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Degenerate oligonucleotide primers were employed in PCRs 
to clone protein tyrosine kinases that may play potential 
roles in the development of the mammalian CNS. Using one 
PCR clone to screen a mouse eye cDNA library, a full-length 
cDNA of a cytoplasmic tyrosine kinase, the homolog of hu- 
man JAKl, was obtained. The murine JAKl kinase belongs 
to a new family of cytoplasmic kinases that contain two 
tandem catalytic domains. Northern analyses indicated that 
murine JAKl mRNA is expressed in a variety of tissues and 
cell lines. In the adult mouse eye, in situ hybridization and 
immunohistochemistry showed that JAKl mRNA and protein 
were expressed in the retinal ganglion cell layer and the 
inner part of the inner nuclear layer, presumably in amacrine 
cells. JAKl protein was also detected in horizontal cells and 
in the two synaptic layers of the adult retina. During retinal 
development, JAKl protein was first detected in retinal gan- 
glion cells and in their axons as early as embryonic day 14. 
Expression of JAKl protein in amacrine cells and horizontal 
cells occurred only postnatally. This pattern of expression 
was also observed in the chick retina, suggesting an evo- 
lutionarily conserved function of JAKl kinase in vertebrate 
retinal development and/or function. lmmunohistochemical 
staining against JAKl was detected in two areas of the adult 
mouse brain, the olfactory bulb and a group of cells in the 
hypothalamus. Together, these expression studies suggest 
a role for JAKl kinase in the differentiation or function of a 
subset of CNS neurons. 

[Key words: JAKl CONA, protein tyrosine kinase, mouse, 
retina, o/factory bulb, hypothalamus] 

Protein tyrosine kinases (PTKs) play critical roles in controlling 
cell proliferation and differentiation in multicellular organisms. 
Mutations in genes encoding tyrosine kinases are often onco- 
genie in eukaryotic cells. In addition to regulating cell growth, 
tyrosine kinases are involved in processes such as cell fate de- 
termination in both invertebrate and vertebrate animals during 
normal development (Yarden et al., 1987; Rubin, 199 1; Stern- 
berg and Horvitz, 199 1). 

PTKs can be grouped into two classes based upon their cel- 
lular location, sequence similarities, and structural character- 

Received Sept. 24, 1992; revised Jan. 22, 1993; accepted Jan. 28, 1993. 
This work was supported by grants from the Helen Hay Whitney Foundation 

(X.Y.), the Charles King Trust/Medical Foundation (X.Y.), the National Eye 
Institute (X.Y.)(EY06361-Ol), and NIH (C.L.C.) (EY08064). We thank Donna 
Fekete, Chris Austin, Laura Lillien, Susan Arnold-Aldea, and Cliff Tabin for 
critical reading of the manuscript and helpful discussions. 

Correspondence should be addressed to Dr. Constance L. Cepko, Department 
of Genetics, Harvard Medical School, 200 Longwood Avenue, Boston, MA 02 115. 
Copyright 0 1993 Society for Neuroscience 0270-6474/93/133006-12$05.00/O 

istics (Hanks et al., 1988). One class of kinases are ligand-bind- 
ing receptors, including, for example, receptors for the peptide 
growth factors fibroblast growth factor (FGF) and epidermal 
growth factor. These receptor tyrosine kinases are integral mem- 
brane proteins that have extracellular domains that bind ligands 
and cytoplasmic catalytic domains that transduce the signal to 
the cell. Binding of a ligand triggers receptor molecule oligo- 
merization, which activates the kinase, resulting in phosphor- 
ylation of the receptor and/or cellular substrates (Ullrich and 
Schlessinger, 1990). The second class of kinases are cytoplas- 
mically located. Included in this class are the sx subfamily and 
abl subfamily of kinases. In most cases, the physiological roles 
of cytoplasmic tyrosine kinases are obscure. Since they lack 
extracellular domains and hydrophobic transmembrane resi- 
dues, cytoplasmic tyrosine kinases are incapable of directly in- 
teracting with extracellular stimuli. However, some cytoplasmic 
tyrosine kinases appear able to transduce extracellular signals 
by binding to integral membrane proteins. For example, the STC- 
related tyrosine kinase Ick is membrane associated through my- 
ristylation, and is stably bound to the T-cell surface antigens 
CD4 and CD8 (Cantley et al., 199 1; Veillette and Davidson, 
1992). Upon stimulation with T-cell-activating agents that cause 
CD4 and CD8 to aggregate, the kinase activity of lck is rapidly 
induced to activate T-cells. Thus, it appears that some cyto- 
plasmic tyrosine kinases may play roles in transducing extra- 
cellular stimuli. 

The development of the CNS involves cell proliferation, mi- 
gration, differentiation, and synaptogenesis. By analogy with 
other complex systems, such as the hematopoietic system, PTKs 
are likely to be a part of the molecular machinery regulating cell 
proliferation and differentiation during CNS development. In- 
deed, genetic studies of mutations in the Drosophila abl gene 
suggest that the abl kinase is required for proper development 
of CNS axons (Hoffmann, 199 1). Similarly, during development 
of the Drosophila compound eye, a receptor tyrosine kinase 
encoded by the gene sevenless is involved in determining the 
fate of photoreceptor precursor cells (Rubin, 1991). In mam- 
mals, several receptor tyrosine kinases and their cognate ligands 
are expressed in the CNS, including the FGF receptors (Heuer 
et al., 1990; Wanaka et al., 1990, 1991), the neurotrophin re- 
ceptors trkB (Klein et al., 1989) and trkC (Lamballe et al., 199 l), 
and the kit receptor (Motro et al., 1991). In addition, N-src, a 
neural specific form of the src kinase (Martinez et al., 1987; 
Pyper and Bolen, 1990) and a number of newly identified PTKs 
are expressed in neural tissues (Lai and Lemke, 199 1). However, 
functions of these PTKs in the development of the mammalian 
CNS are largely unknown. 

In order to identify tyrosine kinases that may be involved in 
the development of the CNS, we have focused initially on the 
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retina. The vertebrate retina is derived from the early neural 
tube during embryogenesis and remains a part of the CNS. The 
mature retina is composed of only seven major cell types and 
is a relatively well-characterized area of the CNS. We have 
generated molecular probes by the PCR, using degenerate oli- 
gonucleotide primers based on conserved tyrosine kinase cat- 
alytic domain sequences. A full-length cDNA encoding a PTK 
was obtained from a mouse eye cDNA library. DNA sequence 
comparisons revealed that this tyrosine kinase was the mouse 
homolog of the recently identified human JAKl kinase, which 
was initially cloned from a growth factor-dependent hemato- 
poietic cell line, FDC-Pl (Wilks et al., 1991). JAKl represents 
a new subclass of cytoplasmic tyrosine kinases with three iden- 
tified members, JAK 1, JAK2, and tyk2 (Firmbach-Kraft et al., 
1990; Harpur et al., 1992). The main feature of the JAK kinase 
family is the presence of a second kinase-like domain, in ad- 
dition to the conserved tyrosine kinase catalytic domain. Re- 
cently, tyk2 kinase was found to be a part of the signal trans- 
ducing pathway for interferon a/p (Velazquez et al., 1992). The 
functions of JAKl and JAK2 remain unknown. In this report, 
we describe the molecular cloning and characterization of the 
mouse JAKl cDNA, and its expression in the developing mouse 

The DNA sequences of the PCR clones and cDNA clones were de- 
termined by sequencing both strands using the dideoxy chain termi- 
nation method. 

Northern blot analyses. Total RNA was isolated using the guanidi- 
nium-thiocyanate-CsCl gradient method. PolyA+ RNA was prepared 
either by standard column chromatography or by batch bind&using 
oligo-dT-cellulose (Collaborative Research). RNA samples were de- 
natured in 50% formamide, 2.2 M formaldehyde, and MOPS at 65°C 
for 10 min; electrophoresed in 1.2% agarose, 2.2 M formaldehyde, and 
MOPS; transferred to HyBond N membranes; and UV cross-linked. 
Probes were synthesized by using or-J2P-dCTP and a random priming 
kit (Amersham). Blot hybridization solution contained 50% formamide, 
5x saline-sodium citrate (SSC), 50 mM phosphate buffer, 5x Den- 
hardt’s, and 0.1 mg/ml salmon sperm DNA. Final wash stringency for 
Northern blots was 0.2 x SSC, 0.1% SDS, 65°C. 

Purification of antigens a& antibodies. PCR-amplified cDNA frag- 
ments were fused in frame to the C-terminal portion of the glutathione- 
S-transferase (GST) gene (Smith and Johnson, 1988). Mouse JAKl 
cDNA sequences encoding. amino acid residues 650-740 and 87 l-l 153 

In situ hybridization. Adult mouse eyes were enucleated. After re- 
moving the lens and vitreous humor, the remainder of the eyes was 
fixed in fresh 4% paraformaldehyde for 2 hr, and then washed, dehy- 
drated, and embedded in paraffin. Sections of 6 pm thickness were 
collected and mounted on aminoalkylsilane-treated slides (Rentrop et 
al.. 1986). 35S-UTP-labeled single-stranded RNA orobes were tran- 
scribed from linearized templates using T7 or SP6’RNA polymerase 
(Boehringer), and 50 ~1 of probe with 2.5 x 10s cpm/ml was applied 
to each slide. Prehybridization treatments, hybridization, and washes 
were performed as previously described (Wilkinson et al., 1987). Emul- 
sion-dipped slides were exposed for 7 d prior to developing. Slides were 
counterstained with hematoxvlin and eosin. 

retina and the adult mouse brain. 

Materials and Methods 
Mouse eye cDNA library construction. cDNA libraries of postnatal day 
O-3 (PO-P3) and postnatal day 2 1 (P2 1) mouse eyes were constructed. 
Total RNA from these different stage mouse eyes were prepared by the 
guanidinium-thiocyanate-CsCl gradient method. PolyA+ RNA was ob- 
tained by using oligo-dT<ellulose chromatography (Collaborative Re- 
search); 2 fig of polyA+ PO-P3 or P21 RNA was used in reverse-tran- 
scription reactions primed by oligo-dT using the cDNA Synthesis Plus 
kit of Amersham. Double-stranded cDNAs were ligated to 6 pg of non- 
self-complementary BstXI linkers (Invitrogen) and then passed through 
a Sephadex G- 100 column. The resulting cDNAs were fractionated on 
a 0.8% agarose gel, and cDNAs with sizes larger than 1 kilobase (kb) 
were cloned into BstXI sites of the expression vector pcDNA1 (Seed 
and Aruffo, 1987; Invitrogen). Escherichia coli strain MC106 l/P3 cells 
were transformed with the ligation mixture by electroporation using a 
Gene-Pulser apparatus according to the manufacture’s instructions (Bio- 
Rad). The resulting cDNA libraries have more than 2 x lo6 primary 
clones with an average insertion size of 1.5 kb. 

A second PO-P3 cDNA library containing cDNA inserts longer than 
3 kb was generated from the amplified PO-P3 library DNA described 
above. A Not1 restriction site in the pcDNA1 polylinker region was 
chosen to linearize the cDNA plasmids, and linear cDNAs longer than 
7.5 kb were purified from a 0.7% agarose gel. After religation, DNA 
was introduced into MC106 l/P3 bacterial cells by electroporation. 

cDNA isolation. Polymerase chain reactions (PCRs) used to generate 
the initial mouse JAKl probe contained approximately 20 ng of the 
PO-P3 or P2 1 mouse eye cDNA library DNA as templates. The 5’ primer 
XY 1, 5’ CGGATCCTGGGAAGTGGAGCC(C/A/T)TTTGG 3’, con- 
tained a BamHI site; the 3’ primer XY4, 5’ GGAATTCC(G/A)AA(A/ 
G)GACCC(C/T)ACATC 3’, contained an EcoRI site. The concentration 
of primers in the reactions was 20 PM. PCR amplifications were per- 
formed according to the manufacturer’s instructions (Perkin Elmer) us- 
ing supplied reagents. The final concentration of magnesium ion in the 
reaction was 1.5 mM. Amplification was performed with an initial 2 
min denaturation step at 95°C followed by 30 cycles with the following 
parameters: 95°C 1 min; 48”C, 2 min; 72°C 2 min. PCR-amplified 
DNA ranging from 550 base pairs (bp) to 900 bp were subcloned into 
the pcDNAI1 plasmid vector (Invitrogen). 

Among the 10 sequenced PCR clones, two clones contained the con- 
served protein tyrosine kinase (PTK) sequence. One of them, a 900 bp 
PCR clone, 1118, was used to screen 5 x 10s colonies of an amplified 
PO-P3 mouse eye cDNA library. Four positive clones were obtained. 
The 5’ seauence of a 2 kb cDNA. 1118-1, was then used to screen 1 x 
10s coloniks of the Not1 size-selected P&P3 mouse eye cDNA library. 
Ten III8 cDNA clones were obtained including the 4.2 kb III8- 10 clone 
containing the entire coding region of mouse JAKl . 

were cloned individually-into the BamHI sites of the pGEX2T and 
pGEX3X vectors to yield pGEX2T(1118.N03 1)and pGEX3X(1118.N01 l), 
respectively. The authenticity of the fusion cDNA constructs was con- 
firmed by sequencing to rule out potential mutations that might have 
been introduced by the PCR. 

E. coli strain XLI-Blue (Stratagene) containing the fusion constructs 
was treated with isopropyl-P-n-thiogalactopyranosid at a final concen- 
tration of 1 mM for 1.5 hr. Cell pellets from a 1 liter culture were 
resuspended in 40 ml of PBS, 1% Triton X-100, sonicated for 1 min 
while on ice, and spun at 10,000 x g for 10 min at 4°C. Pellets from 
the cell lysis were washed twice with PBS, 1% Triton X-100, and then 
resuspended in 10 ml of 6 M urea, 100 mM Tris-HCl, pH 7.5, 5 mM 
EDTA, and 20 mM fl-mercaptol-ethanol. After spinning at 10,000 x g 
for 10 min, the supematants were dialyzed against the same solution 
containing successively less amounts of urea. Final dialysis was against 
PBS. Fusion protein extracts were then batch bound to glutathione 
Sepharose 4B beads (Pharmacia) equilibrated in PBS, washed exten- 
sively, and eluted with 5 mM glutathione, 50 mM Tris-HCl, pH 8.0. 
Purified 1118.No3 1 and 1118.Noll fusion proteins, having the expected 
molecular weights of 34 kDa and 53 kDa, respectively, as determined 
by SDS-PAGE analyses, were used to immunize rabbits (Bethyl Lab, 
Montgomery, TX). 

For immunohistochemical studies, crude sera were affinity purified 
against a lucZ-JAKl fusion protein. cDNA clone III8- 1 encoding amino 
acid residues 650-l 153 was fused to the C-terminus of a 12 amino acid 
peptide derived from the /acZ gene in plasmid pcDNAI1 (Invitrogen). 
Bacterial Iysates containing this 57 kDa fusion protein were electro- 
phoresed in SDS polyacrylamide gels and transferred to nitrocellulose 
filters. Filter strips with the /ucZ-JAKl fusion protein were excised, 
incubated with crude sera diluted 25-fold in 0.05% Tween 20, 50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, and 3% BSA, washed 
extensively with the above solution containing 0.1% BSA, and then 
eluted with small aliquots of 100 mM glycine, pH 2.3, 150 mM NaCl 
for 5 min. The eluant was quickly neutralized with 1 / 10 vol of 1 M Tris- 
HCl, pH 8.8. 

Western blot. Protein extracts were electrophoresed in 7.5% SDS poly- 
acrylamide gels, and transferred to nitrocellulose filters using the semi- 
dry electrophoretic transfer method (Harlow and Lane, 1988). Filters 
were blocked with 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 
0.05% Tween (TBS-T) containing 3% BSA for 30 min, and then incu- 
bated with affinity-purified primary antibodies, followed by extensive 
washes in TBS-T. Horseradish neroxidase-coniuaated secondary anti- 
bodies (Amersham) were then-applied to the-filters at a diluiion of 
1: 1200. Immunoreactivities were detected using the method of en- 
hanced chemiluminescence (Amersham). 
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Immunohistochemistry. Mouse embryonic tissues, postnatal eyes, and 
chick embryonic day 16 retinas were dissected in PBS and directly 
submerged in fixatives. Adult mouse brains and retinas were perfused 
with fixatives first, and then dissected and further fixed. In all cases, the 
fixative was 9 parts 4% paraformaldehyde in PBS, pH 7.4, and 1 part 
saturated picric acid. After fixation, tissues were washed with PBS and 
processed for either cryosectioning or paraffin sectioning. For cryosec- 
tioning, tissues were put into a PBS solution containing 30% sucrose 
until they sank, and then embedded in OCT. For paraffin sectioning, 
standard procedures were followed. Frozen sections of 6-18 pm and 
paraffin sections of 6 pm thickness were collected and mounted on 
gelatin-coated slides. 

For alkaline phosphatase immunohistochemistry, all retina sections 
were postfixed with 4% paraformaldehyde in PBS, pH 7.4, for 5 min 
at room temperature. After washing with PBS, sections were preincu- 
bated with 10% calf serum, 5% normal goat serum (Vector Lab), 0.1% 
T&on X-100 in Dulbecco’s modified Eagle (DME) medium for 1 hr, 
and then incubated with anti-JAKl antibodies in the same solution for 
1 hr at room temperature, or overnight at 4°C. Following washes with 
PBS, biotin-conjugated goat anti-rabbit antibody (Vector Lab) diluted 
1:400 in the same preincubation solution was applied to the sections 
for 1 hr, followed by PBS washes, and then an incubation with strep- 
tavidin-conjugated alkaline phosphatase (Zymed) diluted 1:200 in 0.1% 
BSA, 5 mM EDTA, 0.5% Triton X-100 in PBS. After incubation for 1 
hr, sections were washed extensively with 10 mM KH,PO,, pH 6.5, 0.5 
M NaCl, 1 mM EDTA, 0.5% Triton X- 100, 0.1% BSA, followed by two 
changes of 0.1 M Tris-HCl, pH 8.8,O. 1 M NaCl, 5 mM MgCI,. Alkaline 
phosphatase reactions were performed by incubating sections with 0.1 
mg/ml 5-bromo-4-chloro-3-indolyl phosphate, 1 mg/ml nitroblue te- 
trazolium in 0.1 M Tris-HCl, pH 8.8, 0.1 M NaCl, 5 mM MgCl, until 
color precipitates reached desired intensity. 

For horseradish peroxidase immunohistochemistry, all brain sections 
were treated the same as retina sections except a 20 min incubation 
with 0.3% H,O, in methanol at room temperature was included after 
the primary antibody incubation to inhibit endogenous peroxidase ac- 
tivity. After incubation with the secondary antibody, an ABC kit (Vector 
Lab) was used according to the instructions, and the horseradish per- 
oxidase reaction was carried out in the presence of 50 mM Tris-HCl, 
pH 7.5, 0.5 mg/ml 3,3’-diaminobenzidine and 0.03% H,O,. In some 
cases, a procedure to amplify the horseradish peroxidase or alkaline 
phosphatase signals was employed (Adams, 1992). In general, 5-10- 
fold more concentrated primary antibodies were needed to stain brain 
sections than retina sections. 

Results 

Isolation of the murine JAKI cDNA 
An initial cDNA probe for mouse JAKl was obtained by using 
degenerate oligonucleotide primers and the PCR. The 5’ oli- 
gonucleotide XY 1 corresponded to the LGSGA(F/Y)G motif 
in the conserved PTK subdomain I, and the 3’ oligonucleotide 
XY4 corresponded to the DVW(S/A)(F/Y)G motif in the sub- 
domain IX (Hanks et al., 1988). DNA templates used in PCR 
amplifications were derived from mouse eye cDNA libraries 
that we constructed. Since the two PCR primers spanned the 
kinase insert region of some receptor tyrosine kinases, PCR 
products with expected sizes ranging from 550 bp to 900 bp 
were subcloned. Partial DNA sequencing of 10 subcloned PCR 
fragments allowed identification of two PCR fragments as po- 
tential novel tyrosine kinase clones. The other eight clones did 
not contain tyrosine kinase motifs. 

One of the two PCR clones containing tyrosine kinase motifs, 
1118, was then used to screen a PO-P3 mouse eye cDNA library 

primed by oligo(dT). Several partial cDNA clones were ob- 
tained. To obtain the full-length cDNA, the 5’ segment of a 
partial cDNA clone, 1118-l (2 kb), was subsequently used to 
screen a size-selected PO-P3 mouse eye cDNA library. This 
screen yielded 10 1118 clones, the longest of which, 1118-10 (4.2 
kb), was sequenced. Sequence comparisons with the recently 
published human JAKl cDNA (Wilks et al., 1991) indicated 
that 1118-10 encodes the mouse homolog of the human JAKl 
kinase. 

Sequence of murine JAKI 

The complete sequence of the murine JAKl cDNA shown in 
Figure 1 extends for 4191 nucleotides, and encodes an open 
reading frame of 1153 amino acid residues. Two translation 
start codons exist in frame with the long open reading frame. 
Although Wilks et al. (199 1) favor the second ATG as the trans- 
lation initiation codon, the predicted protein sequences between 
human and mouse JAKl are identical starting from the first 
methionine. 

The proteins encoded by human and mouse JAKl cDNA are 
94% identical, with many conserved changes (Fig. 1). Three in- 
frame deletions occur in the mouse JAKl cDNA, each resulting 
in the omission of an amino acid residue from the mouse protein 
with respect to the human protein. The calculated molecular 
weight of the murine JAKl protein is 130 kDa. The predicted 
protein sequence of mouse JAKl was analyzed according to 
features of PTKs summarized by Hanks et al. (1988). Each 
subdomain of the conserved tyrosine kinase catalytic domain 
is present in the C-terminal 29 1 amino acid residues of mouse 
JAKl, including an invariant DFG amino acid triplet in sub- 
domain VII, and an HRDLAAR motif in subdomain VI that 
generally defines a protein kinase with tyrosine specificity. Al- 
though this region bears all the hallmarks of conserved tyrosine 
kinase subdomains I-IX, it also diverges at a key position from 
other known tyrosine kinase subfamilies. The motif W(M/T)APE 
in subdomain VIII of known receptor and cytoplasmic tyrosine 
kinases is WYAPE in murine JAKl kinase. The replacement 
of Tyr (Y) for the conserved Met/Thr (M/T) has thus far been 
found only in the three members of the JAK kinase subfamily, 
and therefore is a recognizable feature of this new subfamily of 
protein kinases. 

Another distinctive feature of the JAK subfamily of protein 
kinases is the presence of a kinase-like domain immediately 
N-terminal to the C-terminal PTK domain (see Fig. 3A). This 
kinase-like domain was termed domain 1 or JH2 (JAK ho- 
mology domain 2) (Wilks et al., 1991; Harpur et al., 1992). 
Figure 2 compares the JH2 domains and the PTK domains of 
the human and mouse proteins. With minor spatial adjustments 
between subdomains VI and VII, and VII and VIII, virtually 
all of the subdomains of protein kinases are present in the JH2 
domain. Despite this significant alignment of the JH2 domain 
with protein kinases in general, differences at key conserved 
positions are found between JH2 and protein kinase catalytic 
domains (Fig. 2). These changes are uncharacteristic of either 

Figure 1. Nucleotide sequence and predicted amino acid sequence of murine JAKl. The DNA sequence of murine JAKl (mJAK1) is numbered 
starting from the first nucleotide of the largest cDNA clone (1118.10). The predicted amino acid sequence is numbered from the first in-frame start 
codon. Amino acid residues in the human JAKl kinase (hJAK1) that differ from murine JAKl are shown below the murine sequence. hJAK1 is 
numbered according to Wilks et al. (199 1). The putative kinase catalytic domains are delineated with arrows. Subdomains Iu-XIu of the kinase- 
like JH2 domain and subdomains Z-XI of the PTK domain are denoted according to Hanks et al. (1988). 
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Figure 2. Comparison of the two kinase-like domains of human and murine JAKl. The amino acid sequences of the murine and human JH2 
and PTK domains are aligned to maximize the identical residues between them. Dots indicate gaps introduced to achieve this alignment. Highly 
conserved amino acid residues in the PTK catalytic domains are derived from sequences compiled by Hanks et al. (1988), and are shown in boldface 
letters below the JAK protein sequences. Amino acid residues in the JH2 and PTK domains that are identical to the PTK consensus sequences are 
boxed. The subdomain nomenclature is the same as in Figure 1. 

the tyrosine or serine/threonine class of kinases. Therefore, the 
JH2 domain is a kinase-like domain with undetermined specific- 
ity. It is noteworthy, however, that the conserved W(M/T)APE 
motif present in subdomain VIII is WIAPE in the JH2 domain; 
this particular motif with Ile (I) in place of Met/Thr (M/T) was 
also found in the catalytic domain of a recently cloned receptor 
tyrosine kinase named axl (O’Bryan et al., 199 1). 

The JAKl kinase does not contain a transmembrane domain 
identifiable by a stretch of hydrophobic amino acid residues, 
and it is therefore likely to be a cytoplasmic kinase. The N-ter- 
minal portion of the JAK 1 kinase does not resemble other known 
proteins except members of the JAK family. In particular, the 
JAKl kinase does not contain the SH2 or SH3 domains (Koch 
et al., 1991) found in many signal transducing molecules. Sig- 
nificant structural and sequence homologies were observed 
among the three members of the JAK subfamily, JAKl, JAK2, 
and tyk2. The overall sequence homology in the PTK domains 
and the JH2 domains is about 50%, and similar levels of ho- 
mology are observed in other JH domains located N-terminal 
to the JH2 domain (Harpur et al., 1992). 

Expression of JAKI RNA 

Northern blot analyses were performed using the mouse JAKI 
cDNA as a probe (Fig. 38). A single band of 5.4 kb was detected 

in both mouse eye and brain polyA+ RNAs. The amount of 
JAKl RNA in these tissues increased during development be- 
ginning from embryonic day 15. JAKl expression, however, is 
not specific to eye and brain. Northern blot analyses have de- 
tected JAKl RNA in a wide range of adult mouse tissues, in- 
cluding heart, liver, lung, kidney, spleen, and testis (Wilks et 
al., 199 1; X. Yang and C. L. Cepko, unpublished observations), 
as well as in several cell lines including NIH 3T3 fibroblast cells, 
rat pheochromocytoma (PC12) cells, an immortalized mouse 
retinal cell line, 27-2 (Hammang et al., 1990), and three mouse 
olfactory bulb-derived cell lines (Ryder et al., 1990) (Fig. 3B). 
JAKl RNA was not detected in COS cells. Different amounts 
of JAKl RNA were present in three olfactory bulb cell lines, 
which were immortalized by the myc oncogene. In cell lines 
OBL2 1 and OBC13, both of which express only neuronal mark- 
ers, JAKl mRNA was present at high levels. In cell line OBL2 1 a, 
a subclone of OBL21, which expresses both neuronal and glial 
markers, a lower amount of JAKl RNA was observed. Thus, 
JAKl RNA is present in various tissues and cell types, with 
certain cells expressing high levels of the mRNA. 

Expression of JAKI in adult mouse retina 

The seven major classes of cells in the retina are organized into 
a laminated structure with three cellular layers (outer nuclear 
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Figure 3. Expression of murine JAKI. A, A schematic illustration of the 4.2 kb murine JAKl cDNA (1118.10) is shown. The locations of the 
start (A TG) and stop (TM) codons, as well as the kinase-like JH2 domain (diagonally striped box) and PTK domain (horizontally striped box) are 
indicated. Also shown are regions of sequence used to generate in situ hybridization probes 1118.10(H) and 1118.1(X), and fusion proteins for 
immunization and affinity purification. IacZ, a partial sequence of the E. coli lacZ gene; GST, the S. japonicum glutathione-S-transferase gene. B, 
Northern blot analysis of murine JAM RNA in tissues and cell lines; 2 fig of polyA+ RNA was loaded in lanes I-6 and lanes 10-13; 10 pg of 
total RNA was loaded in lanes 7-9. Northern blots were probed with murine JAKl cDNA. Exposure time was 3 d. Positions of RNA molecular 
size markers (in kilobases) are indicated for Zanes I-6. Positions of 28s and 18s rRNAs are shown for lanes 7-13. Lane I, Embryonic day 15 eye; 
lane 2, postnatal day 0 eye; lane 3, adult eye; lane 4, embryonic day 15 brain; lane 5, postnatal day 0 brain; lane 6, adult brain; lane 7, NIH 3T3 
cells; lane 8, COS cells; lane 9, PC12 cells; lane 10, retinal 27-2 cells; lane II, OBL21 cells; lane 12, OBL2la cells; lane 13, OBC13 cells. C, 
Western blots probed with IIIS.Nol 1 preimmune serum (lanes Z-3), affinity-purified 1118.Noll antibody (lanes 4-6), 1118.No31 preimmune serum 
(lanes 7-9), and affinity-purified 1118.No3 1 antibody (fanes 10-12) are shown. Positions of molecular weight markers (in kilodaltons) are indicated. 
Protein extracts loaded in each lane were from E. coli XLI-Blue cells expressing pcDNAIIIIII8.1 fusion protein (lanes I, 4, 7, IO), PC12 cells (lanes 
2, 5, 8, II), and OBL21 cells (lanes 3, 6, 9, 12). 

layer, inner nuclear layer, and ganglion cell layer) and two syn- stranded )%-labeled RNA sense and antisense probes derived 
aptic layers (outer plexiform layer and inner plexiform layer). from different regions of the JAKl cDNA were used in these 
To determine which retinal cell types express JAKl RNA, in experiments (Fig. 34. None of the sense RNA probes gave 
situ hybridization was performed on adult retinal tissues. Single- significant hybridization signals on adult retinal sections (data 
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Figure 4. Expression of JAKl in adult mouse eye. A, A dark-field view of the in situ hybridization pattern of JAKl 1118.10(H) antisense RNA 
to a paraffin section of adult mouse retina is shown (pigmented epithelium and some surrounding tissues are present). B, A paraffin section of an 
adult mouse retina immunohistochemically stained with the 1118.Noll antibody is shown. C, A cryosection of an adult mouse retina immunoh- 
istochemically stained with the 1118.Noll antibody is shown. D, A cryosection of an adult mouse retina immunohistochemically stained with the 
1118.Noll antibody preincubated with the GST-1118.Noll fusion protein is shown. E, A cryosection ofan adult mouse retina immunohistochemically 
stained with the 1118.Nol I antibody preincubated with the GST-1118.No3 1 fusion protein is shown. Alkaline phosphatase reaction products in B, 
C, D, and E were visualized by Nomarski optics. OS, outer segment; onl, outer nuclear layer; opl, outer plexiform layer; id, inner nuclear layer; 
ipl, inner plexiform layer; gel, ganglion cell layer. Sections in A and B are 6 pm thick, sections in C-E are 10 pm thick. Scale bars, 20 pm. 

not shown), whereas similar hybridization patterns were ob- 
served for all antisense probes. For example, probe 1118.10(H), 
which lacks the JH2 and PTK domains, hybridized to the retinal 
ganglion cell layer and the inner region of the inner nuclear 
layer, where amacrine cells are located (Fig. 4A). 

To correlate JAKl RNA expression with JAKl protein lo- 
calization in the retina, antibodies against the JAK 1 kinase pro- 
tein were generated using fusion proteins expressed in E. coli, 
and adult retina was immunohistochemically stained. Antibod- 
ies were raised against two distinct mouse fusion proteins, called 
1118.Noll and 1118.No3 1. 1118.No3 1 contains part of the JH2 
domain of JAKl, and 1118.Noll contains the PTK domain of 
JAKI (Fig. 3A). On Western blots, affinity-purified 1118.No31 
and 1118.Noll antibodies both detected the pcDNAII/III8.1 
fusion protein, and a 125 kDa protein present in PC12 cell 
extracts and OBL2 1 cell extracts (Fig. 3C). These protein bands 
were absent on Western blots probed with preimmune sera (Fig. 
3C). Furthermore, preincubation of 1118.No3 1 and 1118.Noll 
antibodies with their corresponding GST fusion antigens com- 
pletely abolished the immunoreactivities of the antibodies to 
the pcDNAII/III8.1 fusion protein and the 125 kDa protein 
(data not shown). In addition to the 125 kDa protein, the 

1118No 11 antibody detected a protein with a molecular weight 
of about 60 kDa in PC12 cell extracts, but not in extracts of 
OBL21 cells. This 60 kDa protein could be either a cross-re- 
active protein in PC1 2 cells or a degradation product of JAKl . 
Affinity-purified 1118.Noll antibody was used in further im- 
munohistochemical studies. 

Immunohistochemical staining of the retina with 1118.No 11 
antibody showed two overlapping patterns of JAKl expression, 
depending upon the histological technique used. Experiments 
with retinal cryosections showed staining in the ganglion cell 
layer, the inner plexiform layer, and the outer plexiform layer 
(Fig. 4C). Frequently, weak staining of the inner part of the 
inner nuclear layer was also observed, presumably in amacrine 
cells. Similarly, weak staining was also observed in sparse large 
cells, most likely horizontal cells, located adjacent to the outer 
plexiform layer. Experiments using paraffin sections of the retina 
showed similar patterns of intense staining in the retinal gan- 
glion cell layer (Fig. 4B). In addition, staining was frequently 
observed in amacrine cells located in the inner nuclear layer, 
and in individual cells, presumably horizontal cells, in the inner 
nuclear layer adjacent to the outer plexiform layer (Fig. 4B). 
However, in contrast to the staining patterns observed with 
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cryosections, paraffin-sectioned retina showed no staining in the 
two plexiform layers (Fig. 4B, compare with Fig. 4C), and oc- 
casional patchy staining of cell bodies in the two nuclear layers. 
This discrepancy could be due to the loss of JAKl antigen or 
antigenicity from the tissue during the paraffin embedding pro- 
cedure. The specificity of the III&No1 1 antibody in histochem- 
ical staining was verified by antigen competition experiments. 
Preincubation of the 1118.No 11 antibody with its corresponding 
fusion antigen completely abolished the immunohistochemical 
signal in the retina (Fig. 4D), whereas preincubation with the 
IIIS.No31 fusion protein did not affect the immunoreactivity 
of the IIIS.No 11 antibody (Fig. 4E). 

The results of immunohistochemical staining are consistent 
with in situ hybridization studies in adult retina; both methods 
detect JAKl expression in the retinal ganglion cell layer and in 
amacrine cells populating the inner region of the inner nuclear 
layer. In situ hybridization may not have allowed the detection 
of a low level of JAKl RNA in horizontal cells. Staining of the 
inner and outer plexiform layers by immunohistochemical anal- 
yses but not by in situ hybridization suggests that undetectable 
levels of RNA but detectable levels of JAKl protein are present 
in the ganglion, amacrine, and horizontal cell processes com- 
prising these layers. The detection of a 125 kDa protein by 
Western blot analysis, as well as the fact that staining patterns 
of the antibody are similar to in situ hybridization patterns, 
suggests that antibody III&No1 1 is specific for JAKl even though 
it was raised against the conserved PTK domain. 

Expression of the JAKI kinase in the developing retina 

During neurogenesis, the seven retinal cell types are generated 
from a pseudostratified neural epithelium, with proliferation 
and differentiation occurring at distinct stages. For example, 
retinal ganglion cells and horizontal cells are born during em- 
bryonic stages, whereas amacrine cells are born both prenatally 
and postnatally (Sidman, 196 1; Young, 1985). During the entire 
period of retinal neurogenesis, the outer part of the retina (ven- 
tricular zone) remains populated with mitotic progenitor cells 
while the inner part of the retina (vitreal surface) contains dif- 
ferentiated cell types. 

Mouse retinas from different developmental stages were sec- 
tioned and used for immunohistochemical staining. On embry- 
onic day 14 (data not shown) and embryonic day 15.5 (Fig. 5A), 
a cell population near the vitreal surface of the developing retina 
was positively stained for the JAKl protein. These JAKl-pos- 
itive cells extend long processes though the optic stalk, indicating 
that they are retinal ganglion cells. From embryonic day 18 to 
postnatal day 0, expression of JAKl protein appeared to be 
primarily in the differentiated cell population near the vitreal 
surface (Fig. 5B,C). At postnatal day 4, cells expressing JAKl 
appeared on both sides of the developing inner plexiform layer, 
representing ganglion cells (and possibly displaced amacrine cells) 
and amacrine cells (Fig. 5D.E). Thus, in the developing mouse 
retina, JAKl kinase appears first in the differentiated ganglion 
cell population, and subsequently in amacrine cells. JAKl stain- 
ing in the outer plexiform layer was detected after the first post- 
natal week. This pattern of JAK 1 expression in the nuclear and 
plexiform layers is then maintained throughout adulthood. 

To examine the evolutionary conservation of JAKl kinase 
and its expression, immunohistochemistry was performed using 
antibody 1118.No 11 on the chick retina. Embryonic day 16 chick 
retinal sections showed a pattern of staining similar to that of 
adult mouse retina (Fig. 5F). In addition to the retinal ganglion 

cell layer and the inner plexiform layer staining, a weaker ama- 
crine cell staining was observed. Furthermore, a distinct layer 
of 1118.Nol l-positive cells were detected within the inner nu- 
clear layer near the outer plexiform layer. Based on their pro- 
portion and location in the chick retina, these cells are most 
likely horizontal cells. From these results, we conclude that 
JAKl is structurally conserved, at least in the PTK domain, 
and that it is similarly expressed in chick and mouse retina. 
Therefore, JAKl may perform a conserved function in the ver- 
tebrate retina. 

Expression of JAM in the adult mouse brain 

Northern blot analysis of brain tissue indicated that the ex- 
pression ofJAK1 RNA increased between embryonic stages and 
postnatal stages of brain development (Fig. 3B). This suggested 
that JAKl might also be expressed in differentiated cell popu- 
lations in the brain. To test this possibility, sagittal adult brain 
sections were stained with 1118.Noll antibody. Two areas of 
the brain consistently stained positively for JAKl protein: the 
olfactory bulb and a group of cells in the hypothalamic area 
(Fig. 6). In the olfactory bulb, intense staining was observed in 
the olfactory nerve layer, which is composed of olfactory re- 
ceptor axons extending from the olfactory epithelium. The ex- 
ternal plexiform layer, the glomeruli layer, and the granule layer 
of olfactory bulb also stained. Among the neuronal cell types 
that stained in these layers were the periglomerular cells, the 
tufted cells, and the granule cells. The large mitral cells and 
some unidentified cells near glomeruli did not stain. The prom- 
inent expression of JAKl in the olfactory bulb correlates with 
high levels of JAKl RNA in olfactory bulb-derived cell lines 
that display strong neuronal characteristics (OBL2 1 and OBC13). 
In the hypothalamic area, the group of cells that stained posi- 
tively are large bipolar cells with extended processes. Recon- 
struction of serial sagittal brain sections suggests that a large 
portion of these JAKl-positive cells are located in the dorsal 
hypothalamic area, including the dorsal premammillary nucle- 
us, the compact dorsomedial hypothalamic nucleus, the diffused 
dorsomedial hypothalamic nucleus, and the dorsal hypothalam- 
ic nucleus. In addition, JAKl-positive cells are found in the 
posterior hypothalamic area, the lateral magnocellular hypo- 
thalamic nucleus, the subincertal nucleus, and the lateral hy- 
pothalamus. The most laterally distributed JAKl-positive cells 
are located in the subthalamic nucleus. 

Discussion 

JAKl is a member of a new subclass of cytoplasmic tyrosine 
kinases with distinct structural features. The C-terminal PTK 
domain in the human JAKl protein retains tyrosine kinase 
activity when placed in bacterial cells, and thus is likely to 
function as a tyrosine kinase in vertebrates (Wilks et al., 199 1). 
Although the JH2 kinase-like domain contains many conserved 
amino acid residues found in known protein kinases, it can be 
classified neither as a tyrosine kinase nor as a serine/threonine 
kinase due to changes at key positions. Furthermore, no de- 
tectable kinase activity has yet been reported for this domain. 
One possibility is that the JH2 domain confers a new or relaxed 
specificity for JAKl kinase. Alternatively, the JH2 domain may 
have lost its intrinsic kinase activity, but may still retain an 
ability to interact with other cellular components required for 
phosphorylation. It might therefore act as a regulatory domain 
for the JAKl protein. Tandem catalytic domains have also been 
found in other signal transducing molecules, such as receptor- 
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Figure 5. Expression of JAKl protein in developing mouse and chick retina. Alkaline phosphatase immunohistochemical staining of different 
developmental stages of mouse retina and embryonic day 16 chick retina by IIIS.Nol 1 antibody is shown. Nomarski optics were used to visualize 
alkaline phosphatase reaction products. A, Embryonic day 15.5 mouse eye cryosection, 18 pm thickness. B, Embryonic day 18 mouse retina 
cryosection, 18 pm thickness. C, Postnatal day 0 mouse retina cryosection, 18 pm thickness. D, Postnatal day 4 mouse retina cryosection, 18 pm 
thickness. E, Postnatal day 4 mouse retina paraffin section, 7 pm thickness. F, Embryonic day 16 chick retina cryosection, 18 pm thickness. vz, 
ventricular zone; onl, outer nuclear layer; inl, inner nuclear layer; ipl, inner plexiform layer; gel, ganglion cell layer. Scale bars: A, 20 pm; B-F, 
10 pm. 
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Figure 6. Immunohistochemical staining of the adult mouse brain by anti-JAKl antibody. HRP immunohistochemical staining of adult mouse 
brain by III8.Noll antibody is shown. Dorsal is to the top, and anterior is to the left of each panel. Nomarski optics were used to visualize HRP 
reaction products. A, A sagittal section of adult mouse brain is shown. Arrows indicate olfactory bulb and hypothalamic areas that are enlarged in 
B and C. Arrowhead points to a staining artifact. A procedure to amplify HRP staining was used (see Materials and Methods for detail). B, Staining 
in the olfactory bulb is shown. gl, granule layer; ipl, inner plexiform layer; mcl, mitral cell layer; epl, external plexiform layer; gml, glomeruli layer; 
onl, olfactory nerve layer. Arrow points to an unstained mitral cell (M). C, A group of positively stained cells in the hypothalamic area is shown. 
Scale bars: A, 2 mm; B and C, 50 pm. 
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like phosphatases (Krueger et al., 1990). However, the functions 
of these repeated domains are unknown. The significance of the 
other conserved JH domains among JAK protein kinase sub- 
family members is also not clear. By analogy to the SH2 and 
SH3 domains found in the src-like kinases, abl kinase, and other 
signal transducing proteins, these conserved domains may in- 
teract with some common factors specifically required for func- 
tion by the JAK subfamily of kinases. 

The assays for JAKl mRNA and protein indicate that it is 
expressed in a wide variety of tissues, and that within a given 
tissue particular cell types may express a range of RNA and 
protein levels. In the CNS, JAKl is expressed at higher levels 
in a small subset of neurons; it might therefore be required in 
these cells. Moreover, JAKl expression in the retina is detected 
in differentiated cell types rather than in progenitor cells. This 
suggests that JAKl may function to initiate and/or maintain 
cell differentiation, or play some other role in mature cells in- 
dependent of their development, rather than to regulate cell 
proliferation. This hypothesis is consistent with the observation 
that expression of JAK 1 and tyk2 kinases in myeloid tumor cell 
lines increases upon induction to terminal differentiation (Firm- 
bath-Kraft et al., 1990; Wilks et al., 199 1). 

Correct axonal growth and connections during development 
are essential for normal CNS function. It is well established that 
the major cytoskeletal components of axons, neurofilaments, 
are regulated by phosphorylation (Julien and Mushynski, 1982; 
de Waegh et al., 1992). However, the kinases and phosphatases 
involved in this regulation are largely unknown (Nixon and 
Sihag, 1991). Two cytoplasmic protein kinases have been im- 
plicated in axonal growth and connection. The Drosophila abl 
kinase is asymmetrically localized in the axons of CNS neurons. 
Genetic analyses indicate that abl kinase is essential for the 
formation of axonal connections in the embryonic CNS of Dro- 
sophila (Hoffmann, 1991). The src kinase has been implicated 
in pathfinding of growth cones of developing axons (Maness et 
al., 1988). It is interesting that JAKl protein is highly expressed 
in axons of both retinal ganglion cells and olfactory receptor 
cells, both of which are the output neurons of primary sensory 
organs. In vivo, the expression of JAKl protein in retinal gan- 
glion cells coincides with the differentiation of their axons. In 
vitro staining of dissociated retinal cells showed that the JAKl 
protein was asymmetrically localized in these cells, mainly in 
the cell processes and axons (data not shown). It is thus possible 
that the function of JAKl kinase in the CNS is related to the 
differentiation and/or maintenance of axons of a subset of neu- 
rons. 

Accumulating evidence suggests that cytoplasmic tyrosine ki- 
nases can mediate extracellular stimuli by interacting with mem- 
brane receptors that lack intrinsic catalytic activities. For ex- 
ample, the src family members Ick and fyn kinases are linked 
to the plasma membrane through myristylation, and they in- 
teract with the integral membrane proteins CD4 and CD8 to 
activate immune responses in T-cells and B-cells (Cantley et al., 
199 1; Veillette and Davidson, 1992). Another cytoplasmic ki- 
nase, pp 1 20FAK (focal adhesion-associated tyrosine kinase), was 
found to mediate cellular responses to extracellular matrix 
through membrane-associated integrin receptors (Guan and 
Shalloway, 1992). Therefore, cytoplasmic tyrosine kinases can 
either stably attach to, or transiently associate with, membrane 
components to form binary signal transduction apparati that 
perform biological functions similar to those of receptor tyrosine 
kinases. 

Although the mechanism(s) ofJAK1 kinase activation is pres- 
ently unknown, the recent findings regarding the interferon 01/ 
p signaling pathway have provided important clues as to how 
this class of kinases might function to transduce extracellular 
signals. It is known that many cytokine receptors are trans- 
membrane proteins that lack intrinsic catalytic activities. How- 
ever, upon ligand stimulation, rapid cellular protein tyrosine 
phosphorylation occurs. The PTKs involved in cytokine sig- 
naling are largely unknown. Using a genetic complementation 
approach, Velazquez et al. (1992) discovered that the gene en- 
coding IFW-tyk kinase, which is virtually identical to the JAKl 
kinase family member tyk2, is required for interferon culp signal 
transduction. IFN-tyk kinase is activated by exogenous IFN 
ligands through an apparent interaction with the membrane 
bound interferon Q receptor, which lacks any enzymatic activity. 
Since JAKl kinase and tyk2 kinase share strong structural sim- 
ilarities, it is possible that JAKl kinase also participates in signal 
transduction through cytokine-receptor-like membrane pro- 
teins. Although the JAKl kinase family members lack myris- 
tylation sequences, their large extracatalytic domains may allow 
potential interactions with membrane receptors. 

The suggestion that JAKl kinase might interact with cyto- 
kine-receptor-like membrane proteins does not preclude a role 
for JAKl in CNS differentiation. Some neurokines and cyto- 
kines, and their corresponding receptors, appear to share sig- 
nificant structural homologies (Hall and Rao, 1992). For ex- 
ample, the neurokine ciliary neurotrophic factor (CNTF) and 
the cytokine leukemia inhibitory factor (LIF) share topological 
features with the hemopoietic cytokine superfamily, which in- 
cludes interleukin 6 (IL6) (Bazan, 199 1; Kishimoto et al., 1992). 
The receptors for CNTF, LIF, and IL6 all belong to the cytokine 
receptor superfamily, and share a common membrane com- 
ponent (gp”“) that is phosphorylated by an unidentified tyrosine 
kinase upon ligand stimulation (Taga et al., 1989; Ip et al., 1992; 
T. Taga, personal communication). These structural character- 
istics not only suggest common mechanisms in cytokine- and 
neurokine-mediated cell differentiation, but also raise the pos- 
sibility that cytokine-like molecules may play roles in the de- 
velopment of the nervous system. 

Another interesting feature ofthe interferon signaling pathway 
is that upon activation, IFN-tyk directly phosphorylates tran- 
scription factors containing SH2 and SH3 domains, which then 
translocate into the nucleus and stimulate transcription by bind- 
ing to interferon-responsive elements (Fu, 1992; Schindler et 
al., 1992). Thus, the tyk signaling pathway bypasses other second 
messenger systems, and provides a direct link between the ex- 
tracellular environment and the nucleus. By analogy to tyk2, 
the possible effects of JAKl during differentiation might be 
through direct modulation of cellular transcriptional activities. 
The cloning of the murine JAKl kinase and the production of 
antibodies against its encoded protein will facilitate a variety of 
functional studies including misexpression in vitro and in vivo, 
and gene disruption by homologous recombination. Such ap- 
proaches will help to uncover the physiological roles of JAKl 
in vertebrate development and differentiation. 
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