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ABSTRACT

The involucrin gene encodes a protein of terminally differentiated keratinocytes. Its segment of repeats,
which represents up to 80% of the coding region, is highly polymorphic in mouse strains derived from
wild progenitors. Polymorphism includes nucleotide substitutions, but is most strikingly due to the recent
addition of a variable number of repeats at a precise location within the segment of repeats. Each mouse
taxon examined showed consistent and distinctive patterns of evolution of its variable region: very rapid
changes in most M. m. domesticus alleles, slow changes in M. m. musculus, and complete arrest in M. spretus.
We conclude that changes in the variable region are controlled by the genetic background. One of the
M. m. domesticusalleles (DIK-L), which is of M. m. musculus origin, has undergone arecent repeat duplication
typical of M. m. domesticus. This suggests that the genetic background controls repeat duplications through
trans-acting factors. Because the repeat pattern differs in closely related murine taxa, involucrin reveals
with greater sensitivity than random nucleotide substitutions the evolutionary relations of the mouse and

probably of all murids.

NVOLUCRIN is a specific protein of terminally dif-
ferentiated keratinocytes; it is a substrate of the kera-
tinocyte transglutaminase and a precursor of the cross-
linked envelope (Rice and GREEN 1979). In all mammalian
involucrin genes examined, about two-thirds of the cod-
ing region is composed of a segment of short tandem
repeats, but the segment of repeats of anthropoid pri-
mates differs from that of nonanthropoid mammals.
In the transition from nonanthropoid to anthropoid
primates, the segment of repeats of nonanthropoid
mammals was deleted and replaced by a new segment
of repeats, located downstream in the coding region
(TsENG and GREEN 1988; GREEN and Dj1an 1992). Only
the tarsioids possess repeats at both locations (Djian
and GREEN 1991). The anthropoid segment of repeats
was progressively expanded during subsequent anthro-
poid evolution by addition of repeats, always close to
the 5’-end of the segment, which therefore expanded
in a 3’-to-5’ direction (DjiaN and GREEN 1989). Because
repeat addition continues in present-day humans, invo-
lucrin is polymorphic with respect to size in the human
population. However, because the differences in size
are small, polymorphism cannot be detected by electro-
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phoretic analysis of the protein, but only by restriction
fragment analysis of the genes (SIMON et al. 1991;
URQUHART and GILL 1993; DjiaAN et al. 1995).

The involucrin gene has been sequenced in a large
number of nonanthropoid mammals, including the
mouse and the rat (TSENG and GREEN 1988, 1990; PHIL-
LIPS el al. 1990, 1997; Dj1aN and GREEN 1991; DjIAN et
al. 1993). In contrast to the anthropoid segment of
repeats, that of nonanthropoid mammals generally re-
vealed little polymorphism due to recent additions of
repeats (TSENG and GREEN 1988; PHILLIPS ¢f al. 1997).
However, sequencing of involucrin alleles of random-
bred Swiss mice revealed the existence of extensive size
polymorphism, due to differences in the number of
repeats in different alleles. Remarkably, these differ-
ences resulted from addition of repeats targeted to only
one of two classes of alleles. The absence of recombina-
tion between any of the alleles examined supported
the operation of an intra-allelic mechanism of repeat
addition (DELHOMME and Djian 2000).

We have now sequenced involucrin alleles of mouse
strains derived from wild progenitors. The involucrins
of these mice are highly polymorphic with respect to
size. As the nature of polymorphic alleles is different in
different mouse taxa, we postulate that the process of
repeat addition is controlled by the genetic background.
We present evidence in favor of the operation of trans-
acting factors in the control of the process of repeat
addition.



2200 P. Djian and B. Delhomme

MATERIALS AND METHODS

Southern blots: We examined the segments of repeats of
16 strains, each descended from different wild progenitors
(Table 1). Inbred strains were provided by the Unité de Gén-
étique des Mammiferes (Institut Pasteur, Paris) and random-
bred strains by the Conservatoire de la Souris Sauvage (CNRS-
Université de Montpellier II). A description of the mouse
strains used in this study and a list of bibliographical references
can be found at http:/www.univ-montp2.fr/~genetix/souris.
htm and http:/www.cnrs-orleans.fr/~webcdta/ListeSouris.
html. Genomic DNA was prepared from liver with a genomic
DNA purification kit (Promega, Madison, WI) and digested
with Avall, which cuts on both sides of the segment of repeats
(see DELHOMME and Djiax 2000, Figure 4). Digested DNA
(10 pg) was then submitted to electrophoresis through a 1%
agarose gel, transferred to charged nylon, and hybridized with
a *P-labeled probe consisting of most of the mouse involucrin
segment of repeats. The resolution of the agarose gel allowed
us to determine the number of repeats in the Avall fragment
and to identify mice that were heterozygous for the size of
this fragment.

PCR: Genomic DNA (250 ng) was used for amplification
by PCR. The sequence of the upstream primer, starting at
codon 64, was 5'-T GTG AAG GAT CTG CCT GAT and that
of the downstream primer corresponding to codons 16-9 after
the segment of repeats was 5'-G GCT TTT TGG TCC TTG
ATA A (DjiaN et al. 1993; DELHOMME and Djian 2000). The
PCR product was the result of 30 cycles of amplification (95°
for 1 min, 55° for 1 min, and 72° for 2 min) in the presence
of AmpliTaq DNA polymerase (Applied Biosystems, Foster
City, CA), using a PE480 thermocycler (Perkin-Elmer, Nor-
walk, CT). PCR products were purified by agarose gel electro-
phoresis and cloned into pGEM-T (Promega) by A/T cloning
(KovaLic et al. 1991). For each amplified fragment, a group
of six plasmid clones was prepared, and each clone was di-
gested with Psi, which excises a fragment containing the seg-
ment of repeats, thus allowing the identification of the clones
corresponding to each allele in heterozygous mice.

Nucleotide sequencing: Nested deletions were generated
by progressively digesting each cloned PCR fragment with
exonuclease III (Erase a Base System, Promega). Cycle se-
quencing was performed on a Perkin-Elmer GeneAmp PCR
system 2400 in the presence of fluorescent dideoxynucleo-
tides. Thermocycling conditions were 30 cycles at 96° for 30
sec, 50° for 15 sec, and 60° for 4 min. Electrophoresis and
detection of fluorescent peaks were carried out on an auto-
matic sequencer (ABI PRISM 310 Genetic Analyzer). The se-
quence was determined using the SeqEd v1.0.3 software. Sev-
eral clones were sequenced for each allele. Sizes deduced
from sequencing always corresponded to those determined
by agarose gel electrophoresis. The alignment of repeats and
the phylogenetic analysis were performed by eye.

RESULTS

The segment of repeats of mouse involucrin alleles:
The coding region of the mouse involucrin gene con-
tains a segment of repeats, which begins with codon 82
and is followed by 73 codons, not including the stop
codon (DjIAN et al. 1993). The segment of repeats was
sequenced in 21 alleles found in 16 mouse strains de-
rived from wild progenitors belonging to the taxa Mus
musculus domesticus, M. m. musculus, M. m. castaneus, and

M. spretus (Table 1). These sequences were compared
to those of the six laboratory mouse alleles, which had
been previously examined (DeLHOMME and Djian
2000). As in the Swiss mice, polymorphism due to a
variable number of repeats was largely confined to a
single location between repeats M and N of the segment
of repeats, which could therefore be divided into 5’
constant, variable, and 3’ constant regions (Figure 1).
Figure 2 is a summary of the alignment of the repeats
of all murine involucrin alleles.

Nucleotide polymorphism in the constant region: The
constant region contains 21 repeats, 20 of which are
shared by nearly all the mouse alleles examined and by
the rat. Repeats of the constant region can be aligned
in the murids because they contain large numbers of
distinguishing marker nucleotides (DjIAN et al. 1993).
Occasional nucleotide substitutions or codon inser-
tions/deletions were present in the repeats of some
alleles but not others. These mutations generated vari-
ant repeats that differed at one or several positions from
the canonical sequences defined earlier for each repeat
of the A, allele (Dj1AN et al. 1993; DELHOMME and DjIaN
2000). The sequences of all canonical and variant re-
peats are shown in Figure 3. A total of 44 variant repeats
were found. Since there are 21 canonical repeats, an
average of about two repeats bear nucleotide substitu-
tions for each repeat. Excluding repeat M, which is
present in only a few alleles, the frequency of variant
repeats tended to increase for repeats bordering on the
variable region: seven L repeats and six N repeats bear
nucleotide substitutions or deletions/insertions (Fig-
ures 2 and 3). The increased frequency of mutations in
the repeats located in the vicinity of the variable region
must be related to the frequent repeat additions that
occur in the variable region.

Repeat addition in the variable region: All repeats of
the variable region of wild-derived mice could be di-
vided into four types: K, N, a, and & (Figure 4). The
origin of repeats a and 8 could not be traced since they
were not obvious duplicates of more ancient repeats.
In the variable region, individual repeats of different
strains of mice could be identified by their repeat types
and by their marker nucleotides (those that diverge from
their repeat consensus); this makes it possible to establish
whether repeats of two alleles were added in a common
ancestor or were added independently. One K repeat,
three N repeats, 26 a-repeats, and seven d-repeats were
found in the 22 alleles examined (Figure 4).

M. m. domesticus: Five mice, each belonging to a differ-
ent strain, were examined; a total of six M. m. domesticus
alleles were sequenced because the DIK mouse was het-
erozygous with respect to repeat number. These alleles
were highly polymorphic in size. The smallest allele
(WLA) contained 20 repeats and no variable region,
whereas the largest allele (22MO) contained 41 repeats,
of which 21 belonged to the variable region. The repeat
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TABLE

1

Wild-derived mice examined for involucrin

No. alleles No. of
Taxon Strain Origin Breeding sequenced repeats
M. m. domesticus DEB Spain (Barcelona) Random 1 29
DIK Israel (Keshet) Random 2 31/33
22MO Tunisia (Monastir) Random 1 41
WLA France (Toulouse) Inbred 1 20
WMP Tunisia (Monastir) Inbred 1 28
M. m. musculus DHA India (Delhi) Random 2 29/29¢
MAI Austria (Illmitz) Inbred 1 30
MAM Armenia (Megri) Random 2 28/28"
MBT Bulgaria (Gal Toshevo) Inbred 1 30
MPR Pakistan (Rawalpindi) Random 2 28/30
PWK Czech Republic (Prague) Inbred 1 19
TEH Iran (Teheran) Random 1 30
M. m. castaneus CTP Thailand (Pathumthani) Random 2 29/31
M. spretus SEB Spain (Barcelona) Random 1 28
SEG Spain (Granada) Inbred 1 28
STF Tunisia (Fonduk Djedid) Inbred 1 28
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“The two DHA alleles (DHAI and DHAZ2) differed in their repeat pattern (Figure 2).

"The two MAM alleles were identical (Figure 2).

number has more than doubled between WLA and
22MO, and the size of the protein has increased from
450 to 765 residues.

Some of the duplications could be traced because
duplicated repeats shared specific marker nucleotides.
In wild-derived M. m. domesticus, duplications were al-
ways of either a single repeat or at most a pair of repeats,
never of blocks of 3—4 repeats, as in Swiss mice. Duplica-
tions have largely occurred independently in the various
strains. For instance, the pattern a%a! is specific to WMP
and must therefore have been generated in WMP after
its separation from the other M. m. domesticus strains;
a®a’ was then duplicated in the lineage leading to WMP.
The same applies to the duplication of a*3' in DEB, of
a' in DIK-S, and of 8%* in 22MO (Figure 2).

Although duplicated repeats (paralogs) were some-
times identical, they often showed some level of diver-
gence. The expansion of the 22MO allele largely re-

Variable region due to
recent repeat addition

sulted from repeated duplications of a 2-repeat block
composed of a type-d and a type-a repeat. Of the seven
da blocks present in the variable region of 22MO, six
are divergent (8'a!, da!, %!, 8%, da!, and da?). The
variable region of DIK-S was almost entirely formed by
repeated duplications of single type-a repeats. Of these
10 repeats, 6 have diverged (o', o®, o', o, @'®, and o).
There is not a single nucleotide divergence between the
20 orthologous repeats (A-L, N-T, and a) of DIK-S
and 22MO. Therefore these alleles must have diverged
recently. Yet, there are numerous divergences between
the even more recently generated paralogous repeats
of each of the variable regions of the two alleles. This
shows that an unusually high frequency of nucleotide
substitutions is associated with repeat duplications.
DIK-L stands out among the M. m. domesticus alleles
because its 5’ constant region contains a C' and a J!
repeat typical of M. m. musculus alleles, instead of the

FiGure 1.—Coding region of
the mouse involucrin gene. Two-
thirds to four-fifths of the coding
region is composed of a segment

ATG TAG
5’ Constant Region 3’ Constant Region of !9_41 repeats of .13_16 co/dons.
—> b This segment consists of 5’ and
5 A|B|C|D|E F G|H|I J|K|L|M N|O|a PlalR sIT 37 3’ constant regions shared by all
mouse alleles and the rat and a

<—
variable region, which differs in

the various mouse alleles. Repeats shared by the mouse and the rat are indicated by uppercase letters. One repeat, shared by
all mouse alleles but not found in the rat, is designated “a” (DELHOMME and Dj1aNn 2000). Arrows represent primers used in the

PCR amplification of the segment of repeats.
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C and ] repeats typical of M. m. domesticus alleles, and
because its variable region contains the pattern o'
Noa'a’, which is typical of the M. m. musculus alleles
(see below). We may conclude that DIK-L is of M. m.
musculus origin and was introduced in the M. m. domes-
ticus population by late admixture. The DIK-L allele has
then undergone a duplication of a block of two repeats
(Na® — Na*). Duplications of two-repeat blocks are

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A M. m./s. CRA AAG CAG CAG CIG CAG GIG AAA AAG TCA --- --- CAG CAG GAG CTG
A1 M. m c PR

2?2 M s, TSP Y
B M. m. CAG GRAA CAG GAA CTG CAT CTG GAG ARG CAG CAG CTA CCA CAA GAG CCC
B' M m T

52 M. s.

3

B M. s. ... ... 0= -

c M om CAG GGG CTC --- CTG TGC CTG GBR CAA CRA CAG --- CAG CAA GAG CCA
¢! M om. e e e e e e B e e e e e e e
¢ M os. P - A
D M. m./s. CRA ATG CAA GAA CAG CAC CTC AGA CAG CAG CAG, CAG CAG CAA GAG ACA
' M s G .

E M m CAG GAG CAG GGT CTG TGC CIG GGG CAG; ARG CAS» GAC ATG CTA GTA CCA
' M s O =
F Mm CAG GAG --- --- CTA CAT CTG AGA CAG CAC --- -—- CAG GAG AAG CTG
FF Mom R B

G M m CAG GAT CCA GAA CTG CAT CTG GGT CAG CAG --- --- CAG RAAR ACT CCA
¢! M. m. T

H M m GAG GAG CAG AAA CIG ATT CCA GGA GAA AAG --- --- CAG CAG GAG ---
B oMos. .

I M om. ——= —== -—= —-- CTG CAC CTG GGA CAG AGG --- -—- CAC CAG GAG CCA
' Mom A . L

2 M om

* M os.

IA M. s. .. —mm mmm mmm —e
J M om. CAG GAG CAG GAG CTf) CAC CTG GGA CAG CAG --- RAG CAG AAG CTA
' oMom G RPNl

J2 M. s.

AT M. s.

K M. m.

KA M. m.

k' M s

2

K M. s.

L M. m

L1 M. m

LA M. om

> Mom

) Mom .

¥ Mos . caG

° M s . CAG T

M M om CCT GAA CCA GAA CTG CCT CTIG GGA AAG CAG CAG --- CAG CAG GAG TCA
M oMom . G

N M. m. CCT GAG CCA GAAR CTG CAA CTG GGA AAG CAG --- --- --- CAG CAG TCA
N M om AL . .

N M om. .. R el e e e e

N M om DCBG e e e

N M om .

N M s .. a

o M m CAT GAG CClg GAT ATG GCA GGG GAT CAG ARA CAG --- BAG CAG ARA CTT
o' M. s. .. LA .

a M. m./s. CAT AAG CCA GAA CTG TAC CTG AGA AAG CAG CAG --- TAC CAG GAG TCA
P M CCT GAC CCA GAG TTIG TC CTG GGA ARA CAG CAG --- CAC CAG GAG TGT
P oM os A

o M m CAG GAA CCA GAA CTG CAA TTG GAA GAG AAG CAG --- CAT CAG AAG CCA
ot M.om ... .. T e

0?2 M. s R I

R M. m./s. CCl GAA CCA GAA CIG CAC CIG GGA AAG CAG

R' M.m .G. T

R’ M. s, .

R® M s. A

s M m. CAT GAG CCA GAT ATG GCA GAG GAT CTG GAA GAG --- AAG CAG AAA CTT
st oM.os. ... A

2 M os.

T M. m./s. GGT GAG CCA GAA TTA CAC CTA GGA BAG CAG --- ——— ——— ——— ——— ———

con CAT GAG CCA GAR CTG CAA CTG GGA AAG CAG CAG --- CAG CAG GAG CCA

frequent in M. m. domesticus, but are never observed in
M. m. musculus. Duplications of N repeats are frequent
in expanding alleles of Swiss mice (Figure 2), which are
also of M. m. domesticus origin (see below). Therefore
the most recent duplication in the DIK-L allele is charac-
teristic of M. m. domesticus.

M. m. musculus: Alleles MAM, MPR-S, DHA2, DHAI,
TEH, MPR-L, MAI, and MBT are closely related and
represent the typical M. m. musculusalleles. These alleles
share a number of distinguishing features: little size
polymorphism with a total number of repeats between
28 and 30 and the presence of variant C' and J' repeats
in the 5’ constant region and of a block of six repeats
with the pattern aaNaaa in the variable region. The
first repeat of the aaNaaa block is generally o' but
sometimes o, the fourth repeat either o' or o?, the
last repeat always o°, and all other repeats, o'. Variability
results from the presence of 0-la repeats immediately
upstream and 0-2a repeats immediately downstream of
the aaNaaa block. Two groups can be distinguished
among the M. m. musculus alleles according to whether
the fourth repeat of their aaNaaa blocks is a'? (MAM,
DHA?2, DHALI, and TEH) or o' (MPR-L, MPR-S, MAI,
and MBT). MAI and MBT are closely related since they
uniquely share a distinctive o repeat at the beginning
of their aaNaaa blocks.

PWK is the shortest involucrin allele so far identified
with only 19 repeats and no variable region. Its 5’ con-
stant region contains a C and a J repeat instead of the
C' and J! repeats typical of the M. m. musculus alleles.
PWK is likely to be of M. m. domesticus origin.

M. m. castaneus: Two alleles of the CTP strain of M.
m. castaneus were sequenced. CTP2 and CTP1 contain
29 and 31 repeats, respectively. The two M. m. castaneus
alleles are obviously of M. m. musculus type: their 5’
constant region contains C' and J' repeats and their
variable region possesses an aaNaaa block (a’a'Na'?
a'a’). The two CTP alleles appear to be more closely
related to DHAI than to the other M. m. musculus alleles.
CTP2 is identical to DHAI, except for the presence of

F1Gure 3.—The nucleotide sequence of the repeats of the
constant region. Repeats are designated by letters, as in Figure
1. The mouse species in which each repeat is found is shown
(M. m., M. musculus; M. s., M. spretus; M. m./s., both M. muscu-
lus and M. spretus). For each repeat, the canonical sequence
defined earlier in the Ay allele is shown in full (DjiaN et al.
1993); variant repeats differing from the canonical sequence
are indicated with a superscript and only their divergent nucle-
otides are written. Marker nucleotides differing from the mu-
rid consensus (con) are in boldface type. Marker nucleotides
shared by all M. m. alleles alone or by all M. s. alleles alone
are boxed. Two marker nucleotides that distinguish the C and
J repeats typical of M. m. domesticus from the C' and J' repeats
typical of M. m. musculus are circled. Unshared marker nucleo-
tides are underlined; as shown in Figure 2, the corresponding
variant repeats are found in some strains, but not in others.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

K® CCT GAG CCA GAA CTG CAA CTG GGA AAA CAG CAG --- CAC CAG AAG CCA
N CCT GAG CCA GAA CTG CAA CTG GGA AAG CAG --- --- --- CAG CAG TCA
N* N
o CCT GAA CCA GAA CTG CAA CTG GGA AAG CAG CAG --- CAG CAG GAG TCA
ot L. G ..

oL GT ..

o L. G €] ..

of L G .v .n. T ..

o L G . T.. ... ..

of L. G ... ..A ..

oL G . G ..

of L G . c ..

o L. G T e
ot L G . .. G

ot .. .. T e .
ot L. G .. .. c
o L. G ... ... T. c
ot L. G . AL .. c..
ot L. G LT o c..
ot L G LCo c..
oL G .. . A..C..
ot L. G . ..T ... A..C..
ot L. G T.T ... A.. C..
[V G ..T ... A.. A..
o A, ..c ... C..
o2 A, ..G ... A

o¥® A, ..G ... T ... ... c
J T Tt c
o* T G ... A (< c
) CCT GAG CCA GAA CTG CCT CTG GGA AAG CAG CAG --- CAG CAG GAG TCA
8t ... ...Aa..C
8 ..T ... A..A
& . a ..T ... A.. C
LY e ..T ... A..C
& L L A ..T ... A..A
§° ..T ..AA.. A
con CAT GAG CCA GAA CTG CAA CTG GGA AAG CAG CAG --- CAG CAG GAG CCA

F1GURE 4.—The nucleotide sequence of repeats of the vari-
able region. Repeats of the variable region can be divided
into four types: K, N, a and 8. Repeats K and N are also found
in the constant region, whereas a and 8§ are virtually specific
to the variable region. All a-repeats possess a CAA codon at
position 6, while 8-repeats possess CCT at the same position.
Variant o- and &-repeats are indicated by a superscript and
only their specific nucleotides are written. Nucleotides dif-
fering from the murid consensus are in boldface type. We had
previously designated the repeats that compose the variable
region of the expanding alleles of Swiss mice as K', L?, M?,
N, B and v (DELHOMME and Djian 2000). In view of the
nomenclature adopted for the repeats of wild-derived mice,
and of the clear similarity of these repeats with those of Swiss
mice, we changed the designation of the repeats of the variable
region of Swiss mice: K, L2 and B became K’, o', and o,
respectively, while M? and y both became o'.

an orepeat in its aaNaaa block, instead of o', and for
a substitution in the N repeat of the 3’ constant region.

M. spretus: The nucleotide sequence of three M.
spretus alleles (SEG, STF, and SEB), each derived from
a different strain, was determined. There was extensive
repeat sharing among the constant regions of the M.
spretus alleles: seven shared variant repeats were specific
to M. spretus (Figure 2). Extensive sharing of variant
repeats shows that the common lineages leading to M.
spretus and to M. musculus have extensively diverged.
The split between these two lineages must therefore be
relatively ancient. Each M. spretus strain also contained
a relatively large number of unshared variant repeats.

For instance, SEB possessed five unshared variant re-
peats: B4 IA/AJ, K% R?, and S$? (Figure 2). We conclude
that the lineage leading to SEB has been separated from
the other M. spretus lineages for a period of time suffi-
cient to generate five variant repeats.

In contrast to the constant region, the variable region
of M. spretus, which is composed of eight a-repeats,
showed only two nucleotide substitutions in the three
alleles examined (Figure 2). M. spretus is therefore in
the paradoxical situation of possessing a variable region
thatis virtually constantand a constant region that shows
some level of variability.

Laboratory mice: We had previously reported the se-
quences of six alleles found in four strains of laboratory
mice, three of which were inbred (BALB/c, C57bl, and
DBA) and one of which was random bred (Swiss). These
alleles were divided into nonexpanding (A;—-A;) and
expanding (A;—A;) alleles. A, was found in BALB/ ¢ only;
A, in C57bl, DBA, and Swiss; and A; and A;—A; in ran-
dom-bred Swiss only. Ay and A; were closely related;
As;—A; were also closely related, but distinct from either
A or Ay—A;s (see DELHOMME and Dj1an 2000, Figure 8).

None of the alleles of the laboratory mice examined
were found in mice derived from wild progenitors. A,
is related to the M. m. musculus PWK allele, with which
it uniquely shares a KA/Ad® repeat at the 3'-end of the
constant region. However, A; possesses an M repeat that
is lacking in PWK. A, and A; appear to be related to
the M. m. domesticus WLA allele, but both possess an M
repeat, which is absent from WLA. The 5" constant re-
gion of laboratory alleles resembles that of M. m. domes-
ticus since they all share a C and a J repeat typical of
M. m. domesticus. The variable region of A;—A; resembles
that of M. m. domesticus in that it has undergone recent
expansion. Expansion of A;—A; has resulted from dupli-
cations of blocks of 3—4 repeats, some of which include
a K repeat, whereas the variable regions of the M. m.
domesticus alleles were generated by duplications of 1-2
repeats and do not contain K repeats.

From comparison of the sequence of the alleles of
laboratory mice, we had previously concluded that re-
peat M was part of the ancestral mouse allele. However,
since repeat M is absent from virtually all wild-derived
alleles (Figure 2), we no longer believe that it was pres-
ent in the ancestral mouse allele, which would therefore
have been composed of 20 repeats and not 21, as pre-
viously postulated (DELHOMME and Djian 2000).

Evolution of mouse involucrin alleles: A tree summa-
rizing the origin of the mouse involucrin alleles is shown
in Figure 5. The evolutionary tree is based on the repeats
of the constant and variable regions. The following evo-
lution can be postulated:

1. The ancestor of mouse alleles consisted of the 20
repeats of the constant region, which are shared by
all murids (A-L, N=T, and a).

2. The lineage leading to M. spretus diverged from the
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F1GURE 5.—Postulated evolution of the segment of repeats in the involucrin gene of the mouse. The common precursor is
likely to have contained 20 repeats of the constant region. A plus sign indicates repeat additions and a minus sign indicates
repeat deletions, virtually all of which occurred in the variable region. Numbers in boldface type along the branches of the tree
indicate the number of repeats added or deleted to each lineage. Numbers within parentheses show the number of repeats in
each allele. Arrows show admixture of the DIK-L ancestor, which is of M. m. musculus origin, into M. m. domesticus and of PWK,
which is of M. m. domesticus origin, into M. m. musculus. The points of closer similarity among the three major lineages are
summarized. The points of closer similarity among minor lineages can be found in the RESULTS.

common lineage leading to M. m. musculus and M.
m. domesticus. Such a divergence is supported by the
presence of numerous marker nucleotides that coin-
cide in the constant regions of either M. spretus or
M. musculus alone (synapomorphies). These shared
divergences explain the presence of seven variant
repeats typical of the M. spretus constant region (C?,
E', H', N°, O', P!, and Q?).

. In the common M. spretuslineage, the whole variable
region was created by repeated duplications of an
a-repeat. These duplications were associated with nu-
cleotide substitutions that diversified the a-repeats
of the variable region, of which seven are found in
M. spretus alone (o', ", o', o, o, o'®, and a*;
Figure 2).

. The three M. spretus strains then diverged from each
other, and in all three strains, repeat additions were
arrested. Because of this pattern of evolution, there
is no size polymorphism of involucrin in M. spretus.

5. In contrast to M. spretus, the common M. musculus

ancestor did not add any repeats before it diverged
into M. m. domesticus and M. m. musculus.

. Most of the variable region of M. m. musculus, includ-

ing the aaNaaa block framed in Figure 2, was gener-
ated in the common M. musculus lineage. Only a few
repeats were added or deleted in the M. musculus
strains after their divergence from each other. There-
fore M. m. musculus shows limited size polymorphism.

. In M. m. domesticus, most repeat additions occurred

after the divergence of the various lineages from each
other, as shown by the presence of specific patterns
of duplications in each M. m. domesticus strain. Be-
cause of these recent repeat additions, there is exten-
sive size polymorphism in M. m. domesticus.

DISCUSSION

The process of repeat addition is genetically deter-

mined by trans-acting factors: Polymorphism of mouse
involucrin has resulted from additions of a varying num-
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ber of repeats at a specific location between repeats M
and N (the variable region). An occasional repeat has
been added outside of the variable region, but this was
a very rare event and it was always close to the variable
region (for instance, repeat « in allele A; or Ad® in A,
and PWK). In the rat, new repeats have also been added
between repeats M and N (DjIAN et al. 1993). The site of
new repeat addition is therefore identical in all murids.

Addition of repeats has proceeded differently in each
mouse group. This is best illustrated by a comparison
of the expanding alleles of M. m. domesticus with the
alleles of M. spretus. The constant region of the M. m.
domesticus alleles is very homogeneous, presumably be-
cause these alleles are of very recent origin. In contrast
the variable region is highly polymorphic because it
has undergone recent expansion independently in each
lineage. Although the M. spretus alleles are of ancient
origin, as shown by the numerous divergences of their
constant regions, their variable regions are virtually
identical. This shows that (1) repeat additions have
stopped in the three M. spretuslineages and (2) a mecha-
nism preventing or correcting any nucleotide substitu-
tion and specifically targeted to the variable region has
operated in M. spretus alone (Figures 2 and 5). These
examples show that repeat duplications and nucleotide
substitutions in the variable region are controlled by
the genetic background in which the involucrin alleles
are placed. No such control operates on the constant
region.

DIK-L represents a case of admixture of a M. m. muscu-
lus allele in M. m. domesticus. When placed in the M. m.
domesticus background, DIK-L underwent duplication of
a block of two repeats as did other M. m. domesticus
alleles, but unlike any M. m. musculus allele (Figure 2).
This suggests that when the ancestor of the DIK-L alleles
was introduced in the M. m. domesticus subspecies, its
process of repeat addition came under the control of
trans-acting factors specific to M. m. domesticus.

Nucleotide substitutions and repeat additions: In M.
m. domesticus, the process of repeat addition is associated
with a high frequency of nucleotide substitutions. The
variable region of 22MO contains 7 8a blocks, which
must have been generated by recent duplications of an
ancestral 8o block. No two of the seven 8a blocks are
identical. In contrast, no recent nucleotide substitutions
are present in the constant region of 22MO, which is
identical to that of other M. m. domesticus alleles, such
as DIK-S and WLA. The high frequency of substitutions
in the variable region explains why it contains so many
variant 8 and o repeats, whereas so few variant repeats
are found in the constant regions of the M. musculus
alleles (Figures 3 and 4). This high frequency of nucleo-
tide substitutions further contributes to the rapid diver-
gence of the variable regions.

Repeat addition in the variable region is likely to
result from out-of-register pairing between two alleles,
which could occur by strand slippage during replication

or meiotic recombination. Mispairing could create
loops that would be filled in by the DNA polymerases
associated with mismatch repair systems, thus leading
to repeat additions. If the fidelity of these DNA polymer-
ases were lower than that of the DNA polymerase used
in standard DNA replication, a high frequency of substi-
tutions would be associated with repeat additions. A
number of low-fidelity polymerases that can synthesize
DNA across otherwise replication-blocking DNA struc-
tures have been recently described (OHMORTI ¢t al. 2001).
The operation of such DNA polymerases could explain
the high frequency of nucleotide substitutions observed
in the variable region of the murine involucrin gene.
A high frequency of nucleotide substitutions in microsa-
tellites has also been observed (DjIaN et al. 1996; Bro-
HEDE and ELLEGREN 1999).

From previous analysis of the segment of repeats of
the rat and of laboratory mice, there was clear evidence
of a process in which a substitution at a nucleotide
position in one repeat had spread to the corresponding
position in neighboring repeats. This was ascribed to
gene conversion since the flanking markers were not
recombined. Gene conversion was restricted to the con-
stant region and was suppressed in the variable region
of the expanding alleles of laboratory mice (DjiaN et
al. 1993; DELHOMME and Dj1aN 2000). A similar suppres-
sion is observed in the rapidly expanding variable region
of the M. m. domesticus strains derived from wild progeni-
tors. In contrast, the variable region of M. spretus, in
which no repeats have been recently added, shows evi-
dence of gene conversion. For instance, a T nucleotide
located at position 13 has spread to repeats o'%, o', a!,
and o (Figures 2 and 4).

The involucrin genes of laboratory mice in relation
to M. m. domesticus: We had previously reported the
sequences of DBA, C57bl, BALB/ ¢, and Swiss involucrin
alleles (DELHOMME and Djian 2000). Comparison of
these alleles with those of the strains derived from wild
progenitors shows that the involucrin alleles of labora-
tory mice are closely related to M. m. domesticus alleles.
However, none of the alleles of laboratory mice was
found among the M. m. domesticus wild alleles. Labora-
tory mice have been separated from wild mice for <100
years, but during this time laboratory mice have been
expanded to a very large population. The expanding
alleles of Swiss mice show recent duplications of blocks
of repeats (DELHOMME and Dj1ax 2000). It is conceiv-
able that rapidly evolving genes, such as the involucrin
gene, could have undergone appreciable evolutionary
changes in the laboratory mice. Sequencing of the invo-
lucrin gene from frozen samples of early Swiss mice, if
such samples were available, would permit us to deter-
mine whether this is the case.

DBA, C57bl, and random-bred Swiss share the A, al-
lele (Figure 2). These three mouse strains have indepen-
dent origins: DBA in 1909 from W. E. Castle at Harvard,
C57bl in 1921 from a dealer in Massachusetts, and Swiss
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before 1920 from the Institut Pasteur in Paris (LYNCH
1969; NisHioka 1995). The A, allele was not found in
the strains derived from wild mice that we examined
and must therefore be infrequent in wild mice. Either
the A, allele was frequent in some fancy mice that pet
dealers exchanged and from which the laboratory
strains were all derived or some mixing of the three
laboratory strains occurred early in their history.

Utility of the involucrin gene as a phylogenetic marker
of the mouse: The genus Mus is composed of ~40 spe-
cies. Considerable effort has been devoted to establish-
ing the phylogeny of this genus, because a number of
mouse species are used in comparative studies. Compar-
isons of homologous nucleotide sequences require large
data sets and have often yielded conflicting phyloge-
netic trees, particularly for closely related mouse subspe-
cies. This is because nucleotide substitutions occur
rather infrequently and are mostly random. The rapid
addition of repeats in some mouse subspecies and the
genetic control of the additions render the involucrin
gene a very sensitive phylogenetic marker. For instance,
it is immediately obvious from examination of the vari-
able regions of the M. musculus mice in Figure 2 that
M. m. castaneus is more closely related to M. m. musculus
than to M. m. domesticus. LUNDRIGAN et al. (2002) reached
a similar conclusion after studying the complete se-
quences of six genes; five of the six genes yielded a
trichotomy for these three mouse subspecies. Other
studies based on RFLPs and mitochondrial DNA se-
quences have alternatively placed M. m. castaneus as a
sister group of M. m. domesticus (SANTOS et al. 1993;
Suzuki and KURIHARA 1994) or M. m. musculus (TUCKER
et al. 1989; PRAGER et al. 1996).

The origins and dispersals of Pacific peoples have
been studied recently using the mitochondrial DNA
phylogenies of the Pacific rat, a commensal of humans
(MaT1soo-SmiTH and Rogins 2004) . Although polymor-
phism of rat involucrin has never been demonstrated,
we suspect that such polymorphism exists, since a group
of closely related repeats is found between repeats M
and N of the single rat involucrin allele sequenced
(Dj1AN et al. 1993). Since closely related repeats are
likely to be of recent origin, their presence suggests that
the process of repeat addition might be active in present-
day rats. Rat involucrin could then be useful in studies
such as that of MATISOO-SMITH and RoBINs (2004).
Since M. musculus is also a commensal species, whose
spread is thought to have been largely human mediated
(GuNDUZ et al. 2000), polymorphism of M. musculus
involucrin could provide information on the history of
colonization by humans. Involucrin should be a useful
nuclear marker for phylogenetic studies in which mito-
chondrial DNA variations are currently used.
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