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Why are some human disease-associated mutations
fixed in mice?

Lizhi Gao and Jianzhi Zhang

Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI 48109, USA

A recent comparative genomic analysis revealed the

presence of nucleotide sequences in mouse that are

known to be disease-associated in humans, yet the

mouse appears normal. In this article we formulate and

test several hypotheses in an attempt to explain why

these apparently deleterious mutations become fixed in

mice. We find that except for one case, the fixations of

the disease-associated mutations occurred before the

separation of Mus musculus and Mus spretus at least 1

million years ago and that the fixations are not attribu-

table to a founder effect during the recent history of

mouse breeding. About 80% of the cases involve dis-

eases that occur before reproductive age in humans

and these substitutions are unlikely to have been fixed

because of the inefficiency of natural selection against

late-onset diseases. We conclude that the compensa-

tory mutation hypothesis remains the most probable

explanation for the majority of the fixations of disease

mutations in mice.

The laboratory mouse is an extremely valuable asset for
human biology and medicine because many human
diseases can be studied. Waterston et al. [1] examined
the mouse orthologs of 687 human disease genes and
mapped 7293 amino acid variants reported to be disease-
associated in humans to the corresponding positions in the
mouse sequence. They found that the mouse sequence is
either identical to the normal human sequence (6586
cases) or differs from both the normal and disease-
associated sequence in human (547 cases) at 97.8% of
the positions. At the remaining 160 positions, the mouse
sequence is identical to the human disease-associated
sequence. Of these, there are at least 27 instances in which
the link between disease and mutation has been directly
established [1]. For example, in healthy humans, a G491S
mutation (Figure 1) in the gene encoding the androgen
receptor (AR) leads to the complete androgen-insensitivity
syndrome [2], where affected males have female external
genitalia, female breast development, blind vagina, absent

uterus and female adnexa and abdominal or inguinal
testes. However, normal mice have serine present at the
homologous site. Because the mouse genome sequence
analyzed is from the inbred strain C57BL/6 (B6), S491 is
fixed in this strain, rather than a segregating allele. We
refer to these human–mouse differences as fixed dif-
ferences of disease-associated mutations (FDDAMs). To
understand why and how these human disease-associated
mutations are fixed in the B6 strain of mice, we examined
the reported cases [1] in detail. We were able to confirm 20
of the 27 aforementioned instances by examining the
publicly available human and mouse sequences, and our

Figure 1. An example of fixed differences of disease-associated mutation (FDDAM).

Amino acids at position 491 of the androgen receptors of 11 mammals and one

non-mammalian vertebrate are shown. G491S leads to the complete androgen

insensitivity syndrome in humans [2]. The tree topology follows [16] and the

branches are not drawn to scale. The species names and GenBank accession num-

bers are: human (Homo sapiens) NP_000035; chimpanzee (Pan troglodytes),

O97775; baboon (Papio hamadryas), O97960; macaque (Macaca fascicularis),

O97952; lemur (Eulemur fulvus), O97776; mouse (Mus musculus), NP_038504; rat

(Rattus norvegicus), AAA40734; rabbit (Oryctolagus cuniculus), P49699; dog (Canis

familiaris), Q9TT90; hyena (Crocuta crocuta), AAM96904; pig (Sus scrofa),

AAG40566; frog (Xenopus laevis), AAC97386. Abbreviation: Gly, glycine.
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analyses focus on these 20 cases (Table 1). In this article,
we test several hypotheses regarding the origins of
FDDAMs.

Founder effect?

Inbred mouse strains such as B6 were derived from a
limited number of wild mice [3–6] and deleterious
mutations might have been fixed by genetic drift as a
result of a founder effect. This hypothesis predicts that
the FDDAMs arose via substitutions in the recent
history (,2000 years) of breeding ‘fancy’ mice and
laboratory mice [5]. To test this hypothesis, we used
BLAST tools (http://www.ncbi.nlm.nih.gov/BLAST/) to
collect from GenBank (http://www.ncbi.nlm.nih.gov/) all
the putative orthologous sequences for the proteins
involved. We then tested theprotein sequence orthology by a
phylogenetic analysis using the neighbor-joining method,
estimating the p-distance [7], following the alignment of
the sequences by CLUSTAL_X [8]. We were successful in
assigning the amino-acid substitutions to a particular
mammalian lineage in 17 of the 20 FDDAMs (Table 1). For
instance, Figure 1 shows that the G491S substitution in
AR occurred within rodents, but before the separation
of mouse and rat. Such substitutions are designated

‘rodent-specific’. Similarly, substitutions that occurred in
primates after the primate–rodent split are designated
‘primate-specific’ (Table 1). There are four cases (24%)
in which the amino-acid substitutions occurred in the
mouse lineage after the mouse–rat separation and these
are designated ‘mouse-specific’ (Table 1). To attenuate
when the mouse-specific substitutions occurred in these
cases, we sequenced the concerned sites from several
mouse species that are closely related to the laboratory
mouse Mus. musculus (Figure 2). These species include
M. spretus, M. macedonicus, M. spicilegus and M. musculus
castaneus. Laboratory mice diverged from M. m. castaneus
within the past million years (MY), but diverged from
M. spretus, M. macedonicus and M. spicilegus .1 MY ago
(Figure 2) [6]. We found that in three of the four cases, all
the wild Mus species share the same amino acids as the
laboratory mouse, indicating that the substitutions
occurred at least 1 MY ago (Table 1). This result does not
support the hypothesis of a founder effect as the cause
of these three FDDAMs. For a-sarcoglycan (SGCA) or
a-adhalin, however, the situation is more complex. A P30L
mutation is associated with the limb–girdle muscular
dystrophy type 2D in humans. Wild type pufferfish, rabbit,
hamster, rat and humans all have proline at this

Table 1. Patterns of human disease-associated mutations that are fixed in the mouse

Disease (OMIM code) Genea Accession no.b Mutation or substitutionc Phylogenetic typed Late-onsete Lethalityf

Hirschsprung disease (142623) RET NP_000314 E251K Rodent-specific No þ

Leukencephaly with vanishing white

matter (603896)

EIF2B5 NP_003898 R113H Rodent-specific No þ

Mucopolysaccharidosis type IVA (253000) GALNS NP_000503 R376Q Rodent-specific No 2

Breast cancer (113705) BRCA1 NP_009225 L892S Rodent-specific Yes þ

Breast cancer (600185) BRCA2 NP_000050 V211A Undeterminedg Yes þ

Breast cancer (600185) BRCA2 NP_000050 Q2421H Rodent-specific Yes þ

Parkinson’s disease (168601) SNCA NP_000336 A53T Primate-specific Yes þ

Tuberous sclerosis (605284) TSC1 NP_000359 Q654E Primate-specific No 2

Lymphoma 10 (603517) BCL10 NP_003912 N93S Mouse-specifich No þ

Long QT syndrome 5

(176261)

KCNE1 NP_000210 V109I Primate-specific No 2

Cystic fibrosis (602421) CFTR NP_000483 F87L Primate-specific No 2

Cystic fibrosis (602421) CFTR NP_000483 V754M Undeterminedg No 2

Porphyria variegata (176200) HFE NP_000401 Q127H Rodent-specific No þ

Severe combined immunodeficiency disease

(102700)

ADA NP_000013 R142Q Rodent-specific No þ

Limb-girdle muscular dystrophy type

2D (600119)

SGCA NP_000014 P30L Mouse-specifici No 2

LCAD deficiency (201460) ACADL P28330 Q333K Primate-specific No 2

Usher syndrome type 1B

(276903)

MYO7A NP_000251 G955S Mouse-specifich No 2

Haemolytic anemia (266200) PKLR NP_000289 A295V Mouse-specifich No 2

Complete androgen insensitivity syndrome

(300068)

AR NP_000035 G491S Rodent-specific No 2

Crohn’s disease (266600) CARD15 NP_071445 W157R Undeterminedg No 2

aAbbreviations: ACADL, acyl-coenzyme A dehydrogenase long chain; ADA, adenosine deaminase; AR, androgen receptor; BCL10, B-cell CLL/lymphoma 10; BRCA1, breast

cancer 1 early onset; BRCA2, breast cancer 2 early onset; CARD15, caspase recruitment domain family member 15; CTFR, cystic fibrosis transmembrane conductance

regulator; EIF2B5, eukaryotic translocation factor 2B subunit 5B; GALNS, galactosamine (N-acetyl)-6-sulfate sulfatase (Morquio syndrome, mucopolysaccharidosis type IVA);

HFE, hemochromotosis; KCNE1, potassium voltage gated channel Isk-related family member 1; MYO7A, myosin VIIA; OMIM, online mendelian inheritance in man; PKLR,

pyruvate kinase liver and RBC; SNCA; synuclein a non A4 component of amyloid precursor; SGCA, sarcoglycan a; TSC1, tuberous sclerosis 1.
bGenBank accession numbers for human protein sequences.
cDisease-associated mutations (in humans) that are fixed in mice. Amino acids are shown in one-letter symbols. Amino acid positions follow [1].
dSee main text for the determination of the phylogenetic types of the human–mouse amino acid differences. ‘Primate-specific’ substitutions refer to those that occurred in

primates since the primate-rodent split. ‘Rodent-specific’ substitutions refer to those that occurred in rodents, but before the mouse-rat split ‘Mouse-specific’ substitutions

refer to those occurred after the mouse–rat split. ‘Undetermined’ are those that cannot be classified by using the GenBan ksequences.
eDiseases that occur after reproductive age in humans are designated late-onset.
f’ þ ’ indicates a fatal disease; ‘ 2 ’ indicates otherwise.
gThe substitution did not occur in mouse breeding as determined from Mus. cooki sequences (see main text).
hThe substitution occurred at least 1 million (MY) ago in the mouse genome
iThe substitution occurred within the last 1 MY, possibly during mouse breeding.

Update TRENDS in Genetics Vol.19 No.12 December 2003 679

http://tigs.trends.com

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/
http://www.trends.com


position, but the laboratory mouse strain B6 has leucine.
We found that M. spretus, M. macedonicus, M. spicilegus
and M. m. castaneus all have proline at this position,
indicating that the P30L substitution occurred in the past
MY. In addition we sequenced four M. musculus domes-
ticus and seven M. m. musculus individuals in an attempt
to understand whether the P30L substitution indeed
occurred recently during mouse breeding. All four
M. m. domesticus and one M. m. musculus individual
were homozygotes with L30 and six M. m. musculus
individuals were homozygous for P30. It is known that the
genome of the laboratory mouse strain B6 is derived from
both M. m. domesticus and M. m. musculus [3–6]. The
presence of L30 in M. m. domesticus and both leucine and
proline in M. m. musculus is consistent with the
hypothesis that the fixation of L30 in the B6 strain is
very recent. To pin down a more accurate time when this
mutation became fixed, it will be necessary to sample more
individuals of wild M. m. domesticus and M. m. musculus,
sequence other inbred strains of mice, and determine the
parental origin of the genomic region harboring the Sgca
gene. Furthermore, for the three FDDAMs whose phylo-
genetic types are ‘undetermined’, as a result of the lack of
orthologous gene sequences in GenBank, we sequenced
the concerned sites in M. cooki, a species that diverged
from M. musculus .2 MY ago [6] (Table 1). We found that
for all three cases, M. cooki and M. musculus share the
same amino acids, indicating that these FDDAMs did not
arise by a founder effect in mouse breeding. Therefore, our
analyses of the 20 cases indicate the possibility of the
FDDAMs occurrence during mouse breeding, although
such instances seem rare (one in 20). In addition, .12
FDDAMs have been described in other species that are not
inbred [9,10], suggesting that a founder effect cannot be a
general explanation for FDDAMs.

Fixations of slightly deleterious mutations?

The nearly neutral theory predicts more deleterious
substitutions in primates than in rodents because the

former is thought to have smaller populations than the
latter and selection against slightly deleterious muta-
tions is weaker in smaller populations [11]. Thus, if the
FDDAMs are slightly deleterious, we expect to see more
primate-specific than rodent-specific FDDAMs. Of the
17 cases in which the phylogenetic type can be determined,
five are primate-specific and 12 are rodent-specific
(Table 1), opposite to the expectation from the nearly
neutral theory. This suggests that the nearly neutral
theory does not explain the origin of most FDDAMs, which
is also consistent with the fact that most of the diseases
involved are severe.

Relaxed selection on late-onset phenotypes?

Population genetic theories predict that phenotypes
appearing after the reproductive age are under reduced
natural selection because of their insignificant effect on the
reproductive success of an organism [12]. It could be
hypothesized that FDDAMs have been fixed simply
because the associated diseases tend to occur after the
reproductive age and the deleterious mutations are not
under the surveillance of natural selection. Our analysis
showed that four of the 20 FDDAMs are associated with
late-onset diseases in humans (Table 1), suggesting that
the majority of FDDAM substitutions can not be explained
by the late-onset hypothesis. However, it should be pointed
out that the lifespan of mice is ,2 years, considerably
shorter than that of humans or other apes. It is unknown
whether the time of disease onset in mice can be reliably
inferred from that in humans. It is possible that some
human diseases do not have the opportunity to develop in
mice as a result of their short lifespan or altered life
history. This might in part explain why the mouse looks
healthy with the apparently deleterious mutations fixed.
It is interesting that late-onset Parkinson’s disease is
associated with a primate-specific FDDAM, A53T (Table 1).
This substitution might be adaptive, because A53, but not
T53, is associated with the disease. It is possible that when
the life history of primates changed during evolution and

Figure 2. Four mouse-specific cases of fixed differences of disease-associated mutation (FDDAMs). The phylogeny follows [6]. Disease-associated human mutations are

shown in red (see Table 1 for the resulting diseases). The sequences from the B6 mouse strain, rat and human are from the GenBank, whereas those of other species were

determined in the present study. Specifically, we designed primers flanking the relevant positions according to the DNA sequences of the B6 strain, amplified the homolo-

gous sequences in various species and directly sequenced the cleaned PCR products. Position 30 of SGCA exhibits a possible recent substitution of FDDAM during mouse

breeding, whereas the other three substitutions predated mouse breeding. M. m. musculus is polymorphic with Pro and Leu alleles at position 30 of SGCA. Abbreviations:

Ala, alanine; BCL10, B-cell CLL/lymphoma; Leu, leucine; MY, million years; MYO7A, myosin VIIA; Pro, proline; PKRL, pyruvate kinase liver and RBC; Ser, serine; SGCA,

sarcoglycan a (dystrophin-associated glycoprotein); Val, valine.
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the deleterious effect of A53 became more prominent, its
replacement by T53 was advantageous. Nevertheless, the
fixations of such mutations might not be under strong
positive selection because they have a negligible effect on
the reproductive success of the organism.

Compensatory changes?

Although only five FDDAMs are associated with fatal
early-onset diseases, all 16 early-onset diseases reduce the
fitness of the affected individuals to certain degrees. The
mutations associated with these diseases are probably
under strong purifying selection and it is difficult to
explain why they have been fixed in mice. Even for Sgca,
in which the P30L substitution probably occurred during
mouse breeding (Figure 2), the mouse protein is appa-
rently functional because the null mutation leads to the
expected disease phenotype [13]. In other words, a founder
effect cannot adequately explain why P30L did not lead to
the disease in mice. Kondrashov et al. [9] suggested that
compensatory mutations at other sites of the same or a
different protein render the deleterious mutations neutral.
Compensatory mutations have been experimentally demon-
strated in several proteins [14,15]. In general, if (i) a
mutation from amino acid A1 to A2 at position A causes
a disease in human; (ii) human has amino acid B1 at
position B (of the same or a different protein); and
(iii) amino acid B2 at position B can compensate the
deleterious A2, the compensatory hypothesis predicts that
all species with A2 should also have B2. Such predictions
can be tested using comparative methods when sequence
data from multiple species are available. Two empirical
examples have been extensively discussed in Ref. [9].
Given the pervasiveness of protein–protein interaction
and possibility of genotype–environment interaction,
compensatory changes might occur in different genes or
even in the environment.

Concluding remarks

In summary, our analyses of 20 cases of human–mouse
FDDAMs show that a small number of FDDAMs might be
explained by either a founder effect in mouse breeding or
reduced selection against late-onset disease phenotypes,
but the majority require other explanations. The compen-
satory hypothesis appears to be the most likely one and
identification of the compensatory changes would greatly

help understand the mechanisms behind the FDDAMs in
mice and other species.
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Protein interaction: same network, different hubsq
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Recently, large-scale experiments have provided new

insights into the complex protein interaction network

in yeast. However, previous analyses have shown that

the number of interacting pairs that are common to

different methods is extremely low and, therefore, less

informative than expected. In this article, we show

that comparing the connectivities of individual proteins

can reveal that a common tendency between methods
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