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Strain-Dependent Epithelial Defects in Mice
Lacking the EGF Receptor

Maria Sibilia and Erwin F. Wagner

Mice and cells lacking the epidermal growth factor receptor (EGFR) were generated to
examine its physiological role in vivo. Mutant fetuses are retarded in growth and die at
mid-gestation in a 129/Sv genetic background, whereas in a 129/Sv X C57BL/6 cross
some survive until birth and even to postnatal day 20 in a 129/Sv X C57BL/6 X MF1
background. Death in utero probably results from a defect in the spongiotrophoblast layer
of the placenta. Newborn mutant mice have open eyes, rudimentary whiskers, immature
lungs, and defects in the epidermis, correlating with the expression pattern of the EGFR
as monitored by B-galactosidase activity. These defects are probably cell-autonomous
because chimeric mice generated with EGFR™/~ embryonic stem cells contribute small
amounts of mutant cells to some organs. These results indicate that the EGFR regulates
epithelial proliferation and differentiation and that the genetic background influences the

resulting phenotype.

The EGFR (or ERBBI) belongs to a fam-
ily of tyrosine kinase receptors (which in-
cludes ERBB2/NEU, ERBB3, and ERBB4)
that show heterodimerization in vitro (1).
Several ligands such as EGF, transforming
growth factor-a (TGF-a), heparin-bound
EGF, betacellulin, and amphiregulin can
bind the EGFR and regulate many cellular
processes (1). During mouse development,
the receptor can be detected on the tro-
phectoderm of the blastocyst and contin-
ues to be expressed together with several
EGEFR ligands in the placenta, uterus, and
decidua (2-4). At mid-gestation, EGF
binding activity can be detected in various
organs, but only a few studies have local-
ized the EGFR in specific tissues or cell
types (4). In adult mice, the EGFR is
expressed strongly in the liver and in tis-
sues with regenerative epithelium, such as
skin and gut (4). Amplification and over-
expression of the EGFR has been detected
in many human tumors of epithelial origin
and in glioblastomas (4).

The gene encoding the EGFR was inac-
tivated by replacement of part of the first
exon with an Escherichia coli lacZ reporter
gene. Single- (4+/—) and double-targeted
(—/—) embryonic stem (ES) clones were
obtained at high frequency in two different
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ES cell lines (5, 6) (Fig. 1A). EGFR ™/~ ES
cells are viable and not impaired in their
growth potential (7). Several chimeras
transmitted the mutated allele to their off-
spring, and heterozygote mice of both sexes
were healthy and fertile (8). When inbred
129 EGFR*/~ mice were intercrossed, no
live —/— offspring were found at embryonic
day 12.5 (E12.5) (Table 1). Earlier in their
development, mutant embryos were ob-
tained at the expected Mendelian frequen-
cy, indicating that implantation and early
post-implantation development were not
impaired (Table 1). A reduction in the
number of live homozygote mutants was
observed after E11.5 on a 129 X BL6 back-
ground; however, a small number of mutant
fetuses developed to term. In a 129 X BL6
X MF1 background, three mutant mice sur-
vived until postnatal day 20 (P20) (Table
1). The absence of EGFR mRNA and pro-
tein in mutant primary embryonic fibro-
blasts and E13.5 embryos was confirmed by
Northern (RNA) and protein immunoblot
analysis (Fig. 1, B and C).

Mutant embryos were slightly reduced in
size and weight from E10.5 on a 129 back-
ground and from E13.5 on a mixed 129 X
BL6 background (Fig. 2A) (7). The three
129 X BL6 X MF1 EGFR™/~ mice, which
survived until P20, were only 40 to 50% of
the size and weight of control littermates (7).

The reduced body weight of the EGFR™/~
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fetuses was most likely a consequence of the
smaller placentas (Fig. 2, A and B). E13.5
mutant placentas were structurally abnor-
mal, and the matemal decidua was more
easily separable by manual dissection from
the fetal components. The spongiotropho-
blast layer was reduced in size, with only a
thin layer of fle-I- and 4311-expressing
spongiotrophoblast cells (Fig. 2, C through
E, and G) (7, 9). The labyrinthine tropho-
blast cells and the network of embryonic
vessels and maternal sinuses appeared struc-
turally normal (Fig. 2, C and D), as shown by
the expression of flk-1 in the endothelial
cells of the labyrinth (Fig. 2, F and H) (10).
Secondary giant cells were present in normal
numbers and formed multiple cell layers at
the interface between the maternal decidua
and the embryonic labyrinth (7). Thus, the
absence of the EGFR appears to specifically
affect the proliferation or survival of spon-
giotrophoblast cells.

Table 1. Viability of offspring from EGFR hetero-
zygote matings in three mouse strains. Genotype
analysis of embryos (E9.5 to E18.5), newborn
(P1), and adult (P20) offspring from EGFR hetero-
zygote parents in three genetic backgrounds (8).
After cesarean section, none of the live E18.5
EGFR /- fetuses sustained respiration for longer
than 1 hour, and all 129 X BL6 newborn fetuses
(some with milk in their stomachs) died within 12
to 24 hours. Dead EGFR~/~ embryos and mice
are indicated in squared brackets. +/+, wild-
type; -+/—, heterozygotes; —/—, homozygote
mutants.

Mouse Offspring Total
strain I 4 ) (litters)
E9.5t0 11.5
129 16 27 12 55 (8)
129 X BL6 31 69 26[1] 127 (12)
E12.5t0 13.5
129 26 42 O[3 71(13)
129 X BL6 83 140 43[8] 274 (37)
E14.5t0 18.5
129 3 11 0 14 (3)
129 X BL6 94 157 17 [26] 294 (44)
P1
129 X BL6 44 99 815] 156 (19)
P20
129; 129 X BL6 104 157 O 261 (31)
129 X BL6 X MF1 281 0[3] 284 (30)




Fig. 1. Disruption of the gene encoding the
EGFR in mouse ES cells. (A) Restriction map of a
17-kb genomic fragment encompassing pro-
moter regions, the first exon (black box), and
part of the first intron are shown in the first line.
The second and third lines illustrate the neomy-
cin- (neo) and the hygromycin- (hygro) targeting
vectors, respectively (5). Arrowheads depict the
promoter position and the transcription orienta-
tion of the selection cassettes. The disrupted
EGFR alleles are represented in lines 4 and 5.
Restriction enzymes: E, Eco RV; X, Xbal; N, Nde
I; BX, Bst XI; H, Hind Ill; __inline 4 indicates the
position of PCR primers (8). Southern blot (lower
panel) with Nde | digestion [boxed in (A)l and a 3’
external probe detects a 4-kb wild-type (WT)
and a 6-kb or 5.5-kb disrupted neo and hygro
allele, respectively. The first two lanes show a
single-targeted (+/—) and a double-targeted (—/
—) ES cell clone (6), and the following lanes the
genotypes of a E13.5 progeny from a heterozy-
gote intercross (8). (B) Expression of EGFR
mRNA and B-actin (loading control) in primary

embry onic fibroblasts and embryos (29). The EGFR cDNA probe used is
indicated in the top panel of (C) (29). (C) Protein immunoblot analysis of
immunoprecipitated lysates of primary embryonic fibroblasts and embryos
(30). EGFR-specific antisera aF (aF) and RK2 (RK) were used for immuno-
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netic background, and each
stage represents the mean
value *+ SD of three to seven
embryos and placentas. (C
through H) Histological and
in situ analysis of E13.5
wild-type and mutant pla-
centas. Sections were
stained with hematoxylin-
eosin at low (C) and high (D)
magnifications. The arrows
point to residual spongiotro-
phoblast cells (sp) in the
mutants and arrowheads to
labyrinthine trophoblast
cells (la). Dark-field images
of adjacent +/+ and —/—
E13.5 placental sections
show the expression of fit-1
[(B)and (G)} and flk-1 [(F) and
(H)], which are markers for
the spongiotrophoblast
cells and labyrinthine endo-
thelial cells, respectively.
The same phenotype was
observed in all mutant pla-
centas analyzed between
E11.5 and E18.5 (7). ma,
maternal decidua. (I through
K) Comparison of frontal
sections through the eyes of
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newborn +/+ () and —/— [(J)and (K)] fetuses. The line of fusion between upper and lower eyelid (e} is indicated
by an arrow in the +/+ eye. In (K), after X-gal staining expression of the EGFR was detectable in the cell layer
at the edges of the eyelids, in the surface epithelium of the cornea, and in the conjunctiva (arrows, blue staining).
j, conjunctival sac. Histological sections and in situ hybridization were performed as described (37). Magnifi-

cation: (C), (E) through (J), X18; (D) and (K), X35.
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precipitation and antibody aC11 for immunodetection. The position of the
epitopes is indicated in the upper panel. P, preimmune serum; =, 180-kD
phosphorylated and unphosphorylated EGFR protein. The absence of
EGFR protein was confirmed in an in vitro autophosphorylation assay (7).

At birth, the whiskers of all EGFR™/~
fetuses were absent or rudimentary stubs
(7). After E16.5, surviving mutant fetuses
had open eyes (Fig. 2, I through K). Histo-
logical analysis of the eyes of mutant new-
borns showed that the eyelids failed to grow
and fuse and that the cornea was thin and
fibrotic (Fig. 2, ] and K). Because corneal
differentiation depends on the formation of
the conjunctival sac that occurs after the
closure of the eyelids (11), it may be that
lack of eyelid fusion impaired corneal dif-
ferentiation. However, the high expression
of EGFR [revealed by X-galactosidase (X-
gal) staining at the edges of the eyelids and
in the corneal epithelium] indicates that
receptor expression directly affects the de-
velopment of these structures (Fig. 2I).
Similar malformations with incomplete
penetrance were observed in TGF-a™/~
and wa-2 mice that have a point mutation
in the gene encoding the EGFR that par-
tially impairs receptor signaling (12).

Histological analysis of the internal or-
gans of growth-retarded E13.5 mutant em-
bryos showed generalized hypoplasia, but no
obvious structural anomalies (7). Alterations
in the skin were observed in E18.5 and new-
born EGFR™/~ fetuses. The mutant epider-
mis was thin, the layers not well distin-
guished, and keratinization of the stratum
corneum was almost absent (Fig. 3, A and
B). Expression of the EGFR monitored by
X-gal staining was confined to the basal layer
of the epidermis (Fig. 3C). In mutants, ex-
pression was also detected in the keratino-
cytes of the suprabasal layers, suggesting an
aberrant organization of the epidermis (7).
At birth, some mutant hair follicles appeared
less differentiated, although their number
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and organization in the dermal layer were
similar to that in the wild type (Fig. 3, A and
B). These structures were severely affected in
the P20 mutants, which failed to develop a
hairy coat (7). In contrast, TGF-o.™/~ and
wa-2 mice display waviness of whiskers and
fur but normal structure of the epidermis
(12). These results confirm that EGFR sig-
naling plays an important role in hair follicle
and skin development (12, 13).

The lungs of E18.5 and newborn
EGFR ™/~ fetuses, which had respired, ap-
peared immature with poorly inflated areas
(7). Lung sections from these mutants
showed undifferentiated epithelium in the
respiratory bronchioles and alveoli and in-
creased amounts of cells in the alveolar
septae (Fig. 3, D and E). A role for the
EGFR in the maturation of the various lung
epithelia is supported by X-gal staining in
the affected pulmonary cells (Fig. 3F).
However, it may be that the immature lungs
are a consequence of the growth retardation
observed in the mutants.

These defects observed in lung and skin,
together with the lacZ expression pattern,
imply that the EGFR plays an important
role in the proliferation and differentiation
of the epithelial compartment of these or-
gans. Histological examinations of the epi-
thelial compartments of stomach, small and
large intestine, pancreas, liver, kidney, and
brain of E18.5 and newborn mutant fetuses
revealed no obvious abnormalities (7). Sur-

|+l

viving P20 mutant mice were severely de-
hydrated and suffered from a wasting syn-
drome 2 days before death and exhibited
similar histological abnormalities as de-
scribed by Threadgill et al. (7, 14).

To assess the proliferation and develop-
mental potential of EGFR ™/~ cells, we in-
jected three EGFR™/~ ES cell clones into
wild-type blastocysts to generate chimeras
(6, 7) (Fig. 4A). All chimeras were alive at
E14.5, and efficient ES cell contribution
was observed in all embryonic organs ana-
lyzed. These chimeras survived longer than
inbred 129 EGFR™/~ fetuses, most likely
because the placenta was mainly derived
from host wild-type cells (Fig. 4A) (15). At
birth, some chimeras had open eyes and
contributed fewer EGFR™/~ ES cell deriva-
tives to some organs (Fig. 4A). Most chi-
meras died within a few hours because of an
inability to sustain respiration; their pheno-
type thereby resembled that of newborn
mutant fetuses. Those surviving to adult-
hood contributed few EGFR™/~ derivatives
to organs like lung, liver, gut, and stomach.
In adult chimeras in whom the injected
cells were 40 to 50% of skin cells, we could
not detect the patchy distribution of wavy
and normal hair, which was observed in
aggregation chimeras with wa-2/wa-2 em-
bryos (16). These results suggest that com-
pared to control cells, EGFR™/~ ES cell
derivatives might encounter a selective dis-
advantage in colonizing certain tissues be-

Fig. 3. (A through C) Sections through the neck skin of wild-type (+/+) (A) and mutant (—/—) (B) newborn
and heterozygote (+/—) (C) E18.5 fetuses. Arrows point to the hair follicles. In +/— skin sections X-gal
staining is mainly detectable in the basal layer of the epidermis (arrowheads) and in the hair follicles
(arrow). ep, epidermis; de, dermis; co, corneal layer; asterisk, granular and spinous layers; bl, basal layer.
(D through F) Comparison of lung sections of E18.5 wild-type (D) and mutant [(E) and (F)] fetuses, which
respired and died soon after. The type | pneumocytes that line the alveolar surface are indicated by
arrowheads. Open arrows indicate the epithelium of the respiratory bronchioles (rb). These defects were
consistently observed in all three E18.5 and five newborn mutant fetuses analyzed. a, alveoli. After X-gal
staining, the B-galactosidase activity can be detected in most pneumocytes (arrows and inset) from
EGFR —/— and +/— fetuses (F). Magnification: (A), (B), (D) through (F), X96; (C), X 195; inset in (F), X 488.
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cause of a cell-autonomous defect in partic-
ular cell lineages.

Altered EGFR signaling has been shown
to influence the proliferation and differenti-
ation of hematopoietic cells (17). To test
whether hematopoiesis was affected, we in-
jected E12.5 mutant fetal liver cells intrave-
nously into wild-type recipient adult mice
that were lethally irradiated (18). After 8
months, these mice were healthy and the
hematopoietic compartment was reconsti-
tuted by the mutant cells (Fig. 4B). The
number of lymphoid and myeloid cells in the
spleen of a mouse reconstituted with
EGFR ™/~ fetal liver cells was comparable to
that in the control reconstituted with
EGFR*/~ cells (Fig. 4B). Interestingly, a re-
duction in the number of B220" cells was
detected in bone marrow. Analysis of periph-
eral blood showed no significant difference
in hematocrits (40 to 50%) and red blood
cell counts (8 X 10° to 10 X 10° cells),
suggesting that hematopoietic stem cells are
functional in EGFR mutant fetal livers.

The placentas of EGFR mutant fetuses
are smaller and exhibit an altered spongio-
trophoblast layer, the part of the placenta
where maternal and fetal tissues come in
closest contact. Although the function of
the spongiotrophoblast cells is poorly un-
derstood (19), we speculate that this defi-
ciency is responsible for the altered embry-
onic-maternal adhesiveness we observed. A
role for the EGFR in cell adhesion has
indeed been proposed because the EGFR
can associate in vitro with the cadherin-
catenin complex of transmembrane adhe-
sion molecules (20). Altered adhesion
might affect placental function, causing
growth retardation and subsequent embry-
onic death. The observation that alter-
ations in the amount of placental EGFR
can affect intrauterine growth of human
fetuses supports this hypothesis (21). In
EGFR mouse mutants of 129, 129 X BL6,
and 129 X BL6 X MFI1 backgrounds, im-
plantation of the blastocyst and further dif-
ferentiation of the trophectoderm into
spongiotrophoblast and labyrinthine tro-
phoblast cells appear to proceed normally;
the lack of the EGFR seems to affect only
the proliferation or survival of the spongio-
trophoblast cells. On the inbred 129 back-
ground, EGFR ™/~ fetuses die around E12.5,
which coincides with the stage when cor-
rect placental function is required (3). Most
of the 129 X BL6 mutants also die around
E12.5, but some survive with other defects
until birth. Because placental development
is controlled by several different signaling
pathways (3, 22), the observation that the
number of mutant fetuses surviving after
E13.5 is increased when the genetic back-
ground is predominantly C57BL/6 (7) sug-
gests that these pathways are regulated dif-
ferently in various mouse strains.
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generated with EGFR*/~ ES cell clones, whose
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(B) Flow cytometry analysis of spleen isolated
from a mouse reconstituted with EGFR*~ and
EGFR~/ fetal liver cells, respectively (18). Several
antibodies to cell-surface markers were used:
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-1.8 kb (Mutant)
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B220 for B cells, CD4 and CD8 for T cells, Mac1 for macrophages, and GR1 for granulocytes (18). The
lower panel shows PCR analysis of genomic DNA isolated from spleen (s), thymus (t), bone marrow (b),
and blood (bl) of the reconstituted mice, which was confirmed by Southern blot analysis (7, 8). The
genotype of the donor fetal liver cells is indicated above, and the expected mutant and wild-type bands
on the side. Controls: +/— and —/—, tail DNA; N, no DNA; M, DNA marker A Hind lll + $X174 Hae Il
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Requirement of the Yeast RTH1 5’ to 3’
Exonuclease for the Stability of Simple
Repetitive DNA

Robert E. Johnson, Gopala K. Kovvali, Louise Prakash,
Satya Prakash’

Simple repetitive DNA sequences are unstable in human colorectal cancers and a
variety of other cancers. Mutations in the DNA mismatch repair genes MSH2, MLH1,
and PMS1 result in elevated rates of spontaneous mutation and cause a marked
increase in the instability of simple repeats. Compared with the wild type, a null muta-
tion in the yeast RTH7 gene, which encodes a 5’ to 3’ exonuclease, was shown to
increase the rate of instability of simple repetitive DNA by as much as 280 times and
to increase the spontaneous mutation rate by 30 times. Epistasis analyses were con-
sistent with the hypothesis that this RTH7-encoded nuclease has a role in the MSH2-

MLH1-PMS1 mismatch repair pathway.

Defects in DNA mismatch repair in Esch-
erichia coli and yeast result in an increase in
the instability of simple repetitive DNA
sequences (I, 2). Tumors from hereditary
nonpolyposis colorectal cancer (HNPCC)
kindreds contain frequent alterations in the
length of microsatellites (3), and mutations
in any of the four known human mismatch
repair genes, IMSH2, hAMLH1, hPMS1, and
hPMS2, are associated with most of these
cancers (4, 5). HNPCC patients account
for 3 to 6% of colorectal cancers each year
(6). Colorectal cancers also occur in pa-
tients without a strong family history of the
disease, and these too display microsatellite
instability (3, 5, 7). However, a large pro-
portion of the sporadic tumor cell lines with
microsatellite instability do not contain
mutations in the four mismatch repair
genes, which suggests that other genes may
contribute to microsatellite instability and
cancer (5).

In eukaryotes, long-patch DNA repair of
both base mismatches and loops has bidi-
rectional excision capability (8); hence, 5’
to 3" and 3’ to 5" exonucleases may play a
role in the repair process. The RTHI gene
of Saccharomyces cerevisiae encodes the yeast
counterpart of the mammalian 45-kD 5’ to
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3’ exonuclease required for lagging-strand
DNA synthesis in reconstituted systems (9,
10). After the ribonuclease H1-catalyzed
cleavage of primer RNA one nucleotide 5’
of the RNA-DNA junction, the 5" to 3’
exonuclease removes the remaining
monoribonucleotide of the RNA primer
(10). A null mutation of RTHI (rthlA)
causes conditional lethality at 37°C; mu-
tant cells are blocked in nuclear division
and have a morphology typical of mutants
defective in DNA replication. At the per-
missive temperature, rates of spontaneous
mitotic recombination are elevated in the
rthl1 A strain, and sensitivity to the alkylat-
ing agent methyl methanesulfonate is en-
hanced (9). Here, we show that the rthIA
mutation increases the instability of simple
repetitive sequences.

Poly(GT) repeat sequences ranging in
size from 10 to 30 repeats are present in
most eukaryotes, including humans (11).
To examine the effect of RTHI on the
stability of poly(GT) repeats, we used two
types of low-copy centromeric plasmids.
Plasmid pSH91 contains an in-frame 33—
base pair (bp) poly(GT),(G insertion with-
in the coding sequence of a modified URA3
gene (2). Alterations of the tract that pro-
duce an out-of-frame mutation produce
Ura™ cells that are resistant to 5-fluoro-
orotic acid (5-FOA). Plasmid pSH31 con-
tains an out-of-frame 29-bp poly(GT),,G
insertion within the coding sequence of the
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B-galactosidase gene (12). Alterations of
the tract that restore the correct frame pro-
duce blue colonies on medium containing
X-Gal  (5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside). To monitor frame shift-
ing within the chromosome, we used yeast
strain SH75, in which an out-of-frame 29-
bp poly(GT),,G sequence containing a
B-galactosidase construction similar to that
in pSH31 has been integrated into the yeast
genome at the LYS2 locus (12).

The rth] A mutation increased tract insta-
bility in all three systems. In the two plas-
mid-based systems, we observed rates of tract
alteration in the rth] A mutant that were 100
to 280 times the wild-type rate (Table 1).
Tract instability within the chromosome
also increased in the rthlA strain, but its
magnitude (43 times the wild-type rate) was
less than that in the plasmid systems. This
result is consistent with the observation that
tract instability is less pronounced in the
chromosome than in the plasmids in the
pms] mutant (2) (Table 1). The rate of tract
alteration in the rthl A strain was one-half to
one-third the rate in the isogenic strains that
contained mutations in MSH2, MLHI, or
PMSI (Table 1). The PMSI and MLHI
genes act in the same pathway of mismatch
repair, because double mutants show micro-
satellite instability similar to that of single
mutants (2). Conversely, a double mutant
carrying a pmsl mutation in combination
with a pol2 mutation, which abolishes the 3’
to 5’ proofreading exonuclease activity of
DNA polymerase €, exhibits mutation rates
that are the product of the relative mutation
rates of pol2 and pmsl single mutants (13);
this finding indicates that mismatches that
accumulate in the absence of POL2 proof-
reading activity are removed by the mis-
match repair system.

To determine whether RTH]I functions
in concert with MSH2, MLH1, and PMSI,
we examined tract instability in the double
mutants rthlAmsh2A, rthlAmlhlA, and
rthIApms1A. We found that the rthIA mu-
tation in combination with any of the mis-
match repair mutations resulted in rates of
tract instability that were about three times
those of isogenic strains defective in a single
mismatch repair gene. These observations
suggest that in addition to playing a role in
the MSH2-MLHI1-PMS!] mismatch repair
pathway, RTH1 effects mismatch removal
by another minor repair pathway.

Previous studies have suggested that the
MSH2-MLHI1-PMS1 pathway of mismatch
repair primarily corrects insertions or dele-
tions of one or two units of dinucleotide
repeats (2). To determine the types of re-
peat alterations generated in the rthlA
strains, we sequenced plasmid DNA that
contained tract alterations from 5-FOA-
resistant colonies or from blue colonies on

X-Gal plates (Table 2). With the exception



