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Mast cells participate in pathophysiological processes
that range from antimicrobial defense to anaphylaxis
and inflammatory arthritis. Much of the groundwork
for the understanding of mast cells was established in
mice that lacked mast cells through defects in either
stem cell factor or its receptor, Kit. Among available
strains, C57BL/6-KitW-sh (Wsh) mice are experimen-
tally advantageous because of their background strain
and fertility. However, the genetic inversion respon-
sible for the Wsh phenotype remains poorly defined,
and its effects beyond the mast cell have been incom-
pletely characterized. We report that Wsh animals ex-
hibit splenomegaly with expanded myeloid and
megakaryocyte populations. Hematopoietic abnor-
malities extend to the bone marrow and are reflected
by neutrophilia and thrombocytosis. In contrast,
mast cell-deficient WBB6F1-KitW/KitW-v (W/Wv) mice
display mild neutropenia, but no changes in circulat-
ing platelet numbers. To help define the basis for the
Wsh phenotype, a “DNA walking” strategy was used
to identify the precise location of the 3� breakpoint ,
which was found to reside 67.5 kb upstream of Kit.
The 5� breakpoint disrupts corin , a cardiac protease
responsible for the activation of atrial natriuretic
peptide. Consistent with this result , transcription
of full-length corin is ablated and Wsh mice develop
symptoms of cardiomegaly. Studies performed using
mast cell-deficient strains must consider the capacity of

associated abnormalities to either expose or compen-
sate for the missing mast cell lineage. (Am J Pathol 2008,
173:1693–1701; DOI: 10.2353/ajpath.2008.080407)

Mast cells arise as precursors in the bone marrow and
mature within the tissues, where they participate in both
allergic and nonallergic immune processes. Phylogenetic
studies confirm that this lineage predates the develop-
ment of humoral immunity, implying that participation in
IgE-mediated responses is a rather late specialization.1

Indeed, mast cells have now been implicated in a broad
range of pathophysiologic processes, where they most
typically initiate or amplify immune responses via rapid
release of preformed and newly synthesized mediators.
One important role in this regard is the mobilization of
defenses against bacteria and parasites.2–6 Rapid medi-
ator release also has pathogenic consequences, such as
anaphylaxis or the initiation phase of inflammatory arthri-
tis.7,8 Beyond this “sentinel” role, mast cells participate in
the neutralization of venoms and inflammatory mediators
as well as other biological processes (reviewed in9).

These conclusions have been reached largely through
experiments in mice with spontaneous genetic mutations
that perturb mast cell differentiation. Mast cells at all
stages of maturation express the receptor tyrosine kinase
Kit (CD117) and require the Kit ligand, stem cell factor
(SCF), for their survival. Most laboratory strains deficient
in mast cells arise from mutations affecting the Kit/SCF
axis. For example, the WCB6F1/J-KitlSl/KitlSl-d mouse
lacks SCF on the surface of fibroblasts and other cells.10

The W/Wv mouse bears a compound mutation (one allele
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null, the other impaired) at the Kit locus W (white spot-
ting), while the Wsh mouse carries an incompletely char-
acterized inversion upstream of Kit that affects a key
regulatory element.11–16 Mice with mutations affecting Kit
(rather than SCF) are particularly useful because they
can be engrafted with cultured mast cells.17,18 An abnor-
mal phenotype that can be corrected with such engraft-
ment may presumptively be attributed to mast cell
deficiency.

Such complementation studies are important because
mutations affecting Kit have effects beyond the mast cell
lineage. For example, the W/Wv mouse is white, anemic,
partially deaf, prone to dermatitis and gastritis, and lacks
intestinal interstitial cells of Cajal, as well as intraepithelial
�� T lymphocytes (reviewed in18). Bone marrow and cir-
culating neutropenia have also been described.19,20 Fur-
ther, W/Wv mice are sterile, so colony maintenance and
breeding are cumbersome, and control mice are WBB6
heterozygotes. Wsh mice are also white (the heterozygote
exhibiting a white abdominal sash, providing the strain
name, the homozygote having residual ear pigment), but
they are not anemic and are fully fertile. Other hemato-
logical lineages have been considered normal based on
the comparison of limited numbers of Wsh and C57BL/6
animals.18,20 The breeding advantage and C57BL/6
background strain (from backcrossing, after the mutation
arose spontaneously during a cross between C3H/HeH
and 101/H)21 have made Wsh mice recent favorites for
work in the mast cell field.

In initial analyses of Wsh mice, it was noted that some
animals had strikingly enlarged and histologically abnor-
mal spleens. Given the increasing importance of the Wsh

strain in mast cell research, we wished to better under-
stand “off-target” hematological effects of the large gene
inversion in these animals, since associated abnormali-
ties could alter experimental interpretation. The results
presented herein provide an expanded phenotypic and
genotypic characterization of this important experimental
strain, and suggest that experimental results obtained in
both Wsh and W/Wv must be interpreted in light of the
potential role of accompanying abnormalities on the phe-
notype of interest.

Materials and Methods

Mice

WBB6 F1-Kitw/KitW-v (W/Wv), WBB6 littermate controls
and C57BL/6J (B6) mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME). C57BL/6-KitW-sh/W-sh

mice22 were maintained at The Jackson Laboratory. An-
imals were housed for at least 2 weeks in the specific-
pathogen-free animal facility of the Dana-Farber Cancer
Institute before sacrifice for phenotyping experiments. All
procedures were approved by the animal care and use
committees of the Dana-Farber Cancer Institute or Har-
vard Medical School.

Hematological and Cardiac Phenotyping

Age-matched male mice (W/Wv and WBB6: 12 to 20
weeks, Wsh and B6: 10 to 15 weeks, except as noted)
were anesthetized with isofluorane for bleeding by car-
diac puncture. Whole blood was collected in the pres-
ence of EDTA to prevent clotting. A complete blood count
and automated leukocyte differential was obtained using
an Advia 120 Hematology System (Siemens, Tarrytown,
NY) and appropriate species-specific standards and
software. The accuracy of the automated neutrophil as-
sessment was confirmed by parallel flow cytometric ex-
amination of selected blood samples stained for CD45
and Gr-1 (data not shown). Spleens were removed,
cleaned of attached tissues, and weighed. Remaining
splenic tissue was disaggregated and filtered through
100 �m mesh for cytofluorometric analysis. Hearts were
removed, cleaned of excess soft tissue, and compressed
to expel luminal blood before weighing. Femoral bone
marrow was obtained by flush and passed through
100-�m mesh to separate adherent cells and exclude
bone fragments. Tissue taken for histology was fixed in
4% paraformaldehyde in PBS.

Cytofluorimetry

Samples were washed in PBS with 10% fetal bovine
serum and stained with appropriate antibodies and iso-
type controls. Cytofluorometric analysis was performed
using a FACSDiva cytometer (Becton-Dickinson, Franklin
Lakes, NJ). All samples were co-stained with 7-amino-
actinomycin D (7-AAD) and anti-CD45.2 (BD Bio-
sciences, Franklin Lakes, NJ), and gated to include only
viable (7-AAD negative) CD45� cells. Other antibodies
used were as follows: CD3-flurorescein isothiocyanate,
CD41-phycoerythrin (BD Biosciences), CD11b-flurorescein
isothiocyanate, CD117-Alexa647, F4/80-phycoerythrin, Gr-
1-flurorescein isothiocyanate, Gr-1-Alexa647 (Invitrogen,
Carlsbad, CA), CD11c-allophycocyanin, CD19-phycoerythrin
(eBioscience, San Diego, CA).

Mast Cell Progenitor Assay

Mast cell progenitors were enumerated by limiting dilu-
tion analysis, as described.23 Briefly, splenic mononu-
clear cells were isolated from disaggregated splenocytes
via Percoll gradient, enumerated, and cultured by limiting
dilution in the presence of irradiated syngenic feeder
splenocytes and baculovirus-generated SCF and inter-
leukin-3 (both at 20 ng/ml final). Culture media was RPMI
1640 supplemented with 10% fetal calf serum, glutamine
(2 mmol/L), penicillin (100 U/ml), streptomycin (100 �g/
ml), gentamicin (50 �g/ml), pyruvate (1 mmol/L), nones-
sential amino acids, Hepes (10 mmol/L), and 2-mercap-
toethanol (50 �mol/L). The mast cell colonies with their
distinct morphology were counted at 10 to 14 days. While
committed mast cell progenitors have typically been enu-
merated in peripheral tissues with this technique,24 my-
eloid progenitors upstream of committed mast cell pro-
genitors that are SCF- and/or interleukin-3-responsive
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would also be expected to form colonies in this assay.25

Thus this assay enumerates the cells capable of giving
rise to committed mast cells within this tissue.

Microscopy

Histological sections were stained with H&E, and exam-
ined at �100 and �400 using a Leica DM LB2 micro-
scope and Leica digital camera.

Inversion Breakpoint Identification

The 5�-breakpoint of the Wsh inversion mutation was located
by PCR with primers that yield a 600-bp product from wild-
type (C57BL/6J), but not Wsh template (WT-for, 5�-TTTG-
CACGTGCTA GTTACAC-3�; WT-rev, 5�-TTAAGATGGCAC-
CCTGCTG-3�). A series of three nested PCR primers was
designed for sequencing 5� to the distal breakpoint (TSP1,
5�-C CTCAGCCTGTCACACTTATG-3�; TSP2, 5�-GACAAC-
GAAATGATACAGAG GATTC-3�; TSP3, 5�-GAGGATTCAT-
AGTTGTTCAATGTCC-3�), and were used with the DNA
Walking Speedup Kit (Seegene, Rockville, MD) to amplify a
single 500-bp product from Wsh, but not WT template. Con-
firmatory PCR primers flanking the predicted breakpoint
were designed (Wsh-for, 5�-AGGCTTGCAGCGCATTAT-3�;
Wsh-rev, 5�-GAGGATTCATAGTTGTTCAATGTCC-3�). The
“WT” and “Wsh” primers can be used for genotyping pur-
poses with the PCR program: 94°C for 5 minutes, followed
by 35 cycles of 94°C for 20 seconds; 57°C for 30 seconds;
72°C for 1 minute, followed by 72°C for 10 minutes. Regions
of corin intron 5 and exon 6 were amplified using the follow-
ing primers: Int 5A-for, 5�-GGGGGATTGTTTCCAATTCT-3�;
Int 5A-rev, 5�-TGGA CCTAGAGGGCATCATC-3�, Int 5B-for,
5�-TCAGCCATTCGGTATTCCTC-3�; Int 5B-rev, 5�-AAAAG-
GCCACCAACAGATTG-3�; Exo 6-for, 5�-GGGGTTCT
GGAAGGAAATCT-3�; Exo 6-rev, 5�-TCGCTCCAGTCAT
CACAGTC-3�.

Quantitative PCR of Corin Transcription

Total RNA was prepared from atria dissected from wild-type
or Wsh mice and cDNA synthesized using random primers.
PCR was performed with SYBR Green Mastermix (Applied
Biosystems, UK) using primers designed to corin exons 3 to
4 (forward-5�-TCCT TCTCCAGAGGACCAGA-3�; reverse-
5�-AGGGCAGAATTTGACACTGG-3�), 5 to 6 (forward-5�-
GCAGGAACATGGAAAGCAAT-3�; reverse-5�-TGGTACA-
CAGGAA GCTCTCG-3�), or 10 to 11 (forward-5�-
GACAGCAGCCTGAGTAACTGC-3�; reverse-5�-TGTAGGG
CAAATTCATGCAG-3�) on a Mx3000p PCR machine (Strat-
agene, La Jolla, CA). Data were analyzed using the 2���Ct

method normalized to a single wild-type data set.26

Statistical Analysis

Experimental strains were compared with background-con-
trol animals using the Student’s t-test without correction for
multiple comparisons. Data are expressed as mean � SEM.
P values �0.05 were considered significant.

Results

Expanded Myeloid and Megakaryocyte
Populations in Wsh Spleen

Initial work with the Wsh mice was notable for several
splenic abnormalities. Even among littermates, a striking
divergence of spleen size was readily observed (Figure
1A–B). These changes were not explained by body
mass, which was equivalent between Wsh and B6 ani-
mals (body weight mean of male 12-week old mice n �
15 to 18/group: Wsh 25.5 � 0.5g, B6 26.1 � 0.4g, P �
0.32). Histologically, splenic architecture ranged from
normal to strikingly abnormal, with disrupted white pulp
and abundant large multinucleated cells (Figure 1C). At
higher power, these large cells were seen to be normal-
appearing megakaryocytes, while abundant neutrophils
were also evident (Figure 1D). Erythroid precursors were
increased as well, indicating exaggerated trilineage he-

Figure 1. Wsh animals exhibit gross and microscopic splenic abnormalities.
A: Representative spleens from 12 week male B6 and matching Wsh mice
showing variable enlargement of Wsh spleens even among littermates. B:
Quantitation of spleen mass from age-matched mast cell-deficient mice and
controls, n � 10 (WBB6 and W/Wv), n � 22 (B6), n � 23 (Wsh). C: H&E
staining of B6 and Wsh spleens from 12-week-old mice (magnification �
original �100). Note the clear separation of white pulp and red pulp in B6
that is lost in Wsh, along with the appearance of large multinucleated cells.
This phenotype is observed typically in larger Wsh spleens, while others
may show relatively normal histology. D: High power image of Wsh

spleen (magnification � original �400) demonstrating large multinucle-
ated megakaryocytes (open arrowheads) and an abundance of neutro-
phil-lineage forms (solid arrowheads).
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matopoiesis. In contrast, W/Wv spleens were slightly
smaller than WBB6 controls and appeared histologically
normal (Figure 1B and data not shown).

To evaluate these abnormalities, splenocyte popula-
tions were quantified by cytofluorimetry and histomor-

phometry. Consistent with an expansion of the myeloid
compartment in many of the Wsh mice, the proportion of
cells expressing CD11b was elevated 2- to 3-fold, ac-
companied by a fivefold increase in cells expressing the
myeloid marker Gr-1 and an almost twofold increase in
cells expressing F4/80 (Figure 2, A–C). Reciprocal de-
creases were found in the proportion of splenic B and T
cells (data not shown). Cells expressing the dendritic cell
marker CD11c were present in normal proportions
(data not shown). Histomorphometric enumeration of
megakaryocytes demonstrated a greater than 20-fold in-
crease in the number of cells visible in a splenic cross
section, corresponding to a more than hundred-fold ex-
pansion extrapolated across three dimensions (Figure
2D). Since expression of CD11b together with Gr-1 is
thought to mark a regulatory myeloid phenotype, co-
expression of these antigens was examined.27 Both Gr-
1hiCD11bhi and Gr-1intCD11bint populations were ex-
panded in Wsh animals (Figure 2, E–F). Unlike Wsh

animals, W/Wv mice showed a reduction in splenic
CD11b� cells, Gr-1� cells, and Gr-1hi CD11bhi spleno-
cytes compared with their control strain (Figure 2, A, B, F).

Expanded Splenic Mast Cell Progenitor
Population in Wsh

Although the Wsh mutation impairs Kit expression in mast
cells, its effect on Kit expression is variable among tis-
sues, and enhanced expression may be observed in a
regionally and developmentally regulated manner.12 Fur-
ther, signaling via Kit has been implicated in the recruit-
ment of myeloid precursors to the spleen.28 Accordingly,
splenocyte expression of Kit was studied. Unlike spleno-
cytes from W/Wv mice, where surface Kit was rare, Kit�
cells were present in elevated proportion in Wsh mice
compared to control (Figure 3A). This finding was sup-
ported by analysis of the mast cell potential of spleno-
cytes by stimulation with SCF and interleukin-3. These
conditions are optimized to grow mast cell progenitors
and thus the numbers represent the number of cells
potentially capable of becoming committed mast cell
progenitors, which includes the early myeloid progenitors
as well as those committed to the mast cell lineage.23,25

Indeed, the density of mast cell colonies emerging from
Wsh spleen was fourfold greater than that from B6 and
20-fold greater than that from W/Wv mice (Figure 3B).

Figure 2. W/Wv and Wsh mice display contrasting myeloid aberrancy in
spleen. Spleens from mast-cell deficient animals and age-matched controls
were disaggregated and analyzed by cytofluorimetry and histomorphometry.
Cytofluorimetric data reported are the percentage of viable, CD45� cells in
individual mice (n � 10 to 26 W/Wv and WBB6 mice and n � 13 to 29 Wsh

and B6 mice pooled from 2 to 7 independent experiments). A: CD11b
(component of Mac-1). B: Gr-1. C: F4/80. D: Megakaryocyte quantitation by
histomorphometry (B6 3.0 � 0.7 vs. Wsh 66.3 � 11.4 cells/10x hpf, n � 13
male mice aged 10 to 14 weeks/group pooled from three experiments). E:
Representative dot plots of viable CD45� splenocytes showing two Gr-
1�CD11b� populations defined by expression level of these markers. F:
Quantitation of Gr-1/CD11b-expressing populations.

Figure 3. Wsh animals exhibit an elevated pro-
portion of cells expressing functional Kit. A:
Surface expression of Kit in n � 15 to 17 W/Wv

and WBB6 mice and n � 22 Wsh and B6 mice
pooled from 3 to 6 independent experiments. B:
Quantitation of splenic mast cell progenitor
populations in W/Wv, WBB6, Wsh, and B6 mice.
Note that Wsh mice demonstrate a fourfold
higher frequency per 106 mononuclear cells as
compared with B6 and a 20-fold excess com-
pared to W/Wv (n � 5 to 7 mice per group
pooled from 2 separate experiments with similar
results). MNC, mononuclear cells.
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Divergent Aberrancy in Marrow and Blood in
Wsh and W/Wv

Whether these hematological abnormalities extended to
the bone marrow was then investigated. Consistent with
earlier results, cells expressing CD11b and Gr-1 were
expanded in Wsh marrow and diminished in W/Wv mar-
row, though F4/80 expression was inversely affected
(Figure 4A–C). Both Gr-1hiCD11bhi and Gr-1intCD11bint

populations were expanded in Wsh mice (Figure 4, D and
E). Kit expression in Wsh was similar or slightly de-
creased, while it was essentially undetectable in W/Wv

individuals (Figure 4F). Again, B and T cells proportions
were reciprocally reduced while CD11c expression was
equivalent (data not shown).

Finally, circulating blood parameters in Wsh and W/Wv

mice were quantified. As has been described, W/Wv mice
were anemic, while Wsh mice displayed mean hematocrit
values similar to those of B6 animals, though with a wider
scatter among individuals (data not shown). Consistent
with observations in the spleen and marrow, Wsh mice
exhibited an almost 70% increase in absolute circulating
neutrophils compared with B6 controls (0.92 � 0.10 vs.
0.55 � 0.09 � 103 cells/�L, P � 0.008), while W/Wv mice
manifested a 40% decrease relative to WBB6 (0.32 �
0.05 vs. 0.53 � 0.07 � 103 cells/�L, P � 0.03) (Figure
5A). Finally, in keeping with the megakaryocytosis ob-
served in spleen, and quite distinct from the other strains
tested, Wsh mice exhibited a previously undescribed
thrombocytosis (1824 � 114 vs. 1155 � 37 � 103 cells/
�L, P � 0.0001) (Figure 5B).

Since these results differed in certain respects from
those of other authors who have compared Wsh and B6
mice aged 7 to 9 weeks,20 a potential age-dependence

of the hematopoietic phenotype was examined using 7 to
8 week-old mice (9 male animals pooled from 2 indepen-
dent experiments). Indeed, splenomegaly was less pro-
nounced in the younger animals, though still evident (Wsh

0.086 � 0.004g versus B6 0.069 � 0.002g, P � 0.0016).
However, the relative neutrophilia in the blood and bone
marrow occurred at a magnitude similar to older animals

Figure 4. Bone marrow is neutropenic in W/Wv and neutrophilic in Wsh mice. Cytofluorimetric analysis of CD45� bone marrow populations in W/Wv, WBB6,
Wsh, and B6 mice (n � 10 to 26 W/Wv and WBB6 mice and n � 9–22 Wsh and B6 mice pooled from 2 to 6 independent experiments). A: CD11b. B: Gr-1. C:
F4/80. D: Cells co-expressing Gr-1 and CD11b at an intermediate level. E: Cells co-expressing Gr-1 and CD11b at a high level. F: C-kit.

Figure 5. Wsh mice exhibit circulating neutrophilia and thrombocytosis,
while W/Wv mice are mildly neutropenic. Blood from cardiac puncture was
analyzed by automated cytometer to obtain complete blood count and
leukocyte differential. A: Absolute neutrophil count. B: Platelet count by
automated cytometer demonstrating marked elevation in Wsh mice. Data
shown represent individual mice pooled from at least 5 independent exper-
iments (n � 15 to 28 mice/group).
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(bone marrow %Gr-1� Wsh 51.9 � 2.5 vs. B6 39.4 � 1.0,
P � 0.0003; blood absolute circulating neutrophil count
Wsh 0.34 � 0.04 � 103 cells/�L versus B6 0.14 � 0.01 �
103 cells/�L, P � 0.0001). Similarly, splenic neutrophilia
and circulating thrombocytosis were also observed at
this younger age (data not shown). Accordingly, these
findings suggest that younger Wsh animals are not free of
hematopoietic aberrancy.

Identification of the 3� Inversion Breakpoint and
Disruption of Corin in Wsh

To understand further the genetic basis for the hemato-
logical defects observed in Wsh mice, the causative in-
version on chromosome 5 was defined. The 5�-break-
point of the inversion had been shown to reside 2.8 to 3.3
Mb upstream of the 3�-breakpoint, somewhere between
gabrb1 and tec, and thereby with the potential to directly
interrupt the coding sequence of 10 genes.14 The 3�
breakpoint had been localized approximately 72 kb up-
stream of Kit, extinguishing the influence of a locus con-
trol region important for mast cell Kit expression.15,16 PCR
analysis with primers flanking this region amplified prod-
uct from wild-type genomic DNA, but not Wsh template
(Figure 6, A and B), thus confirming these findings. Three
nested reverse primers for sequencing immediately
downstream of the predicted 3� breakpoint were used to
perform a “DNA walking” reaction using wild-type or Wsh

template. Sequencing of a single 500-bp product ampli-
fied from Wsh, but not wild-type, genomic DNA revealed
that the entire fragment was homologous to an inverted
intron of corin, a gene residing within the region proposed
to contain the 5� breakpoint. PCR using several pairs of
primers designed to flank the predicted 3� breakpoint
amplified the expected products from Wsh but not wild-
type template (eg, Figure 6A). Sequence analysis con-
firmed the exact site of the 3� breakpoint at Ensembl
(release 49) position 75,903,511(�) between bases C
and T, 67.5 kB upstream of the Kit start sequence, with an
insertion of the bases TC (Figure 6B).

Based on the sequence brought to the 3� breakpoint
from corin, the predicted site of the 5� breakpoint resides
at Ensembl position 72,790,584(�) between bases C and
G (reverse strand). This position lies between exons 5
and 6 of corin. Multiple attempts to amplify a PCR product
using primers expected to flank the 5� endpoint were
unsuccessful, raising concerns about potential loss or
addition of genetic material at that breakpoint. To delimit
the extent of such anomaly, we performed genomic PCR
for sequences in intron 5 and exon 6 of corin, immediately
upstream of the inversion, and found both to be intact
(Figure 6C). To evaluate for substantial loss within the
inversion itself, we evaluated expression of the first po-
tentially vulnerable gene at the newly 5� end (pdgfra) and
found expression of PDGF receptor on thymic stromal
cells to be normal (data not shown).

Disruption of corin itself was confirmed by quantitative
PCR analysis of transcripts encompassing exons 3 to 4, 5
to 6, and 10 to 11. These analyses revealed low levels of
a truncated transcript corresponding to the inverted ex-

ons in atria of Wsh mice; no mRNA from remaining corin
exons was detected (Figure 6D). As a consequence, Wsh

mice exhibit cardiac hypertrophy, a phenotype charac-
teristic of corin-deficient mice (Figure 6E).24 These data
confirm that the mutation underlying the Wsh phenotype
interrupts corin between exons 5 and 6, and encom-
passes 27 other genes in an inversion spanning approx-
imately 3.1 Mb (Table 1). We cannot exclude the loss of
a limited amount of genetic material at the newly 5� end of

Figure 6. Precise definition of the Wsh inversion mutation. A: Products from
PCR of Wt/Wt, Wt/Wsh and Wsh/Wsh genomic DNA using primers flanking
the sites of the 3� breakpoint in the wild-type allele (Wt � C57BL/6J) or Wsh

allele. B: Schematic representation (not to scale) of Wsh inversion on chro-
mosome 5 showing only corin and Kit (at least 21 genes intervene). Arrows
point to sites of 5� and 3� breakpoints on W and consequent inversion on
Wsh. Gray nucleotides belong to inverted corin, underlined and italicized
bases are insertions and black nucleotides are bases upstream of Kit unaf-
fected by inversion. C: Products from genomic PCR using primers designed
to corin regions immediately upstream of the 5� breakpoint. Two regions of
intron 5 (Int 5A and Int 5B) and most of exon 6 (Exo 6) were assayed
alongside controls for the Wt and Wsh alleles. D: Quantitative PCR analyses
of transcripts for various corin exon pairs were performed using RNA pre-
pared from wild-type (n � 5) or Wsh (n � 6) atria. Data were normalized to
a single wild-type data set and the mean and SD are shown. ND, not
detected. E: Heart weight relative to total body weight from wild-type (n �
9) and Wsh (n � 9) male mice aged 7 to 8 weeks pooled from 2 experiments.
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the inversion, though any such loss cannot extend as far
as pdgfra.

Discussion

The absence of mast cells in several strains of mice has
proven invaluable to elucidate the function of this lineage.
Most of this work, including studies from our own
group,8,29 has been performed in W/Wv animals, though
increasingly the breeding and background advantages
of Wsh have rendered this mouse the experimental strain
of choice for many investigators. Given the importance of
Kit in hematopoiesis, it is perhaps not surprising that both
W/Wv and Wsh mice bear abnormalities beyond the mast
cell lineage. Unexpected, however, was the finding that
these two strains diverge so sharply in the direction of
their hematopoietic phenotypes. Specifically, W/Wv ani-
mals are neutropenic in spleen, marrow and blood, while
Wsh animals exhibit a marked expansion of Gr-
1�CD11b� cells in spleen and marrow, as well as an
elevated number of circulating neutrophils and platelets.

The impact of these contrasting myeloid and
megakaryocyte abnormalities on the results of experi-
ments performed with these mice will likely vary depend-
ing on the experimental system. In a mast cell-dependent
asthma model, W/Wv and Wsh animals were found to be
largely equivalent.30 By contrast, while W/Wv mice are
resistant to autoantibody-induced arthritis unless en-
grafted with mast cells, Wsh mice remain suscepti-

ble.8,20,29 It is possible that in such a system the relative
neutropenia of the W/Wv could expose a requirement for
the mast cell, as has been suggested.20 Alternately, my-
eloid and megakaryocyte expansion in the Wsh might
compensate aberrantly for the missing mast cells. In yet
other contexts, the Wsh strain could exhibit an unex-
pected phenotype because of the expansion of
Gr-1�CD11b� cells in the spleen. These cells have been
termed “regulatory myeloid cells” because of their ob-
served impact in limiting anti-tumor immunity and gener-
ating skewing of immune responses in the Th2 direction
in septic animals.27,31,32 The relative importance of the
Gr-1/CD11b-intermediate and -high populations has not
been defined. Given these competing abnormalities in
W/Wv and Wsh mice, drawing conclusions from either
strain regarding the role of mast cells in the “normal
animal” cannot be straightforward. However, correction
of an abnormal phenotype in either strain by mast cell
engraftment will remain strong prima facie evidence that
mast cells have the capacity to fulfill a particular physio-
logical role, at least under certain circumstances.

What underlies the phenotypic differences between
W/Wv and Wsh mice? The W/Wv genetic lesion is well
defined: W is a null allele of Kit, while Wv bears a point
mutation in the cytoplasmic tail of the receptor, which
greatly reduces its functional capacity as a kinase.11 The
result is reduced expression of a hypofunctional recep-
tor. In contrast, the Wsh mutation had not been fully
defined. This strain was shown to bear an inversion of
approximately 3Mb upstream of, but not involving, the Kit
coding region.12–15 Using restriction fragment analysis,
the 3� breakpoint was found to reside approximately 72kb
upstream of c-kit, while the 5� breakpoint was undefined,
lying between gabrb1 and tec. The inversion included a
regulatory locus located approximately 150kb upstream
of Kit that controls the expression of this receptor in mast
cells, and elegant experimental work demonstrated that
interference with this regulatory element is the probable
cause for mast cell deficiency in the Wsh mouse.16

The current results provide an improved understand-
ing of the Wsh inversion. The 3� end of the inversion
resides 67.5 kb 5� to the coding region of Kit in a region
devoid of known genes. The 5� breakpoint resides be-
tween exons 5 and 6 of corin, disrupting that gene. While
it is possible that some genetic material has been lost at
the newly 5� end of the inversion, this loss does not
encompass the most proximal of the 27 inverted genes.

In addition to defining the genetic basis for the Wsh

phenotype, the precise identification of the 3� breakpoint
provides a rapid and reliable PCR genotyping assay not
previously available. This assay enables breeding of the
Wsh mutation into white mice, such as BALB/c and NOD,
where the characteristic coat phenotype of Wsh heterozy-
gotes and homozygotes would not be observed. PCR
genotyping opens the door to further studies of the im-
pact of mast cell deficiency on a variety of spontaneous
diseases.

Although dysregulation of Kit is the likely cause of the
observed hematopoietic abnormalities, the inactivation of
corin by the 5� breakpoint revealed here must also be
considered. Corin encodes a cardiac transmembrane

Table 1. Genes Inverted in Wsh (c-kit 3 corin)

Gene abbreviation Full name

Pdgfra Platelet derived growth factor,
alpha polypeptide

Gsx2 GS homeobox 2
Chic2 Cysteine-rich hydrophobic domain 2
EG619945 Unknown gene
Lnx1 Ligand of numb-protein X 1
Fip1l1 FIP1 like 1
Scfd2 Sec1 family domain containing 2
Rasl11b RAS-like, family 1, member B
2700023E23Rik Unknown gene
Usp46 Ubiquitin specific peptidase 46
Spata18 Spermatogenesis associated 18
Sgcb Sarcoglycan, beta (dystrophin-

associated glycoprotein)
BC0319011 Unknown gene
Dcun1d4 Defective in cullin neddylation 1,

domain containing 4
C130090K23Rik Unknown gene
Ociad2 OCIA domain containing 2
Ociad1 OCIA domain containing 1
Fryl Furry homolog-like
Slc10a4 Solute carrier family 10
Slain2 SLAIN motif family, member 2
Tec Cytoplasmic tyrosine kinase
Txk TXK tyrosine kinase
Npal1 NIPA-like domain containing 1
Cnga1 Cyclic nucleotide gated channel

alpha 1
EG545758 Unknown gene
Zar1 Zygote arrest 1
Nfxl1 Nuclear transcription factor, X-box

binding-like 1
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serine protease that activates pro-atrial natriuretic pep-
tide by cleavage.33 Roles in the regulation of adipocytes
and hair color have also been reported, and expression
of the gene in kidney, testis, gravid uterus, and develop-
ing bone has been identified by Northern blot and in situ
hybridization.34–36 Corin-deficient mice exhibit mild hy-
pertension and cardiac hypertrophy, but otherwise ap-
pear normal, although no hematological characterization
has been reported.33

Beyond corin itself, it is possible that regulatory ele-
ments associated with genes in the immediate neighbor-
hood of corin may have been disturbed, or that genes
within the inversion may manifest altered activity. Unfor-
tunately, little is known about potential hematopoietic
functions for most of these genes. The exception is tec,
encoding a cytoplasmic src-related kinase and strongly
expressed in hematopoietic cells, including murine bone-
marrow-derived mast cells and fetal liver megakaryo-
cytes.37,38 Interestingly, tec protein physically associates
with Kit and is phosphorylated in response to SCF stim-
ulation.39 Tec is also phosphorylated in response to liga-
tion of c-Mpl by thrombopoietin, and has therefore been
implicated in the homeostasis of the megakaryocyte pop-
ulation, an association of potential relevance given the
megakaryocytosis and thrombocytosis phenotype dem-
onstrated here.40 Beyond tec, the presence in the inver-
sion of a potential X-box binding transcription factor
(Nfxl1) is notable. It is therefore possible that defects in
corin or other genes modify the outcome of Kit dysregu-
lation in Wsh mice to give rise to the unique phenotype
observed in this strain.

A further contributor to the Wsh phenotype is its mixed
genetic background. The Wsh mutation arose in an F1
C3H/HeH � 101/H. The commercial source for these
animals reports that the animal has been backcrossed at
least 10 generations to C57BL/6, leaving the thorough-
ness of this backcross in some uncertainty. Further, the
immediate genetic environment of the Wsh locus will re-
main that of the founder strain. For example, the first gene
immediately upstream of the inversion, Atp10 d encoding
a P-type ATPase, is mutated to include a premature stop
codon in B6, while no such mutation is present in other
strains including C3H/He.41

The present results contrast with prior reports of an
equivalence of hematological parameters between Wsh

and B6 mice.18,20 Although colony conditions might ex-
plain a certain degree of divergence among mice, results
from these smaller studies fall within the ranges observed
in the current analysis, which was numerically powered to
detect interstrain differences. Thus, there exists no mean-
ingful conflict between these data and those published
previously.

In conclusion, W/Wv and Wsh mice exhibit abnormali-
ties affecting hematopoietic lineages beyond the mast
cell. The W/Wv strain exhibits anemia and mild neutrope-
nia, while the Wsh manifests neutrophilia, thrombocytosis,
splenomegaly and cardiomegaly. The genetic basis for
these differences remains uncertain, but in Wsh mice may
involve defects beyond the regulation of Kit, given the
size and complexity of the genetic inversion, including
disruption of corin. The importance of these phenotypic

differences is likely to vary with experimental context.
Consideration of this aberrancy is warranted when using
these important murine strains for functional study of the
participation of mast cells in experimental models of
disease.
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