the first 2 weeks (Sim et al., 2015). SIRT1

altersmethylationofhistones via recruitment and activation

of histone methyltransferase (Jing and Lin, 2015). Sirtuins

also directly deacetylate histones, transcription factors, and

coregulators thereby altering gene expression through

changes in chromatin accessibility (Bosch-Presegue and

Vaquero, 2015; Gorisch et al., 2005; Jing and Lin, 2015; Sari-

khani et al., 2018a, 2018b). These results demonstrate that

sustained activation of AMPK in iPSC-derived cardiomyo-

cytes during early differentiation led to epigenetic changes

mediated by sirtuins. These changes may help prepare cardi-

omyocytes for thehighdemand forATPpost-differentiation.
EXPERIMENTAL PROCEDURES

Additional details on experimental procedures can be found in

Supplemental Experimental Procedures.

Cell Lines
Human iPSC lines used in this study include the Gibco episomal-

derived iPSC line, BJ RiPS-A cell line from Harvard Stem Cell Insti-

tute, andUCSD142i-86-1 iPSC line. Cells weremaintained in Stem-

Flex (Thermo Fisher Scientific).

Differentiation of iPSC-Derived Cardiomyocytes
Differentiation was performed in a 12-well plate, with cells at 80%

confluency used for differentiation (day 0). Cells were treated with

CHIR99021 (6 mM) in RPMI + B27 minus insulin for 48 h (days 0–

2), then with IWP4 (5 mM) for 48 h (days 2–4). On day 7, the me-

dium was changed to RPMI + B27 with insulin (Lian et al., 2013).

Batches of cells that started beating before day 9 with 70%

TNNT2+ cells were used in this study. Beating cardiomyocytes

were treated 1 day after onset of beating with 1 mM AICAR,

10 mM compound C, 10 mM nicotinamide (NAM), 10 nM trichos-

tatin A (TSA), or vehicle (DMSO) for 5 days and used for the assay.

Quantitative Reverse Transcriptase PCR
Quantitative PCR (qPCR) was carried out using the iTaq Universal

SYBRGreen Supermix (Bio-Rad) with the primers listed in Table S1.
Figure 6. Persistent AMPK Activation in iPSC-Derived Cardiomyoc
(A) Heatmap of motif scores on cardiac- or metabolic-related transcr
(B) Volcano plots showing differential motif scores of cardiac and me
(C) Comparison of chromatin accessibility between NAM only (top tw
TNNT2, TNNI1, TNNI3, MYH6, and MYH7 loci. The peak heights are no
(D) MFI of DAPI in control and AICAR-treated Gibco-CMs, n = 5 wells
(E) MFI by flow cytometry for DAPI in control and AICAR, n = 3 I.E.;
(F) Unsupervised hierarchical clustering of cardiac gene expression fr
(G) Volcano plots showing differential gene expression analysis of ca
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Western Analysis, Immunoprecipitation, Flow

Cytometry, and Immunocytochemistry
Primary and secondary antibodies used in this study are shown in

Table S2. Western blot band intensity was quantified using ImageJ

software (NIH). Flow cytometry data were acquired via a BD LSRII

instrument and analyzed using FlowJo software. Immunostained

cells were visualized using a confocal microscope (Celldiscoverer7,

Zeiss).
Metabolic Assays
The Glucose Uptake Cell-Based Assay Kit (Cayman), NAD/

NADH Assay Kit (Abcam), ATP Assay Kit (Abcam), and the Free

Fatty Acid Uptake Kit (Abcam) were used after cardiomyocyte

treatment with DMSO or AICAR (1 mM) according to the man-

ufacturer’s instructions. For the glucose uptake and free fatty

acid uptake assays, pre-treated cardiomyocytes were dissociated

then plated at a density of 50,000 cells per well in a 96-well

plate 1 day before assay. For the NAD/NADH and ATP assays,

cells were collected at each time point then snap frozen in

liquid nitrogen until use.
Seahorse Mito Stress Test
Cardiomyocytes were differentiated as described above then

treated with DMSO, AICAR (1 mM), or compound C (10 nM)

and seeded (20,000–30,000 cells) on Geltrex-coated Seahorse

XFe96 cell culture microplates. The XF Cell Mito Stress Test Kit

was used according to the manufacturer’s instructions and OCR

and ECAR were measured in the Seahorse XFe96 Analyzer. Cell

density was determined using a CyQUANT assay (Thermo) for

normalization.
ATAC-Seq Library Preparation and Data Analysis
ATAC-seq experiments were performed using a modified protocol

(Xu et al., 2019). In brief, 50,000 cells were used for library prepa-

ration. The librarieswere amplified for 9 cycles, purifiedwith Zymo

DNAClean andConcentrator, and sequenced on aNextSeq 500 us-

ing a 75-cycle high output V2 Kit (read 1, 38 cycles; index 1, 8 cy-

cles; read 2, 38 cycles). Raw reads were trimmed and aligned to the

human reference genome (hg19) with Bowtie2 aligner (Langmead

and Salzberg, 2012) using the option -X2000. TheMACS2 peak cal-

ler (Zhang et al., 2008) (version 2.1.1) was used to call accessible re-

gions of open chromatin regions (ATAC-seq peaks). TFmotif scores

were calculated using chromVAR (Schep et al., 2017).
ytes Changes Gene Expression through Chromatin Accessibility
iption factors.
tabolic transcription factors.
o replicates) and AICAR only (bottom two replicates) to control at
rmalized to the ACTB locus.
with 10 fields/well; ****p < 0.0001 unpaired t test.
**p < 0.001 unpaired t test.
om NanoString analysis, n = 3 independent biological replicates.
rdiac genes.



Figure 7. Schematic of AMPK Activation
Inducing Increased Expression of GLUT4
and CD36
Glucose and fatty acid uptake also increased
NAD+ levels which activates sirtuins, lead-
ing to chromatin remodeling.
Accession of ATAC-Seq Data
The ATAC-seq data generated from this study have been deposited

in NCBI and are accessible through series accession number GEO:

GSE152265.

NanoString Analysis
RNA was prepared for analysis using the NanoString nCounter

Metabolic Pathways Panel with an additional 30 cardiac-related

genes included as a custom spike-in (NanoString Technologies) ac-

cording to the manufacturer’s instructions.

Quantification and Statistical Analysis
Data analysis was performed by t test, one-way analysis of variance

(ANOVA), and two-way ANOVA (GraphPad Prism). NanoString

data were evaluated using nSolver 4.0 software with the Advanced

Analysis Module 2.0. Open source R, Zen, Columbus, and ImageJ

software were used to analyze confocal images and ImageJ was

used for densitometric analysis.
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