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The proto-oncogene c-kit encodes a transmembrane tyrosine kinase receptor that is allelic with the murine 

white-spot t ing  locus (W). W mutations affect melanogenesis, gametogenesis, and hematopoiesis during 

development and adult life, and they result from the partial or complete loss of c-kit  function. The W 42 allele 

is a W mutation with severe effects in both the homozygous and the heterozygous states. Previous analysis of 

the W 42 allele identified a missense mutation in an essential amino acid of the c-kit  w42 kinase domain that 

abolishes the in vitro kinase activity of the c-kit w42 protein but does not affect its normal expression. These 

results suggested that the c-kit w42 allele was a dominant negative mutation within the context of 

c-kit-mediated signal transduction. To further explore the dominant negative characteristics of the W 42 

mutation, we have generated transgenic mice in which ectopic expression is driven by the human 13-actin 

promotor (hAP). Two mouse lines carrying the hAP-c-k i t  w42 transgene show an effect on pigmentation and 

the number of tissue mast cells. The patchy coat color pattern of the line 695 mice may reflect variable 

expression of the transgene in melanoblast progenitors and their descendents and, consequently, is indicative 

of a function for c-kit  in early melanoblasts. Germ cell development and erythropoiesis, however, do not 

appear to be affected by the transgene. Mice expressing the c-kit w42 transgene therefore recapitulate some of 

the phenotypes of mice with W mutations. These results are therefore in agreement with the molecular basis 

of the W -42 mutation and the dominant-negative characteristics of the c-kit w42 protein product. 
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The proto-oncogene c-kit is the normal cellular counter- 

part of the viral oncogene v-kit  of the HZ4-feline sar- 

coma virus (Besmer et al. 1986). c-kit encodes a trans- 

membrane tyrosine protein kinase that is structurally 

similar to the platelet-derived growth factor receptors 

PDGFR-A and PDGFR-B and the colony-stimulating fac- 

tor-1 receptor (CSF-1R) (Yarden et al. 1987; Qiu et al. 

1988). The unique features of c-kit, CSF-1R, PDGFR-A, 

and PDGFR-B are an extracellular domain with charac- 

teristics of the immunoglobulin super family and a split 

kinase. The proto-oncogene c-kit is allelic with the 

whi te  spotting locus (W) on mouse chromosome 5 

(Chabot et al. 1988; Geissler et al. 1988; Nocka et al. 

1989). Mutations at the W locus are cell autonomous and 

affect various aspects of melanogenesis, gametogenesis, 

and hematopoiesis during embryogenesis and in the 
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adult animal (Russell 1979; Silvers 1979). The ligand of 

the c-kit receptor KL has been identified and character' 

ized recently and shown to be allelic with the murine 

steel (S1) locus (Nocka et al. 1990c; Williams et al. 1990; 

Zsebo et al. 1990). In agreement with the ligand receptor 

relationship between KL and c-kit, S1 mutations affect 

the same cellular targets as W mutations; however, in 

contrast to W mutations, S1 mutations are not cell au- 

tonomous and they affect the microenvironment of the 

c-kit receptor. 

During normal embryonic development in mice, me- 

lanocyte progenitor cells migrate from the neural crest to 

the periphery (Rawles 1947; Mayer 1973a). Subsequently, 

they move from the dermis into the epidermis and then 

become incorporated into developing hair follicles; after 

birth, amelanotic melanoblasts differentiate into mature 

melanin-producing melanocytes (Mayer 1973; Silvers 

1979; LeDouarin 1982). W mutations are thought to af- 

fect early cells as well as mature cells during melano- 

genesis (Russell 1949; Mayer and Green 1968). In support 
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of a function of c-ki t  in mature melanocytes, first, the 

pigmentation pattern of S1/SI d- + / + mouse aggregation 

chimeras indicates a function for the KL in the skin, for 

example, in the dermis and in the hair follicle; second, 

mice heterozygous for the W ~ allele have pigment gran- 

ules that are reduced both in number and size and, fur- 

thermore, melanocytes have been shown to express c-ki t  

(Russell 1949; Mayer 1973b; Nakayama et al. 1988a; 

Nocka et al. 1989). An effect of W mutations on early 

development has been inferred from the spotting pheno- 

type seen in W~ + heterozygous mice. The precise stages 

at which c-ki t  functions during the early phase of mel- 

anogenesis, however, are not well defined. 

Primordial germ cells migrate from the yolk sac 

splanchnopleure to the germinal ridges, and, subse- 

quently, oogenesis and spermatogenesis proceed accord- 

ing to well-defined developmental programs. Severe W 

and S1 mutations affect the early phase of germ cell de- 

velopment (Bennett 1956; Mintz and Russell 1957; Mc- 

Coshen and McCallion 1975), and mutations with mild 

phenotypic effects are deficient in aspects of postnatal 

germ cell development (Coulombre and Russell 1954; 

Geissler et al. 1981; Kuroda et al. 1988; Nakayama et al. 

1988b). In agreement with effects of W and S1 mutations 

on early and more mature germ cells, c-ki t  expression 

has been demonstrated in primordial germ cells, prolif- 

erating fetal gonia, during postnatal oocyte development, 

and during spermatogenesis (Manova et al. 1990; Orr- 

Urtreger et al. 1990; Sorrentino et al. 1991; Manova and 

Bachvarova 1991). 

During development prior to day 10, the blood islands 

in the embryonic yolk sac are the major site of he- 

matopoiesis; subsequently, hematopoietic stem cells 

migrate to the fetal liver and to the sites of neonatal and 

adult hematopoiesis (Moore and Metcalf 1970). The he- 

matopoietic defects in W mutant  animals are first de- 

tected during yolk sac hematopoiesis and then persist 

throughout development and in the adult animal (Rus- 

sell et al. 1968). In hematopoiesis W mutations typically 

affect pluripotential precursors as well as distinctive cell 

populations in the erythroid cell lineage and tissue mast 

cells; and mice homozygous for severe W mutations die 

perinatally, presumably of macrocytic anemia (Kitamura 

et al. 1978; Russell 1979). 

A large number of independent mutations are known 

at the W locus. The different alleles vary in their effect 

on the different cell lineages in the heterozygous and the 

homozygous states (Silvers 1979; Geissler et al. 1981; 

Lyon and Searle 1989). The molecular bases of several of 

these mutations have been determined and were found 

to result from the partial or complete loss of c-ki t  func- 

tion (Nocka et al. 1989, 1990a; Reith et al. 1990; Tan et 

al. 1990). The W 42 allele is a severe dominant W muta- 

tion with parallel effects on pigmentation, gametogene- 

sis, and hematopoiesis (Geissler et al. 1981). Homozy- 

gous W42/W 42 mice die perinatally presumably from se- 

vere macrocytic anemia. Mice heterozygous for the W 42 

allele are completely white, have gonads that are reduced 

in size, and suffer from macrocytic anemia. The pheno- 

type of heterozygous W42/+ mice is more severe than 

that of mice heterozygous for a W null allele; hence, the 

W 42 mutation has dominant characteristics. The W 42 al- 

lele results from a missense mutation that replaces as- 

partic acid 790 of the c-ki t  protein product with aspar- 

agine (Tan et al. 1990). Aspartic acid 790 is a conserved 

residue in all protein kinases; consequently, the W 42 

c-ki t  protein product lacks tyrosine kinase activity, but 

its size and cell surface expression are not affected by the 

mutation. Ligand-induced signal transduction by protein 

tyrosine kinase receptors involves the formation of re- 

ceptor dimers/oligomers as intermediates (Yarden and 

Schlessinger 1987; Heldin et al. 1989). Therefore, the 

presence of mutant  W 42 c-ki t  protein in receptor het- 

erodimers presumably interferes with c-ki t  ligand-in- 

duced signal transduction, reducing the number of func- 

tional c-ki t  receptors on the cell surface. The W 42 allele 

consequently has the characteristics of a dominant-neg- 

ative mutation. 

To further investigate the dominant-negative charac- 

teristics of the c - k i t  w42 gene product in vivo and to bet- 

ter understand its effects on the various cell lineages, we 

sought to construct transgenic mice that express the 

c - k i t  w42 protein ectopically. The predicted outcomes of 

such an experiment are the following: (1) The expression 

of the c-ki t  w42 transgene in cells that also express the 

endogenous c-ki t  gene should result in phenotypic ef- 

fects similar to those seen in W4~/+ and W42/W ~2 mice; 

(2) the expression of the c - k i t  w42 transgene in cells that 

also express the c-kit  ligand might effect the removal of 

the ligand and therefore perturb normal c-ki t  function; 

(3) expression of the c-ki t  w42 transgene in other cells 

should be of no consequence, because the transgene is 

functionally inactive. We therefore constructed trans- 

genic mice in which the c-ki t  w42 eDNA was expressed 

under the control of the constitutive human f~-actin pro- 

moter (hAP). Two mouse lines containing the c-kit  w42 

transgene were obtained and characterized. The hAP-c- 

k i t  W42 mice display varying degrees of white-spotting 

and have a reduced number of mast cells in the skin. 

These results indicate that the h A P - c - k i t  w42 transgene 

in these mice causes the recapitulation of some W phe- 

notypes and provide evidence for c-ki t  function in early 

melanogenesis. 

Results 

Transgene construct  

To achieve ectopic expression of the c - k i t  w42 cDNA in 

transgenic mice, a minigene cassette was made, consist- 

ing of the c-ki t  w42 cDNA, the hAP, and the SV40 poly- 

adenylation site. An intron from the human ~-actin gene 

was included in this minigene, because it has been 

shown that intron sequences may increase the transcrip- 

tional efficiency of eDNA constructs in transgenic mice, 

possibly due to the presence of transcriptional control 

elements (Brinster et al. 1988; Palmiter et al. 1991). hAP 

construct used in this study consists of 3 kb of 5'-flank- 

ing sequence from the human ~-actin gene, exon 1 con- 

taining 5'-untranslated sequence, the first intron with its 

2266 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Ttansgenic mice expressing c-kit  w42 

3'-splice site and an SV40 polyadenylation site. It has 

been shown previously to be an excellent vehicle for 

high-level transgene expression (Gunning et al. 1987; 

I.R. Lemischka, pers. comm.}. The c-ki t  w42 cDNA was 

inserted into the SalI site of the pHBAPr-1 expression 

vector to generate the h A P - c - k i t  w42 transgene (Fig. 1A). 

To verify the c-ki t  w42 protein products specified by the 

hAP construct, NIH-3T3 cells were cotransfected with 

the h A P - c - k i t  w42 construct and with pSV2neo, and sta- 

ble transfectants were obtained upon selection with 

G418. Cells in individual colonies were expanded and 

examined by immunoprecipitation analysis of [aSS]me- 

thionine-labeled cell extracts, and immune complex ki- 

nase reactions were performed to analyze the c-kit-asso- 

ciated kinase activity. SDS-PAGE of immunoprecipi- 

tares shows the expression of the expected 160- and 130- 

k D  c - k i t  w4z protein products from the h A P - c - k i t  w42 

construct (Fig. 1B), and analysis of products of immune 

complex kinase reactions indicate that the c -k / t  w42 protein 

products lack autophosphorylation activity (not shown). 

Generat ion of transgenic m i c e  

To generate transgenic mice the 8.7-kb ClaI fragment, 

which comprises the h A P - c - k i t  w42 minigene (Fig. 1A1, 

was injected into the pronuclei of fertilized (C57BL/ 

6J x CBA/J) F1 eggs. Microinjected eggs were then trans- 

ferred into the oviducts of pseudopregnant CD 1 females. 

Offspring were tested for the presence of the transgene 

by analyzing tail DNA. Tail DNA was digested with the 

restriction enzyme BamHI ,  which generates an internal 

3.6-kb transgene fragment, and the DNA blots were an- 

alyzed by hybridization with a c-ki t  probe. Of the 35 

offspring, 2 male and 2 female mice were found to carry 

the transgene. One female founder animal (697) had a 

white coat except for pigmented areas around the ears 

and at the end of the trunk. Upon breeding, this animal 

produced only one litter of three pups, none of which 

survived. Two founder animals, 485 and 676, had normal 

coat pigmentation, whereas the fourth, 695, had normal 

coat pigmentation except for a white spot on the fore- 

head. Transgenic lines were established from the 485 and 

695 founder animals by mating with (C57BL/6 • CBA/J) 

F1 mice. Only 25% of the offspring produced by the 695 

founder male contained the transgene, raising the possi- 

bility that the germ-line tissue in this mouse is mosaic 

(Fig. 2). 

Coat color pheno types  of l ine  485 and  695 m i c e  

Although there was no visible effect on pigmentation in 

founder female line 485 (data not shown), progeny pro- 

duced by mating this mouse with a B6CB F 1 male dis- 

played white-spotted areas in different parts of the body 

(Fig. 3A). Typically, these animals have a white spot on 

the forehead and on the ventral side. They most often 

had pigmentless feet and a banded tail and, less often, 

had other white areas on the body. However, the pig- 

ment pattern among littermates and their offspring var- 

ied and, therefore, did not appear to be a genetically 

transmitted characteristic (Fig. 3A). Founder male 695 

had a diamond-shaped white spot on the forehead (data 

not shown). The offspring of the 695 mouse have a 

unique spotting pattern on their trunk (Fig. 3B). Pig- 

mented areas, "splotches," may extend from the dorsal 

midline toward the ventral side, indicating that the two 

sides of the animal are formed independently. Feet and 

tail most often lack pigment, although a banded tail pat- 

tern is seen as well. The coat color pattern of the 695 

mice again was variable and thus was was not a geneti- 

cally stable transmitted trait. All 485 and 695 mice have 

black eyes, as do mice homozygous for various W alleles. 

In 485 and 695 offspring observed over an extended pe- 

riod of breeding, the pigmentation pattern varied consid- 

erably between litters of the same line indicating vari- 

able penetrance. The variable penetrance could be the 

result of chromosomal position effects or differences in 

genetic background among the offspring. To  determine 
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Figure 1. hAP-c-k/t w42 construct and protein products. (A) Schematic of the 8.7-kb hAP-c-k/t w42 minigene. The human ~-actin gene 
fragment consisting of 3 kb of 5'-flanking sequence, 0.078 kb of 5'-untranslated region (5'UT), 0.832 kb of intervening sequence 1 (IVS 
1), as well as the 3.7-kb c-kit w42 cDNA and the 0.5-kb SV40 fragment containing the polyadenylation signal are indicated. The spliced 
hybrid hAP-c-kit  w42 RNA transcript is shown below. (B) Immunoprecipitation analysis of the c-kit w42 protein products in NIH-3T3 
cells containing the hAP-c-kit  w42 minigene construct (derived by cotransfection with pSV2neo and selection with G418). Ceils were 

35 metabolically labeled with [ S]methionine (50 ~Ci/ml), and cell lysates were immunoprecipitated with anti-kit antiserum and 
analyzed by 7.5% SDS-PAGE. (Lane 1) Control cells transfected with pSV2neo; (lane 2) cells transfected with hAP-c-kit  w42 and 
pSV2neo plasmids. The migration of size marker proteins is indicated in kilodaltons (kD). 
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Figure 2. Pedigrees of hAP-c-kit w42 transgenic mice. The 

founder animals 485 and 695 were mated to (C57BL/6 x CBA/J) 
FI males or females as indicated. ([3) Male mice; (�9 female 
mice. Male (It) mice and female (0) mice are identified that 

contain the transgene. Four litters in the pedigrees of mice de- 
rived from the 695 founder male and the 485 founder female are 
shown. (FM, FF) Founder male and founder female, respectively. 

whether  this variable penetrance stems from the incon- 

stant  mixture  of CBA and C57B16 genes present in the 

transgenic offspring, both the 485 and 695 lines are cur- 

rently being established on a C57B1/6 background. 

Taken together, however, these results demonstrate  an 

effect of the hAP-c-ki t  w4z transgene on pigment forma- 

tion which in many  respects, is reminiscent  of the ef- 

fects of W muta t ions  on pigmentat ion;  the splotchy ap- 

pearance of the pigment  patterns in these mice, however, 

is unique. 

Characteristics Of hematopoietic parameters 

in line 485 and 695 mice 

The hematopoiet ic  sys tem in mice wi th  mutat ions  at 

the W locus is affected in several ways. Effects are seen 

in the s tem cell compartment ,  in the erythroid cell lin- 

eage, and in mast  cells. To evaluate whether  transgene 

expression in line 485 and 695 mice affects the erythroid 

cell lineage, erythrocyte numbers  and hematocr i t  values 

were determined. The results shown in Table 1 indicate 

that  there is no significant difference between samples 

from transgenic mice and corresponding nontransgenic 

l i t termates.  

Mice with  W muta t ions  typically lack tissue mast  

cells; and in vitro, bone marrow mast  cells from W mu- 

tant mice do not proliferate in response to KL. To eval- 

uate whether  transgene expression affects mas t  cells in 

lines 485 and 695, we determined the number  of mast  

cells in skin sections from these mice. Our  results 

(shown in Table 1) revealed a significantly reduced num- 

ber of mast  cells in the line 485 and 695 mice compared 

to that  in the nontransgene control mice. Line 695 mice 

Figure 3. Coat color phenotypes of line 485 (A} and line 695 {B) mice. 
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Table 1. Influence of the c-kit W42 transgene on mast cell numbers and blood tissue of mice 

Transgenic mice expressing c-kit T M  

Number of Number of 

mast cells erythrocytes Hematocrit 
Strain Area of skin (per cm of skin) (x 106/ram 3) (%) 

Line 485 pigmented 40.7 --- 6.7 10.0 + 0.2 50.3 -+ 0.9 

Line 695 pigmented 120.0 _ 9.3 10.0 + 0.2 50.3 - 0.9 

nonpigmented 139.0 + 14.6 

Control pigmented 364.7 + 28.5 10.0 -+ 0.2 52.2 + 0.2 
W42/+ nonpigmented 10.3 _+ 0.63 6.5 + 0.12 45 + 0.05 

W/W ~ nonpigmented 0 7.1 --- 0.05 44.5 + 0.5 

Mice were 3--4 months old at the time of study. 

The number of mast cells was counted in more than two well-separated sections in each skin sample and from six mice in each group 

of transgenics; nontransgenic littermates served as controls. Numbers are mean values. 

contained 31% of the number  of mast cells compared to 

their nontransgenic  l i t termates,  and there was no signif- 

icant difference in the number  of mast  cells between the 

pigmented and nonpigmented  areas of the skin in this 

line. In l ine 485 mice the number  of mast  cells in the 

skin was only 8% of that  in the nontransgenic litter- 

mates (Table 1), a l though the effect of the transgene on 

skin p igmenta t ion  in these mice was less prominent  

than in the l ine 695 mice (Fig. 3A). These results suggest 

that  transgene expression in 485 and 695 mice affects 

mast cell development  to differing degrees; however, 

there appears to be no detectable effect of transgene ex- 

pression on erythropoiesis in these two lines. 

Characterist ics of  gonads in l ine  485 and 695 m i c e  

Gametogenesis in mice wi th  W muta t ions  is affected in 

several ways, resulting in different degrees of infertility. 

Severe W and S1 muta t ions  affect the early phase of germ 

cell development  (Bennett 1956; Mintz and Russell 

1957; McCoshen and McCal l ion  1975), and muta t ions  

with mild phenotypic  effects are deficient in aspects of 

postnatal  germ cell development  (Coulombre and Rus- 

sell 1954; Geissler et al. 1981; Kuroda et al. 1988; Na- 

kayama et al. 1988b). To determine whether  there is an 

effect of the transgene on gametogenesis we have exam- 

ined the gonads of line 485 and 695 mice. Both the ova- 

ries and the testes in these mice were found to be unaf- 

fected by the transgene, that  is, the number  and size 

distr ibution of follicles at different stages of postnatal  

development do not  deviate from controls and sper- 

matogonial  development  s imilarly was not  affected~ in 

agreement wi th  these findings, the l i t ter  size of the 

transgenic mice was normal.  

Expression of transgene R N A  products  in t issues 

of l ine 485 and 695 m i c e  

The h A P - c - k i t  w42 minigene was designed to  achieve ec- 

topic expression of the transgene in transgenic mice. To 

evaluate the performance of this minigene,  the expres- 

sion of transgene RNA transcripts in different tissues 

was determined by RNA blot analysis by using a c-ki t  

hybridization probe. The 5.5-kb endogenous c-ki t  RNA 

transcript was detectable in the brain, lung, thymus,  

spleen, kidney, ovary, testis, skeletal  muscle, skin, and 

bone marrow (Fig. 4 and data not  shown) as described 

previously, wi th  relatively high levels in brain, lung, kid- 

Figure 4. RNA blot analysis of c-kit and tc-kit RNA transcripts in tissues from line 485 and 695 mice. Total RNA was isolated from 

different tissues of 10-week-old mice. Ten micrograms of total cell RNA was electrophoretically separated in an agarose gel, blotted, 

and hybridized with a 32P-labeled c-kit cDNA probe. (Top) The 5.5-kb endogenous c-kit RNA (c-kit) and the 4.1-kb c-kit transgenic 

RNA {tc-kit) are indicated. For comparison, hybridization with an actin probe is shown in the center. To demonstrate equal loading, 

methylene blue staining of the blot is shown at the bottom. The migration of 28S and 18S RNA is indicated. (A) Male line 485 mouse; 
(B) female line 485 mouse; (C) male 695 line mouse; (D) female line 695 mouse. 
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ney, testis, and ovary and somewhat lower levels in skin, 

muscle, and thymus. The 4.1-kb hAP-c-k i t  w42 tran- 

script was expressed at high levels in brain, heart, testis, 

and muscle and at lower levels in lung, thymus, spleen, 

kidney, and skin (Fig. 4). In brain, testis, muscle, and 

skin transgene expression is higher than that of the en- 

dogenous c-kit gene. In the other tissues the reverse ap- 

plies. Transgene expression was essentially the same in 

line 485 and 695 mice and among males and females (Fig. 

4,A-D). To compare RNA steady-state levels of the 

minigene with those of the endogenous B-actin gene the 

RNA blots were hybridized with an actin probe. Our 

results indicate that in the tissues tested, the transgene 

is expressed, but at different levels, and that transgene 

expression does not parallel B-actin expression. As a cau- 

tionary note, no conclusions in regard to transgene ex- 

pression on a per cell basis can be drawn from these 

blotting experiments. Taken together, however, these re- 

sults demonstrate variable expression of the hAP-c-k i t  

transgene in different tissues at higher or lower levels 

than the endogenous c-kit gene. 

Discusssion 

Previous work indicated allelism between the c-kit gene 

and the murine W locus. The characterization of a num- 
ber of dominant W alleles (W 42, W 37, l/W, W sz, and W41), 

which display a strong heterozygous mutant phenotype, 

has shown that they result from missense mutations 

that affect the kinase activity but not the synthesis and 

cell surface expression of the mutant c-kit proteins. In 

contrast, severe W alleles, which give rise to weak het- 

erozygous phenotypes such as W 19H and W, have been 

shown to be c-kit null mutations. The dominant nature 

of W mutations, such as W 42, suggests that the mutant 

protein inhibits normal k i t  ligand-induced signal trans- 

duction. Presumably, this inhibition results from the for- 

mation of receptor heterodimers (or oligomers), suggest- 

ing that receptor dimers/oligomers are an essential in- 

termediate in KL-induced receptor activation. To further 

explore the dominant-negative characteristics of the W 42 

allele, we have constructed transgenic mice that express 

the c-kit w42 gene products ectopically. The conclusions 

from these experiments are twofold: (1) ectopic expres- 

sion of the c-kit w42 cDNA in transgenic mice, achieved 

by using the human actin promotor to direct the synthe- 

sis of the c-kit w42 gene products, results in the recapit- 

ulation of some W phenotypes, for example, pigmenta- 

tion and mast cell deficiency; (2) c-kit must function in 

early melanoblast progenitors. 

During normal development from day 9 to day 12, 

melanoblasts migrate within the dermal mesoderm from 

the neural crest to the periphery and then enter the epi- 

dermal ectoderm and colonize developing hair follicles. 

By using tetraparental mice, Mintz noticed the forma- 

tion of patterns of transverse bands of two colors on the 

head, trunk, and tail (Mintz 1967, 1971). Along the body 

axis there was a discontinuity, suggesting that the pat- 

tern of stripes on the two sides was formed indepen- 

dently. Therefore, Mintz proposed that the pigment sys- 

tem is derived from 17 pairs of melanoblast stem cells 

that proliferate and migrate laterally and ventrally, from 

the neural crest, establishing a pattern of transverse 

bands. Recently, in utero transplantation of neural crest 

cells was shown to facilitate the formation of neural 

crest chimeras with pigmentation patterns in agreement 

with the Mintz hypothesis (Huszar et al. 1991). The coat 

color patterns in the tetraparental mouse chimeras of 

Mintz and those seen in the line 695 mice are alike. To 

display a dominant-negative effect in melanogenesis, the 

transgene must be expressed in melanoblasts/melano- 

cytes in some or all developmental stages at which c-kit 

exerts an essential function. Thus, the pigmentation pat- 

tem seen in the transgenic mice may represent melano- 

blast clones revealed by the expression of the c-kit w4~ 

transgene in some melanoblast founder cells and their 

progeny and not in others, or in the descendants of me- 

lanoblast founder cells. In agreement with this notion, 

c-kit expression has been documented in cells along the 

presumptive path of melanoblast migration at 10-11 

days of embryonic development (Manova and Bach- 

varova 1991). In the chimeric mice of Mintz, the coat 

color patterns consist of lateral stripes; in the transgenic 

mice, the pigmented areas have a splotchy appearance. In 

W mutant mice nonpigmented areas of the skin are ei- 

ther devoid of melanocytes or they contain defective me- 

lanocytes. Therefore, viable melanocytes from pig- 

mented skin regions may migrate into adjacent nonpig- 

mented regions, thus extending the pigmented stripes 

into splotches (Huszar et al. 1991). W / W - + / +  aggrega- 

tion chimeras phenotypically resemble W~ + mice and 

are not striped but have a ventral spot (Mintz 1971). 

Mintz argued that as a result of lack of cell proliferation 

or cell death of the migrating W / W  melanoblasts, pro- 

genitors from a neighboring + / +  melanoblast clone 

may invade the territories of nonviable clones but that 

the total number of + / +  cells is decreased compared 

with that of a + / +  animal, accounting for the ventral 

spot. In line 695 mice a banded pattern can be discerned 

because the number of pigmented clones is relatively 

small as seen from the lack of pigmentation of the tails. 

In line 485 mice a banded pattern is less apparent be- 

cause more clones are pigmented. The observation of a 

banded pigmentation pattern in line 695 mice therefore 

indicates that c-kit function is essential for the prolifer- 

ation and survival of melanoblasts in early development. 

The variability of the coat color phenotype appears to 

be the result of clonal variation of the expression of the 

transgene. In transgenic mice produced by pronuclear in- 

jection, the site of chromosomal insertion of the trans- 

gene is presumed to be random. Although the copy num- 

ber of the transgene varies greatly from one integration 

site to another, there is no general relationship between 

the copy number and the level of expression {Hammer et 

al. 1987). However, it is very well established that ex- 

pression of transgenes is influenced by position effects 

imposed by cis-acting factors at the integration sites and 

by strain-specific trans-acting factors that may induce 

epigenetic modification of these loci {Lacy et al. 1983; 

Allen et al. 1988, 1990; Kothary et al. 1988; Engler et al. 
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1991). Thus ,  pos i t ion  effects and/or  differences in ge- 

net ic  background  may  de te rmine  the var ia t ions  in pen- 

etrance and express ivi ty  observed in l ine  695 and 485 

mice.  T a k e n  together,  our  resul ts  provide evidence for a 

func t ion  of c-ki t  in  the early deve lopmen ta l  stages of 

p igment  format ion .  

In the h e m a t o p o i e t i c  system, W m u t a t i o n s  typical ly  

affect p lu r ipo ten t i a l  precursors,  d i s t inc t ive  cell popula- 

t ions in the  e ry thro id  cell lineage, and mas t  cells. The  

analysis  of the hema topo i e t i c  parameters  in l ine  485 and 

695 mice  indicates,  on one hand,  no effect of t ransgene 

expression on erythropoies is  but, on the other  hand, 

shows a r educ t ion  of mas t  cells in the  skin  of the l ine 

485 and 695 mice  compared  w i th  no rma l  controls .  These  

results  suggest tha t  the t ransgene is expressed in mas t  

cells and affects c-ki t  func t ion  in this  cell type. In l ine 

485 mice  the  n u m b e r  of mas t  cells is only  8% of tha t  

present  in  n o r m a l  l i t te rmates ,  whereas  in l ine  695 mice  

the n u m b e r  of mas t  cells is 30-40% of tha t  in control  

animals .  This  resul t  is in contras t  to the  p igmenta ry  as- 

pects of the  l ine 485 and l ine 695 mice.  On one hand,  

these resul ts  may  indica te  different levels of t ransgene 

expression in mas t  cells and melanob las t s  of the two 

lines, and on the  o ther  hand,  they  may  reflect  the differ- 

ent  m i c r o e n v i r o n m e n t s  of connec t ive  t issue mas t  cells 

and me lanocy te s  in the  skin; whereas  mas t  cells are 

found on ly  in the  dermis,  me lanocy tes  are found  in the 

dermis and in the epidermis  (hair follicles) (Nakayama et 

al. 1988a). Exper iments  are cur ren t ly  in  progress in 

wh ich  we wi l l  inves t iga te  the in vi t ro  propert ies  of bone 

marrow-der ived  mas t  cells isolated f rom l ine 485 and 

695 mice.  The  lack of an effect of the  t ransgene  on eryth- 

ropoiesis is also of interest .  This  resul t  may  indica te  tha t  

the level of express ion of the  t ransgene in e ry thro id  pro- 

genitors is no t  suff ic ient  to inh ib i t  c-ki t  func t ion  in 

these cells. 

In the expe r imen t  described here we expressed the  

c-kit  w42 gene products  ec topica l ly  to evaluate  c-ki t  func- 

t ion in a broad range of cell types in vivo. The  success of 

this approach argues tha t  by us ing cell l ineage-specific 

promoters  i t  should  be possible to express the  c-ki t  w42 

gene products  and inh ib i t  c-ki t  func t ion  in specific cell 

types. A func t i on  in cell d i f ferent ia t ion  and deve lopmen t  

is no t  k n o w n  for m a n y  m a m m a l i a n  k inase  receptors  as a 

result  of the  scarci ty  of germ-l ine  mu ta t ions .  Nu l l  mu-  

ta t ions  in these  receptor  genes, p resumably  l ike  W mu-  

tations,  m a y  be recessive le tha l  mu ta t ions .  The  cell 

type-res t r ic ted or ectopic  expression in t ransgenic  or chi- 

mer ic  mice  of newly  manufac tu red  dominan t -nega t ive  

muta t ions ,  l ike c-ki t  w42, m a y  therefore help define the 

func t ion  of ty ros ine  k inase  receptors in deve lopmen t  and 

different ia t ion.  

M a t er i a l s  a n d  m e t h o d s  

Construction of c-kit w42 transgene 

A 3713-bp EcoRI-HindIII fragment of the c-kit cDNA, which 

contains the complete c-kit-coding sequence (2956 bp), 28 bp of 

the 5'-untranslated region and 757 bp of the 3'-untranslated 

region, was cloned into pGEM-7Zf ( + ) (Promega). The 3' HindIII 

site was modified by the addition of XhoI linkers. The single 

mutation present at nucleotide position 2396 in c-kit cDNA 

isolated from mast cells of W 42 homozygous mice was intro- 

duced into the c-kit eDNA by exchanging the StyI-BglII frag- 

ment (nucleotides 2352-2802 of the c-kit-cDNA) with the cor- 

responding fragment isolated from the c-kitW42-cDNA. Preser- 

vation of the rest of the sequence was confirmed by DNA 
sequencing. The resulting c-kitW42-cDNA was digested with 

XhoI and cloned into the SalI site of the expression vector 

pH~APr.2 (Gunning et al. 1987). Clones containing the coding 

sequence of the c-kit-cDNA in the proper orientation with re- 

spect to the hAP were selected by digesting the DNA with 

BamHI. All DNA manipulations were carried out according to 

established procedures (Sambrook et al. 1989). 

Generation of transgenic mice 

Plasmid DNA containing the human hAPc-kitW42-cDNA mini- 

gene was digested with ClaI, and the 8.7-kbp transgene frag- 

ment was purified by agarose gel electrophoresis. Approxi- 

mately 100 ~g of transgene DNA was dissolved in 13 ml of TE 

buffer [10 mM Tris-HC1 (pH 7.5)/1 mM EDTA (pH 8.0)] contain- 

ing 1.68 gram of CsC1/ml and centrifuged at 37,000 rpm in a 

Ti75 rotor (Beckman) for 48 hr at 20~ Fractions (0.5 ml) were 

collected from the gradient, 3-~1 aliquots of each fraction were 

analyzed by agarose gel electrophoresis, and the fractions con- 

taining the DNA fragment were then dialyzed against the in- 

jection buffer [5 mM Tris-HC1 (pH 7.4)/5 mM NaC1/0.1 mM 

EDTA]. The DNA concentration was adjusted to 200--400 mol- 

ecules/picoliter, and pronuclear microinjections were per- 

formed by following standard techniques (Hogan et al. 1986). 

Specifically C57BL/6J or (C57BL/6J x CBA/J)F 1 (B6CB F1) fe- 
male mice were superovulated and mated with B6CB F~ males. 

The fertilized eggs were recovered, and DNA was microinjected 

into pronuclei. Transgenic lines were propagated by mating 

with (C57BL/6 x CBA/J) Ft mice. 

DNA blot analysis 

Mouse tail-tip DNA was prepared by removing -1  cm of tail 

and incubation in 0.5 ml of tail-tip buffer [50 mM Tris-HC1 (pH 

8.0)/0.1 M EDTA/0.5% SDS/1 mg/ml of proteinase K] at 55~ 

overnight. After the addition of 0.1 volume of 3 M sodium ace- 

tate the hydrolysate was extracted with an equal volume of 

phenol/chloroform (4% isoamyl alcohol)(1:  1). The DNA in 

the aqueous phase was precipitated by the addition of 0.6 vol- 

ume of isopropanol, and the precipitate was washed twice with 

70% ethanol. Twenty micrograms of DNA was digested with 

BamHI, and 8 ~g of the digested DNA was separated by agarose 

gel electrophoresis, transferred to nitrocellulose following the 

procedure of Southern (1975), and probed with a 32P-labeled 

c-kit cDNA fragment. Hybridization was carried out in 6 x SSC 

[1 x SSC = 0.15 M NAG1/0.015 M sodium citrate (pH 7.0)], 1 x 

Denhardt's solution (0.02% Ficoll/0.02% polyvinylpyrrolidone/ 

0.02% BSA), and 50 jxg/ml of denatured salmon sperm DNA for 

24 hr at 42~ Filters were washed for 20 rain in 2x SSC/I% 

SDS at room temperature, for 30 min each in 0.2 x SSC/1% SDS 

and in 0.1 x SSC/I% SDS at 55~ prior to autoradiography. 

RNA blot analysis 

RNA was prepared from tissues of adult (2-month-old) mice 

according to the method of Chomczynski and Sacchi (1987). 

Five micrograms of total RNA from each tissue was electropho- 

retically fractionated in 1% agarose gel containing 2.2% form- 

aldehyde in MOPS buffer (Sambrook et al. 1989), transferred to 
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nitrocellulose, and probed with a aZP-labeled c-kit cDNA frag- 

ment. Hybridization was at 42~ for 18 hr in 6x SSC/1 x Den- 

hardt's solution/50% formamide containing 106cpm/ml of 

probe. Blots were washed twice for 15 rain at room temperature 

in l x  SSC/0.1% SDS, twice for 15 rain at 55~ in 0.2x SSC/ 

0.1% SDS, and then subjected to autoradiography. After strip- 

ping the blot of the c-kit probe, the same blot was rehybridized 

with a j3-actin probe. 

Identification of skin pigmentation 

Because the mice displayed extensive and/or irregular spotting 

patterns, it was difficult to quantify the extent of white spot- 

ting. For qualitative characterization, each mouse was observed 

carefully for (1) any dilution of coat color other than the agouti 

and the C57B16 phenotypes and (2) white spotting in the dorsal 

and ventral parts. To assess any defined patterns of white spotting, 

photographs of mice belonging to the same line were compared by 

aligning corresponding dorsal or ventral views side by side. 

Determination of mast cell number in the skin of transgenic 

and control mice 

Mice were sacrificed by cervical dislocation. Pieces of dorsal 

skin were removed from different parts, smoothed onto a piece 

of thick filter paper to keep them flat, and fixed in PBS-10% 

formalin (pH 7.2). Tissues were embedded in paraffin, and 5-~m 

sections were stained with 0.1% acidified toluidine blue {pH 

3.0}. In the skin sections, mast cells between the epithelium and 

paniculus carnosus were counted under the microscope. The 

number of mast cells/per centimeter length of skin was deter- 

mined by dividing the mast cell number by the length of each 

section of the skin counted. For each sample, measurements 

were made in two separate histological sections and averaged to 

provide the sample mean. Nontransgenic littermates were used 

as controls. 

Hem atology 

Blood samples were collected from tail tips into heparinized Red 

Tip microhematocrit capillary tubes and sedimented by centrif- 

ugation for 3 rain in an Autocrit centrifuge, and hematocrits 

were determined with the aid of a Clay-Adams microhemat- 

ocrit reader. For red blood cell (RBC) count, 10 ~1 of blood was 

diluted 10,000-fold in PBS and counted in a Coulter cell counter. 

Nontransgenic littermates were used as controls. 
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