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MW Harr1, PF Caimi1,4, KS McColl1, F Zhong1, SN Patel1,4, PM Barr1,4 and CW Distelhorst*,1,2,3,4

Glucocorticoids are used as part of front-line therapy to treat lymphoid malignancy because of their remarkable ability to induce
apoptosis. Yet, in T cells, glucocorticoid-induced apoptosis is readily inhibited by lymphocyte activation and signaling. We have
previously shown that the Src family kinase, Lck (lymphocyte cell-specific tyrosine kinase), which is predominantly expressed in
T cells, interacts with IP3 receptors to facilitate calcium signaling. Here, we discovered that dexamethasone downregulates Lck,
which, in turn, suppresses lymphocyte activation by inhibiting pro-survival calcium oscillations. Moreover, stable expression of
shRNAs that selectively targeted Lck or treatment with the Src inhibitor dasatinib (BMS-354825) enhanced apoptosis induction
by dexamethasone. To investigate the effect of Lck inhibition in a primary leukemia model, we employed chronic lymphocytic
leukemia (CLL) cells that aberrantly expressed Lck and were relatively insensitive to dexamethasone. Lck expression was
correlated with resistance to dexamethasone in CLL cells, and its inhibition by dasatinib or other inhibitors markedly enhanced
glucocorticoid sensitivity. Collectively, these data indicate that Lck protects cells from glucocorticoid-induced apoptosis and its
inhibition enhances sensitivity to dexamethasone. Small-molecule inhibitors of Lck, such as dasatinib, may function to reverse
glucocorticoid resistance in some lymphoid malignancies.
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Glucocorticoid hormones and their synthetic derivatives,
prednisone and dexamethasone, readily induce cell killing in
lymphocytes.1–3 Glucocorticoid-induced cell death is primarily
mediated by a receptor-dependent mechanism that results
in apoptosis or necrosis.4–6 During this process, the ligand-
bound glucocorticoid receptor (GR) translocates to the
nucleus to transactivate or repress gene transcription.7,8

Thus, glucocorticoid sensitivity may be characterized, in
part, by transcriptional changes in genes that regulate the
cell death process.5

In T cells, glucocorticoid-induced apoptosis is antagonized
by the activation of T cell receptor (TCR) signaling.9–12 After
TCR activation, the lymphocyte cell-specific tyrosine kinase
(Lck) translocates to the cell surface and phosphorylates
immunoreceptor tyrosine activation motifs on the TCR.13,14

This results in a phosphorylation cascade that leads to the
activation of phospholipase Cg, generation of IP3, and
intracellular calcium release from IP3 receptor channels.15 In
addition, we have recently shown that Lck interacts with IP3
receptors to positively regulate IP3-mediated calcium signals.16

Calcium, in turn, functions to activate calcineurin to dephos-
phorylate NFAT, thereby inducing its translocation to the
nucleus and stimulating transcription of proinflammatory
cytokines.17 Importantly, calcium-dependent activation of
calcineurin was shown to be an integral step in the inhibition

of glucocorticoid-induced apoptosis.18 In addition, gluco-
corticoids also suppress T-cell activation by rapidly inhibiting
Src kinases Fyn and Lck, intracellular calcium release,
and transcription of proinflammatory cytokines.19–23 Conse-
quently, these events provide a negative regulatory mecha-
nism whereby lymphocyte activation rescues cells from
glucocorticoid-induced apoptosis, and conversely, gluco-
corticoids inhibit downstream TCR-dependent signaling.

Because of its role in regulating cell proliferation and
survival, Lck, similar to Src, acts as a protooncogene to
facilitate cellular transformation,24 and is overexpressed
in Burkitt and non-Hodgkin’s B-cell lymphoma, as well as
myeloid and lymphocytic leukemias.25–29 Although Lck
has previously been shown to block apoptosis induced by
TCR crosslinking or proinflammatory cytokines,30 it has not
been investigated whether Lck directly affects glucocorticoid-
induced apoptosis. On conducting microarray analysis of
normal and malignant T cells, we discovered that dexametha-
sone downregulates Lck in a manner that is sufficient to
inhibit TCR signaling. Moreover, glucocorticoid-induced
apoptosis was enhanced in cells that stably expressed
Lck shRNAs or were treated with the Src inhibitor dasatinib.
In contrast, primary chronic lymphocytic leukemia (CLL)
cells that undergo ligand-independent calcium signaling aber-
rantly expressed Lck and were completely resistant to its
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downregulation by dexamethasone. Although CLL cells were
relatively insensitive to glucocorticoids, Lck inhibition signi-
ficantly enhanced response to dexamethasone, suggesting a
novel means to reverse glucocorticoid resistance in lymphoid
malignancy.

Results

Dexamethasone downregulates Lck expression to
inhibit TCR signaling. In our effort to identify candidate
genes that were regulated by glucocorticoids, we conducted
microarray analysis of dexamethasone-treated thymocytes,
S49.A2, and WEHI7.2 murine T-lymphoma cells. Each of
these T-cell populations have shown to be highly sensitive
to the effects of dexamethasone.5 Microarray analysis revealed
several genes that were upregulated by dexamethasone and
that contributed, in part, to the induction of apoptosis.31,32

Interestingly, Lck was discovered to be among a cluster of
genes that were downregulated by dexamethasone in each
of these T-cell populations. In primary thymocytes, Lck
mRNA levels were downregulated by over 80% (Figure 1).
Among 57 genes that were downregulated by greater than
or equal to twofold, excluding those that were hypothetical
or unknown, only eight were downregulated by a stronger
degree of magnitude. To confirm that Lck was in fact down-
regulated by glucocorticoids in normal and malignant T cells,
we measured its expression by real-time quantitative PCR
(qPCR) (Figure 2a and b) and then by western blotting in
WEHI7.2 cells, primary thymocytes, and the T-cell leukemia
line CEMC7 (Figure 2c–e). Simultaneous treatment with
dexamethasone and the GR antagonist RU486 prevented
Lck downregulation, indicating that it is repressed by a GR-
dependent mechanism (Figure 2c).

To determine whether the downregulation of Lck by
dexamethasone was sufficient for the induction of apoptosis,
we knocked down Lck expression in WEHI7.2 cells using a
lentiviral shRNA approach. Results from these experiments
showed no differences in baseline apoptosis between control
and Lck shRNA cells (3.9±0.49% compared with 4.7±

0.56%, respectively, P¼ 0.33), indicating that downregulation
of Lck alone is not sufficient for apoptosis to occur. Similar
levels of apoptosis were also observed in Lck and Fyn double
knockdown cells, ruling out the possibility that another
Src family member (for example, Fyn) compensates for
decreased expression of Lck (data not shown).

In contrast, we found that the downregulation of Lck by
dexamethasone was sufficient to inhibit both ligand-indepen-
dent (unstimulated) and anti-CD3-induced calcium oscilla-
tions in WEHI7.2 cells (Figure 3a–c). To mimic the effect
of dexamethasone on Lck, we transiently knocked down its
expression using gene-specific siRNAs. When Lck expres-
sion was decreased by X70%, calcium oscillations were
reduced in a similar manner as with dexamethasone treat-
ment (Figure 3d–f). Together, these data indicate that the
downregulation of Lck is sufficient for glucocorticoid-mediated
inhibition of TCR-induced calcium signaling but not apoptosis.

On the basis of these findings, we predicted that the Src
kinase inhibitor, dasatinib, would also suppress TCR signaling
by inhibiting Lck activity. The ability of dasatinib to inhibit T-cell
activation has been previously shown in normal peripheral
blood lymphocytes.33 We determined that 100 nM dasatinib
was the optimal concentration for inhibiting Lck phosphory-
lation at its activating tyrosine residue (Y394), given that
phosphorylation at this site was inhibited by 490%
(Figure 4a). As anticipated, dasatinib markedly inhibited
TCR signaling, as assessed by anti-CD3-induced calcium

Figure 1 Microarray analysis of genes downregulated by dexamethasone. Primary thymocytes were harvested from adult B6 mice, treated with vehicle (0.1% ethanol)
or 10�6 M dexamethasone for 12 h, and subjected to microarray analysis as previously described (see Materials and Methods). The bar graph shows the extent of
downregulation relative to vehicle-treated cells. Lck (designated with an asterisk) had a signal Log2 ratio of (�) 2.6 indicating repression by a magnitude of sixfold. Lck was also
downregulated in WEHI7.2 and S49A.2 murine T-cell lines
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oscillations as well as by MEK and ERK phosphorylation
(Figure 4b–d).

Dexamethasone and dasatinib synergistically inhibit
TCR signaling. Although dasatinib and dexamethasone
both regulate Lck by distinct mechanisms, we asked

whether these agents might function synergistically to
inhibit phosphorylation of Src family kinases. Importantly,
glucocorticoids have also been shown to rapidly inhibit
phosphorylation of both Lck and Fyn by a nongenomic
mechanism.22,23 Thus, both dexamethasone and dasatinib
are capable of inhibiting Lck phosphorylation status without

Figure 2 Dexamethasone downregulates expression of Lck. (a) WEHI7.2 cells were treated with vehicle or varying concentrations of dexamethasone for 24 h. Lck mRNA
was measured by real-time PCR. Values represent triplicate measurements and are relative to the vehicle-treated sample. b-actin was used as an endogenous control for
each PCR reaction. (b) Primary thymocytes (5.0� 106 cells per ml) were harvested from adult B6 mice and treated with vehicle or dexamethasone for 12 and 24 h. Lck mRNA
was measured by real-time PCR as described above. (c) WEHI7.2 cells were treated with vehicle or 10�6 M dexamethasone with and without the glucocorticoid receptor
antagonist RU486 at equal and excess concentrations for 24 h. Lysates were subjected to western blotting for Lck. (d) Thymocytes were treated with vehicle or 10�8 M
dexamethasone for 12 h and subjected to western blotting for Lck. (e) CEMC7 cells (T-ALL) were treated with varying concentrations of dexamethasone for 48 and 72 h and
subjected to western blotting for Lck. b-Actin was used as a loading control. Data are representative of multiple independent experiments. Error bars indicate the difference
between maximum and mean values from triplicate measurements

Figure 3 Dexamethasone downregulates Lck to inhibit TCR signaling. (a) Single cell calcium measurements in unstimulated WEHI7.2 cells treated with 10�8 M
dexamethasone for 20 h. Representative traces are shown. (b) Cells were treated as in a, but stimulated with anti-CD3 antibody (2mg/ml) 1 min into the calcium trace.
(c) Quantification of oscillating cells (Xthree spikes) in a and b. (d) Cells were transfected with control (nontargeting) siRNAs or those that specifically target Lck and incubated
for 24 h. Lysates were subjected to western blotting for Lck. (e) Representative calcium traces in nontargeting or Lck siRNA-transfected cells after stimulation with anti-CD3
(2mg/ml). (f) Quantification of oscillating cells in e. Data are representative of multiple independent experiments. Error bars represent the S.E.M.
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affecting mRNA or protein levels, respectively. We found that
both dexamethasone and dasatinib reduced Lck phosphory-
lation at Y394; however, inhibition was substantially greater
in the presence of dasatinib (Figure 5a and b) and phos-
phorylation could not be detected in cells treated with both
agents. Interestingly, both dexamethasone and dasatinib

alone were sufficient to inhibit Lck phosphorylation at Y505,
the C-terminal negative regulatory site (Figure 5a). Total
levels of Lck and Fyn protein were downregulated by
dexamethasone and substantially reduced in the presence
of dexamethasone and dasatinib (Figure 5a). These data
suggest that dasatinib and dexamethasone cooperate
synergistically to inhibit Src activity and expression. In
support of this observation, we also noted that downstream
TCR signaling proteins were affected in a similar manner.
For example, ZAP-70 expression was downregulated by
dexamethasone and dasatinib, as well as TCR adapter
proteins LAT and SLP-76 (Figure 5c). Downstream MAP
kinase signaling was also inhibited by the combination
of dexamethasone and dasatinib to a greater extent than
either agent alone, as depicted by the loss in MEK1/2
phosphorylation (Figure 5c).

Lck inhibition enhances glucocorticoid sensitivity
and apoptosis. Because TCR signaling antagonizes gluco-
corticoid-induced apoptosis,9–11 we investigated whether the
combination of dexamethasone and dasatinib, which profoundly
abrogates TCR signaling (Figure 5), would enhance overall
cytotoxicity to dexamethasone. Accordingly, we observed that
the IC50 for dexamethasone decreased by greater than fourfold
when cells were also exposed to 100 nM dasatinib (Figure 6a).
Although dasatinib alone was not cytotoxic in these cells
(Figure 6a, b, and d), the combination of dexamethasone and
dasatinib markedly enhanced glucocorticoid-induced apoptosis
(Figure 6b–d). To determine whether the effect of dasatinib
was specifically due to the inhibition of Lck, we tested whether
WEHI7.2 cells, stably transduced with Lck shRNAs, would
respond to dexamethasone in a similar manner. As shown in
Figure 6e, Lck expression was markedly downregulated in cells
transduced with shRNA and glucocorticoid-induced apoptosis
was elevated relative to control cells (Figure 6e). Collectively,
these data indicate that Lck protects cells from glucocorticoid-
induced apoptosis, and that Lck inhibition sensitizes T cells to
the apoptotic effects of dexamethasone.

Lck expression correlates with resistance to dexametha-
sone in CLL cells. Because Lck inhibition by shRNAs or
dasatinib enhanced glucocorticoid sensitivity in T cells, we
tested whether Lck inhibition would also sensitize primary
leukemia cells to dexamethasone. When conducting these

Figure 4 Dasatinib inhibits Lck phosphorylation and TCR signaling.
(a) WEHI7.2 cells were treated with vehicle (0.01% DMSO) or dasatinib for 30 min.
Phosphorylated (Y394) and total Lck levels were measured by western blotting.
b-Actin was used as a loading control. (b) Single cell calcium measurements in
WEHI7.2 cells treated with 100 nM dasatinib for 30 min and stimulated with anti-CD3
antibody (2 mg/ml) 1 min into the calcium trace. Representative traces are shown.
(c) Quantification of oscillating cells (Xthree spikes) in b. (d) Cells were treated with
dasatinib as in a, and phospho-MEK and ERK levels were measured by western
blotting. Cells were stimulated with anti-CD3 (2mg/ml) for 5 min to induce MEK and
ERK phosphorylation. Data are representative of multiple independent experiments.
Error bars represent the S.E.M.

Figure 5 Dexamethasone and dasatinib synergistically inhibit TCR signaling. (a) WEHI7.2 cells were treated with vehicles (0.1% ethanol and 0.01% DMSO), 10�6 M
dexamethasone, 100 nM dasatinib, or both for 24 h. Phospho-Lck (Y394 and Y505), total Lck, and Fyn levels were measured by western blotting. b-Actin was used as
a loading control. (b) Quantification of phospho-Lck (Y394) after treatment with dexamethasone or dasatinib. (c) Cells were treated as in a and downstream TCR proteins
ZAP-70, LAT, SLP-76, and phospho-MEK were measured by western blotting. Data are representative of multiple independent experiments. Error bars represent the S.E.M.
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experiments, we used CLL cells as a model of lymphoid
malignancy because B-CLL (i) is the most commonly diag-
nosed leukemia in the western hemisphere, (ii) is routinely
treated with glucocorticoids, although responses are profoundly
inferior to that of acute lymphoblastic leukemia (ALL),1–3,34

(iii) has aberrant expression of Lck,29 and (iv) shows
characteristics of ligand-independent BCR signaling.35,36

To confirm that CLL cells undergo ligand-independent
signaling, we measured calcium responses in cells that were
isolated from three individuals. Typical pro-survival calcium
oscillations were detected in the absence of ligand stimula-
tion, suggesting that these cells undergo constitutive BCR
activation and signaling (Figure 7a). We then determined that
ex vivo responses to dexamethasone, in terms of overall cell
killing, were significantly weakened relative to glucocorticoid-
sensitive T cells (Figure 7b). Lack of response to dexametha-
sone was also shown in MEC1 cells, a prolymphocytoid
CLL cell line (Figure 7c). After measuring expression of Src

kinases Lck, Lyn, and Fyn by real-time qPCR, we found that
all three genes were expressed in CLL cells. However, only
Lck was aberrantly elevated in all CLL samples (N¼ 10)
compared with normal B cells by over one order of magnitude
(Figure 7d and e). Both normal thymocytes and malignant
T-cell lines were included in the analysis as positive controls.
Notably, several CLL samples expressed Lck at levels greater
or equal to these T-cell populations (Figure 7d). Lck was also
elevated in peripheral blood lymphocytes isolated from a
patient with circulating marginal zone lymphoma (Figure 7d).
Further analysis of protein levels confirmed that Lck was
readily detectable in CLL but not in normal B cells (Figure 7f),
whereas Fyn and Lyn were detectable in both normal
and malignant cells (data not shown). These data confirm
that Lck is aberrantly expressed in CLL cells that undergo
ligand-independent signaling and are resistant to the cyto-
toxic effects of glucocorticoids. Accordingly, we observed
a significant negative correlation between Lck expression

Figure 6 Lck inhibition enhances glucocorticoid sensitivity and apoptosis. (a) WEHI7.2 cells were treated with vehicles (0.1% ethanol and 0.01% DMSO), 10�6 M
dexamethasone, 100 nM dasatinib, or both for 24 h. Cells were transferred onto a 96-well plate, treated with MTS reagent, and incubated for 3 h. Values represent the percent
of control (Abs at 490 nm) and were obtained in triplicate. Inset, IC50 for dexamethasone treatment alone or dexamethasone and dasatinib. (b) Cells were treated as in a and
apoptosis was measured by flow cytometric analysis of Annexin V-positive cells. (c) Cells were treated as in a, lysed in non-denaturing buffer, and Caspase-3 activity was
assessed by adding Ac-DEVD-AMC fluorogenic substrate. Values represent fold increase in fluorescence and were obtained in triplicate. (d) Cells were treated as in a, stained
with Hoechst 33342, and visualized by epifluorescence microscopy (Zeiss axiovert S100) using a Zeiss � 40 fluorescent oil objective. Representative fields are shown for
each treatment. Apoptotic nuclear morphology is indicated by white arrows. (e) WEHI7.2 cells were transduced with lentiviral shRNAs to selectively target Lck. Top: western
blot for Lck and Fyn in cells transduced with empty vector or Lck shRNA. Bottom: control or Lck knockdown cells (2.0� 105 cells per ml) were treated with vehicle (0.1%
ethanol) or dexamethasone for 24 h. Apoptosis was measured as in b. Data are representative of multiple independent experiments. Error bars represent the S.E.M.
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and overall cell killing in response to dexamethasone
(Figure 7g).

Dasatinib enhances glucocorticoid sensitivity and
apoptosis in primary CLL cells. In stark contrast to
glucocorticoid-sensitive cells, Lck expression was not down-
regulated by dexamethasone in CLL (Figure 8a and b).
In fact, Lck was modestly elevated by dexamethasone, which
in turn, led to increased Lck phosphorylation at Y394
(Figure 8b). However, when cells were simultaneously
treated with 100 nM dasatinib, Lck phosphorylation was
suppressed (Figure 8b). This suggests that, by inhibiting
Lck phosphorylation, dasatinib compensates for a high level
of Lck in the presence of dexamethasone. To ensure that

CLL cells responded to glucocorticoid-mediated changes
in gene expression, we measured the level of an unrelated
protein Txnip, which we previously reported to be upregu-
lated by dexamethasone in WEHI7.2 cells and primary
thymocytes by a GR-dependent mechanism.31 Txnip was
also upregulated by dexamethasone in CLL cells within
3 h (Figure 8c), suggesting that glucocorticoid resistance in
CLL is not due to an aberration in cellular uptake of dexa-
methasone or GR-mediated changes in gene transcription.

Next, we assessed whether dasatinib would enhance
sensitivity to dexamethasone in seven primary CLL samples
as well as peripheral blood lymphocytes isolated from a
patient with circulating mantle cell lymphoma (leukemic form).
We found that dasatinib significantly enhanced the response

Figure 7 Aberrant Lck expression correlates with resistance to dexamethasone in CLL. (a) Representative single cell calcium traces in unstimulated PBLs from CLL2
showing that these cells undergo ligand-independent signaling. Ligand-independent calcium oscillations were detected in three of three CLL patient samples. (b) PBLs from
CLL14 (2� 106 cells per ml) were treated with vehicle (0.1% ethanol) or 10�6 M dexamethasone for 24�96 h. (c) MEC1 cells (2� 105 cells per ml) were treated with vehicle
or 10�6 M dexamethasone for 24 h. Cell viability was measured in triplicate by trypan blue dye exclusion. Similar results were obtained by MTS assay. (d) Lck mRNA was
measured by real-time PCR in 10 freshly isolated primary CLL samples and in PBLs from a patient with circulating marginal zone lymphoma. Lck was also measured in the
prolymphocytoid CLL line MEC1, primary thymocytes, WEHI7.2, CEMC7, and Jurkat cells. All values were measured in triplicate relative to normal B cells. b-Actin was used as
an endogenous control for each PCR reaction. (e) Fyn and Lyn were measured as in d. Values represent the mean change in mRNA expression relative to normal B cells.
Significance was determined by Student’s t-test. (f) Lck protein was measured by western blotting in six freshly isolated primary CLL samples. b-Actin was used as a loading
control (lysate from CLL2 was not loaded in lane three due to insufficient sample volume). (g) A scatter-plot showing a significant negative correlation between Lck mRNA level
and response to dexamethasone. Lck mRNA was measured as in d (x axis) and response to dexamethasone (y axis) was determined by calculating fold change in cell killing of
CLL cells (10�6 M dex, 24 h). The scatter-plot shows the Spearman’s rank order assigned for each variable pair (N¼ 9). The correlation coefficient is �0.700 (Po0.05). Data
are representative of multiple independent experiments. Error bars indicate the difference between maximum and mean values from triplicate measurements or the S.E.M
from real-time PCR and viability data, respectively.
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to dexamethasone at therapeutically relevant concentrations
ranging from 10�7 to 10�5 M (Figure 8d). By 72 h, dasatinib
had increased the response to dexamethasone by greater
than twofold and induced over 50% cell killing (Figure 8e). The
effect on MEC1 cells was similar given that dasatinib also

enhanced cell death by approximately twofold after 24 h of
treatment with increasing concentrations of dexamethasone
(Figure 8f). Moreover, the combination of both agents more
than tripled the amount of dead apoptotic (that is, Annexin V
and propidium iodide positive) cells (Figure 8g).

Figure 8 Dasatinib enhances glucocorticoid sensitivity and apoptosis in primary CLL cells. (a and b) PBLs from CLL2 were treated with vehicle (0.1% ethanol) or 10�6 M
dexamethasone or with vehicles (0.1% ethanol and 0.01% DMSO), dexamethasone, 100 nM dasatinib or both for 24 h. Total Lck and phospho-Lck (Y394) were measured by
western blotting (note that the antibody used to detect phospho-Lck may also crossreact with phospho-Lyn). b-Actin was used as a loading control. (c) PBLs from CLL2 were
treated with vehicle or dexamethasone (10�6 M) for 3, 6, and 24 h and GR-responsive protein Txnip was measured by western blotting to control for glucocorticoid uptake and
GR functionality. (d) CLL cells and PBLs from a patient with leukemic mantle cell lymphoma were incubated in media containing vehicles (0.1% ethanol and 0.01% DMSO),
dexamethasone, 100 nM dasatinib, or both for 24 h. Values represent the mean from treated and control samples. Statistical significance was determined by Student’s t-test.
(e) PBLs from CLL14 were treated as in d with 10�6 M dexamethasone for 72 h. (f) MEC1 cells were treated as in d for 24 h. (g) PBLs from CLL6 were treated as in d with 10�6

M dexamethasone for 24 h. Apoptosis was determined by flow cytometric analysis of Annexin V and propidium iodide-stained cells. Control experiments are represented in
blue dots. Experimental treatments are overlaid in red dots. (h) PBLs from CLL23 were treated with 10�6 M dexamethasone and 10mM PP2 for 72 h. (i) PBLs from CLL5 were
treated with vehicles (0.1% ethanol and 0.005% DMSO), 10�6 M dexamethasone, 50 nM BIBF 1120, or both for 24 h. Cells were also treated with 0.1% ethanol or 10�6 M
dexamethasone in the presence of either nonphosphorylated (control) EGQYEEIP or phosphorylated EGQY*EEIP H2O soluble peptides (200 nM) for 24 h. Cell death was
measured in triplicate by trypan blue dye exclusion. (e) Data are representative of multiple independent experiments. Error bars represent the S.E.M.
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To control for potentially nonspecific effects of dasatinib, we
also treated CLL cells with a combination of dexamethasone
and the Src inhibitor PP2, as well as the phosphopeptide
EGQY*EEIP, where the asterisk denotes a phosphorylated
tyrosine residue (Figure 8h and i). This peptide, derived
from hamster polyoma middle T antigen, binds to Lck at a
high affinity relative to other Src proteins.37,38 Because the
SH2 domain of Lck is required for TCR signaling,39,40 these
peptides inhibit Lck by blocking SH2-mediated ligand inter-
actions. PP2 and the Y*EEI peptide had some degree of
activity as single agents, but both enhanced cell killing in
response to dexamethasone (Figure 8h and i). We also used
the compound BIBF 1120, which has approximately one order
of magnitude higher selectivity for Lck than other Src family
kinases.41 BIBF (50 nM) produced similar results, further
showing the importance for Lck inhibition (Figure 8i). Thus, we
conclude that inhibition of Lck significantly enhances sensi-
tivity to dexamethasone in a model of lymphoid malignancy
that is relatively insensitive to glucocorticoid treatment.

Discussion

Here, we report that Lck protects cells from glucocorticoid-
induced apoptosis. In glucocorticoid-sensitive T cells, Lck was
downregulated by dexamethasone to inhibit TCR activation
and signaling. Because TCR activation antagonizes gluco-
corticoid-induced apoptosis,9–12 we reasoned that the inhibi-
tion of Lck would confer sensitivity to dexamethasone. We
found that inhibition of Lck by RNA interference (RNAi) or by
the small-molecule inhibitor dasatinib enhanced glucocorti-
coid-induced apoptosis in lymphoid cells, and particularly in
primary CLL cells that were partially resistant to dexametha-
sone. CLL represents a clinically relevant model of lymphoid
malignancy because synthetic glucocorticoids, such as
prednisone and dexamethasone, are widely used in
combination with other chemotherapeutic agents for treating
aggressive or refractory CLL.

Previous studies have shown that glucocorticoids rapidly
inhibit Lck by a nongenomic mechanism involving inter-
actions between the ligand-bound GR and TCR signaling
complex.22,23 In addition, it has been shown that dexametha-
sone redistributes Lck out of lipid rafts after T-cell activation,
thereby attenuating its activity.19 Although these studies
unequivocally show that glucocorticoids inhibit Lck and other
Src family kinases by distinct mechanisms, this is the first
report providing evidence that Lck transcript and protein levels
are downregulated by dexamethasone in a GR-dependent
manner.

This finding was initially discovered from microarray
analysis of dexamethasone-treated cells. In primary thymo-
cytes, Lck was among a subset of genes that were down-
regulated by a signal Log2 ratio of 42.5 (that is, greater than
sixfold repression). In addition, we show that Lck expression
was downregulated at the protein level in mouse lymphoma
lines WEHI7.2 and S49A.2, primary thymocytes, and the
human T-ALL cell line CEMC7, which is also sensitive to
glucocorticoid-induced apoptosis.42 However, Lck transcript
levels were not reported to be differentially expressed in
primary ALL cells treated with prednisolone43 or after in vivo
treatment with glucocorticoid-based monotherapy.44 Yet,

a recent study by Mansha et al., found that the Src-like
adaptor protein (SLAP), a negative regulator of TCR signaling
with significant homology to Lck,45 was upregulated by dexa-
methasone exclusively in glucocorticoid-sensitive ALL cell
lines.46 Thus, SLAP may be upregulated in B- or T-ALL to
circumvent lymphocyte activation or Lck activity. Moreover,
it is likely that the regulation of Lck in lymphocytic leukemias
is heterogeneous. For example, in this report, we observed
that Lck expression was not downregulated by dexametha-
sone in CLL cells, but was modestly elevated.

Of particular interest were other genes that were down-
regulated by dexamethasone that are part of the TCR signal-
ing pathway. First, CD3e and CD3g polypeptides were both
downregulated in primary thymocytes. Although decreased
expression of CD3 may contribute to glucocorticoid-mediated
inhibition of TCR signaling, our RNAi experiments clearly
show that the downregulation of Lck alone is sufficient to
inhibit TCR-induced calcium oscillations. Second, MEK was
downregulated by dexamethasone at the transcript level.
Although we did not confirm whether glucocorticoids directly
affect MEK levels, this result may provide an additional
explanation for why dexamethasone and dasatinib have
synergistic activity, given that dasatinib effectively inhibits
MEK phosphorylation in T cells.33 Finally, we observed that
multiple proteins that make up the TCR signaling pathway
were downregulated by dexamethasone. In particular, Fyn
and ZAP-70 levels were decreased 24 h after glucocorticoid
treatment. Adaptor proteins LAT and SLP-76 were also
downregulated by dexamethasone, although this effect was
far more pronounced in the presence of dasatinib. These
observations further support the concept that glucocorticoids
strongly inhibit TCR signal transduction by negatively regulat-
ing multiple components of the pathway.

Our results suggest that the downregulation of Lck by
dexamethasone does not directly mediate glucocorticoid-
induced apoptosis in T cells. However, it is likely that the
downregulation of Lck by dexamethasone contributes to cell
death and apoptosis by blocking lymphocyte receptor signal-
ing. Because it has been previously shown that MEK and ERK
are both necessary and sufficient to inhibit glucocorticoid-
induced apoptosis in immature T cells,11 we anticipate that
Lck inhibition results in the loss of MEK and ERK activation,
thereby increasing glucocorticoid sensitivity. The direct
influence of MEK and ERK activation on glucocorticoid
sensitivity has been documented in other studies,12,47 and
supported in part by our result that MEK1/2 phosphorylation is
virtually nondetectable in the presence of dexamethasone
and dasatinib.

Although dasatinib as a single agent had some cytotoxic
effect in CLL cells, the degree of cell killing was variable
between patient samples and was relatively modest at a
concentration of 100 nM. A recent study showed that the IC50

of dasatinib in 18 CLL samples ranged from 0.78 to 53.3mM.48

Although CLL cells are relatively insensitive to dasatinib
alone, it is likely that Lck may contribute, in part, to their
survival. For example, CLL cells are partially characterized by
increased BCR signaling events,35,36 including elevated
levels of phosphotyrosine and cytosolic calcium, which are
thought to facilitate cell survival.49,50 These events correlate
with aberrant expression of Lck29 and constitutive expression
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of its B-cell homolog Lyn,36 both of which regulate BCR
activity. Moreover, our results suggest that other Lck inhibitors
(for example, PP2, Y*EEI peptide, and BIBF 1120) also have
some degree of cytotoxic activity and all three molecules
synergize with dexamethasone. The peptide sequence
EGQY*EEIP was specifically designed to bind the SH2
domain of Lck37,38 and derivatives of these peptides have
previously been shown to inhibit cell proliferation in 293T
cells.51 BIBF 1120 specifically implicates the involvement of
Lck because it is B10-fold more selective for Lck than other
Src kinases.41

The most profound cytotoxic responses in CLL cells were
observed when dasatinib and dexamethasone were used
in combination. Importantly, although glucocorticoids are
commonly used to treat lymphoid malignancy, complete
responses in CLL lag behind that of ALL and multiple
myeloma.1,34,52,53 CLL cells were relatively insensitive to
dexamethasone when treated ex vivo, and their degree of
resistance was positively correlated with Lck expression.
In addition, CLL cells were resistant to dexamethasone-
mediated downregulation of Lck, which was not due to defects
in glucocorticoid uptake or aberrations in the GR. Thus, even
in the presence of dexamethasone, total and phosphorylated
Lck were elevated. Thus, we argue that the high level of Lck
in CLL contributes to glucocorticoid resistance in these cells,
as Src kinase inhibitors sensitize them to dexamethasone.

Collectively, our data indicate that Lck functions to anta-
gonize glucocorticoid-induced apoptosis. Because inhibition
of Lck sensitizes cells to the cytotoxic effects of dexametha-
sone, small-molecule inhibitors of Lck should be considered
for treating glucocorticoid-resistant malignancies.

Materials and Methods
Reagents and antibodies. Dexamethasone and RU486 (mifepristone) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Dasatinib (BMS-354825,
Sprycel) was purchased from LC laboratories (Woburn, MA, USA). PP2 was
purchased from Calbiochem (EMD Chemicals, Darmstadt, Germany). BIBF 1120
was purchased from Selleck Chemicals (Houston, TX, USA). Peptides were
synthesized by Genscript (Piscataway, NJ, USA) and were 495% pure, as
assessed by HPLC and mass spectrometry.

The following primary antibodies were used in this study: Fyn (FYN3), Lck (3A5),
and Lyn (44) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); Phospho-Lck
Y394 (Src Y416, 2101), Phospho-Lck Y505 (2751), ZAP-70 (D1C10E XP), SLP-76
(4958), LAT (9166), Phospho-MEK1/2 S217/S221 (41G9), and Phospho-ERK1/2
T202/Y204 (D13.14.4E), (Cell Signaling Technology, Danvers, MA, USA); anti-
mouse CD3e (145–2C11) (BD Biosciences, San Jose, CA, USA); Txnip (VDUP-1
C-term) (Invitrogen, Carlsbad, CA, USA); b-actin (AC-15) (Sigma-Aldrich).

Cell culture. WEHI7.2 cells were cultured in DMEM supplemented with 10%
fetal calf serum, L-glutamine (2 mM), and nonessential amino acids (100mM).
MEC1 cells were cultured in IMDM supplemented with 10% fetal bovine serum,
L-glutamine (2 mM), and nonessential amino acids (100mM). CEMC7 and Jurkat
cells were cultured in RPMI medium supplemented with 10% fetal bovine serum,
L-glutamine (2 mM), and nonessential amino acids (100mM).

Isolation of primary cells. Peripheral blood from patients diagnosed with
CLL, circulating marginal zone lymphoma, or mantle cell lymphoma (leukemic form)
was obtained in accordance with IRB-approved protocols (ICC2902/11–02–28)
from the Case Western Reserve University Cancer Center and the University
Hospitals of Cleveland Ireland Cancer Center. Mononuclear cells were separated by
ficoll-hypaque centrifugation, washed in PBS, and lysed for RNA or protein analysis
or cultured in RPMI medium supplemented with 10% fetal bovine serum,
L-glutamine (2 mM), and nonessential amino acids (100mM). The mean and median
WBC count for all leukemia/lymphoma samples (N¼ 14) was 124 000 and 40 000

cells per ml, respectively. Normal CD19þ B cells were pooled from three healthy
individuals between 26 and 32 years of age, in accordance with IRB-approval
(as above). Mononuclear cells were separated by ficoll-hypaque centrifugation, and
further isolation of B and T cells was achieved by magnetic separation using CD19
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). RNA from purified
normal B cells was purchased from Miltenyi Biotec.

Primary thymocytes were obtained from young adult B6 mice in accordance with
IACUC-approved protocol 2007–0049. Cells were filtered through a nylon mesh into
RPMI medium supplemented with 10% fetal bovine serum, L-glutamine (2 mM), and
nonessential amino acids (100mM).

Microarrray analysis. Complementary DNAs from vehicle- or dexa-
methasone-treated cells were transcribed into biotinylated cRNAs and hybridized
to Affymetrix GeneChips (Affymetrix, Santa Clara, CA, USA) as previously
described.31,32

RNA isolation, reverse transcription, and qPCR. Total RNA was
isolated by conventional phenol/chloroform methods using Trizol reagent
(Invitrogen). RNA was precipitated in isopropanol, washed in ethanol, and
dissolved in RNase-free water. All RNA samples were quantified by measuring
optical density at 260 and 280 nm. Total RNA was reverse transcribed using the
TaqMan Gold RT-PCR kit (Applied Biosystems, Foster City, CA, USA). cDNAs
generated from reverse transcription reactions were combined with PCR master mix
and TaqMan primers and probes (Applied Biosystems) specific for Fyn, Lck, Lyn, or
b-actin. All reactions were amplified in a 7500 fast real-time PCR thermal-cycler
(Applied Biosystems). Each sample was quantified by the relative quantification
(that is, 2�DDCt) method using b-actin as the reference gene.

Western blotting. Whole cell lysates were obtained by resuspending cell
pellets in cold SDS sample buffer. All samples were subjected to the Bradford assay
in which total protein was quantified by obtaining a standard curve using known
concentrations of bovine serum albumin. The absorbance of each lysate was
measured at 595 nm in triplicate. Equal concentrations of protein were then loaded
onto an SDS gel, transferred to a PVDF membrane, blocked in milk or bovine serum
albumin solution, incubated with primary and secondary antibodies, and visualized
by chemiluminescence. The appropriate bands were quantified by densitometry.
b-actin was used as a loading control.

Cell viability. Cell viability after drug treatments was assessed by trypan
blue dye exclusion and also by measuring mitochondrial integrity after incubation
with the MTT analog MTS (Promega, Madison, WI, USA). For the latter, equal
concentrations of cells were plated in triplicate and incubated with MTS reagent for
2–3 h. Absorbance was measured at 490 nm in a 96-well plate reader. The IC50 was
calculated by plotting the data as a logarithmic function of (x) when viability
was equal to 50%.

Apoptosis assays. Apoptosis was determined by measuring membrane
translocation of phosphatidylserine by Annexin V staining. Annexin V- and/or
propidium iodide-positive cells were assessed by flow cytometry using an EPICS
XL-MCL flow cytometer (Beckman Coulter, Pasadena, CA, USA). All flow cytometry
data were analyzed using FlowJo 8.8.4 for Macintosh (Treestar, Ashland, OR,
USA).

Caspase-3 activity was measured from nondenatured whole cell lysates
containing NaCl (150 mM), EDTA (10 mM), Chaps (1%), and protease and
phosphatase inhibitor cocktails. Protein (100 mg) was added to Caspase buffer
containing Tris-Cl (50 mM), KCl (100 mM), Sucrose (10%), Chaps (1%), and DTT
(5 mM). Fluorogenic Caspase-3 substrate (100mM) (Calbiochem, San Diego, CA,
USA) was added to the protein mixture and incubated for 1 h at 37 1C. Fluorescence
was measured in a 96-well plate reader.

Apoptotic nuclear morphology was assessed by staining cells with Hoechst
33342 (10mg/ml) for 15 min. Cells were visualized by epifluorescence microscopy
(Zeiss axiovert S100) using a � 40 fluorescent oil objective (Carl Zeiss AG,
Oberkochen, Germany) and excitation and emission wavelengths of 485 and
535 nm, respectively. Images were obtained using a charge-coupled device camera
(Hamamatsu Photonics, Shizuoka, Japan) and digitally converted by Simple PCI
software (Hamamatsu Photonics).

Single cell calcium measurements. Lymphocytes were weakly adhered
to poly-L-lysine-coated coverslips at concentrations ranging from 7.5� 105 cells per
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ml (WEHI7.2) to 2� 106 cells per ml (CLL). Once adhered, cells were loaded with
the ratiometric calcium dye fura-2AM for 45 min and de-esterified in calcium BSS
buffer (CaCl2, 1.5 mM) for 30 min. Cells were visualized using a � 20 fluorescent
objective and Zeiss axiovert S100 microscope (Carl Zeiss AG). Excitation
wavelengths were programmed to alternate at 340 and 380 nm at 1 s intervals
(for further details see Zhong et al.).54

RNA interference. pLKO.1 lentiviral shRNA vectors containing target
sequences for Lck (or Fyn) (Open Biosystems, Huntsville, AL, USA) were co-
transduced into 293 T cells along with pMD2G (env) and pR8.74 (gag and pol)
vectors to generate viral particles. Cell culture media were assessed for viral titers
24 and 48 h posttransduction. Viral particles obtained at 24 and 48 h were combined
and incubated with WEHI7.2 cells, with puromycin as a marker for selection.
WEHI7.2 cells were grown continuously in the presence of puromycin to generate
stable knockdown cells. For transient knockdown of Lck, 5� 107 cells were
resuspended in serum-free media and mixed with nontargeting control or
Lck-specific siRNA oligonucleotide SMARTpools (Dharmacon, Lafayette, CO,
USA) at a concentration of 1mM. Cells were electroporated with a single 140 V,
10 ms2 wave pulse in a 0.2 cm cuvette, transferred to fresh media containing serum,
and incubated for 24 h.

Statistical analysis. A Student’s t-test was used to assess statistical
differences between groups. A two-tailed P-value of o0.05 was the threshold
for significance. A Spearman’s rank correlation was used to determine statistical
dependence between Lck mRNA expression and dexamethasone sensitivity.
Statistical tests were performed using Microsoft Excel 2004 for Macintosh.
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