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Mutation of Bruton’s tyrosine kinase (Btk) causes human X-linked
agammaglobulinemia and murine X-linked immunodeficiency syn-
drome (xid). Quantitative aspects of B lymphocyte development
and function have been demonstrated to depend on Btk level in
vivo by using a murine transgenic model system. A sensitive
intracellular immunofluorescent assay was developed to measure
Btk protein on a per cell basis to test the hypothesis that its dosage
is dynamically regulated during B cell development or functional
responses. Marrow-derived hematopoietic stem cells, common
lymphoid progenitor cells, and developing B and myeloid lineages
expressed Btk protein at comparable levels. Resting peripheral B
lineage cells had a significantly lower amount of Btk than marrow-
derived cells in both wild-type and xid mice. Activation of the B cell
antigen receptor up-regulated Btk protein level 10-fold within
several hours by a phosphatidylinositol 3-kinase-dependent, post-
transcriptional mechanism. In contrast, the protein level of Btk
R28C in activated B lymphocytes from xid mice remained low.
Bypass of the antigen receptor signaling pathways by treatment of
cells with phorbol myristic acid and ionomycin rescued up-regula-
tion of Btk protein in xid splenic B cells. These combined results
suggest that certain receptor signals mediated by Btk regulate the
level of expression of Btk protein in responding B lymphocytes to
potentiate signal transduction. Dynamic regulation of Btk protein
dosage is an additional mechanism to modulate B lymphocyte
immune functions.

egulation of the level of expression of key proteins, such as

transcription factors, protooncogenes, cell surface receptors,
and intracellular signal transducers, plays a major role in the
careful orchestration of lymphocyte development and immune
function (1-3). For example, maturation of lymphocytes is
marked by stage-specific expression of recombination activating
genes (Rag-1 and Rag-2), which are required for continued
development of these cells (4, 5). The rapid, developmentally
programmed change in level of critical protein mediators of B
lymphocyte function can be accomplished through several types
of molecular mechanisms, including gene transcription, RNA
stability, protein synthesis, or degradation (1-3).

Bruton’s tyrosine kinase (Btk) is a signal transducing protein
expressed in all hematopoietic lineages, except T cells (6-10).
Btk has a particularly important role in B lymphocytes, where it
functions in multiple receptor pathways, including the B cell
antigen receptor (BCR), interleukin 5 and 10 receptors, CD19,
CD38, and CD40 (11). Btk belongs to the structurally homolo-
gous Btk/Tec family of intracellular tyrosine kinases that have
similar roles in receptor signal transduction pathways but distinct
patterns of cell expression (12). Certain mechanisms regulating
activation of Btk/Tec kinases, such as the influence of upstream
signaling proteins phosphatidylinositol (PI) 3-kinase and Src
family kinases, also appear to be conserved amongst most family
members (12). These upstream regulators influence Btk signal-
ing by modulating the phosphorylation of specific tyrosine
residues, its intrinsic kinase activity, and association of Btk with

the plasma membrane (12, 13). Cell culture models confirm that
Btk/Tec kinases function interchangeably in certain situations,
like the mediation of receptor-dependent increases in intracel-
lular calcium level (14-16). The natural pattern of coexpression
of Btk/Tec kinases creates redundant signaling capacity in
certain cell types, such as platelets (17), T cells (18), and mast
cells (19). The T lymphocyte defect observed in Itk~/~/RIk~/~
mice is severe compared with the milder phenotype of either
single knockout (18). Thus, the total cellular amount of Btk/Tec
family kinases is another potential site for regulation of receptor
signaling pathways critical for lymphocyte function.

Naturally occurring genetic syndromes and transgenic model
systems reveal that normal B cell development and function
depends on the total amount of functional Btk protein expressed.
A spontaneous murine Btk point mutation (Btk R28C) (20, 21),
or the targeted deletion of the Btk gene (22), results in X-linked
immunodeficiency (xid) syndrome. This phenotype is character-
ized by a partial block in B cell development and defective
responses to certain types of immune stimulation (23). Humans
with a Btk mutation usually display a more severe phenotype,
X-linked agammaglobulinemia, resulting from a near-total B
lineage developmental block and absent humoral immune re-
sponses (11, 24). Intracellular detection of the relative level of
Btk protein expression in B lineage cells has been proposed as
a diagnostic tool to evaluate human patients with symptoms of
X-linked agammaglobulinemia (25). The xid and X-linked agam-
maglobulinemia phenotypes reveal that loss of Btk function is
not compensated by coexpression of other Btk/Tec family
members in B cells.

Btk’s rate-limiting function is confirmed by the dosage-
dependent reconstitution of B cell development and immune
responses using a transgenic expression system. Btk transgene
expressed at 25 or 50% of the level of the endogenous allele
yielded a graded recovery of Btk-dependent lymphocyte func-
tions (26). Importantly, Btk overexpression (150% of normal
level) did not result in increased B cell functions beyond
wild-type responses and, in some assays, actually diminished
responses. This result demonstrates that the level of endogenous
Btk expression in wild-type B cells directs an optimal immune
response. Transgenic expression of an activated Btk allele (Btk
E41K) produces a more profound phenotype of immunodefi-
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ciency than xid, resulting from a nearly total developmental
block at the transition from preB to immature B cell stage, and
demonstrates the exquisite sensitivity of B cells to the level of Btk
activity (27, 28).

A sensitive and specific intracellular immunofluorescent flow
cytometric assay was established to detect the amount of Btk
protein expressed on a per cell basis to test the hypothesis that
Btk expression is dynamically regulated. Btk was detected in all
developing hematopoietic lineages from bone marrow except T
cells. The high Btk level consistently observed in all marrow-
derived B lineage cells contrasted with the variable levels of
expression of other regulatory proteins, such as Rag2, Bcl2, and
Tdt. Btk level was significantly lower in B cells from peripheral
sites, such as spleen, compared with marrow. Stimulation of
splenic B cells through crosslinking of the BCR led to a rapid
increase in Btk expression through a posttranscriptional regu-
latory mechanism. Because Btk function is rate-limiting for
certain B cell immune responses, regulation of its protein
expression may be a distinct mechanism to control the flow of
information through certain receptor signaling pathways.

Materials and Methods

Materials. Colonies of BALB/c, Balb/xid, Btk-knockout (22),
and Btk-knockout mice heterozygous or homozygous for a Btk
transgenic allele (26) were maintained in filter-top cages ac-
cording to university guidelines for care of animals. Commer-
cially available [Jackson ImmunoResearch, PharMingen, and
Supertechs (Bethesda, MD)] antibodies were used to activate or
immunostain cells for analysis, flow sorting, or immunomagnetic
affinity selection, including goat anti-mouse IgM, FITC-anti-
CD80, FITC-anti-mouse IgD, FITC-anti-mouse IgM, FITC-
anti-mouse BP-1, FITC-anti-mouse CD43, FITC-anti-mouse
HSA (CD24), rat anti-TER119, FITC-anti-Gr-1, FITC-anti-
Thyl.2, FITC-anti-MAC-1, allophycocyanin-anti-c-kit, biotin-
ylated anti-IL-7R, Texas Red-anti-Sca-1, hamster anti-Bcl-2,
anti-Rag-2, rabbit anti-terminal deoxytransferase (TdT), phyco-
erythrin (PE)-donkey anti-rabbit IgG, and PE-donkey anti-
mouse IgG. Immunomagnetic affinity selection was performed
by using anti-FITC-coupled magnetic beads (Miltenyi Biotec,
Auburn, CA) and MACS immunomagnetic columns (Miltenyi).
Antigen affinity-purified rabbit polyclonal antibody was pre-
pared from serum of animals immunized with GST-Btk 1-197
(27, 29) and was used for intracellular detection of Btk (30).
Reverse transcription (RT)-PCR was performed by using Su-
perscript II reverse transcriptase (GIBCO/BRL) and Tagq poly-
merase (GIBCO/BRL).

Methods. Single cell suspensions were prepared from bone
marrow or spleen as described (30, 31) and were maintained on
ice during the staining and selection procedures. Erythrocytes
were lysed by incubation of cells in 0.15 M NH,4Cl, 0.1M KCl, and
0.1 mM EDTA (30, 31). Cells were incubated with anti-CD16/
CD32 (PharMingen) to decrease binding to the Fc receptor.
Designation of B lineage developmental stages was based on the
nomenclature of Hardy et al. (32). Subpopulations of cells from
bone marrow or peripheral tissues were purified by sorting with
either fluorescence-activated cell sorter (FACS) or immuno-
magnetic affinity columns. In the latter case, cells were incubated
with anti-B220 immunomagnetic beads, or the primary antibody
followed by addition of anti-FITC immunomagnetic beads, then
were passed through the MACS immunomagnetic affinity col-
umn and were eluted according to the manufacturer’s protocol.
Flow cytometry analysis of cell populations selected by immu-
nomagnetic affinity columns demonstrated purity of >90% for
the desired staining characteristics.

Purified cells were fixed with 4% paraformaldehyde in PBS
and were permeabilized and immunostained, and the fluores-
cence signals were analyzed by using a FACScan (Becton
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Fig. 1. (A) Btk expression in multiple murine bone marrow-derived hema-
topoietic lineages. Bone marrow cells were immunostained as indicated with
FITC-conjugated antibodies for one of the following lineage markers: B
(B220%), T, and natural killer (Thy 1.2%) monocyte (Mac1"), granulocyte and
mast (Gr1 *), or erythroid (Ter119%). After incubation with anti-FITC-
conjugated magnetic beads, marker-positive cells were purified by retention
on and elution from a magnetic column. Purified cells were fixed and immu-
nostained with a nonspecific antibody (open histograms) or anti-Btk (filled
histograms) followed by PE-anti-rabbit. The number within each graph rep-
resents the mean fluorescence intensity of cellsin the anti-Btk-immunostained
population. (B) Expression of Btk in hematopoietic stem cells and common
lymphoid progenitors. Bone marrow cells were immunostained as indicated
with antibodies for cell surface proteins defining totipotent hematopoietic
stem cells (c-kith, Sca-1M, IL-7R~, Lin~), common lymphoid progenitors (c-kit'°,
Sca-1'°, IL-7R™, Lin~), or early B lineage cells (B220*, CD43, IgM™). Cells were
purified by FACS, were permeabilized with saponin 0.03% (in Hank’s balanced
salt solution, 2% FCS, 0.02% sodium azide), and were immunostained with a
nonspecific antibody (open histograms) or anti-Btk (filled histograms) fol-
lowed by FITC-anti-rabbit.

Dickinson) or a FACSVantage (Becton Dickinson). In certain
experiments, erythrocyte-depleted murine splenocytes were
stimulated by addition of goat anti-mouse IgM (20 ug/ml) and
were incubated at 37°C in RPMI containing 2% fetal bovine
serum for the indicated periods of time. After stimulation, the
splenocytes were fixed in paraformaldehyde, and B cells were
recovered by positive selection using anti-B220 immunomag-
netic affinity columns. The B cells were then permeabilized and
stained as described (30). Fluorescence data plots were gener-
ated by using a lymphocyte gate as defined by forward and side
scatter characteristics and simultaneously detecting FITC, PE,
propidium iodide, Texas Red, or allophycocyanin fluorescence
in the FL1-FL5 windows.

Results and Discussion

Btk Expression in Developing Hematopoietic Cells. To cvaluate
whether expression of the endogenous Btk allele is dynamically
regulated during the development of B lymphocytes, we used a
quantitative, intracellular immunofluorescent assay. Analysis of
murine bone marrow cells demonstrates the presence of several
subpopulations with differing levels of Btk expression per cell
(Fig. 14). Fractionation of wild-type (BALB/c) bone marrow
lineages based on cell surface markers revealed uniform or
bimodal distributions of Btk expression in most of the hemato-
poietic lineages. In contrast, wild-type T lineage cells, or hema-
topoietic cells derived from Btk knockout animals, stained
similar to controls using nonspecific rabbit Ig (Fig. 14; data not
shown).

Nisitani et al.
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Fig.2. Btk or Bcl-2 expression during B lineage development. Bone marrow

cells from wild-type (Top and Bottom) or xid (Middle) mice were sequentially
stained with FITC-conjugated antibodies recognizing B lineage markers (32),
and then were fractionated by using either anti-B220 or anti-FITC-conjugated
immunomagnetic bead columns. In each step, the marker-positive cells are
retained in the magnetic column, and the marker-negative cells are recovered
in the flow through fraction. After marrow harvest, erythrocytes were lysed as
described in the Methods, and monocytic cells were depleted by using FITC-
anti-Mac-1 followed by anti-FITC immunomagnetic bead columns. The first
purification step was performed by staining Mac-1~ marrow cells with FITC-
anti-IgD to obtain fraction “F"’ (IgD* cells). The IgD~ cell population was then
stained with FITC-anti-IgM to yield fraction “E” (IgM*). The IgD~IgM~ cell
population was immunostained with FITC-anti-BP-1. BP-1* cells were next
stained with FITC-anti-CD43 whereas BP-1- cells were stained with FITC-anti-
HSA. A positive selection with anti-B220 immunomagnetic beads was used to
recover B lineage cells from these latter steps to yield the final four cell
fractions: BP-1~, HSA—, B220* (*A"); BP-1—, HSA*, B220* ('B'’); BP-1*, CD43",
B220* ("*C""); BP-1*, CD43~, B220* (“D"). Purified cells were fixed and immu-
nostained with a nonspecific antibody (open histograms), anti-Btk [filled
histograms (Top and Middle)], or anti-Bcl-2 [filled histograms (Lower)] fol-
lowed by the appropriate fluorescent-tagged secondary antibody.

Detection of Btk protein in multiple marrow-derived hema-
topoietic lineages suggests that initiation of Btk expression is a
common developmental feature in these cell types or that Btk
expression is initiated in a shared cellular precursor and is
maintained during subsequent development. To distinguish be-
tween these alternative hypotheses, hematopoietic stem cells,
common lymphoid progenitors, and progenitor B cells were
purified by FACS from whole murine bone marrow on the basis
of positive and negative cell surface marker criteria (33), then
were stained with either control Ig or a Btk-specific antibody.
Btk protein was detected in both hematopoietic stem cells and
common lymphoid progenitors at a level similar to that observed
in the progenitor B cells (Fig. 1B), indicating that its expression
originates at the earliest point in hematopoietic development
and is maintained.

Sustained Btk Expression in Developing B Lymphocytes. Bone mar-
row B lineage cells progress through a tightly regulated set of
developmental stages leading to the recombination of Ig loci,
formation of antigen receptor complexes, negative selection of
cells recognizing autoantigens, and generation of immunocom-
petent B cells (1, 32, 34-36). In addition to progressive genetic
changes at the Ig loci, there are selective changes in expression
of many proteins that influence these developmental processes
(1-3). To test for a developmental influence upon Btk protein
level, six distinct B cell subpopulations of increasing maturity
were purified using a modification of the Hardy fractionation
protocol (32). Bone marrow B lineage cells (37), including
prepro-B (fraction “A”), pro-B (“B”), pro-B plus large preB
(“C”), small preB (“D”), immature B (“E”), and mature B cells
(“F”), express a similar amount of Btk per cell (Fig. 2 Top). The
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Fig. 3. Decreased Btk in splenic B cells compared with bone marrow. Total

bone marrow cells and splenic lymphocytes were stained with anti-IgD. The
IgD* B cells from spleen and marrow were purified by immunomagnetic
affinity column and immunostained (lower panels) with a nonspecific anti-
body (open histograms) or anti-Btk (filled histograms) followed by PE-anti-
rabbit. Alternatively, FACS-purified IgD* B cells from spleen and marrow were
lysed with Laemmli sample buffer for immunoblot analysis (upper panels).
Serial dilutions of each lysate representing decreasing numbers of cell equiv-
alents (X105 cells/sample) were loaded as indicated. After resolution by gel
electrophoresis, protein was transferred to nitrocellulose and was immuno-
blotted with anti-Btk. The Btk protein was visualized by using horseradish
peroxidase-coupled anti-rabbit secondary followed by enzyme chemilumines-
cent substrate.

earliest developmental stage (“A”) had a broader range of Btk
expression than observed in cells of later stages in this experi-
ment, but a narrower distribution was found in other experi-
ments. A partial block in late B cell development is observed in
the murine phenotype of Btk loss of function (xid or knockout
alleles) (22, 38). However, marrow-derived B lineage cells from
xid mice have sustained expression of the mutant form of Btk
protein quite similar to wild-type cells (Fig. 2 Middle). The
maintenance of Btk protein level in xid B lineage cells suggests
that Btk expression during development is independent of its
signal transducing function. In contrast with the consistent level
of Btk expression, several other proteins (Rag2, Bcl-2, Tdt) were
observed to have B cell developmental stage-specific patterns of
expression consistent with previous reports (Fig. 2 Bottom; data
not shown) (37, 39-42).

Decreased Btk Expression in Peripheral B Lymphocytes. B lincage
cells expressing intact BCR exit the bone marrow to populate the
blood, spleen, lymph nodes, and other peripheral sites. Antigen
binding to the BCR activates B cells in peripheral tissues, leading
to further cell maturation, with Ig gene rearrangement, clonal
expansion, and antibody secretion (1, 34-36). Bone marrow and
peripheral populations also include B cell populations that have
undergone antigen-provoked maturation (1, 34-36). Btk level
was compared in B cells from marrow and peripheral lymphoid
tissues to test whether Btk expression level varied in cells derived
from distinct anatomic locations. Immunofluorescent staining
revealed a dramatic decrease in Btk expression in the peripheral
B cells relative to marrow cells, as demonstrated by comparison
of IgD™* cells from marrow and spleen (Fig. 3). Btk immunoblot
analysis of these cell fractions confirms this observation (Fig. 3).
Similar low Btk levels were observed in B cell populations from
lymph nodes, spleen, and peritoneum as opposed to the consis-
tent high levels in marrow-derived populations (Fig. 2; data not
shown). Reduced expression did not require intact Btk signaling
function because a decrease in Btk protein is observed in splenic
B cells from xid cells (data not shown).
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Fig. 4. BCR crosslinking increases Btk protein dosage in murine splenic B

lymphocytes. Wild-type (Upper) or xid (Lower) splenic B lymphocytes were
stimulated by cross-linking BCR with anti-lgM (20 pg/ml) for increasing peri-
ods of time (0, 4, 8 hours) as indicated. Cells were fixed and immunostained
with a nonspecific antibody (open histograms), anti-Btk (filled histograms), or
anti-CD80 (gray histograms) followed by the appropriate fluorescent-tagged
secondary antibody.

Increased Btk Dosage in Activated Splenic B Cells. Antigen-binding
to IgM* murine B cells rapidly induces complex biochemical
signaling events that ultimately can provoke increased IgM
secretion, cell maturation, proliferation, or cell death (43-45).
Because Btk dosage is a genetically defined parameter mediating
BCR function (26), Btk expression in splenic B cells was
examined before and after BCR crosslinking to test the hypoth-
esis that activation of this signaling pathway modulates Btk level.
Activation of the BCR maximally increased (~7- to 10-fold
higher mean fluorescence intensity) Btk expression within 4
hours, and this higher level was maintained in the B cells for at
least 4 hours more (Fig. 4 Upper). Btk expression decreased to
unstimulated control levels within 24 hours after stimulation
(data not shown). In contrast, the level of the Btk enzyme in xid
cells fails to increase after BCR crosslinking (Fig. 4 Lower).
However, loss of Btk function did not confer a global deficit in
BCR signaling because cells from both normal and xid mice
responded to stimulation by increasing the level of the surface
marker CD80 (46, 47) (Fig. 4 Upper and Lower). Comparison of
the relative level of protein expression of the xid and wild-type
alleles (Figs. 2 and 4) suggests that different mechanisms regu-
late Btk dosage during B cell development and BCR-mediated
splenocyte stimulation. Because Btk is rate-limiting for certain
BCR-mediated immune functions, this dosage regulation could
be a sensitive mechanism to influence the intensity of cellular
responses to Btk-dependent signal transduction.

To test whether up-regulation of Btk in BCR-crosslinked
splenic B cells in culture reflects in vivo immune responses,
wild-type and xid mice were immunized with a single dose of
either T cell-dependent or -independent antigen, and then
splenic B cells were purified and tested for Btk expression. For
both classes of immunogen, increased Btk protein was found in
a subpopulation (=10-15%) of B cells from wild-type mice (data
not shown). Previous analysis of splenic lymphocyte responses to
specific antigens suggests that a much smaller percentage of cells
(<1%) is directly activated through antigen-receptor interac-
tions (48). Thus, in vivo Btk up-regulation in T-dependent and
-independent immune responses may reflect both direct and
indirect effects of splenic lymphocyte activation. Interestingly,
Btk signaling function was necessary for up-regulation in vivo, as
the xid protein was not increased for either class of antigen.
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Fig. 5. (A) Up-regulation of Btk by a posttranscriptional mechanism. Wild-

type splenic B lymphocytes were stimulated by cross-linking BCR with anti-lgM
(20 png/ml) for 4 hours in the presence of cycloheximide (100 M), actinomycin
D (100 uM), or carrier (DMSO 1%) alone as indicated. Cells were fixed and
immunostained with a nonspecific antibody (open histograms), anti-Btk
(filled histograms), or anti-CD80 (gray histograms) followed by the appropri-
ate fluorescent-tagged secondary antibody. (B) Up-regulation of transgenic
Btk protein after BCR crosslinking. Splenic B lymphocytes expressing a single
copy of the Btk transgene (KO/1 X TG) were stimulated by cross-linking BCR
with anti-lgM (20 ng/ml) for 4 hours as indicated. Cells were fixed and
immunostained with a nonspecific antibody (open histograms), anti-Btk
(filled histograms), or anti-CD80 (gray histogram) followed by the appropriate
fluorescent-tagged secondary antibody. (C) Semiquantitative assay of Btk
mRNA. Splenic B lymphocytes expressing endogenous Btk (WT), a single copy
of the Btk transgene (KO/1 X TG), or no detectable Btk protein (KO) were
stimulated by cross-linking BCR with anti-IgM (20 png/ml) for 0, 1, or 4 hours as
indicated. Total RNA was purified from the cells and was tested (0.8-3.2
ng/sample) for Btk mRNA expression before (—) and after (+) reverse tran-
scription (RT) of the RNA sample. RT was performed by using oligo(dT) primer.
PCR was then performed for 35 cycles using Btk-specific sense (bp 781-799,
gctgaaaaaggtcgtgge) and antisense (bp 1,517-1,500, cttcgaccacgtcaacat)
primers. The results shown were obtained by using 3.2 ug of total RNA per
sample. Actin RNA transcripts were amplified (+ RT condition only) to dem-
onstrate the integrity of the RNA samples (Lower).

Posttranscriptional Up-Regulation of Btk. Alteration in protein level
could be mediated at several levels, such as transcription,
translation, or protein half-life. The maximal increase in Btk
requires approximately 4 hours, compatible with any of these
mechanisms. To distinguish among the possible mechanisms,
analysis of Btk up-regulation was performed in the presence of
inhibitors of mRNA or protein synthesis. Actinomycin D or
cycloheximide abolished BCR-mediated CD80 up-regulation,
but only cycloheximide inhibited the increase in Btk protein level
(Fig. 54). These results are consistent with the conclusion that
up-regulation of Btk is posttranscriptional whereas CD80 re-

Nisitani et al.



quires increased transcription. This mechanism is further sup-
ported by a comparison of Btk expressed from two distinct
genetic loci. BCR-induced Btk up-regulation was compared in
splenocytes derived from wild-type mice or ones expressing a Btk
transgene (having a knockout allele at the endogenous locus)
(26). This Btk transgene lacks most of the untranslated 5’ region
of Btk mRNA, and the endogenous promoter or enhancer
elements have been replaced by the IgM promoter region (49).
In lymphocytes expressing the Btk transgene (KO/1 X TG),
BCR crosslinking increased Btk protein level with similar kinet-
ics as in wild-type cells but to a slightly lower maximal level at
4 hours (Fig. 5B; data not shown).

Semiquantitative RT-PCR was performed to test directly
whether the level of Btk mRNA varied after receptor stimulation
in wild-type or transgenic animals. No receptor stimulation-
dependent change in Btk mRNA was observed in wild-type or
transgene-expressing splenocytes (Fig. 5C; data not shown)
using an assay capable of distinguishing 2-fold differences in Btk
mRNA. Btk mRNA was undetectable with this assay in control
or activated samples derived from Btk knockout B lymphocytes,
a finding compatible with the markedly reduced abundance of
mutant Btk mRNA transcripts demonstrated by Northern blot
analysis (22). Simultaneous evaluation of serially diluted samples
indicated that Btk mRNA in B splenocytes from Btk transgenic
animals (KO/1 X TG) was slightly lower (=50% less) than in the
wild type (Fig. 5C; data not shown). Thus, three separate
experimental approaches (inhibitor studies, transgene alleles,
and RT-PCR) support the conclusion that BCR-induced up-
regulation occurs through a posttranscriptional mechanism.

Btk Up-Regulation Depends on a Signal Transmitted by PI 3-Kinase.
The molecular basis of the genetic defect observed in xid appears
to result from the deceased capacity of the Btk R28C allele to
bind to the second messenger membrane phospholipid phos-
phatidylinositol 3,4,5-PO,4 (14, 50, 51). BCR crosslinking was
performed before or after treatment of cells with a membrane
permeant inhibitor (52-54) of PI 3-kinase activity to test the
hypothesis that PI 3-kinase activity is required for up-regulation
of Btk in wild-type splenocytes. Inhibition of PI 3-kinase in
wild-type cells before BCR crosslinking decreased Btk up-
regulation, similar to the phenotype seen in Btk xid (Table 1).
The result does not distinguish whether PI 3-kinase activity
up-regulates Btk by increasing the rate of protein synthesis, by
stabilizing Btk protein, or a combination of these mechanisms.
However, 1.Y294002 addition 1 hour after BCR crosslinking
blocked up-regulation (measured 4 hours after crosslinking) as
effectively as pretreatment (Table 1), demonstrating that the
mechanism(s) up-regulating Btk protein level requires pro-
longed signaling through PI 3-kinase. Up-regulation was not
rapidly reversed by PI 3-kinase inhibition because addition of
LY294002 at 3 hours after crosslinking had little effect on Btk
level measured at 4 hours.

Receptor-Independent Btk Up-Regulation. Because Btk functions at
a crossroads of many important intracellular signaling pathways (13,
16), pharmacological activation of pathways distal to surface re-
ceptors may also influence Btk level. Splenic B lymphocytes can be
activated by treatment with a combination of phorbol myristic acid
and ionomycin, leading to activation of protein kinase C and
increased intracellular free calcium levels (14-16, 55, 56). Direct
activation of these two signaling pathways increased the level of
both Btk wild-type and xid proteins (Table 1).

Distinct mechanisms appear to regulate endogenous Btk
protein level in bone marrow B lineage cells in comparison to
antigen receptor-activated splenic B cells. Up-regulation of Btk
protein expression in cell culture assays suggests that in vivo
activation of B cells in antigen responses could modulate the

Nisitani et al.

Table 1. Pharmacologic agents influence Btk protein level

Experiment Btk Treatment Anti-lgM  Fluorescence*
1 WT  None (=) 4
WT  None (+) 42
WT  LY294002 (—0.5 hour) (+) 8
WT  LY294002 (+1 hour) (+) 8
WT  LY294002 (+3 hours) (+) 36
2a WT  None (=) 9
WT None (+) 28
WT PMA + ionomycin (-) 28
2b xid None (-) 5
xid  None (+) 7
xid  PMA + ionomycin (=) 18

Influence of activators or inhibitors of intracellular signaling pathways on
Btk protein expression. Experiment 1: Balb/c splenic lymphocytes were stim-
ulated by cross-linking BCR with anti-lgM (20 ug/ml) for 4 hours at 37°C.
LY294002 (20 uM) or carrier (DMSO 1%) alone was added 0.5 hours before, 1
hour after, or 3 hours after receptor crosslinking. Experiment 2: Balb/c (a) or
Balb/xid (b) splenic lymphocytes were stimulated by cross-linking BCR with
anti-lgM (20 ug/ml), or by treatment with phorbol myristic acid (10 nM) and
ionomycin (100 nM) or carrier (DMSO 1%) alone, and then were incubated for
4 hours at 37°C. Cells were fixed and immunostained with a nonspecific
antibody or anti-Btk followed by PE-anti-rabbit. The mean channel fluores-
cence intensity for each sample was rounded to the nearest whole number.
PMA, phorbol myristic acid; WT, wild type.

*Mean channel fluorescence intensity.

signaling function of this rate-limiting component. One example
would be if the antigen-receptor complex binding affinity di-
rectly correlated with the increase in Btk. Because multiple cell
surface receptor pathways require Btk signaling function in vivo,
these pathways could cooperate or antagonize in the Btk up-
regulation to help select individual cells in an immune response.
An intriguing possibility is that up-regulation of Btk by one
receptor stimulus could sensitize the cells to signaling through a
second pathway.

The molecular structure of the PH domain indicates that Btk
R28 residue has an important binding interaction with phospha-
tidylinositol 3,4,5-PO,4. The xid mutation (R28C) renders this
protein incapable of responding to the upstream regulatory
influence of PI 3-kinase, a phenotype recapitulated by the
treatment of wild-type B cells with PI 3-kinase inhibitor. The
pharmacologic and genetic experiments defining PI 3-kinase’s
role in Btk up-regulation cannot distinguish whether this influ-
ence occurs by decreasing Btk association with the activated
receptor signaling complex or is caused by the loss in signaling
to effectors downstream of Btk. Direct activation of two signal-
ing pathways that function downstream of Btk is sufficient to
up-regulate Btk R28C in xid splenic B cells. This result strongly
suggests that Btk signal transducing capacity is a mediator of the
up-regulation of its own protein level. Dynamic changes in Btk
protein level may modulate B cell immune responses in con-
junction with the regulatory influences of tyrosine phosphory-
lation and plasma membrane localization (6-10, 14-16, 27, 50,
51). The mechanism for up-regulation of Btk protein may
include an increase in protein half-life, an increase in protein
synthesis, or a combination of both.
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