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The flaky skin (fsn) mutation in mice causes pleiotropic
abnormalities including psoriasiform dermatitis, anemia, hy-
per-lgE, and anti-dsDNA autoantibodies resembling those
detected in systemic lUpus erythematosus. The tsn mutation
Was mapped to an interval of 3.9 kb on chromosome 17between
~17Mit130 and D17Mit162. Resequencing of known and pre-
dicted exons and regulatory sequences from this region in fsn/
~sn and wild-type mice indicated that the mutation is due to the
~nsertion of an endogenous retrovirus (early transposon class)
IOto intron 14 of the Tetratricopeptide repeat (TPR) domain 7
(ftC7) gene. The insertion leads to reduced levels of wild·type
Ttc7 transcripts in fsn mice and the insertion of an additional
exon derived from the retrovirus into the majority of Ttc7
!llRNAs. This disrupts one of the TPRs within TTC7 and may
affect its interaction with an as-yet unidentified protein partner.
The Ttc7 is expressed in multiple types of tissue including skin,
kidney, spleen, and thymus, but is most abundant in germinal
center B cells and hematopoietic stem cells, suggesting an
important role in the development of immune system cells. Its
rOle in immunologic and hematologic disorders should be
fUrther investigated. Exp Bioi Med 230:659-667, 2005
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Introduction
The autosomal recessive mouse flaky skin (fSI1)

mutation arose spontaneously in A/J mice at The Jackson
Laboratory (Bar Harbor, Maine), and we mapped it to distal
mouse chromosome 17 (1). As we have previously reported,
it is responsible for pleiotropic abnormalities in the skin
gastrointestinal tract, and immune and hematopoieti~
systems. Because the fsn mutation was extremely delete-
rious when maintained on the A/J strain background, we
backcrossed it onto the BALB/cBy strain (1). Homozygous
fsnlfsn mice appear normal at birth except for a hypochro-
mic anemia but, subsequently, they develop a skin
phenotype that is remarkably similar to human psoriasis:
acanthosis with focal parakeratotic hyperkeratosis, subcor-
n~al . pustules, elongatio~ of rete ridges, dennal capillary
dilation, and marked diffuse dermal infiltrate of mixed
inflammatory cells that are predominantly lymphocytes (2),
A high density of collagen fibers and cellular infiltrates are
seen in the pa~iIlary dennis, and numerous macrophages
and mast cells he at the dennal-epidennal junction in close
proximity to focal dissolutions of the basement membrane.
There is also intraepidennal invasion by neutrophils (3), We
have previously reported that increased numbers of mast
cell~ are observed in the skin and in the squamous epithelial
portion of the ~tomach where papillomas are observed (4).
O~her ~athologlc changes that we have described in fsnlfsn
mice mclude testicular degeneration, accumulation of
inflammatory cells in the liver, and increased apoptosis of
cecal enterocytes (5). The fsn mutation causes peripheral
I~mphadenopathy, CD4/CD8 imbalance, and hyperrespon-
siveness to T-cell gro~th factors (4, 6). Peripheral lympho.
cytes of fsnlfsn mrce are also hyperactivated and
hyperresponsive to IL-2, IL-4, and IL-7 (7, 8).

We obs~rved that serum IgE levels are increased by
-7000-fold m fsnlfsn mice compared with normal litter-
mates, and this increase is associated with elevated IL-4
production by splenocytes, Serum IgM, IgG I, and IgG2b
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levels are also increased, while IgG3 is decreased. Elevated
major histocompatibility complex (MHC) class II expression
is also found in splenic B cells oifsntfsn mice (4). There are
also circulating anti-dsDNA autoantibodies accompanied by
immune complex deposition in the kidneys, which result in
glomerulonephritis (4, 9).

To elucidate the molecular basis of the fsn mutation, a
positional cloning approach was carried out to identify the
altered gene. This included refinement of the fsn map
location by high-resolution genetic mapping, followed by
resequencing of candidate genes within the interval. A
comparison with NJ and BALB wild-type mice indicated
that an endogenous retrovirus of the early transposon (ETn)
class had been inserted into 57 base pairs 5' to the splice-
acceptor site of exon 15 of the Tetratricopeptide repeat
(TPR) domain 7 (Ttc7) gene in fsn/fsn mice. This leads to
the majority of Ttc7 transcripts harboring a spliced exon of
the ETn element and the addition of 61 amino acids into one
of the TPRs, which is likely to abolish the function of this
TPR-containing domain.

Materials and Methods
Mice. The following strains of mice were raised in our

research colony at The Jackson Laboratory: BALB/cBy-fsn/
fsn (CByJ.Ajsn/fsn), BALB/cByJ-PrkdcScid/Prkdcscid (CBy-
scid/scid), CByJ.Ajsn/fsn scid/scid, CAST/EiJ, and DBAI
2J.

Refinement of the fsn Interval. High-resolution
genetic mapping was accomplished by the generation of two
crosses, as previously described (1). An intersubspecific F2
anaiJ~is was accomplished by mating ovariectomized CBy-
scid/scid females bearing CByJ.Ajsn/fsn ovaries with
CAST/EiJ males. The F2 progeny of the (CBylA X
CAST/EiJ)Fl +/fsn intercross were analyzed with simple
sequence-length polymorphism primers (SSLP), as indi-
cated in the text. Specific SSLP markers were chosen based
on their localization within the previously identified fsn
interval (10), as well as being polymorphic between BALBI
cByJ and either CAST/Ei or DBA/2J. An additional F2
analysis was accomplished by mating ovariectomized CBy-
scid/scid females bearing CByJ.Ajsn/fsn ovaries with
DBA/2J males. The F2 progeny of the (CByJ.A X DBN
2J)Fl +/fsn intercross was analyzed with SSLP, as indicated
in the text. The DNA samples were collected from tail
biopsy tissue from snap-frozen kidney following sacrifice of
the animal by CO2 asphyxiation. The samples were prepared
from tail biopsies by digesting tissue samples with
proteinase K in PCR buffer nondetergent (PBND; 50 mM
KCl, 10 mM Tris-HCl [pH 8.3], 2.5 mM MgCIz, 0.1 mg/ml
gelatin, 0.45% v/v Nonidet P40, and 0.45% v/v Tween 20)
at 55°C overnight. A standard chloroform-phenol method-
ology was used to prepare the kidney DNA samples.

Genotyping of the fsn locus was determined either
directly by observation of the fsn phenotype (i.e., striations
in the abdomen fur, low hematocrit, distended abdomen,
evident skin lesions) in the progeny of the F2 cross or by

test mating. Phenotypically normal mice with recombina-
tions within the fsn locus were mated with ovariectomized
scid/scid mice bearing fsn/fsn ovaries. The progeny were
phenotyped, as previously indicated, to determine the
genotype of the unknown recombinant parent. Mating pairs
that generated fsn/fsn progeny identified the recombinant
parental genotype as +/fsn, whereas mating pairs that
generated only phenotypically normal offspring identified
the recombinant parent as +1+ at the fsn locus.

The SSLP primers listed in the text were either
purchased from Invitrogen (Carlsbad, CA) or synthesized
by Sigma-Genosys (Woodlands, TX) from sequences
obtained from The Jackson Laboratory's Mouse Genome
Informatics database (www.informatics.jax.org). Recombi-
nation events were analyzed by the Map Manager QTX
computer program to determine linkage association and
statistics (11).

DNA Resequencing. Sequencing was performed on
polymerase chain reaction-amplified gene products with
primers for known and predicted exons and regulatory
sequences from the fsn interval. Methods have been
described elsewhere (12). Comparisons of resulting se-
quence were made to wild-type Ttc7 cDNA sequence
(GenBank Accession No. NM_028639) and genomic
sequence from the National Center for Biotechnology
Information genome build 34. GenBank Accession No.
Yl7106 was used in BLAST comparisons for the ETn
insertion sequence.

Expression Analyses. Northern blotting, RNA
preparation, and reverse transcriptase-polymerase chain
reaction analyses on RNA from tissue of BALB/cByjsn,
A/J +1+, and BALB/cBy mice were performed with routine
methods. The murine multiple-tissue Northern was obtained
from Clontech (Mountainview, CA). The Ttc7 probe was
obtained by amplification of DNA from expressed sequence
tag (EST) clone BC023773 with primers TTC7F
(CCTGCATTGGCTAGAAGAG) and TTC7R
(CCCTGCATTGCTAGAAGAG). Primers TTC7L2
(CCGATGATCCCCAAATTATC) and TTC7REl5
(ACTTGCTAGCGCTGCTCTIC) from exons 14 and 15,
respectively, were used for amplification of wild-type and
fsn transcripts from the kidney, skin, and thymus. These
products were subjected to direct sequencing.

Human Association Studies. These analyses were
performed with nine single-nucleotide polymorphisms
(SNPs) lying within and flanking the human TIC7A gene.
As previously described (12), 242 Caucasian nuclear
families with psoriasis were included: 199 families with 2
affected children, 19 families with 1 affected child, 10
families with 3 affected children, 2 families with 4 affected
children, I family with 6 affected children, and I family
with 8 affected children. There were also a total of 142 trios
in which both parents were available for genotyping.
Collection of blood from family members was obtained
with approval from institutional review boards overseen by
the Washington University School of Medicine and Texas
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Dennatology. The SNP genotyping and methods for family-
based association analyses are described elsewhere (13).

Results

High-Resolution Genetic Mapping of the fsn
Locus. Initial genetic mapping of the fsn locus linked the
mutation to the genetic marker D17Mit2 on distal mouse
c~omosome 17 (I). Subsequent mapping by intersubspe-
cdic F2 analysis localized the fsn locus to a region between
D17Mit75 and D17Mit123 on distal mouse chromosome 17
(~O). Based on this initial cross of 62 mice, the genetic
distance was determined to be 4.1 eM. Two additional
geneticcrosses were undertaken to better define the location
~f the fsn locus: a (CByJ.A X CAST/Ei)FI +/fsl1
Intersubspecific (CASTlsn) intercross and a (CByJ.A X

DBN2J)Fl +/fsn intercross (DBAlsn). The CAST-fsn cross
generated 593 F2 mice (1186 meiotic events), and the DBA-
fsn cross generated 927 mice (1854 meiotic events). The
CAST-fsn cross generated 62 recombinants between
D17Mit75 and D17Mit123 and established a genetic
distance of 5.23 eM for this region. The recombinants from
the CAST-fsn cross were then further analyzed using nine
additional SSLP markers and established a high-resolution
genetic map of this region (Fig. 1).

Informative recombinants were mated with ovariec-
~rnized CBy/J-scidlscid mice bearing fsnlfsn ovaries, as
Indicated in the Materials and Methods section, to determine
the location of the fsn locus relative to the markers on the
genetic linkage map. The results of these analyses placed the
fsn locus between D17Mit130 and D17Mit129 (Table 1).

The DBA/2Jlsn cross generated 31 recombinants
between genetic markers D17Mit41 and D17Mit123. This
established a genetic distance of 3.9 eM between D17Mit41
and D17Mit123. These recombinants were further analyzed
With the markers D17Mit130 and D17Mit162 to generate the
~~cond high-resolution genetic linkage map, as depicted in

Igure 1. An analysis of the CAST-fsn cross had determined
that the fsn locus was tightly linked to D17Mit130.
l'herefore, we performed test matings of 31 informative
recombinant mice (between D17Mit41 and D17Mit130) to
determine the location of the fsn locus on the DBAlsn high-
~esOlution genetic map. The fsn locus was determined to be
OCated 0.5 cM distal to D17Mit162 and 0.3 cM proximal to
D17Mit130 (Table 2). The location ofthefsn locus, as well
as the Common markers D17Mit123 and D17Mit130, were
Consistent between the two high-resolution maps and
SUbstantially reduced the region from the previous maps.

Gene Identification. As the mouse genomic se-
qUence became available, we directed our efforts to genomic
~equencing of all candidate genes/exons in the fsn interval
Identified by the genetic mapping. The candidate region
extended from D17Mit162 at chr17:82,191,243-82,39I,359
~ .D17Mit130 at chrI7:85,893,389-86,093,618 (NCBI
~/tld #33, University of California-Santa Cruz [UCSC],

ay 2004), a physical distance of 3.9 Mb. Genes in the

interval included Kcng3, Mta3, Zfp36J2, BC052885,
AK044550, Plekhh2, D2Lic,Abcg5, Abcg8, Lrpprc, ppml b,
SIc3al, Flj23451, SiX], Six2, Fljl0379, Prkce, Epas, Atp6,
Viel2, TClO, Pigf, Cript, Socs5, Sdnsf, Ttc7, and Calm2.
Resequencing of known and predicted exons and regulatory
sequences within this interval failed to identify any
mutations that had arisen uifsn mice on the A/J background.
However, we were not able to amplify exon 15 of Ttc7 from
fsnlfsn template DNA with primers flanking the exon,
although A/J and BALB/cByJ wild-type DNA yielded the
expected-sized products.

Long-range PCR amplification and resequencing of the
resultant products from this region revealed a 5.542-kb
insertion of an ETn element into intron 14 of fsnlfsn DNA,
but not into A/J or BALB/cByJ wild-type DNA. This
insertion was 57 base pairs 5' to the splice acceptor of exon
15 of the Ttc7 gene.

The ETn insertion had a 5490/5542 nucleotide (98%)
identity to GenBank sequence YI7106. This was originally
described as an ETn insertion mutation in a SELHlBc
mouse tyrosinase gene (14). The ETn family apparently
originated as a recombination of MusD transposon with
unrelated DNA and has long-terminal repeats (LTRs)
similar to MusD elements, but does not include genes
needed to transpose and; therefore, requires MusD provirus
gene products for mobilization (15). The ETn found in the

Figure 1. Refinement of the fsn inter:val. Two genetic crosses,
CAST-.fsn and DBA-fsn, were established to develop a high-
resolution map of the fsn interval. In both crosses the" I
was tightly linked to D17Mit130. ,sn ocus
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Table 1. Recombination Profile for (CBy.A/J x CAST/Ei)F1 +!fsn Intersubspecific Intercross Mices

-
Marker interval No. of recombinants Distance (ern) SE LOD-

D17Mit75-D17Mit155 4 0.34 0.17 173.0
D17Mit155-D17Mit210 8 0.67 0.24 168.4
D17Mit21D-D17Mit76 6 0.51 0.21 170.6
D17Mit76-D17Mit190 0 0.00 0.00 178.8
D17Mit190-D17Mit212 7 0.59 0.22 168.4
D17Mit212-D17Mit129 10 0.84 0.27 166.3
D17Mit129-fsn 2 0.17 0.12 174.7
fsn-D 17Mit130 0 0.00 0.00 177.9
D17Mit13D-D17Mit221 18 1.52 0.36 158.3
D17Mit221-D17Mit96 3 0.25 0.15 173.0
D17Mit96-D17Mit123 4 0.34 0.17 173.0
Total 62 5.23 -
a N= 593.

fsn mouse insertion has an LTR nearly identical to the
Y17106 LTR sequence. At the point of ETn insertion, the
sequence CCATIC has been duplicated. This is consistent
with previous reports of transposable element integration,
which leads to the duplication of an odd number of base
pairs (usually 5 or 7) at the integration site and flanking the
mobile element.

Organization of the Ttc7 Gene in Mice and the
Orthologous Ttc7 Gene in Humans. The organization
of the human and mouse genes is very similar. Both have 20
exons, and both harbor a total of 7 TPRs in 2 regions that lie
within exons 12-15 and exons 18-20 (Fig. 2). Table 3
shows the alignment of the different TPRs of this gene from
hum~ and mouse. The translated protein with the disrupted
TPR-D lacks any PfamA-recognized repeat between TPR-C
and TPR-E, indicating that the 3-unit, TPR-containing
domain is abolished. Therefore, the ETn insertion would
lead to a mutated TTC7 protein where one of the TPRs was
disrupted by the insertion of a 61 amino acid peptide (Table
3 footnote). This may abolish interaction with an important

protein partner.
Gene Expression In Normal and Mutant Mice.

Northern blotting indicated that Ttc7 is expressed as an
-4.8 kb transcript in normal mice, with high levels of
expression in the liver, kidney, spleen, lower skin levels (not
shown), heart (where at least two major transcripts were
detected), and lung (Fig. 3a). The RT-PCR analyses also

confirmed expression in the thymus, stomach, and lung in
wild-type mice (not shown).

Next, we determined if this insertion in fsnljsn mice
altered levels or size of Ttc7 transcripts. Northern blotting
indicated that Ttc7 is expressed at reduced levels in the
kidney, as well as in the liver, skin, and spleen (not shown)
of CBylA-fsnljsn vs. A/J or BALB/cByJ wild-type mice
(Fig. 3b), although the transcript size was similar.

The RT-PCR, with primers from exons 14-15 flanking
the ETn insertion, generated the expected-sized product of
143bp in A/J and BALB/cByJ wild-type mice. However,
amplification of cDNAs from the thymus and kidney
generated a major 325bp product from CByJ.A1snlfsn mice
(Fig. 3c). Resequencing of this product indicated that it was
derived from the splicing of the BTn sequence from bp 246-
428 of Y17106. Lower levels of correctly spliced wt Ttc7
were also detected in fsnlfsn cDNA, in addition to the
mutant splice products.

The current repository of gene expression datasets
allows one to perform expression analyses in silico. We
used the SOURCE, web-based bioinformatics resource (16)
to determine the expression profile of Ttc7 based on EST
datasets. Table 4 presents the relative percentage of Ttc7
transcripts from different types of tissue. Lymphoid cells
and tissue were among the top 15 highest-relative
expression sources. Of particular note is the finding that B
lymphocytes and hematopoietic stem cells are two of the
top-ranked sources of Ttc7 expression.

Table 2. Recombination Profile for (CBy.A/J x DBA/2J)F1 +!fsn Interspecific Intercross Mices -
Marker interval No. of recombinants Distance (ern) SE LOD-

D17Mit41-D17Mit162 6 0.5 0.2 279.3
D17Mit162-fsn 7 0.5 0.2 275.2
fsn-D17Mit130 5 0.3 0.1 341.4
D17Mit13D-D17Mit123 13 2.6 0.7 89.5
Total 31 3.9 -
a N= 927.
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Figure 2. Comparison of genomic structure of human and mous~ TTC7~ genes. Both m~use Tte7and human T!C7A genes from r~ference
sequences have 20 exons with conserved exon sizes, except for 5 and 3 untranslated regions (UTRs). The TPRs In both genes have Identical
~rrangements as determined from Pfam database results (36). The TPRs are shown as.colored ovals on exons. The TPR-1 repeats are shown
In purple (C. I). The TPR-2 repeats are green (B, E, F, G, H), a~d.TPR-2 repeats determined f~om sequence context are blue (A, D). Repeats B,
C, D, F, and H are formed by splice events. One repeat (J) IS In the NCBI human annotation (access,?n = Q9ULTO), b~t not In the mouse
~nnotation (accession = Q8BGB2). Human isoform 2 do~s not h~ve TPR-A. !he ":PR repe~ts from regions 1 and 2 are likely to be the only
Interactive units, as three repeats are the minimally functional Unit (37). The figure ISapproximate, not to scale.

Lymphocyte Contribution to the fsn Pheno-
type. The expression profile indicates that Ttc7 is ex-
pressed in lymphoid tissues. Lymphocyte defects have been
~sociated with the development of systemic autoimmunity
IJ1 fsn/fsn mice. We sought to determine if lymphocytes
~ignificantly contributed to the fsn phenotype by determin-
IJ1g the effect of the severe combined immunodeficiency
Prkdcscid (scid) mutation. Previous analysis of the lympho-
cyte-deficient, double-mutant CBylA-fsn/fsn scid/scidmice
indicated that this strain maintained skin lesions and anemia
(17). Further analysis determined that the T- and B-cell-
deficientfsn/fsn scid/scid mice have substantially increased
life spans compared with lymphocyte-sufficient fsn/fsn
mice. The mean life span of the double mutant fsn/fsn
scid/scid mice was not significantly different from that of
the +/fsn scid/scid controls (261 ± 27 days vs. 314 ± 32
days; p = 0.24).

linkage and Association With Psoriasis. Link-
age analysis yielded a multipoint, nonparametric logarithm
of the odds (LOD) score of 0.93 (P = 0.16), which is not
significant, but also cannot rule-out the presence of a
Psoriasis locus at this site. Family-based association
analyses were then performed with nine SNPs from within
Or flanking the human 1Te7A gene and 242 nuclear families
with psoriasis. The TDT-AE (transmission disequilibrium

test-allowing for errors; Ref. 18) and the PDT (pedigree
disequilibrium test; Ref. 19) were performed, and results of
the PDT are provided in Table 5 (both were similar). When
results were adjusted for multiple testing, none was
significant. However, an examination of haplotypes yielded
P < 0.05 for a three-marker haplotype defined by
rsI433773, rs7558171, and rs6544950. This finding needs
to be followed up with additional samples and markers from
the region.

Discussion

The Ttc7 is a novel gene of unknown function that
encodes the TPR domain 7 protein. The TPRs typically
contain 34 amino acids and are frequently found in
multiprotein complexes in proteins from a variety of
organisms, from bacteria to humans (20). They are reported
to be involved in protein-protein interactions involving
chaperones, the cell cycle, transcription, and protein trans-
port ~21, 22). The number of TPR motifs varies among
protems. In yeast, several members of the TPR family are
genetically associated with proteins harboring WD-40
repeats, and it has been proposed that proteins containing
the WD-40 repeat interact physically with members of the
TPR-family via their respective repeated motifs (23).

The fsn mutation is due to the insertion of an ETn
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Table 3. Alignment of Tetratricopeptide Repeats from
Human and Mouse TIC? Predicted Peptides

transposon into intron 14 of the Ttc7 gene. This disrupts one
of the TPRs and potentially abolishes interaction with one of
its partners. This, or nearly complete loss of TIC7 function,
could lead to the multiple pathologic changes seen infsnlfsn
mice. The fsn mutation results in abnormalities in multiple
cell lineages including erythroid cells, lymphocytes, eosi-
nophils, mast cells, and keratinocytes, as well as testicular
degeneration and marked gastric changes (1-9). Thus, the
wild-type Ttc7 gene is likely to play an important role in
multiple hematologic, immunologic, and other processes.

The ETn elements are among the most active murine
mobile sequences. They are moderately repetitive sequences
that are present in hundreds of copies in the mouse genome.
Their length ranges from 4.4 kb to 7.1 kb, they contain
LTRs on both sides, and they are flanked by target-site
duplications (24). In recent years, several germ-line and
somatic mutations caused by fresh ETn integrations have
been found (24). These include a mutation that is
responsible for the muted (mu) mouse (25), the wiz gene
(24), and the Lep'" mutation of obese mice (26). Another
example of ETn integration resulting in autoimmunity
caused by the Tnfrsf6Lpr (lymphoproliferation) mutation is
a recessive trait due to a mutation in the Tnfrsf6 gene
(commonly referred to as Pas), which leads to a substantial
reduction in Tnfrsf6 transcript. One of the Pas mutations is
due to an ETn insertion of DNA within the second intron of
the Tnfrsf6 gene (27-30). The defect is proposed to be leaky

due to the production of intact Tnfrsf6 mRNA as a result of
the splicing out of the ETn that contains intron from primary
Tnfrsf6 transcripts. We observed a similar event in the case
of Ttc7 transcripts of fsnlfsn mice where the majority of
transcripts are mutant, but where a small proportion of Ttc7
transcripts are wild type.

Recently, a second mutant allele oifsn was identified in
the hereditary erythroblastic anemia (hea) mouse. This
mutation leads to a life span of only 1 week, severe skin
lesions, and the reduction in red blood cell numbers,
hematocrit, and hemoglobin (31). Homozygous hea mice
also have elevated Zn protoporphyrin and serum iron.
Aspects of the hea anemia can be transferred by
hematopoietic stem-cell transplantation, and neonatal heal
hea mice show a similar hematologic phenotype to the fsn
mutant. Both tissue-iron overloading and elevated serum
iron are also found in healhea andfsnlfsn neonates. There is
a shift from iron-overloading to iron-deficiency as the fsnl
fsn mice age. The fsn anemia is cured by an iron-
supplemented diet, which suggests an iron-utilization defect.
Therefore, it was proposed that the gene mutated in fsnlfsn
mice is also required for iron uptake into erythropoietic cells
and for kidney iron resorption (31). Independently, this
group recently proposed that the defect in these mice lies
within the Ttc7 gene (32). Moreover, deletion of this gene is
responsible for the hea phenotype.

Our independent finding, based on thorough resequenc-
ing of the fsn candidate interval, confirms that Ttc7 is indeed
mutated ui fsnifsn mice and indicates that the altered protein
harbors a disrupted TPR that may abolish interaction with
an as-yet unidentified protein. In contrast to the study by
White et al. (32), we also demonstrate that a subset of Ttc7
transcripts of fsnlfsn mice are wild type, indicating that the
splicing in of the ETn "exon" is leaky. Although White et
al. (32) propose that the altered TIC7 protein affects iron
transport, our observation is that Ttc7 is highly expressed in
both hematopoietic stem cells and germinal center B cells
and; therefore, it may play a fundamental role in the
development or regulation of the immune system. This is in
agreement with the multiple immunologic abnormalities in
fsnlfsn mice. Lymphoid abnormalities in fsnlfsn mice
include B- and T-cell hyperactivation, accompanied by
autoimmunity (4, 6-9). The role of autoreactive lympho-
cytes, in the pathologic changes observed in fsnlfsn mice is
evidenced by our finding that lymphocyte-deficient fsnlfsn
scidlscid mice have markedly increased life spans compared
with fsnlfsn mice.

The complete deletion of the Ttc7 gene in Healllea
mutant mice results in severe anemia accompanied by skin
abnormalities (32). In contrast, the fsn mutation results in
the presence of low levels of wild-type transcript, in
addition to mutant splice products. The WBB6FI-HeaIHea
mice survive to only 1 week (32), while CBy.A-fsnlfsn mice
live for 2 to 3 months. The increased life span ofCBy.A-fsnl
fsn mice compared with WBB6Fl-HeaIHea mice may be
associated with the presence of some normal Ttc7 protein in
fsnlfsn mice. However, the severity of the phenotype of fsnl
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Figure 3. Expression of Ttc7 in fsn and wild-type mice. (a) Multiple tissue Northem analysis with tissue from Wild-type mice. (b) Upper panel:
Northern analysis of RNA from AJJ-fsnlfsn and wild-type AJJ kidney. Lower panel: Original agarose gel showing equal loading of fsn and AJJ
RNA and the location of 28S and 18S RNAs. (c) Agarose gel analysis of RT-PCR of eDNA products from C.ByJ.A-fsnlfsn, Wild-type AJJ, and
C.8yJ.A Wild-type mice with exon 14 and 15 primers flanking the intron that harbors the ETn insertion.

Table 4. Abundance of Tte7 Transcripts in Embryonic and Adult Tissues"-
Rank-

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

Tissue

Germinal center B cell (resting spleen)
Submandibular gland
Hematopoietic stem cell (Lin-, c-Kit}, Sca-1-)
Vagina
13.5 post coitum whole embryo
Carcinoma
Spleen
Liver tumor
Colon
Kidney
Embryonic limb, maxilla, and mandible
Infiltrating ductal carcinoma
Bone
Thymus
Thymic tumor

Normalized expression (%)

21.17
19.61
6.29
4.42
4.21
4.10
3.07
2.87
2.69
2.64
2.43
2.39
2.27
2.15
2.12

a Expression is presented as normalized abundance, calculated by the number of unique Ttc7 ESTs compared with the total number of EST .
a given tissue. s In
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Table 5. Results of Analyses Investigating the Association of TTC1A with Psoriasis -Position (UCSC, No. of No. of transmitted No. of nontransmitted PDT
SNP May 2004) Allele trios chromosomes chromosomes X2 Pvalu!

rs11690921 47065413 1 120 100 77 4.521 0.0335
rs11690921 47065413 2 120 140 163

rs1433773 47125581 1 129 167 167 0
rs1433773 47125581 2 129 91 91

rs7558171 47135406 1 129 92 94 0.028 0.8667
rs7558171 47135406 2 129 166 164

rs6544950 47135740 1 98 165 151 2.45 0.1175
rs6544950 47135740 2 98 31 45

rs17481349 47136837 1 65 121 114 2.333 0.1266
rs17481349 47136837 2 65 9 16

rs736377 47137542 1 154 72 89 2.513 0.1129
rs736377 47137542 2 154 236 219

rs6761800 47139808 1 117 66 81 1.957 0.1619
rs6761800 47139808 2 117 168 153

rs7570810 47149318 1 121 40 33 0.71 0.3994
rs7570810 47149318 2 121 202 209

rs1046263 47213395 1 49 76 82 1.5 0.2207
rs1046263 47213395 2 49 22 16

a Results obtained with the TDT-AE (18) using only trios were very similar to those presented here.

fsn mutant mice is modified by the background strain (l),
and ft&fS possible that differences in phenotype between fsn/
fsn and Hea/Hea mutant mice are due, in part, to effects of
background-modifying genes. Future functional analyses of
the encoded protein may provide insight into the develop-
ment of anemia and psoriasis in humans.

Gaining an understanding of the molecular defects that
result in human psoriasis is difficult due to the heterogeneity
of the disease, the variable contribution of the environment,
and the variable mode of inheritance. The identification of a
gene predisposing a similar phenotype in mouse, followed
by the isolation of the corresponding human ortholog, has
facilitated investigations of mechanisms underlying a
number of autoimmune diseases. A number of mouse
mutations have been described that alter hematopoiesis,
some of which lead to autoimmunity and/or skin defects
(33-35). Histologically, the skin ofthefsnljsn mouse is very
similar to that seen in psoriatic lesional skin. Our
preliminary investigation of the association of SNPs within
7TC7A, the human ortholog of mouse Ttc7 with psoriasis
susceptibility, did not reveal a major role for this locus in
this disease. However, an investigation of how the Ttc7 fsn
mutation leads to an inflammatory skin disorder should be
investigated. Moreover, the role of this gene in other
immunologic disorders and autoimmune diseases, such as
systemic lupus erythematosus, should be studied given the

observation thatfsnljsn mice harbor circulating anti-dsDNA
autoantibodies and exhibit additional aspects of autoim-
mune disease (9).

We thank Ken Johnson, Greg Cox, Jennifer Gardner, and Michael
Lovett for their critical reviews of the manuscript and Christina Zhao,
Fenghe Du, Rebecca Wolfe, IiI Daw, Rebecca Cochran, Vaisu Patel,
Raymond Miller, Shenghui Duan, Pam Lang, and Allison Ingalls for their
technical help.
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