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Organogenesis is a complex process, disruption of which results in developmental anomalies.

In recent years, genetic dissection of the pathways involved in cardiogenesis, have shown a

striking similarity in molecular mechanisms across species.  One conserved protein is

dHAND, a basic helix-loop-helix (bHLH) transcription factor that is required for normal

development of the right ventricle, the pharyngeal arches and limb buds.  Loss of dHAND

leads to apoptosis in the aforementioned tissues and to embryonic lethality at E10.0.  A

differential display analysis was performed to identify genes dysregulated in dHAND-/- hearts.
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Characterization of such genes could potentially shed light on the molecular mechanisms

involved in the defects seen in dHAND mutants, while also identifying genes required for

normal embryonic development.  This thesis represents work on two molecules that were

identified in this screen.

Bnip3, a hypoxia inducible, pro-apoptotic molecule that can induce mitochondrial

damage, was upregulated in the dHAND-/- pharyngeal arches and heart, suggesting a role for

mitochondrial damage in the observed apoptosis.  I have shown that while Apaf-1, a

downstream mediator of mitochondrial-induced apoptosis, is required for the apoptosis

observed in dHAND-null pharyngeal and aortic arch mesenchyme, cardiomyocyte apoptosis

in dHAND mutants is Apaf-1 independent.  Rescue of pharyngeal arches revealed that

premature closure of the pharyngeal arch arteries likely contributes to the early lethality

observed in dHAND-/- embryos.

The mouse ortholog of Bcl-2 associated transcription factor (Btf), which was similar

to thyroid hormone receptor associated protein 150 (TRAP150), was down regulated in

dHAND mutants.  TRAPs are a family of transcriptional co-activators that are required for

normal cardiac and embryonic development.  Mice lacking Btf showed normal cardiac

development, however, the animals had hypercellular lungs and died within 24 hours after

birth.  Analysis of lung ultrastructure and cell specific markers showed presence of immature

secretory cells in the proximal airways of the lung and aberrant proximal-distal patterning.

The ectopic presence of stem cell-like proximal epithelial cells (Clara cells) in the distal

epithelium may explain the hypercellularity observed in btf-null lungs.  These results show
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that Btf is required for normal maturation and patterning of the pulmonary epithelium and

survival of the animal.
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CHAPTER ONE

INTRODUCTION

Organogenesis is an extremely complex morphogenetic process, requiring a well-

orchestrated series of steps, which involve cell proliferation, migration, differentiation and

cell death.  In recent years the genetic dissection of cardiogenesis has revealed similarities in

molecular pathways of cardiogenesis in organisms as diverse as fruitflies and mammals,

allowing a better understanding of the molecular mechanisms involved in this highly

complex process.

Initiation of cardiogenesis

Cardiogenesis in vertebrates begins with the specification of cardiac progenitor cells

in the anterior lateral plate mesoderm, which condense to form the cardiac crescent, in

response to inductive signals from the adjacent endoderm. This bilaterally symmetric

cardiogenic field then fuses along the mid-line to form the straight heart tube (Fig. 1).  The

straight heart tube, which is made up of an outer myocardium and an inner endocardium,

initiates rhythmic contractions by embryonic day 8.0 (E8.0) in mice.  The heart tube is

regionalized, with specific segments along the antero-posterior (A/P) axis fated to form

distinct regions of the mature heart (Fig. 1B).  From anterior-posterior, these regions gives
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rise to the outflow tract (conotruncus), the ventricles, the atria and the inflow tract (Yutzey

and Bader, 1995).

Cardiac looping and chamber specification

In all vertebrates, the straight heart tube initiates a rightward looping, which converts

the A/P patterning to a left-right (L/R) patterning (Brown and Wolpert, 1990, Levin, 1997)

(Fig. 1C).  The bend in the loop occurs between the future right and left ventricles and leads

to positioning of the common atrium anterior to the ventricles.  In addition, the endocardial

cushions at the atrioventicular region fuse to form the atrioventricular septum (AVS), which

divides the AV canal into the left and right inlets.  Also, the cushions at the junction between

the conotruncus and the right ventricle expand and fuse to form the conal septum.  The

Figure1.  Schematic diagram of early cardiogenesis.  Bilaterally symmetrical cardiac
progenitor cells (A) are prepatterned to form distinct regions of the heart as shown in

color-coded fashion.  The precardiac mesodermal cells fuse along the mid-line to give
rise to the linear heart tube (B), which forms a rightward loop (C).  Modified from
Heart Development (ed. Harvey and Rosenthal) 1999.
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formation of the atrial, ventricular and aorticopulmonary septum is also initiated at this stage.

In the later stage of looping, the outflow tract shifts to overlie the ventricles and the right AV

canal is positioned over the primitive right ventricle.  The cushions surrounding the AV and

conal septae undergo further differentiation to form the valve leaflets.  Finally the septated

Figure 2. Cardiac morphogenesis.  A: As the linear heart tube loops rightward with

inner curvature remodeling and outer curvature proliferation, the endocardial cushions
(dark blue) of the inflow (green) and outflow (light blue) tracts become adjacent to

each other. Subsequently, the atrioventricular septum shifts to the right, while the

aortopulmonary trunk shifts to the left. ta, truncus arteriosus; at, atrium; rv, right
ventricle; lv, left ventricle. B: The inflow tract is divided into the right (ravc) and left

(lavc) atrioventricular canal by the atrioventricular septum.  The outflow tract, known
as the truncus arteriosus, becomes the aortopulmonary trunk (apt) upon septation. ra,

right atrium; la, left atrium. C: Ultimately, the left atrium and right atrium are aligned

with the left ventricle and right ventricle, respectively. The left ventricle and right
ventricle become aligned with the aorta (ao) and the pulmonary artery (pa),

respectively, after 180° rotation of the great vessels. mv, mitral valve; pv, pulmonary
valve; tv, tricuspid valve.  Modified from Kathiriya and Srivastava, 2000.
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outflow tract, turns, to align the aorta over the left ventricle and the pulmonary artery over

the right ventricle (Fig. 2) (Kathiriya and Srivastava, 2000).  The outflow tract has been

documented to shrink during this final step to form the pulmonic infundibulum, the

connection between the right ventricle and the pulmonary artery. The decrease in the length

of the OFT involves apoptosis of the myocardial cells and endocardial cells (Watanabe et al.,

1998).  The correct placement of this piece of tissue is critical for the proper alignment of the

arterial trunks with the ventricular chambers to give rise to a cardiac structure compatible

with extrauterine function.

Role of neural crest in cardiac development

In addition to differentiation of various cell types, contributions from an extracardiac

source, namely the cardiac neural crest cells, are essential for normal cardiogenesis.  These

are a population of cells that migrate from the neural fold between the midotic placode to the

third somite and infiltrate regions of the heart undergoing active morphogenesis such as the

aorticopulmonary septum and the semi-lunar valves, as well as the aortic arch arteries.  The

aortic arches that arise from the aortic sac undergo extensive remodeling during

cardiogenesis and contribute to specific regions of the aortic arch and the pulmonary artery

(Kirby and Waldo, 1995).  An intriguing fact about these neural crest cells is that while in

some cases they populate the region they invade, in other cases they undergo apoptosis after

having reached their destination.  One possible explanation for this is that their arrival gives

signals to the neighboring cells to differentiate to form specialized structures.  Once they

have carried out this function, they are eliminated by programmed cell death.  This is seen
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during septum formation in the outflow tract where neural crest cell infiltration coincides

with muscularization of the septum and also in the bundle of His where the arrival of the

neural crest cells results in the differentiation of the surrounding myocytes into conduction

tissue (Poelmann and Gittenberger-de Groot, 1999).  Neural crest cells are then removed by

apoptosis.  These observations identify apoptosis is a means to achieve remodeling and

temporally regulated differentiation in the heart (Fisher et al., 2000).

Congenital heart defects

In humans, cardiac malformations are the most common birth defect, occurring in

approximately 1% of all live births (Hoffman, 1995).  The cardiac anomalies observed at

birth are typically ones that allow for normal intrauterine function, where the systemic and

pulmonary functions are not separated.  Some examples of the defects observed are,

hypoplasia of specific chambers, malformations of the septae or defects in the vessels that

arise from the ventricles.  Most often, the defects in the vessels are a result of the

misalignment of the vessels with the appropriate ventricular chambers.  In many instances

this occurs with incomplete septation of the heart, resulting in a double outlet right ventricle

(DORV), which is not conducive for survival outside the womb.  In addition, there are also

several defects that correlated with perturbations in normal neural crest contribution, for

example DiGeorge Syndrome, which is characterized by patent truncus arteriosus and

interrupted aortic arch (Van Mierop and Kutsche, 1986; Driscoll et al., 1992).  Interestingly,

the defects observed are not global defects of the heart, but usually result from perturbations

of distinct morphogenetic events leading to defects in specific regions of the heart.  The
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genetic dissection of the cardiovascular development process has led to the identification of

several genes required for distinct steps in cardiogenesis.  In recent years, several of the same

genes have been implicated in cardiovascular defects seen in humans (Garg et al., 2003;

Schott et al., 1998; Li et al., 1997; Basson et al., 1997; Srivastava and Olson, 2000).  This

indicates that understanding molecular mechanisms triggered by specific factors required for

cardiac development could lead to better diagnosis and perhaps therapeutic intervention for

congenital heart disease.
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CHAPTER TWO

Genetic and Comparative Mapping of Genes Dysregulated in

Mouse Hearts Lacking the dHAND Transcription Factor

Background

Cardiac development is a complex morphogenetic process.  Cell proliferation and

migration along with alignment of various regions of the developing heart are required to

ultimately form a normal functioning heart.  Several families of transcription factors have

been shown to be expressed in the developing heart.  While some are expressed throughout

the developing heart, others are restricted to specific regions (Arceci et al., 1993; Cserjesi et

al., 1995; Edmondson et. al., 1994; Komuro and Izumo, 1993; Laverriere et al., 1994; Lints

et. al., 1993; Srivastava et. al., 1995).  One such family of transcription factors is the basic-

helix-loop-helix (bHLH) family.  Members of this family are involved in differentiation of

several cell lineages (Jan and Jan, 1993; Lee et al., 1995; Ma et al., 1996; Olson and Klein,

1994; Shivdasani et al., 1995; Weintraub, 1993; Zhuang et al., 1994).  bHLH proteins can

dimerize by virtue of their HLH regions which leads to juxtaposition of their basic domains

causing formation of a DNA-binding domain which can bind to an E-box consensus site on

the target gene.
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dHAND and eHAND are two members of this family that are expressed in the

embryonic heart.  The HAND family of transcription factors is highly conserved across

species.  In the chick (Srivastava et. al., 1995), dHAND and eHAND are co-expressed during

cardiogenesis; however, in the mouse, dHAND is expressed throughout the developing

cardiac region but is more abundant in the right ventricle and outflow tract (Srivastava et. al.,

1995).  eHAND is restricted to the left ventricle and the myocardium (Cserjesi et al., 1995;

Biben and Harvey 1997; Srivastava et. al., 1997) while dHAND is expressed in both the

myocardium and the endocardium (Srivastava et. al., 1995).  The HAND genes in addition to

being expressed in the developing cardiac tissue, are also expressed in the aortic sac, the

pharyngeal arches and the limb bud (Cserjesi et al., 1995; Srivastava et al., 1995; Thomas et

al., 1998; Charite et al., 2000).  Normal development of the pharyngeal arches and the arch

arteries that traverse through them is required for normal development of the aortic arch and

pulmonary artery.  Neural crest cells begin populating the pharyngeal arches by E9.0 in the

mouse.  Detailed analysis of HAND gene expression in the mouse has shown that they are

also expressed in the pharyngeal arches by E9.0.  Both dHAND and eHAND are expressed in

the neural-crest-derived mesenchyme in the distal portion of the arches, with dHAND

expression being broader than that of eHAND .  These genes are not expressed in the

epithelial layer of the pharyngeal arches or in the migrating neural crest cells (Thomas et al.,

1998).

Antisense studies have shown that in chick, the two HAND genes have redundant

function (Srivastava et al., 1995).  Studies in mouse, however, suggest a chamber specific

role for the genes, which correlates with their expression pattern.  Loss of dHAND in the
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mouse leads to embryonic lethality at E10.0 with the most obvious defect being the absence

of the right ventricle.  dHAND-/- embryos form a normal straight heart tube but the defect is

apparent during cardiac looping with the outflow tract connecting directly to the left

ventricle.  Histologic analysis has also shown that although the left ventricle is present, it has

decreased trabeculations in comparison to wild-type embryos.  In addition to cardiac defects,

dHAND-/- embryos exhibit dilation of the aortic sac, hypoplasia of the 1st and 2nd pharyngeal

arches, absence of the 3rd and 4th arches and premature closure of the aortic arch arteries

(Srivastava et al., 1997).  They also demonstrate severe vascular defects throughout the

embryo and the yolk sac, which are characterized by failure of the vascular smooth muscle

cells to differentiate (Yamagishi et al., 2000).  Analysis of cell proliferation and apoptosis in

the dHAND-/- embryos has revealed that the hypoplasia of the right ventricle and pharyngeal

arches is a result of excessive apoptosis (Thomas et al., 1998; Yamagishi et al., 2001).

Congenital heart defects in humans can arise as a result of defects either in the cardiac

mesoderm or due to defects in cardiac neural crest cells.  The DiGeorge syndrome (DGS) is

an example of a congenital defect that is associated with abnormalities of the neural crest

cells of the 3rd and 4th pharyngeal arches (Van Mierop and Kutsche, 1986).  DGS is

characterized by interrupted aortic arch, persistant truncus arteriosus (PTA), hypoplastic

thymus, and craniofacial abnormalities and is linked to a microdeletion in chromosome

22q11 (Driscoll et al., 1992).  In addition, deletion of chromosome10p13-p14 is also

associated with certain characteristics of DGS (Daw et al., 1996).  In the mouse, loss of

endothelin-1 (ET-1) recapitulates defects seen in DiGeorge syndrome in humans (Kurihara et

al., 1995a, 1995b).  Interestingly, dHAND’s expression is downregulated in the pharyngeal
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arches of mice lacking ET-1 (Thomas et al., 1998).  This, along with cardiac, pharyngeal arch

and arch artery defects seen in dHAND-/- embryos suggests that dHAND might function in a

pathway essential for normal cardiovascular development.

In this study we performed a differential display analysis to identify genes

dysregulated in the absence of dHAND in the heart.  Characterization of such genes could

potentially shed light on the molecular mechanisms involved in the defects seen in the

absence of dHAND, while also identifying candidate genes required for normal cardiac

development.  In collaboration with Dr. Reeves (Johns Hopkins University) we determined

the map positions in mouse and human of 27 genes whose expression may be altered in

hearts of dHAND-/-
 mice and compared these positions to mapped phenotypes including

arrhythmogenic right ventricular dysplasia, dilated cardiomyopathy, cardiofaciocutaneous

syndrome, and DGS.  One of these was demonstrated to be the mouse ortholog of nebulette

(NEBL), an actin-binding protein expressed primarily in the heart.  NEBL transcripts have

been isolated from human embryonic heart and early mouse fetuses.  The gene localizes to

the DiGeorge syndrome2 (DGS2) region on human chromosome 10p14–p13.  Here we refine

that localization with respect to the portion of the DGS2 deletion region that is correlated

with cardiac defects, as opposed to the region of segmental monosomy in individuals with

the hypoparathyroidism, deafness, and renal dysplasia (HDR) spectrum of anomalies.  In

addition we have also identified, Bnip3, a pro-apoptotic molecule that might contribute to the

hypoplasia seen in the right ventricle and pharyngeal arches of dHAND-/- embryos, and a

protein similar to a member of a transcriptional co-activator complex that might mediate the

functions of nuclear receptors in cardiac development.
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Methods

Tissue collection and RNA extraction

dHAND heterozygous animals were mated and pregnant females sacrificed at E9.5.

RNA from E9.5 wild-type, dHAND-/- hearts, and left ventricles and atria of normal hearts was

extracted using Trizol reagent (InvitrogenTM, Life Technologies).  The RNA was treated with

DNaseI to remove any genomic DNA contamination and resuspended in sterile nuclease-free

water.

Differential display analysis

3.4µg of each RNA sample (OD260/280 ratio ≥ 1.8) were submitted to Genomyx

corporation (Foster City, CA) for differential display analysis.  First-strand cDNA was

generated from the RNA using twelve (12) 3’ oligo(dT) “anchored” primers which have two

non-oligo(dT) nucleotides for selection of different mRNA fractions.  These anchored primer

reactions are converted into double stranded cDNA fragment using a set of three (3) 5’

“arbitrary” primers.  This set of 36 reactions was performed in duplicate per sample.  Control

amplifications were also performed on HeLa cell RNA for quality assurance.  The DD-PCR

fragments generated from the arbitrary primed amplification were analyzed by gel

electrophoresis using the genomyxLRTM DNA Sequences System and its proprietary HR-

1000TM gel.  Fragments that were up- or down-regulated in the dHAND-/- heart were excised

from the gel and reamplified.  These fragments were cloned into TOPO cloning vector and

were sequenced to determine gene identity.
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RT-PCR

RNA from E9.25 wild-type or dHAND-/- heart was extracted using TRIzol

(InvitrogenTM).  2µg of RNA per sample was treated with Amplification Grade DNaseI

(InvitrogenTM).  One half of each DNaseI treated sample was used to generate first-strand

cDNA in the presence of reverse transcriptase (RT) and the other half used without RT.  The

reaction was performed using SuperScriptTM First-Strand Synthesis System for RT-PCR

(Catalog# 11904-018, InvitrogenTM, Life Technologies) as described in the instruction

manual.  Transcripts were amplified using the following primers and cycling at 95°C for 30

EST Forward Primer Reverse Primer
DDA 5 ACATCGTTATTCCCCACAGC ACCAACCACCAGAAGAAACG
DDA 7 CCCTCTTCCAAGGAGAGCTT GCCTCATTGACCAAGACACA
DDA 8 CATACGGGAGGGTGGACTG TCCAGTGTCACACCCATGTC
DDA 9 CTTTCTCCTTCGGAGCCTCT CAGGAAACAGCAAAGACAGGA
DDA 14 GATTAACTGCCTTCCCTCCAC AAGCAGCAAACCTTTCTGGA
DDA 16 TCATGGATTCAAGACCCTGTC TTCATCACCACAGCCTTCAA
DDA 17 GTATTTACTACCACAAAGCCCG ACCAGTGGAGGAAGCTGTGT
DDA 21 CTGGCTCCATTGTTCCATGT GTGTTCGGGACTTCAAAGGA
DDA 22 TGGTAATGCTTTTCCAGTTTTTG CAGGGAGAGCCAGAACAAAC
DDA 23 GGAAACATGGAAGCTTACTCAGA TGGATTCTTTTCCAAAATCAAAA
DDA 24 TCAACAGAACAGGATGTGGC AGGCTTGAAAGACTGGCTCA
DDA 25 TCCAAGGGATTCACCGATTA AGAGGCAGTGGGCAGATTT
DDA 26 GAATCCTCATCCTGCAAAGC TGCGGGTTATCTGTAAAGGC
DDA 27 CCCACCCAGCTTCTTCAAT AGGAAAGGGTGGCAAGAAGT
DDA 28 TCAGTTATCGTCACATGGGC CGGTGGGTTTATGCCATAGT
DDA 29 ACTAGGCGAAGGGACAGAAA GACATCCGTCTTCACGAGAG
DDA 30 TCCCTCAGCTCCTTCTCTGA AAGAGGCTCCTTCCTTGGAG
DDA 31 CTCCATGGGTTAATGTTCGG CAGAGGCAGGAGTTAGGCTG
DDA 33 TGCAAATAGGAAAGGAACTTGG CAGGAAGCCAAATCATTGCT
DDA 34 CCTAGGCTCCTCCGTCTTTC ATTTCAAAGCCACGGAGATG
DDA 35 TGGCATCCGATACCTCTCTC TCGGCGAATCAAAATATCAA
DDA 38 TCTCTAGTCACAGAGGAAGGCA GCAGAGGTCATGTGGAGTCA
DDA 45 ACACGAAGTTGTGGCCAAGT TGCTCATTTCAGAATGTTTTGTG
DDA 46 AACCGCCCAGATGTTAACTG GTGGGGACATAGTGACTGCC
DDA 47 TGGCTACATCCTTCATAACCAA TTGACCAGGTACCCAGGTTT
DDA 49 CCTTTCCCCCTGCTATTGTA TTGAAATGCTGTGGAAACCA
DDA 50 AGCCAGGGTCTCTGTTCAAA CAATATCCCAGCATTACCCC
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seconds, 58°C for 30 seconds, and 72°C for 30 seconds.  G3PDH (forward primer: 5’-

accacagtccatgccatcac-3’, reverse primer: 5’-tccaccaccctgttgctgta-3’) was used as control.

Whole mount and radioactive in situ hybridization

Whole mount in situ hybridization was performed as previously described (Srivastava

et al., 1995) using digoxigenin-labeled antisense riboprobes synthesized from DDA21 and

DDA26 cDNA transcribed with T7 and Sp6 polymerase respectively.  Briefly, embryos were

prehybridized in hybridization buffer without probe at 60°C for 2 hours; digoxigenin-labeled

riboprobes were added and incubated at 60°C for 18 hours.  After a series of washes,

embryos were incubated with AP conjugated anti-digoxigenin antibodies at room

temperature for 1 hour.  Following another series of washes, color reaction mixture was

added (Roche) and embryos were incubated in the dark at room temperature for 12-14 hours.

The color reaction was terminated by fixing the embryos in 4% paraformaldehyde, 0.1%

glutaraldehyde/PBS solution.

Radioactive in situ hybridization was performed on paraffin embedded sections of

E9.5 wild-type and dHAND-/- embryos as described previously (Lu et al., 1998).  35S-labeled

antisense riboprobes were generated from DDA9 cDNA using SP6 RNA polymerase

(MAXIscript; Ambion Inc., Austin, TX).

Characterization of EST sequences

Mouse EST sequences obtained by differential display of mRNA from the hearts of

wild-type and d H A N D-/-
 9.5-dpc embryos were masked for repeat elements
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(http://woody.embl-heidelberg.de/repeatmask/) and aligned to GenBank’s dbest and

nonredundant sequence databases (http://www.ncbi.nlm.nih.gov/BLAST) and the TIGR EST

database (http://www.tigr.org/tdb/tgi/mgi/).  The EST and its mouse cDNA match in BLAST

were considered to be equivalent to each other if they shared ≥98% identity in nucleotide

sequence (Table 2).  Cognate ESTs were aligned with mouse genomic sequence using the

Ensembl (http://www.ensembl.org/Mus_musculus/) or Celera (http://cds.celera.com/)

database.

RACE

RACE was performed to extend the cDNA sequence of the EST DDA23.  Using the

TRIzol reagent (Life Technologies), total RNA was collected from 10.5-dpc embryos.  5’

RACE-Ready cDNA and 3’ RACE-Ready cDNA were synthesized using the SMART RACE

cDNA amplification system (Clontech, Inc.).  5’ and 3’ cDNA products were amplified using

the DDA23 radiation hybrid primers with RACE kit universal primers.  RACE products were

examined on 1% agarose gels.  Successful RACE reactions were subcloned using the TOPO

TA Cloning Kit (Invitrogen).  Restriction digests verified insert sizes.  Appropriate clones

were sequenced and analyzed as described for other ESTs.

RH mapping

PCR primers were designed using Primer 3 (http://www.genome.wi.mit.edu/cgi-

bin/primer/primer3.cgi) for the 22 differential display products (ESTs) whose expression was

affected in E9.5 dHAND-/- embryos and that did not match previously mapped genes.
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Primers were purchased from Life Technologies (Gaithersburg, MD).  Optimal PCR

conditions for each EST were established by the successful amplification of the expected

product from embryonic stem cell DNA and a different size or no product from A3 hamster

DNA.  The majority of mouse primers amplified one or more hamster DNA fragments.

Primers and optimal PCR conditions used for radiation hybrid mapping of 22 ESTs can be

found at (http://inertia.bs.jhmi.edu/roger.html).  Each primer set was typed at least three

times on the entire T31 RH panel (Research Genetics, Huntsville, AL).  RH typings were

submitted to the Jackson Laboratory Mouse Radiation Hybrid Database

(http://www.jax.org/resources/documents/cmdata/rhmap/RHIntro.html) for analysis and

archiving of results.  This service uses Map Manager QTb28 to determine the highest lod

scores for each EST mapped and the “best fit” interval where each EST is most likely

localized.  The markers that identify the boundaries for this interval are indicated in Table 1.

RH data are publicly available at the Jackson Laboratory Mouse Radiation Hybrid Database.

Comparative mapping

The best position on the MGI Consensus Linkage Map for each EST mapped on the

radiation hybrid panel was determined by comparing the positions of markers common to the

RH and MGI maps.  Where marker orders disagreed, the most likely marker order was

deduced by comparing the RH map, the MGI consensus map

(http://www.informatics.jax.org/searches/linkmap_form.shtml), the MIT F2 Intercross map

(http://www-genome.wi.mit.edu/cgi-bin/mouse/index#genetic), and the Jackson BSS

backcross map (http://lena.jax.org/resources/documents/cmdata/bkmap/). The most likely
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region of conserved synteny in the human was assigned by comparing map positions of

orthologous mouse:human gene pairs from the MGI map.  In many cases, this could be

confirmed by searching the “complete draft” human genomic sequence from the Human

Genome Project and Celera Public databases.  Mouse and human phenotypes were obtained

from MGI and Online Mendelian Inheri tance in Man (OMIM)

(http://www.ncbi.nlm.nih.gov/Omim/searchmap.html).

FISH analysis

Metaphase spreads were prepared either from peripheral blood lymphocytes or from

lymphoblastoid cell lines using standard methodology.  Five cell lines and two control

samples were used.  Three cell lines were purchased from the Coriell mutant cell repository

(Camden, NJ). These included GM06936 [46,XX,del(10)(qter3p13], GM03470

[46,XX,del(10)(pter3p13::p123qter], and GM10207 [46,XY,t(10;14) (p13;q24.3)].  CH95-

199 and CH92-092, two additional cell lines used in this study, have been reported

previously (Gottlieb et al., 1998).  FISH was performed as previously described (Shaikh et

al., 1999).  Chromosomes were visualized by counterstaining with DAPI.  Probes used for

FISH were labeled by nick translation with either biotin-16–dUTP or digoxigenin-11–dUTP

as described (Lichter et al., 1988) with minor modifications.  The probes were detected by

either fluorescein-conjugated avidin or rhodamine-conjugated anti-digoxigenin, respectively.

The FISH probes were chromosome10 BACs RP11-45L12 (AC012108) and 56H7

(AL157398) from the RPCI-11 human BAC library (Roswell Park Cancer Institute).  These
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BACs contain the nebulette gene and were identified by searching public databases for

sequenced clones using the GenBank entry for the human nebulette cDNA (AF047368).

Results

Selection of fragments from differential display analysis screen

In an effort to understand the mechanism of dHAND action and to identify genes

potentially required for normal cardiovascular development, we performed a differential

display analysis, comparing RNA from E9.5 hearts with or without dHAND. We picked 40

bands from the differential display gel based on either up- or down-regulation in hearts

lacking dHAND (Fig 1). We selected bands that were changed in the dHAND-/- RNA but were

unchanged in the LV+A RNA so as to exclude genes that appeared to be dysregulated only

due to absence of the right ventricle.
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Figure 1.  Representative sample of DDA gel electrophoresis.  cDNA from E9.5 wild-

type hearts, dHAND-null hearts, and wild-type hearts without the right ventricle

(LV+A) were compared by PAGE to identify differentially expressed genes.

Dysregulated bands were excised from the gel, amplified and analyzed.
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Table 1 shows a list of fragments isolated from the differential display screen.

Table 1: List of differentially displayed fragments

DDA 5A AGGGCTTTTTTTTTGCTAATGTAGAGTCTTGCAACAGTAAACTCTTCATCTATCATACCAGTTCCTT
CTGGTTGCTTCACATCGTTATTCCCCACAGCAATTCCTATTTCTGCAAGGTCTTTTAATAATGATGC
CATCATTTCAGCTGCTCGTTTCTTCTGGTGGTTGGTCATTTCCTACAGCTTCTGAAGCTCAGCATCA
ATACTTGCTAAAGTTGCAGATTTTTGATTCAATTCATCACTAAGCAATTCATATTCCTTTGTTTTGT
CTTCAACTTCCTGAGACTTCTGA

DDA 7F ATAGGGCTTTTTTTTTGCTTCCACCACAGAAAGGGAGCCTAGGGTCCCTGTAAGCCTGCTTACTAAA
GACAGAGAATCCCTTAGTCCCAAGAGCTGTTGATATATTGGAAGGTTAATGAAATTTCTGGTGAGA
CCCTCTTCCAAGGAGAGCTTTTCACTGTTCTCGGGATCAATGAGGCCAGACATGATAATCTGGATTC
CAGGAGCACAAGGCCTGTGTCTTGGTCAATGAGGCCCTTTTGCATGGCTCTGAAGATGGGGAATATC
TCCACTGTGCCTAGGTCAATCACCCCAGCAACTGCTCTGCAACCCTTTTGTTCCGTCTGCTGAGCCA
ACTCGCTTTGGAGCTGCTGGAGTTGGTTTGCAGAACCATCACAAAGGTCATGGTAAGTCTTGTTCAG
CACACGCAACTGCTCAGAGATCTGTTCCTTCTCTCCTTCTGAAAGCTTATGGCCATGCTTGGCTAAG
AAGATCTGTGAAGTTTTAATGGCCTCAGAAACTTGTTCTTTCTTGGTTGTCAACTCTTCTGCCAGAA
CCTGCTGCTCCAAAATGGCCTTCTCAATGTCTGCAGATGCACTAGTGTGAGATGAGGTAGTTGTTCC
TTGTGTAT

DDA 8B CTATNGGNCTTAGCTCCTCANTGCTNCATACGGGAGGGTGGACTGGCCAGTTCATAGAAGAGCAAA
TANGCGTCGCTGGNGCNCACTTGNCTGGAGGACATGGGTGTGACACTGGAATCATTGAAAGNGTGC
CATTCGCCTGTAACCGGACTTCGGCAGT

DDA 9B GCAGACTCTTTATCACTAAAGTAATCTAGAACTTCCTGGTCATCCCAATCTCCATCTGCCCTGCCTT
TCTCTGACCCTTTCTCCTTCGGAGCCTCTTTATCCCTGATATTACCCCTATCAAGCAGGAATACTCT
AGACTCTTCATCTGTGAACCTTTTTAAAAACTTTCCTGTCTTTGCTGTTTCCTGATCTCCTTCAGGA
TAAAAGGAGGACCGCCCCCTAGATTCCTCTCTTGGAGCATTCTGTGGTGTGATTGTCTTGGCAGGGC
TTCTTCGTGATGGGATGTGATGAATCGGACTATTCTGAGAAGGACTATATCGACTCGACCCATTTCC
AACAGAGCCAGATCCAGACCTCTCAGGACTGTGCTGAATGGAATGTGAATGCTGAGAAGGGGTATT
TTTGGCAGAGTGCACTGTACTAAGCATGGGGGCATCTGAGCATGATGAACTCTGACTGGGTGGTGT
AGCAATAGGTGAAGGACTATGAGGTGACCTTGGACTATTATCATAAGCTGAAAGGCCAGGCCAAAT
ATCACCAGAAGTAGCAGATTTATTAAACTCATCAATAGATTCAGATGGATCATGTTCAAAAGTATC
CTTTGGTTCCTCCTGNGATTTGCTTTTCAAANGACTCTCTTCTTGGGGTTCCCCTCAGCTTTT

DDA 14A NTAATTAATGTCCAAGTTACCATTATGATGCCCCTAAAAAATTTGCACTTTCTTTGATATGGGAAA
AGAAACTAGAGATGGCACCCTTCCAAATGATTAGACACTGGGAGTGTTATGATAGAATAGAGACA
AAAGATTATCAAAATTGCTTTACCAGGCGGTGGCGGCGCACACCTTTAATCCCAGCTGAAGTGAAT
CTTTCAAATGAGAAAGCTTTGNTGCTCTTTAAAAGACCTCTACAAGCTACTCTACCACCAGAATAA
GAGCTTTGTGTTTATCTATTAGGTGAAGGCAGATTAACTGCCTTCCCTCCACCCTTTCTTNAGTTCT
CGTGTTGCCACCTGCTGGAAGAATGAGAAAAGAAAGCAAACAACCATTTCCAGAAAGGTTTGCTGC
TTTTCTAAAATGTCTGCCTCGTTTAGGGAGAGCTATTCAACTGTAAATCTTCTGATGATCCTATAGG
TTAACTATGTCCTCAAT

DDA 16A TCCNGNTTGGTTGTCTTCACTGNTAAGCAGTAACTGTCATGGGAGTAATGACCACGCCTTGATTTTT
TCCGATATAGCCCCAAGACCTGGCATATCAAGGCTCAGAGGAGTCATGGTTATTAAAAGAGTGATT
GAGGAAGTATACTTTATGGTTTACACTAATATTAGCAGCTGTGCCAACATGTAGAGAAAGAGGTTT
TAATAGAACATGTATGTGAATTACATTTGTATGAAAATTATAAAAAGGGAAACTTGGAAGCCTTT
ATTCATGGATTCAAGACCCTGTCCGTGGAAAGACACAAGATTTTAAAAGATAAAGATGGACTTTGA
AGGCTGTGGTGATGAATCTGTCTGTAAGATGTGGCANAAGAATAATAGATGTTTCAACAGTAACTA
GAA

DDA 17B TCCCAATAGTGCCACTCCCTATGGGCCAAGCATTCAAACACTTGAGTGTGGGGGCCATACCTATTCA
AATCACCACAATAGAATTGAAATTATCATGCTGATTGGTACTTAAAGGGTAAGAGACAGACCTTAT
ATTTAAATGGAAACACATTCAAATTCATGTGACTGTTTTAAGTACTTCATCCTTTACCTGGTTACTG
TATAAGGAGTATTTACTACCACAAAGCCCGGCCATTTCAATTGTTAGGATGCAGGGTTGAGCAAAG
CAGACACAGCTTCCTCCACTGGTACAACTCACTCTTTAAGAAACCAAACTTGGA



22
TATAAGGAGTATTTACTACCACAAAGCCCGGCCATTTCAATTGTTAGGATGCAGGGTTGAGCAAAG
CAGACACAGCTTCCTCCACTGGTACAACTCACTCTTTAAGAAACCAAACTTGGA

DDA 21A GGGGGCACAAAGCAATCCCCTTTAATAAACTTGACAATTAGCTTCACTTAGAACATTTTAATAATG
CACATTAAAAAAAAGTATTTGTCTTACAAATTGTTCTGCAATCCAAATATACAACAGCTTGGAAA
ACAACATTTAGAAAACAAAAGCCAATGTAAAAAGACAACTACAACAGTACAGGTTTGATATGGCT
CAGATTTTACAGCTTTCTTACTGCGTCATCTATATCAGAGGTCTGTTCCTTCAGCTGGCTCCATTGT
TCCATGTATAAAGAAATACCTTTTCTTCCTGGTTTCATTTCACCTTCTGAATCCATCCAATATTCTC
TAATATCAATTAGAATTTTTCCTTTGAAGTCCCGAACACTGACATATCTCATCTTTCCAATCTGGA
ACAT

DDA 22B CATGGTAATGCTTTTCCAGTTTTTGANTATGTTTATAAAATATAAGTGACTTTTTATATACTCATAT
TACACTGTGTAACTTGTTGTGGTCTCTTAGTTTGTGTTGCATGCTTCTGCCAATTTTCAATATACAT
GTTCATACCACCTGTAAGTAAAGATAGTTTTACTTCCTCCTTTCTTAACATTTTTATTTGTTTGTAC
ACACATGTATGAGGAGGTCAGAGGGCAACTTGTGAAAGTTGGTTCTTTCTTTCCATCATGTGGGTCC
CAGGGATCTAAACTCGGGTTCTGTGGTAGGCGTGGCAGCAAGTGCCTTACCTCTGGAATGTCTTGTT
TGTTCTGGCTCTCCCTGGCAAGTCCCATGCTAGCT

DDA 23B AGGAACAAAGTAATTAANNTACTAAAAAGAAAATGCAGGAGTCACTATATGGCACACAGGGTTTG
TATTTTAACAAGACCAGAGGNTCTAATGGATAATAAGACACAATGATTACACAAACATTAAAATC
ACTGNTGCACTTCGTGACCCATGCTTGNAATTTCAACACTCGAGAGGCTGANGCAGGAGGACTGTG
AATTGAAGGNCAGACCAGACTACATACTGAGACCCTGTCTCAAAACCTNAGGTAAGTAAGGAAAC
ATGGAAGCTTACTCAGAGATGAAGGTGTTAGAGTCAATAATGATGACAACAAACTGATGTTTTTAA
AAATACATTTATAGNTTTTGATTTTGGAAAAGAATCCATCTCATATTATACTTCAAAATGGAGCAA
TATAAATAGATAAAGGTCTAAAATATAACTGAAAAATATAAGATAAATCCTAAGT

DDA 24A CTATNNGNCCCCCAAATCTCAAGTGTTTACTACAAACACATTTGCCACTCATGTAACAAACAATGG
CTTTAGGCCAGCTGCTGTGGGCTTTGCTCAGACACCAGGACTACTCCTATTTCAGAAATGAGACCTC
ACAATANAGGGAAAACAACACANGCCTACTTGCAAACCACTGCCCATTGACTCCTNAAGCTTCTGT
CAGATGTGGCACAAGCCCTTGCATGGGCATTGAGAAGTAGAGAATCCAGTAGGGCTCTGANTAGTC
CCAGGATCCAAGTTTATACAGTCAACAGAACAGGATGTGGCTTNATGGCTGCAGTCACTTCATGGC
ATCCACAGCATCTTAGCTTTCCTCCAGGCTGGTGAAGCAACTGAGCCAGTCTTTCAAGCCTTAAGGC
CT

DDA 25A CCATTTAAATATNAACTTTATTTGTAAATACACCATATCAAAACATATGCCACATTTATTCAGAAT
GNCATAATCAATGNAAAAATAGAACTTCTCCCTTGNAAATGNTAATACTGNGAGCTAGGTACATG
ATATTTAGTGAGGGCTTCAGAAATAAATTCTTTATAAAACAAATCTATAATTTATACACATTGAAT
TTATCGNACAAAATATATACAACAGCATAATTTTGGNGTAGAAAAATGAGATTGNCAAAATATAA
GCAGGNCATTTACACAATATGNATTCTAGNTAACTTTTTCCAAGGGATTCACCGATTAGNCGAATA
GCAATACTCTTGNCTTCATCTGGTTGGATCACAAGNAAAGCTTCAAATCTGCCCACTGCCTCTGGNC
TGAAGTGCACCGGGATGTGGATATAATGNCGGGCCCTCAAAGTGTA

DDA 26B AGAGCACATAAGATTTAAATACAAACAAGAGAATTCAGCAGAGTGATAAAGGNGCCTGCAACAAA
ACTGACCACCCAAGGNAATGGTGGACAGCAAGGNGAGAATCCTCATCCTGCAAAGCAGGACGAGGG
GGAACTGCAAAGTGGGGTTCGTGGGTAACCTTAGCTTCTACTTGCTACTCAGTTCACAAAGTTAGA
GGCCTTTACAGATAACCCGCACGCACCCTTTAATTTTCTGCTATGTAATAGGATTATAAGGNCACA
ATATTCCTTTGGGGAAAACCCTTTAATGATTTTAATATCACTTACTTGGTCTTTTGAAGTGTAAAGN
GNCTTAACTGGATTATGATTACAGATCAGTTTTAAATACACCATTGCTACTATATTAAAATTATTT
ATACTATTTATATCTAATATTCAAAGAA

DDA 27B TATAATCCATACATTAAAAAAGTTCCCAGGACATCAGACTTTGTCAATCACCCTTTAAAAGTTAAA
AGTAATCAAATCACTTTAAAAAATCCAAACCAGCTAATTGGAGATTTCTTGGGCCCACCCAGCTTC
TTCAATCATAGACCCATGTGGGTAATCTTTCTTGACAACTGGTATACTTCACGCTTCTCCAGAGGAA
GCTGGACTTCTTGCCACCCTTTCCTCCCATGCTATCTCCTGNGT

DDA 28A CCGNGTTTTTACATTTTATTCATCACAAACATTAAGATGCTCGAGAAATGCTGGAGAAAGGCCTTT
TAATAACTGATGCGAAGCTGAGCCCTAGGCGTGTGCTTGCTCCCCCCTCCCCCCCTCAACATGCACT
ATCAGTTATCGTCACATGGGCTGGGCTGATCGAGAGTCACAGTTGAGTTTCATGAGTCTCTCCCTGN
AACTGAAAACAATTTCACCAAGNGCACACAACTATGGCATAAACCCACCGNTCTCAGTGCCCAGGC
TGGNACATTTACACAATAGCAAACATAAAATCTGAGTCTGTAAAGCATCGTATGTTAAATTACACA
AACCAGGATTTCGTTTTAACTGGATTTATGAAATCTGCTGNTGAGTCCAAGCATGTAGGTACAAAC
GACACCTGGATGAAGCTGGATATGGAAGGAAGGCCTTCAGTA

DDA 29A TNCNACTCACTATANGNNTTGTCTGTTACAATAAAATACATTAGACATTTNAATANNTAACCTTAA
AAACTAGGCGAAGGGACAGAAACCCAGNCGATTGGATCTGGAGCAATGTTTTCTGCACAAGCGANA
CAGGCANNCCTCTCGTGAAGACGGATGTCNACAGAACCATNNGACCTACAGAAGAAGCCGANCAG
GCTGGGGTGGGCTGGGGGTGACANANGCTGANGGTGCANGAAGTGGNCAACNAAAAATACTGACTG
AGGTACCANGACTCTGCTCAGTGCAGAAAAATTGGCTTATGAATAAAAATTAGACTGTGATACCAA
ATTAAATCCACAGAATCATGCNAANGACACAATACATGCTATTTANTTGNTTATCTTTTNNAAACN
ACACA
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CAGGCANNCCTCTCGTGAAGACGGATGTCNACAGAACCATNNGACCTACAGAAGAAGCCGANCAG
GCTGGGGTGGGCTGGGGGTGACANANGCTGANGGTGCANGAAGTGGNCAACNAAAAATACTGACTG
AGGTACCANGACTCTGCTCAGTGCAGAAAAATTGGCTTATGAATAAAAATTAGACTGTGATACCAA
ATTAAATCCACAGAATCATGCNAANGACACAATACATGCTATTTANTTGNTTATCTTTTNNAAACN
ACACA

DDA 30A CCTGATTTTCTNCATTGTNGNNCTCCTCTTTCTCCAGCCGTCTCTTGGATTTTGCTTTTCCCTCAGCT
CCTTCTCTGAGGAGTGTTTTGGAGAGCTTTCTGCCGGTGGTGAAGTCCACAGAGTGNCCTGTCTGGT
GGCCTGGCTCCAAGGAAGGAGCCTCTTGAGTCTNAGGACTCTCCTGACTCGGAGTTTCCTCCATGTC
ACTCTCATCACTGNCAGCCAGGGCTTTGGGAAAGCTTCTGCTCTGACTCTTCCCTGAATGTAAGNTC
TCCTGAGTGNCCTNTGCGCTGTCGACGTANGTGGGTTTCTNCGGAGCATCGTCTCTGCCTCANCCTN
ANAATCGCTGGCTTGTAACACTTTCCTGCTCTTAGGTTTCTTGCTCACAAAAATCTCTTCATNAGAA
TCTCTTTCACTCAAGGGCTCGAGTGGGTTCAAAGCTGCC

DDA 31B CCGGCCTGGGCACTAATGAGGTAATGAGTTAGATATTCTCTCAGAGCCTGGCTACTCATTCATAAA
ATGGTTAAGTGAGTCAATGCTGTGTTGTGGGCTGAATCATGTCCCTCCAAGATCCATATGCTATAGC
CTACTACAGTTTGGGTTGAAATGTCTCCATGGGTTAATGTTCGGGGCTTCTGGAGCTAGAGCCTGGC
TGCAGACCTAGGTGCTCAGGAGCAAGCCTTGGAGGTCCCACCCACCTAAGGTTCCAGCCTAACTCCT
GCCTCTGCTTCTTGGCCTGGACCATGTGAACAGACCTCACCCCATGGTTCCACTGACATTGGCTCTG
CCCACTGTGCCTTCCCACCATGATGAGCT

DDA 33B CGTCAAGAATAAAATATGNTTTAATTGCAAATAGGAAAGGAACTTGGGTCTCTATAGTAACCAGG
AATAGNGTACATTTCGAAACTCAGTTGTTTAACATGTCAGTTAATGGTTTATATTTACAAAGTTTG
NGCACAAGAAGCAATGATTTGGCTTCCTGAATTTATAAATGGAGTTGGAGACAAATGTTTCATTGA
CTATAAGAAACTGCTTGGAGAACGAGATCCTATGATGCATCTCACTTTCTTTTTAAGAGAAGGCTA
GGCGCTTCCTCTCCCACTGAGGCCACACAAGGCAGCCCAGCTAGAAGAACATAGCCCATTTACAGG
CAACAGCTTTTGGAATAGCCCCTGCTCCAGTTGTTTGGGATCCATATGAAGACCAAGCTGCACATCT
GCTTCATATGTGTGGGGAGGCCTAGGTCCAGCCCGTGTATGTTCTTTGGATG

DDA 34B CACACAGGAGCTAGCATGGGAAGGGGAACAGAAAAGGGCCTTAGCAATTGCTTCATTCGGTGCACT
AACCGAAGCTCGGAACTTTACAGAATGGGGCTGTGGACCTGGGGAGGCTTTTCTCCTCTAACCCTCT
CCCCAGCCCTAGGCTCCTCCGTCTTTCTCCGGCTGCACCAGAGCGCTGCCTCACTCCCCTGCGCCATG
TCCCACAGTTGCCACCATCTCCGTGGCTTTGAAATGACCACCACCATTAAAGTCTGAATCACAGCGC
ACCACCCCTTGTCTGAGGACCCTTACTCTCTGCTCCATGTGAGAGGACGAAGAGAAACGACTGGAT
ATTGGCGATCCTAGGTAGCAGATCAGGGGAGGGCTCAAAAAGCGGCAAGCCACTGAACTCATGACC
AAGTTTGCAGCATTGCTGGTGATGTGGGATCCGTGGGGTTTTTGTTTCCCA

DDA 35B CGTGTAAAAGTTTGGGAGGNTAATTGATCTGTCCATGGGCTTCCCCCGTCCGGCACAGTCATGATGG
CATCCGATACCTCTCTCATCCAGATAGAGACAGAGATCCCAAGCTGTGATAGAAAAATCCATTCCT
CGNGTTGATATTTTGATTCGCCGAACTCACGGNAGAACATGGAGCTGATGTCAACATCGCCCCCAA
ATCAACCCAAGTGCTGCATGCCAAGACTACATCTTTGTTATAATTCCCTCGGGTCTTCAAGCAGCAC
CGTTCACGCTGTGTCTCTG

DDA 38B CTNCTGANGGAGGNGACCCTTCCTGCACATTCTATGGAGAAATGTTCTTTTGCTACTCTTGATTCTA
GGAATGCANAGAGAAAACAGAACCACTGAGAAATAAGGCCTTCTCTCTAGTCACAGAGGAAGGCA
AGNGTCATAGGCATACTGGCANGANGCACATTCTANGCTGGTTGCTGTCCACTGCCAACCCTCNTA
AGACTAGAACATTGACTCCACATGACCTCTGCNAGAATGGGTNCCTCTTTNCTG

DDA 45C AATAAAGTTTTATTACAACACATATAAGAACATTTTCTTGCAATTCATTCATTATTGATTTCACAT
CATAGATCAATTCAATAGATTATAGAAGAGTTCATGTGGTATCTATCACTAAATACTGCATTGTTT
GCTAATGAGCTATTCTTAGAAAAACTATGCAGGTTCTCAGGTTAGAATGGTTCTGCTGTTTATTGAC
ACGAAGTTGTGGCCAAGTTGCCTTTCCATACTCCAGTTTGCTTAGCCTTGACAAGCAATTCACACAA
AACATTCTGAAATGAGCATAGAAGTTAAGCACTCTAATATAACTACTCCAATAAATTACTCACAG
GGAGTATCCTGCTATCAAAGAAAAATCTATATGATCTGGAATTAAATGAAATGTGAATACATTGCC
CAACAGTTGCTCATTTAGGTTATGTCAGAGAATATGTGGAATGC

DDA 46A CTAATGTTATCAGGGAAGCAGAGAGCTGTATCTTTTATAAGTCCTACTTATAAATTTATGCCACTA
ACGCCAACATTGAACAGGCAATTAAAAAATATATTTAAAATAATTATCTTAAAGGCTTGTGCCCA
GGCAGCAGAGCTACATGGAAAGTTCCTTTCACAGAAGATCCAGCCCCCAACCGCCCAGATGTTAAC
TGTGAAATAAACACCTGTGATGATGGTTTAGCAGAATCATGGTGTATTTAACCTTTTAACGAAATT
ACCTAAAAGGCAGTCACTATGTCCCCACTAGACTTAGAAGCTACCCG

DDA 47D ACAATTACTGCAGTTTTTCCAGAAAACACTCACACCAATAAATGTAACAGAACATTCCATTTGTTA
ATGGGCATATGTGCATAAGCAGTGTAGAAAATAGGCTCATGTTAGAAACTGGCTACATCCTTCATA
ACCAAAAGTGTGGTTATATGAATGGACACTGTCAATGTTCATAGCTTAAACCTGGGTACCTGGTCA
AAATGCTTAGGAAACATTAAAATTGAGCTAAATTGAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAA
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AAATGCTTAGGAAACATTAAAATTGAGCTAAATTGAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAA

DDA 49A TACAAAAAGACAATATTTATTTTACTTTCTTATAAGTAGTTCAACAGAAAGTCTTCTACTTGAAGA
CATTACTGAAAACATTAACATTATTTTATGCATCCCTTCAGTGCCCAGATTCAGAAAAAGGTCATC
TGAATGAAGGAAAAGGAATGGTCCTCCTTATGTTGGGTTTACTTATGTAAGTGGGGGGAAATCCAT
ATACCTTAGTCAAAATAATATGTGAACCTACAAGTTTCCAATAAGCAATGTACTCATATCTTTATG
AGTCCCTAAGGCCTGGAGATTACTTTTGTCTGTTAAAACAAAGGTACTCCTGTTACCTGTCCCCTTT
CCCCCTGCTATTGTACTACTGAAAGAGAATTTGAAGCAAAATATGATGTCTTTGTTCCCATGCTGC
AAGACTGTCAGCATAGATGGTTTCCACAGCATTTCAAAACAT

DDA 50B CACACAGGAGCTAGCATAGGGGTGAACTGACAGGAACATAAAAGGTCTCTCACATTCTTCAGTGTG
CAGGGTAGTGGGCAGATGTAAATTGGGCTATCAGTAAACAAGTTACTGTGGAGTTCTATGTACCCT
TTATCACGTTATTGCTAAGACATTTATTTACTGGAAGTAGTTCAGTAATGTAATGCTGAAGTTGTA
TAGTAAATGAATGCAGAACATGGAACTAGGTGTTCAATTTTTAGAGAGCATTAAAAGTTACAAGCC
AGGGTCTCTGTTCAAATTGTCTTGGTAAAAGAAAAATGTGTACAAAGTGCTTGTAATTAGTTTTCA
GAACTGACTAGGAGGGGTAATGCTGGGATATTGTTTGAGAGACTAGCTTAATAAGGAAACTTATAC
CATGTGTGTCTTTTGATGCTAAGTCACTTAGCATTCAAATTTGAATATACAG

Mapping of ESTs

Twenty-seven of the ESTs isolated through differential display analysis (DDA

sequences) were unique.  We developed primers from these, and 20 of them were mapped

with high confidence (lod scores ranging from 6.1 to 25.6) on the T31 mouse Radiation

Hybrid (RH) panel (Table 2 and http://www.jax.org/resources/documents/cmdata/rhmap/

RHIntro.html).  DDA38, which represents mouse Kcnq1, was mapped previously to

chromosome 7, map position 69.3, by backcross and physical mapping.  The human ortholog,

KCNQ1, has been located on human chromosome 11p15.5.  We mapped Kcnq1 to distal

mouse chromosome 7, between 71 and 72 map units.  Nine additional ESTs corresponded to

genes mapped previously in mouse or human (Table 3).  Nineteen of the 20 mapped ESTs

were localized to mouse chromosomal regions with an interval size <4 map units (Table 2).

We initially used comparison of mouse and human genetic maps to predict the most

likely locations in both mouse and human genomes of orthologous genes (Table 2) (see

Materials and Methods).  Of the 20 ESTs mapped by the RH panel, 16 had an unambiguous
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predicted human location and 4 mouse positions did not discriminate between two possible

locations in the human genome (Table 2).

Table 2: EST RH Mapping Results, Mouse/Human Map Positions, and Phenotypes

Associated with Map Positions
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To resolve some of these ambiguities, we compared the DDA sequences by BLAST

to human and mouse genomic sequence.  No matches were found to publicly available mouse

genomic sequence.  However, 13 of them detected one or more significant human matches,

and all of these matched the predicted chromosomal location with the highest homology

score, refining and confirming predictions from comparative mapping.  The 7 sequences that

could not be mapped on the RH panel had strong hits in human sequence, such that

comparative mapping predicted the mouse genomic location.

Confirmation of dysregulation

In order to confirm dysregulation of fragments isolated from the differential display

analysis, we performed RT-PCR analysis on RNA from E9.25 wild-type and dHAND-/- hearts

Table 2: Continued
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using specific primers (see materials and methods).  The following fragments showed

downregulation in the dHAND-/- hearts: DDA5, DDA8, DDA9, DDA14, DDA17, DDA21,

DDA23, DDA24, DDA28, DDA29, DDA33, DDA45, DDA50.  We also performed whole-

mount and radioactive in situ hybridization analysis on wild-type and dHAND-/- embryos at

E9.0-9.5 using probes specific for DDA9, DDA21 and DDA26.  DDA26 was up-regulated in

the dHAND-/- embryo, while DDA9 and DDA21 were down-regulated.

DDA sequence expression and mapped phenotypes

Twenty-two unique sequences from the differential display analysis could be shown

independently to be transcribed sequences based on expression studies or EST matches

(Table 3).  Twelve of these matched known mouse genes and/or their human orthologs.   We

identified and mapped a number of these for the first time in mouse or human.  Nine DDA

sequences matched sequences in “full-length-enriched” Riken cDNA libraries (Kawai et al.,

2001).  Six were confirmed to occur in heart and/or early embryo.

We identified phenotypes in humans and mice that map near to each EST position in

OMIM and MGD (Table 2).  Anomalies that involve the heart, vascular system, limb, facies,

and neural crest-derived structures might be consistent with the known effects of dHAND.

In addition, effects on melanocytes, calcitonin-secreting cells, and the adrenal gland could

arise as a result of the loss of dHAND expression affecting neural crest development and

migration (Yamagishi et al., 1999).  Several DDA sequences mapped to the same

chromosomal regions as phenotypes affecting the heart, such as arrhythmogenic right

ventricular dysplasia (DDA23, 26, 30, 47), other cardiomyopathies (DDA9, 35, 47), and QT
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syndrome (DDA38).  Two ESTs mapped in human chromosomal regions associated with

syndromes that involve both congenital heart defects and craniofacial defects.  The human

ortholog of DDA29 mapped to HSA 12q24.11, the same region as cardiofaciocutaneous

syndrome, while DDA23 mapped to the region responsible for DGS2 on HSA10.  We

characterized DDA23 further.

Table 3: Transcript Alignments of DDA Sequences
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DDA23 is the mouse ortholog of nebulette (NEBL)

Comparative mapping predicted that the human ortholog of DDA23 would be located

on 10p14–p13.  Haploinsufficiency for this region of HSA 10 results in a clinical

presentation of DiGeorge syndrome (Daw et al., 1996; Schuffenhauer et al., 1998).  The short

DDA23 sequence (448bp) did not match known genes or ESTs.  However, extension of the

sequence using 5’ and 3’ rapid amplification of cDNA ends (RACE) identified significant

homology to human NEBL (Table 3).  The open reading frame of human fetal nebulette

encodes a 115-kDa cardiac actin-binding protein that shares homology with human skeletal

muscle nebulin (Moncman and Wang, 1995, 1999).

The current study identifies nebulette (as DDA23) from E9.5 mouse heart.  Nebulette

has been identified previously in cDNA libraries of human fetal heart (HSY17673) and

embryonic day 13 mouse heart (BB658903).  To confirm expression in fetal heart, we

performed RT-PCR on mRNA from E9.5 mouse hearts. A nebulette product was obtained

from both wild-type and dHAND-/- hearts. Amplification using equal starting amounts of

RNA showed a consistent reduction of about four-fold in nebulette product from dHAND-/-

hearts after 18, 20, 22, or 24 cycles of PCR.

Mapping of human nebulette using Fluorescence in Situ Hybridization (FISH)

Previous gene mapping studies indicated that human nebulette is mapped to

chromosome 10p12 (Millevoi et al., 1998).  To identify more precisely the location of NEBL

in relation to the DGS2 region, we examined cell lines with 10p deletions by FISH using

overlapping BACs that contain the gene (Fig. 2).  The BACs were absent from two of the
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deleted cell lines, CH95-199 and GM03470.  CH95-199 was derived from a female with a

cardiac defect, immune deficiency, cleft palate, facial dysmorphia, and developmental delay

(Gottlieb et al., 1998).  GM03470 was derived from a female with microcephaly,

microphthalmia, and hypotelorism.  The BACs were not deleted from the GM06936 or

CH92-092 cell lines, which were derived from patients who had hypocalcemia, immune

FIG. 2. Mapping the NEBL gene by FISH.  (Left) Chromosomal idiogram with

black rectangles alongside indicating the portion of 10p present in the cell lines.  In

the case of GM10207, only the der(10) is indicated.  The presence of a plus sign
below the idiogram indicates whether the BACs gave a positive signal on the deleted

or der(10) by FISH analysis.  A minus sign indicates the BACs were deleted. The
SRO in gray indicates the smallest region of deletion overlap for the location of the

NEBL gene.  (Right) Representative FISH images.  The shorter arrow indicates the

normal chromosome with overlapping signals from the FITC-(BAC 56H7) and
rhodamine- (BAC45L12) labeled nebulette-containing BACs.  The longer arrow

indicates the deleted chromosome 10.  Chromosome identification was
accomplished by converting the DAPI-counterstained image to gray scale.
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defect, developmental delay, and renal or genitourinary anomalies (hypoplasia and ureteral

reflux, respectively).  Neither of these individuals had a cardiac defect.  Thus, their features

were consistent with the HDR spectrum of DGS2 anomalies.  The BAC was present on the

der(10) in GM10207, which narrows the gene location to the interval shown in Fig. 2.

Discussion

dHAND plays an important role during development, and genes expressed

downstream of it may be candidates for anomalies of the heart, vascular system, facies, limb,

and various neural crest-derived structures.  In this study, genes whose expression was

affected in hearts of dHAND-/- mice, as determined by differential display, were mapped to

several chromosomal regions linked to phenotypes judged to be consistent with the known

effects of dHAND.  One gene in particular, human nebulette, is expressed in early heart

development and maps to the candidate region for heart defects in DiGeorge Syndrome 2 on

HSA 10p.

Several of the putative dHAND-dependent genes identified here have vital functions

in development.  The targeted disruption of Kif5b (DDA5) results in embryonic lethality in

the mouse, with severe growth retardation at 9.5–11.5 dpc (Tanaka et al., 1998).  Kif5b is

essential for mitochondrial and lysosomal dispersion (Tanaka et al., 1998).  Usp2 (DDA8) is

a ubiquitin-specific protease, inhibition of which may result in apoptosis in cells of the

developing heart (Yamagishi et al., 1999).
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Several genes that show significant sequence similarity to the ESTs obtained by

differential display have abundant transcripts in the heart.  Kcnq1, represented by DDA38, is

expressed during mouse development, beginning at embryonic day 9.5, within the atrial and

ventricular myocardium (Franco et al., 2001).  Aclp7, which shares significant sequence

similarity with DDA7, is an actin-binding protein that is expressed mainly in the lung, brain,

spinal cord, and skeletal and cardiac muscle (Bernier et al., 1996).  This gene mapped to the

same human chromosomal region as Schwartz–Jampel syndrome (Table 2), which includes

facial abnormalities consistent with the dHAND-/-expression pattern.  Many phenotypes

mapped to the same regions, as dHAND-dependent ESTs were characterized by anomalies in

structures other than heart that have been shown to express dHAND during development,

e.g., the limb and facies (Table 2). Finally, dHAND may play a role in neural crest

differentiation and migration. The mouse mutant phenotypes recessive spotting, rump white,

and patch deletion region, which involve neural crest-derived melanocytes, map on MMU5

near DDA28.

Four ESTs mapped near regions linked to dilated cardiomyopathy (Table 2).  Two of

these loci (represented by DDA30 and 47) are also linked to arrythmogenic right ventricular

dysplasia (ARVD).  DDA47 matches a RIKEN full-length clone (Table 3) that is closely

related to myotubularin (Mtm1) and myotubularin-related (Mtmr1) genes (GenBank

Accession No. AF125314, e-103).  Mutations in myotubularin have been linked to dilated

cardiomyopathy (de Gouyon et al., 1997; Laporte et al., 1997; Tanner et al., 1999).  KCNQ1,

the human ortholog of DDA38, mapped to a chromosomal region linked to syndromes

characterized by cardiac arrhythmias, Long QT syndrome (LQTS) and Jervell and
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Lange–Nielsen syndrome (JLNS).  It has been proposed that mutations in KCNQ1 provide a

molecular basis for the cardiac arrhythmias seen in LQTS and JLNS (Ko et al., 2001; Kubota

et al., 2001; Schmitt et al., 2000).

Two ESTs mapped to loci responsible for congenital diseases that demonstrate

anomalies of the heart and craniofacial structures.  The human ortholog of DDA29, ATP2A2,

localizes to a chromosomal region characterized by cardiofaciocutaneous syndrome. Patients

with this syndrome commonly exhibit pulmonic stenosis, atrial septal defect, and

characteristic facial appearance (http://www.ncbi.nlm.nih.gov/entrez /query.fcgi?db =

OMIM).  The ATP2A2 gene encodes the sarco(endo)plasmic reticulum Ca2+-ATPase2

(SERCA2) isoforms (Ver Heyen et al., 2000).  The ATP2A2a isoform (SERCA2a) is

expressed mainly in the cardiac and skeletal muscle, and its expression and sarcoplasmic Ca2+

handling are decreased in cardiac hypertrophy and in human heart failure (Arai et al., 1994).

Dysregulation of this gene in dHAND-/- mice could occur secondary to heart failure.

Human nebulette maps to HSA 10p14–p13.  This chromosomal region is involved in

ARVD and is deleted in patients presenting cardiac defects in DGS2. Cardiac defects in

DiGeorge patients result primarily from abnormal development of the branchial and aortic

arch arteries, a defect that is also observed in dHAND-/-
 embryos. Anomalies of embryonic

heart development, such as persistent truncus arteriosus and interruption of the aorta, have

been detected in DiGeorge patients and are thought to be the result of abnormal development

of the third and fourth neural crest-derived branchial arches and their corresponding aortic

arch arteries, which are hypoplastic and lack critical growth in dHAND-/- embryos.
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Different features of DiGeorge syndrome map to two regions on HSA 10p (Lichtner

et al., 2000).  Haploinsufficiency of the more distal region can cause HDR.  Deletions that

involve only the more proximal region are associated with cardiac defects, cleft palate, and T

cell deficiencies (Lichtner et al., 2000).  We demonstrated that nebulette was deleted in two

DGS2 patients with the more proximal deletion who showed cardiac defects, but not in two

patients with the more distal deletion, which is associated with HDR.

The genes mapped in this study are linked functionally to dHAND as molecules

whose expression is altered in a differential display assay of embryonic hearts with or

without this transcription factor.  Some may be downstream effectors of dHAND action in

heart development.  Using RH mapping, comparative sequence analysis, and BLAST

searches against genomic databases, we localized 27 of these products and compared their

genomic locations to those of mapped phenotypes related to their expression patterns.

Several of these sequences are reasonable candidates for the molecular and genetic basis of

diseases that affect heart and the derivatives of neural crest, tissues that ultimately lie

downstream of dHAND.

Finally, in addition to identifying genes that might be dysregulated in various cardiac

diseases, we have identified 2 fragments, DDA26 and DDA9, which represent genes whose

characterization might help elucidate the mechanism of dHAND action in the heart and

pharyngeal arches.  DDA26 represents BCL2/adenovirus E1B 19-kDa-interacting protein 3

(Bnip3), a pro-apoptotic member of the Bcl-2 family (Chen et al., 1997).  DDA26 is one of

the few genes isolated from the differential display analysis that was upregulated in the

dHAND-/- heart.  Loss of dHAND leads to increased apoptosis in the right ventricle and
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pharyngeal arches.  Bnip3 might play a role in this increased apoptosis.  Further analysis of

Bnip3 upregulation and the molecular pathway involved in the programmed cell death seen

in dHAND-/- embryos is described in Chapter 3.

DDA9 is one of four separately cloned fragments that represent the mouse ortholog of

human Bcl-2 associated transcription factor (hbtf) and is specifically downregulated in the

dHAND-/- heart.  hBtf is a nuclear localized pro-apoptotic factor with transcription repressor

activity.  Over expression of Bcl-2 and Bcl-xL sequesters Btf in the cytoplasm, abrogating its

transcriptional activity (Kasof et al., 1999).  This suggests a novel pathway by which the Bcl-

2 family of proteins might regulate transcription and control apoptosis.  DDA9 also showed

similarity in its N- and C-termini to thyroid hormone receptor associated protein 150

(TRAP150).  TRAPs are a family of transcription co-activators, which are required for

activation of genes downstream of nuclear receptor activation (reviewed in Ito and Roeder,

2001).  One such family of ligand dependent nuclear receptors is the retinoid receptor family,

which consists of the RAR and RXR subfamilies each with three members-α, β, and γ.

Several of these genes are required for normal cardiac development (Gruber et al., 1996;

Kastner et al., 1997; Mendelsohn et al., 1994; Sucov et al., 1994).  In addition, TRAP220,

another member of the co-activator complex is required for normal cardiac and embryonic

development (Ito et al., 2000; Zhu et al., 2000).  This suggests that DDA9 might be another

member of a co-activator complex with a role in cardiac development.  Detailed expression

and developmental role of DDA9 is described in Chapter 4.
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CHAPTER THREE

Loss of Apaf-1 Leads to Partial Rescue of the dHAND-null

Phenotype

Background

Cell fate decisions of survival or death play a central role in shaping the developing

embryo and its organs.  While much is known about the triggers and effectors involved in

programmed cell death (apoptosis) (Hengartner, 2000), relatively little is known regarding

the transcription factors that influence such decisions.  dHAND is a basic helix-loop-helix

(bHLH) transcription factor that is essential for numerous embryologic events (Srivastava et

al., 1997; Thomas et al., 1998; Charite et al., 2000; Fernandez-Te et al., 2000; Howard et al.,

2000; Yamagishi et al., 2000; Abe et al., 2002).  In mouse, dHAND is specifically expressed

in the developing heart, pharyngeal arch mesenchyme, and posterior limb buds (Srivastava et

al., 1995; Thomas et al., 1998; Charite et al., 2000).  Embryos lacking dHAND exhibit

hypoplasia of the right ventricle, aortic arch arteries, and pharyngeal arches, all of which are

associated with apoptosis of dHAND-expressing cells (Srivastava et. al., 1997; Thomas et al.,

1998; Yamagishi et al., 2001).   However, the cellular pathways through which dHAND

promotes cell survival are unknown.

Pathways triggered by both extracellular and intracellular signals can lead to the

proteolytic cascade characteristic of cells undergoing programmed cell death (apoptosis) (Li
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and Yuan, 1999). The main effectors of apoptosis are cysteine proteases known as caspases,

which are highly conserved across species (Budihardjo et al., 1999; Cikala et al., 1999;

Earnshaw et al., 1999). Signaling through the cell surface death receptor activates initiator

caspase-8, which in turn activates the effector caspases (caspases-3, -7 etc.) that are directly

responsible for degrading cellular proteins and causing DNA fragmentation (Li and Yuan,

1999).  A similar process is activated when mitochondria are damaged leading to release of

cytochrome c (Kluck et al., 1997; Yang et al., 1997), which together with apoptosis protease-

activating factor-1 (Apaf-1) activate caspase-9, an initiator caspase that can activate

downstream caspases (Liu et al., 1996; Li et al., 1997; Zou et al., 1999).

Targeted deletions of several molecules in the apoptotic cascade have revealed a

complex overlap of function and tissue-specific requirement of numerous factors (Ranger et

al., 2001).  During development, apoptosis can be induced or suppressed by specific pro- or

anti-apoptotic stimuli respectively.  This complex interplay between the various factors

suggests a strict control on their expression and/or activity (Jacobson et al., 1997).  This

could be at the level of transcription, translation or post-translational modifications in

response to specific stimuli.  While many mediators of apoptosis have been shown to under-

go proteolytic cleavage in response to stimuli (Li and Yuan, 1999), the transcriptional control

of the expression of these factors is poorly understood.

Here, we investigated the apoptotic cascades affected by dHAND during mouse

embryonic development.  By investigating differentially expressed genes, we found that the

hypoxia inducible pro-apoptotic Bcl-2 family member, Bnip3 (formerly Nip3), which

functions through the mitochondrial damage pathway (Chen et al., 1997; Bruick, 2000; Guo
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et al., 2001; Regula et al., 2002), was upregulated in the dHAND-null embryo.  Bnip3

localizes to the mitochondria (Yasuda et al., 1998) and is implicated in hypoxia-induced

apoptosis in cardiomyocytes (Guo et al., 2001; Kubasiak et al., 2002; Regula et al., 2002).

Apaf-1, a downstream mediator of mitochondrial-induced apoptosis (Li et al., 1997; Zou et

al., 1997), was required for the apoptosis observed in dHAND-null pharyngeal and aortic arch

mesenchyme, as in vivo loss of Apaf-1 partially rescued mesenchymal apoptosis in dHAND-

null embryos and delayed embryonic lethality.  Despite prolonged survival, the right

ventricular hypoplasia was unchanged in the dHAND-/-Apaf-1-/- embryos.  These results

suggest that dHAND, in addition to regulating differentiation and expansion of specific cell

types (Yamagishi et al., 2000; Yamagishi et al., 2001), functions by regulating survival of

pharyngeal arch mesenchyme through an Apaf-1 mediated pathway.  This study also

revealed that the early lethality observed in dHAND-null embryos is partly due to loss of

pharyngeal arch and aortic arch artery integrity rather than hypoplasia of the right ventricle.

Materials and Methods

Differential display analysis

Total RNA was extracted from E9.5 wild-type and dHAND-/- hearts.  The samples

were submitted to Genomyx corporation (Foster City, CA) for differential display analysis.

Briefly, first-strand cDNA was generated from the RNA using 3’ oligo(dT) “anchored”

primers which have two non-oligo(dT) nucleotides for selection of different mRNA fractions.

These anchored primer reactions were converted into double stranded cDNA fragment using
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a set of 5’ “arbitrary” primers.  The DD-PCR fragments generated from the arbitrary primed

amplification were analyzed by gel electrophoresis.  Fragments that were up- or down-

regulated in the dHAND-/- heart were excised from the gel and reamplified.  These fragments

were cloned into TOPO cloning vector and were sequenced to determine gene identity.

Generation of dHAND-/-Apaf-1-/- embryos

Mice heterozygous for the dHAND mutation (Srivastava et al., 1997) or Apaf-1

mutation (Honarpour et al., 2000) were generated and genotyped as described previously on

a C57BL/6 or SV129 background respectively.  Apaf-1 mutant animals in a C57BL/6

background were generated by back-crossing with wild-type C57BL/6 mice for seven

generations. Mice heterozygous for the dHAND mutant allele or the Apaf-1 mutant allele

were intercrossed and their progeny were genotyped to identify double heterozygous

(dHAND+/-Apaf-1+/-) pups.  Pregnancies resulting from intercrosses of dHAND+/-Apaf-1+/-

animals were terminated at varying points during gestation by cesarean section and embryos

were fixed overnight in 4% paraformaldehyde/PBS.  Yolk sac DNA was used to genotype

the Apaf-1 mutant allele by PCR and the dHAND mutant allele by Southern analysis to

identify embryos that were homozygous for both mutations.

Histology

Wild-type, dHAND-/-, dHAND-/-Apaf-1+/- and dHAND-/-Apaf-1-/- embryos were

embedded in paraffin after fixation.  Transverse sections were made through the embedded
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tissue at 5µm intervals.  Paraffin was cleared with xylene and select sections were counter-

stained with hematoxylin and eosin.

Whole Mount in situ Hybridization

Whole mount in situ hybridization was performed as previously described (Srivastava

et al., 1995) using digoxigenin-labeled antisense riboprobes synthesized from Bnip3 cDNA

linearized with XhoI and transcribed with Sp6 polymerase.  Briefly, embryos were

prehybridized in hybridization buffer without probe at 60°C for 2 hours; digoxigenin-labeled

riboprobes were added and incubated at 60°C for 18 hours.  After a series of washes,

embryos were incubated with AP conjugated anti-digoxigenin antibodies at room

temperature for 1 hour.  Following another series of washes, color reaction mixture was

added (Roche) and embryos were incubated in the dark at room temperature for 12-14 hours.

The color reaction was terminated by fixing the embryos in 4% paraformaldehyde, 0.1%

glutaraldehyde/PBS solution.

Radioactive Section in situ Hybridization

Radioactive in situ hybridization was performed on paraffin embedded sections of

E9.5 wild-type and dHAND-/- embryos as described previously (Lu et al., 1998).  35S-labeled

antisense riboprobes were generated from partial cDNAs of Bnip3 using Sp6 RNA

polymerase (MAXIscript; Ambion Inc., Austin, TX).
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TUNEL Assay for Apoptosis

To visualize apoptotic nuclei in pharyngeal arches and limb buds in situ, transverse

sections of wild-type, dHAND-/-, dHAND-/-Apaf-1+/- and dHAND-/-Apaf-1-/- embryos were

subjected to terminal transferase-mediated dUTP-biotin nick end labeling (TUNEL) using the

ApopTag kit (Intergen Company).  Sections were counter-stained with DAPI.

Neonatal rat cardiomyocyte culture

Hearts were dissected from 2–3-day old Sprague-Dawley rats (Harlan), minced in

PBS, and digested with pancreatin (0.1% w/v, Sigma) in PBS. Cells were resuspended in

DMEM:M199 (4:1) containing horse serum (10%), fetal bovine serum (FBS) (5%), L-

glutamine (2 mM), and penicillin-streptomycin and preplated for 2 h to separate adherent

fibroblasts from cardiomyocytes.  Cardiomyocytes were plated in media containing serum in

24-well dishes (2x105 cells/well) containing laminin-coated glass coverslips.  After an

overnight incubation the cardiomyocytes were cultured in the absence of serum for 24hrs.

Adenovirus treatment and induction of apoptosis

Cardiomyocytes were infected with adenovirus containing dHAND (Ad-dHAND-

IRES-GFP) or control virus (Ad-CMV-IRES-GFP) for 2 hours (mixed every 15 min.) in

media with serum.  Cells were washed and grown in serum-free medium (for ~40 hours)

followed by treatment with staurosporine (1µM) for 24 hours or with ZVAD-fmk (100µM), a

caspase inhibitor, for 1 hour prior to staurosporine treatment.  Apoptosis was detected using

the ApopTag-Red kit (Intergen Company) and nuclei counter-stained using DAPI.  In some
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cases after 40 hours of infection, cells were fixed in 4% PFA and mounted using Vectashield

mounting medium (Vector Labs) to determine infection efficiency.

Results

Loss of dHAND activates pro-apoptotic factors

TUNEL analysis of dHAND-/- hearts and pharyngeal arches previously revealed

increased apoptosis compared to wild-type (Thomas et al., 1998; Yamagishi et al., 2001).

Furthermore, EM studies on hearts of dHAND mutants showed the presence of disrupted

mitochondria (unpublished observations).  In an effort to identify downstream targets of

dHAND, we performed a differential display analysis using RNA from E9.5 wild-type and

dHAND-/- hearts.  Bnip3, a dimeric mitochondrial, pro-apoptotic, ‘BH3-domain only’ Bcl-2

family member (Chen et al., 1997; Yasuda et al., 1998; Guo et al., 2001; Regula et al., 2002),

was up-regulated in dHAND-/- embryos (data not shown).  This led us to hypothesize that

upregulation of Bnip3 in the absence of dHAND might mediate mitochondrial damage,

leading to apoptosis.

Loss of Apaf-1 leads to partial rescue of the dHAND-null phenotype

To genetically test the hypothesis that mitochondrial damage and subsequent caspase

activation might contribute to the dHAND mutant phenotype, we attempted to block

mitochondrial-induced apoptotic signals by generating dHAND-null mice in the Apaf-1-null

background. Apaf-1 is a ubiquitously expressed cytosolic protein that interacts with
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cytochrome c and dATP and is required for the activation of caspase-9 and subsequent

propagation of the apoptotic signal (Liu et al., 1996; Li et al., 1997; Zou et al., 1997).

Targeted deletion of Apaf-1 in mice results in late embryonic or perinatal lethality due to loss

of cell death in the nervous system (Cecconi et al., 1998; Yoshida et al., 1998).

Mice heterozygous for the dHAND or Apaf-1 mutant allele were intercrossed to

generate trans-heterozygous mice, all of which appeared normal.  dHAND+/-Apaf-1+/- mice

were intercrossed and resulting offspring were analyzed at E10.5.  This stage was chosen for

initial analysis because dHAND-/- embryos at this stage are severely malformed with

pericardial effusion, a sign of cardiac failure, and many are already dead with their growth

having been arrested at E9.5.  As expected, all embryos lacking dHAND alone were growth

retarded, had extremely small pharyngeal arches and showed severe cardiac failure as

evidenced by pericardial effusion (Fig. 1).  In contrast, dHAND-/-Apaf-1-/- embryos, although

growth-retarded in comparison to wild-type litter mates (35 somites), developed 28-32

somites, corresponding to E10.25, had well-preserved pharyngeal arches and limb buds, and

showed no pericardial effusion (Fig. 1).  dHAND-/-Apaf-1+/- embryos showed an intermediate

phenotype with respect to preservation of the pharyngeal arches and pericardial effusion (Fig.

1).

Unlike the rescue of the pharyngeal arch and aortic arch artery phenotype, the cardiac

phenotype in all three genotypes mentioned above were identical.  Hypoplasia of the right

ventricle in dHAND-/- embryos manifests prior to the pharyngeal arch phenotype, and is

apparent as early as E8.5.  Therefore, in an effort to determine whether loss of Apaf-1 might

have rescued the early cardiac phenotype, dHAND-/- and dHAND-/-Apaf-1-/- embryos were
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harvested at E9.0-9.5.  Even at this early stage, we observed a hypoplastic right ventricle in

Figure 1.  Decrease in Apaf-1 gene dosage leads to partial rescue of dHAND-/-

phenotype.  E10.5-11.0 embryos of wild-type (A, E, I), dHAND-/-Apaf-1-/- (B, F, J),

dHAND-/-Apaf-1+/- (C, G, K), and E10.0 dHAND-/- embryo (D, H, L) are shown in frontal
(A-H) and right lateral (I-L) views.  dHAND-/-Apaf-1-/- and dHAND-/-Apaf-1+/- embryos

show better developed limb buds (arrows in B and C respectively) and pharyngeal
arches (arrows in F and G respectively) compared to the dHAND-/- embryo (D and H).

However, dHAND-/-Apaf-1-/- and dHAND-/-Apaf-1+/- embryos show absence of the right

ventricle (J and K) as does the dHAND-/- embryo (L).  Also, dHAND-/-Apaf-1-/- and
dHAND-/-Apaf-1+/- embryos do not exhibit pericardial effusion (pe) as seen in dHAND-/-

embryos (H). lv, left ventricle; rv, right ventricle; lb, limb bud; ot, outflow tract; pa,
pharyngeal arch; pe, pericardial effusion.
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dHAND-/-Apaf-1-/- embryos (Fig. 2), suggesting that reduction of Apaf-1 dosage did not

rescue the myocardial defect in dHAND mutants.

Because the initial analyses were done in a C57BL6/SV129 mixed background, we

asked whether the partial rescue might be due to genetic modifiers in the SV129 background.

To answer this question, the Apaf-1 mice were back-crossed into the C57BL6 background to

achieve greater than 90% pure animals and used to generate dHAND-/-Apaf-1-/- embryos.

Analyses of dHAND-/-Apaf-1-/- in the nearly pure C57BL6 background at E10.5-11.0 showed

the same results as those seen in the C57BL6/SV129 mixed background (Table 1).  These

results indicate that Apaf-1 function is required to mediate the hypoplasia seen in the

pharyngeal arches.

Figure 2.  Cardiac defect in dHAND-/-Apaf-1-/- embryos at E9.5.  Right lateral views of

E9.5 wild-type (A), dHAND-/-Apaf-1-/- (B) and dHAND-/- (C) embryos.  Double mutant

embryos lack the right ventricle (arrow in B), as do dHAND-/- embryos (arrow in C).
a, atrium; lv, left ventricle; rv, right ventricle; ot, outflow tract; pa, pharyngeal arches.
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Table 1

Genotype of embryos from dHAND+/-Apaf-1+/- intercrosses

Genotype dHAND +/+ +/+ +/+ +/- +/- +/- -/- -/- -/- Total

Apaf-1 +/+ +/- -/- +/+ +/- -/- +/+ +/- -/-

E9.5 Observed 6 9 5 10 19 8 3 4 3 67

Expected 4 8 4 8 17 8 4 8 4

E10.5-11.0 Observed 16 25 13 24 48 22 2 9 8 167

Expected 11 21 11 21 42 21 11 21 11

Expected

Ratio

1/16 1/8 1/16 1/8 1/4 1/8 1/16 1/8 1/16

To determine the mechanism of the partial rescue, sections through the pharyngeal

arches and limb buds of dHAND-/- and dHAND-/-Apaf-1-/- were analyzed using the TUNEL

assay to determine the extent of cell death.  When embryos were compared at E10.5, the

numbers of apoptotic cells were remarkably reduced in the dHAND-/-Apaf-1-/- embryos

compared to dHAND-/- embryos (Fig. 3).  E9.5 dHAND-/- embryos were used for comparison

with E10.5-11.0 dHAND-/-Apaf-1-/- embryos because by E10.5 the pharyngeal arches of

dHAND-/- embryos are severely hypoplastic and the embryo is being reabsorbed.  Our results

show that the pharyngeal arches of E10.5-11.0 dHAND-/-Apaf-1-/- embryos were still healthy

and did not demonstrate excessive apoptosis.  We also examined apoptosis in limb buds of

wild-type, dHAND-/-, and dHAND-/-Apaf-1-/- embryos. As in the pharyngeal arches, we
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observed a decrease in apoptosis in dHAND-/-Apaf-1-/- embryos in comparison to dHAND-/- at

E9.5 (Fig. 4).

Our previous studies demonstrated that dHAND-/- embryos have vascular defects with

the most prominent being atresia of the pharyngeal arch arteries (Srivastava et al., 1997).

The early closure of these vessels that connect the cardiac outflow tract (conotruncus) to the

aorta resulted in dilation of the aortic sac (Srivastava et al., 1997; Yamagishi et al., 2000).

Because dHAND was expressed and had a primary function in right ventricular/myocardial

development and pharyngeal arch development, it has remained unclear whether the early

lethality was due to the intrinsic myocardial defect or was a result of the pharyngeal arch

artery defect.  Because the dHAND-/-Apaf-1-/- embryos survived longer than dHAND-/-

Figure 3.  Decreased apoptosis in pharyngeal arches of dHAND-/-Apaf-1-/- and dHAND-/-

Apaf-1+/- embryos. Transverse sections through E10.5-11.0 wild-type (A, E), dHAND-/-

Apaf-1-/- (B, F), dHAND-/-Apaf-1+/- (C, G), and E9.5 dHAND-/- embryo (D, H) are shown

after TUNEL assay (E-H) and counter stained with DAPI (A-D).  Bright green cells
represent cells undergoing apoptosis (TUNEL-positive).  nt, neural tube; pa, pharyngeal

arch.
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embryos in spite of similar right ventricular defects, we carefully examined sections through

the pharyngeal arches of dHAND-/-Apaf-1-/- embryos to determine the patency of the

pharyngeal arch arteries.  Mice lacking both genes not only survived longer, but also had

well-preserved pharyngeal arch arteries (Fig. 5) that were unobstructed, suggesting that

atresia of the arch artery may be a primary cause of death in the dHAND mutant embryos.

This result also suggests that the right ventricular defect in dHAND  mutants is not a

consequence of obstructed blood flow since right ventricular hypoplasia was still observed in

dHAND-/-Apaf-1-/- embryos (Fig. 5).

Figure 4. Decreased apoptosis in limb buds of dHAND-/-Apaf-1-/- embryos. Sections

through E10.5-11.0 wild-type (A, D), dHAND-/-Apaf-1-/- (B, E), and E9.5 dHAND-/-

embryo (C, F) are shown after TUNEL assay (D-F) and counter stained with DAPI (A-
C).  Bright green cells represent cells undergoing apoptosis (TUNEL-positive). lb, limb

bud.
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Figure 5. Histological analysis of dHAND-/-Apaf-1-/- embryos.  Transverse (A-C) and
sagittal (D-F) sections through E10.5-11.0 wild-type (A, D), dHAND-/-Apaf-1-/- (B, E),

and E10.0 dHAND-/- embryo (C, F) are shown.  dHAND-/- animals show absence of the
right ventricle irrespective of Apaf-1 dosage (B,C).  dHAND-/-Apaf-1-/- embryos

however, have better developed pharyngeal arches (arrowheads) with patent arch

arteries (asterisk in E) in comparison to dHAND-/- embryos (F) at E10.0 which show loss
of cells in the arch mesenchyme (arrowheads in F) and dilated aortic sac (as).  a, atrium;

ot, outflow tract; lv, left ventricle; rv, right ventricle; pa, pharyngeal arch; nt, neural
tube.
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dHAND does not prevent apoptosis in differentiated cardiomyocytes in vitro

In order to determine whether dHAND has anti-apoptotic function, we tested its

ability to rescue cell death in primary rat neonatal cardiomyocytes treated with staurosporine,

an inducer of apoptosis via the mitochondrial damage and cytochrome C release pathway.

Primary rat neonatal cardiomyocytes were infected with either empty or dHAND-expressing

adenovirus and treated with staurosporine.  ZVAD-fmk, a caspase inhibitor known to block

staurosporine induced apoptosis was used as control.  TUNEL assay was performed to

determine percentage of cells undergoing apoptosis.  We did not observe any decrease of

staurosporine-induced apoptosis in dHAND-overexpressing cells compared to controls.  This

result suggests that, at least in differentiated cardiomyocytes, dHAND over-expression alone

cannot prevent induced apoptosis, although its role under native conditions in developing

cardiac cells remains unknown.

Discussion

In this study, we found that Bnip3, a pro-apoptotic factor that induces mitochondrial

damage and subsequent caspase activation, is upregulated in dHAND mutant embryos, which

exhibit a cell survival defect.  dHAND-/- embryos have hypolastic ventricles and vascular

defects in the embryo as well as the yolk sac.  These defects could generate a hypoxic

environment in the embryo leading to upregulation of Bnip3.  The partial rescue of the

dHAND mutant phenotype in the Apaf1-null background supports the hypothesis that the

apoptosis observed in dHAND-null embryos occurs in part through non-receptor mediated



58
activation of a caspase pathway.  Our results also suggest that the atresia of pharyngeal arch

arteries might be the primary cause of cardiac failure in dHAND mutants and that the right

ventricular defect is not secondary to obstruction of blood flow from the cardiac outflow

tract.

dHAND-/- embryos exhibit hypoplasia of the right ventricle at E8.5 and pharyngeal

arches at E9.5 due to robust apoptosis (Thomas et al., 1998; Yamagishi et al., 2001).

Electron microscopy and comparative gene expression analysis suggested a mitochondrial

damage induced pathway caused this apoptosis.  Consistent with this, loss of Apaf-1 blocked

apoptosis in the pharyngeal arches and limb bud of dHAND-/- embryos.  Apaf-1 is a cytosolic

protein, which in the presence of ATP and cytochrome C can activate pro-caspase-9, an

initiator caspase leading to activation of other caspases (Li et al., 1997; Zou et al., 1997).

This causes massive proteolysis and DNA fragmentation in the cell, which is ultimately

engulfed by macrophages and cleared.  Although most intracellular apoptotic pathways

require Apaf-1, other signals transduced by death receptor pathways can also result in

apoptosis.   Since loss of Apaf-1 only affected pharyngeal arch and limb bud apoptosis, there

must be Apaf-1 independent mechanisms that regulate cell death in the right ventricle of

dHAND mutants.  These could be through death receptors or may represent a default pathway

secondary to a differentiation defect in the absence of dHAND, although we cannot

distinguish between these alternatives.  It is also possible that cells of the cardiac lineage are

more sensitive to the necrosis-like cell death seen in Apaf-1 deficient embryonic fibroblasts

(Miyazaki et al., 2001) and in limb buds of Apaf-1 deficient mice (Chautan et. al., 1999).
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In the pharyngeal arch of dHAND mtuants, apoptosis of the arch mesenchyme

coupled with loss of VSMC specification causes hypoplasia of the pharyngeal arch artery

(Thomas et al., 1998; Yamagishi et al., 2000).  Although these studies have been performed

in dHAND-/- embryos at E9.5 prior to presence of cardiac distress, there still exists the

possibility that this defect is in some way related to hemodynamic changes caused by the

hypoplastic right ventricle and thin walled left ventricle.  Therefore, the early lethality of the

dHAND-/- embryo has so far been attributed to cardiac failure observed as a result of right

ventricular hypoplasia.  However, it is interesting to note that absence of right ventricle alone

is not enough to cause lethality in utero, since children can be born without a right ventricle.

This suggests that the pharyngeal arch defects might play a causative role in the early

lethality of dHAND-/- embryos.

We have analyzed pharyngeal arches of dHAND-/- embryos with decreased dosage or

absence of Apaf-1 at E10.5-11.0.  At this stage dHAND-/- embryos with normal Apaf-1

dosage are dead, with a complete absence of cells in the pharyngeal arches and severe

pericardial effusion caused by cardiac failure.  Loss of Apaf-1 function however, maintains

the integrity of the pharyngeal arch and the arch artery in dHAND-/- embryos.  The dHAND-/-

Apaf-1-/- embryos do not exhibit pericardial effusion, suggesting that the maintenance of the

arch arteries reduces cardiac stress.  These experiments still do not answer the question of

whether the pharyngeal arch apoptosis seen in dHAND-/- embryos is secondary to the cardiac

defect.  This will require the generation of a cardiac-specific dHAND knock-out.

Distinct enhancers control the cardiac and pharyngeal arch expression of dHAND

(McFadden et al., 2000; Charite et al., 2001).  Deletion of an ET-1 and Dlx6 dependent
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pharyngeal arch enhancer causes craniofacial defects in mice harboring the homozygous

deletion (Yanagisawa et al., 2003).  While levels of apoptosis in the pharyngeal arches were

not analyzed in these animals, the defects observed do not support the presence of massive

apoptosis.  However, these mice continue to express dHAND in the ventral regions of the

pharyngeal arches, leading to the hypothesis that these dHAND-expressing cells could

produce soluble factors that could promote survival of neighboring cells.  These animals also

show normal expression of Msx1, a gene that is implicated in the proper growth and

differentiation of the pharyngeal arches (Satokata and Maas, 1994) and is completely

abolished in dHAND-/- embryos (Thomas et al., 1998).  While identification of these sub-

domains of pharyngeal arch expression of dHAND help elucidate the fate of specific regions

of the arch, a complete loss of dHAND early in pharyngeal arch development will be

required to determine its role in cell survival.
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CHAPTER FOUR

BTF: A Transcriptional Regulator Required for Normal

Progenitor Cell Development in the Lung

Background

Nuclear hormone receptors are a class of ligand activated transcription factors that are

required for numerous physiological events (reviewed in Mangelsdorf et al., 1995).  This

superfamily includes, the retinoid receptors (RARs and RXRs), thyroid hormone receptor

(TR), vitamin D receptor (VDR), peroxisome proliferator activated receptors (PPAR) and

glucocorticoid receptor (GR).  While RXR and GR can homodimerize, RAR, TR, VDR and

PPAR form heterodimers with RXR and then interact with their respective response

elements.  In addition, GR can also control transcription by interaction with other factors in a

DNA-dependent or independent manner (Drouin et al., 1993; Diamond et al., 1990; Jonat et

al., 1990; Schule et al., 1990; Yang et al., 1990).  The nuclear receptors assemble various co-

activators following ligand binding.  One such family of co-activators is the p160 family,

which has histone acetylase (HAT) activity and functions in part by acetylating the histones

and other proteins to change the chromatin structure (Glass and Rosenfeld, 2000).  Another

coactivator complex known as the TR associated protein (TRAP) does not possess HAT

activity, but has the ability to recruit the RNA polymerase II and general transcription factors

(GTFs), leading to transcriptional activation (Fondell et al., 1996). There is also evidence to
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suggest that interaction of ligand-bound receptors with HAT-containing co-activators and

TRAPs might exist in a balance, with the HAT activity on chromatin facilitating the binding

of TRAPs to the receptors and GTFs (Fondell et al., 1999; Yuan et al., 1998).

Further analysis of the TRAP complex showed that one of its subunits, TRAP220,

which has ligand-dependent receptor binding activity, could interact with not only TR, but

also VDR, RARα, RXRα, PPARα, PPARγ and GR (Yuan et al., 1998; Zhu et al., 1997;

Hittelman et al., 1999).  Interestingly, several such co-activator complexes have been

identified in association with other activators, including the VDR-interacting complex

(DRIP) (Rachez et al., 1998; Rachez et al., 1999), E1A interacting complex (human

Mediator) (Boyer et al., 1999) and mouse mediator (Jiang et al., 1998).  While they share

many subunits with the TRAP complex, they also have subunits that are unique to each

particular complex.  The co-activators are related by the presence of subunits homologous to

Mediator, a yeast co-activator complex (reviewed in Malik and Roeder, 2000).  The

evolutionary conservation of nuclear receptors and co-activators suggests an important role

in various cellular processes.

It has long been known that hormones are required for normal development.  In

recent years, targeted deletions of various nuclear hormone receptors and co-activators have

been generated in mice and have underscored the importance of nuclear hormone signaling in

organogenesis (Gruber et al., 1996; Kastner et al., 1997; Mendelsohn et al., 1994; Sucov et

al., 1994; Cole et al., 1995; Ito et al., 2000; Ito et al., 2002). Several nuclear hormone

receptors (RXR, RAR, VDR and GR) and co-activators (CBP/p300, p160) are expressed in

the embryonic lung (Condon et al., 1998; Masuyama et al., 1995; Nguyen et al., 1990;
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Naltner, et al., 2000), suggesting a role in lung development.  In mice, lung development

(reviewed in Cardoso, 2000) begins at E9.5 in the mouse with the out-pouching of the lung

bud from the foregut endoderm.  By E10.5 the lung bud forms two main bronchi.  Between

E10.5-16.5, the pseudoglandular stage, the right bronchus divides to form 4 secondary

bronchi, and the branching continues to form an undifferentiated bronchial tree, which

consists of terminal bronchioles at the distal end.  This branching is an extremely complex

process and requires signaling between the epithelium and the surrounding mesenchyme

(Hogan et al., 1997; Hogan, 1999).  Once the bronchial tree is formed, the cells in the

epithelium begin to differentiate (canalicular stage, E16.5-E17.5) and the architecture of the

lung begins to change. For example, the terminal bronchioles divide into respiratory

bronchioles, which in turn divide into alveolar ducts.  Vascularization and epithelial

differentiation are also initiated at this stage and continue between E17.5 and postnatal day 5

(P5) (saccular stage).

As the lung branches, it develops in a distinct pattern along the proximal-distal axis.

In the distal epithelium, the cells flatten to form two cell types: a) type I pneumocytes that

form close associations with the invading capillaries so as to allow for efficient gas exchange

and b) type II pneumocytes, the cells that secrete surfactant proteins and lipids that are

essential to reduce the surface tension at the alveolar wall to allow adequate inflation of the

lung for efficient respiration.  However, in the proximal airways, i.e, the bronchi and the

bronchioles, epithelial cells differentiate into ciliated cells and the more abundant, non-

ciliated Clara cells.  The differentiation of these varied cell types is dependent on controlled
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temporal and spatial expression of specific genes (reviewed in Warburton et al., 2000;

Cardoso, 2000).

Disruption of the signaling by several nuclear hormone receptors leads to abnormal

lung development.  In case of the RARαRARβ2 double knock-out, the defect observed is an

early one, leading to absence of the left lung, which has only one lobe, and hypoplasia of the

right lung caused by delayed bronchial branching (Mendelsohn et al., 1994).  Deletion of GR,

on the other hand, leads to a defect late in lung development.  GR-/- lungs show impaired

development of type II cells which leads to inefficient fluid removal and abnormal inflation

of the lung (Cole et al., 1995).  The corticotropin-releasing hormone-deficient mice (CRH-/-),

which are glucocorticoid-insufficient, also show abnormal pulmonary development.  The

lungs from these animals show delayed development of type II cells (distal epithelium) and

Clara cells (proximal airway epithelium)  (Muglia et al., 1999).

Clara cells are highly metabolically active cells that are restricted to the epithelium of

the proximal airways.  Clara cells secrete a variety of proteins, of which Clara cell 10 kDa

(CC10) is the most abundant (Hermans and Bernard, 1999).  These cells also secrete

surfactant proteins and the ability of CC10 to bind surfactant proteins suggests a role in

surfactant biology (Singh and Katyal, 1997).  One of the primary functions of Clara cells is

that of progenitor for replacement of itself as well as ciliated cells in response to lung injury

(Brody et al, 1987; Hook et al., 1987).  Recent studies have also suggested a role for CC10

and/or Clara cells in lung homeostasis and regulation of inflammatory response in case of

injury (Stripp et al., 1999).  Although much is known about the potential role of Clara cells,

transcriptional control of Clara cell-fate remains a mystery.  We have identified the mouse
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homolog of human Bcl-2 associated transcription factor (hBtf) (Kasof et al., 1999), mBtf,

which shows similarity to TRAP150, a member of the co-activator complex required for

optimal functioning of TR down-stream of ligand activation.  Btf was expressed in Clara

cells, type I, and type II pneumocytes during development, but interestingly, was restricted to

Clara cells in the adult.  Mice lacking Btf died within the first 24 hours after birth from

respiratory failure.  In the absence of Btf, the lungs were hyperplastic and contained Clara

cells in the distal alveoli.  Clara cells in the proximal airway were also abnormal with

delayed maturation.  These data suggest that btf is required for normal Clara cell maturation

and proper proximal-distal patterning of the developing lung.

Materials and Methods

Identification and cloning of mouse btf

We initially identified mouse btf from a differential display analysis comparing RNAs

from wild-type and dHAND-/- hearts.  We cloned full-length mouse btf by RT-PCR from

E11.0 mouse embryos.  Briefly, RNA was isolated using TRIzol reagent (InvitrogenTM) and

reverse transcribed using a cDNA Synthesis System (GIBCO, catalog# 18267-013).  The

following forward: 5’-ctcaaagacatcactgacttctggatcctg-3’ and reverse: 5’-

aacagggaggcaagttaagagttgtcacag-3’ primers were used to amplify full-length mouse btf with

the ExpandTM Long Template PCR System (Boehringer-Roche Catalog # 1681834).
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Northern blot analysis

Northern analysis was performed on commercially available adult mouse multiple

tissue northern (MTN) blots (Clontech) using 32P-labeled probes.  Mouse btf fragment

corresponding to amino acid (aa)187- aa385 was used as probe.  β-Actin was used to

normalize data.

In situ hybridization

Radioactive in situ hybridization was performed on paraffin embedded sections (Lu et

al., 1998) of wild-type and btf-/- embryos at E18.5 and post-natal day 0 (P0) pups.  35S-labeled

antisense riboprobes were generated with T3, T7 or SP6 RNA polymerase from partial

cDNAs of the following genes:  mouse btf (SP6), rat CC10 (SP6), mouse CEBP-α (SP6),

mouse Gata6 (T3), mouse Hfh4 (T7), mouse Nkx2.1 (SP6), mouse SP-A (T7), mouse SP-B

(T7) and mouse SP-C (T7) using the MAXIscript kit (Ambion Inc., Austin, TX).  The Hfh4,

SP-A, SP-B, and SP-C plasmids were obtained from Dr. Whitsett; CEBP-α from Dr.

Darlington and CC10 from Dr. Hogan.

Gene targeting and genotyping

We obtained mice harboring a LacZ insertion in the 5’UTR of btf from Lexicon

Genetics (Houston, TX).  Mice heterozygous for the insertion were mated and the resulting

pregnancies were terminated at varying time points during gestation and yolk sac DNA used

for genotyping.  Term deliveries were genotyped at P10.  Southern blots of SacI (Roche)

digested genomic DNA were used for genotyping.  A 32P-labeled 500bp genomic fragment
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upstream of the LacZ insertion, obtained by PCR from genomic DNA (forward primer: 5’-

ttgagtggtcctgctttggtaag-3’ and reverse primer: 5’-tttctgggaagtctcgttgcc-3’) was used as probe.

The probe recognized a 6kb fragment from the wild-type allele and a 4.5 kb fragment from

the mutant allele.

RT-PCR

RNA from E18.5 or P0 wild-type or btf-/- lung and liver was extracted using TRIzol

(InvitrogenTM).  2µg of RNA per sample were treated with Amplification Grade DNaseI

(InvitrogenTM).  One half of each DNaseI treated sample was used to generate first-strand

cDNA in the presence of reverse transcriptase (RT) and the other half used without RT.  The

reaction was performed using SuperScriptTM First-Strand Synthesis System for RT-PCR

(Catalog# 11904-018, InvitrogenTM, Life Technologies) as described in the instruction

manual.  RT-PCR to amplify SP-A, SP-B, SP-C , T1α, and PECAM was performed as

described by Roper et al., 2003.  The b t f  (forward primer: 5’-

gatcggaattccgacacagaggagacagaggat-3’, reverse primer: 5’- cccaagcttgggctaagtgcttttgctgg

cctg) and G3PDH (forward primer: 5’-accacagtccatgccatcac-3’, reverse primer: 5’-

tccaccaccctgttgctgta-3’) transcripts were amplified by cycling at 95°C for 45 seconds, 55°C

for 45 seconds, and 72°C for one minute.

Histology

Wild-type and btf-/- embryos and pups were embedded in paraffin after overnight

fixation in 4% paraformaldehyde in PBS at 4°C.  Transverse sections were made through
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lungs of embedded animals at 5µm intervals.  Paraffin was cleared with xylene and select

sections were counter-stained with hematoxylin and eosin.

Immunohistochemistry

Lung tissue from E18.5 or newborn lung was fixed and processed as described above.

Unstained sections were deparaffinized and hydrated using standard methods.  Endogenous

peroxidase was quenched with 3% H2O2 in methanol for 15-20 minutes.  The following

anibodies were used: rabbit anti-human pro-surfactant protein C  (Catalog# AB3786,

Chemicon International) at a dilution of 1:500 (as described in product information sheet),

rabbit anti-mouse CC10 (#R42) was kindly provided by Dr. Jan Ryerse (Ryerse et. al., 2001)

and used at dilution 1:100, rabbit anti-human Ki67 (Catalog# NCL-Ki67p, Vector

Laboratories) at a dilution of 1:1000, and hamster anti-mouse T1-α  (mAb 8.1.1,

Developmental Studies Hybridoma Bank, www.uiowa.edu/~dshbwww/) at a dilution of

1:200.

For Ki67 and T1-α, antigen retrieval was performed by boiling the sections in

Antigen Retrieval Citra Solution (Catalog# HK086-9K, BioGenex, CA) for 10 minutes prior

to quenching endogenous peroxidase.  For Ki67, sections were incubated with primary

antibody overnight at room temperature, whereas for all other antibodies incubation was

performed at 4°C.  After incubating with primary antibody, slides were washed and exposed

to appropriate biotinylated-secondary antibodies (1:200 dilution) for 30 minutes followed by

incubation with streptavidin-horseradish peroxidase (1:500 dilution) for 30 minutes.

Antibody binding was detected using diaminobenzidine (Catalog# S3000, DAB Chromogen
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tablets, DAKO Corporation, CA).  Sections were then either counter-stained with nuclear fast

red (Sigma) or directly dehydrated and mounted using Permount (Fisher Scientific).

LacZ staining

Lungs from wild-type, btf+/-, or btf-/- P0 pups and wild-type or btf+/- adult mice were

dissected and fixed in 2% paraformaldehyde, 0.2% glutaraldehyde/PBS on ice for 60-90 min.

The samples were then washed in PBS and incubated in staining solution (5mM

ferrocyanide, 5mM ferricyanide, 2mM MgCl2, 1mg/ml X-gal dissolved in N’N’-dimethyl

formamide/ PBS) in the dark on a shaker at room temperature for 20 hours.  The tissues were

washed in PBS, fixed in 4% paraformaldehyde overnight at 4°C and embedded in paraffin

and sectioned.  The sections were counter-stained with nuclear fast red (Sigma), dehydrated

and mounted using Permount (Fisher Scientific).

Electron microscopy

1-2 mm portions of lung were fixed in 2% glutaraldehyde and routinely processed for

electron microscopy.  In brief, tissue was dehydrated in graded alcohols, embedded in resin,

sectioned and stained with lead citrate and uranyl acetate.  Ninety nanometer tissue sections

were viewed on a Hitachi 7500 transmission electron microscope (Tokyo, Japan) fitted with a

Advanced Microscopy Techniques digital camera (Danvers, MA).  Measurements of distance

between the apical surface of the type I pneumocyte to the capillary lumen were performed

using Advanced Microscopy Techniques Advantage software (Danvers, MA).
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Lung morphometry

Newborn lungs were inflated with 4% paraformaldehyde under constant pressure via

a tracheal cannula with a 25-gauge luer.  After inflation the trachea was clamped and the

animals fixed in 4% paraformaldehyde overnight at 4°C and embedded in paraffin.  Sections

were cut at 5µm intervals.  Paraffin was cleared with xylene and select sections were

counter-stained with hematoxylin and eosin.  Images of the distal epithelium were captured

using a Zeiss camera Axiocam mounted on a Leica microscope.

Measurment of body weight and blood glucose

Newborn animals were weighed prior to feeding.  Blood glucose of newborn animals

was measured using the OneTouch® FastTake® compact blood glucose monitoring system

(Lifescan, Johnson&Johnson).  Blood was obtained from tails of animals prior to feeding.

Quantification of proliferation

To quantify proliferation, sections from wild-type (n=3) or btf-/- (n=4) animals were

immunostained with Ki67, a marker of proliferation.  We counted approximately 3000 cells

in the distal epithelium per animal from several regions of the lung and approximately 400

cells in the proximal airways per animal.  The proliferating cells are represented as a

percentage of total number of cells counted.
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TUNEL assay

To visualize apoptotic nuclei, sections through btf, btf+/- and btf-/- lung were subjected

to terminal transferase-mediated dUTP-biotin nick end labeling (TUNEL) using the ApopTag

kit (Intergen Company).  Sections were counter-stained with DAPI.

Results

Mouse Btf shows similarity to TRAP150

We identified a gene that was down regulated in the dHAND-/- heart and subsequent

cloning of the full-length gene from an E11.5 whole embryo cDNA library revealed identity

to hbtf (human Bcl-2 associated transcription factor).  We identified a long form (mBtfL) and

a short form (mBtfS) of the gene.  Btfs was missing 49 amino acids in its C-terminus between

residues 796 and 845 similar to hBtf (Kasof et al., 1999).  Sequence alignment revealed that

the gene was highly conserved between mouse and humans, showing 96% identity at the

protein level.  Also, Btf showed 81% similarity (62% identity) between residue 1-162, and

71% similarity (56% identity) between residue 562-917, to TRAP150 (Fig. 1).  TRAP150 is

a member of a complex of factors required for efficient functioning of nuclear hormone

receptors activated by ligands (Ito et al., 1999).
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Radioactive in situ hybridization analysis showed that btf was expressed ubiquitously

during development (data not shown), but became restricted to specific tissues by birth (Fig.

Figure 1.  Sequence alignment of mBtf with hBtf and hTRAP150.  mBtf and hBtf
show 96% identity.  Btf and hTRAP150 show 60% identity between residues 1-162

and residues 562-917.
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2A).  Northern blot analysis on tissues from adult mice revealed the strongest expression in

the heart, liver and testis, with low levels observed in other tissues (Fig. 2B).  Interestingly,

no transcript was observed in the skeletal muscle.

Since btf was isolated in a screen to identity factors dysregulated in dHAND-/- hearts,

we performed radioactive in situ hybridization to confirm the dysregulation.  As shown in

figure 3, btf was down regulated in the heart of dHAND-/- embryo, while Nkx2.5 expression

Figure 2.  Btf expression at postnatal day 0 (P0) and in the adult.  Radioactive in situ
hybridization on sagittal section through a wild-type P0 animals (A).  Btf is expressed in

several tissues.  Northern blot analysis (B) shows high expression of btf in heart, liver

and testis, and low levels in other tissues.  Btf is absent in skeletal muscle.
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was unaffected in a serial section of the same embryo at E9.5, suggesting that the down

regulation of btf in dHAND-/- hearts was not due to poor RNA preservation.

Figure 3.  Btf is specifically downregulated in the dHAND-/- heart.  Serial

transverse sections of E9.25 wild-type (WT) (A-C) and dHAND-/- (D-F) embryos

were examined for expression of btf (B, E) and Nkx2.5 (C, F) by 35S radioactive
in situ hybridization.  Bright field images of the sections are shown in (A) and (D).

Btf expression was decreased in dHAND-/- heart (B) in comparison to WT (E).
Nkx2.5 expression was unchanged (compare C and F).
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Loss of Btf in mice leads to perinatal lethality

The high level of conservation between mouse and human Btf, which is thought to be

a transcription repressor (Kasof et al., 1999), and their similarity to hTRAP150 suggested

that Btf might function in concert with nuclear hormone receptors in embryonic

development.  Mice heterozygous for a LacZ insertion in the 5’UTR of btf (fig. 4B) were

phenotypically normal.  The heterozygous mice were mated, and their offspring genotyped at

postnatal day 10 (P10) (Fig. 4C).

No btf-/- pups were recovered at P10 (Table 1).  Analysis of embryos at embryonic

day (E) 18.5 (data not shown) revealed mendelian ratios of all genotypes, suggesting early

postnatal lethality.

Figure 4.    Btf knock-out and genotyping strategy.  (B) shows position of the LacZ

insert used to disrupt btf.  A 500bp fragment (green bars) 5’ to the insert was used to

probe genomic DNA digested with SacI.  The probe detected the expected 6kb fragment
(A) from the wild-type allele and the 4.5kb fragment (B) from the mutant allele (C).
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No btf mRNA transcripts were detectable in btf-/- animals suggesting that they were

null mutants (Fig. 5).  This was confirmed by radioactive in situ hybridizations performed on

sagittal sections through wild-type and btf-/- animals (Fig. 6).  Examination of newborn

animals revealed that btf-/- pups were born but do not survive more then 24 hours.  Further

analysis showed that 60% of btf-/- pups were smaller than their wild-type littermates

Table1

   Genotype of pups at postnatal day 10 (P10) from btf+/- intercrosses
Genotype btf +/+ +/- -/- Total
P10 Expected 23 47 23 94

Observed 32 61 1*
   *pup died by P14

Figure 5.  Animals homozygous for the mutant allele lack btf transcript.  RT-PCR
on wild-type (WT) and mutant RNA using primers specific for btf revealed absence

of btf transcript in btf-/- animals (KO+RT).  G3PDH expression showed no change.

Samples transcribed without reverse transcriptase (–RT) samples were used to
confirm absence of genomic contamination.
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(1.2±0.02 vs 1.5± 0.1), 40% did not feed and 25% were cyanotic, showed evidence of

respiratory distress and died within the first 10 hours after birth.

Figure 6.  Btf-/- animals do not express btf transcript at postnatal day 0 (P0).  (A) and (B)

represent bright field images of sagittal sections through lungs (L) of wild-type and btf-/-

pups.  Btf expression was examined by 35S radioactive in situ hybridization using a

probe specific to btf.  No expression was observed in btf-/- pups (compare D with C).  a,
atrium; v, ventricle.
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Abnormal lung morphology in btf-/- animals

In order to determine the cause of lethality, we performed a detailed histological

analysis of btf-/- animals.  While we observed no histological defects in the heart, brain, liver

or kidneys of these animals, the lungs of btf-/- animals showed evidence of hyper-cellularity

(Fig. 7).  In order to determine the cause of hyper-cellularity, we performed TUNEL assay or

Ki67 immunostaining to determine changes in cell death or cell proliferation, respectively.

While we did not observe any changes in cell death between wild-type and btf-/- lungs, cell

proliferation was increased 2-fold in the distal epithelium of btf-/- lungs compared with wild-

Figure 7.  Hyper-cellularity in btf-/- lungs.  Transverse sections through wild-type (A,
C) and btf-/- (B, D) lungs were analyzed by hematoxylin and eosin staining.  Btf-/- lungs

showed increased cellularity and decreased alveolar space (a).
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type animals.  A similar analysis on the proximal airways revealed an almost 3-fold increase

in proliferation in the btf-/- lungs over wild-type (Fig. 8).

We also analyzed blood glucose levels in wild-type and btf-/- animals to determine

whether hypoglycemia contributed to the observed lethality.  Mutant animals did not show

any change in blood glucose levels at birth or 12 hours after birth, suggesting normal glucose

metabolism in the mutants.

Figure 8.  Increased proliferation in btf-null lungs. (A), (B), (D) and (E) represent

Ki67 immunostaining on sections through distal (A, B) and proximal epithelia (D,

E) of wild-type (A, D) and btf-/- (B, E) lungs.  Lungs of animals lacking btf showed
increased proliferation in both proximal and distal epithelia, as seen by increased

Ki67 labeling (brown staining, arrows in A, B and E).  Percentage of Ki67 positive
cells was determined by counting approximately 3000 cells in the distal airway

and 400 cells in the proximal airway of both wild-type (n=3) and btf-/- (n=4) lungs.

(C) and (F) show graphical representation of the increased proliferation in distal
and proximal epithelia respectively.



85

Btf is expressed in various cell types in the newborn lung but is restricted to Clara cells

of the proximal airways in the adult

In order to better understand the defects observed in the btf-/- lung, we used btf+/- pups

to study the expression pattern of btf in the lung in greater detail.  The LacZ insertion in the

btf gene recapitulated the expression pattern observed by radioactive in situ hybridization.

Our analysis revealed that at P0, btf was expressed in both the proximal airways and the

distal epithelium.  In the proximal airways, expression was seen in the non-ciliated Clara

cells (Fig. 9A), which were identified based on morphology (cells with clear cytoplasm),

while in the distal epithelium, expression was seen in a subset of cells lining the alveoli (fig.

9B).  In order to determine the identity of the LacZ expressing cells in the distal epithelium,

we performed immunohistochemistry on LacZ stained sections using antibody against T1-α

(fig. 9C), a marker of type I pneumocytes and pro-surfactant protein-C (proSP-C), a marker

of typeII pneumocytes (Fig. 9D).  This analysis revealed that btf was expressed in both typeI

and typeII pneumocytes.  Interestingly, in the adult lung, btf expression, as assessed by LacZ

staining, was restricted to the Clara cells in the proximal airways only (Fig. 10).
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Figure 9.  Btf is expressed in Clara cells, typeI and typeII pneumocytes at postnatal
day 0 (P0).  (A) and (B) represent sections through LacZ stained lung of btf+/- animals

(P0).  In the proximal epithelium (A), LacZ staining is seen in the Clara cell (arrows in
A), while in the distal epithelium, staining is seen in a subset of cells lining the alveoli

(arrows).  Immunostaining for T1α and proSP-C, markers of type I and type II

pneumocytes (brown staining in C and D), respectively, showed presence of LacZ

staining in both type I (arrows in C) and type II (arrows in D) pneumocytes.  a,
alveolus; pa, proximal airway.
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Normal surfactant protein expression and type I and type II pneumocyte morphology

in btf-/- lungs

Cell specific expression of btf in distal lung epithelium combined with the respiratory

distress observed in btf-/- pups suggested a defect in lung epithelium in btf-/- animals.  We

analyzed expression of surfactant proteins A, B and C by RT-PCR in lungs of E18.5 and P0

Figure 10.  Btf is expressed exclusively in the proximal airway in the adult.  Lungs from

adult wild-type (A, C) and btf+/- (B, D) animals were stained to detect LacZ expression.
In btf+/- animals, LacZ staining is seen only in the epithelium lining the proximal

airways (pa) and is absent in the distal epithelium.
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wild-type and btf-/- animals.  G3PDH was used as control.  We observed no change in

surfactant protein expression between wild-type and mutant lung (data not shown).

Ultrastructure analysis of btf-/- lungs at P0 and E18.5 by electron microscopy revealed the

Figure 11.  Normal lamellar body ultrastructure in btf-null lungs.  Wild-type and btf-/-

lungs were analyzed by transmission electron microscopy.  Btf-null animals showed

presence of lamellar bodies (arrows in And B) and multivesicular bodies (arrowheads in

A and B) in type II pneumocytes similar to wild-type.  Analysis of secretions in the
alveoli revealed normal secretion of lamellar bodies (red arrows) in btf-/- lungs

(compare D with C).
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presence of type II pneumocytes with lamellar bodies.  We also observed lamellar bodies in

the alveolar space suggesting normal secretion of surfactant proteins into the alveolar space

(Fig. 11).  The expression of T1α, a marker of type I cells, was unchanged in the mutant

lung.  In addition, analysis of type I pneumocytes showed similar numbers in wild-type and

btf-/- lungs.  Measurment of the distance between the apical surface of the type I cell to the

lumen of the underlying capillary did not reveal any differences between wild-type and btf-/-

animals.  Together, these results suggested that type I, and type II cell differentiation were

not affected in the absence of Btf.  Finally, we also tested PECAM expression by RT-PCR to

determine any change in vascularization.  Again, our results revealed no difference between

wild-type and mutants (data not shown).

Abnormal Clara cell morphology in btf-/- pups

Restricted expression of btf in Clara cells of the adult lung suggested a role for it in

development of this cell type.  We therefore studied the ultrastructure of Clara cells in the

proximal airways of wild-type and btf-/- pups by transmission electron microscopy.  We

observed that Clara cells in btf-/- animals had an irregular and disorganized arrangement along

the basal membrane in contrast to the uniform monolayer in the wild-type (Fig. 12A, B).

Also, in the btf-/- lung a large number of Clara cells had apical nuclei and showed a decrease

in the number of vesicles, which was characteristic of primitive Clara cells (Fig 12C, D).
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Figure 12.  Loss of btf leads to delayed Clara cell development.  Transmission electron
microscopy on proximal airways in wild-type (A, C) and btf-/- (B, D) lungs showed

irregular arrangement of Clara cells (arrowheads in B) along the basement membrane in
btf-/- lungs.  Btf-null lungs also lacked secretory granules that are normaly present near

the apical surface of Clara cells (arrows in A).  (C) and (D) represent images of a single

Clara cell in wild-type and btf mutants respectively.  Clara cells lacking btf (D) showed
apical nuclei (N) and absence of secretory vesicles (v, compare D with C), which are

characteristic of immature Clara cells.  m, mitochondria. *, ciliated cell
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Ectopic CC-10 expression in btf-/- lungs and presence of Clara-like cells in the alveolar

walls

Clara cells are normally restricted to the proximal airway epithelium.  Because Clara

cells retain some progenitor cell characteristics, and the hyper-proliferative activity of btf-/-

epithelial cells, we used a Clara cell marker, CC10, to determine if there might be a defect in

patterning of Clara cells in the absence of btf.  While we did not observe any change in the

level of CC10 expression in the proximal airways of btf-/- lungs, we found ectopic expression

of CC10 mRNA in the distal epithelium of the mutant lung (Fig. 13).  This was confirmed by

immunohistochemistry on P0 wild-type and btf-/- lung sections using an antibody against

CC10 (Dr. Ryerse, St. Louis Univ.)(Fig. 14).  Detailed ultrastructural analysis on distal

epithelia revealed the presence of excessive glycogen containing cells.  While some of these

cells contained lamellar bodies characteristic of type II pneumocytes, other lacked lamellar

bodies, showed absence of processes that are characteristic of type II cells and morphologic

similarity to Clara cells (asterisk in Fig. 14D).  The presence of Clara cells in the distal

epithelium has never been reported and was not observed in any of our wild-type lungs.  This

suggested that loss of btf in the distal epithelium leads to abnormal specification of Clara

cells in the distal epithelium.
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Figure 13.  Ectopic CC10 expression in lungs of btf-null animals.  (A) and (B) are
bright field images (10x) of sagittal sections through wild-type (A) and btf-/- (B) lungs.

CC10 expression was examined by 35S radioactive in situ hybridization.  CC10

expression in proximal airways (pa) was unchanged (compare C and D).  However, btf-/-

lungs showed ectopic CC10 expression in the distal epithelium (arrowheads in D).  (E-

H) represent higher magnification images (40x) of sections in (A-D) respectively.
CC10 expression is seen in alveolar wall (arrows in H), which is absent in wild-type

lungs (G). a, alveolus; pa, proximal airway.
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Figure 14.  Btf-null lungs have Clara-like cells in the distal epithelium.  (A) and (B)

represent sections through wild-type and btf-/- lungs stained for CC10 expression
(brown staining).  Loss of btf resulted in ectopic presence of CC10 expressing cells

(arrowheads in B) in the distal epithelium.  Transmission electron microscopy showed

increased glycogen containing cells in btf-/- lungs (D).  Some of these cells were
identified as typeII cell (t2) due to presence of lamellar bodies (arrows in D), however,

some glycogenated cells lacked lamellar bodies and processes (arrowheads in C and
D) at the apical surface characteristic of typeII cells, showing similarity to Clara cells
(asterisk in D).
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Discussion

We have found that in vivo deletion of mBtf, an evolutionary conserved molecule

similar to hTRAP150, causes early neonatal lethality.  Loss of btf retards Clara cell

development, and disrupts the tightly controlled proximal-distal epithelial cell patterning.

Mice lacking btf show ectopic expression of CC-10 in the cells of the alveoli.  Lungs of btf-/-

mice are hyper-cellular due to increased proliferation in the proximal and distal epithelium,

possibly due to defects in maturation and patterning of the progenitor pool of Clara cells.

Also, the immaturity of the Clara cells in the proximal epithelium and ectopic presence of

Clara cells in the distal epithelium may affect the composition of the fluid lining the airways.

The increased cellularity coupled with the altered fluid composition could potentially result

in inefficient respiration leading to respiratory distress and eventually death of the animals.

Clara cells are secretory cells, which function as progenitors with ability for self-

renewal as well as differentiation into ciliated cells, and are exclusively present in the

epithelial lining of the bronchi and bronchioles, i.e the proximal airways (Singh and Katyal,

1997).  Clara cell differentiation begins at the end of the pseudoglandular stage (E16.5) and

one of the first markers of Clara cell differentiation is CC10 (also known as CCSP or

uteroglobin).  Initially Clara cells are heavily glycogenated and do not contain any secretory

granules, however by E17.5 these granules can be observed in the apical region of the cell

(Ten Have-Opbroek and De Vries, 1993).  CC10 is a secretory protein, which comprises the

majority of protein secreted by Clara cells and is required for normal development of the

secretory apparatus in these cells as shown by deletion of CC10 in mice (Stripp et al., 2000).

Mice lacking CC10 survive to adulthood and show a complete absence of secretory granules
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in the Clara cells.  CC10 deficiency also changes the composition of the airway lining fluid,

and increases the susceptibility of the animal to pollutants and microorganisms (Stripp et al.,

2000, 2002).

While the regulation of Clara cells is poorly understood, there is some evidence that it

might involve glucocorticoid signaling (GR).  Corticotropin-releasing hormone (CRH)

knock-out animals, which are glucocorticoid insufficient, die at birth due to respiratory

failure, which is caused by undifferentiated distal epithelia.  Analysis of the proximal airway

revealed that Clara cells were undifferentiated, indicated by lack of CC10 expression (Muglia

et al., 1999).  The phenotype in the btf-/- mutant differs from the CRH-/- animal in that the

Clara cells present an immature morphology irrespective of maintenance of CC10

expression, suggesting that CC10 expression alone is not indicative of normal Clara cell

differentiation.  However, it is possible that the CRH-/- lungs also have Clara-like cells in the

alveolar walls, which cannot be detected by immunohistochemical methods due to its role in

controlling CC10 expression.  We believe that we have identified a transcriptional regulator

that is involved in Clara cell maturation and analysis of genes downstream of btf could shed

light on the secretory function of Clara cells, leading to perhaps a better understanding of

Clara cell function in maintaining efficient lung function.

The strict control of proximal-distal patterning is an important aspect of lung

development.  The epithelial cells in the proximal and distal airways have very different

functions and are therefore morphologically distinct.  This distinction is brought about by

restricted expression of differentiation-inducing genes in specific regions of the lung

(reviewed in Cardoso, 2000).  For example HFH4, a forkhead transcription factor, is
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expressed in the cells that will ultimately form the ciliated cells in the distal epithelium.

Both, misexpression and targeted deletion of HFH4 support a role for it in specification,

differentiation or maintenance of the ciliated cell type (Blatt et al., 1999; Tichelaar et al,

1999).  Similarly, targeted deletion of T1α, a gene specifically expressed in the type I

pneumocyte (Dobbs et al., 1988), leads to absence of type I cells (Ramirez et al., 2003).

However, it is interesting to note that while loss of cell specific factors leads to absence of

that cell type, it usually does not lead to a switch in cell fate.  The btf mutant is interesting in

this respect, because its absence in the distal epithelium leads to ectopic presence of CC10

expressing cells.  Detailed ultrastructural analysis has shown that animals lacking btf have

Clara-like cells in the distal epithelium, suggesting a role for btf in normally suppressing

proximal cell fates in the distal epithelia of the lung.  Furthermore, Clara cells are thought to

be the progenitor cells in the epithelium of the proximal airway.  The increased proliferation

in the distal epithelium of the btf-/- lungs might therefore be a result of misplacement of Clara

cells in the distal epithelium.

Our studies have identified a transcriptional regulator with a dual role in lung

development.  While on one hand, Btf is required for maturation of Clara cells in the

proximal airway, it also plays a role in controlling the proximal-distal patterning of the lung

epithelium.
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CHAPTER 5

CONCLUSIONS

dHAND is a basic helix-loop-helix transcription factor that is required for various

developmental processes in the embryo.  Loss of dHAND leads to hypoplasia of the right

ventricle, the pharyngeal arches and embryonic lethality at E10.0.  The hypoplasia

observed is a result of increased apoptosis.  We performed a differential display analysis

on RNA from hearts of E9.5 wild-type and dHAND-/- embryos in an effort to identify

genes that were dysregulated in the dHAND-/- embryos.  This thesis represents work on

two of the genes identified through the screen.

Mechanism of apotosis in dHAND-/- embryos

Bnip3, a hypoxia inducible, pro-apoptotic molecule that can induce mitochondrial

damage, was upregulated in dHAND-/- hearts.  This suggested that hypoxia resulting from

poor cardiac function in dHAND mutants might lead to mitochondrial damage mediated

by Bnip3 leading to increased apoptosis.  In order to test this hypothesis, we chose to

determine whether loss of Apaf-1 a key mediator of mitochondrial-induced apoptosis had

any effect on the apoptosis observed.  Loss of Apaf-1 led to a partial rescue of the

dHAND-/- phenotype.  dHAND-/-Apaf-1-/- animals showed decreased apoptosis in the

pharyngeal arches and limb buds and had well-developed pharyngeal arches and arch

arteries.  However, the cardiac phenotype was unchanged in dHAND-/-Apaf-1-/- animals

suggesting an Apaf-1 independent mechanism in the cardiac apoptosis or perhaps an
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increased sensitivity of cardiac tissue to necrosis-like cell death in the absence of Apaf-1.

These data showed that hypoplasia of the pharyngeal arches and arch arteries contribute

to the early lethality observed in the dHAND-/- embryos.  However, our results do not

answer the question whether the pharyngeal arch phenotype is a primary defect resulting

from the loss of dHAND or is secondary to the cardiac defect.

Mice lacking the pharyngeal arch enhancer of dHAND have been generated and

show craniofacial defects, which is not consistent with massive apoptosis.  However,

dHAND expression is not completely abolished in these animals suggesting that the cells

expressing dHAND could secrete factors to promote survival of the neighboring cells.

Analysis of pharyngeal arch-specific and cardiac-specific dHAND knock-out will help us

better understand the relation between the observed cardiac and pharyngeal arch

phenotypes.

Role of btf in embryonic and postnatal development

The mouse ortholog of human Btf (Bcl2 associated transcription factor)

represented 10% of the clones isolated from the differential display analysis.  hBtf is a

nuclear localized pro-apoptotic factor with transcription repressor activity.  Btf showed

similarity in its N- and C-termini to thyroid hormone receptor associated protein 150

(TRAP150).  TRAPs are a family of transcription co-activators, which are required for

activation of genes downstream of nuclear receptor activation.  One such family of ligand

dependent nuclear receptors is the retinoid receptor family, which consists of the RAR

and RXR subfamilies each with three members-α, β, and γ.  Several of these genes are

required for normal cardiac development.  In addition, TRAP220, another member of the



106

co-activator complex is required for normal cardiac and embryonic development.  This

suggested that Btf might be another member of a co-activator complex with a role in

cardiac and embryonic development.  Btf was expressed ubiquitously during

development, but was restricted to specific tissues at birth.

Mice lacking btf died within 24 hours after birth and showed signs of respiratory

failure.  We concentrated our efforts on determining the cause of lethality, and performed

a histological analysis of btf-/- pups at postnatal day 0 (P0).  The brain, heart, liver and

kidneys showed normal histology, however, the lungs of btf-/- animals were abnormal.

The lungs of btf-/- animals were hyper-cellular and hyper-proliferative.  In addition, Clara

cells, highly metabolic, secretory cells in the bronchioles of the lung, were poorly

developed with decreased secretory granules.  We also saw ectopic presence of Clara

cells in the alveolar walls suggesting a disruption of proximal-distal patterning in the

lung.  We hypothesize that the hyper-cellularity combined with abnormal airway lining

fluid due to abnormal development and specification of Clara cells could lead to the

respiratory distress and eventually death of the animals.  Analysis of the composition of

broncho-alveolar lavage obtained from wild-type and btf-/- lungs will be required to

confirm this hypothesis.

During lung development, the epithelia of the bronchioles (proximal airway) and

the alveolar walls (distal epithelium) undergo distinct differentiation programs.  Bmp4

has been implicated in controlling this process, and studies blocking Bmp4 signaling

have shown that decreased Bmp4 signaling leads to the formation of bronchioles in the

distal epithelium of the lung.  The bronchioles are lined by predominantly two cell types

the ciliated cells, and the non-ciliated Clara cells, and blocking Bmp4 expression in the
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distal airway causes ectopic presence of both these cell types.  Our results show that btf

has a role in specifically suppressing Clara cells in the distal epithelium.  It would

therefore be interesting to determine whether Bmp4 signaling can control btf expression

and the effect of misregulation of Bmp4 on btf expression.

Loss of btf leads to ectopic CC10 expression and Clara-like cells in the alveolar

walls.  Btf could function by either directly controlling CC10 expression or might be

involved in determining Clara cell-fate, with the ectopic CC10 expression being a result

of this mis-specification.  Our ultrastructure analysis and absence of any change in CC10

expression in the proximal airways supports the latter hypothesis, but it is possible that

this function of btf requires other factors that are present only in cells of the distal

epithelium.  This can be addressed by determining the effect of overexpression of btf in

the proximal epithelium, also by in vitro studies on the effect of btf on CC10 expression

in lung epithelial cells.  Since btf is expressed in both type I and type II cells in the distal

airways, this ectopic presence of Clara-like cells could be due to trans-differentiation of

either cell type.  Analysis of loss of btf in transgenic lines that specifically express GFP

under the control of either a type I or type II cell specific gene would help determine the

origin of these Clara-like cells.

Our analysis of lung markers was limited to proteins that are expressed in specific

cell types.  However, lipids are an important component of surfactant and we did not test

for changes in lipid content in btf-/- lungs.  The normal architecture of lamellar bodies in

type II cells and in the alveolar spaces argues against there being any dramatic change in

lipid content.  However, our analyses have shown that btf-null animals have several lung
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defects and it is possible that several subtle changes can contribute to the observed

lethality.

In addition to the lung defects, we observed that 40% of btf-/- animals did not feed.

It is possible that the decreased feeding is a result of the lung abnormality since it is

conceivable that inefficient respiration can affect normal feeding behavior.  However, btf

is expressed in the cerebellum and therefore it is also possible that loss of btf affects

coordination, which might affect feeding.

A majority of btf-/- animals are smaller than their wild-type littermates, but this

phenotype cannot be explained by decreased feeding since this decreased size is also

evident in utero.  In addition to being expressed in the cerebellum, btf is also expressed in

the pituitary gland.  Given the role of the pituitary in hormone regulation, it is possible

that loss of btf in the pituitary affects secretion of growth hormone, which could lead to

the observed decrease in size.  Interestingly, we observed variability in all the phenotypes

observed, including survival of btf-/- animals.  All btf mutant animals died, however we

found one animal that had survived to postnatal day 10 (P10).  Our analyses concentrate

on lung defects seen within the first 24 hours after birth, however it would be interesting

to determine the number of animals that survive longer than one day.  Identification of

defects leading to lethality in these animals would lead to a better understanding of the

role of btf in early postnatal development.
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