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GAS2L3 is a recently identified cytoskeleton-associated protein
that interacts with actin filaments and tubulin. The in vivo function
of GAS2L3 in mammals remains unknown. Here, we show that mice
deficient in GAS2L3 die shortly after birth because of heart failure.
Mammalian cardiomyocytes lose the ability to proliferate shortly
after birth, and further increase in cardiac mass is achieved by
hypertrophy. The proliferation arrest of cardiomyocytes is accom-
panied by binucleation through incomplete cytokinesis. We ob-
served that GAS2L3 deficiency leads to inhibition of cardiomyocyte
proliferation and to cardiomyocyte hypertrophy during embryonic
development. Cardiomyocyte-specific deletion of GAS2L3 confirmed
that the phenotype results from the loss of GAS2L3 in cardiomyocytes.
Cardiomyocytes from Gas2l3-deficient mice exhibit increased expres-
sion of a p53-transcriptional program including the cell cycle inhibitor
p21. Furthermore, loss of GAS2L3 results in premature binucleation of
cardiomyocytes accompanied by unresolved midbody structures. To-
gether these results suggest that GAS2L3 plays a specific role in car-
diomyocyte cytokinesis and proliferation during heart development.

binucleation | cardiomyocytes | cytokinesis | GAS2L3

During embryogenesis and fetal life, the heart grows by rapid
mitotic divisions of cardiomyocytes, producing hyperplastic

growth. In the perinatal period, cell division ceases, cardiomyocytes
withdraw from the cell cycle, and the further increase in cardiac
mass is achieved through increase in cell size (hypertrophy) (1–3).
The switch from hyperplastic to hypertrophic growth is character-
ized by extensive binucleation of cardiomyocytes. Cardiomyocyte
binucleation is a consequence of a DNA synthesis followed by mi-
tosis without cytokinesis. Thus, the cell division of postnatal car-
diomyocytes is incomplete and karyokinesis is uncoupled from
cytokinesis. In mice, binucleation starts around postnatal day (P)3
and by day 10, 85–90% of cardiomyocytes are binucleated (2). The
physiological role of cardiomyocyte binucleation remains largely
unknown, although it has been suggested that the increased number
of mRNA transcripts from the two nuclei is necessary to maintain
the metabolic function of hypertrophic cardiomyocytes (4, 5).
The processes that lead to proliferation arrest and binucleation

of cardiomyocytes are also still poorly understood. Cell cycle reg-
ulators, growth factors, miRNAs, and nongenetic mechanisms have
been implicated in formation of binucleated cells and cell cycle
withdrawal of cardiomyocytes. For example, cardiomyocyte cell
cycle arrest and binucleation is correlated with a down-regulation
of positive regulators of the cell cycle such as cyclins and CDKs and
up-regulation of cyclin-dependent kinase inhibitors such as p21 and
p27 (6). A role for cyclins in cardiomyocyte cell cycle arrest is
demonstrated by the finding that cyclin A overexpression delays
cardiomyocyte cell-cycle withdrawal and promotes cardiac re-
generation after myocardial infarction through the promotion of
cytokinesis of adult cardiomyocytes (7, 8). Similarly, deletion of the
homeobox protein Meis1 enhances proliferation of postnatal car-
diomyocytes because it regulates the expression of cell cycle in-
hibitors such as p16INK4A and p21CIP1 (9). Other pathways that
have been implicated in the transition from proliferation to cell

cycle exit include the Hippo pathway and neuregulin-1/ERBB2
signaling as well as the E2F–pocket-protein pathway and certain
miRNAs (10–14).
In addition, nongenetic mechanisms have also been proposed to

prevent cytokinesis of differentiated cardiomyocytes. During di-
vision of fetal cardiomyocytes, myofibrills have to disassemble. This
disassembly occurs in two steps with Z-disk and actin filaments
being disassembled first, followed by disassembly of the M-band and
myosin filaments. It has been suggested that the highly ordered
sarcomere structure of differentiated cardiomyocytes prevents this
myofibrilar disassembly and, thus, presents a barrier to cytokinesis
(4, 15, 16). In addition, the failure to assemble a contractile ring
contributes to cardiomyocyte binucleation, and the cardiomyocyte
cell cycle arrest is associated with centrosome disassembly (17, 18).
We and others have recently identified a role for GAS2L3 in

cytokinesis and cytokinetic abscission (19–21). GAS2L3 belongs to
the GAS2 family of four related proteins consisting of GAS2 and
GAS2-like 1–3 (GAS2L1, GAS2L2, and GAS2L3). Previous studies
linked the function of GAS2-proteins to cross-linking of actin and
microtubule filaments in interphase and in growth-arrested cells
(22–27). Unlike the other GAS2 family members, GAS2L3 is
specifically expressed in mitosis and localizes to the mitotic
spindle in metaphase, the midbody during cytokinesis, and the
constriction zone during abscission (19, 20). RNA interference

Significance

Here, we demonstrate that mice lacking GAS2L3, a cytoskeleton-
associated protein that interacts with actin filaments and tubulin,
develop cardiomyopathy and heart failure after birth. During
embryogenesis, cardiomyocytes rapidly divide. In the perinatal
and neonatal period, cardiomyocytes withdraw from the cell
cycle, binucleate, and the further increase in cardiac mass is
achieved by hypertrophy. Germ-line deletion of Gas2l3 results in
decreased cardiomyocyte proliferation and in cardiomyocyte hy-
pertrophy. Embryonal cardiomyocytes from Gas2l3-deficient mice
exhibit increased expression of the cell cycle inhibitor p21 and
display premature binucleation of cardiomyocytes due to defects
in cytokinetic abscission. Together these results suggest that
GAS2L3 plays a central role in cardiomyocyte proliferation and
cytokinesis during development.

Author contributions: F.B.E. and S.G. designed research; S.S., M.G., M.F., J.M., M.L., R.N.,
and S.G. performed research; R.N., S.F., E.W., B.v.E., and F.B.E. contributed new reagents/
analytic tools; S.S., M.G., S.F., F.B.E., and S.G. analyzed data; and S.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The data reported in this paper have been deposited in the Gene Ex-
pression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no.
GSE91078).
1Present address: Leibniz Institute on Aging, Fritz Lipmann Institute e.V., 07745 Jena, Germany.
2To whom correspondence should be addressed. Email: stefan.gaubatz@biozentrum.uni-
wuerzburg.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1703406114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1703406114 PNAS | July 25, 2017 | vol. 114 | no. 30 | 8029–8034

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1703406114&domain=pdf
https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE91078
mailto:stefan.gaubatz@biozentrum.uni-wuerzburg.de
mailto:stefan.gaubatz@biozentrum.uni-wuerzburg.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1703406114


(RNAi)-mediated depletion of GAS2L3 and overexpression
studies have implicated GAS2L3 in cytokinesis, chromosome seg-
regation, and abscission.
The in vivo function of GAS2L3 in mammals remains unknown.

Here, we show that mice with a germ-line deletion of Gas2l3 die
postnatally from dilated cardiomyopathy. Further studies implicate
GAS2L3 in cardiomyocyte proliferation and cytokinesis during
embryonic development.

Results
GAS2L3 Is Required for Postnatal Viability. To investigate the in vivo
function of mammalian GAS2L3, we generated a knockout
mouse model in which exon 6 of Gas2l3 is flanked by loxP sites
(Fig. S1 A–C). Exon 6 encodes for part of the N-terminal–con-
served CH domain that is involved in binding of GAS2L3 to actin.
Deletion of exon 6 results in a frame-shift and, thus, no functional
GAS2L3 protein can be produced when exon 6 is deleted. Loss of
Gas2l3 expression was verified by crossing animals with the tar-
geted allele of Gas2l3 with a mouse line ubiquitously expressing a
CreERT2 transgene, which can be activated by 4-hydroxytamox-
ifen (4-OHT). Upon treatment of mouse embryonic fibroblasts
isolated from Gas2l3fl/fl;CreERT2 mice with 4-OHT, exon 6 was
successfully deleted and Gas2l3 mRNA and protein expression was
eliminated (Fig. S1 D–F). To investigate the role of GAS2L3 during
embryonic development, we converted the conditional allele into a
nonconditional knockout (−/−) allele by crossingGas2l3fl/fl mice with
Zp3-Cre mice, expressing Cre-recombinase in the female germ line
(28) (Fig. S1A).
Gas2l3+/− mice were intercrossed, and offspring was genotyped

(Fig. S2A). Gas2l3−/− pups were recovered at the expected Men-
delian frequency (Fig. S2B). However, at weaning (3 wk), only 7 of
113 mice (6%) were homozygous for the Gas2l3 knockout,

significantly below the expected frequency of 25% (P < 0.01),
indicating a role for GAS2L3 in the early postnatal period
(Fig. S2 B and C). A few mice survived into adulthood, but
they all either died before the age of 4 mo or were euthanized
because they became moribund. Heterozygous Gas2l3+/− mice
were found at normal frequency and showed no phenotype.

Loss of Gas2l3 Results in Dilated Cardiomyopathy with Fibrosis.
Further characterization revealed severe cardiac enlargement in
homozygous Gas2l3−/− animals, whereas no gross abnormalities in
other organs were observed (Fig. 1A and Fig. S3). The heart to
body weight of 14-d-old Gas2l3−/− mice was significantly increased
compared with age-matched wild-type or heterozygous control
animals (Fig. 1B). Histological analysis of Gas2l3−/− hearts
revealed ventricular chamber dilation as manifested by a reduction
in wall thickness and enlargement (Fig. 1 C and D). In approxi-
mately 30% of Gas2l3−/− mice, intracardiac thrombi that were at-
tached tightly to the ventricular wall were present. Thrombus
formation likely contributes to the death of some of the Gas2l3−/−

animals. Transthoracic echocardiography of 6-wk-old mice con-
firmed dilated cardiomyopathy with a reduction in left ventricular
posterior wall thickness and increased ventricular diameter (Fig. 1
E and F). Changes in cardiac dimensions were accompanied by
decreased contractility and markedly impaired cardiac function as
evidenced by a strongly reduced fractional shortening (FS) com-
pared with wild-type mice (Fig. 1F).
Further characterization by immunofluorescence staining for

cardiac troponin T (cTnT) revealed a disordered organization of
cardiomyocytes in Gas2l3−/− hearts (Fig. 2A). Quantification of
cell size by wheat germ agglutinin (WGA) staining showed that
cell sizes in the heart of Gas2l3−/− mice at P7 and P14 (Fig. 2B)
were strongly increased. At later stages, a significant interstitial
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Fig. 1. Postnatal lethality and dilated hearts of Gas2l3 knockout mice. (A) Fixed hearts from 43-d and 128-d-old animals. Wild-type (+/+) and heterozygote (+/−) mice
served as controls. (B) Heart-to-body weight of 5- to 7-d-old and 14-d-old Gas2l3−/− and control mice. n > 10 mice per group. (C) H&E-stained sagittal sections
demonstrating dilated ventricles in Gas2l3−/− animals compared with control mice. (D) H&E stained transverse sections of Gas2l3−/− and Gas2l3+/+ hearts. (E and F)
Cardiac function was analyzed by echocardiography in 6-wk-old mice. (E) Representative images of echocardiographic analysis. (F) Quantification of LVAW and LVPW
(left ventricular anterior and posterior wall thickness), LVEDD and LVESD left (ventricular end-diastolic and end-systolic dimensions) and fractional shortening (FS). n =
3–5 mice per group. (Scale bars: C, 0.5 mm; D, 1 mm; E, vertical 2 mm, horizontal 0.1 s.) *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

8030 | www.pnas.org/cgi/doi/10.1073/pnas.1703406114 Stopp et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703406114/-/DCSupplemental/pnas.201703406SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1703406114


fibrosis developed in Gas2l3−/− hearts, as evidenced by Sirius
Red staining for myocardial collagen (Fig. 2C). Consistent with
these observations, mRNA levels of the fibrosis marker collagen 1a
were increased at P14 in Gas2l3 knockout hearts. Expression levels
of the hypertrophy markers atrial natriuretic peptide (ANF) and
β-myosin heavy chain (MHC) were also increased, and ANF was
already elevated in Gas2l3−/− hearts at P7 (Fig. 2D).
To determine whether the phenotype is due to loss of GAS2L3 in

cardiomyocytes or whether it is an indirect consequence of loss of
GAS2L3 in other cell types such as cardiac fibroblasts, conditional
Gas2l3 mice were crossed to mice that express Cre-recombinase
from the cardiac-specific Nkx2.5 promoter (Fig. S4A) (29). The
heart-to-body weight of Nkx2.5-Cre;Gas2l3fl/fl mice was significantly
increased compared with control mice (Fig. S4B). Histological
staining revealed a cardiac phenotype with enlarged and dilated
hearts and with interstitial fibrosis (Fig. S4 C and D). Together
these results indicate that the Gas2l3 k.o. phenotype is due to a
cardiomyocyte-intrinsic defect.

GAS2L3 Is Dispensable in the Adult Heart. To test whether GAS2L3 is
required in the postnatal heart, we deleted Gas2l3 in neonatal
Gas2l3fl/fl;CreERT2 mice by tamoxifen injection to activate the
CreERT2 recombinase (Fig. S5A). PCR genotyping verified
recombination of Gas2l3 in the heart (Fig. S5B). The heart
weight to body weight after deletion of Gas2l3 was unchanged,
and no chamber dilation or fibrosis was observed after deletion
of Gas2l3 (Fig. S5 C and D), indicating that neonatal deletion of
Gas2l3 does not result in dilated cardiomyopathy. The lack of a
phenotype in postnatal mice confirms a specific requirement for
GAS2L3 during embryonic development.
To determine whether the expression pattern of Gas2l3 is con-

sistent with its exclusive role during embryonic development, we
performed real-time quantitative PCR (RT-qPCR) with RNA iso-
lated from cardiac tissue at different embryonic and postnatal
stages. This analysis demonstrated that Gas2l3 expression was
highest during early embryonic stages and significantly decreased at
neonatal stages (Fig. S5E).

Reduced Cardiomyocyte Proliferation and Induction of p53 > p21 in
Gas2l3 Knockout Mice.Cardiomyocytes undergo two distinct growth
phases during development with hyperplastic growth during
midgestation and hypertrophic growth characterized by binuclea-
tion during the perinatal period (2). Quantification of total car-
diomyocyte number per heart by enzymatic disaggregation and
cell counting showed that at embryonic day 14.5 (E14.5), the
cardiomyocyte number was slightly reduced in Gas2l3−/− mice
compared with control mice (Fig. 3A). In control animals, the
cardiomyocyte number per heart increased more than 10-fold
between E14.5 and P7. In contrast, cardiomyocytes numbers in-
creased less than twofold in Gas2l3−/− mice during the same time
period. Consequently, at P7, cardiomyocyte cell numbers were
markedly reduced in Gas2l3−/− mice compared with control mice.
Cardiomyocyte size was comparable in Gas2l3 knockout mice and
control mice at E14.5 (Fig. 3B). However, at E18.5 and at all later
timepoints, cardiomyocytes fromGas2l3−/− mice were significantly
hypertrophic compared with control cardiomyocytes, consistent
with WGA staining of histological sections (Fig. 3B).
To establish how the loss of GAS2L3 results in reduced cellu-

larity, we next analyzed the cell cycle marker Ki67 by immuno-
fluorescence staining. Cardiomyocytes were identified by staining
for cardiac troponin T. The proportion of Ki67-positive car-
diomyocytes was significantly decreased in Gas2l3−/− hearts com-
pared with littermate controls (Fig. 3C), indicating a role for
GAS2L3 in cardiomyocyte proliferation. Importantly, the pro-
liferation of embryonic hepatocytes was not affected by the loss of
Gas2l3 (Fig. S6A). The reduced cardiomyocyte proliferation
probably accounts for the decrease in cardiomyocyte numbers.
To further investigate the pathways resulting in growth arrest

of Gas2l3−/− cardiomyocytes, we performed RNA sequencing
(RNAseq) on E18.5 hearts. Gene ontology analysis of genes with
decreased expression in Gas2l3−/− hearts are linked to processes
related to cell cycle regulation, mitosis, and chromosome segre-
gation, consistent with the phenotype of Gas2l3 deletion (Fig. 4A
and S7A). Furthermore, gene set enrichment analysis (GSEA)
revealed an increased expression of genes known to be activated
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Fig. 2. Hypertrophy and fibrosis of Gas2l3 knockout
hearts. (A) Immunofluorescence staining of cTNT in a
wild-type and Gas2l3−/− heart at P5 (green). Nuclei
were stained with Hoechst (blue). (B) WGA staining
at P7 and P14. A quantification of the cross-sectional
area is shown on the right. (C) Sirius red staining
demonstrating fibrosis in Gas2l3−/− hearts. (D) mRNA
expression of the indicated genes was analyzed by
RT-qPCR in P7 and P14 hearts. Expression was nor-
malized to 18S rRNA. n = 3 mice per group. (Scale
bars: A, Left and Center, 75 μm; A, Right, 10 μm; B,
50 μm; C, 500 μm.) *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; ns, not significant.
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by the p53 tumor suppressor in Gas2l3 k.o. hearts, including the
CDK inhibitor p21 (Cdkn1a) (Fig. 4 B and C). p21 acts as a CDK
inhibitor to indirectly inhibit phosphorylation of the retinoblas-
toma (pRB) proteins by CDKs. It is normally not expressed in
embryonal cardiomyocytes and induced in adult cardiomyocytes
(30). Increased expression of p21 and additional p53-target genes
in embryonic Gas2l3−/− hearts was verified by qPCR (Fig. 4D).
Consistent with the transcriptional up-regulation of p21, induction
of p53 and p21 in Gas2l3−/− hearts was detected by immuno-
blotting (Fig. 4E). Furthermore, pRB hypophosphorylation was
increased in Gas2l3−/− hearts compared with control hearts, sug-
gesting that induction of p21 contributes to the cell cycle arrest of
Gas2l3-deficient cardiomyocytes by activating pRB. Although a
subset of the p53-dependent genes up-regulated in Gas2l3−/−

hearts has been associated with apoptosis, Gas2l3 deletion did not
result in an increase in apoptosis as determined by immunoblot-
ting of heart lysates for cleaved caspase 3 or by TUNEL assays of
histological sections at E18.5 or P14 (Fig. S7 B and C).

Premature Binucleation and Defective Cytokinesis in Gas2l3-Deficient
Cardiomyocytes.Given that cardiomyocytes undergo binucleation
during the perinatal period contributing to the cell cycle arrest,
we next determined the fraction of mononucleated and bi-
nucleated cardiomyocytes at different developmental stages. At
E14.5, binucleation of Gas2l3−/− cardiomyocytes was low and
comparable to that of control cardiomyocytes (Fig. 5 A and B). In
contrast, at later time points, significant differences in binucleation
were detected. At E16.5, E18.5, and P2, 30–60% of Gas2l3−/−

cardiomoyctes were binucleated, whereas only a small fraction of
control cardiomyocytes were binucleated, as expected. At P7, 60%
Gas2l3−/− were binucleated compared with 90% binucleation in
control mice. Taken together, Gas2l3−/− cardiomyocyte binucleate
significantly earlier during cardiac development than wild-type
cardiomyocytes. However, in the absence of GAS2L3, a signifi-
cant proportion of cardiomyocytes are mononucleated at P7, sug-
gesting that during development, a proportion of mononucleated
Gas2l3−/− cardiomyocytes withdraw prematurely from the cell cycle,
contributing to the reduced total number of cardiomyocytes per
heart. A role for GAS2L3 in mitosis and cytokinesis is also indicated
by the reduced number of cells staining positive for phosphorylated
(Ser10) histone H3, a marker of mitotic cells, and the reduced

number of cardiomyocytes undergoing cytokinesis at E14.5 (Aurora
B-positive) (Fig. 5 C and D). In contrast to cardiomyocytes, no
difference in hepatocyte binucleation was observed in Gas2l3−/−

mice compared with wild-type littermates (Fig. S6B).
The increased binucleation ofGas2l3−/− cardiomyocytes could be

an indirect effect of the decreased number in cardiomyocytes and
the consequently increased hemodynamic load that usually occurs
only after birth and has been linked to cardiomyocyte binucleation
(5). To address whether binucleation is a secondary, noncell au-
tonomous consequence of Gas2l3 deletion, we performed experi-
ments with cultured cardiomyocytes. Cardiomyocytes were isolated
from embryos expressing a conditional, “floxed” allele of Gas2l3
(Gas2l3fl/fl) and a CreERT2 transgene with a 4-OHT–inducible Cre
recombinase. Recombination of Gas2l3 by addition of 4-OHT was
verified by PCR genotyping (Fig. S8A). Before recombination, the
majority of cardiomyocytes were mononucleated, as expected (Fig.
5 E and G). After deletion of Gas2l3, approximately 22% of car-
diomyocytes became binucleated. Thus, the binucleation phenotype
is not an indirect effect of increased hemodynamic stress. Rather
these data suggest an intrinsic role for GAS2L3 in division of car-
diomyocytes. Importantly, control cardiomyocytes of the Gas2l3+/+;
CreERT2 genotype-treated 4-OHT were mononucleated, as expec-
ted, indicating that the increase in binucleated cells is not an off-
target effect of Cre-recombinase (Fig. S8 B and C).
Further characterization of the defect in mitosis by immunoflu-

orescence analysis showed that loss of GAS2L3 had no obvious
effect on localization of Anillin, Aurora B, and Myosin II to the
central spindle and the midbody during telophase and cytokinesis
(Fig. S9 A and B). Importantly, however, cells with unresolved cy-
tokinetic midbody structures were significantly increased upon de-
letion of Gas2l3, indicating failed abscission (Fig. 5 F and G). The
subcellular localization of GAS2L3 in cardiomyocytes to the central
spindle and to the midbody region during telophase and cytokinesis,
as determined by confocal microscopy with an antiserum raised
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against murine GAS2L3, is consistent with its participation in cy-
tokinetic abscission in cardiomyocytes (Fig. 5H).

Discussion
Until now, the in vivo role of GAS2L3 in mammals was unknown.
We show here that GAS2L3 plays a key role in cardiomyocyte
proliferation and cytokinesis during heart development in mice.
During late embryonic development, loss of GAS2L3 leads to a
drastically reduced number of cardiomyocytes and to premature
cardiomyocyte binucleation. Cardiomyocyte loss in Gas2l3-deficient
mice is compensated for by a strong increase in cardiomyocyte size.
This compensatory hypertrophy, however, is not sufficient to
maintain organ function after birth and is associated with interstitial
fibrosis, ventricular dilatation, and contractile dysfunction resulting
in early death of the animals.
GAS2L3 is required for cardiomyocyte mitosis during a rela-

tive narrow window during embryonic development, and it is
dispensable for the adult cardiomyocytes that have exited from
the cell cycle. It has been observed that loss of general cell cycle
regulators, e.g., cyclin E or N-myc in mice, results in defects in
embryonic cardiomyocyte proliferation and prenatal lethality
(31–33). In contrast, Gas2l3−/− animals survive until a few weeks
after birth, indicating a requirement for GAS2L3 relatively late
in cardiac development. This observation suggests that GAS2L3 is
dispensable for cytokinesis of early, immature embryonic car-
diomyocytes. During differentiation from embryonic to a postnatal
stage, the complexity of the sarcomere structure of cardiomyocytes

gradually increases (34). It is known that highly organized myofibrils
create an obstacle to cytokinesis and that sarcomeric structures have
to disassemble before cell division can occur (17, 35). The failure of
more advanced embryonic Gas2l3−/− cardiomyocyte to divide sug-
gests a possible role for GAS2L3 in coordinating cytokinesis of
cardiomyocytes with the breakdown of highly organized sarcomeric
structures, whereas cytokinesis of less differentiated earlier car-
diomyocytes may be independent of GAS2L3. This model could
also explain why the phenotype of Gas2l3 deletion is specific to the
heart and why other organs are not affected by the loss of GAS2L3.
Alternatively, the lack of a phenotype in other organs could be due
to compensation by other members of the GAS2 family.
Down-regulation of Gas2l3 expression correlates with the time

point when binucleation and cell cycle withdrawal of cardiomyocytes
takes place. We note that the developmental expression profile of
Gas2l3 in the heart is similar to other proteins involved in cytokinesis
that are expressed at high levels before birth and down-regulated
postnatally when cardiomyocyte binucleate and exit from the cell
cycle (36). Mitosis-specific expression of Gas2l3 is driven by the
Myb–MuvB (MMB) complex (19), an evolutionary conserved mul-
tiprotein complex that either associates with the p130 pocket protein
and with E2F4 to form DREAM to represses transcription or with
B-MYB to activate transcription (37–39). MMB is a master regu-
lator of genes with functions in mitosis and cytokinesis, suggesting
that it could be involved in regulation of a larger set of cytokinesis
genes involved in heart development. Further experiments are nec-
essary to address this possibility.
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Materials and Methods
Mice. Detailed information on generation of Gas2l3−/− and conditional Gas2l3fl

mice and on genotyping of mice can be found in SI Materials and Methods. All
animal experiments were carried out according to protocols that were ap-
proved by an institutional committee (Tierschutzkommission der Regierung
von Unterfranken).

Cardiomyocyte Isolation and Cultivation. Primary cardiomyocytes were iso-
lated from E14.5 embryos by enzymatic digestion by using a cardiomyocyte
isolation kit (Pierce). Cardiomyocytes were cultured on fibronectin-coated
dishes in DMEM with 10% heat-inactivated FBS at 37 °C and 5% CO2. To
induce the deletion of Gas2l3, conditional cardiomyocytes were treated with
100 nM 4-OHT (Sigma).

Determination of Cardiomyocyte Numbers and Nucleation. Isolation of car-
diomyocytes was essentially performed as described (9). In brief, fresh hearts
were harvested and fixed in 4% PFA for 2 h. Next, hearts were incubated
with a mixture of collagenase D (2.4 mg/mL, Roche) and collagenase B
(1.8 mg/mL, Roche) for 12 h at 37 °C with slow shaking. Cardiomyocytes were
stained with Connexin 43 antibodies. DNA was counterstained with Hoechst
33548. Cardiomyocyte cell numbers were determined by using a Neubauer
chamber.

RNA-Seq Analysis. RNA-Seq is described in SIMaterials andMethods. The data have
been deposited in National Center for Biotechnology Information’s (NCBI’s) Gene
Expression Omnibus (GEO) (40) and are accessible through GEO Series accession no.
GSE91078 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE91078).

Statistical Analysis. Statistical analyses were performed by using Prism 5
(GraphPad). Statistical significance was determined by using Student’s t test
(two groups), one-way ANOVA with Bonferroni posttest (>2 groups) or
Fisher’s exact test (nominal data). P < 0.05 was considered statistically sig-
nificant. *P < 0.05;**P < 0.01; ***P < 0.001; ****P < 0.0001.

Additional methods and a list of antibodies are provided in SI Materials
and Methods.
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