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ABSTRACT
The ligand for the Kit receptor tyrosine kinase is Kit ligand (Kitl; also known as mast cell growth factor,

stem cell factor, and Steel factor), which is encoded at the Steel (Sl) locus of mice. Previous studies revealed
that Kitl Sl mutations have semidominant effects; mild pigmentation defects and macrocytic, hypoplastic
anemia occur in heterozygous mice, and more severe pigmentation defects and anemia occur in homozy-
gotes. Lethality also occurs in mice homozygous for severe Kitl Sl mutations. We describe the effects of
seven new N-ethyl-N-nitrosourea (ENU)-induced Kitl Sl mutations and two previously characterized severe
Kitl Sl mutations on pigmentation, peripheral blood cells, and mouse survival. Mice heterozygous for each
of the nine mutations had reduced coat pigmentation and macrocytosis of peripheral blood. In the case
of some of these mutations, however, red blood cell (RBC) counts, hemoglobin concentrations, and
hematocrits were normal in heterozygotes, even though homozygotes exhibited severely reduced RBC
counts and lethality. In homozygous mice, the extent of anemia generally correlates with effects on viability
for most Kitl Sl mutations; i.e., most mutations that cause lethality also cause a more severe anemia than
that of mutations that allow viability. Interestingly, lethality and anemia were not directly correlated in
the case of one Kitl Sl mutation.

MUTATIONS at the Steel (Sl) and Dominant White a powerful genetic resource for understanding the in
Spotting (W ) loci of mice identify two genes essen- vivo functions of the Kitl/Kit signaling pathway. Impor-

tial for the development of hematopoietic cells, germ tantly, different Kitl Sl mutations produce phenotypes
cells, and melanocytes (reviewed by Besmer et al. 1993; that are graded with respect to severity; i.e., some Kitl Sl

Lev et al. 1994). The W locus encodes Kit, a type III mutations produce very severe phenotypes while other
receptor tyrosine kinase, and the Sl locus encodes Kitl Kitl Sl mutations produce very mild phenotypes. While
(also known as mast cell growth factor, stem cell factor, severe mutations are critical to understanding the conse-
and Steel factor), which is the only known ligand for quences of the near or complete absence of function
Kit and is a member of the short-chain subgroup of of a particular gene, identification and characterization
helical cytokines (Jiang et al. 2000; Zhang et al. 2000). of milder mutations may reveal requirements during
While Kit is expressed on the surface of hematopoietic later developmental stages (Schumacher et al. 1996).
cells, germ cells, and melanocytes, Kitl is expressed by In Kitl Sl mutants, homozygous null mutations cause pre-
various cells that support the survival, proliferation, and natal or perinatal lethality with severe effects on num-
differentiation of the former cell types. Interestingly, bers of hematopoietic cells, germ cells, and melano-
recent evidence suggests that the Kitl/Kit signaling path- cytes. On the other hand, homozygous hypomorphic
way may operate differently in the different cell types Kitl Sl mutations allow viability but have milder effects
(Jordan et al. 1999; Blume-Jensen et al. 2000; Kissel et on each cell type. Gene dosage is important to Kitl
al. 2000). function, as all Kitl Sl mutations (with the exception of

A large collection of Kitl Sl mutations exists and offers one extinct allele) are semidominant (Mouse Genome
Database 2002) and this is likely to be due to haplo-
insufficiency (Bedell et al. 1996a). The best-known he-
matopoietic defects in Kitl Sl mutants are specific for stem1These authors contributed equally to this work.
cells, erythroid cells, mast cells, and megakaryocytes2Present address: Horizon Molecular Medicine, Norcross, GA 30071.

3Present address: University Program in Genetics, Duke University, (Besmer et al. 1993; Lev et al. 1994). Kitl Sl mutants have
Durham, NC 27710. a macrocytic, hypoplastic anemia resulting from an in-

4Corresponding author: Department of Genetics, B416 Life Sciences, creased volume of red blood cells (RBCs) and a reducedUniversity of Georgia, Athens, GA 30602-7223.
E-mail: bedell@arches.uga.edu number of RBCs (Russell 1979). Recent evidence indi-
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et al. 1991)]. This polymorphism consists of a 6-bp insertioncates that, in addition to these classically defined targets,
located 259 bp 5� to the Kitl transcription initiation siteother cell types are defective in KitW and Kitl Sl mutants
(Bedell et al. 1996b) that is present in C3H DNA but is absent

(Huizinga et al. 1995; Rodewald et al. 1995; Motro et from C57BL/6J, C57BL/10 and 101/Rl DNA, and DBA/2J
al. 1996; Laky et al. 1997). (W. S. Davis and M. A. Bedell, unpublished results). Portions

of the cloned Kitl Sl-gb deletion breakpoint (Bedell et al. 1996a)In this report we describe the effects of seven new
were sequenced (data not shown), and oligonucleotide prim-ethylnitrosourea (ENU)-induced Kitl Sl mutations and
ers that span the breakpoint were used for PCR amplificationtwo previously characterized Kitl Sl mutations on pigmen-
of genomic DNA. Three of the ENU-induced mutations

tation, peripheral blood cells, and survival of mice. We (Kitl Sl-31R, Kitl Sl-22R, and Kitl Sl-36R ) arose on C3H chromosomes
describe the molecular defects associated with the ENU- (Rajaraman et al. 2002), and allele-specific genotyping meth-

ods were developed (Table 1). In the Kitl Sl-22R allele, the muta-induced mutations in the accompanying article (Rajar-
tion abolishes a DdeI site and restriction fragment length poly-aman et al. 2002, this issue). Our analysis of the effects
morphism (RFLP) analysis was used for genotyping. Forof these mutations on survival and peripheral blood
Kitl Sl-31R and Kitl Sl-36R genotyping, allele-specific PCR amplifica-

cells reveals a graded effect, with five mutations having tion methods were developed.
very severe effects and two mutations having milder Peripheral blood analysis: Newborn (P1) mice were anesthe-

tized by hypothermia and euthanized, and peripheral bloodeffects. However, with some Kitl Sl mutations, there is no
was collected using heparinized capillary tubes. The blooddirect relationship between severity of heterozygous and
was diluted in PBS, and RBCs were counted using a hemacy-homozygous phenotypes nor is there a direct relation-
tometer. At P24-P25, juvenile mice were euthanized using CO2ship between severity of effects on different blood-cell asphyxiation, and peripheral blood was collected by cardiac

parameters. puncture. Blood from four to eight mice of each genotype
was analyzed. Complete blood cell analysis was performed
using a Celldyne 3500 hematology analyzer. The parameters

MATERIALS AND METHODS evaluated are RBC counts; hemoglobin concentration; mean
corpuscular volume (MCV), which is the average volume of

Mice: The generation and molecular characterization of the individual RBCs; mean corpuscular hemoglobin (MCH),
seven ENU-induced Kitl Sl mutations (Kitl Sl-30R, Kitl Sl-31R, Kitl Sl-22R, which is the average hemoglobin concentration in RBCs and
Kitl Sl-28R, Kitl Sl-42R, Kitl Sl-39R, and Kitl Sl-36R ) studied in this article is calculated from hemoglobin and RBC values; mean cor-
have been described in the accompanying article (Rajaraman puscular hemoglobin concentration (MCHC), which is the
et al. 2002). Each mutant allele contains a point mutation, ratio of the hemoglobin concentration to the average RBC
and the positions of the Kitl sequences affected in each are volume and is calculated from hemoglobin and hematocrit
shown in Table 1. The ENU-induced Kitl Sl mutations were values; hematocrit, which is the percentage of whole blood
made congenic on a common strain background by backcross- made up of RBCs and calculated from RBC and MCV values;
ing to C3H/Rl for �20 generations and subsequently to C3H/ counts of platelets; the mean platelet volume (MPV), which
HeNCR for at least 5 generations. Two previously character- is the average volume of individual platelets; and counts of
ized mutations, Kitl Sl-gb and Kitl Sl-d, were also used in this study white blood cells (WBC), segmented neutrophils, and lympho-
(Table 1). Kitl Sl-gb contains an �120-kb deletion whose proxi- cytes. Note that all of these parameters, except MCH, MCHC,
mal breakpoint is located �60 kb upstream of the Kitl tran- and hematocrit, are determined directly, while the latter three
scription unit and whose distal breakpoint is located within parameters are calculated values.
the 3� untranslated region of Kitl (Bedell et al. 1996a). Kitl Sl-gb

Statistical analysis: For each Kitl Sl mutation, the observed
mice were originally obtained from the MRC Radiobiology numbers of homozygous mutant and compound heterozygous
Unit (Chilton, Didcot, UK) and have been maintained on a mice at P1 were compared against the expected numbers of
C3H/HeNCR background for �20 generations. Kitl Sl-d con- these mice using a chi-square test for significance. Survival
tains a 4-kb intragenic deletion that removes the transmem- curves for mice of different genotypes were calculated and
brane and cytoplasmic domains of Kitl (Brannan et al. 1991; compared using Prism software (GraphPad Software, San
Flanagan et al. 1991). Kitl Sl-d mice were originally obtained Diego); the Kaplan-Meier method was used to calculate frac-
from the Jackson Laboratory (Bar Harbor, ME) on a C57BL/ tional survival at each time point and the log-rank test with
6J background and the Kitl Sl-d mutation was made congenic calculation of two-sided P values was used to do pairwise com-
on the C3H/HeNCR strain by backcrossing for �12 genera- parisons of survival curves. The survival curves of homozygous
tions. All strains are currently maintained in a pathogen-free mutant mice were compared against the survival curves of
colony at the University of Georgia. control mice (Kitl �/Kitl � and heterozygous mice) and of ho-

Survival studies: To generate homozygous mutant mice or mozygous null (Kitl Sl-gb/Kitl Sl-gb ) mice, and the survival curves
compound heterozygous mice, mice heterozygous for each of compound heterozygous mice were compared against the
mutant allele were intercrossed. Each about-to-deliver female survival curves of Kitl Sl-d hemizygous (Kitl Sl-gb/Kitl Sl-d ) mice. Val-
and each litter were examined daily until postnatal day 18 ues for peripheral blood analysis were evaluated using un-
(P18) and the numbers of pups of each genotype recorded. paired, two-tailed t-tests using Prism software. For each param-
Homozygous Kitl Sl mice are readily identified at birth by their eter, the values for heterozygotes and homozygotes for each
runted size and pallor due to anemia. A subset of presumed mutant allele were compared against that of Kitl�/Kitl�, Kitl Sl-gb/
homozygous mutants for each mutant allele was subjected to Kitl �, and Kitl Sl-gb/Kitl Sl-gb mice. In addition, comparisons were
molecular genotyping (see below). In every case, the genotype made between pairs of values for mice homozygous for viable
assigned by phenotype was confirmed. alleles, i.e., Kitl Sl-36R/Kitl Sl-36R vs. Kitl Sl-39R/Kitl Sl-39R, Kitl Sl-36R/Kitl Sl-36R

Genotyping Kitl Sl mutants: Methods for genotyping were vs. Kitl Sl-d/Kitl Sl-d, and Kitl Sl-39R/Kitl Sl-39R vs. Kitl Sl-d/Kitl Sl-d.
based on PCR amplification of genomic DNA from mouse
tissues and are summarized in Table 1. A sequence polymor-
phism in the 5�-flanking region of Kitl was used for genotyp- RESULTS
ing alleles that arose on non-C3H chromosomes [including

Pigmentation of Kitl Sl mutant mice: All seven of theKitl Sl-30R, Kitl Sl-28R, Kitl Sl-42R, and Kitl Sl-39R (Rajaraman et al. 2002)
and Kitl Sl-d, which arose on a DBA/2J chromosome (Brannan new Kitl Sl mutants described here arose from progeny
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of mice derived from the specific locus test using ENU duced activity for prenatal or perinatal survival. In con-
trast, the observed numbers of P1 mice homozygous foras mutagen (Russell et al. 1982). Although the Kitl Sl

locus is not one of the loci used in the specific locus three of the ENU-induced mutations (Kitl Sl-30R, Kitl Sl-42R,
and Kitl Sl-39R) are not significantly different (P � 0.05)test, the new Kitl Sl mutants were apparent because of

their mild pigmentation defects in heterozygous mice from expectation (Table 2), indicating that the effects
of these mutations on prenatal and perinatal survival(Table 1). However, the severity of the heterozygous

pigmentation defect does vary somewhat, with two of are milder than those of the null allele.
We examined the postnatal survival of mice homozy-the viable mutations having less of an effect than that

which is characteristic of lethal mutations, and the KitlSl-39R gous for each of the Kitl Sl mutations until P18, the age
at weaning (Table 3 and Figure 1). The survival of thesemutation having the mildest effect of all the mutations.

In all mice homozygous for viable Kitl Sl mutations and mutant mice was compared to the survival of control
mice (red line in Figure 1A), which consisted of nearlyin compound heterozygotes between each of the ENU-

induced mutations and Kitl Sl-d, white coats were observed 1000 wild-type and heterozygous siblings segregating
from all the intercrosses of each mutant allele. In crosses(data not shown). Occasionally, small pigmented patches

were seen on the heads of Kitl Sl-39R/Kitl Sl-39R mice (not involving each mutant allele, the expected numbers of
heterozygous mice were observed at P18 (data notshown). Overall, these observations indicate that all the

Kitl Sl mutations described here have semidominant ef- shown), indicating that there was little or no postnatal
lethality of heterozygous mice. While 83% of controlfects on pigmentation.

Survival of homozygous mutant mice: Previous studies mice survived to P18, none of the mice homozygous
for Kitl Sl-30R, Kitl Sl-31R, Kitl Sl-22R, Kitl Sl-28R, or Kitl Sl-42R survivedrevealed that the majority of mice homozygous for se-

vere Kitl Sl mutations die during late gestation with severe beyond P7 (Figure 1), and the survival curves of the
homozygous mutants were highly significantly differentanemia (Sarvella and Russell 1956; Russell 1979).

To determine the effects of the ENU-induced Kitl muta- from those of the control mice (Table 3). Thus, these
five alleles are classified as homozygous lethal alleles.tions on prenatal or perinatal survival, we examined the

ratios of genotypes in P1 mice born to intercrosses of To determine whether these lethal alleles behave as null
alleles with respect to postnatal viability, the survivalmice heterozygous for each mutant allele. According to

Mendelian segregation, 0.25 of the total number of mice curves of mice homozygous for each of the lethal alleles
were compared to those of the Kitl Sl-gb/Kitl Sl-gb mice (solidborn to these intercrosses should be homozygous mu-

tant. If the ratio of homozygous mutant mice is signifi- lines in B–F of Figure 1). Interestingly, mice homozy-
gous for the Kitl Sl-22R, Kitl Sl-28R, or Kitl Sl-42R mutations dis-cantly �0.25 for a given allele, then lethality must be

occurring either prior to birth or within a few hours played postnatal survival curves significantly different
(P � 0.05, Table 3) from those of the homozygous nullafter birth.

To establish the survival pattern for the null condition mutants. In particular, the survival curves of Kitl Sl-22R/
Kitl Sl-22R mice are highly significantly different (P �at Kitl and, by comparison, to determine whether any

of the ENU-induced mutations might be null function- 0.0001) from those of Kitl Sl-gb/Kitl Sl-gb mice. These results
suggest that although these three mutations cause se-ally, we examined progeny of intercrosses of mice het-

erozygous for the smallest complete Kitl deletion, KitlSl-gb vere effects on survival, the alleles may be mildly hypo-
morphic because they allow a slightly prolonged survival(Bedell et al. 1996a). Since 209 wild-type and heterozy-

gous mice were born to Kitl Sl-gb/Kitl� intercrosses, �70 time compared to the null allele. In comparison, the
postnatal survival curves of mice homozygous for theKitl Sl-gb/Kitl Sl-gb mice would have been expected in the

absence of any lethality to the latter (Table 2). However, Kitl Sl-30R or Kitl Sl-31R mutations are not significantly differ-
ent (P � 0.05) from those of homozygous null mutants,only 32 Kitl Sl-gb/Kitl Sl-gb mice were observed, indicating

that 54% of the Kitl Sl-gb/Kitl Sl-gb mice die either before indicating that these mutations are likely to be null
functionally.birth or immediately following birth. Furthermore,

none of the observed homozygous null mice survived In contrast to mice homozygous for lethal mutations,
the majority of Kitl Sl-39R/Kitl Sl-39R and Kitl Sl-36R/Kitl Sl-36R micebeyond P2 (Figure 1, solid black line in each of B–I).

On embryonic day 14.5 (E14.5), however, the expected survived beyond P7, with 73 and 63% survival to P18,
respectively, compared to 83% survival of control miceratio of Kitl Sl-gb/Kitl Sl-gb embryos was observed (data not

shown). Thus, Kitl Sl-gb/Kitl Sl-gb mice on the C3H strain (Figure 1A). Thus, both of these alleles are classified
as homozygous viable alleles. However, the survival ofbackground die between E14.5 and P2, indicating that

the Kitl Sl null phenotype on this background is pre- or Kitl Sl-36R/Kitl Sl-36R mice is significantly less than that of
control mice (P � 0.024), while the survival of Kitl Sl-39R/perinatal lethality.

With four of the ENU-induced mutations (Kitl Sl-31R, Kitl Sl-39R mice is not significantly different (P � 0.126)
from that of control mice (Table 3). For Kitl Sl-36R/Kitl Sl-36RKitl Sl-22R, Kitl Sl-28R, and Kitl Sl-36R), only 61–71% of the ex-

pected homozygous mutant P1 mice were observed (Ta- mice, the decreased viability is restricted to the period
before P7 (see Figure 1A). This early lethality in Kitl Sl-36R/ble 2) and these proportions are significantly (P � 0.05)

below expectations. These results indicate that the Kitl Sl-36R mice is consistent with observations made on P1
mice (see above and Table 2), where the ratio ofKitl Sl-22R, Kitl Sl-28R, Kitl Sl-31R, and Kitl Sl-36R alleles have re-
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TABLE 2

Ratios of P1 homozygous and compound heterozygous mice

Kitl Kitl �/Kitl �, Kitl Sl/Kitl � Total Kitl Sl/Kitl Sl Kitl Sl/Kitl Sl Kitl Sl/Kitl Sl

allelea observed expectedb observed expectedc observed/expectedd P valuee

Homozygous mice
Sl-gb 209 279 32 70 0.46 0.0000
Sl-30R 169 225 47 56 0.83 0.2137
Sl-31R 215 287 44 72 0.61 0.0011
Sl-22R 158 211 34 53 0.65 0.0101
Sl-28R 182 243 43 61 0.71 0.0233
Sl-42R 137 183 38 46 0.83 0.2566
Sl-39R 115 153 48 38 1.25 0.1185
Sl-36R 135 180 30 45 0.67 0.0253
Sl-d 103 137 32 34 0.93 0.6905

Compound heterozygous mice (each allele in trans with Kitl Sl-d)
Sl-gb 142 232 31 47 0.65 0.0176
Sl-30R 174 213 43 58 0.74 0.0489
Sl-31R 160 123 36 53 0.68 0.0176
Sl-22R 123 164 25 41 0.61 0.0125
Sl-28R 86 115 20 29 0.70 0.1055
Sl-42R 139 185 29 46 0.63 0.0109
Sl-39R 95 127 25 32 0.79 0.2361
Sl-36R 125 167 36 42 0.86 0.3800

a Homozygous mice were produced by intercrossing mice heterozygous for each allele while compound
heterozygous mice were generated by crossing Kitl Sl-d/Kitl � mice with mice heterozygous for each of the
indicated alleles.

b The total number of expected mice of all genotypes (Kitl �/Kitl �, Kitl Sl/Kitl �, and Kitl Sl/Kitl Sl) was calculated
by dividing the number of Kitl �/Kitl � mice observed for each cross by 0.75.

c The number of homozygous or compound heterozygous mice that were expected to be born to each cross
was calculated by multiplying the total mice expected by 0.25.

d If there were no prenatal or perinatal loss of homozygous or compound heterozygous mice, then the
observed-to-expected ratio should be 1.

e P value calculated from chi-square analysis (with 1 d.f.).

Kitl Sl-36R/Kitl Sl-36R mice was less than expected. Thus, the provided the basis for a second test for activity of the
ENU-induced Kitl Sl gene products, namely, whether aKitl Sl-36R mutation affects perinatal and juvenile viability

in some homozygous mice, but has less of an effect on given allele could exert an additive effect when in trans
with Kitl Sl-d. To accomplish this, mice heterozygous forhomozygous mice surviving longer than 1 week.

Additive effect of some Kitl Sl mutations on survival each ENU-induced mutation were crossed with Kitl Sl-d/
Kitl� mice to generate compound heterozygous miceof compound heterozygous mice: During the course

of our studies with the ENU-induced Kitl Sl mutations, (i.e., Kitl Sl-X/Kitl Sl-d, where X stands for any ENU-induced
mutation). The survival of the compound heterozygotesexperiments with Kitl Sl-d mice revealed that the latter

mutation exerts gene dosage effects on mouse survival was then determined and compared to that of Kitl Sl-gb/
Kitl Sl-d mice (see Table 3 and Figure 1). If the test muta-(Figure 1I). This gene dosage effect was observed when

survival of Kitl Sl-d/Kitl Sl-d mice (pink line in Figure 1I), tion is null functionally, then the survival curve of the
compound heterozygotes should be identical to that ofwhich carry two copies of the Kitl Sl-d allele, was compared

with survival of Kitl Sl-gb/Kitl Sl-d mice (dashed black line in Kitl Sl-gb/Kitl Sl-d mice. If the test mutation is hypomorphic,
then it should exert an additive effect with Kitl Sl-d andFigure 1I), which carry only one copy of the Kitl Sl-d allele.

In Kitl Sl-d/Kitl Sl-d mice, the expected numbers of P1 mice the survival curve of the compound heterozygote would
be shifted to the right of the Kitl Sl-gb/Kitl Sl-d survival curve.were observed (Table 2), and 82% of them survived to

P18 (Figure 1I). However, we observed only 65% of the To validate this test, we first determined whether the two
homozygous viable alleles (Kitl Sl-39R and Kitl Sl-36R) couldexpected number of Kitl Sl-gb/Kitl Sl-d P1 mice (Table 2)

and the postnatal survival curve of these mice is interme- exert an additive effect with the Kitl Sl-d allele. As ex-
pected, the survival curves of Kitl Sl-39R/Kitl Sl-d and Kitl Sl-36R/diate between that of Kitl Sl-gb/Kitl Sl-gb mice and Kitl Sl-d/

Kitl Sl-d mice (Figure 1I). Thus, hemizygosity for Kitl Sl-d Kitl Sl-d mice shifted to the right (dashed, colored lines
in Figure 1, G and H, respectively) and are highly sig-causes an intermediate phenotype for postnatal survival.

The gene dosage effects observed with the Kitl Sl-d allele nificantly different (P � 0.0001, Table 3) from the



346 S. Rajaraman et al.

Figure 1.—Survival curves of homozygous mutant and compound heterozygous mice carrying Kitl Sl mutations. For each allele,
heterozygous mice were mated and the resulting progeny observed every day after birth until P18. The values at P0 represent
the sum of the numbers of dead and living homozygous mutant or compound heterozygous mice observed at P1. For subsequent
ages, the fractional survival and SEM at each age were calculated using the Kaplan-Meier method. (A) The red line is the survival
curve for 942 wild-type mice and heterozygotes combined from all intercrosses and the other survival curves are for mice
homozygous for each of the Kitl Sl mutant alleles. (B–H) The survival curves for mice carrying each of the ENU-induced Kitl Sl

mutant alleles. (I) The survival curve for Kitl Sl-d. The lines and symbols used in the graphs are as follows: solid lines with solid
circles, homozygous mice; dashed lines with open circles, compound heterozygous mice (Kitl Sl-X/Kitl Sl-d, where X represents any
of the ENU alleles); solid black lines, Kitl Sl-gb/Kitl Sl-gb ; dashed black lines with open symbols, Kitl Sl-gb/Kitl Sl-d ).

Kitl Sl-gb/Kitl Sl-d survival curve. In contrast, none of the Effects of Kitl Sl mutations on RBCs of newborn mice:
Previous studies revealed that Kitl Sl mutations cause alethal alleles (Kitl Sl-30R, Kitl Sl-31R, Kitl Sl-22R, Kitl Sl-42R, and

Kitl Sl-28R) exhibited a significant additive effect with Kitl Sl-d macrocytic, hypoplastic anemia that is apparent during
embryogenesis and continues into adulthood (Russell(Table 3 and dashed colored lines in Figure 1, B–F).

Thus these alleles are likely to be null, or nearly null, 1979). Like the pigmentation phenotype, the anemia
phenotype in Kitl Sl mutants is semidominant; i.e., thefor activity required for prenatal and postnatal survival.

Although the survival curve for Kitl Sl-22R/Kitl Sl-d mice was number of RBCs is mildly reduced in heterozygous mice
but markedly reduced in homozygous mice. Becausenot statistically different from that of Kitl Sl-gb/Kitl Sl-d mice

(P � 0.0719, Table 3), examination of these curves mice homozygous for severe Kitl Sl mutations die either
pre- or perinatally with severe anemia, it is likely that(dashed colored line in Figure 1D) suggests a trend

toward increased survival in the former that is consistent the anemia is the cause of the lethality. If so, then mice
homozygous for each lethal Kitl Sl mutation should ex-with the enhanced survival of some Kitl Sl-22R/Kitl Sl-22R

mice. Thus, from the analysis of homozygous mutant hibit effects on RBCs that are more severe than those
of mice homozygous for each viable mutation. Further-and compound heterozygous mice, Kitl Sl-22R mutation

appears to be mildly hypomorphic for postnatal survival. more, the effect on heterozygous mice would be ex-
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TABLE 3

Postnatal survival of Kitl Sl/Kitl Sl mice

Homozygous micea Compound heterozygous miceb

Kitl No. of mice vs. No. of mice vs.
allele Kitl Sl-X/Kitl Sl-X vs. control Kitl Sl-gb/Kitl Sl-gb Kitl Sl-X/Kitl Sl-d Kitl Sl-gb/Kitl Sl-d

Sl-gb 20 �0.0001 — 20 —
Sl-30R 40 �0.0001 0.1222 43 0.8619
Sl-31R 40 �0.0001 0.0590 34 0.4071
Sl-22R 17 �0.0001 �0.0001 24 0.0719
Sl-28R 21 �0.0001 0.0176 18 0.1069
Sl-42R 22 �0.0001 0.0050 15 0.3969
Sl-39R 41 0.1257 �0.0001 14 �0.0001
Sl-36R 24 0.0241 �0.0001 36 �0.0001
Sl-d 17 0.5890 �0.0001 17 �0.0001

a The survival of mice homozygous for each of the indicated alleles was monitored for 18 days after birth.
The numbers of homozygous mutants listed here are not the same as in Table 2 because postnatal survival
was not monitored for all litters. For each allele (Kitl Sl-X, where X indicates gb, d, or one of the ENU-induced
alleles) fractional survival was calculated using the Kaplan-Meier method. The resulting survival curves for
homozygous mice were compared against survival curves of control mice (pooled Kitl �/Kitl � and heterozygous
mice) and against Kitl Sl-gb/Kitl Sl-gb mice (homozygous null mice) using the log-rank test. The two-sided P values
are shown for each comparison.

b Survival curves of mice that were compound heterozygotes of Kitl Sl-d and Kitl Sl-gb and of Kitl Sl-d and of each
of the ENU-induced alleles were calculated and compared as described for homozygous mice. In this case, if
the ENU-induced allele behaves as a null, then additive effects would not be observed and the survival curve
of the compound heterozygote would not be significantly different from that of Kitl Sl-gb/Kitl Sl-d mice. If the
ENU-induced allele is hypomorphic, then additive effects would be observed and the survival curve of the
compound heterozygote would be significantly different from that of Kitl Sl-gb/Kitl Sl-d mice.

pected to parallel the effect on homozygous mice; i.e., significantly different from the 2.9 � 0.1 � 109 cells/
ml (71% of wild type) observed in P1 Kitl Sl-gb/Kitl� micemutations that cause lethality when homozygous would

be expected to have a heterozygous phenotype that is (P � 0.50, 0.26, and 0.08, respectively), and they are
not significantly different from each other (Kitl Sl-39R/�more severe than that of mutations that allow viability

when homozygous. We tested this by examining RBC vs. Kitl Sl-36R/�, P � 0.13; Kitl Sl-39R/� vs. Kitl Sl-d/�, P �
0.03; Kitl Sl-36R/� vs. Kitl Sl-d/�, P � 0.82). Thus, the sever-counts in P1 mice that were heterozygous or homozy-

gous for each of the nine Kitl Sl mutations and by studying ity of the anemia phenotype in P1 heterozygous mice
does not correlate directly with severity of the survivalperipheral blood parameters in P24-P25 mice that were

heterozygous for each of the nine Kitl Sl mutations and phenotype in homozygous mice (see Table 4). Further-
more, the heterozygous anemia phenotype does notin mice that were homozygous for each of the three

viable Kitl Sl mutations. correlate with the pigmentation defects in older hetero-
zygous mice (see Table 4), as juvenile Kitl Sl-22R/Kitl� miceIn general, the mean RBC counts were reduced in

P1 Kitl Sl mice when the mutations were heterozygous have a pigmentation defect that is more severe than
that of Kitl Sl-39R/Kitl� mice (Table 1) even though theor homozygous (Figure 2). In comparison to mean RBC

counts of 4.1 � 0.1 � 109 cells/ml in P1 Kitl�/Kitl� former mice are less anemic at birth than the latter
(Figure 2).mice, the corresponding values for heterozygous Kitl Sl

mutants ranged from 2.7 � 0.2 � 109 cells/ml (66% of With P1 homozygous mice, RBC counts in all Kitl Sl

mutants are significantly reduced (P � 0.0001) relativewild type) in P1 Kitl Sl-39R/Kitl� mice to 3.4 � 0.2 � 109

cells/ml (83% of wild type) in P1 Kitl Sl-22R/Kitl� mice. to wild-type values (Figure 2). Moreover, unlike the situ-
ation in P1 heterozygous mice, there is a direct correla-With the notable exception of Kitl Sl-22R, each lethal and

viable Kitl Sl mutation resulted in RBC counts in heterozy- tion between lethality and RBC counts in P1 mice homo-
zygous for each of the nine mutations. While mean RBCgous P1 mice that are significantly different (P � 0.02)

from wild-type values. Given that Kitl Sl-22R is a lethal muta- counts in P1 Kitl Sl-gb/Kitl Sl-gb mice were 0.71 � 0.04 � 109

cells/ml (17% of wild type), mean RBC counts in P1tion when homozygous, it is surprising that the mean
RBC counts for P1 Kitl Sl-22R/Kitl� mice are not signifi- mice homozygous for the other lethal mutations ranged

from 0.71 � 0.07 � 109 cells/ml (17% of wild type) incantly different (P � 0.08) from the P1 wild-type mean.
The mean RBC counts for P1 mice heterozygous for Kitl Sl-31R/Kitl Sl-31R mice to 0.82 � 0.06 � 109 cells/ml (20%

of wild type) in Kitl Sl-22R/Kitl Sl-22R mice. Importantly, noneviable mutations (Kitl Sl-39R, Kitl Sl-36R, and Kitl Sl-d) are not
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consistent with the intermediate effect seen in the sur-
vival of Kitl Sl-d/Kitl Sl-gb mice (see above and Figure 1I).
However, the relationship between viability and extent
of anemia does not extend to all Kitl Sl mutations. Al-
though Kitl Sl-36R exerts the mildest effect on RBC counts
of the three viable mutations (Figure 2), it is the only
viable mutation that causes significant lethality to homo-
zygous mice prior to and during the first week after
birth (see Figure 1, G–I, and above). If perinatal or
juvenile lethality occurs in some Kitl Sl-36R/Kitl Sl-36R mice
because of severe anemia, then a range of RBC counts
would have been observed in individual mice of this
genotype. However, all six Kitl Sl-36R/Kitl Sl-36R mutants sam-
pled had very similar RBC counts (not shown), none of
which were below the values seen in Kitl Sl-39R/Kitl Sl-39R and
Kitl Sl-d/Kitl Sl-d mutants. Thus, the cause of lethality in
some Kitl Sl-36R/Kitl Sl-36R mice during the first week after

Figure 2.—Peripheral RBC counts in newborn Kitl Sl mutant birth does not appear to be due to severe anemia.
mice. Blood was collected from euthanized P1 mice and RBCs Effects of Kitl Sl mutations on peripheral blood of
counted using a hemacytometer. The mean and SEM are

juvenile mice: We examined the effects on peripheralshown for each genotype. Each set of values for heterozygous
blood in P24-P25 mice, each of which was heterozygousor homozygous mutants was compared against the values of
for one of the nine Kitl Sl mutations or homozygous forwild-type mice using unpaired t-test: (**) P � 0.002–0.02;

(***) P � 0.002. Solid bar, wild type; open bars, alleles that one of the three viable Kitl Sl mutations. Significant dif-
cause lethality to homozygous mice; shaded bars, alleles that ferences between wild-type and mutant mice were ob-
allow viability to homozygous mice; bar with lines, hemizygous

served for RBC counts, hemoglobin, MCV, MCH,Kitl Sl-d mice (Kitl Sl-gb/Kitl Sl-d). The dashed horizontal line is the
MCHC, and hematocrit (Figure 3). However, no differ-mean value for wild-type mice.
ences were observed between any mutant and wild-type
mice for MPV, WBC counts, platelet counts, or lympho-
cytes (data not shown). Counts of segmented neutro-of the values for homozygous lethal Kitl Sl mutations are

significantly different (P � 0.2) from that of Kitl Sl-gb/ phils (data not shown) were marginally reduced in
Kitl Sl-31R/Kitl�, Kitl Sl-39R/Kitl�, and Kitl Sl-39R/Kitl Sl-39R mice;Kitl Sl-gb mice. In comparison, mean RBC counts in

Kitl Sl-39R/Kitl Sl-39R, Kitl Sl-36R/Kitl Sl-36R, and Kitl Sl-d/Kitl Sl-d mice however, the values are not significantly different from
wild-type values (P � 0.032, P � 0.021, and P � 0.041,were 1.4 � 0.2 � 109 cells/ml (34% of wild type), 1.7 �

0.1 � 109 cells/ml (41% of wild type), and 1.3 � 0.1 � respectively). While neutrophil counts in Kitl�/Kitl�

mice were 0.9 � 0.1 � 106 cells/ml, these values in109 cells/ml (32% of wild type), respectively. Each of
these values for homozygous viable mutations is signifi- Kitl Sl-36R/Kitl Sl-36R mice were 0.5 � 0.1 � 106 cells/ml.

Although the neutrophil counts for Kitl�/Kitl� andcantly different (P � 0.02) from that of P1 KitlSl-gb/KitlSl-gb

mice. Although the mean in P1 KitlSl-36R/KitlSl-36R mice is Kitl Sl-36R/Kitl Sl-36R mice are significantly different (P �
0.01), there are no previous reports of neutrophil de-not significantly different from that of Kitl Sl-39R/Kitl Sl-39R

mice (P � 0.18), it is significantly different from that fects in Kitl Sl mutants. Because the effect on neutrophils
was marginal and restricted to a specific allele, the rele-of Kitl Sl-d/Kitl Sl-d mice (P � 0.003). Thus, the RBC counts

found in P1 mice homozygous for viable mutations are vance of these data is uncertain.
Consistent with the semidominant pigmentation de-significantly higher than those found in mice homozy-

gous for lethal mutations, and the Kitl Sl-36R mutation has fects (Table 1), every heterozygous Kitl Sl mutation
caused a significant effect on at least one peripheralthe mildest effect of all mutants on RBC counts when

in the homozygous condition. In conclusion, in P1 ho- blood parameter in P24-P25 mice (Figure 3). Interest-
ingly, the severity of the heterozygous effect on periph-mozygous mice, the lethal mutations behave as null

alleles with respect to RBC counts while the viable muta- eral blood did not relate directly to the severity of the
heterozygous pigmentation phenotype or to the severitytions are hypomorphic with respect to RBC counts.

The relationship between extent of anemia and sur- of the homozygous survival phenotype (Table 4). In
comparison to RBC counts of 6.9 � 0.1 � 109 cells/mlvival is extended further by examination of the gene

dosage effects of the Kitl Sl-d mutation. The mean P1 RBC in wild-type mice, RBC counts in Kitl Sl-30R/Kitl�, Kitl Sl-28R/
Kitl�, and Kitl Sl-42R/Kitl� mice are significantly reducedcounts in Kitl Sl-d/Kitl Sl-gb mice were 0.9 � 0.1 � 109 cells/

ml (22% of wild type), which is significantly different (Figure 3A), ranging from 5.5 � 0.1 � 109 to 6.0 � 0.1 �
109 cells/ml (80–87% of wild type). None of these valuesfrom that of Kitl Sl-d/Kitl Sl-d mice (P � 0.02) but is not

significantly different from that of Kitl Sl-gb/Kitl Sl-gb mice is significantly different from RBC counts of 5.8 � 0.1 �
109 cells/ml (84% of wild type) in Kitl Sl-gb/Kitl� mice.(P � 0.12). This intermediate effect on RBC counts is
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Figure 3.—Peripheral blood cell analysis in P24-P25 Kitl Sl mutant mice. Blood was collected from euthanized mice and analyzed
using a Celldyne 3500 hematology analyzer. The mean and SEM are shown for each genotype. (A) RBCs. (B) Hemoglobin. (C)
MCV. (D) MCH. (E) MCHC. (F) Hematocrit. Each set of values for heterozygous or homozygous mutants was compared against
the values of wild-type mice using unpaired t-test: (**) P � 0.002–0.02; (***) P � 0.002. Solid bar, wild type; open bars, alleles
that cause lethality to homozygous mice; shaded bars, alleles that allow viability to homozygous mice. The dashed horizontal
line is the mean value for wild-type mice.
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However, in Kitl Sl-31R/Kitl� and Kitl Sl-22R/Kitl� mice, RBC hemoglobin concentration (Figure 3B) and hematocrit
(Figure 3F) in each homozygous viable mutant were ofcounts are not significantly different from wild type

(6.4 � 0.2 � 109 and 6.5 � 0.3 � 109 cells/ml, respec- approximately the same magnitude as for RBC counts.
For RBC counts, hematocrit, and hemoglobin, pairwisetively; Figure 3A). The lack of effect on RBC counts

in Kitl Sl-31R/Kitl� and Kitl Sl-22R/Kitl� mice is unexpected, comparisons between the three homozygous mutants
revealed that the Kitl Sl-d/Kitl Sl-d mutants have values forgiven the clear pigmentation defects in these mice (see

Table 1) and the severe effects on survival and P1 RBC each of these three parameters significantly lower (P �
0.01 in each case) than those of the other two viablecounts of Kitl Sl-31R/Kitl Sl-31R and Kitl Sl-22R/Kitl Sl-22R mice (Fig-

ures 1 and 2). Furthermore, neither the hemoglobin mutants. Moreover, the RBC count in Kitl Sl-36R/Kitl Sl-36R

mice is significantly higher than that in Kitl Sl-39R/Kitl Sl-39Rconcentrations (Figure 3B) nor the hematocrit (Figure
3F) was affected in P24-P25 Kitl Sl-31R/Kitl� and Kitl Sl-22R/ and Kitl Sl-d/Kitl Sl-d mice (P � 0.004 and P � 0.0001, re-

spectively) but neither the hematocrit nor the hemoglo-Kitl� mice. Similarly, neither hemoglobin concentra-
tions nor hematocrits of Kitl Sl-28R/Kitl�, Kitl Sl-39R/Kitl�, bin concentration in the former mice is significantly

different from that in either of the latter mice. Nonethe-Kitl Sl-36R/Kitl�, and Kitl Sl-d/Kitl� mice were affected even
though these mice had significantly reduced RBC less, with respect to homozygous viable mutations, the

trend for RBC counts, hematocrit, and hemoglobin con-counts.
The only parameters for which all nine P24-P25 het- centration in P24-P25 mice is the same as for RBC counts

in P1 mice; i.e., Kitl Sl-36R/Kitl Sl-36R mutants have the mildesterozygous mutants had significant defects are MCV (Fig-
ure 3C) and MCH (Figure 3D). While the mean MCV effect, and Kitl Sl-d/Kitl Sl-d mutants have the most severe

effect. Surprisingly, this trend was not observed withof P24-P25 wild-type mice is 56.2 � 0.4 fl, the mean
MCV of P24-P25 heterozygous mutants ranged from MCV. While the MCV of wild-type P24-P25 mice was

56.2 � 0.4 fl, MCV of Kitl Sl-39R/Kitl Sl-39R, Kitl Sl-36R/Kitl Sl-36R,60.6 � 0.3 fl (108%) in Kitl Sl-36R/Kitl� mice to 63.6 �
0.6 fl (113%) in Kitl Sl-42R/Kitl� mice. For MCH, the mean and Kitl Sl-d/Kitl Sl-d mice was 73.0 � 0.5 fl (130%), 69.7 �

0.7 fl (124%), and 71.4 � 2.8 fl (127%), respectively.of wild-type mice is 18.3 � 0.2 pg, and the mean of
heterozygous mutants ranged from 19.4 � 0.2 pg In particular, there is no difference (P � 0.6) in the

MCV of Kitl Sl-36R/Kitl Sl-36R mice and Kitl Sl-d/Kitl Sl-d mice,(106%) in Kitl Sl-22R/Kitl� mice to 21.0 � 0.1 pg (115%)
in Kitl Sl-28R/Kitl� mice. Notably, the mean MCV (Figure even though the latter have only �67% of the RBC

counts of the former (4.6 � 0.2 � 109 vs. 3.1 � 0.2 �3C) and MCH (Figure 3D) of P24-P25 Kitl Sl-31R/Kitl� and
Kitl Sl-22R/Kitl� mice are significantly increased relative to 109, P � 0.0001). Interestingly, mice homozygous for

either Kitl Sl-39R or Kitl Sl-d mutations had significantly in-P24-P25 wild-type mice even though the RBC counts of
these mice are not significantly different from that of creased MCHC (34.0 � 0.2 and 36.0 � 1.3 g/dl, respec-

tively, compared to 32.7 � 0.3 g/dl in wild-type mice,wild-type mice (Figure 3A). However, it should be noted
that the MCH is calculated by dividing the hemoglobin P � 0.01 for each pair). This suggests that hemoglobin

concentration in these mutant mice is not proportionalconcentration by RBC counts. Since the MCV is in-
creased in all mutants, the elevated MCH simply means to the increased volume of RBCs, and the anemia could

be classified as macrocytic and hyperchromic.that the hemoglobin concentration is higher because
the cells are larger. Consistent with this, most of the Relative effects of Kitl Sl mutations: The heterozygous

and homozygous phenotypes observed for the sevenMCHC values (Figure 3E) in mutant mice are not sig-
nificantly different from those of wild-type mice (32.7 � ENU-induced Kitl Sl mutations and Kitl Sl-d are summa-

rized in Table 4. The alleles were considered function-0.3 g/dl). MCHC is calculated from hemoglobin con-
centrations, RBC counts, and MCV and therefore takes ally null if their phenotype was similar to that of KitlSl-gb.

Four of the alleles (KitlSl-30R, KitlSl-31R, KitlSl-28R, and KitlSl-42R)the volume of the cells into consideration. Thus, in
mice heterozygous for each of the Kitl Sl mutations, the clearly behave as null alleles, while one mutation (KitlSl-22R)

appears to be a strong hypomorph and three mutationsincreased hemoglobin concentration is proportional to
the increased MCV, and the anemia is classified as mac- (Kitl Sl-39R, Kitl Sl-36R, and Kitl Sl-d) are clearly hypomorphic.

While most of the Kitl Sl mutations cause comparablerocytic and normochromic.
As expected, the homozygous effects of each of the effects on different aspects of the phenotype, the Kitl Sl-31R

and Kitl Sl-22R mutations are unusual in that they do notviable mutations (Kitl Sl-39R, Kitl Sl-36R, and Kitl Sl-d) on RBC
counts, hemoglobin, MCV, MCH, MCHC, and hemato- cause any detectable effects on RBC counts in heterozy-

gous mice.crit are significantly greater than the corresponding het-
erozygous effects of these mutations (Figure 3). While
RBC counts in wild-type P24-P25 mice were 6.9 � 0.1 �

DISCUSSION
109 cells/ml, RBC counts in Kitl Sl-36R/Kitl Sl-36R, Kitl Sl-39R/
Kitl Sl-39R, and Kitl Sl-d/Kitl Sl-d mice were 4.6 � 0.2 � 109 In this report we describe the effects of seven ENU-

induced Kitl Sl mutations on survival and peripheralcells/ml (67% of wild type), 3.9 � 0.1 � 109 cells/ml
(56% of wild type), and 3.1 � 0.1 � 109 cells/ml (45% blood cells of mice and compare the severity of these

effects to those caused by two previously characterizedof wild type), respectively (Figure 3A). The effects on
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Kitl Sl mutations (Kitl Sl-gb and Kitl Sl-d). Careful analysis of Kitl Sl-gb. This indicates that none of these Kitl Sl mutations
acts in a dominant-negative manner, despite the factsthe survival curves and extent of anemia of homozygous

mutant mice has revealed that five of the seven new that Kitl is known to function as a dimer (Jiang et al.
2000; Zhang et al. 2000) and that some KitW mutantsmutants are functionally null (or nearly so) and two of

the seven new mutants are hypomorphic. There does act in a dominant-negative fashion (Nocka et al. 1990).
Together, these observations conform to the well-knownnot seem to be a relationship between phenotypic sever-

ity and type of mutation, as four of the Kitl Sl missense semidominant effects of Kitl Sl mutations due to haploin-
sufficiency (Bedell et al. 1996a). Moreover, all of themutants are null while one is hypomorphic and one of

the Kitl Sl truncation mutants is null while the other is Kitl Sl mutations described here cause an increase in
MCV and MCH when in the heterozygous condition,hypomorphic. Although we do not know how each of

the Kitl Sl mutations described here affects Kitl function, whereas other aspects of peripheral blood, such as RBC
counts, hematocrit, and hemoglobin concentration, areit is likely that the mutations affect some aspect of Kitl

conformation, processing, localization, or binding to normal in some heterozygous mutants (see Figure 3).
Thus, increased MCV, MCH, and pigmentation are theKit because none of the mutations affect steady-state

levels of Kitl mRNA (Rajaraman et al. 2002). In this most sensitive aspects of the Kitl Sl semidominant pheno-
type. Whether the differences in effects on RBC countsregard, the Kitl Sl-22R mutation is particularly interesting.

Several aspects of the phenotypic analysis suggest that and pigmentation reflect true differences between Kitl
signaling in erythroid progenitors and melanoblasts orthe Kitl Sl-22R mutant is hypomorphic, yet the L54P substi-

tution, which is in the second 	-helical domain of Kitl, different thresholds for Kitl activity in the two cell types
remains to be determined. Although the basis for thewould be expected to have very severe effects on Kitl

structure. Further structural studies of all of the mutants increased MCV is not known, it would be expected to
relate directly to effects on RBC numbers. This is notshould provide useful information about structural re-

quirements for Kitl function. always the case; for example, Kitl Sl-d/Kitl Sl-d mice have
fewer RBCs than Kitl Sl-36R/Kitl Sl-36R mice, but the MCV inThree mutant alleles used in this study (Kitl Sl-42R,

Kitl Sl-36R, and Kitl Sl-d) are expected to produce truncated both mutants is the same (Figure 3, A and D).
If lethality to Kitl Sl mice was always caused by anemia,S-Kitl proteins with varying extents of C-terminal dele-

tions (see Table 1 and Rajaraman et al. 2002). The then each of the lethal Kitl Sl mutations would be ex-
pected to cause a more severe anemia than that of eachKitlSl-36R mutant potentially encodes two isoforms: KitlSl-36R-A,

which is 147 aa, and KitlSl-36R-B, which is 96 aa with an of the viable Kitl Sl mutations. The results described in
this report are in basic agreement with this hypothesis.additional 25 aa out of frame (Rajaraman et al. 2002).

Since the KitlSl-36R-B isoform contains the identical 96 For example, P1 mice homozygous for each of the six
lethal mutations (KitlSl-gb, KitlSl-30R, KitlSl-31R, KitlSl-22R, KitlSl-42R,N-terminal aa as KitlSl-42R (Rajaraman et al. 2002), and

the present studies indicate that the latter is null func- and Kitl Sl-28R) have nearly identical RBC counts that are
all significantly lower than the RBC counts in P1 micetionally, it is likely that the former is also null function-

ally. This is consistent with in vitro studies indicating homozygous for each of the viable mutations (Kitl Sl-39R,
Kitl Sl-36R, and Kitl Sl-d; Figure 2). However, in P1 mice,that Kitl activity is abolished by deletions that remove

more than the N-terminal 142 aa (Nishikawa et al. RBC counts in homozygous lethal Kitl Sl mutants are only
slightly less than that in hemizygous Kitl Sl-d mice (see1992). However, we cannot exclude the possibility that

the KitlSl-36R-B isoform is a gain-of-function mutant be- Figure 2). Although none of the latter mice survive until
weaning, their survival time is significantly greater thancause of the abnormal C-terminal sequences. Regardless

of which KitlSl-36R isoform is biologically active, both are that of mice homozygous for other lethal Kitl Sl mutations
(Figure 1I). In contrast, homozygous Kitl Sl-d mice havedeleted for more C-terminal sequences than KitlSl-d. It

might therefore be expected that the latter mutation a nearly normal survival curve (Figure 1I), and their
RBC counts are only slightly higher than that in hemizy-would have more severe effects on function. However,

comparison of Kitl Sl-d and Kitl Sl-36R mutant mice reveals gous Kitl Sl-d mice. Thus, if Kitl Sl-induced lethality is
caused by severe RBC hypoplasia, these results suggestthat all aspects of the heterozygous and homozygous

RBC phenotype are less severe in Kitl Sl-36R mutants than that the threshold for P1 RBC counts that allows survival
to weaning may be between the mean values seen forin Kitl Sl-d mutants. Further studies of the mutant proteins

encoded by each of these alleles will be necessary to hemizygous Kitl Sl-d mice (0.9 � 109 cells/ml, 22% of wild
type) and homozygous Kitl Sl-d mice (1.3 � 109 cells/ml,understand these phenotypic observations.

The ENU-induced Kitl Sl mutations described here 32% of wild type).
Although the Kitl Sl-36R mutation allows survival in thecause mild pigmentation defects when present in the

heterozygous condition and severe pigmentation de- majority of homozygous mice, a significant number of
Kitl Sl-36R/Kitl Sl-36R mice die either perinatally or within thefects in the homozygous or compound heterozygous

condition. In addition, none of the heterozygous Kitl Sl first week of birth. This could be explained if P1 Kitl Sl-36R/
Kitl Sl-36R mice had large variations in RBC counts, withmutations caused a more severe effect on any aspect of

the mutant phenotype described here than that of death occurring to mice with low RBC counts and sur-
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expression and processing of two cell associated forms of the kit-vival occurring in mice with higher RBC counts. How-
ligand: KL-1 and KL-2. Mol. Biol. Cell 3: 349–362.

ever, we did not observe such variation; in fact, RBC Huizinga, J. D., L. Thuneberg, M. Kluppel, J. Malysz, H. B. Mik-
kelsen et al., 1995 W/kit gene required for interstitial cells ofcounts in all Kitl Sl-36R/Kitl Sl-36R P1 mice tested were very
Cajal and for intestinal pacemaker activity. Nature 373: 347–349.similar and are significantly higher than those seen in

Jiang, X., O. Gurel, E. A. Mendiaz, G. W. Stearns, C. L. Clogston
Kitl Sl-d/Kitl Sl-d mice. Therefore the perinatal and juvenile et al., 2000 Structure of the active core of human stem cell

factor and analysis of binding to its receptor kit. EMBO J. 19:lethality of Kitl Sl-36R/Kitl Sl-36R mice does not seem to be
3192–3203.reflected in the severity of the anemia. It is possible that

Jordan, S. A., R. M. Speed and I. J. Jackson, 1999 Deficiency of
some aspect of RBC function, rather than RBC numbers, Trp53 rescues the male fertility defects of Kit(W-v) mice but has

no effect on the survival of melanocytes and mast cells. Dev. Biol.is more drastically affected in a subset of Kitl Sl-36R/Kitl Sl-36R
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Kissel, H., I. Timokhina, M. P. Hardy, G. Rothschild, Y. Tajima

other cell type may be contributing to the lethality of et al., 2000 Point mutation in kit receptor tyrosine kinase reveals
essential roles for kit signaling in spermatogenesis and oogenesisKitl Sl-36R/Kitl Sl-36R mice. In this regard, it is interesting to
without affecting other kit responses. EMBO J. 19: 1312–1326.note that the absence of Kitl/Kit signaling in the enteric

Laky, K., L. Lefrancois and L. Puddington, 1997 Age-dependent
nervous system causes a lethal condition in mice (Maeda et intestinal lymphoproliferative disorder due to stem cell factor

receptor deficiency: parameters in small and large intestine. J.al. 1992; Huizinga et al. 1995). Whether such intestinal
Immunol. 158: 1417–1427.defects contribute to the lethality of the present Kitl Sl
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