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Cell history determines the maintenance of
transcriptional differences between left and right
ventricular cardiomyocytes in the developing mouse
heart
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Summary

The molecular mechanisms that establish and maintain cell history determines transgene expression status.

transcriptional differences between cardiomyocytes in the
left and right ventricular chambers are unkown. We have
previously analysed a myosin light chain 3f transgene
containing an nlacZ reporter gene, which is transcribed
in left but not right ventricular cardiomyocytes. In this
report we examine the mechanisms involved in
maintaining regionalised transgene expression. Primary
cardiomyocytes prepared from left and right ventricular
walls of transgenic mice were found to maintain transgene
expression status in culture. However, similar cultures
prepared from nontransgenic mice or rats show uniform
expression after transient transfection oMIc3f constructs,
suggesting that the mechanism responsible for differential

Maintenance of transgene expression status is regulated by
a cell-autonomous mechanism that is independent of DNA
methylation, trichostatin A-sensitive histone deacetylation
and miss-expression of transcription factors that are
expressed in the left or right ventricles of the embryonic
heart. Parallels betweenMIc3f transgene repression in
right ventricular cardiomyocytes and polycomb-mediated
silencing in Drosophila suggest that Milc3f regulatory
sequences included on the transgene may contain a cellular
memory module that is switched into an on or off state
during early cardiogenesis. Epigenetic mechanisms may
therefore be involved in maintaining patterning of the
mammalian myocardium.

expression of the transgene between left and right
ventricular cells does not operate on transiently introduced
molecules. These data suggest that

Key words: Cardiomyocytes, Transcriptional repression, Transgenic
developmental mice

Introduction throughout the heart has in some cases revealed compartment-

The establishment and maintenance of transcriptional diversif@stricted roles during early development (Lyons et al., 1995;
during organogenesis is a key feature of embryonidin et al, 1997). A small number of cardiac transcription
development. Within the developing heart, myocardial cells iffiactors, in particular the basic helix-loop-helix (bHLH) proteins
different cardiac chambers exhibit differences in gendlandl and Hand2, and the T-box-containing regulatory factor
expression, which reflect functional compartmentalisationTbx5, show left/right differences in expression pattern in the
(Christoffels et al., 2000). These transcriptional differences arembryonic ventricles, and the generation of null alleles in the
established during early heart development and prefigure tiitandl, Hand2andTbx5genes has shown that these factors are
formation of the specialised left and right atrial and ventriculaimportant in chamber morphogenesis (Srivastava et al., 1997,
chambers, which direct separate systemic and pulmonary blo&drulli et al., 1998; Riley et al., 1998; Bruneau et al., 2001).
flows. Despite these studies, the molecular mechanisms that initiate

Molecular analysis of the regulatory circuits controllingand maintain left versus right ventricular specific gene
cardiomyocyte diversity has identified a small numbecisf  expression are poorly understood. In particular, little is known
acting motifs andrans-acting factors involved in atrial versus about the factors regulating transcriptional differences between
ventricular identity and in differential gene expression betweeteft and right ventricular chambers at later developmental
cells of the ventricular and atrioventricular canal myocardiunstages. How left/right ventricular transcriptional differences are
(Wang et al., 2001; Habets et al., 2002). In addition, sesisral maintained is of major interest, as the fundamentally different
acting elements active in cardiomyocytes of either the left aoles of the two ventricles become apparent only on the
right ventricle have been defined in transgenic mice (Schwarteparation of pulmonary and systemic circulatory systems at
and Olson, 1999; Kelly et al., 1999). Although ttens-acting  birth. Furthermore, in the adult, cardiac hypertrophy elicits
factors that regulate such transgenes remain unknownhanges in gene expression that differ in the left versus right
mutational analysis of transcription factors expressedentricular free walls (Vikstrom et al., 1998).
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Certain transgenes have provided valuable indicators ofiedium containing newborn calf serum and grown at 37°C in 5%6CO
transcriptional differences between cells of the myocardiumMedium was replaced after 18 hours, at which stage beating
Regionalised expression of aMlic3f promoter nlacz  cardiomyocytes were observed. _
transgene is established between embryonic days (E) 8 and 1dn co-culture assays, 1@ells dissociated from free right or left
(Franco et al., 1997). At E10.5 this transgene is expressed \{ﬁntrlqular walls of transgenic embryos. were plated onto gelatinised
the right atrium and left ventricle, in a similar manner to theoPO!S in 3 cm plates together with various amount$ (10.0) of

cells prepared from either right or left free walls of nontransgenic
endogenoud/ic3f gene (Kelly et al., 1998). Subsequently, theembryos. Following fixation and staining with X-gal, the number of

Mic3f-nlacZ-2transgene provides a stable regional marker fop,e nuclei was determined in several fields and expressed as mean +
cardiomyocytes in the left ventricle from the completion ofs e m. (=5). Gelatinised spot cultures were also used for the
cardiac looping through to the adult (Kelly et al., 1999).experiments involving adenoviral infection.

Together with other transgenic studies, analysisMbE3f

transgene expression suggests that transcriptional regulation in , . ) ,

the mouse heart is modular such that disticistacting Pg@lactosidase staining and immunocytochemistry

elements regulate spatial and temporal expression patternsGRllS were washed twice with PBS and fixed in freshly prepared 4%
the developing myocardium (Firulli and Olson, 1997; Kelly etparaformaldehyde for 5 minutes at room temperafitgalactosidase

al., 1999; MacNeill et al., 2000) ' ' staining was performed on fixed cells by incubation in X-gal solution

. . ., for different lengths of time at 37°C as previously described (Sanes
The Mic3f-nlacZ-2 transgene provides a tool with which al., 1986). For transgenic cultures the average numbe- of

to investigate the mechanisms that initiate transcriptionglajactosidase-positive nuclei per field was scored for at least five fields.
differences between cardiomyocytes and those that maintagudent's-test was used to test significant differences between means.
such differences throughout subsequent development. Welmmunostaining for p-galactosidase,a-actinin and acetylated

initiated a series of experiments to investigate the mechanisrifistone H4 were performed as described (Cossu et al., 1996). Following
involved in the maintenance bfic3f transgene regionalisation fixation, permeabilisation and blocking, the cells were incubated with
using primary ventricular cardiomyocyte cultures. We show monoclonal anti-mouse and a polyclonal anti-rabbit antibody for 2
that left and right ventricular cardiomyocytes maintain theirt‘gé”cso(%?sdbae'n‘i‘."’r;gr glelultl(g]se)nh I%L%WQ?U%('{)‘Cz]t;itl'(‘;g%"”igbi)tﬁzsa

ositional identity ex vivo as revealed Iic3f transgene ~coupr I‘mouse 1g> antibody |
gxpression. Howgver, the samiéc3f promol?e&zv: constru Cgt]s are fluorescein-coupled anti-rabbit IgG antibody (1/200) (Jackson Labs).

d v in left d_right di t ft Before mounting in Immuno Floure mounting Medium (ICN), nuclei
€xpressed equally In Iell and right cardiomyocytes alef oo siained with Hoechst 33258. Monoclonal ergietinin (dilution

transient transfection into nontransgenic cultures, suggestingooo) was obtained from Sigma, monoclonal Brdalactosidase
that the maintenance of regional transgene expression (iution 1/100) from Molecular Probes and polyclonal anti-acetylated
mediated by different mechanisms from those that establihistone H4 (dilution 1/200) from Upstate Biotechnology.
regionalisation. We show that the mechanism mediating

repression ofMIc3f transgene activity in right ventricular i ) )

cardiomyocytes is cell autonomous and independent of botffansfections, luciferase and p-galactosidase assays _
global DNA methylation and trichostatin A-dependent histom__{:ardlomyocytes were transfected by the calcium phosphate tt_achnlque
deacteylation. FurthermoreVlic3f transgene expression in 2 described by Biben et al. (Biben et al., 1994) MAGi3f plasmids
such cultures is unaffected by the overexpression of exogeno ed have been described previously (Kelly et al., 1995; Kelly et al.,

¢ ot fact that sh left/right . lisati . 7). Ten micrograms ddcZ reporter construct was used, together
ranscription tactors that show I€lturight regionaiisation in,,;y, 0.5ug of a reporter gene containing the Rous Sarcoma virus long

the embryonic heart. These observations suggest thghminal repeat linked to the luciferase genBSYIug for

developmental cell history plays an important role in theyormalisation of transfection efficiency. When required, total input

maintenance oMIc3f transgene expression status. DNA was maintained at a constant level by adding the appropriate

amount of BlueScript vector (Stratagene). Sixty hours after

Materials and Methods transfection, c_ardiocytes were washed twice with PBS, collected in 40
) ) mM pH 7.5 Tris, 150 mM NaCl and 1 mM EDTA, and lysed by three

Rat and mouse primary cardiocyte cultures freeze-thaw cycles as reported elsewhere (Biben et al., 1894).

Cardiac myocytes were obtained from fetal Wistar rats (Janviegalactosidase activity was quantified using a GalactoLight (Tropix)

France) and fronMIc3f-nlacZ transgenic and nontransgenic mouse chemiluminescent kit and luciferase activity was measured as

embryos.Mlc3f-nlacZ-2 and Mic3f-nlacZ-2E transgenic mice have described elsewhere (Kelly et al., 1997) for 10 seconds in a Berthold

been described previously (Kelly et al., 1995; Kelly et al., 1998)luminometer. Each transfection was performed at least three times

Homozygous males were crossed with nontransgenic females wath different plasmid DNA preparations.

obtain 100% transgenic litters. Female rats or mice were Kkilled at

midday on day 18 of gestation using carbon dioxide inhalation and

cervical dislocation, according to approved protocols. MousdXrug treatment

ventricular cardiocytes were prepared from dissected free walls dfrimary cardiomyocyte cultures were plated, and after overnight

right or left ventricles according to a previous protocol (Knowlton etculture in standard conditions the medium was replaced with fresh

al., 1995), with slight modifications. Cells were dissociated undemedium (control) or with medium containing 2 mM sodium butyrate

gentle shaking inAtrypsin (T4674 Sigma) in Ads (116.4 mM NaCl, (Sigma) and 10QuM trichostatin A (Sigma), 4uM angiotensin

5.4 mM KCI, 5.4 mM glucose, 10.5 mM NaPiQy, 405.7 uM (Sigma) or 10uM phenylephrine (Sigma). Culture medium and test

MgSQy, 20 mM HEPES pH 7.3). Trypsin was inhibited by addingcompounds were replaced every day. Cultures were analysed 4 days

decomplemented newborn calf serum (Gibco-BRL). Cells werafter the beginning of treatment.

recovered by centrifugation and kept at 37°C in newborn calf serum.

Fresh enzyme was added to the tissue until completely dissociated. ) ) )

Cells were then pooled and washed twice in newborn calf serum. Ceff1alysis of genomic methylation status

were plated in 6 cm dishes at a density okI@B per plate in plating DNA was prepared from different tissues of 2-month-old transgenic
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mice and analysed by Southern blot hybridisation. Ten micrograms « pg
DNA were digested with restriction endonucleddpsll or Mspl and
subjected to electrophoresis. Transfer onto a Hybond N+ membrai
(Amersham) and hybridisation were as reported previously (Kelly €
al., 1995), using a 2 kBlal-BanHI lacZ hybridisation probe

Adenoviral infection

Adenovirus was generated as previously described by Hedlund et .
(Hedlund et al., 1998). Briefly, full-length murirdand and Thx5 )
cDNAs were obtained by polymerase chain reaction (PCR) amplificatio 8. g &
using a high-fidelity Taq polymerase (Clontech) and cloned in ¢ 5%
pPGEMT vector (Promega). All numbers étand1, Hand2and Thx5 :
cited in this section refer to the GenBank sequence NM_00821: &'
AF034435 and XM_132278, respectively. For thandl fragment
(+362/+1012) primerdHandlForw ATAAGAATGCGGCCGCATG-
AACCTCGTGGGCAGCTACGCAC anHand1lRevGCTCTAGA-
TCACTGGTTTAGCTCCAGCGCCCAG were used. For tHand2
fragment (+8/+1672) primerdand2Forw ATAAGAATGCGGCCG-
CATGAGTCTGGTGGGGGGCTTTCCCCAC andand2ReVvGCT-
CTAGATCACTGCTTGAGCTCCAGGGCC were used. For fhiex5
fragment (+193/+1749) primerBbx5Forw GGAATTCGCGGCCG-
CATGGCCGATACAGATGAGGGCTTTGG andbx5RevGGTCA-
GCCTCTAGATATTCTCACTCCACTCTGGC were used. All PCR
products were sequenced to confirm their predicted compositiol
Subsequently, c¢DNAs were cloned in pAdTrack-CMV
(cytomegalovirus) vector and co-transfected with the pAdEas
adenoviral plasmid into HEK 293 cells to generate high-titre viral
stocks. After repeated amplification in HEK 293 cells, viral titres were
high enough (19plaque-forming units) to use for gene transfer into
primary cardiomyocyte cultures. The recombinant adenoviruse
contain two independent CMV-driven transcription units, one driving
the cDNA of interest and one driving a green fluorescent proteil
(GFP) reporter gene. One to ten microlitres of concentrated viral stoc
were used for adenoviral infection in 1ADmedium.

Expression vector activity was tested in HEK 293 cells using affrig. 1. Mlc3f-nlacZtransgene expression status is maintained ex vivo.
atrial natriuretic factor ANF)-luciferase reporter construct, as the (A) Expression pattern of thdlc3f-nlacZ-2transgene in a neonatal
ANF promoter is known to be a target of Tbx5 (Habets et al., 2002heart, showing-galactosidase activity restricted to the right atrial and
The efficiency of transfection was normalised withlCMV-nlacZ  left ventricular compartments. LA, left atrium; LV, left ventricle; RA,
construct. The adeno-GFP vector aW®16-Tbx2were used as right atrium; RV, right ventricle. (B) Primary ventricular culture
negative and positive controls, respectively. In three independefitllowing immunocytochemistry to deteatactinin (red) and Hoechst
transfections, each carried out in duplicate, the negative control gagtaining to detect nuclei (blue). Most cells in the culturestaaetinin
an average figure of fivefold over background, compared with 60-folgositive cardiomyocytes; a minority of nonmyogenic cells are also
for the positive control and 20-fold for thigbx5 expression vector, present (arrowheads). (C) Co-immunohistochemistry of primary left
thus showing that the latter is active. ventricular cardiomyocytes showing tiffagalactosidase activity

(green) is specific to cardiomyocyte nuclei (arrowhead), identified by
a-actinin expression (red). (D) Phase contrast image of X-gal-stained
Results primary ventricular cultures showing that f@rgalactosidase-positive

Regional reporter gene expression is maintained in cardiomyocytes (arrowhead) are observed in right ventricular free-

primary ventricular myocytes from transgenic mice wall cultures, whereas (E) mafygalactosidase-positive
cardiomyocytes are observed in left ventricular free-wall cultures.

We have previously shown that elements within 2 kb upstreaf, G) Low magnification bright-field view of right (F) and left (G)

of the transcriptional initiation site of tHdlc3f gene direct  primary ventricular cultures after X-gal staining. Scale bargm0

reporter gene expression to the right atrium and left ventriclgs-C), 25um (D-G).

(Kelly et al., 1998) (Fig. 1A). To investigate the mechanism by

which regional MIc3f transgene expression is maintained,

reporter gene activity was analysed in primary ventriculaCo-immunocytochemistry with anti-actinin and antp-

cardiomyocyte cultures prepared from free right and lefgalactosidase antibodies confirmed that transgene expression

ventricular walls of late fetal (E17.5-18.®lic3f-nlacZ-2 was specific to differentiated cardiomyocytes (Fig. 1C). At

hearts. Beating cardiomyocytes, which were positive for thall timepoints analysed many mofegalactosidase-positive

sarcomeric proteia-actinin, formed the predominant cell type nuclei were observed in left than right ventricular

in these cultures after 20 hours (Fig. 1B), althoughcardiomyocyte cultures, consistent with the expression pattern

nonmyocardial cell types were also present (arrowheads in Figf the Mlc3f-nlacZ-2 transgene in vivo (Fig. 1D-G). The

1B). numbers of3-galactosidase-positive nuclei observed per field
Mic3f-nlacZ-2transgene expression was monitored by X-galvere at least tenfold higher in left compared with right

incubation after 2 days, 1 week and 3 weeks of cultureventricular culturesR<0.001; Table 1). Consistent with this
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Table 1. Transgene expression in ventricular free-wall
myocyte cultures treated with trichostatin A or with

*
hypertrophic agonists angiotensin Il and phenylephrine . i
No. B-gal B-gal : 5 2
+ve nuclei*  s.e.m. activity  s.e.m. : e
Trichostatin A 5 P % JiEs
Right ventricle 2.7 0.6 12 0.3 ' :
Left ventricle 39.4 3.0 13.9 3.1 ¥ - .
Right ventricle+TSA 3.2 1.1 0.7 0.1 i 5 i 6! ;
Left ventricle+TSA 29.6 2.6 14.0 2.7 : o
Angiotensin Il and phenylephrine C : D
Right ventricle 1.8 0.5 3
Left ventricle 37.8 2.9
Right ventricle+AT 1.6 0.4
Left ventricle+AT 19.5 3.2
Right ventricle+Ph 1.8 0.5
Left ventricle+Ph 30.5 4.8
*B-gal +ve nuclei per 20field (average of two experiments each of ten or
more fields) with standard error of the mean (s.e.m.). - -
B-gal activity [relative light unit (RLU)/14/0.7 pl extract/protein
concentrationy(g/ml)]. Fig. 2. Nontransgenic left and right primary ventricular cultures after
*Decrease iff-gal +ve nuclei due to overall reduction in cardiomyocyte  transient transfection. (A,B) Phase contrast image of X-gal-stained
number. rat primary cultures prepared from right (A) and left (B) free

Abbreviations: AT, angiotensin IB-gal, B-galactosidase; Ph,

phenylephrine: TSA. trichostatin A ventricular walls after transfection with tMic3f-nlacZ-2construct.

Similar numbers oB-galactosidase positive nuclei are observed in
left and right cultures. (C,D) Low magnification bright-field view of

. L . L right (C) and left (D) rat primary cultures after transfection with the
observation, quantification d§-galactosidase activity in left Mic3f-nlacz-2construct and X-gal staining. Scale barspe
and right cultures using a chemiluminescent assay revealed

activities at least 12-fold higher in left than in right cultures
(P<0.01; Table 1), comparable to >18-fold levels @f ventricular cultures (Fig. 3A). Similarly, a ratio of 1 was also
galactosidase activity pgg protein in extracts of dissected left observed for otherMIc3f constructs including either a
versus right ventricular walls (Kelly et al., 1998). These resultslownstream skeletal muscle enhancer elemdit3f-nlacz-
show that cardiomyocyte transgene expression status 2&),or 7 kb of the firsMlc1f/3fintron (Mlc3f-nlacZ-9, as well
maintained in primary culture and is independent of functionahs an RS\WacZ construct (Fig. 3A). Thus, despite the
or morphological constraints imposed by the in vivoobservation that th#lc3f-nlacZ-2reporter gene construct is
environment. Similar results were obtained for a secondlways expressed in a left ventricular dominant profile in
transgenic line showing a right atrial/left ventricular expressioransgenic mice, and that cardiomyocytes fidto3f-nlacZ-2
pattern Mic3f-nlacZ-2Eline 1), confirming dependence on transgenic mice maintain their positional identity ex vivo,
regulatory sequences within tiMlc3f promoter rather than transiently transfecteic3f constructs are active in cultures
sequences adjacent to the transgene integration site (data nbboth left- and right-derived cardiomyocytes. These results
shown). suggest that transcription of tidlc3f-nlacZ-2 transgene is
repressed in right ventricular primary cultures through a
mechanism that does not act on constructs introduced by

Mic3f constructs are expressed equally in transient transient transfection.
transfection assays with left and right nontransgenic Transiently transfected promoter constructs differ in several
ventricular myocytes ways from stably integrated transgenes. On transient

The above observations suggest that myocytes retain thefansfection template copy number is higher than that of most
regional identity in culture and that transient transfection ofransgenes, the template is not integrated into a mouse
nontransgenic primary cultures might be a rapid way to definehromosome and the template has not been present throughout
cis-acting sequences that are active in left but not in righthe preceding steps of development. We tested the hypothesis
ventricular myocytes. Primary cardiomyocyte cultures werehat the presence of high template copy numbers saturates the
prepared from free left and right ventricular walls ofactivity of a repressor oMIc3f promoter activity in right
nontransgenic E17.5-18.5 mouse or E18.5 rat hearts. The degntricular cardiomyocytes. Decreasing amountsMbE3f-

after plating the cardiomyocytes were transfected MilitB8f-  nlacZ-2DNA were transfected into primary cardiomyocytes, in
nlacZ-2plasmid and reporter gene activity was assayed 4 dayke presence of vector DNA to maintain total transfected DNA
after transfection. In contrast to the results obtained with lefat 10pug. No significant differences in expression levels in right
and right cultures from transgenic hearts, equal numbdss of versus left cultures were observed even when 100-fold less
galactosidase-positive myocytes were observed after transievitc3f-nlacZ-2 DNA (100 ng) was used antgalactosidase
transfection of either left or right ventricular cultures preparedctivity approached background levels (Fig. 3B). Because no
from nontransgenic mice or rats (Fig. 2A-D). Quantitativetranscriptional differences were apparent even at low template
analysis of reporter gene activity revealed a ratio of 1 foconcentrations, these results suggest that transcription from the
normalised (-galactosidase activity in left over right Mic3f promoter after transient transfection into right ventricular
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A . B -~ . o . . increasing amounts of nontransgenic left
ventricular myocytes (Fig. 3C).

= Together, the above experiments suggest
< - that the repressed transcriptional state of the
T ———————————— | —————— : ; ;
£y Mlcs’_f transgene in rlght ventricular
B % = s —— cardiomyocytes is maintained by a cell-
S =L_._. .  autonomous mechanism that is dependent on
=F = § . = developmental cell history.
%055 = e
g The Mic3f-nlacZ transgene is globally

demethylated in all subcompartments of
IR PR TR Fa—— TR F 1 & the heart
10ug lacZ construct wg Mic3fulacz-2 Transcriptional repression has been shown
to be associated with hypermethylation
(Newell-Price et al., 2000). We investigated
the methylation status of thillc3f-nlacZ-2Etransgene in
different compartments of the adult heart. TitecZ reporter
gene contains multiple CpG dinucleotides, including 15
Hpall/Mspl sites. Genomic DNA isolated from right and left
ventricles, in addition to right and left atria, was digested
with Hpall (methylation sensitive) oMsp (methylation
insensitive) and analysed by Southern blot hybridisation
using a 2 kb probe from thé &nd of thelacZ reporter gene
(Fig. 4). As expected, the bulk of genomic DNA is methylated
at CpG dinucleotides and is therefore not digestedbsl|
(Fig. 4). Despite the fact that this reporter gene is active only
Transgenic cells Left  Right Left  Right in the right atrium and left ventricle, the transgene was found

e g = to be unmethylated in all cardiac compartments analysed. The
Non-transgenic cells 102 —
4 10% = ‘ I‘ Ii -‘ Mlc3f-nlacZ-2Etransgene was also unmethylated in skeletal

@

(average of 5 fields)

Number of f-gal positive nuclei

Left Right muscle (extensor digitorum longus) where the reporter gene
Fig. 3. B-galactosidase activity in primary ventricular myocyte IS ac_tlve, and in Other_ tissues where it is transcriptionally
cultures. (A) The ratio oB-galactosidase activity in left over right ~ inactive, such as the kidney (data not shown). These results

cultures is approximately 1 for differeMtic3f constructs and RSv-  are consistent with a PCR-based study of the methylation
lacZ reporter genes after transfection into either rat (black circles) orstatus of specific CpG dinucleotides in thiéc3f promoter
nontransgenic mouse (open circles) primary ventricular free-wall ~ (McGrew et al., 1996) and suggest that the mechanism of
cultures. (B) Decreasing the amountit3f-nlacZ-2reporter gene  transcriptional repression in the right ventricle is independent
does not change the ratio[®falactosidase activity in left or right of global DNA methylation.

nontransgenic cultures after transient transfectionf3{C)

galactosidase activity in transgenic cultures is cell autonomous. Co-

culture with increasing amounts of rat cardiomyocytes from the The mechanism of transcriptional repression of the

opposite ventricle does not change the numbg@rgslactosidase- Mic3f-nlacZ-2 transgene is independent of trichostatin

positive cells in either left or right ventricular cultures. The average ,_ " . . -
number of3-galactosidase-positive nuclei over five fields plus s.e.m.A sensmve_ hlstone_ deacetylation and treatment with
hypertrophic agonists

is shown for each co-culture.

Transcriptional repression has also been associated with

histone deacetylation (Wade, 2001). Removal of actetyl
cardiomyocytes is not due to copy-number-dependentsidues from histones leads to a closed chromatin
suppression of the activity of a right ventricular repressor.  configuration and transcriptional silencing. To investigate

We subsequently asked whether transgene expression stawusether histone deacteylation is implicated in the

in right and left ventricular cultures was maintained by celltranscriptional repression of tMic3f-nlacZ-2transgene in the
autonomous mechanisms or whether it was the result of celight ventricle we treated primary ventricular cultures from
cell signalling events. To distinguish between thesdransgenic mice with the histone deactylase inhibitor
possibilities, co-culture experiments were carried out using leftichostatin A combined with sodium butyrate. Treatment was
and right free ventricular wall cultures from transgenic mice irmonitored by immunohistochemistry with antibodies specific
the presence of increasing amounts of nontransgenic left tw the acetylated form of histone H4. An increase in acetylation
right ventricular cardiomyocytes. No significant decrease in thef histone H4 was observed in all nuclei on treated plates but
number ofB-galactosidase-positive nuclei in left ventricular did not significantly increase the numbergalactosidase-
cultures was observed in the presence of increasing amoumssitive nuclei in right ventricular cultures compared with
of nontransgenic right ventricular myocytes, nor was amntreated platesP&0.1; Fig. 5 and Table 1). A statistically
increase in the number di-galactosidase-positive nuclei significant decrease in the number of positive nuclei in left
observed in right ventricular cultures in the presence ofentricular cultures was observed after trichostatin A treatment
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A B (P<0.05). Given the stability d3-galactosidase, this is likely
RA LA RV LV OFT EDL RA LA RV LV OFT EDL to reflect a decrease in total cell numbers subsequent to
HMHMHMHMHMHM HMHMHMHMHMHM treatment rather than extinction of transgene expression. In
™ support of this interpretation comparison alactosidase
. _ pport ot P _comp . :
e activities in extracts normalised for protein concentration
e revealed no statistical difference between treated and untreated

cultures. These results suggest that transcriptional repression
of the Mlic3f-nlacz-2 transgene in right ventricular
cardiomyocytes is independent of trichostatin A-sensitive
: & & histone deacetylation.
bobobobebaia We tested the possible effects of culturing left and right
Futubalabeis cardiomyocytes in the presence of hypertrophic agonists that
are known to modify cardiac gene expression patterns.
Angiotensin Il has been reported to induce a pathway that
activates the immediate early gene-fos in adult
cardiomyocytes, which, in turn, activates an adult-to-fetal-
Fig. 4. Mic3f-nlacZtransgenes are unmethylated in all compartmentsisoform transition of genes encoding actin, myosin and atrial
of the heart. (A) Ethidium bromide-stained gel ShOWlng restriction natriuretic factor (Sadosh”'na et a| 1993) However
endonuclease digestdtic3f-nlacZ-2EDNA isolated from different following treatment with angiotensin Il for two days
regions of the heart or fast skeletal muscle Wigiall (H) or Mspl there was no significant increase in the numberpof
(M) endonucleases. (B) Southern blot hybridisation of the gel in A . =L . . .
galactosidase-positive nuclei in right ventricular cultures

using a 2 kbacZ probe, showing that the reporter gene is ; .
unmethylated to an equivalent degree in all samples. EDL, extensorcompared with untreated plates (Table 1). Similar results

digitorum longus (fast skeletal muscle); LA, left atrium; LV, left were obtained with the hypertrophic agonist phenylephrine
ventricle; OFT, right ventricular outlet; RA, right atrium; RV, right ~ (Table 1).
ventricle.

Mic3f-nlacZ-2 transgene expression status

transcription factors Hand1, Hand2 or
transcription factors that play crucial roles in
o, pattern in the embryonic mouse heart, with
] . Handl being expressed in the future left
{ . . Biben and Harvey, 1997). This early expression
expression status of theMlc3f-nlacZ-2
free walls of MIc3f-nlacZ-2 transgenic mice
were transfected with expression vectors
Fig. 5. Trichostatin A treatment does not modifjyc3f-nlacZ-2transgene expression  Three days after transfection co-
el o ke o el dhancioscise (2 S Nand gene wansiection did not - modiy
in transgene expression status is observed (see also Table 1). Scalqibar: 25 ventricular cardiomyocytes were observed after

Hoechst B-gal H4-Ac Merged in primary ventricular cultures is
Tbhx5
ventricular development (Srivastava, 1999).
v : ventricle andHand2 being expressed in the
may contribute to the establishment of different
- transcriptional circuits in left and right
. asiatl ventricles; these transcription factors are
The downregulated in the ventricles during fetal
f development (Zammit et al., 2000). We asked
whether miss-expressing these transcription
transgene.
driving full-length cDNAs encoding either
status. Co-immunohistochemistry of primary ventricular cardiomyocyte cultures immunocytochemistry was performed with
acetylated histone H4 (merged). Note that although the number of nuclei testing ~ transgene expression status (Fig. &

unaffected by overexpression of the
Handl and Hand2 are bHLH-containing
These genes have a complementary expression
future right ventricle (Srivastava et al., 1997;
factors in primary cultures would modify the
; .. - Cultures from the right and left ventricular
Handl or Hand2 with a myc epitope tag.
following treatment with trichostatin A and sodium butyrate for 3 days, showing anti-myc and antg-galactosidase antibodies.
positive for acetylated histone H4 increases after trichostatin A treatment, no chang@alactosidase-negative, Myc-positive, right



transfection withHandl which is normall
expressed in the embryonic left ventricle (
6A-C). Similarly, p-galactosidase-positiv
Myc-positive, left ventricular cardiomyocyt
were observed after transfection wktand2
which is normally expressed in the embryc
right ventricle (data not shown). To incre
transfection efficiency primary ventricu
cultures were infected with recombin
adenoviruses containingMV-GFP and eithe
CMV-Handlor Hand2cDNAs. After 4 days ¢
culture, cells were fixed, stained with X-gal :
examined by fluorescence (Fig. 6D). In
cultures the majority of cells expressed C
thereby indicating a high degree of adeno
infection.  However, again, transge
expression status was not modified. In cult
obtained from the left ventricular free w
B-galactosidase-negative cells overexpres
Handl and [-galactosidase-positive ce
overexpressing Hand2 were scored. Tt
majority of cells in right ventricular cultur
were B-galactosidase negative irrespective
which Hand gene they overexpressed (I
6D). Identical results were obtained wil
adenoviral infection was combined w
trichostatin A treatment (data not shov
Transgenic cardiomyocytes were also infe
with adenoviral vectors expressinfhx5 a
transcription factor that is normally restric
to the embryonic left ventricle (Bruneau et
1999). As in the case oHandl miss-
expression, right ventricular cardiomyocy
infected with theTbx5 adenovirus did nc
activate the reporter gene, even in the pres
of trichostatin A or after co-infection with
Hand1 encoding adenovirus plus trichost:
A treatment (Fig. 6E). These results sl
that transcriptional repression of thdlc3f
transgene in the right ventricle is not modi
by overexpression of transcription fact
normally present at the time wk
regionalisation is established.

Discussion

This study addresses the question of
maintenance, rather than the ini
establishment, of transcriptional difference
cardiomyocytes of the right versus

ventricle. Expression of theMlc3f-nlaczZ-z
transgene is restricted to cardiomyocytes o
right atrium and left ventricle of the develop
heart from E10.5, and regionalisat
is  maintained throughout  subseqt
development (Kelly et al., 1998). We have L
primary ventricular myocyte cultures

address the mechanisms by which this reg
identity is maintained. Cardiomyocy
isolated from transgenic right and |
ventricles maintaiMIc3f transgene expressi
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Fig. 6. Overexpression dflandlandHand2in primary ventricular cultures. (A) Anti-
B-galactosidase immunocytochemistry of right ventricular transgenic cardiomyoytes
after transfection with @MV-Handlexpression vector showing3agalactosidase-
positive nucleus (white arrowhead). (B) Co-immunocytochemistry with an anti-myc
tag antibody showing three positive nuclei (green arrowheads). (C) Hoechst staining
reveals all nuclei in the field. (D) OverexpressiotdahdlandHand2under the

control of a CMV promoter following adenoviral infection of primary cardiomyocytes
prepared from left and right free ventricular wallsvi€3f-nlacZ-2hearts. Cells were
stained with X-gal (dark nuclei) and photographed under a fluorescent filter. All
adenoviral-infected cells express green fluorescent protein. Despite a high degree of
infection, Mlc3f-nlacZ-2transgene expression status is unaffected by overexpression
of eitherHandgene or of CMV-GFP alone. Control shows mock-infected X-gal-
stained cells. White arrowheads indicate right ventricular cells infected \wiimal
encoding adenovirus that do not express the transgene and left ventricular cells
infected with aHand2encoding adenovirus that continue to express the transgene.
(E) Overexpression dfbx5under the control of a CMV promoter following

adenoviral infection of right or left ventricular cardiomyocte cultures does not modify
Mlc3f-nlacZ-2expression status in the presence or absence of trichostatin A (TSA),
and co-infection with &land1lencoding adenovirus. Cells were stained with X-gal
(dark nuclei). Scale bars: 2fn.
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status in fetal primary cultures, whereas left and right cultureaspects of polycomb-mediated silencing (Simon and Tamkun,
prepared from rats or nontransgenic mice express the sar®@02), in the case of théenopugpolycomb homologue XPcl
Mlc3f constructs equally after transient transfection. Thes&anscriptional repression has been shown to be independent of
results suggest that the establishment and maintenance lo§tone deacetylase activity (Strouboulis et al., 1999). These
transgene expression status are achieved by differefgatures are in common with our observations concerning
mechanisms and that developmental cell history plays a role MIc3f transgene repression and we suggest thatMie3f
transcriptional regionalisation within the developing heart. promoter contains a mammalian cellular memory module. Of
Titration of transfected DNA into nontransgenic primary particular interest is the recent finding that the mammalian
cultures reveals that the loss of positional information aftepolycomb-group homologu®ae28is essential for normal
transient transfection is independent of plasmid DNAsegmental development during cardiac morphogenesis and
concentration. Thus, it is unlikely that differences in promoteplays a role in the maintenance rather than in the initiation of
copy number and titration of a right ventricular repressor afteexpression of the gene encoding the essential cardiac
transient transfection contribute to the observed differences tnanscription factor Nkx2.5 (Shirai et al., 2002). Histone
activity. There are other differences between the transgene antethylation has recently been implicated in polycomb
the transiently introducedMic3f constructs: the former is silencing inDrosophila (Czermin et al., 2002; Muller et al.,
integrated into the mouse genome, and it is uncoupled fro@002), and future experiments will address the role of histone
bacterial vector sequences. In primary cardiomyocytes, whicmethylation inMIc3f transgene regionalisation.
divide minimally, it is not possible to force integration of Transgenesis permits the dissection and analysis of isolated
transiently introduced molecules. Chromosomal integratiomegulatory elements that normally act together to coordinate
independently of developmental cell history, may thereforendogenous gene expression. Six out of six transgenic lines
contribute to the observed differences. Similarly, it cannot beontaining 2 kb upstream of thc3f transcriptional start site,
excluded that the bacterial vector sequences on the transieniith or without linked skeletal muscle enhancer sequences, are
introducedMlIc3f constructs prevent transcriptional repressionexpressed in a left ventricular expression pattern (Kelly et al.,
in cis. However, our results show that differential expression 01998). The addition of enhancer sequences present at the
theMlc3f-nlacZ-2transgene in right versus left primary culturesendogenous locus modifies this pattern (Franco et al., 1997)
is cell autonomous and independent of global methylatiorand the endogenous gene, while showing left/right
trichostatin A-sensitive histone deactylation and treatment witlranscriptional regionalisation at E10.5, is subsequently
hypertrophic agonists. Furthermore, the mechanism afownregulated in both ventricles (Kelly et al., 1998). Although
transgene silencing in cardiomyocytes of the right ventricle ithe molecular basis for these observations remains unknown,
insensitive to the overexpression ¢fandl or Thx5 —  an explanation can be given within the context of the above
transcription factor-encoding genes that are normally expresseabdel. Additional regulatory sequences may modulate
only in left ventricular cardiomyocytes, even in combinationtranscriptional status, possibly also acting through the proximal
with trichostatin A treatment. These data suggest that althougtellular memory module. Thus such an element could integrate
transgene expression status is established at the time of cardigormation from a series dfis-acting regulatory sequences
looping (Franco et al., 1997), a stage when elegarduring early development and subsequently maintain
transplantation experiments have shown that an atrial verstranscriptional status, both cell autonomously and in a stably
ventricular phenotype is irreversibly established (Gruber enherited manner.
al., 1998), the transcriptional machinery that initiates In summary, our observations suggest that developmental
transcriptional differences between right and left ventricles ircell history plays an important role in the maintenandéloBf
the embryonic heart is no longer operative at late fetal stagasansgene silencing in the right ventricle. We propose that the
Mlc3f transgene expression status may similarly be irreversiblsegulatory sequences included in the transgene contain a
established during this early developmental time window.  cellular memory module, as defined DBrosophilg which
Transcriptional repression of thdlc3f transgene in right enables the stable and heritable silencing of transgene
ventricular cardiomyocytes therefore appears to be maintaingdanscription in right ventricular cardiomyocytes. Epigenetic
by mechanisms that are unable to silence molecules introducetechanisms may therefore play a role in maintaining
after the closure of an early embryonic time-window duringranscriptional diversity within the heart.
which expression status is established. These observations
support a model by which epigenetic mechanisms underlie thewe qre grateful t[O Diego Fre}nco for helpful discussions and Stefano
maintenance of transgene silencing in the right venti@ike. Schiaffino for advice on cardiomyocyte cultures. We thank Vincent
acting elements have been defineBiasophilawhich convey Christoffels and Petra Habets for the ANF-luciferase reporter and
the maintenance of reporter gene expression beyond the initi 'I:)16'TIDX2 construct. The laboratory of M.B. is supported by the
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and function as epigenetic switches (Lyko and Paro, 1999).

Such elements are cell autonomous and independent of

methylation. Furthermore, they are separable fromcike  paterences

acting elements that initially define transcriptional status and, ..~ .4 Harvey, R. P(1997). Homeodomain factor Nkx2-5 controls
cannot be switched back at later developmental stages. Final y{eft/’right asymmetrié expression of bHLH gene eHand during murine heart

although histone deacetylase activity may be involved in somedevelopmentGenes Devi1, 1357-1369.
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