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Chapterr VI 

ABSTRACT T 

Cardiacc expression of a transgene is a common approach for determining the 

rolee of the encoding gene products in cardiomyopathy and heart failure. 

However,, non-specific causes of cardiomyopathy that result from transgene 

expressionn are often not taken into account. We have generated transgenic 

micee that express yeast Gal4 in the heart under control of the a-myosin heavy 

chainchain promoter and found development of cardiomyopathy that correlates with 

thee number of copies of the transgene integrated into the genome. Founder 

micee with more than 20 copies died before weaning, whereas offspring of mice 

withh 17 to 6 copies developed cardiomyopathy within weeks to months after 

birth,, respectively. A line with a single copy of the transgene targeted to the 

hprthprt locus, however, did not develop cardiomyopathy while the transgene was 

correcdyy expressed. This provides a tool for controlled expression and 

sophisticatedd analysis of transgene function in the heart while diminishing the 

riskk of undesired non-specific effects. 
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MATERIALSS & METHODS 

AA fragment of MMTV-Gal4-SV40 encoding yeast Gal4/236 (a gift from Dr. P. 

Leder,, (Ornitz et al. 1991)) was inserted into the Sal I / Hind VI sites of a-mhc 

clonee 26, a gift from Dr. J. Robbins (Subramaniam et al. 1991; Gulick et al. 

1997).. The construct was digested free of vector sequence with Bam HI and 

usedd to generate transgenic mice by oocyte injection according to standard 

procedures.. This same fragment was inserted in the Not I site of construct 

pMP8SKBB (a gift from Dr. S. Bronson, (Bronson et al. 1996)) in the same 

transcriptionall  orientation as the hprt gene and introduced into ES cells by 

homologouss recombination as described (Bronson et al. 1996). Non-

radioactivee in situ hybridization on 15 Jim serial sections (Moorman et al. 2001) 

andd quantitative real time PCR (Fijnvandraat et al. 2001; Lekanne dit Deprez et 

al.. 2002) were performed as described. 

RESULTSS &  DISCUSSION 

Inn an attempt to generate a cardiac specific two-component trans-activation 

systemm (Ornitz et al. 1991) we generated mice that express the yeast Gal4 

transcriptionn factor in the heart. The 5 kbp a-myosin heavy chain (a-mhc) 

promoterr fragment (Subramaniam et al. 1991) was coupled to a Gal4 encoding 

fragmentt (Ga/4/'236) previously shown to be biologically inert when expressed 

inn mice in other organs (Ornitz et al. 1991). After oocyte injection 32 mice 

weree obtained, 9 of which were transgenic. Four of the transgenic mice died 

betweenn three to four weeks after birth, whereas the other five transgenic mice 

andd the non-transgenic littermates were viable and healthy. Copy-numbers 

weree determined (Table 1) showing that the four mice that died had more than 

200 copies of the transgene integrated in the genome. Transgenic lines could 

onlyy be generated of founders G#l (15 copies), G#2 (17 copies) and G#4 (6 

copies).. A large fraction of the male transgenic offspring of line G #l 

developedd heart failure (HF) from three weeks after birth onward. 
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Chapterr VI 

TABLEE 1: Overview of transgenic mice, copy numbers and phenotype. 
HF== Heart Failure. 

Copiess in 

founder r 

(namee line) 

65 5 

62 2 

57 7 

20 0 

177 (G#2) 

155 (G#l) 

7 7 

66 (G#4) 

1 1 

11 (G-Hp) 

Phenotype e 

Deathh around weaning 

Deathh around weaning 

Deathh around weaning 

Deathh around weaning 

HFF in offspring 

HFF in offspring 

No o 

HFF in offspring 

No o 

No o 

Remark k 

HFF in appr. 50% of offspring between 3 wks and 6 months 

HFF in appr. 75% of male offspring at 3-4 wks 

Noo transgenic offspring 

HFF in appr. 10% of offspring between 4 wks and 9 months 

Noo transgenic offspring 

Integratedd in HPRT locus 

Somee females developed heart failure only after several months. Both male and 

femalee offspring of line G#2 developed heart failure between 3 weeks and 6 

monthss after birth. Only a small fraction of the transgenic offspring of line 

G#44 developed heart failure between 4 weeks and 9 months after birth. The 

HFF mice had a 2-fold increase in the ratio of heart weight to body weight (Fig. 

1,, 2A). Pathological examination showed dilatation of the chambers (Fig. 1), 

pleurall  and abdominal effusion, pulmonary congestion and necrosis of the liver 

parenchymaa (not shown), characteristic of severe biventricular failure. 

Histologicall  examination and Sirius red staining showed limited fibrosis in the 

ventricless of most failing hearts, but extensive fibrosis in the most severely 

affectedd hearts. The atrial walls of affected animals showed extensive fibrosis. 

Atriall  thrombi were present in both atria, but more frequendy and extensive in 

thee right atrium (Fig. 1). Taken together, the results indicate that these mice 

developedd dilated cardiomyopathy as a result of the presence of the a-mhc-Gal4 

transgene.. The severity of the phenotype correlated with the number of copies 

off  transgene constructs integrated into the genome, 
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consistentt with previous findings that indicate a transgenic construct-

dependentt range in number of copies that is tolerated (James et al. 1999; 

Zhangg etal. 2001). 

FIGUREE 1: a-mhc-Gal4transgenic mice develop heart failure. 
Panelss A, C, E show ««/expression in a sectioned heart of a control mouse, panels B, D, F in a 
sectionedd heart of a transgenic mouse that developed heart failure. C and D show 
enlargementss of the atrial wall. E and F show enlargements of the left ventricular septum wall, 
lu,, lumen; lv, left ventricle; ra, right atrium. 
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Chapterr VI 

Thee observed relation between copy-number and phenotype prompted 

uss to investigate the phenotype in a line with 1 copy of the transgene integrated 

intoo the genome. The a-mhc-Gal4 construct was inserted into a targeting vector 

forfor the hprt locus (Bronson et al. 1996). This construct (G-Hp) was used for 

homologouss recombination to generate embryonic stem cells with a single 

copyy of the transgene integrated into the X-chromosome linked hprt locus (Fig. 

2B).. Correct integration was confirmed by Southern blot. A mouse line was 

establishedd from one ES cell clone. After 9 months none of the transgenic 

offspringg developed cardiomyopathy. 

A A p < 0 . 0 1 1 

Tr/ F F 

B B 

x x 
I II tPHFI I" _ 
II i ï E ö f i n g 

^ ^^  vecto r 

HI—^ ^ 
I I 

K M H CC promote r 

hprthprt locu s in HM1 

FIGUREE 2: 
(A)) Heart weight to body weight ratios are increased in mice that developed heart failure. 

WT:: wild-type; Tr: transgenic; Tr /F: transgenic with heart failure. 
(B)) Schematic of gene targeting at the hprt locus of HM1 embryonic stem cells. Boxes 

representt exons. Arrows represent transcriptional start sites. Crosses show regions where 
homologouss recombination takes place. After recombination the hprt gene (and function) 
iss restored allowing selection of correctly targeted clones on HAT medium. 
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FIGUREE 3: The expression levels of various genes in isolated ventricles of mice. 
Thee mRNA levels were normalized to real time PCR signals of 18S to correct for variations in 
isolationn and cDNA synthesis procedures ([mRNA] / [18S RNA]). Absolute concentrations of 
eachh mRNA were estimated by using a reference line of known concentrations of cDNA 
templates.. Kruskal-Wallis non-parametric ANOVA was used to test for differences between 
groups.. WT: wild-type; Tr: transgenic; Tr /F: transgenic with heart failure. 

Wee further examined the lines by quantitative real time RT-PCR and by in situ 

hybridization.. The mRNA concentrations of anf mlc2v, serca2a, chisel, cx40 and 

cx43cx43 were determined (Fig. 3). The anf gene was strongly up-regulated in mice 

withh cardiomyopathy. The levels of ««/"expression in transgenic littermates that 

showedd no signs of cardiomyopathy (i.e. no hypertrophy or dilatation) were 

slightlyy higher than that of wild-type mice. Anf is a relatively early marker for 

cardiacc hypertrophy, and inclusion of mice that were at the onset of 

cardiomyopathyy but that did not show cardiomyopathy might have caused this 
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Chapterr VI 

increase.. Indeed, the G-Hp mice did not show the increase of anfmRNA. As 

expected,, the mlc2v, serca2a, and cx43 genes were down-regulated in the HF 

group.. The gene for chisel, a cytoskeletal protein (Palmer et al. 2001), was up-

regulatedd in mice with cardiomyopathy. Cx40 expression was not changed. In 

situsitu hybridization showed that a-mhc was slightly down-regulated in mice with 

HF,, whereas the healthy transgenic and wild-type groups had comparable 

levelss and patterns of mRNA. The gene for ji-mhc, normally not expressed in 

thee ventricles of mice after birth, was up-regulated only in mice with severe 

HF.. Taken together, the presence of multiple copies of the Gal4 transgene 

causess cardiomyopathy associated with altered gene expression, but does not 

causee deregulation of gene expression per se, consistent with earlier findings 

(Subramaniamm et al. 1991; Palermo et al. 1996; Gulick et al. 1997). 

G#11 B G#2 2 

- * ' j j 

w « « G#44 D G-Hi i 

>m >m 

** ft ?! 
 * i , 

FIGUREE 4: Mosaic versus homogeneous expression. 
Thee expression pattern of Gal4 mRNA was determined in atria of healthy transgenic mice by 
non-radioactivee in situ hybridization using anti-sense Gal4 RNA as a probe. Sections of non-
transgenicc animals did not show any staining (not shown). Note mosaic expression in G #l and 
G#44 atria. 
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Wee next examined the patterns of Ga/4 mRNA in healthy mice of the 

differentt lines by in situ hybridization (Fig. 4). Line G # l, and to a lesser extent 

G#4,, showed mosaic expression, with many cardiac cells not expressing the 

Ga/4Ga/4 gene, whereas line G#2 and G-Hp showed a more homogeneous 

expressionn pattern. Earlier studies indicated that this a-mhc promoter fragment 

iss homogeneously active in the heart (Gulick et al. 1997), but our results show 

thatt this is not the case for all a-mhc promoter driven transgenes. The 

homogeneouss and cardiac specific expression pattern of the G-Hp line 

indicatess that the hprt locus provides a favorable chromatin environment for 

transgenee expression in the heart, without affecting the specificity of the 

promoter,, consistent with previous findings with other cell-type specific 

promoterss (Bronson et al. 1996; Cvetkovic et al. 2000; Evans et al. 2000; 

Guillott et al. 2000) including the cardiac anj gene promoter (our unpublished 

observations). . 

Thee Gal4 mRNA levels varied between mice of the same line, but the 

levelss per line correlated in general with the copy-number of the transgene 

(Fig.. 3), consistent with the finding that the a-mhc promoter shows copy-

numberr dependent expression (Gulick et al. 1997). The discrepancy between 

liness G #l and G#2 is probably caused by the mosaic expression pattern of 

Gal44 in line G #l (Fig. 3). In this case, measurements of levels in homogenates 

givee an underestimation of the real levels of Ga/4 mRNA per expressing 

cardiomyocyte,, which are probably much closer to the levels in cardiomyocytes 

off  line G#2. Therefore, it is likely that higher levels of Ga/4 expression in 

cardiomyocytess of the lines with more transgene copies cause an increase in 

riskk to develop cardiomyopathy. 

Inn conclusion, a-mhc promoter driven Ga/4 expression causes 

cardiomyopathyy in a copy-number dependent manner. Although Gal4 is not 

partt of any physiological pathway in the mouse cardiomyocyte, the 

cardiomyopathyy that results from its expression shows similarities to that 

observedd in many other transgenic models for cardiomyopathy. Expression of 

'harmless'' green fluorescence protein in the heart was also found to cause 

cardiomyopathyy (Huang et al. 2000). 
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Together,, these observations show that non-specific effects may interfere with 

thee analysis of protein function in the heart, requiring additional controls to 

differentiatee between specific and non-specific effects. Our study indicates that 

introductionn of the transgene into the hprt locus provides a means to correctly 

expresss a transgene in the heart while diminishing the risk of undesired non-

specificc effects. Importantly, the site of integration and copy-number are 

identicall  in each /^ - ta rge ted transgenic line that is generated. This allows 

directt comparison between different transgenic constructs, because the 

phenotypee of mice can be fully attributed to the construct itself. In addition, 

generationn and analysis of only one line per construct is sufficient. Therefore, 

targetingg at the hprt-locus allows sophisticated functional analysis of mutant 

genes,, or of dose effects by modifying the efficiency of transcription or 

translationn of the transgene that is investigated. Such analysis is difficul t or 

evenn impossible in transgenic mice with randomly integrated constructs, 

becausee uncontrolled copy-numbers and regulatory functions at the site of 

integrationn differently affect level (and site) of expression and degree of 

mosaicismm in each transgenic line. 
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