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ABSTRACT The intracellular signals governing cellular
proliferation and developmental progression during lympho-
cyte development are incompletely understood. The tyrosine
kinase Blk is expressed preferentially in the B lineage, but its
function in B cell development has been largely unexplored.
We have generated transgenic mice expressing constitutively
active Blk [Blk(Y495F)] in the B and T lymphoid compart-
ments. Expression of Blk(Y495F) in the B lineage at levels
similar to that of endogenous Blk induced B lymphoid tumors
of limited clonality, whose phenotypes are characteristic of B
cell progenitors at the proBypreB-I to preB-II transition.
Expression of constitutively active Blk in the T lineage resulted
in the appearance of clonal, thymic lymphomas composed of
intermediate single positive cells. Taken together, these re-
sults indicate that specific B and T cell progenitor subsets are
preferentially susceptible to transformation by Blk(Y495F)
and suggest a role for Blk in the control of proliferation during
B cell development.

The pathways of B and T cell development reflect a common
mechanism for generation of antigen receptor diversity (re-
viewed in ref. 1). In each lineage, functional rearrangement of
a gene encoding the antigen receptor heavy chain—Ig m or T
cell receptor (TCR)-b—triggers expansion of lymphocyte
progenitors by a factor of 10 or more (1–5). In B cell
progenitors, this expansion is accompanied by a phenotypic
transition from B2201CD431 (proBypreB-I) to B2201CD432

(preB-II) (3, 4, 6). The analogous stage in T cell development
is marked by a transition from the CD44loCD251 to the
CD44loCD252 phenotype (7, 8). In both lineages an immature
form of the antigen receptor, containing the heavy chain and
one or more surrogate light chains (9, 10), is essential for the
proliferative expansion and its accompanying developmental
transition (2, 3, 5, 11, 12). It is not clear whether the immature
antigen receptor complexes play a direct role in triggering
proliferation or deliver developmental cues that obligatorily
precede cellular expansion.

Several members of the Src tyrosine kinase subfamily are
associated with antigen receptor complexes and are activated
upon antigen receptor engagement: Lck and Fyn with the
TCR, and Blk, Lyn, and Fyn with the B cell receptor (13, 14).
The potential functional redundancy of these kinases has made
it difficult to define their individual roles in lymphocyte
development and activation (15). Interference with Lck activ-
ity impedes T cell maturation at the CD42CD82 (double
negative or DN) to CD41CD81 (double positive or DP)
transition (16, 17), whereas overexpression of wild-type or
constitutively active Lck alters the normal T lymphoid matu-
ration sequence, with suppression of TCR-b gene rearrange-

ment and premature recombination at the TCR-a locus (18).
Fyn and Lyn are not essential for lymphocyte development, but
Fyn-deficient B cells respond poorly to interleukin 5 (IL-5)
(19) whereas Lyn deficiency is associated with autoimmunity
and reduced responsiveness of B cells to anti-Ig or lipopoly-
saccharide (20, 21). Blk is expressed preferentially in the
murine B lineage (22, 23), but its function in B cell develop-
ment has been largely unexplored. Here we describe transgenic
mice expressing a constitutively active Blk mutant,
Blk(Y495F), in the B and T lymphoid compartments. Our
results indicate that analogous B and T cell progenitor subsets,
corresponding in the B lineage to the proBypreB-I to preB-II
transition and in T cell ontogeny to the intermediate single
positive population, are preferentially susceptible to transfor-
mation by active Blk in vivo.

MATERIALS AND METHODS

Construction of Transgenic Mice. Complementary DNA
encoding Blk(Y495F) was generated by PCR as described (24)
and inserted into the SalI restriction site of the vector pHSE39
(25). The resulting construct was cleaved with XhoI to release
a DNA fragment containing the mutated Blk coding sequence,
f lanked by the H-2K promoter and Ig m intronic enhancer. The
transgene was injected into fertilized eggs from B6SLJF1yJ
females and maintained by mating hemizygous founder ani-
mals with wild-type B6SJLyJ mice.

Analysis of Transgene Expression. Lymphoid organs were
dispersed in RPMI 1640 medium supplemented with 10% fetal
calf serum (RPMI-10). B cells, isolated by using anti-B220-
conjugated magnetic beads (Miltenyi Biotec, Auburn, CA),
were lysed at 107 cellsyml in 100 mM NaCly30 mM TriszCl, pH
7.4y2 mM EDTAy1 mM Na3VO4y1 mM PMSFy1% Nonidet
P-40 and 10 mg each of leupeptin, aprotinin, and pepstatin A.
Lysates were cleared by centrifugation at 12,000 rpm for 10
min, and protein (106 cell equivalents) was fractionated by 8%
SDSyPAGE. Blk was detected by immunoblotting in 1 mgyml
affinity-purified, polyclonal rabbit anti-Blk antibody Ab1306,
which was raised against a glutathione S-transferase fusion
protein containing amino acid residues 1–214 of Blk.

Fluorescence Cytometry. Lymphoid organs were dispersed
in RPMI-10. Cells (106) were collected by centrifugation and
resuspended in 100 ml PBS containing 0.02% NaN3 and 1%
BSA. After pretreatment with 1% normal mouse serum for 15
min on ice, cells were stained with fluorescein isothiocyanate
(FITC) or phycoerythrin-conjugated antibodies against spe-
cific murine cell surface markers at 1 mgyml for 30 min on ice.
All antibodies were obtained from PharMingen except FITC-
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conjugated anti-IgM, which was purchased from Southern
Biotechnology. Data were collected by using a FACScan
analyzer (Becton Dickinson).

Analysis of DNA Rearrangements at Ig and TCR Loci.
TCR-b rearrangement was assayed by Southern hybridization
to BglII-digested genomic DNA, using as a probe the 1.7-kb
EcoRI fragment from plasmid pGEM59b2I (26) (a gift of
Jianzhu Chen, Massachusetts Institute of Technology). Ig k
rearrangement was analyzed by hybridization to genomic DNA
digested with EcoRI and BamHI; the k-specific probe was the
3.0-kb BamHI-HindIII fragment from plasmid pHBCk (27) (a
gift of Mark Schlissel, Johns Hopkins University School of
Medicine). D-to JH and VH-to-DJH rearrangements at the Ig
m locus were analyzed by PCR as described (28): D-to-JH
rearrangements were detected by using the primers DHL and
J3; VH-to-DJH rearrangements were detected with a combi-
nation of primers VH559, VH7183, VHQ52, and J3. To assess
length heterogeneity at coding joints, PCR products were
isolated by agarose gel electrophoresis and reamplified in the
presence of radiolabeled primer J3 and the corresponding
unlabeled forward primers. Reamplified products were ana-
lyzed by electrophoresis through a 5% polyacrylamide-urea gel
and detected by PhosphorImaging.

Transfer of Tumors to nu2y2 Mice. Cells (3 3 107) from
lymphoid tumors or from normal lymphoid organs were
injected intraperitoneally into nu2y2 mice (Charles River
Laboratories). Mice that showed signs of tumor growth were
sacrificed 4–6 weeks later and autopsied. Mice without exter-
nal signs of tumor growth were observed for up to 18 weeks.

Analysis of Phosphotyrosine-Containing Proteins. Frozen
cell suspensions were thawed on ice and lysed in a buffer
containing 100 mM NaCly30 mM TriszCl, pH 7.4y30 mM
NaFy2 mM EDTAy1 mM Na3VO4y1 mM Na2MoO2y1%
Nonidet P-40y1 mM PMSF and 10 mg each of leupeptin,
aprotinin, and pepstatin A (Buffer L). Phosphotyrosine-
containing proteins were detected by immunoblotting with
antibody 4G10 as described (29). Antibodies against PLC-g1
and 2 (Transduction Laboratories), the p85 subunit of PI 3-K
(Upstate Biotechnology), or ZAP-70 (Transduction Labora-
tories) were affixed to protein AyG agarose (Santa Cruz
Biotechnology); 10 mg antibody was incubated with cell lysates
(5 3 107 cell equivalents each) for 4 hr at 4°C. Beads were
collected by centrifugation and washed in Buffer L. Phospho-
tyrosine was detected by immunoblotting.

RESULTS

Construction of Transgenic Mice and Transgene Expres-
sion. Blk(Y495F) was expressed under control of the murine
H-2K promoter and the Ig m intronic enhancer (Fig. 1A), which
support transcription in the B lineage, T lineage, or both in a
founder-specific fashion. Although Blk is expressed preferen-
tially in the B lineage, construction of mice expressing Blk in
the T lineage provided an opportunity to compare the effects
of Blk overexpression with those previously observed for Lck.
Founder animals, bearing 10–25 transgene copies, were mated
to B6SJLyJ mice.

Expression of Blk(Y495F) protein varied among transgenic
lines. In purified splenic B cells from lines Blk(Y495F)-6,
Blk(Y495F)-15, and Blk(Y495F)-29, total Blk accumulation
was 4, 2, and 8 times greater, respectively, than that observed
in normal littermates (Fig. 1B, compare lanes 6, 8, and 10 to
lane 11). Splenic B cells derived from lines Y495F-13 and 16
showed no increase in Blk accumulation over that in normal
mice (Fig. 1B, compare lanes 7 and 9 with lane 11). Transgene-
derived Blk was detected in thymocytes from lines
Blk(Y495F)-6, Blk(Y495F)-13, and Blk(Y495F)-16 (Fig. 1B,
lanes 1, 2, and 4); thymic expression was undetectable in the
Blk(Y495F)-15 transgenic line (Fig. 1B, lane 3).

Immature Lymphoid Tumors in Transgenic Mice Express-
ing Blk(Y495F). Eleven independent founder animals bearing
the Blk(Y495F) transgene were generated. The founder mouse
Blk(Y495F)-15F and its transgenic progeny, which expressed
the constitutively active Blk mutant at a level similar to that of
endogenous Blk (Fig. 1C, lane 8), harbored disseminated
lymphomas of immature B lymphoid origin. Penetrance of the
malignant phenotype was high, with 45% of animals exhibiting
obvious tumors by 6 months. The Blk(Y495F)-15 founder, five
transgenic progeny, and four normal mice were analyzed in
detail; representative data are shown in Fig. 2. Profound
enlargement of axillary and cervical lymph nodes (4- to 25-fold
increases in cellularity) and moderate to severe splenomegaly
(4.7- to 12-fold increases in cellularity) were the most striking
macropathologic findings. The majority of splenic mononu-
clear cells from these animals expressed a CD191CD221-
B220lowsIg2 phenotype; in the bone marrow CD191 cells were
greatly overrepresented, with B2201CD431 cells comprising
the predominant population (Fig. 2). Thus, the tumors arising
in these animals expressed a surface phenotype characteristic
of early B cell progenitors. Invasion of the thymus by B
lymphoid tumor cells and a marked reduction in the propor-
tion of intrathymic T cell progenitors were observed (Fig. 2).

The founder animal Blk(Y495F)-29F, which was sacrificed
before a line could be established, also exhibited profound
splenic and lymph node enlargement. More than 90% of lymph
node-derived cells expressed the B2201CD191sIg2 pheno-
type, and the proportion of B2201 cells was increased 2.6-fold
in the bone marrow (data not shown). As was observed in the
Blk(Y495F)-15 transgenic line, displacement of intrathymic T
cell progenitors by B lineage tumor cells was seen in the
Blk(Y495F)-29F mouse (data not shown).

Six additional founder animals died by 8–12 weeks of age,
before establishment of transgenic lines. On autopsy all six
mice exhibited moderate to massive thymic enlargement. The

FIG. 1. Expression of mutant Blk proteins in transgenic mice. (A)
Organization of Blk transgenes. The H2K promoter, Blk cDNA,
b-globin splice donor and acceptor sequences, and the Ig heavy chain
intronic enhancer are indicated by rectangles. The Y495F mutation is
indicated by a vertical line. (B) Expression of constitutively active
mutant Blk protein in transgenic mice. Thymocytes (lanes 1–5) or
splenic B cells (lanes 6–11) from transgenic mice (lanes 1–4; lanes
6–10) and nontransgenic control animals (lanes 5 and 11) were assayed
for Blk by immunoblotting. Individual transgenic mice from which
samples were derived are identified across the top. Spleens from
Blk(Y495F)-6, -13, -15, and -16 were macroscopically normal; tumor
was evident in the spleen from founder animal Blk(Y495F)-29. The
apparent sizes (in kDa) and positions of molecular mass standards are
indicated at right.
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three remaining founder mice, from which the transgenic lines
Blk(Y495F)-6, Blk(Y495F)-13. and Blk(Y495F)-16 were de-
rived, were sacrificed and analyzed. All three mice had en-
larged thymuses with cellularity ranging from 2.3 to 8.5 times
that of normal. These contained abundant cells that expressed
the intermediate single positive phenotype CD32TCRab2-
CD44loCD42CD81 and were heterogeneous for expression of
CD25. The Blk(Y495F)-6 founder, four transgenic progeny,
and three normal mice were examined; representative data are
shown in Fig. 3. Thus the preponderance of cells in the thymic
tumors resembled the intermediate single positive cells that

normally appear at the DN-to-DP transition. Penetrance of the
malignant phenotype was high: 100% of Blk(Y495F)-13, 60
percent of Blk(Y495F)-6, and 20 percent of Blk(Y495F)-16
transgenic progeny exhibited massive lymphoproliferative dis-
ease by 4 months of age.

Some mice with thymic lymphomas also exhibited increases
of up to 6-fold in lymph node cellularity and a corresponding
increase in the fraction of CD42CD81 cells, consistent with
the phenotype of the thymic tumors. In the spleens of these
animals the fraction of Thy-11 cells was increased, with a
coordinate decrease in the fraction of B2201CD191 cells (Fig.

FIG. 2. Expansion and dissemination of B2201CD431 B cell progenitors in the Blk(Y495F)-15 transgenic line. Single-cell suspensions were
prepared from spleen, lymph nodes, thymus, and bone marrow from lymphomatous Blk(Y495)-15 transgenic mice or from age-matched,
nontransgenic littermates. Cells were stained, singly or in combination, with PE- (y axis) or FITC- (x axis) conjugated antibodies to CD19, B220,
CD22, IgM, IgD, and CD43 as indicated. The founder, five transgenic progeny, and four normal mice were examined; representative results are
presented.

FIG. 3. Expansion and dissemination of CD32CD42CD81 T cell progenitors in the Blk(Y495F)-6 transgenic line. Single-cell suspensions were
made from thymus, spleen, lymph nodes, and bone marrow from thymomatous Blk(Y495)-6 transgenic mice or from age-matched, nontransgenic
littermates. Cells were stained, singly or in combination, with PE- (y axis) and FITC- (x axis) conjugated antibodies to Thy1.2, CD3, ab TCR, CD8,
CD4, CD44, CD25, CD19, and B220 as indicated. The founder, four transgenic progeny, and three normal mice were examined; representative
results are presented.
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3). An increase in the number of Thy-11 cells was observed in
the bone marrow of Blk(Y495F) transgenic mice bearing
thymic lymphomas (Fig. 3).

Clonality of B and T Lymphomas in Blk(Y495F) Transgenic
Mice. Tumor clonality was assessed by examining the config-
uration of Ig and TCR loci. Genomic DNA from thymus and
lymph nodes of animals with T lymphoid tumors was analyzed
for TCR-b rearrangement by Southern blotting. DNA from
normal liver and spleen showed the expected germ-line band
of about 10 kb (two faint background bands of about 2 and 4
kb were detected in all samples). In normal thymus the
germ-line band was detected at reduced intensity, and poly-
clonal TCR-b rearrangement was evident as a series of bands,
most prominent in the 4- to 6-kb range. In most thymic tumors
one or more discrete, rearranged fragments and reduction of
the germ-line signal were observed (Fig. 4A, lanes 6, 9, and 12),
consistent with the presence of a dominant clone. Rearrange-
ments identical to those found in thymus could be detected in
peripheral lymphoid tissues (Fig. 4A, lanes 7, 8, and 13),
indicating a common clonal origin for the tumor cells detected
in these organs. In one mouse, Blk(Y495F)-16.34, thymic, and
lymph node tumors were evident but discrete TCR-b rear-
rangements were not observed (Fig. 4A, lanes 10 and 11).

In animal Blk(Y495F)-6.15 the thymus was not enlarged at
the time of sacrifice but contained an increased fraction of cells
with the intermediate single positive phenotype (data not
shown) and overrepresentation of two novel hybridizing frag-
ments (Fig. 4A, lane 4), consistent with outgrowth of a clonal
population in situ. In agreement with this interpretation, only
the germ-line TCR-b fragment was detected in lymph node
DNA from this animal (Fig. 4A, lane 5).

To assess the rearrangement status of B lineage tumors, we
used PCR-based assays (28) for DJH and VHDJH rearrange-
ments (Fig. 4B). DJH rearrangements were assayed by using
primers that detect all D rearrangements to JH1, JH2, or JH3
except for those involving DQ52 (28). As expected (28), am-
plification of genomic DNA from normal spleen produced
fragments of approximately 330, 720, and 1,030 bp, corre-
sponding to rearrangements involving JH1, JH2, and JH3 (Fig.
4B, lane 1); these products were not obtained with DNA from
normal thymus (Fig. 4B, lane 2). In contrast, tumors from
Blk(Y495F)-15.15 and Blk(Y495F)-15.4 each yielded a pre-
dominant fragment, corresponding to rearrangements involv-
ing JH3 and JH2, respectively. (Additional faint bands are
consistent with the presence of nontumor cells in the tissue
samples.) Notably, the size of the predominant fragment was
consistent among samples taken from distinct sites within the
same animal (Fig. 4B, lanes 3–7).

The tumor samples were also tested for VHDJH rearrange-
ments (Fig. 4B, lanes 8–14). Normal spleen DNA yielded the
expected (28) PCR fragments of about 350, 740, and 1,060 bp
(Fig. 4B, lane 8), which were absent from a control reaction
containing thymus DNA (Fig. 4B, lane 9). Samples from
Blk(Y495F)-15.15 and Blk(Y495F)-15.4 each yielded a pre-
dominant fragment (Fig. 4B, lanes 10–14). As seen for DJH
joints, the sizes of these fragments corresponded to rearrange-
ments involving JH3 and JH2, respectively. The predominant
use of a single JH segment by DJH and VHDJH rearrangements
in a given tumor suggested that the malignancies arose by
clonal expansion after D-to-JH rearrangement, but before
VH-to-DJH rearrangement. To confirm this, PCR-amplified
rearrangements from Blk(Y495F)15.15 or normal spleen were
purified, reamplified in the presence of a radiolabeled primer
and fractionated on a denaturing polyacrylamide gel. Products
from normal spleen were heterogeneous in length, as expected
of DJH and VHDJH rearrangements from a polyclonal source
(Fig. 4C, lanes 1 and 5). In contrast, the reamplified DJH
products from the Blk(Y495F)15.15 tumor samples yielded a
predominant homogeneous product (Fig. 4C, lanes 2–4),
consistent with the interpretation that D-to-JH rearrangement
preceded clonal expansion. As predicted, VHDJH fragments
from Blk(Y495F)15.15 exhibited some heterogeneity (Fig. 4C,
lanes 6–8), albeit greatly restricted relative to the control.
Interestingly, a similar pattern of VHDJH fragments was ob-
served in all tumor samples, suggesting selective outgrowth of
cells that had undergone VH-to-DJH rearrangement early in
tumor development. The Ig k locus remained in germ-line
configuration in all tumors (data not shown), consistent with
their immature surface phenotypes and with the rearrange-
ment status of their Ig heavy chain loci.

Developmental Stage-Specif ic Transformation by
Blk(Y495F) Does Not Result from Restricted Transgene Ex-
pression. To confirm that developmental stage-restricted sus-
ceptibility to transformation by Blk(Y495F) was not the result
of stage-restricted expression of the transgene, B2201CD431

and B2201CD432 bone marrow cells were purified from
normal mice and from tumor-free, 4-week-old Blk(Y495F)-15
transgenic mice. Identical numbers of cells were assayed for
expression of Blk by immunoblotting. Blk was detected in total
bone marrow cells, in the B2201CD432 population and less
abundantly in the B2201CD431 subset from normal mice (Fig.
5, lanes 4–6). In each of the samples from Blk(Y495F)-15
transgenic animals a greater quantity of Blk was detected than
in normal mice, reflecting the sum of transgenic and endog-
enous protein (Fig. 5, lanes 1–3). The amount of Blk detected
in the B2201CD431 population was lower than in the
B2201CD432 subset, despite preferential transformation of
B2201CD431 B cell progenitors in the Blk(Y495F)-15 trans-
genic line. We infer that the B2201CD431 subset is preferen-
tially sensitive to transformation by constitutively active Blk.
Likewise, stage-restricted transgene expression does not ac-

FIG. 4. Clonality of lymphoid tumors in Blk(Y495F) transgenic
mice. (A) Analysis of TCR-b rearrangements. Genomic DNA was
extracted from thymus (T), spleen (S), lymph node (LN), or liver (Li)
of transgenic mice (lanes 1–13) or nontransgenic littermates (lanes
14–16). The following individual transgenic mice were assayed:
Blk(Y495F)-6 founder (lanes 1–3); Blk(Y495F)-6.15 (lanes 4 and 5);
the Blk(Y495F)-16 founder (lanes 6–8); Blk(Y495F)-16.32 (lane 9);
Blk(Y495F)-16.34 (lanes 10 and 11); Blk(Y495F)-60 founder (lanes 12
and 13). DNA was digested with BglII and assayed for rearrangement
by Southern hybridization using a probe derived from the Jb-Cb1
intron. (B) Analysis of Ig heavy chain rearrangements. Genomic DNA
was extracted from lymphoid organs of Blk(Y495F)-15.4 (lanes 3, 4, 10,
and 11), Blk(Y495F)-15.15 (lanes 5–7 and 12–14), or nontransgenic
littermates (lanes 1, 2, 8, and 9). DJH and VHDJH rearrangements were
amplified by PCR as described in ref. 28; products were fractionated
by agarose gel electrophoresis and detected with ethidium bromide.
Lanes 1–7, assays for DJH rearrangements; lanes 8–14, assays for
VHDJH rearrangements. The sizes of DNA standards, in bp, are
indicated at left. (C) Analysis of junctional heterogeneity in Ig heavy
chain rearrangements. DJH3- and VHDJH3-containing PCR fragments
from Blk(Y495F)-15.15 (lanes 2–4 and 6–8) or normal mice (lanes 1
and 5) were purified from an agarose gel and reamplified by using a
radiolabeled J3 primer and D or VH primers as described (28).
Products were fractionated by electrophoresis through a 5% polyac-
rylamide-urea gel and detected using a PhosphorImager. Sizes of DNA
standards, in bp, are indicated at right.
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count for the preferential appearance of intermediate single
positive progenitors in Blk(Y495F)-induced T lymphoid tu-
mors. Thymocytes from two independent lines of transgenic
mice were harvested before the appearance of macroscopic
tumors, sorted according to developmental stage, and assayed
for expression of transgenic Blk protein. Although some
variation was observed, the transgene was clearly expressed in
the CD42CD82, CD41CD81, and CD41CD82 populations
(Fig. 5, lanes 8–10 and 12–14).

Transfer of Tumors to nu2y2 Mice. B lymphoid tumor cells
from lymph nodes of three transgenic mice were injected
intraperitoneally into a total of nine nu2y2 mice; eight of nine
recipients exhibited massive hepatosplenomegaly by 4 weeks
after injection. Splenocytes from the same transgenic animals
produced tumors in three of five recipients. Lymph node-
derived T lymphoid tumor cells from a single transgenic animal
produced tumors in two of two recipients. Thymus-derived T
lymphoid tumors were also established in nu2y2 recipients, but
with somewhat lower efficiency (4y13). Control injections of
normal thymocytes or splenic mononuclear cells yielded no
tumors in recipient mice (0y8). Thus, malignantly transformed
cells were present in all affected lymphoid organs tested.

Targets of Tyrosine Phosphorylation in Blk(Y495F)-
Induced Tumors. Catalytic activity is necessary for tumor
induction by the Blk(Y495F) transgene, as an increase in the
incidence of lymphoid tumors was not observed in more than
300 mice overexpressing catalytically inactive Blk, observed
over a period of more than 18 months (S.N.M., D.I.D., J.R.,
H.D., and S.D., unpublished). Increased tyrosine phosphory-
lation of at least 20 distinct species was observed in
Blk(Y495F)-associated B lymphoid tumors (Fig. 6A, lanes
1–6) relative to splenocytes or thymocytes from normal lit-
termates (Fig. 6A, lanes 7 and 10). Similar sets of phospho-
tyrosine-containing proteins were detected in all B lymphoid
tumor samples. A distinct but overlapping pattern of tyrosine
phosphorylation was observed in T lymphoid tumors from two
transgenic lines (Fig. 6A, lanes 8 and 9).

Among the known targets of Src and related kinases are
phospholipase C-g (PLC-g) and phosphatidylinositol 3-OH
kinase (PI-3K) (see ref. 30 for review). The phosphotyrosine
content of these proteins in tumor and control samples was
assessed. Constitutive tyrosine phosphorylation of PLC-g was
detected in B and T lymphoid tumors (Fig. 6 B and C, lanes 1),
but not in spleen or thymus from normal littermates (Fig. 6 B

and C, lanes 2, solid arrowhead). Likewise, tyrosine phosphor-
ylation of the p85 subunit of PI-3K was detected in tumors but
not in control samples (Fig. 6 B and C, lanes 3 and 4, lower
open arrowhead). A prominent phosphotyrosine-containing
protein of higher molecular weight, possibly related to the p110
subunit of PI-3K, coprecipitated with p85 out of lysates from
both tumor types (Fig. 6 B and C, lanes 3 and 4, upper open
arrowhead). Targets for tyrosine phosphorylation by
Blk(Y495F) could, in principle, include other tyrosine kinases.
In support of this, tyrosine phosphorylation of the dual
SH2-containing tyrosine kinase ZAP-70 was elevated mark-
edly in Blk(Y495F)-induced T lymphoid tumor cells relative to
normal thymus (Fig. 6C, lanes 5 and 6, hatched arrowhead).

DISCUSSION

In most tumors arising in Blk(Y495F) transgenic mice, the
transformed populations resemble cells at specific, analogous
periods of B or T lymphocyte development. The restricted
clonality of DJH rearrangements, the patterns of VHDJH
rearrangements, and retention of germ-line configuration at
the Ig k locus indicate that transformation of B lineage cells
occurred after D-to-JH rearrangement but before VH-to-JH
rearrangement or recombination of light chain genes. In this
regard and with respect to cell surface phenotype, the B
lymphoid transformants arising in Blk(Y495F) transgenic mice
resemble B cell progenitors at the proBypreB-I to preB-II
transition. By a similar argument we deduce that clonal
expansion of Blk(Y495F)-induced T lymphoid tumors, which
resemble cells at the DN-to-DP transition, occurred after
initiation of rearrangement at the TCR-b locus. The clonality
of Blk(Y495F)-associated tumors suggests that one or more
heritable alterations, in addition to expression of the trans-
gene, are required for transformation.

The cellular subsets transformed by Blk(Y495F) comprise a
minor fraction of B or T progenitors in normal mice. The
proBypreB-I population represents less than 10% of B lineage

FIG. 5. Expression of Blk(Y495F) protein at sequential stages of
lymphoid development. Bone marrow cells were obtained from mac-
roscopically tumor-free Blk(Y495F)-15 transgenic mice (lanes 1–3) or
nontransgenic littermates (lanes 4 – 6) at 4 – 6 weeks of age.
B2201CD431 (lanes 3 and 6) and B2201CD432 (lanes 2 and 5)
populations were purified by FACS. Protein corresponding to 105 cells
from unfractionated bone marrow (lanes 1 and 4) or sorted popula-
tions was assayed for Blk by immunoblotting. Thymocytes were
prepared from macroscopically tumor-free Blk(Y495F)-6 (lanes 7–10)
or Blk(Y495F)-13 (lanes 11–14) transgenic mice at 4–6 weeks of age.
CD42CD82 (lanes 8 and 12), CD41CD81 (lanes 9 and 13), and
CD41CD82 (lanes 10 and 14) populations were purified by FACS.
Protein corresponding to 106 cells from unfractionated thymus (lanes
7 and 11) or sorted populations was assayed for Blk by immunoblot-
ting. The apparent sizes (in kDa) and positions of molecular mass
standards are indicated.

FIG. 6. Protein–tyrosine phosphorylation in Blk(Y495F)-induced
lymphoid tumors. (A) Lymph nodes (lanes 1, 3, 4, and 6), spleens
(lanes 2, 5, and 7), or thymuses (lanes 8–10) from Blk(Y495F)
transgenic mice (lanes 1–6; lanes 8 and 9) or nontransgenic littermates
(lanes 7 and 10) were dispersed and lysed. Phosphotyrosine-containing
proteins in 106 cell equivalents were detected by immunoblotting. The
following transgenic mice were examined: Blk(Y495F)-15.4 (lanes 1
and 2); Blk(Y495F)-15.15 (lane 3); Blk(Y495F)-15.3 (lanes 4 and 5);
Blk(Y495F)-29F (lane 6); Blk(Y495F)-16F (lane 8); and Blk(Y495F)-
13.11 (lane 9). (B and C) B lymphoid tumor-bearing lymph nodes (B,
lanes 1 and 3) and T lymphoid tumor-bearing thymuses (C, lanes 1, 3,
and 5) from Blk(Y495F) transgenic mice were dispersed; splenocytes
(B, lanes 2 and 4) and thymocytes (C, lanes 2, 4, and 6) from
nontransgenic littermates were prepared in parallel. PLC-g, PI-3K,
and ZAP-70 were immunoprecipitated from 5 3 107 cell equivalents
of cell lysate, and phosphotyrosine was detected by immunoblotting as
in A. The apparent sizes (in kDa) and positions of molecular mass
standards are indicated at left. Arrowheads indicate individual pro-
teins as described in the text.
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cells in the bone marrow (31); the intermediate CD81 popu-
lation represents fewer than 1% of all intrathymic T cell
progenitors (32). Expression of the Blk(Y495F) transgene was
not restricted to the developmental stages represented by
lymphoid tumors; on the contrary, Blk(Y495F) protein was 5-
to 10-fold less abundant in the B2201CD431 target pool than
in the larger B2201CD432 subset. Thus, preferential transfor-
mation of specific target pools appears to reflect their intrinsic
susceptibility to the action of Blk(Y495F). The T lymphoid
tumors of Blk(Y495F) transgenic mice are phenotypically
similar to those observed in transgenic mice overexpressing
wild-type or constitutively active Lck (33). Distinctions among
Src-related kinases have been observed, however, because
activated Fyn or Hck mutants fail to cause tumors when
expressed in the same cellular compartment (33).

The expression of Blk throughout B cell development and its
activation upon antigen receptor crosslinking have suggested
roles in signaling through immature and mature forms of the
B cell receptor, but direct evidence for this has been lacking.
Overexpression of inactive or SH2-defective Blk in the B
lineage does not perturb B cell development, antibody re-
sponses, or B cell receptor-dependent B cell proliferation;
ectopic expression of inactive Blk in the T lineage has no effect
on intrathymic T cell development (S.N.M., D.I.D., J.R., H.D.,
and S.D., unpublished). These observations are consistent with
studies of homozygous Blk-deficient mice, which likewise
exhibit normal B cell development and function (Texido, G.,
S.N.M., S.D., Rajewsky, K., and Tarakhovsky, S., unpublished).
Thus, if Blk normally participates in the proliferative expan-
sion of B progenitors at the proBypreB-I to preB-II transition,
as is suggested by results presented here, then this function is
likely to be redundant.

Mutations that activate Src-related kinases are expected to
yield dominant phenotypes. Although expression of Blk is
normally restricted to the B lineage in the mouse, transfor-
mation of T cell progenitors by Blk(Y495F) may have physi-
ologic significance: ectopic expression of transforming pro-
teins in the T lineage contributes to the generation of T
lymphoid malignancies in humans (34, 35), and Blk is ex-
pressed in several T lymphoid tumor lines of human origin
(36). These considerations, taken together with the high
incidence and short latency of lymphoid tumors in Blk(Y495F)
transgenic mice, may encourage investigation of Blk as a
participant in initiation or progression of human B and T
lymphoid neoplasms.
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