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SUMMARY

Centrosome reduction and redistribution of pericentriolar material (PCM) coincides with cardiomyocyte transitions to a post-mitoticand
matured state. However, it is unclear whether centrosome changes are a cause or consequence of terminal differentiation. We validated
that centrosomes were intact and functional in proliferative human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs), consis-
tent with their immature phenotype. We generated acentrosomal hPSC-CMs, through pharmacological inhibition of centriole duplica-
tion, and showed that centrosome loss was sufficient to promote post-mitotic transitions and aspects of cardiomyocyte maturation. As
Hippo kinases are activated during post-natal cardiac maturation, we pharmacologically activated the Hippo pathway using C19, which
was sufficient to trigger centrosome disassembly and relocalization of PCM components to perinuclear membranes. This was due to spe-
cific activation of Hippo kinases, as direct inhibition of YAP-TEAD interactions with verteporfin had no effect on centrosome organiza-

tion. This suggests that Hippo kinase-centrosome remodeling may play a direct role in cardiac maturation.

INTRODUCTION

The adult mammalian heart is a post-mitotic organ, with
cardiomyocytes (CM) transitioning to a post-mitotic state
during late embryonic development or shortly after birth
(Porrello et al., 2011; Zhu et al., 2018). This transition oc-
curs as part of a broader process of cardiac maturation,
which includes alterations to cardiac metabolism, gene
expression, electrophysiology, and cytoskeletal organiza-
tion and coincides with the loss of regenerative potential
(Porrello and Olson, 2014). The regulatory mechanisms
that determine post-mitotic transition and lost prolifera-
tive potential of CMs may provide important insights
into how cardiac regeneration can be re-engaged in adult
tissue, specifically during disease contexts, and are thus of
significant interest. Structural changes in centrosomes,
non-membrane bound organelles with central functions
in cytoskeletal organization, and signal transduction have
been reported to coincide with the post-mitotic transition
of mammalian CMs (Zebrowski et al., 2015).

The prototypical centrosome consists of two barrel-like
centrioles that are linked via a proteinaceous tether and
embedded in a dense pericentriolar matrix (PCM) (Nigg
and Stearns, 2011). Centrosomes control cell morphology,
division, polarity, and differentiation (Vertii et al., 2016).
Moreover, the structure and protein constituents of the
centrosome are highly dynamic and tightly regulated,
which is necessary to prevent untimely duplication and
to facilitate cell-cycle stage-specific formation of the pri-
mary cilium or the bipolar spindle (Gupta et al., 2015). In
myocytes, centrosomes undergo a process of structural

and functional reduction that is co-ordinated with skeletal
myogenesis or terminal differentiation in the cardiac
setting (Srsen et al., 2009; Zebrowski et al., 2015). This re-
flects changes in centrosome organization associated with
differentiation in other cell types, with PCM and centriole
disassembly to various degrees reported (Avidor-Reiss et al.,
2015).

The process of centrosome reduction broadly encom-
passes (1) the breakdown and redistribution of the PCM re-
sulting in lost microtubule nucleation and anchoring capac-
ity, (2) the loss of centriole cohesion resulting in centrosome
splitting, and (3) the partial to complete degradation of the
centriole barrels (Manandhar et al., 2005; Zebrowski et al.,
2015). During the maturation of rodent CMs, during late
fetal and early post-natal stages, the PCM relocates from
the centrioles to the nuclear membrane (Zebrowski et al.,
2015). In addition, there is an increase in irreversible
centriole splitting and loss of centrosome cohesion (Ze-
browski et al., 2015). This coincides with a decrease in pro-
liferation as the heart switches from hyperplasia to hyper-
trophic growth (Zebrowski et al.,, 2015). However, it
remains undetermined whether the process is recapitulated
in human CMs and if centrosome reduction is sufficient to
trigger terminal differentiation. In this study, we utilized
pharmacological targeting of centriole biogenesis in human
pluripotent stem cell-derived CMs (hPSC-CMs), which are
fetal-like and proliferative in nature, to demonstrate that
centrosome loss is sufficient to trigger transition to a post-
mitotic state and induce cytoskeletal and morphological
characteristics of mature CMs. In addition, we demonstrate
that Hippo pathway activation recapitulates features of
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centrosome reduction and post-mitotic transitions in hPSC-
CMs. Our study indicates activation of Hippo kinases as a
key regulatory mechanism required for the reorganization
of centrosomes to induce human CM maturation.

RESULTS

Functional Centrosomes in Proliferating Human CMs
Neonatal rat ventricular CMs undergo centrosome reduc-
tion that coincides with lost proliferation capacity and ter-
minal differentiation (Zebrowski et al., 2015). We reasoned
that if this process were conserved in human CMs, the cen-
trosomes of hPSC-CMs, validated to be fetal-like in nature
by proteomic and transcriptomic analyses (Mills et al.,
2017), would represent the primary microtubule-orga-
nizing center by nucleating and anchoring microtubules.
hPSC-CMs were generated using previously published
methods (Mills et al., 2017) and immunostained for peri-
centrin (PCNT) and tropomyosin as markers for the PCM
and myocyte sarcomeres, respectively. The size and integ-
rity of the PCM in hPSC-CMs, as indicated by volume
and intensity of PCNT fluorescence, were comparable to
those of non-myocytes within those cultures (Figures 1A-
1C). In comparison to reduced PCM and split centrioles
in post-natal rat CMs, centrosomes in hPSC-CMs exhibit
intact centrosomes with expanded PCM (Figure 1D). To
confirm that centrosomes in hPSC-CMs were functional,
we depolymerized the microtubule array at 4°C and moni-
tored regrowth of microtubules at centrosomes at a permis-
sive temperature. Shortly upon return to 37°C we observed
microtubules emanating from the PCM of hPSC-CMs and
also from perinuclear regions near centrosomes (Figure 1E).
This indicated that hPSC-CM centrosomes were functional
and retained the capacity to nucleate and anchor microtu-
bules. It is also likely that microtubules may be nucleated
from Golgi or nuclear membranes. The morphology and
functional capacity of centrosomes in hPSC-CMs are
consistent with the proliferative capacity of immature
CMs, which is comparable to that of non-myocytes in co-
culture as indicated by staining with proliferation (Ki67)
and mitotic (pHH3) markers (Figures 1F-1H). Thus, centro-
somes in hPSC-CMs have yet to undergo a process of reduc-
tion, as they are morphologically and functionally indis-
tinguishable from non-myocytes and this coincides with
retained proliferative capacity.

Centrosome Loss Is Sufficient to Induce Post-mitotic
Transitions in hPSC-CMs

While the disassembly of centrosomes coincides with
maturation of rodent CMs (Zebrowski et al., 2015), it is un-
clear if centrosome reduction is sufficient to induce CM ter-
minal differentiation. To specifically target centrosomes,
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we utilized a highly selective and reversible small-molecule
inhibitor of PLK4, a master regulatory centrosomal kinase
that is essential for centriole duplication (Arquint and
Nigg, 2016). Centrinone treatment results in centrosome
loss in daughter cells following mitosis due to blocked
centriole duplication (Wong et al., 2015). Centrinone treat-
ment of hPSC-CMs resulted in mitotic myocytes with
asymmetric inheritance of intact or reduced centrosomes
into daughters (Figure 2A), leading to an overall decrease
in cells with intact centrosomes (Figure 2B). An extended
(3 day) exposure to centrinone resulted in a significant in-
crease in acentrosomal CMs as indicated by a reduction in
centrosomes-to-nuclei ratios and increased percentage of
CMs with no PCNT staining (Figures 2C and 2D).

Following centrinone exposure, we investigated the ef-
fect of centrosome loss on hPSC-CM proliferation by im-
munostaining for Ki67 and pHH3 (Figures 2E-2G). We
observed a significant reduction in the proliferative capac-
ity (Ki67*'®) of centrinone-treated CMs compared with
vehicle-treated controls (Figures 2E and 2F). Similarly, the
percentage of mitotic (pHH3*"®) hPSC-CMs was substan-
tially reduced with centrinone treatment (Figures 2E and
2G). We repeated these studies using human CMs gener-
ated from induced pluripotent stem cells (iPSC-CMs) as
an independent stem cell line. Centrinone treatment re-
sulted in an increase in the proportion of acentrosomal my-
ocytes (Figures S1A and S1B) and reduced the percentage of
iPSC-CMs positively stained for Ki67 and pHH3 (Figures
S1A-S1E). This indicates that the targeted loss of centro-
somes is sufficient to trigger post-mitotic transition of
immature human CMs.

To evaluate whether centrosome loss was sufficient to
induce additional features of mature hPSC-CMs, we
determined the impact of centrinone on hypertrophic re-
sponses and expression of maturation markers. We found
that centrinone treatment increased the surface area of
hPSC-CMs stained with tropomyosin and F-actin to
mark myocytes and identify cell boundaries, respectively,
which is indicative of hypertrophic growth (Figures 2H
and S1F). Automated quantification indicated an
~3-fold increase in cell area in response to centrinone
treatment (Figure 2I). To determine if hPSC-CM hyper-
trophy coincided with maturation, we measured the
expression of specific myosin heavy- and light-chain iso-
forms (MYH7, MLC2a, and MLC2v) as markers of CM
maturation and found that mRNA levels were signifi-
cantly increased following treatment with centrinone
compared with a DMSO control (Figure 2J). Similarly,
centrinone increased expression of mature sarcomeric
markers in iPSC-CMs (Figure S1G). This shows that
centrosome reduction with centrinone treatment was
sufficient to recapitulate molecular and morphological
aspects of CM maturation.
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Figure 1. Immature hPSC-CMs Have
Intact and Functional Centrosomes
F-actin and tropomyosin staining revealed
myocytes within our hPSC-CM cultures.

(A)  Immunofluorescence staining of
centrosome morphology in CMs and non-
myocytes in our hPSC-CM cultures.

(B and C) Centrosome size was quantified by
measuring (B) volume and (C) intensity of
pericentrin (PCNT) fluorescence.

(D) Centrosome morphology in hPSC-CMs
compared with neonatal rat ventricular CMs.
Arrows indicate intact centrosomes. Arrow-
heads show split/separated centroosmes.
(E) Microtubule regrowth assays indicated
the capacity of hPSC-CMs to nucleate new
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Our studies indicate that centrosome loss promotes
maturation of human CMs in 2D culture. To evaluate cen-
trosomes in human cardiac organoids (hCO) in 3D culture,
we generated hCOs from hPSC-CMs as previously
described (Mills et al., 2017). The hCO culture and subse-
quent incubation in medium optimized to promote matu-
ration (MM) resulted in reduced proliferation and cell-cycle
arrest as previously defined (Mills et al., 2017) (Figure S2A).
When we investigated the morphology of centrosomes in
hCOs, we observed that centrosome numbers (measured
as a ratio of PCNT*"® puncta to nuclei) and size were not
substantially altered by these culture conditions (Figures

S2B-S2D). In support, mRNA expression profiles of centro-
some components in hCOs cultured in MM were not sub-
stantially different from those of control conditions (Fig-
ure S2E). Moreover, the expression of centrosome
components in MM hCOs was more similar to that of fetal
human cardiac tissue and immature (20 days old) hPSC-
CMs (Figure S3E). In contrast, the mRNAs encoding centro-
some-associated scaffold proteins and kinases (including
PLK4) were downregulated in adult human heart (Fig-
ure S2E). Although differences in cellular composition
may account for differences in centrosomal protein expres-
sion in hCOs compared with adult ventricular tissues, our
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Figure 2. Centrosome Loss Induces Post-
mitotic Transition and Maturation of
hPSC-CMs

(A) hPSC-CMs were treated with centrinone
(0.5 uM, 72 h) to generate acentrosomal
myocytes or a vehicle (DMSO) control.
Insets show intact or centrosome remnants
in mitotic myocytes inherited by daughter
cells.

(B) Reduced PCNT staining in centrinone-
treated hPSC-CMs.

(C) Reduced PCNT puncta-to-nuclei (DAPI)
ratio in centrinone-treated hPSC-CMs.

(D) Increased percentage of CMs with <2
PCNT puncta following centrinone treat-
ment.
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(E) Decreased Ki67 and pHH3 staining in
centrinone-treated hPSC-CMs.

G (F and G) Centrinone-treatment reduced the

percentages of (F) Ki67*"® and (G) pHH3™¢
hPSC-CMs.

(H) Increased hPSC-CM size following cen-
trinone treatment.

(I) Increased surface area (um?) of cen-
trinone-treated hPSC-CMs. See also Fig-
ure S1F.

(J) Centrinone treatment increased mRNA
expression of sarcomeric proteins associ-
ated with CM maturation.
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imaging analysis of centrosomes in NKX2.5""¢ myocytes in
hCOs revealed centrosomes with intact PCM (Figures S2F-
S2H). This raises the intriguing question of whether centro-
some targeting could promote the further maturation of
hCOs. However, we found that centrinone treatment had
limited effects on centrosome number or size in hCOs (Fig-
ures S2ZF-S2H). As cell division generates acentrosomal cells
from PLK4 inhibition, we attributed the limited centro-
some impact to hPSC-CM proliferation in 3D culture at
the time of centrinone administration. Thus, an alternative
approach to selective targeting of centrosomes is required
to reveal their contribution to hCO maturation.

820 Stem Cell Reports | Vol. |5 | 817-826 | October 13, 2020

* *
g
=151
o
2
& 1.04
0.5
0-

MYH6 MYH7 MLC2a MLC2v

Pharmacologically Enhanced Proliferation of Rat
Ventricular CMs Coincides with the Return of
Centrosomes

The post-mitotic state of post-natal CMs can be reversed to
some degree by manipulation of molecular pathways
involved in cell cycle or redox regulation (Cheng et al.,
2011; Matrone et al., 2017). Specifically, inhibition of
GSK-3B and subsequent B-catenin stabilization has been
shown to increase proliferation of post-natal rat ventricular
CMs (Woulfe et al., 2010). We confirmed that treatment
with a GSK-3B inhibitor, CHIR99021, significantly
increased the proliferation (Ki67) and mitotic index
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(phospho-histone H3) of primary-isolated 3 day old rat
ventricular CMs (Figures S3A-S3C). The increased CM pro-
liferation coincided with B-catenin stabilization and nu-
clear localization (Figure S3D). In response to CHIR99021
treatment, we found that a proportion of rat ventricular
CMs (a-actinin**®) presented centrosomes with increased
PCM size and resembled centrosomes of proliferating
non-myocytes (Figure 3A). A quantitative analysis indi-
cated that centrosome size and PCM staining intensity
were substantially increased following CHIR99021 treat-
ment compared with DMSO (Figures 3B and 3C). Centro-

some return following CHIR99021 was also accompanied
by increased PLK4 levels (Figures 3D and 3E). This indicated
that re-established organization of centrosomes may be
mediated by increased PLK4 and coincides with increased
CM proliferation.

A distinct centrosomal pool of B-catenin is known to
regulate centrosome organization independent of tran-
scriptional activity in non-cardiac contexts (Bahmanyar
etal., 2010; Yang et al., 2018). Here we show that, in addi-
tion to increased nuclear levels, CHIR99021 treatment
increased B-catenin localization to centrosomes (Figure 3F)
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in post-natal rat ventricular CMs. Notably, CHIR99021-
mediated increase in centrosomal B-catenin, but not nu-
clear B-catenin, was blocked with PLK4 activity inhibition
(Figures 3F and S3D). Our findings suggest that, in response
to GSK-3pB inhibition, the stabilization and increased levels
of centrosomal B-catenin require PLK4 and may contribute
to the return of functional centrosomes required for CM
proliferation.

Hippo Kinase Activation Promotes Centrosome
Reduction in Human CMs

The endogenous process of centrosome reduction involves
PCM redistribution to perinuclear sites (Zebrowski et al.,
2015). Although our findings with PLK4 targeting indicate
that centrosome loss was sufficient to induce CM matura-
tion, this approach does not recapitulate the acentrosomal
redistribution of PCM components. In exploring potential
pathways involved in endogenous centrosome disas-
sembly, we investigated the Hippo kinases, MST and
LATS, that have been reported to localize to centrosomes
and have established functions regulating CM proliferation
(Bolgioni and Ganem, 2016; Wackerhage et al., 2014). Hip-
po kinase activity is dramatically increased post-natally, as
well as in heart failure patients, and could potentially
trigger centrosomal loss during maturation (Leach et al.,
2017).

We find that treatment with the C19 compound, previ-
ously shown to activate MST/LATS (Basu et al., 2014), re-
sulted in PCNT redistribution from centrosomes to perinu-
clear regions in a subset of hPSC-CMs (Figures 4A and 4B).
A significant proportion (~20%) of C19-treated CMs ex-
hibited both centrosome and perinuclear PCNT localiza-
tion, while a smaller proportion (~4%) of CMs exhibited
PCNT exclusively at the perinuclear region, reminiscent of
mature myocytes (Figure 4B). In addition, following C19
treatment, we observed a significant increase in hPSC-CMs
with split centrosomes (Figure 4C), indicative of precocious
centriole disjunction and reduced centrosome cohesion
(Mardin et al., 2010; Zebrowski et al., 2015). This coincided
with a decrease in proliferation (Figure 4D). C19-mediated
redistribution of PCNT to acentrosomal sites was observed
only in a-actinin**® cells and never in a-actinin™*® non-my-
ocytes (Figure 4E), reinforcing centrosome remodeling as a
myocyte-specific occurrence. Interestingly, the redistribu-
tion of PCNT to acentrosomal sites was not observed
following treatment with verteporfin, a benzoporphyrin de-
rivative that directly inhibits YAP function by disrupting
YAP-TEAD interactions (Figures S4A and S4B) (Liu-Chitten-
den et al., 2012). In addition, the proportion of hPSC-CMs
with split centrosomes and PCNT intensity at the PCM
was unchanged with verteporfin treatment (Figures S4C
and $4D). This suggests that centrosome remodeling is inde-
pendent of YAP-TEAD-regulated transcription and may
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represent an additional response to Hippo kinase activation.
Our results suggest that the activation of Hippo kinases
MST/LATS leads to centrosome disassembly and redistribu-
tion of PCM to acentrosomal sites, which is associated
with CM maturation.

DISCUSSION

During the organization of microtubules, the transition
from centrosomal to acentrosomal juxtanuclear sites is
characteristic of muscle development (Muroyama and
Lechler, 2017). In skeletal muscle, centrosome reduction
and release of PCM components occur early during
myoblast differentiation and prior to fusion into multinu-
cleated myotubes (Tassin et al., 1985). In cardiac muscle,
centrosomes remain functional in proliferating contractile
myocytes but are disassembled during cardiac maturation
at late gestational or neonatal stages (Zebrowski et al.,
2015). In both cases, centrosome disassembly coincides
with a transition to a post-mitotic state. In this study we
investigated centrosome contribution to the terminal dif-
ferentiation of myocytes. We utilized pharmacological tar-
geting of PLK4 to generate acentrosomal human CMs and
found that this resulted in post-mitotic transitions,
increased CM area, and the expression of matured sarco-
meric proteins. This suggests that centrosome loss was suf-
ficient to promote molecular and morphological aspects of
CM maturation. The 3D culture of hCOs in defined me-
dium similarly promotes maturation (Mills et al., 2017).
Interestingly, we find here that CM centrosomes remained
largely intact in hCOs. This indicates that centrosome
reduction was not necessarily required to initiate matura-
tion, but raises the intriguing possibility that centrosome
targeting may augment the process or trigger irreversible
transitions. Centrosomes integrate signal transduction
and cytoskeletal elements to regulate multiple cellular pro-
cesses, including ciliogenesis, intracellular trafficking, cell-
cycle progression, cell shape, and organelle positioning
(Nigg and Raff, 2009). For example, in skeletal myotubes,
PCM components are redistributed to nuclear membranes
for nuclear positioning and normal skeletal muscle devel-
opment (Espigat-Georger et al.,, 2016; Gimpel et al,
2017). It is likely that several of the processes described
above would be altered with centrosome loss and may vari-
ously contribute to CM maturation. The specific molecular
and cellular consequences of centrosome loss involved in
CM maturation remain to be fully defined.

In our studies we targeted PLK4 with a highly specific in-
hibitor (centrinone) to generate acentrosomal cells (Wong
et al.,, 2015). PLK4 is restricted to centrosomes, and the
described functions of PLK4 are principally in mediating
centriole duplication and centriole assembly (Arquint and
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Nigg, 2016; Galletta et al., 2016). Therefore, our reported
CM maturation effects in response to PLK4 inhibition
would logically be the result of lost centrosomes. However,
it remains a possibility that inhibition of unidentified
centrosome-independent functions of PLK4 may contribute
to CM differentiation. The loss of centrosomes in hPSC-CMs
also appeared to be irreversible, as drug washout following
prolonged centrinone treatment (5 days) did not increase
or return centrosome numbers (data not shown). In
contrast, GSK-3p inhibition in post-natal rat CMs demon-
strated that centrosome reduction could be reversed to coin-
cide with reinitiated proliferation. These findings likely

reflect the difference seen in the complete loss of centrioles
in response to prolonged centrinone treatment compared
with post-natal myocytes that have undergone an endoge-
nous process of centrosome reduction but retained centri-
oles in a seemingly non-functional state. Centrosomes un-
dergo an analogous process of reduction during animal
and insect sperm formation with PCM removal and disas-
sembly of the distal centriole to result in an atypical struc-
ture initially thought dispensable (Fishman et al., 2018;
Khire et al., 2016). Recent studies, however, have revealed
that sperm atypical centrioles are functional, required for
fertilization, and seemingly reassembled to facilitate zygotic
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cell divisions (Fishman et al., 2018). This suggests that the
reduced/remnant centrosomes in post-natal myocytes
may retain functionality and raises the intriguing notion
that post-natal myocytes may be enticed to re-enter the
cell cycle with centrosome reassembly. Future studies will
determine if the capacity to reassemble centrosomes is pro-
gressively lost as CMs age.

The mechanisms underlying centrosome remodeling
during muscle development remain mysterious. Here we
report that pharmacological activation of Hippo kinases
MST1/2 and LATS1/2 decreased hPSC-CM proliferation
and recapitulated the perinuclear redistribution of PCM
proteins typical of mature CMs. The mammalian STE20-
like protein kinases (MST1/2) and large tumor suppressor
kinases (LATS1/2) are core components of the Hippo
pathway that has important functions in development
and human pathologies, including heart failure (Harvey
et al., 2013; Irvine and Harvey, 2015; Leach et al., 2017).
MST1/2 and its scaffold protein, Salvador, promotes the
activation of LATS1/2, which subsequently phosphorylates
Yes-associated proteins (YAP/TAZ) to promote their nuclear
exclusion. YAP/TAZ interacts with TEAD transcriptional re-
pressors in the nucleus to derepress target genes that pro-
mote growth and proliferation and attenuate apoptosis (Ir-
vine and Harvey, 2015). Thus, Hippo signaling reduces
proliferation and is tumor suppressive. In skeletal and car-
diac tissues, MST/LATS activation, and subsequent inhibi-
tion of YAP/TAZ, promotes differentiation and reduced pro-
liferation (Wackerhage et al., 2014). Moreover, the
conditional deletion of Salvador or LATS or overexpression
of constitutively active YAP promotes CM proliferation,
while YAP knockout promotes apoptosis (Leach et al.,
2017; Monroe et al., 2019; Wackerhage et al., 2014).
Thus, our findings are consistent with a regulatory role
for Hippo signaling in promoting CM terminal
differentiation.

Our findings raise the question as to how activation of
Hippo kinases promotes centrosome disassembly. The
direct targeting of YAP-TEAD interactions with verteporfin
did not trigger equivalent centrosome remodeling, which
suggests that centrosomal effects of MST/LATS may not
involve downstream components of the canonical Hippo
pathway. In contrast, several studies suggest that MST
and LATS may exert their actions on centrosomal compo-
nents more directly. MST1/2 have been reported to regulate
centriole duplication (Hergovich et al., 2009). In addition,
LATS1/2 are known to be localized to centrosomes in an
Aurora-A-dependent manner to regulate spindle organiza-
tion and mitosis (Abe et al., 2006; Toji et al., 2004). Impor-
tantly, MST1/2 interactions with the centrosomal kinase
NEK2 are involved in the phosphorylation of CGNAP
and rootletin, which are required for centrosome cohesion
(Mardin et al., 2010). This triggers centrosome disjunction,
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the detachment of mother and daughter centrioles, at the
onset of mitosis (Mardin et al., 2010). Interestingly, centro-
some disjunction and splitting of centrosomes are similarly
observed as CMs mature (Zebrowski et al., 2015). This sug-
gests that analogous mechanisms, mediated by Hippo
pathway kinases, may be at play in the remodeling of cen-
trosomes in CMs. In summary, our studies indicate that
centrosome reduction is not simply a consequence of ter-
minal differentiation, but rather centrosome remodeling
may actively promote their morphological and functional
maturation.

EXPERIMENTAL PROCEDURES

Human CM Differentiation

Ethical approval for the use of human embryonic stem cells was
obtained from The University of Queensland’s Medical Research
and QIMR Berghofer’s Ethics Committee (2014000801 and
P2385) and experiments were carried out in accordance with
the National Health and Medical Research Council regulations.
Human CMs were differentiated from embryonic hPSCs or iPSCs
according to previously described protocols (Voges et al., 2017).
The human iPSC line without known cardiovascular disease
(CW30382A) was obtained from the California Institute of Regen-
erative Medicine hPSC Repository through FUJIFILM. Briefly,
HES3 hPSCs (WiCell) and iPSCs were differentiated in medium
(RPMI, 100 units/mL penicillin-streptomycin, 200 mM ascorbic
acid, B27 supplement) supplemented with 9 ng/mL Activin A,
5 ng/mL BMP, 5 ng/mL bFGF, and 1 pM CHIR99021 for 3 days fol-
lowed by cardiac fate specification for 3 days in B27 medium
(minus insulin) containing 5 pM Wnt inhibitor, IWP4, and a
further 7 days in B27 medium (with insulin) containing 5 pM
IWP4. hPSC-CMs and iPSC-CMs were maintained on coated glass
coverslips in aMEM supplemented with GlutaMAX, 10% (v/v)
fetal bovine serum, and 100 units/mL penicillin/streptomycin.
hCOs were fabricated and analyzed as previously described (Mills
et al., 2017).

Immunofluorescence

At the completion of cell treatments, coverslips were washed in
cold PBS and fixed in pre-chilled MeOH (—20°C) for 3 min or 4%
(w/v) paraformaldehyde for 20 min as appropriate. Cells were per-
meabilized with 0.2 (v/v) Triton X-100 in PBS and blocked with
10% (v/v) fetal calf serum in PBS. Primary antibody staining was
performed by diluting antibodies in 1% (w/v) BSA in PBS followed
by Alexa-conjugated secondary antibodies diluted in 1% BSA in
PBS. Antibodies used included anti-PCNT (Abcam, ab4448), a-acti-
nin (Sigma, A7811), y-tubulin (Sigma, T5326), Ki67 (BD Biosci-
ence, 550609), pHH3 (Abcam, ab47297), tropomyosin (Sigma,
T2780), and B-catenin (CST, 9582). Co-staining with phalloidin
conjugated to Alexa 488 was performed concurrent with secondary
antibodies. Coverslips were finally stained with DAPI, mounted in
ProLong Diamond Antifade mountant, and imaged on a confocal
microscope (Leica TCS SP8) using a 63x/1.3 NA glycerol or 100x/
1.4 NA oil immersion objective. Images were collected using LAS X
and minimally processed with Image] and Adobe Photoshop.



Unless indicated otherwise, fluorescence images are maximum in-
tensity projections of confocal z-stack images and inset
images within a panel utilize the same magnification. Image ana-
lyses and quantifications were performed using Imaris and
Metamorph.

Statistical Analysis
Statistics were calculated with GraphPad Prism 7. Immunofluores-
cence and qRT-PCR values were analyzed using a t test with Welch
correction or one/two-way ANOVA followed by a post hoc multiple
comparisons t test with Tukey correction. Mean values from n = 3
experimental replicates (>150 total cells from a minimum of eight
randomly selected images/condition/experimental replicate) are
depicted.

Additional methodological details can be found in the Supple-
mental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.08.007.
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SUPPLEMENTARY INFORMATION
EXPERIMENTAL PROCEDURES
Primary neonatal rat ventricular myocyte isolation

Primary ventricular CMs were isolated from 3 day old Sprague-Dawley pups as previously
described (Ng et al., 2011) and in accordance with NHMRC’s code of practice for the care and
use of animals for scientific research and approved by the University of Queensland
Anatomical Biosciences Animal Ethics committee (Ethics ID #351/17). Briefly, ventricular
cells were isolated by collagenase digestion and then preplated to deplete non-myocyte cells.
Cardiomyocytes were then plated on gelatin-coated dishes or lamin-coated coverslips in
Dulbecco's modified Eagle's medium/Medium 199 (4:1 v/v) containing 10% (v/v) horse serum,
5% (v/v) fetal calf serum, and penicillin/streptomycin (100 units/ml) for subsequent cell

treatments.
Immunoblotting

Protein extracts were prepared from cardiac myocytes by lysis in RIPA buffer (50 mm Tris-
HCI, pH 7.3, 150 mm NacCl, 0.1 mm EDTA, 1% (w/v) sodium deoxycholate, 1% (v/v) Triton
X-100, 0.2% (w/v) NaF, and 100 um Na3VO4) supplemented with protease inhibitors. After
lysis, cell debris was removed by centrifugation. Protein concentrations were determined by
Bio-Rad Bradford assay and lysates diluted with Laemmli sample buffer before SDS-PAGE
and immunoblot analysis as previously described (Lim et al., 2015). Proteins were detected
using HRP-conjugated secondary antibodies with enhanced chemiluminescence and imaged

on a LI-COR Odyssey Fc.
Quantitative real-time PCR

RNA extraction was carried out using a using the Purelink RNA mini kit (Invitrogen) or using
TRIzol as per manufacturer’s instructions. RNA was reversed transcribed using Superscript 11
quantitate real time PCR performed using SYBR Green mastermix (Applied Biosciences). 1X
SYBR Green mastermix was loaded into each well of a 0.2ml 96 well plate along with 2 uM
primer and 100 ng of DNA. CT was then determined on a Quantstudio Fast-96 well PCR

machine (Applied Biosciences). The 2-AACT method was used to determine gene expression



changes using GAPDH as a house keeping gene. Primer sequences used for gene expression

analysis can be found in Supplementary Information (Table S1).

FIGURE LEGENDS

Supplementary Figure 1. Centrinone induces post-mitotic transition and maturation of
iPSC-CMs. Related to Figure 2. A) iPSC-CMs were treated with centrinone (0.5 uM, 72 hr)
to generate acentrosomal myocytes or with DMSO as a vehicle control. B) Increased
percentage of iPSC-CMs with <2 PCNT puncta following treatment with centrinone. C)
Decreased immunofluorescent staining of Ki67 and pHH3 in centrinone-treated iPSC-CM
cultures. D+E) Centrinone-treatment significantly reduced the percentage of actively
proliferating (Ki67"°) or mitotic (pHH3™¢) cardiomyocytes. F) F-actin and PCNT channels
from fluorescence images in Figure 2H are shown here for additional clarity. G) Centrinone-
treatment increased expression of mRNA encoding sarcomeric proteins associated with
cardiomyocyte maturation. Scale bars = 20 um. Images within a figure panel utilized the same

magnification. Values are mean+SE (n=4). Scale bars = 20 pm.

Supplementary Figure 2. Maturation of human cardiac organoids did not alter
centrosome integrity. Related to Figure 2. A) Reduced Ki67 staining in hPS-CM derived
cardiac organoids matured in previously defined media (Mills et al., 2017). B) Centrosome
numbers (indicated by ratio of PCNT puncta to nuclei number) and C) centrosome size (volume
of PCNT fluorescence) was not significantly altered in following maturation of human cardiac
organoids. D) Representative images of centrosomes indicated similar size and morphology in
matured or control organoids. E) Expression of centrosomal proteins was substantially reduced
in post-natal human heart tissue but not substantially different between control and matured
cardiac organoids. Expression data was extracted from deposited datasets (Kuppusamy et al.,
2015. GEO: GSE62913 and Mills et al. 2017 GEO:GSE93841) F) Human cardiac organoids
derived from iPSC-CMs were treated with centrinone (0.5 uM, 72 h) and stained with NKX2.5
to identify cardiac myocytes and PCNT for centrosomes. G) Centrosome numbers were
evaluated by measuring the ratio of PCNT puncta to nuclei. H) Centrinone effects on size of

cardiac myocyte centrosomes within hCOs. Scale bars = 20 um. Values are mean+SE (n=4).



Supplementary Figure 3. GSK3 inhibition enhances proliferation of post-natal rat
ventricular cardiomyocytes. Related to Figure 3. A) 3 day old rat cardiomyocytes were
treated with CHIR99021 (5 uM, 24 h) and immunostained for proliferation (Ki67) and mitotic
(pHH3) markers. B) The proportion of Ki67"® and C) pHH3 "¢ post-natal rat cardiomyocytes
were significantly enhanced by CHIR99021 treatment. D) Enhanced nuclear staining of [3-
catenin following CHIR99021 treatment was not inhibited by co-incubation with PLK4

inhibitor, centrinone. Scale bars = 20 pm.

Supplementary Figure 4. Pharmacological inhibition of YAP does not trigger
acentrosomal distribution of PCM. Related to Figure 4. A) hPSC-CMs were treated with
verteporfin (48 h) at the indicated concentrations or an equivalent volume of DMSO as a
vehicle control and immunostained with PCNT as a PCM marker and a-actinin to indicate
cardiomyocytes. Scale bars = 20 um. All images within the panel utilized the same
magnification. B) Proportion of hPSC-CMs with perinuclear PCNT following C19 (10 uM, 48
h) or verteporfin (VP, 1 uM, 48 h) treatment. C) Proportion of hPS-CMs with split centrosomes

following C19 or verteporfin treatment. D) Impact of C19 or verteporfin on centrosome size.
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Gene

Forward Primer

Reverse Primer

MYHG6 CCCTACGCAACTGCCG CGACACCGTCTGGAAGGATGA
MYH7 GACCAGTGAATGAGCACCG GGTGAGGTCGTTGACAGAACG
MLC2v CAGCGGCAAAGGGGTGGTGAAC | GGTCCATGGGTGTCAGGGGCGAA
MLC2a GGCGCCAACTCCAACGTGTT ACGTTCACTCGCCCAAGGGC
GAPDH AATCCATCACCATCTTCA TGGACTCCACGACGTACTCA

Table S1: Primer sequences used for qPCR analysis of mature sarcomeric protein

markers.
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