e Company of
© 2016. Published by The Company of Biologists Ltd | Development (2016) 143, 4755 doi:10.1242/dev.146209 BlOlOngtS

CORRECTION

Correction: Mice humanised for the EGF receptor display
hypomorphic phenotypes in skin, bone and heart

Maria Sibilia, Bettina Wagner, Astrid Hoebertz, Candace Elliott, Silvia Marino, Wolfram Jochum and
Erwin F. Wagner

There was an error published in Development 130, 4515-4525.

In Fig. 6, owing to an error in figure assembly during preparation of the proofs, the incorrect image (a duplication of panel D) was displayed
in panel G. The corrected figure appears below.

We apologise to the authors and readers for this mistake.
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Summary

Mice lacking the epidermal growth factor receptor (EGFR)  that is also present in Egfr~ mice and has not been
develop epithelial defects and a neurodegenerative disease previously described. The severity of the phenotypes
and die within the first month of birth. By employing a  correlates with the expression levels of the hEGFRallele,
conditional knock-in approach using the human EGFR which is not efficiently expressed in epithelial and bone
cDNA mice humanised for EGFR (hEGFKVKI) were cells, but is expressed at similar and even higher levels as
generated. Homozygous hEGFR/XI mice are viable and the endogenous Egfrin brain and heart. These results
live up to six months. However, these mice are growth demonstrate that mice humanised for EGFR display tissue-
retarded and show skin and hair defects similar t&Egfr~  specific hypomorphic phenotypes and describe a novel
mutants. Interestingly, the neurodegeneration is fully function for EGFR in bone development.

rescued in hEGFRKI mice, however, they develop a severe

heart hypertrophy with semilunar valve abnormalities.

Moreover, hEGFRK/KI  mice display accelerated Key words: Bone, Hair growth, Heart hypertrophy, Humanised
chondrocyte and osteoblast differentiation, a phenotype EGFRknock-in mice, Skin

Introduction et al., 1997). Inactivation of thEgfr in mice reveals that

The epidermal growth factor receptor (EGFR/Erbb1) belongg'utant mice die at midgestation (129/Sv), birth (C57BL/6) or
to a family of structurally related tyrosine kinase receptorsc@n live up to postnatal day 20 (MF1, C3H and CDI1)
including Erbb2/neu, Erbb3 and Erbb4, which upon ligand€Pending on their genetic background. They exhibit epithelial
binding can form homo- and heterodimers (Olayioye et al@nd neural phenotypes as well as craniofacial malformations
2000; Schlessinger, 2000; Yarden and Sliwkowski, 2001)(M|ett|nen et al., 1995; Miettinen et al., 1999; Sibilia and
Several growth factors such as epidermal growth factor (EGFYYagner, 1995; Threadgill et al., 1995). Death in utero results
transforming growth factor gTGFa), amphiregulin, heparin- from a placental defect, as the embryonic lethality can be
binding EGF (HB-EGF), fellulin and epiregulin can bind the rescued by generating aggregation chimeras bet&gér’~
EGFR and induce receptor dimerisation. Subsequent activati@fd tetraploid wild-type embryos, the latter contributing
of the intrinsic tyrosine kinase induces complex downstrearfiXclusively to extra-embryonic tissues (Sibilia et al., 1998).
signalling pathways, which can instruct cells either tolndependent of the genetic background, surviéigé—/-mice
proliferate, differentiate and/or survive. Little is known aboutdevelop a progressive neurodegeneration in the olfactory bulbs
how these cellular responses are regulated in different cénd frontal cortex, which is characterised by massive apoptotic
types in vivo (Olayioye et al., 2000; Yarden and Sliwkowski,cell death affecting both neurones and astrocytes (Kornblum et
2001). al., 1998; Sibilia et al., 1998). Ectopic neurones are always
Most of the current knowledge about the function of thedetected in the white matter of the hippocampus, suggesting
EGFR and its family members during normal developmenthat EGFR signalling might be important for neuronal
derives from the analysis of mutant mice. Mice lackingh2,  migration (Sibilia et al., 1998). The lack of EGFR does not
Erbb3 and Erbb4 die at midgestation, because of cardiacseem to affect the self-renewing potential of neural progenitors
dysfunction associated with lack of ventricular trabeculationin response to FGF (Tropepe et al., 1999). However, EGFR is
and display abnormal development of the peripheral nervousucial for astrocyte development, as cerebral cortices from
system (Gassmann et al., 1995; Lee et al., 1995; RiethmacHegfr’~ mice contain lower numbers of astrocytes, which
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display a severe proliferation defect in vitro (Kornblum et al. humanised EGFR mice (hEGFK!' mice) to study the
1998; Sibilia et al., 1998). Therefore, the EGFR is mostunctional homologies between the mouse and human EGFR in
probably required for the proliferation/differentiation of a conditional way. In addition, the phenotypic consequences of
astrocytes and for preserving brain integrity after birth. knocking-in well characterised human EGFR mutants can also
In addition to the neural defectSgfr’- mice also display be addressed. HomozygousEGFRYKI mice are growth
several abnormalities in epithelial tissues. They are born withetarded but can survive for up to 6 months after birth. However,
open eyes and show impaired epidermal as well as hair follickaey display skin and hair growth defects similar to surviving
differentiation and fail to develop a hairy coat most likelyEgfr’= mice. Interestingly, the neurodegeneration is fully
because EGFR signalling is necessary for maintenance of ha@scued, although hEGEE! mice develop a severe heart
follicle integrity (Miettinen et al., 1995; Sibilia and Wagner, hypertrophy  with  abnormalities in semilunar valve
1995; Threadqgill et al., 1995). Howevé&ygfr’— mice do not development. Accelerated chondrocyte and osteoblast
survive beyond the termination of the first hair cycle anddifferentiation are detected in both hEGHR and Egfr-
therefore, a careful analysis of EGFR function during skin andhice, suggesting that EGFR signalling negatively regulates
hair follicle development could not be performed. Graftingbone cell differentiation. The severity of the phenotypes
experiments of Egff- skin explants on athymic nude mice correlates with the expression levels of HEGFR! allele in
suggest that Egft follicles cannot proceed from the anagenvarious tissues. In bone cells and epithelial tissues the
to telogen phase of the hair cycle (Hansen et al., 1997). Thesgpression of the hEGFERallele is severely reduced, whereas
alterations eventually lead to necrosis and disappearance of tihe hEGFR! allele is expressed at similar levels as the
follicles, accompanied by strong infiltration of the skin withendogenous mouse gene in the brain thereby rescuing the
inflammatory cells (Hansen et al., 1997). A similar but moreneurodegeneration. Moreover, higher levels of expression of the
severe skin and hair phenotype could be detected in transgehiEGFR! allele are detected in the heart and are likely
mice expressing a dominant negative (Egfr (CD533) from  responsible for the development of the heart hypertrophy. These
the keratin 5 (K5) promoter (Murillas et al., 1995). Howeverresults demonstrate that mice humanised for EGFR display
in these mice it could not be excluded that other Erbb receptotissue-specific hypomorphic phenotypes thereby uncovering
were also inhibited by the DN EGFR, thereby exacerbating theovel functions of the EGFR in bone and heart development.
skin defects. Milder phenotypes characterised by a ‘wavy’ coat
and curly whiskers are observed in mice deficient for the gene )
encoding TGFaand in mice homozygous for the hypomorphic Materials and methods
Egfr allele waved 2 (wa2), which carry a point mutation in thegeneration of targeting construct and ~ hEGFRK/KI mice

kinase domain of the EGFR resulting in a drastically reduceg, generate the EGFR knock-in vector the pGNA-based knock-out
kinase activity (Fowler et al., 1995; Luetteke et al., 1994yector described previously (Sibilia and Wagner, 1995) was modified
Luetteke et al., 1993; Mann et al., 1993). as follows. The lacZiene was removed and replaced by a multiple
Numerous studies have documented alterations in EGF&oning site. A loxP-flanked humaBGFR (hEGFR) cDNA was
signalling pathways in the development of human neoplasnisserted into the multiple cloning site and the vector was linearised
(Olayioye et al., 2000; Yarden, 2001). Amplifications,With Xbal before electroporation into feeder-dependent GS-1 ES cells.
shown to occur at high frequency in human squamous C%\aly&s was performed as previously described (Sibilia and Wagner,

; ; ; . 995). Two correctly targeted ES cell clones were injected into
carcinomas and glioblastomas (Olayioye et al., 2000; Yarde 57BL/6 blastocysts and germline male chimeric mice were obtained

2001). The_flrst In vivo evidence for a direct involvement Ofwith both clones. Chimeras were mated to 129/Sv and/or C57BL/6
the EGFR in epithelial tumour development stems from thgmajes to obtain hEGR#* mice of inbred 129/Sv and mixed 129/Sv
analysis of transgenic mice expressing an activated form of thecs7B1/6 background, which were used for further breeding and
Ras activator son of sevenless (Sos) from the K5 promotgeneration of hEGPRK' mice. Genotyping of the mice was
(Sibilia et al., 2000). AIK5-Sostransgenic mice develop skin performed by PCR as previously described (Sibilia and Wagner,
tumours only in the presence of a functional EGRR-Sos  1995).

transgenic skin papillomas in a EGFR mutant backgroun%istology

show increased apoptosis and are more differentiat ice were sacrificed and tissues were fixed in 4% PBS-buffered

indiqating thgt §i_gnal!ing thfoqgh the .EGFR enhancgs_ .thf'ormaldehyde and embedded in paraffin wax. Sectiona(bwere
survival and inhibits differentiation of epidermal cells (Sibilia gyt and~ stained with Haematoxylin and Eosin  (Sigma

et al., 2000). This is supported by the fact tgfr is most  |mmunochemicals)  according to  standard  procedures.
strongly expressed in the proliferating compartments of th@nmunohistochemical staining for Ki67 (Novocastra, NCL-Ki67p,
basal layer of the epidermis and in the outer root sheath of the1000) was performed using the ABC staining kit (Vector
hair follicles, and the number of receptors decreases dasboratories) according to the manufacturer's recommendations. For
keratinocytes enter the pathway of terminal differentiation anélistomorphometric analysis, Haematoxylin and Eosin stained cross-

migrate to the suprabasal layers of the epidermis (Peus et &€ctions of hearts from 2.5- to 3.5-month-bEGFRYX! mice (n=4)
1997; Sibilia and Wagner, 1995: Stoll et al., 2001). and age-matched controls (n=4) were evaluated using an Axioskop
Thé function of the E,GFR in adult mi’Ce could not bemicroscope (Carl Zeiss, Oberkochen, Germany) with integrated

addressed because of the early postnatal lethality of EGFgéOerehnodr}liﬁgﬁy di\a'tce caarléliori?/%z?tzgmﬂviggondet-tle-rhn?inesollzei n Ofth e
deficient mice. Here, we employed a knock-in strategy tQnendocardial layers of the left ventricle.

generate mice in which the endogenous méiggeis replaced

by a human EGFRcDNA that is flanked by loxP sites RNAse protection assay

(hEGFR! allele). This approach enables the generation ofotal RNA was extracted and purified from various organs using
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TRIzol reagents (Gibco) and subjected to RN A Genomic EGFR locus
protection analysis as previously described (Fleischi

et al., 2000). For the generation of the EGFR ribop X N BX N
the region encompassing thé eéhd of the Egfrmouse i
promoter, the loxP site and thé énd of the hEGF o ¥

cDNA were cloned into SP64 plasmid, linearised

transcribed in vitro using the in vitro translation Kit fr EGFR Kok vecisr

Stratagene. .
Western blot analysis and in vitro EGFR L L e i i
estern blo anaySIS and in vitro — - WEGFRCDNA [ RSV-neo | [ HSV-tk |
autophosphorylation assay ' 'G ' o
AT pA

Protein lysates were prepared from various tis:
cleared by centrifugation and either processed for we

; . ] Y Ki
blot analysis or subjected to immunoprecipita Targeted hEGFR™ locus

employing the rabbit anti EGFR antibody #1001 (S X N Lo N LoxP BX N X
Cruz) as previously described (Sibilia et al., 2000; Si — q HEGFRCDNA || - RSV-nen | —
and Wagner, 1995). Immunoprecipitated EC( o m—probe
complexes were resuspended in [HOHNTG (20 mM ATe o > <

HEPES pH 7.5, 150 mM NacCl, 0.1% Triton X-100, 1

Glycerol) containing 0.4pl y32PdATP (10 puC/ul,

Amersham) and incubated for 15 minutes on ice. Ki

reactions were stopped and protein complexes sep B

on 10% SDS-PAGE. Gels were dried at 80°C u

vacuum and exposed to X-ray films (Amersham). We -
blot analysis was performed with the anti EGFR antil EGFR -
#06-129 (Upstate, 1:1000).

Astrocyte cultures

Primary astrocyte cultures were prepared from brai
newborn mice as previously described (Sibilia et
1998). Cells were plated in DMEM/F12 (1:1, GIBC
culture medium containing 10% foetal calf serum (P c
and after reaching confluency passaged at a 1:3 split
Before replating, viable cell numbers were determ
using a Neubauer-type haemocytometer with Trypan
staining (Sigma). The primary cultures consisted of >
GFAP- (Sigma) positive astrocytes.

D -

35 _ M Control
30 - KK
25 -
20 4 W
15
10 -
54
0 - . -
Osteoblast culture 2w 1m 3m 4m 6m Tm
Primary osteoblasts were isolated from calvaria KI/KI control age
neonatal hEGFR/KI - Egfr/~ and wild-type mice
Calvariae were sequentially digested for 10 minutt  Fig. 1. Generation of hEGPRX! mice. (A) Schematic representation of the
37°C in MEM (GIBCO) containing 0.1% collagene  targeting strategy employed to insert a floxed human EGMR (hEGFR) into
and 0.2% dispase (Roche). Cells isolated in fraction ~ the mouse Egfiocus. The full-length hEGFBxpression cassette (grey box)
were combined as an osteoblastic cell popule contains its own ATG and polyA (pA) site and is flanked by loxP sites (grey
expanded twice for 2-3 days itMEM with 10% foeta  triangles). After homologous recombination, HEGFRcDNA will be inserted
calf serum (PAA), and either replated itMEM for into the first exon of the mouse Egfne (black box) and placed under the
proliferation assays (?@ells/well in a 6-well plate), or control of the endogenous mousgfr promoter. This correctly targeted allele
a-MEM supplemented with 5 mM-flycerolphosphar  will be referred to as the hEGHR&®ock-in allele (REGFR). The neomycin
and 100 /ml ascorbic acid (Sigma) (1@ells/well in ¢  resistance gene (RSV-neo) and the thymidine kinase lg&hetk) are shown.
24-well plate) for bone nodule assays. The broken lines delineate the homology regions in the targeting vector, the
horizontal bar indicates the Southern blot probe, and the black arrowheads
indicate the PCR primers employed for genotype analysis. X, Xbal; BX, BstXl;

weight in gr

Results N, Ndel. (B) PCR analysis of genomic DNA isolated from the progeny of
] KUKD e hEGFR{* intercrosses. (C) Photograph of 6-week4ultiGFRVK! and
Generation of hEGFR""* mice littermate control mice showing that hEGH#&' mice are smaller and display

To generate mice humanised for EGFR a ¢ short fur hair. (D) Weight representative of a hE&HERand control littermate
targeting vector was constructed, which & mouse at different postnatal ages. At all stages, hE&tRice are

homologous recombination replaces parts of significantly smaller than their littermates. w, weeks; m, months

first exon of the mouse Egfrene with the loxF

flanked human EGFRcDNA (referred to a

hEGFR allele, Fig. 1A). This vector is a modified analysis (data not shown). Two independent ES clones were
version of the one previously employed to genefagdr  injected into blastocysts and both formed germline chimeras.
knockout (Egfr) mice (Sibilia and Wagner, 1995). The HeterozygoushEGFR/* mice of inbred 129/Sv or mixed
construct was electroporated into ES cells and correctl§29/Sv>C57BL/6 background were intercrossed to generate
targeted clones were identified by PCR and Southern bIGEEGFR/KI mice, which were identified by PCR analysis
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(Fig. 1B). Although no viablehEGFR/KI mice were To investigate the expression of thEGFR! allele at the
obtained in a 129/Sv background (0/68), ~79%BGFRY/KI protein level, lysates were prepared from brain, liver and heart
mice were born alive in a mixed 129/3%7BL/6  of hEGFRVKI hEGFRU*, Egfr’/* andEgfr’- mice. Western
background (Fig. 1C). When bred witBgfr~ mice, no  blot analysis employing an anti-EGFR antibody recognising
viable hLEGFR~ mice could be obtained, even in the mixedboth the mouse and the human EGFR protein showed that
129/Sv>C57BL/6 background, indicating that one copy of theEGFR protein of similar size was produced in the brain and
hEGFR! allele is not sufficient to rescue the lethality of liver of wild-type and hEGFR/KI mice (Fig. 2B). The levels
Egfr’- mice (data not shown). Therefore, the phenotypicof EGFR protein expressed in the brain were similar to
analysis was performed on surviving hEGH#K mice of  controls, but severely reduced in the liveh&8GFRVK! mice
mixed 129/SvE57BL/6 background, which at birth could be correlating with the mRNA expression results (Fig. 2A,B). An
identified by their open eyes and curly whiskers (data nan vitro EGFR autophosphorylation assay, which is usually
shown). The development of the first coat hair was delayeghore sensitive than western blot analysis, was performed on
and the hair was generally much shorter and sparse (Fig. 1@nmunoprecipitated EGFR complexes. Consistent with the
Some of the hEGPRX! mice survived up to 7 months after previous results, EGFR protein levels were similar to control
birth, but were always significantly smaller than their controin the brain of hREGFR/KI mice, whereas they were lower and
littermates (Fig. 1C,D). These observations strongly suggesimost absent in the liver (Fig. 2C). Using both assays, EGFR
that the hEGFR allele is most probably not efficiently protein could not be detected in the hearts of all mice analysed,
expressed leading to a hypomorphic phenotype. most probably owing to very low EGFR levels (Fig. 2C and
data not shown).
Expression analysis in  hEGFRK/KI mice
To compare the expression levels of EGFR allele to the Rescue of the brain phenotypes i hEGFRK/KI mice
endogenous mougafr, total RNA was extracted from various In the brain, the hEGPR allele is expressed at similar levels
organs of ahEGFRI'* heterozygous mouse. Ribonuclease
(RNAse) protection assay was performed using a ribopro
which recognises both the endogenous and HB&FR! Brain
transcripts, but the respective protected bands are differer A
size. Surprisingly, the hEGERallele was not expressed a
lower levels than the endogendtgr in every tissue (Fig. 2A).
Organs, which are mostly composed of epithelial cells suct

- ! iclial m-—b-‘!-_--'- -input EGFR
liver, lung, skin and stomach expressed significantly low  a- ’ : WL SRR T | -inoul S18
levels of the hEGFR allele compared with the endogenou » i e e il ol

£
—
—-—
allele (Fig. 2A). By contrast, in brain regions such as corf 222 a : b
-
-

|

Thymus
Heart
Lung
Testis
Kidney
Muscle
Skin
Stomach
Cortex
OIf. bul
Hippo

217 -

and hippocampus, in kidney and in thymushBE&FR! allele ey
was expressed at similar levels as the endogenous mouse i |-
(Fig. 2A). Interestingly, in the heart the hEGfRIlele seemed
to be expressed at even higher levels than the endogenou:
(Fig. 2A). These results suggest that thEGFR allele

behaves like a hypomorph particularly in epithelial tissues.

- -— * e - EGFR

Fig. 2. The hEGFHK! allele is not efficiently expressed in epithelial

tissues. (A) Expression of the endogenous mé&gseand the m.. -516
hEGFR! mRNAs measured by RNAse protection assay. The

analysis was performed on total RNA isolated from various organs of

a heterozygote hEGE®R* male mouse employing an antiseEsgr P> recrrcona

riboprobe, which detects both the endogenous mBgieand the e e :ff;z:;us e EGFR
hEGFR transcripts. In addition to 93 bp of nonspecific sequence ~ _____ 343 bp input EGFR riboprobe

(broken line), this riboprobe encompasses the region ¢fEEFR!

allele bridging the Egfmouse promoter, the loxP site and theri B Brain Liver

of the hEGFREDNA. The input probe and the protected fragments v ® - e & .

are depicted schematically and the black triangle indicates the loxP A

site. A mouse S16 riboprobe (lower panel) was used as an internal - W oo

control for equal sample loading in each lane. (B) Western blot Sl _ Tyt 60 kD
analysis showing EGFR protein expression in brain and liver of mice oerew - -
of different genotypes. Immunoblotting was performed on total

protein extracts using an anti-EGFR antibody recognising human an KIIKI s

EGFR™

hEGFR EGFR

mouse EGFR and anti-tubulin was used as a control for protein = . ="z . ="z . =

loading. (C) In vitro EGFR autophosphorylation assay measuring g 2 8 g 2 88 2 3

EGFR protein levels. Prior to the kinase assay, protein lysates from v

various organs were immunoprecipitated with an anti-EGFR

antibody recognising both the mouse and the human EGFR protein. - ~ EGFR 180 kDa
Equal loading of protein was verified by Coomassie Blue staining

(data not shown)
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than the endogenousgfr (Fig. 2A). In order to investigate ~ We next isolated astrocytes from the frontal cortex of
whether in hEGFR/X!I mice the brain phenotypes were rescuednewborn hEGFRYKI mice and analysed their proliferation
brains were isolated at different stages after birth and comparedtential in vitro. As shown in Fig. 3l, the proliferation rate of
to Egfr’- and controls. At all stages analysed, brains ohEGFR/KI primary astrocytes was comparable with
hEGFRUKI mice appeared structurally normal and comparabl@EGFR(* and Egfr/+ astrocytes. As the hEGERallele is

to controls (Fig. 3A,B). Histological sections through the frontalflanked by loxP sites, theEGFR was deleted by breeding
cortex of a 3-month-old hEGE! mouse did not reveal any hEGFR/KI mice to GFAP-crdéransgenic mice, which express
signs of degeneration and apoptosis and the cortical tissuéte Cre recombinase in astrocytes (Marino et al., 2000).
appeared normal and comparable to controls (Fig. 3C,E). Bgemoval of the EGFR severely compromised the proliferation
contrast, in the cortex of Egfr mice morphological changes capacity of primary astrocytes and after 42 days in culture their
consisting of nuclear condensations and diminished cettumulative cell number reached only about 15% of the values
densities could be observed already at postnatal day 7 (Fig. 3@)tained with hEGFR/KI and control astrocytes (Fig. 3lI).
(Sibilia et al., 1998). Similar to controls, in hippocampal section©verall, the proliferation rate ohEGFRVKI GFAP-cre

of hEGFRUKI mice no ectopic neurones could be observed astrocytes was reduced to the same extent aEgim’-

any stage, whereas in Egfrmice nests of ectopic neurones astrocytes (Fig. 3I) (Sibilia et al., 1998). Southern blot analysis
were always present (Fig. 3D,F,H) (Sibilia et al., 1998). Irconfirmed the absence of the Egéme in hEGFR/KI GFAP-
addition, other brain regions such as the olfactory bulb, thalamuse astrocytes (Fig. 3J). These results indicate that expression
and cerebellum of hEGRE#! mice appeared normal and of the hEGFH! allele is fully rescuing the brain and astrocyte
comparable with controls (data not shown). defects of Egfr— mice.

Severe hair follicle and hair cycle defects in
hEGFRKVKI mice

The hEGFR! allele is not efficiently expressed in the
skin based on the RNAse protection analysis (Fig. 2A).
Moreover, hLEGFRWKI mice displayed curly whiskers
and the development of the first coat hair was impaired
(Fig. 1C). These phenotypes greatly resemble the ones
observed in Egff- mice (Miettinen et al., 1995; Sibilia
and Wagner, 1995; Threadgill et al., 1995). However, in
contrast to Egffi~mice, which do not survive longer than
postnatal day 20hEGFRVKI mice survive up to 6
months after birth and, therefore, represent a useful
model to analyse how reduced EGFR expression affects
hair development. The skin of hEGE&! mice was

_ o 5 A AR isolated postnatally at different stages of the hair cycle,
_ e ¥ SSa LA N “#[*+  after 18 days (end of first cycle, catagen/early telogen),
o BREEAS R e = after 1 month (second cycle, end of anagen/early
Bt % ! i catagen) and after 3 months (resting phase, telogen).
Histological examination of hEGE#<! skins showed

!1‘;_. gt ke

R SE Fig. 3.Normal brain development in hEGK¥! mice. Dorsal
~KUKET KI/KI view of the brains of control (A) aftEGFRKI mice (B)
' = isolated 3 months after birth. Histological sections through the
\ frontal cortex (C,E) and hippocampus (D,F) of control (C,D)

/ and hEGFK/KI (E F) brains showing normal architecture and
morphology. (G,H) Sections &gfr’-brains show neuronal
degeneration in the cortex (G), starting around postnatal day 5,
and groups of ectopic neurones (arrows) in the white matter of
the hippocampus (H, arrows) (Sibilia et al., 1998).

L (C-H) Sections are stained with Haematoxylin and Eosin.
< (1) Cumulative cell number of Edfft, AEGFRI/*,
| “lom J && P\S hEGFR/KI hEGFRIKI GFAP-Creand Egfri-

© a0 o A primary cortical astrocytes isolated from newborn

x - s X brains shovying t_hat hEGFK!t@‘I astrocytes display a

g » T4 - - :fg{ff’?m {?EE; normal proliferation capacity. Removal of the hEGFR
ERES ? allele in astrocytes of hHEGEH#! GFAP-cremice

3 ® results in severe proliferation defects as observed in
gm Egfr’-astrocytes. (J) Southern blot analysis of

g ': == P — Py GFR e) genomic DNA isolated from astrocytes shown in | and
3 Y hybridised with the probe shown in Fig. 1A. The bands

0 14 28 22 T corresponding to the different alleles are indicated.
days EGFR}: hEGFR! allele after Cre-mediated deletion.
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control KI/KI striking alterations in the morphology and distribution of hair

' follicles. Around day 18, hair follicles of control mouse skin
go through a telogen stage and are confined to the upper layer
of the dermis (Fig. 4A). By contrast, at this stage follicles of
hEGFR{/KI mice were still much longer reaching deep into the
subdermal adipose tissue, suggesting that they had failed to
enter into catagen and were still in anagen (Fig. 4B,G).
hEGFRI/KI follicles started to appear much larger and
hyperplastic compared with control follicles and this
phenotype was even more pronounced at 1 month when the
anagen of the second hair cycle had started (Fig. 4C,D). After
completion of the second hair cycle, follicles remain for a long
period (around 40 days) in telogen (Fig. 4G). During this stage
(at the age of 3 months), control hair follicles are short and
localised in the upper layers of the dermis (Fig. 4E). By
contrast, in hEGFR/KI mice, only very few structurally
abnormal follicles were present in the upper dermis and most
of the follicles, which had remained stuck in the subdermal fat
layers, were degenerated (Fig. 4F). The cell layers composing
the hair follicles were very thin and partly destroyed (Fig. 4F).
Severe fibrosis of the dermis and subdermal fat tissue with
massive infiltration of inflammatory cells was observed and
had most likely been triggered by the exposure of naked hair
shafts from the degenerating follicles (Fig. 4F and data not
shown). The inflammatory infiltrate mainly contained
macrophages, lymphocytes, neutrophils and multinucleated
giant cells (data not shown). The progressive degeneration and
inflammation led to the loss of most follicles over time and the
majority of hEGFEVKI mice were completely bald at the age
of 5-7 months (data not shown). These results indicate that
3 EGFR signalling is absolutely required for hair cycle
atd progression. Moreover, EGFR is also essential for proper hair
) follicle differentiation, orientation and migration, as well as to
G == "™ preserve hair follicle integrity during the hair cycle.

Bone cell defects in  hEGFRK/KI mice

hEGFRVKI and Egfr— mice are significantly smaller than their
control littermates. Impaired skeletal development is one of
o : . . . : several defects that can be responsible for growth retardation.
O ks Therefore, we investigated whether bone development was
defective inhEGFR/KI mice. Histological analysis of the long
Fig. 4.Impaired hair cycle and follicle development in hEGIER bones at birth revealed that the hypertrophic chondrocyte zone of
mice. Histological sections through the skin of contrql (A\CE)and the growth plate was significantly increasetEBGFRXK! mice
hEGFRY/X! mice (B,D,F) at different stages of the hair cycle. In (Fig. 5A,B). This phenotype might be caused either by increased
control skins at 18 days (end of catagen/telogen) the hair follicles arey. “aquced expression of tHeEGFR! allele in the bone

confined to the upper dermal layers (A, arrows), whereas in ompartment. To discriminate between these two possibilities,

hEGFRV/KI skins, hair follicles accumulate in the subdermal fat tissueg i f Egfr b : f mixed i
(brackets in B,D,F), as they do not progress from anagen to telogen PON€ S€cClions irom newborn mice or mixed geneuc

(B). Arrows in B indicate hair follicles that start to be enlarged i~ background were analysed. Interestlnglyngr/—llo.ng bones
mutant skins. (C) At 1 month (late anagen/early catagen) control ~ the zone of hypertrophic chondrocytes was similarly or even
follicles are distributed in the upper dermal and subdermal fat layers more increased as IhEGFRUK! bones, indicating that this
and display a normal structure (arrows). (D) Mutant follicles in the  phenotype is most probably caused by the absence of EGFR
subdermal fat tissue are severely hyp_erplastic (arrpws) at this stage.expression in cartlage (Fig. 5B,C). The proliferation of
(E) At 3 months (telogen), control follicles are confined to the upper chondrocytes measured by Ki67 staining on sections was not
dermal layers (arrows). (F) In mutant skins, only a few aberrant affected and comparable in all three genotypes (Fig. 5E). The
follicles are present in the upper dermis (arrowheads) and most of th@xpression of EGFR in chondroblasts was analysed by X-
follicles stuck in the subdermal fat tissue have degenerated (arrows)'galactosidase staining Egfr- E14.5 foetuses, as the knockout

Severe fibrosis with infiltration of inflammatory cells can be detected ) . .
in the subdermal fat tissue of hEGEK skins as evidenced by the allele harbours aB. coli lacZgene inserted in-frame downstream

strong eosin (pink) staining. (G) A normal mouse hair cycle profile  Of the first exon of the moudggfr gene (Sibilia and Wagner,
with the position where the hair cycle is blocketlEGFR(/KI mice. ~ 1995). In control foetuses, EGFR expression was detected in

A, anagen; C, catagen; T, telogen; d, days; m, months. All sections agBondroblasts of all ossification centres (Fig. 5D). These results
stained with Haematoxylin and Eosin. show that EGFR is expressed in chondroblasts during

Follicle length (mm)
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E 20 To test whether loss of the EGFR also influences
161 osteoblastic differentiation and proliferation, calvarial
I . osteoblasts were prepared from newboEGFRV/K!
Egfr’- and control mice. The proliferation potential of
hEGFRUKI and Egfr/- primary calvarial osteoblasts
L was decreased towards the end of the culture period (Fig.
Control  KI/KI 5FG). Moreover, calvarial osteoblasts derived from
30/ GOt hEGFRVKI and Egfr/- mice showed increased
0 y differentiation compared to controls, as assessed by an
0 P in vitro mineralisation assay. Compared with controls,
i | hEGFRU/KI and Egfr’- osteoblast cultures formed
approximately twice and three times as many
mineralised bone nodules, respectively (Fig. 5H,I).
Western blot analysis revealed a severe reduction of
EGFR expression in calvarial osteoblasthBGFRV/K!
mice (Fig. 5J). Although differentiation and proliferation
3 defects were observed in cultured osteoblasts, the bone
Days thickness of newborhEGFR{/KI and Egfr’- mice was
300{m conirol - comparable with controls and no overt bone remodelling
= defects could be detected (Fig. 5A-C). These results
suggest that EGFR signalling normally supports
100 . proliferation, but inhibits differentiation of osteoblastic
0 cells, keeping them in an undifferentiated, pre-
600 osteoblastic state.
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hEGFRKX/KI mice develop heart hypertrophy

hEGFR{/KI mice can survive up to 6 months after birth,
- but often sudden death is observed at earlier times. To
? . investigate the possible cause of lethaltGFRU/K!
J = & & mice were sacrificed and different organ systems were
analysed. An increase in heart size was consistently
. ~ EGFF;180kD observed, which was already visible at 3 weeks after birth
- : and became more pronounced with age (Fig. 6A).
e SO = Comparison of heart weights at 3 months of age showed
- . b A e cin that hEGFR(/K! hearts were about twice as heavy as
control hREGFR(* and EGFR"* hearts (Fig. 6B). This
Fig. 5.Bone cell defects in the absence of EGFR. Histological difference was even more dramatic when the heart weights
sections through the tibiae of control (REGFRV/KX! (B) and were corrected for the body weights considering that
Egfr’~mice (C) at postnatal day 1. The black bar marks the zone of hREGFRK/KI mice are smaller and only about half of the size
hypertrophic chondrocytes, which is markedly increased in both  of control mice (Fig. 6B). Histological cross-sections through
hEGFRY! and ngr/—lo?g bones. (D) X-galactosidase (X-gal) the hearts of hEGFf{K! mice revealed a severe hypertrophy
staining of an E14.kgfr~foetus showing EGFR expression (blue ity gramatically increased thickness of the left ventricular

stain) in the ossification center of the vertebrae. Inset shows a high%aII and the interventricular septum at 3 weeks after birth

magpnification of the region boxed in D with arrows indicating X-gal , oL -
staining in chondroblasts. (A-C) Haematoxylin and Eosin staining; (Fig. 6D). These defects became more severe with increasing

(D) X-gal and Eosin staining. (E) The proliferation of chondrocytes 89€ (Fi%fq 6G). Cardiomyocytes of 2.5- to 3.5-month-old
was measured by Ki67 staining on bone sections of mice of the ~ hEGFRWK! mice were hypertrophic and measurements of
indicated genotypes. The data represent the sisedirof the number ~ their mean cross-sectional areas revealed a 1.9-fold increase

200

No of Nodules / well

of Ki67-positive chondrocytes present on six different sections. compared with controls (mean cross sectional areat
(F,G) Cumulative cell number of hREGFK®! (F) and Egfr'-(G) 309.797.6 um? versus 166.3#6.3 pm?). None of these
primary osteoblasts isolated from newborn calvariae showing defects was ever observed in control hE®SFRand Egft'*

reduced proliferation of hEGH#X! and Egfr’-osteoblasts at the

end of the culture period. (H,I) Primary osteoblasts derived from p e ; ;
hEGFRVK! (H) and Egfr~(I) heonatal calvariae showed enhanced the heart size was normal, the heart-to-body weight ratios

bone nodule formation compared with controls. Data represent the were Comlpa.rable \;V'Lh Comro'ﬁ and. h'SGtOI_Oglcal SeCt'Ohns did
means.e.m. (J) Western blot analysis showing EGFR (180 kDa) not reveal signs of hypertrophy (Fig. 6E; data not shown).

protein expression in hEGE#! and control osteoblasts. Anti-Actin  Cardiac hypertrophies can occur as primary myocardial
immunoblotting was used as an internal protein loading control. ~ diseases or as a consequence of other conditions such as valve

defects leading to valvular stenosis and/or regurgitation (Katz,

1990). When compared with controls, histological
development and suggest that EGFR signalling negativelgxaminations ohEGFR/KI hearts revealed that the cusps of
regulates the maturation of hypertrophic chondrocytes, becauee pulmonary and aortic valves were thickened and
the zone of hypertrophic chondrocytes is enlarged in its absendsipercellular, a condition that most likely resulted from the

mice (Fig. 6C,F; data not shown). In 3-week-old Egfinice,
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Fig. 6.Heart hypertrophy and semilunar valve defectsamFRV/KI

mice. (A) Appearance of control ah&GFRV/KI hearts at 3 weeks of
age. (B) Heart weights and relative heart weights corrected for body
weight of control and hEGRfK! mice. Data represent the meard: of
five 3-month-old mice and hearts. Cross-sections through the heart of
control (C,F), hEGFR/KI (D,G) and Egfr~(E) mice at different
postnatal stages, showing severe myocardial hypertroptEGirR</K!
mice. lv, left ventricle; se, septum; rv, right ventricle. Histological
sections of semilunar valves from control (H) and hESER() hearts.
The arrows in H and | indicate the aortic valve leaflets, which are
thickened and hypercellular in hEGH! hearts. w, weeks; m, months.
All sections are stained with Haematoxylin and Eosin.

Research article

Discussion

In this study, a knock-in approach was employed to
generate humanised EGFR mice, which harbour a human
EGFR cDNA flanked by loxP siteshEGFRVKI mice
display tissue-specific hypomorphic phenotypes, which
correlate with the expression levels of the hEGSFRlele

in various tissues. This is surprising because other
genetically engineered alleles that displayed hypomorphic
behaviour showed reduced expression in most of the tissues
analysed (Vivian et al., 1999). Often hypomorphic alleles
still harbour the neomycin resistance cassette with its
regulatory elements in the locus and it has been shown for
several genes that this can interfere with their proper
expression in many tissues (Meyers et al., 1998; Partanen
et al.,, 1996). This is a likely explanation for the low
expression of the hEGFR allele as it also contains a
neomycin cassette in the first intron downstream of the
humanEGFR cDNA. The surprising finding, however, is
that the hEGFR allele is not hypomorphic in every tissue,
but only in bone and epithelial cells. In other organs such
as the brain the expression levels of the hEGFRele
were comparable with the endogenous mouse &effie.
This suggests that there might be elements regulating Egfr
expression in a tissue-specific manner. It is possible that the
controlling elements of the neomycin gene interfere and
compete with transcription factors, which would otherwise
direct correctEGFR expression in the affected organs.
Alternatively, the insertion of the human EGEBNA into

the mouse locus might alter its chromatin conformation,
thereby rendering it inaccessible to tissue-specific
transcription factors.

In all the brain regions analysed, thEGFR! allele was
expressed at similar levels to the endogenous mouse gene.
In fact, in brains of homozygoteEGFR/KI mice none of
the defects observed iEgfr’— mice could be detected.
hEGFRU/KI mice do not develop the cortical
neurodegeneration and astrocyte proliferation in vitro is
comparable with controls. Only after Cre-mediated deletion
of the floxed hEGFR allele a severe proliferation defect
was observed in astrocytes cultured in vitro, demonstrating
that the EGFR is required for proper proliferation of these
cells.nEGFRKI mice did also not contain ectopic neurones
in the hippocampus, a phenotype that is always observed in
Egfr’- mice (Sibilia et al., 1998). Because all the brain
defects observed in Egfrmice were rescued in hEGKK!
mice, it can be assumed that the amount of EGFR protein
present in brain cells of hEGEK! mice is similar to that
in wild-type controls. Moreover, it appears that the binding
affinity of the mouse EGFR ligands to the human EGFR is

accumulation of mesenchymal cells (Fig. 6H,1). By contrastnot significantly altered, suggesting that impaired receptor
the atrioventricular valves were not affected and appearedttivation is not contributing to the hypomorphic defects seen
normal (data not shown). The same semilunar valve defects msother tissues.

in hEGFRY/KI hearts were also observedBgfr/—mice (data

The observed phenotypes are probably determined by the

not shown) indicating that these defects result from théevel of transcription of the hEGERallele in various tissues.

absence of expression of the EGFR in valve structures. Aa epithelial tissues such as the skin and hair follicles where
Egfr’- mice do not display severe myocardial hypertrophythe hEGFR! allele is poorly transcribed, severe defects were
these results suggest that in hE&ER mice the semilunar observed that resemble those observed Egfr’~ mice
valve defects together with the increased expression of tH#liettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill
hEGFR! allele in the myocardium (Fig. 2A) exacerbate theet al., 1995). Becaudegfr’— mice do not survive longer than
heart hypertrophy thereby contributing to increased lethality?20, the skin and hair phenotypes could not be properly
of the mice. analysed directly in mutant mice. The hEGER mice proved



Skin, bone and heart defects in hHEGFRK/KI mice 4523

to be extremely useful to analyse how the absence of the EGFRRmM the lack of Egfrexpression. In the long bones of
affects hair follicle differentiation, migration and cycling. After hEGFR/KI mice, the region of hypertrophic chondrocytes in
the first hair cycle, hair follicles of hEGER! mice fail to  the growth plate was significantly increased, suggesting that
enter into catagen and remain in aberrant anagen, indicatiogondrocytes had undergone premature differentiation. This
that EGFR signalling is needed to regulate hair cyclghenotype was even more sever&gir'— mice, where Egfr
progression. The EGFR also seems to be required to presemsgression is completely absent, indicating that EGFR
hair follicle integrity over time, because in its absence theignalling prevents differentiation of chondrocytes. Although
follicles are degraded probably by the infiltrating inflammatoryno overt differences in bone mass could be detected in newborn
cells. The aberrant localisation of hEGHR hair follicles in  Egfr’~ andhEGFR/KI mice, calvarial osteoblasts from these
the skin might have triggered an immunological responsemice proliferate more slowly and display an increased
which results in the destruction of the follicles. Alternatively,differentiation capacity in vitro. It is likely that EGFR
as the EGFR has been shown to inhibit differentiation andignalling is important to keep osteoblasts and chondrocytes in
promote survival of epithelial cells, it is possible that in thea proliferative state and inhibit their differentiation, thus
absence of EGFR expression, hair follicles might be impairedllowing proper development of long bones. In the absence of
in their survival capacity and/or undergo prematureEGFR expression, accelerated differentiation of chondrocytes
differentiation. With time, this would lead to hair follicle and possibly decreased proliferation of osteoblasts can disturb
destruction and release of follicle material into the dermislongitudinal growth of long bones leading to severe growth
which in turn would trigger the immunological response.retardation in the mice.
Similar hair abnormalities have also been observed in grafting hEGFRUKI mice develop a severe heart hypertrophy with
experiments with Egff- skin onto immunodeficient mice and dramatically increased thickness of the ventricular walls and
in a skin targeted DN Egfransgenic mouse model (Hansenthe interventricular septum, which was visible already at 3
et al., 1997; Murillas et al., 1995). However, in the latter modelveeks after birth and became more pronounced as age
it could not be excluded that the severity of the phenotypgsroceeded. Interestingly, Egfr mice did not display signs of
observed was determined not only by inhibition of the EGFRypertrophy at this age, suggesting that this phenotype was
itself but also by the inhibition of the other Erbb family most probably not due to the lack of EGFR expression. Cardiac
members which are also expressed in the epidermis (Stoll Bypertrophy is an adaptive response to many forms of disorders
al., 2001). As the skin and hair follicle defects observed irsuch as hypertension, myocardial infarction and valve defects
hEGFRUKI and the DN EGFRtransgenic mice are very aimed to augment the cardiac output (Katz, 1990). However,
similar, it can be concluded that these phenotypes mainly resusltistained hypertrophy usually leads to ventricular dilatation
from direct EGFR inhibition. with consequent heart failure and sudden death (Katz, 1990).
EGFR signalling does not only seem to inhibit epithelial cellThe response of cardiomyocytes to hypertrophic signals
differentiation, but also the differentiation of bone cells. Bonédnvolves an increase in cell size and protein synthesis,
development starts with the formation of mesenchymainduction of immediate-early genes such as AP-1 and re-
condensations that first differentiate into chondrocytes, whickxpression of several foetal myocardial structural proteins
become hypertrophic and are then invaded by blood vesse(§adoshima and lzumo, 1997). It has been shown that
bone-forming osteoblasts and bone-resorbing osteoclasi®atment of rat cardiomyocytes with EGF can trigger a
(Karsenty and Wagner, 2002). Active remodelling ultimatelyhypertrophic response resulting in increased protein synthesis
gives rise to a bone with growth plate and a central marro@nd transcriptional activation of Fasid Jun(Rebsamen et al.,
cavity (Karsenty and Wagner, 2002). Numerous extracellula2000). Similarly, G-protein-coupled receptor (GPCR) agonists
factors, such as hormones, growth factors and cytokinesjere shown to transactivate the EGFR via shedding of HB-
modulate bone remodelling via differentiation andEGF by the metalloproteinase ADAM12 thereby inducing
proliferation of bone cells, and this process has to be tightliieart hypertrophy (Asakura et al., 2002; Prenzel et al., 1999).
regulated in order to prevent bone diseases (Karsenty ahdbreover, EGF increases adenyl cyclase activity and cAMP
Wagner, 2002). The EGFR is expressed in chondroblasts of taecumulation, thus enhancing the heart contractility and
developing ossification centres and the EGFR has also bebgating rate (Nair et al., 1993). As heart-specific expression of
shown to be expressed in osteoblasts and osteocytes in vite hEGFR! allele seemed to be slightly higher than the
(Davideau et al., 1995). However, no bone defects have beendogenous wild-type allele, we speculate that increased
reported so far for mice defective in EGFR signalling. A recenEGFR signalling in cardiomyocytes is contributing to the
report has shown that transgenic mice expressing EG#evelopment of the heart hypertrophy.
ubiquitously are growth retarded, display defective hEGFRVKI mice also display semilunar valve defects, which
chondrocyte development in the growth plate and osteoblasése known to induce aortic stenosis and regurgitation, and as a
accumulate in the endosteum and periosteum (Chan and Wormgnsequence can lead to heart hypertrophy. Heart valves
2000). Controversial in vitro data regarding the role of EGFRlevelop from the endocardium, a specialised endothelium that
signalling in bone cells have been reported, although twandergoes complex epithelial-mesenchymal transformations
studies suggest that EGFR might stimulate osteogenic cdflading to the formation of mesenchymal outgrowths (also
proliferation and suppress the differentiation into maturecalled the cardiac cushions), from which the mature valve
osteoblasts and chondrocytes (Chien et al., 2000; Yoon et deaflets originate (Towbin and Belmont, 2000). The pulmonary
2000). InEgfr’- and hEGFR/KI mice both osteoblasts and and aortic, but not the atrioventricular valves of hESHER
chondrocytes display increased differentiation in vitro and irhearts were thickened and hypercellular, which most probably
vivo, respectively. As the hEGERallele was poorly expressed results from the accumulation of mesenchymal cells. As similar
in the affected cell types, it is likely that these defects resultalve defects were also present in Eginearts, it is likely that



4524 Development 130 (19) Research article

the hEGFR allele is not expressed in the developing valves. (2002). Cardiac hypertrophy is inhibited by antagonism of ADAM12
Although we were unable to detect EGFR expression in wild- processing of HB-EGF: metalloproteinase inhibitors as a new thédapy.

type valve structures by immunohistochemistry, we believe that Med.8, 35-40.

K i amenisch, T. D., Schroeder, J. A., Bradley, J., Klewer, S. E. and
the valve defects of hEG and ngr hearts result from McDonald, J. A. (2002). Heart-valve mesenchyme formation is dependent

lack of EGFR expression in these structures. The other EGFRon hyaluronan-augmented activation of ErbB2-ErbB3 recegitas.Med.
family members Erbb2 and Erbb4 are expressed in thes8, 850-855.

endocardium and have been shown to be involved in tHghan S.Y.and Wong, R. W(ZOOO)-hEXpFGZSiO” of Tpigﬁrmf;' grové’;%g;mor
- . . in transgenic mice causes growth retardatibrBiol. Chem275, -
formation of the mesenchymal cushions (Camenisch et al., ;5500

2002; Erickson et al., 1997). It still remains to be determine@hen, B., Bronson, R. T., Klaman, L. D., Hampton, T. G., Wang, J. F.,
how EGFR alone or in combination with these receptors Green, P. J., Magnuson, T., Douglas, P. S., Morgan, J. P. and Neel, B.

regu'ates mesenchyme deve'opment and its differentiation intoG. (2000). Mice mutant for Egfr and Shp2 have defective cardiac semilunar
mature valve structures valvulogenesisNat. Genet24, 296-299.

. . . Chien, H. H., Lin, W. L. and Cho, M. I. (2000). Down-regulation of
By studying the genetic interaction between EGFR and the gsteoblastic cell differentiation by epidermal growth factor receptor. Calcif.

protein-tyrosine phosphatase Shp2, it was shown that EGFR isTiss. Int.67, 141-150.
required for semilunar valve development (Chen et al., 2000pavideau, J. L., Sahlberg, C., Thesleff, I. and Berdal, A(1995). EGF

Compound mutants between Shp2 and the hypomorphicreceptor expression in mineralized tissues: an in situ hybridization and
a2/wa2 . . . . immunocytochemical investigation in rat and human mandil@esinect
EGFRY mouse strains showed signs of aortic stenosis and 1iss Res3? 47-53.

regurgitation with subsequent development of myocardiakrickson, S. L., O'Shea, K. S., Ghaboosi, N., Loverro, L., Frantz, G.,
hypertrophy (Chen et al., 2000). Although these defects wereBauer, M., Lu, L. H. and Moore, M. W. (1997). ErbB3 is required for
most severe in compound mutants, thickened semilunar valvedormal cerebellar and cardiac development: a comparison with ErbB2-and

a2/wa2 o heregulin-deficient mice. Developmei#4, 4999-5011.
were also observed BGFR" and Egir'~mice, whereas Fleischmann, A., Hafezi, F., Elliott, C., Reme, C. E., Ruther, U. and

no cardiac dilatation were r?p_ortEd for the single EGFR \yagner, E. F.(2000). Fra-1 replaces c-Fos-dependent functions in mice.
mutants (Chen et al., 2000). Similarly, we could not detect any Genes Devi4, 2695-2700.

signs of myocardial hypertrophy in 3-Week-(E[(jfr—/— mice, Fowler, K. J., Walker, F., Alexander, W., Hibbs, M. L., Nice, E. C., Bohmer,
although semilunar valve thickening was observed. By R M. Mann, G. B, Thumwood, C., Magiitto, R, Danks, J. A. et al.

. . 1995). A mutation in the epidermal growth factor receptor in waved-2 mice
I (
contrast, the heart of nEGE®! mice at this stage was already has a profound effect on receptor biochemistry that results in impaired

enlarged and displayed a severe thickening of the myocardialiactation.Proc. Natl. Acad. Sci. US82, 1465-1469.
walls. Therefore, it is likely that the severe hypertrophyGassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C., Klein, R.

observed in hEGERX! mice results from the malformations and Lemke, G.(1995). Aberrant neural and cardiac development in mice
- acking the ErbB4 neuregulin receptbiature 378, 390-394.
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increase the mortality of these mice. Moreover, as hBGFR  Katz, A. M. (1990). Cardiomyopathy of overload. A major determinant of
mice do not develop heart hypertrophy, it seems unlikely that prognosis in congestive heart fa||ure. New _En_gl. J. Nagd, 100-110.
enhanced expression of the EGFR in the myocardium a|oﬁ<é>rnblum, H. 1., Hussain, R., Wiesen, J., Miettinen, P., Zurcher, S. D.,

. " Chow, K., Derynck, R. and Werb, Z. (1998). Abnormal astrocyte
can lead to the development of this heart condition. The development and neuronal death in mice lacking the epidermal growth factor

conditionalnEGFRKI mice may provide a useful model not  receptorJ. Neurosci. Res3, 697-717.
only to study aortic valve diseases and developmental aspetes, K. F., Simon, H., Chen, H., Bates, B., Hung, M. C. and Hauser, C.
of bone differentiation, but also to test novel therapies aimed (1995). Requirement for neuregulin receptor erbB2 in neural and cardiac

L . . . developmentNature 378, 394-398.
to inhibit EGFR signalling for the treatment of cardiac cqee, N. C., Phillips, H. K., Qiu, T. H., Copeland, N. G., Earp, H. S.,

hypertrophies and hyperproliferative bone diseases. Jenkins, N. A. and Lee, D. C(1994). The mouse waved-2 phenotype
results from a point mutation in the EGF receptor tyrosine kirasees
We are grateful to S. Pekez and M. Hammer for maintaining our Dev.8, 399-413.

mouse colonies at IMP and at the Department of Dermatologysuetteke, N. C., Qiu, T. H., Peiffer, R. L., Oliver, P., Smithies, O. and Lee,
respectively. We thank Romeo Ricci for critical reading of the DB C. (1|_9t‘_93)-_ TtGF ?Ir()jha é‘ef'c'ef(‘jc)l/ r‘?SU|téa'J?2g§'£7;0||'C|e and eye
manuscript. B.W. was recipient of a DOC-Fellowship of the Austrian &Pnormaiities in targeted and waved-L mice. >-2 /0.

. - - Mann, G. B., Fowler, K. J., Gabriel, A., Nice, E. C., Williams, R. L. and
Aca_ld_emy of SC'en.CeS' AH. was funde‘d by EMBO and Marie 0‘4” Dunn, A. R.(1993). Mice with a null mutation of the TGF alpha gene have
Individual fe”OWSh'pS_' Work in E'F_'W'S laboratory at_ the IMP IS abnormal skin architecture, wavy hair, and curly whiskers and often develop
supported by Boghrlnger Ingelheim and _the Austrian Industrl_al corneal inflammation. Cell3, 249-261.
Research Promotion Fund (FFF). Work in M.S's laboratory isviarino, S., Vooijs, M., van Der Gulden, H., Jonkers, J. and Berns, A.
supported by the Competence Center for Biomolecular Therapeutics(2000). Induction of medulloblastomas in p53-null mutant mice by somatic
(BMT, funded by the Austrian Ministry of Science and Technology, inactivation of Rb in the external granular layer cells of the cerebellum.

City of Vienna and Industrial Partners) and by the EC program QLG1- Genes Devl4, 994-1004. _

CT-2001-00869. Meyers, E. N., Lewandoski, M. and Martin, G. R.(1998). An Fgf8 mutant
allelic series generated by Cre- and Flp-mediated recombinatian.
Genet.18, 136-141.

Miettinen, P. J., Berger, J. E., Meneses, J., Phung, Y., Pedersen, R. A.,
References Werb, Z. and Derynck, R.(1995). Epithelial immaturity and multiorgan
Asakura, M., Kitakaze, M., Takashima, S., Liao, Y., Ishikura, F, failure in mice lacking epidermal growth factor receptor. Nag#®, 337-

Yoshinaka, T., Ohmoto, H., Node, K., Yoshino, K., Ishiguro, H. et al. 341.



Skin, bone and heart defects in hHEGFRK/KI mice 4525

Miettinen, P. J., Chin, J. R., Shum, L., Slavkin, H. C., Shuler, C. F, Sibilia, M. and Wagner, E. F.(1995). Strain-dependent epithelial defects in
Derynck, R. and Werb, Z. (1999). Epidermal growth factor receptor mice lacking the EGF recept@cience269, 234-238.
function is necessary for normal craniofacial development and palat8ibilia, M., Steinbach, J. P., Stingl, L., Aguzzi, A. and Wagner, E. £1998).
closure.Nat. Genet22, 69-73. A strain-independent postnatal neurodegeneration in mice lacking the EGF
Murillas, R., Larcher, F., Conti, C. J., Santos, M., Ullrich, A. and Jorcano, receptorEMBO J.17, 719-731.
J. L. (1995). Expression of a dominant negative mutant of epidermal growtsibilia, M., Fleischmann, A., Behrens, A., Stingl, L., Carroll, J., Watt, F.
factor receptor in the epidermis of transgenic mice elicits striking alterations M., Schlessinger, J. and Wagner, E. F2000). The EGF receptor provides
in hair follicle development and skin structure. EMBQ4J. 5216-5223. an essential survival signal for SOS-dependent skin tumor develofDedint.
Nair, B. G., Rashed, H. M. and Patel, T. B(1993). Epidermal growth factor 102, 211-220.
produces inotropic and chronotropic effects in rat hearts by increasing cyclitoll, S. W., Kansra, S., Peshick, S., Fry, D. W., Leopold, W. R., Wiesen,

AMP accumulation. Growth Factoi®, 41-48. J. F., Sibilia, M., Zhang, T., Werb, Z., Derynck, R. et al.(2001).

Olayioye, M. A., Neve, R. M., Lane, H. A. and Hynes, N. E2000). The Differential utilization and localization of ErbB receptor tyrosine kinases in
ErbB signaling network: receptor heterodimerization in development and skin compared to normal and malignant keratinocyteoplasia3, 339-
cancerEMBO J.19, 3159-3167. 350.

Partanen, J., Puri, M. C., Schwartz, L., Fischer, K. D., Bernstein, A.  Threadgill, D. W., Dlugosz, A. A., Hansen, L. A., Tennenbaum, T., Lichti,
and Rossant, J.(1996). Cell autonomous functions of the receptor U, Yee, D., LaMantia, C., Mourton, T., Herrup, K., Harris, R. C. et al.
tyrosine kinase TIE in a late phase of angiogenic capillary growth and (1995). Targeted disruption of mouse EGF receptor: effect of genetic
endothelial cell survival during murine development. Developrh2@t background on mutant phenoty&tience269, 230-234.

3013-3021. Towbin, J. A. and Belmont, J.(2000). Molecular determinants of left and

Peus, D., Hamacher, L. and Pittelkow, M. R(1997). EGF-receptor tyrosine right outflow tract obstructiorAm. J. Med. Gene®7, 297-303.
kinase inhibition induces keratinocyte growth arrest and terminalTropepe, V., Sibilia, M., Ciruna, B. G., Rossant, J., Wagner, E. F. and van
differentiation.J. Invest. Dermatoll09, 751-756. der Kooy, D. (1999). Distinct neural stem cells proliferate in response to

Prenzel, N., Zwick, E., Daub, H., Leserer, M., Abraham, R., Wallasch, C. EGF and FGF in the developing mouse telenceph&len. Biol.208, 166-
and Ullrich, A. (1999). EGF receptor transactivation by G-protein-coupled 188.
receptors requires metalloproteinase cleavage of proHB-EGF. N#ifire  Vivian, J. L., Gan, L., Olson, E. N. and Klein, W. H.(1999). A hypomorphic

884-888. myogenin allele reveals distinct myogenin expression levels required for
Rebsamen, M. C., Arrighi, J. F., Juge-Aubry, C. E., Vallotton, M. B. and viability, skeletal muscle development, and sternum formafav. Biol.
Lang, U. (2000). Epidermal growth factor induces hypertrophic responses 208, 44-55.
and Stat5 activation in rat ventricular cardiomyocyded/ol. Cell Cardiol. Yarden, Y. (2001). The EGFR family and its ligands in human cancer.
32, 599-610. signalling mechanisms and therapeutic opportuniies.J. Cancer Suppl.
Riethmacher, D., Sonnenberg-Riethmacher, E., Brinkmann, V., Yamaai, 37, S3-S8.
T., Lewin, G. R. and Birchmeier, C.(1997). Severe neuropathies in mice Yarden, Y. and Sliwkowski, M. X. (2001). Untangling the ErbB signalling
with targeted mutations in the ErbB3 receptor. Nag888, 725-730. network.Nat. Rev. Mol. Cell Biol2, 127-137.
Sadoshima, J. and Izumo, S(1997). The cellular and molecular response Yoon, Y. M., Oh, C. D., Kim, D. Y., Lee, Y. S., Park, J. W., Huh, T. L.,
of cardiac myocytes to mechanical stre&snu. Rev. Physiob9, 551- Kang, S. S. and Chun, J. S(2000). Epidermal growth factor negatively
571. regulates chondrogenesis of mesenchymal cells by modulating the protein
Schlessinger, J(2000). Cell signaling by receptor tyrosine kinasaasll 103, kinase C-alpha, Erk-1, and p38 MAPK signaling pathwdy®iol. Chem.

211-225. 275, 12353-12359.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


