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We have previously identified the presence of Ras/
Raf-independent constitutive activation of extracellu-
lar signal-regulated kinase (ERK) in the hairy cells
(HCs) of hairy cell leukemia. The aim of the present
study was to characterize the signaling components
involved in this activation and their relationship to
the reported activation of Rac1. We found that both
Rac1 and ERK activation in HCs are downstream of
active Src and protein kinase C (PKC). Inhibition with
toxin B showed that Rac1 plays no role in ERK acti-
vation in HCs. However, toxin B inhibited p60src and
the Rac1-GEF Vav, demonstrating a positive feedback/
activation of p60src by Rac1. Treatment with specific
small interfering RNA for various PKC isoforms, or
with PKC isoform-specific inhibitors, demonstrated a
central role for PKC� in the constitutive activation of
Rac1 and ERK in HCs. PKC� and active ERK were
mutually associated and co-localized with mitochon-
dria in HCs. Furthermore, active PKC� was nitrated
on tyrosine, pointing to a reactive oxygen species-
dependent mechanism of activation. By being in-
volved in activation of ERK and Rac1, PKC� plays
roles in both the survival of HCs and in the cytoskel-
etal dynamics responsible for the distinctive mor-
phology and tissue homing of these cells. Our study
therefore describes novel aspects of signaling impor-
tant for the pathogenesis of hairy cell leukemia. (Am
J Pathol 2007, 170:745–754; DOI: 10.2353/ajpath.2007.060557)

Hairy cell leukemia (HCL) is unique among chronic B-cell
leukemias in that the malignant cells show particularly
pronounced features of activation.1 For example, the cor-
tical cytoskeleton of the malignant hairy cells (HCs) is
clearly in a state of active reorganization as indicated by
the distinctive membrane ruffling and microvilli formation

that gave the malignant cells their name.2 This cytoskel-
etal activity has been shown to involve phosphatidylino-
sitol 3-kinase-independent, Src-dependent activation of
the Rho GTPase Rac1.3

Recently, we have reported that HCs are characterized
by the presence of constitutively active extracellular sig-
nal-regulated kinase (ERK) and that this activation does
not depend on Ras3Raf interaction but rather on
MEK1/2 activation by a still unclear route.4 We also
showed that neither p38 MAP kinase nor c-Jun NH2-
terminal kinase are constitutively active in HCs. As re-
gards the mode of ERK activation in HCs, we demon-
strated that Src and a protein kinase C (PKC) are involved
in this process, since inhibitors of these kinases abol-
ished the constitutive ERK phosphorylation. However,
how the various signals identified in HCs are related to
each other, how they are initiated, and how they are
related to the activation of Rho GTPases remains unclear.
The aims of the present study were to explore further the
signals involved in the activation of both ERK and Rho
GTPases, define their mutual relationships, and establish
how different signals contribute to maintenance of the
activated phenotype of HCs.

Materials and Methods

Materials

Ro32-0432, safingol, Gö6976, PKC� peptide, SU6656,
and Clostridium difficile toxin B were from Calbiochem-
Novabiochem (Nottingham, UK). PP1 (4-amino-5-[4-
methylphenyl]-7-[t-butyl]pyrazolo[3,4-d]pyrimidine) was
from Alexis Corporation (Nottingham, UK). Cytochalasin
D, polyHEMA (poly[2-hydroxyethylmethacrylate]), myelin

Supported by grants from the Leukaemia Research Fund UK (to J.C.C.,
M.Z., and J.R.S.).

J.R.S. and A.S.K. contributed equally to this work.

Accepted for publication November 2, 2006.

Address reprint requests to Dr. Joseph R. Slupsky, Department of
Haematology, University of Liverpool, Third Floor Duncan Building,
Daulby St., Liverpool, UK L69 3GA. E-mail: jslupsky@liverpool.ac.uk.

The American Journal of Pathology, Vol. 170, No. 2, February 2007

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2007.060557

745



basic protein, phenylmethanesulfonyl fluoride (PMSF),
leupeptin, cell culture grade bovine serum albumin,
N-acetylcysteine, and ATP were from Sigma-Aldrich (Gill-
ingham, UK). Aprotinin was from Bayer (Newbury, UK).
Tissue culture media and Lymphoprep were from Gibco
(Invitrogen, Paisley, UK). Protein G-Sepharose was from
Zymed (Invitrogen). Reagents for protein determination
were from Bio-Rad Laboratories (Hemel Hempstead,
UK). Polyvinylidene difluoride (PVDF) (Immobilon-P)
membrane from Millipore (Hatters Lane, UK), glutathione-
Sepharose 4B beads, enhanced chemiluminescence re-
agent, [�-32P]ATP (3000 Ci/mmol), and Hyperfilm from
GE Health Care UK Ltd. (Chalfont St. Giles, UK) were also
used. All other reagents used were of analytical grade.
Small interfering RNA (siRNA) for PKC�, PKC�, and non-
specific siRNA were purchased from either Dharmacon
RNA Technologies (Perbio Science UK Ltd., Cramlington,
UK) or from Qiagen (Crawley, UK).

Antibodies

Mouse monoclonal antibodies (mAbs) against Cdc42,
p95Vav, phospho-ERK1/2, and rabbit polyclonal antibod-
ies against Lyn, PKC�, PKC�, MEK1/2, ERK1/2, and
p60src were from Santa Cruz Biotechnology (Insight Bio-
technology Ltd., Wembley, UK). Rabbit polyclonal anti-
bodies against phospho-p60src, phospho-MEK, and
phospho-Vav were from New England Biolabs (Hitchin,
UK). mAb 327 against p60src was a gift from Dr. S. Feller
(Cancer Research UK, Oxford, UK). mAbs against PKC
isoforms were from Transduction Laboratories (Cowley,
UK) and from Santa Cruz Biotechnology. Anti-�-actin
mAb was from Sigma-Aldrich. Monoclonal anti-phospho-
tyrosine (PY20 mAb), anti-nitrotyrosine, and anti-Rac1
antibodies were from Upstate Biotechnology (Lake
Placid, NY).

Patients, Cell Isolation, and Culture

Blood was obtained with informed consent and with the
approval of the Liverpool Research Ethics Committee. All
patients had typical HCL as determined by clinical pre-
sentation, morphology, tartrate-resistant acid phospha-
tase staining, and immunophenotype.5 B cells were iso-
lated from peripheral blood and cultured as described
previously.4 When inhibitors were used, control cells con-
tained the equivalent amounts of cell culture grade di-
methylsulfoxide (Sigma-Aldrich), the solvent used to dis-
solve all inhibitors, except toxin B, which was made up in
distilled water. All inhibitors were used at the concentra-
tions used in the reports referenced.

Cell Staining

Cell cytospins were stained with May-Grunwald-Giemsa
(Sigma-Aldrich) and analyzed by light microscopy.

Cell Lysates and Western Blotting

Preparation of cell lysates, sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), and Western

blotting were carried out as described previously.4 Inten-
sity of the bands was analyzed by densitometry.

Rac1 and Cdc42 Pulldown Assay

Pulldowns of GTP-Rac1 and -Cdc42 from HC lysates
were performed as described6,7 using a fusion protein
consisting of glutathione S-transferase coupled to the
Cdc42-/Rac1-binding domain (amino acids 59 to 272) of
p21-activated protein kinase. Proteins bound to this fu-
sion protein were isolated by affinity chromatography on
glutathione-Sepharose 4B and analyzed by Western
blotting.

Immunoprecipitation

Proteins were immunoprecipitated from HCs lysed with
either radioimmunoprecipitation assay (RIPA) buffer [1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 25
mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 25 mmol/L
sodium pyrophosphate, 50 mmol/L sodium glycerophos-
phate, 50 mmol/L NaF, 2 mmol/L ethylene glycol bis(�-
aminoethyl ether)-N,N,N�,N�-tetraacetic acid (EGTA), 2
mmol/L ethylenediamine tetraacetic acid (EDTA), 1
mmol/L Na3VO4, 10% glycerol, 1 �g/ml leupeptin, 1
�g/ml aprotinin, and 1 mmol/L PMSF] or NP-40 lysis
buffer (1% Nonidet P-40, 20 mmol/L Tris-HCl, pH 7.5, 150
mmol/L NaCl, 2 mmol/L EDTA, 1 mmol/L Na3VO4, 1 �g/ml
leupeptin, 1 �g/ml aprotinin, and 1 mmol/L PMSF) using
antibodies that had been preadsorbed to protein
G-Sepharose. The immunoprecipitates were washed
three times with lysis buffer before analysis by Western
blot or for further use in in vitro kinase assays.

In Vitro Kinase Assays

For immunoprecipitated PKC�, the protein G-Sepharose
beads were transferred into kinase buffer (25 mmol/L
HEPES, pH 7.5, 150 mmol/L NaCl, 25 mmol/L sodium
glycerophosphate, 20 mmol/L MgCl2, and 1 mmol/L di-
thiothreitol). The kinase reaction was initiated with the
addition of kinase buffer containing 10 �Ci of [�-32P]ATP
and 1 �g of myelin basic protein as exogenous substrate.
The kinase reaction was incubated for 30 minutes at 30°C
and terminated with the addition of SDS-PAGE buffer.
Proteins were separated by SDS-PAGE and transferred
to PVDF membranes for analysis by Western blot and
autoradiography.

Confocal Microscopy

HCs were prepared for confocal microscopy by centrifu-
gation onto glass slides. The HCs were then fixed with
methanol. In some experiments, MitoTracker Red was
used to stain mitochondria using the procedure provided
by the manufacturer (Cambrex Bio Science Wokingham,
Ltd., Wokingham, UK). Primary anti-PKC� and -ERK an-
tibodies were used at 1:10 dilution. Alexa-Fluor-488 and
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-555 second-layer antibodies (Invitrogen) were used at
1:50 dilution.

siRNA Knockdown of PKC� and � in CLL Cells

Cell transfection with siRNA reagents was mediated with
HiPerFect reagent (Qiagen) according to the manufac-
turer’s instructions. HCs (2 � 106) were subjected to
three “hits” of siRNA specific for PKC�, PKC�, or with
nonspecific control siRNA (100 pmol) using 48-hour in-
cubation time between each cycle of siRNA addition.
Throughout this procedure HC viability was assessed by
trypan blue exclusion, and in no case did cell viability
drop below 90%. HCs were harvested at the end of the
third cycle and subjected to SDS-PAGE and Western blot
analysis.

Subcellular Fractionation of HCs

HCs were suspended in lysis buffer B (250 mmol/L su-
crose, 5 mmol/L EDTA, 5 mmol/L EGTA, 10 mmol/L
HEPES, pH 7.4, plus 1 mmol/L phenylmethylsulfonyl flu-
oride, 10 �g/ml aprotinin, and 10 �g/ml pepstatin) on ice
and then lysed by passing the cells 15 times through a
25-gauge needle. The lysed cells were initially centri-
fuged at 750 � g for 10 minutes to sediment nuclei and
other cellular debris. The supernatant was taken and
centrifuged at 14,000 � g for 30 minutes to sediment the
heavy membrane fraction. The supernatant was further
centrifuged at 100,000 � g for 1.5 hours to separate the
light membranes (pellet) from the cytosol (supernatant).
Protein concentrations of each fraction were determined,
and equal amounts of protein from each fraction were
separated by SDS-PAGE and analyzed by Western blot.

Results

PKC Regulates Constitutive p60src Activity in
HCs

Src is constitutively active in HCs as revealed by phos-
phorylation at Tyr-416 demonstrated in both whole-cell
lysates (Figure 1A) and in immunoprecipitates with
p60src-specific mAb 327, an antibody that recognizes the
active form of this enzyme8 (not shown). Because PKC
activation induces disassembly of actin stress fibers and
appearance of membrane ruffles via a Src-dependent
pathway in other cells,9 it seemed important to examine
whether PKC plays any role in Src activation in HCs.
Thus, we treated HCs with Ro32-0432 and safingol, two
general PKC inhibitors acting by different mechanisms,
and showed that both inhibitors abrogated activation-
dependent Src phosphorylation (Figure 1A). Ro32-0432
and safingol also abolished ERK activation,4 indicating a
major role of PKC in the regulation of both Src and ERK
activities.

In HCs, Src and PKC Maintain Persistent
Activation of Rac1

Because the Src substrate Vav is one of the guanine
nucleotide exchange factors for Rac,10 we examined
whether Vav and Rac are included among signals down-
stream of PKC and Src. Figure 1B shows that Vav in HCs
is constitutively phosphorylated at Tyr-174, the site cru-
cial for Rac activation by Vav,11 and that this phosphor-
ylation was abolished in cells treated with the Src family
kinase inhibitors PP1 and SU6656 (Figure 1B), as well as
with PKC inhibitors either Ro32-0432 or safingol (Figure
1C). HC treatment with Gö6976, an inhibitor specific for
classical PKCs, had no effect on either in vitro PKC kinase
activity or Vav phosphorylation (not shown). Therefore,
either a novel or an atypical PKC upstream of p60src

regulates the activation of Vav in HCs.

Figure 1. PKC regulates p60src activity in HCs; active p60src and PKC are
required for tyrosine phosphorylation of Vav. Cells (107/ml) were incubated
for 60 minutes with dimethylsulfoxide (control) or with 10 �mol/L Ro32-
0432, safingol, PP1, or SU6656. A shows p60src in lysates of 106 cells Western
blotted for activation-dependent Tyr-416 phosphorylation (top panel). The
center and bottom panels show levels of p60src protein and �-actin as loading
controls. In B, p60src was inhibited by treatment of HCs with PP1 or SU6656
and in C, by safingol or Ro32-0432. Then proteins in cell lysates (106 cells)
were subjected to SDS-PAGE and immunoblotted with anti-phospho-Vav
antibody (Tyr-174). Total Vav and �-actin were used as loading controls.
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We then confirmed that both Rac1 and Cdc42 are
activated in HCs.3 This activation did not change in cells
cultured for 24 hours on a nonadherent surface in the
absence of serum (Figure 2A), indicating that it is truly
constitutive. Furthermore, both PP1 and Ro32-0432 abol-
ished GTP loading of Rac1 (Figure 2, B and C), confirm-
ing that Src and PKC are indeed responsible for the
activation of Rac1 in HCs.3 As expected, the Rho family
GTPase inhibitor toxin B abolished the constitutive acti-
vation of Rac1 (Figure 2D).

The importance of PKC, Src, and Rac in maintaining
HC phenotype was examined next. Figure 2E shows that
membrane ruffles and microvilli were lost and cells be-
came more rounded with a higher nuclear cytoplasmic
ratio when HCs were treated with Ro32-0432, PP1, or
toxin B.

Src activation is accompanied by its translocation from
the cytosol to the cell periphery, a process known to be
actin dependent12 and potentially important for Src as-
sociation with particular substrates. We therefore exam-
ined the importance of cytoskeletal integrity for Src-in-
duced activation of Vav and Rac1. The incubation of HCs
with the F-actin-disrupting agent cytochalasin D for up to

24 hours reduced the phosphorylation of Src and Vav but
had a less pronounced effect on MEK or ERK phosphor-
ylation (Figure 3A, left panels).

Collectively, these results indicate that Vav/Rac1 reg-
ulation depends on an active Src kinase and that cy-
toskeletal integrity is required for this regulation. We next
used toxin B to inhibit Rac1 to establish whether the
Rac3PAK3MEK3ERK pathway described in other
cells13,14 is operative in HCs.

Inhibition of Rac1 Does Not Affect the
MEK3ERK Pathway in HCs

The inhibition of Rac1 by toxin B had no effect on MEK
or ERK phosphorylation (Figure 3A, right panels) de-
spite pronounced inhibition of the phosphorylation of
p60src and Vav. This shows that ERK activation in HCs
does not involve the Rac3PAK3MEK pathway and

Figure 2. Rac1 and Cdc42 are constitutively active and control the morpho-
logical appearance of HCs. A–D: HCs (107 cells/ml) were cultured on poly-
HEMA-coated plates in the absence of serum and lysed at the indicated times.
A: Proteins isolated by Rac1-pulldown were immunoblotted with anti-Rac1
or anti-Cdc42 antibodies and compared with the total Rac1 or Cdc42 con-
tained in cell lysates. B: Rac1 pulldown of HCs treated with 10 �mol/L PP1
for 1 hour. C: Rac1 pulldown of HCs treated with 10 �mol/L Ro32-0432 for
1 hour. D: Rac1 pulldown of HCs treated with 20 ng/ml toxin B for 3 hours.
In B–D, similar results were obtained using cells of another HCL case. E:
Cytospins of control HCs or HCs treated for 3 hours with 20 ng/ml toxin B or
for 1 hour with 10 �mol/L Ro32-0432 or with 10 �mol/L PP1. HCs were
stained with May-Grunwald-Giemsa and examined with light microscopy.

Figure 3. The role of cytoskeleton in constitutive signaling in HCs. A: HCs
were treated with 10 �mol/L cytochalasin D (left panels) or 20 ng/ml toxin
B (right panels) for 1, 3, and 24 hours. These treatments did not affect HC
viability. Phosphorylated Src, Vav, MEK1/2, and ERK1/2 were detected in cell
lysates (106 cells) using antibodies against activated Src (Tyr-416), Vav
(Tyr-174), MEK (Ser-217/221), and ERK (Tyr-204). Similar results were ob-
tained with cells from two other HCL cases. B: Lyn was immunoprecipitated
from HC lysates and the immunoprecipitated protein was Western blotted for
phosphotyrosine and Lyn.
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depends on a PP1-sensitive Src family kinase4 other
than p60src, most likely p56lyn (Figure 3B). Because we
have already established that PKC is involved in the
activation of ERK in HCs (this study and Ref. 4), we
next used specific inhibitors to define which isoform(s)
are involved and the pathway by which ERK is acti-
vated downstream of PKC.

PKC� Is Involved in the Constitutive Activation
of ERK in HCs

Neither chelation of intracellular Ca2� (not shown) nor
inhibition of classical PKCs by treating HCs with Gö6976
or PKC� inhibitor peptide (Figure 4A) affected constitu-
tive activity of ERK. This indicates that classical PKC
isoforms (� and �), despite being activated,4,15 are not
involved in the constitutive activation of ERK in HCs.

Among the novel PKC isoforms, PKC� and � have been
implicated in ERK activation in other cell types.16–20 We
used siRNAs to knock down the expression of these two
isoforms. Figure 4B shows that the treatment of HCs with
siRNAs against PKC� and � reduced their respective
protein levels by around 80%. Knockdown of PKC� re-
duced phosphorylation of ERK, Vav, and Src (Figure 4B),
whereas knockdown of PKC� had no effect on the phos-
phorylation of these proteins.

In our initial studies (not shown), ERK activation was
also inhibited by rottlerin, an agent often used as a spe-
cific PKC� inhibitor. However, the mechanism of inhibition

was found to be an indirect consequence of the uncou-
pling of mitochondrial respiration from oxidative phos-
phorylation.21 This, together with the absence of an effect
of PKC� knockdown on ERK phosphorylation, makes it
highly unlikely that PKC� is involved in constitutive ERK
activation in HCs.

We next confirmed that PKC� is active in HCs. Figure
4, C and D, shows that significant kinase activity is im-
munoprecipitated from lysates of HCs using anti-PKC�
antibodies. Furthermore, Figure 4, C and D, also shows
that Ro32-0432 almost completely inhibited this immuno-
precipitated PKC� activity. Similar results were observed
in experiments using a second mAb that targeted a dif-
ferent epitope of PKC� (data not shown). Furthermore,
Western blot analysis of HC cytosolic, heavy membrane,
and light membrane subcellular fractions show that PKC�
is primarily localized in heavy membrane fractions and
not in HC cytosol (Figure 5A). Because membrane trans-
location is a paradigm of PKC activation,22,23 this further
supports our observation that PKC� is active in HCs.
Taken together, the above data demonstrate a role for
active PKC� in the constitutive activation of ERK in HCs.

PKC� Co-Associates with and Activates ERK at
the Mitochondrial Membrane

In other cell types, the cytoprotective effect of PKC� is
mediated by its co-localization at the mitochondrial mem-
brane with elements of the MAP kinase cascade.24,25 We
investigated PKC� localization in HCs by subcellular frac-
tionation. Figure 5A shows that PKC� was concentrated
in the heavy membrane fraction, known to contain mito-
chondria. Moreover, ERK in the heavy membrane fraction
was phosphorylated, although nonphosphorylated ERK
was present in all fractions (Figure 5A). Inhibition of PKC�
with Ro32-0432 abolished ERK phosphorylation in the
heavy membrane fraction without affecting its localization
there. These results strongly suggest that PKC� specifi-
cally co-associates with and activates ERK at the mito-
chondrial membrane. Indeed, confocal microscopy of
HCs shows that PKC� and ERK are co-localized and are
both associated with mitochondria (Figure 5B). Further-
more, ERK was detected in the immunoprecipitates of
PKC� from HC lysates, and PKC� was detected in the
immunoprecipitates of ERK from HC lysates (Figure 5C).

PKC� Is Nitrated on Tyrosine

PKC� belongs to the novel family of PKC proteins and as
such is activated by the presence of diacylglycerol.23

However, other factors such as NO-induced nitration of
tyrosine are also known to activate this PKC.26,27 Protein
nitration in cells is caused by high levels of NO and
reactive oxygen species (ROS).28 Peroxynitrite (ONOO�)
is a well-characterized nitrating species formed when NO
reacts with superoxide anion,26 known to be produced
during electron transport in the mitochondrial respiratory
chain and, in HCs, also by the plasma membrane-asso-
ciated NADPH oxidase NOX5.7 Because HCs express
high levels of catalytically active inducible nitric-oxide

Figure 4. The constitutive activation of ERK in HCs involves PKC�. A: Cell
lysates were analyzed for the presence of phosphorylated ERK in HCs treated
with 10 �mol/L PKC�-blocking peptide or with 100 nmol/L Gö6976 for 1
hour. This figure shows the results of one of three independent experiments
using the PKC�-blocking peptide and two of five independent experiments
using Gö6976. B: Lysates from HCs treated with control siRNA or with siRNA
specific for PKC� and PKC� were analyzed for the presence of phosphory-
lated Src, Vav, and ERK. Data in this figure represent one of three indepen-
dent experiments with similar results. C: Immune complex kinase assay of
PKC� immunoprecipitated from HC lysates performed in the presence or
absence of Ro32-0432. D: A summary of the results presented in C, repre-
senting the data generated using three different HC cases. Statistical analysis
was performed using a Student’s t-test.
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synthase (iNOS),29 and because they also contain high
amounts of NADPH oxidase-generated ROS,7 we inves-
tigated PKC� nitration in HCs. Experiments sequentially
using specific antibodies against nitro-tyrosine for immu-
noprecipitation and against PKC� for Western blotting
clearly showed that PKC� in HCs is nitrated on tyrosine
(Figure 6). Furthermore, when HCs were treated with
N-acetylcysteine (NAC) to reduce intracellular ROS, we
found that the amount of PKC� that could be immunopre-
cipitated with anti-nitrotyrosine mAbs was clearly re-
duced (Figure 6B). These results suggest that PKC� is
activated through a combination of NO generation and
ROS production.

We next investigated the role of ROS in PKC� activa-
tion. Figure 7A shows that PKC� activity was inhibited
when HCs were treated with NAC. Moreover, signals

downstream of PKC�, including phosphorylation of Src,
Vav, and ERK, and GTP loading of Rac1, were also
inhibited (Figure 7, B and C). Taken together, these re-
sults demonstrate that ROS are involved in PKC� activa-
tion in HCs. Our findings, summarized in Figure 8, sug-
gest a model where PKC� plays a central role
downstream of ROS in the two partially independent sig-
naling pathways responsible for the constitutive activa-
tion of HCs.

Discussion

Here, we describe the signaling components involved in
the previously reported PKC- and Src-dependent consti-
tutive activation of ERK and Rac1 in HCs.3,4 We demon-

Figure 5. PKC� co-localizes with ERK and p60src. A: HCs were fractionated into cytosolic, light membrane, heavy membrane (containing the mitochondria), and
nuclear cell compartments by differential centrifugation. Equal protein amounts (10 �g) were separated by SDS-PAGE, and Western blots were probed with the
indicated antibodies. Data in this figure represent one of three independent experiments with similar results. B: Confocal microscopy showing co-localization of
PKC� and ERK and their association with mitochondria in HCs. Insets are magnifications of representative cells in the merged images. These images are
representative of the malignant cells from two cases of HCL. C: Lysates of cells from two cases of HCL were immunoprecipitated with the indicated antibodies
or with protein G-Sepharose and analyzed by Western blot for the presence of PKC� and ERK. The immune complexes in lane HCL 1* were washed with RIPA
buffer before gel loading to disrupt the molecular association between PKC� and ERK. D: PKC� was isolated from cell lysates from two HC cases by
immunoprecipitation and analyzed by Western blot for PKC� and p60src. C and D are representative of at least two experiments using cells from different HCL
cases.
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strate that this constitutive activation of ERK and Rac1
involves two partially independent pathways that are
stimulated by active PKC�.

ERK activation in malignant cells has been described
previously and can originate from different sources. In
acute myeloid leukemia,30 this was attributed to a com-
bination of ERK overexpression and down-regulation of a
dual-specificity phosphatase, PAC1.31 ERK overexpres-
sion was also observed in human breast cancer,32

whereas in melanoma, activation of ERK was attributed to
Raf mutations and excessive cell stimulation by autocrine
growth factors.33 Site-directed mutagenesis34 suggests
that ERK mutation is another possible cause of its con-
stitutive activation.

We have previously demonstrated constitutive activa-
tion of ERK in HCs4 that could not be attributed to any of
the above mechanisms. Thus, ERK was not overex-
pressed, Raf kinase activity was either absent or low, and
Raf inhibitors did not affect ERK activation. Blocking au-
tocrine growth factors (basic fibroblast growth factor,
vascular endothelial growth factor, and tumor necrosis
factor-�) in HCs also did not have an effect (data not
shown). Moreover, ERK itself was not mutated because
its activity was completely abolished by upstream inhibi-
tion of MEK1/2. This effect of MEK inhibitors also ex-
cluded ERK activation by previously reported MEK-inde-
pendent pathways.35

The activation of MEK by PAK, an effector of Rac1 and
Cdc42,13,14 is another possible pathway of ERK activa-
tion in HCs, because these two GTPases are known to be
active in these cells.3 Here, we confirm the presence of
GTP-Rac1 in HCs and the involvement of p60src in its acti-
vation. Moreover, we show that the likely mechanism of
Rac1 activation by p60src involves phosphorylation/activa-
tion of Vav. However, Rac1 inhibition with toxin B had no

effect on the constitutive activities of either MEK or ERK.
Clearly, therefore, the Rac13PAK3MEK pathway is not
responsible for the constitutive activation of ERK in HCs.

Figure 6. PKC� is nitrated on tyrosine in HCs. HC lysates were immunopre-
cipitated with anti-nitrotyrosine antibodies, and Western blots were probed
with anti-PKC� antibodies. A: Western blots of immunoprecipitated proteins
from lysates of malignant cells from five cases of HCL. A whole-cell lysate was
also run together with the immunoprecipitates to show equal position of anti-
PKC�-reactive bands in both samples. B: Western blots of immunoprecipitated
proteins from lysates of HCs incubated overnight in the presence or absence of
25 mmol/L NAC. Cell viability was similar in treated and untreated cells.

Figure 7. NAC treatment inhibits PKC� and PKC�-dependent downstream
signals in HCs. HCs from two HCL cases were incubated in the presence or
absence of 25 mmol/L NAC for 1 hour. A: PKC� immunoprecipitated from
these lysates was subjected to in vitro kinase assay. B: Whole-cell lysates of
these HCs were also analyzed by Western blot for the presence of phosphor-
ylated Src, Vav, and ERK. C: Rac1 pulldown from HC lysates from these two
cases. The isolated proteins were immunoblotted with anti-Rac1 antibodies
and compared with the total Rac1 in the whole-cell lysates. The figure shows
that NAC inhibited PKC� activity as well as those of Src, Vav, ERK, and Rac1.
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To explore further the previously described involve-
ment of PKC in ERK activation,4 we first confirmed that
this activation is inhibited in cells treated with the general
PKC inhibitors safingol and Ro32-0432. However,
Gö6976 (an inhibitor of classical PKCs) had no such
effect, suggesting involvement of novel PKC isoforms in
the ERK activation. Specific knockdown of PKC� with
siRNA had no effect on ERK, Src, or Vav phosphorylation.
In contrast, siRNA-mediated knockdown of PKC� re-
sulted in a clear reduction in the activities of ERK, Src,
and Vav. When we combined PKC� and � siRNAs to
knock down both proteins, no additional effects were
observed, suggesting that PKC� had no role to play in the
activation pathways leading to active Rac and ERK.
When these experiments were repeated using different
PKC� and PKC� siRNA constructs, similar results were
observed, indicating that the reductions in phosphoryla-
tion of ERK, Src, and Vav were due to a reduction in PKC�

protein and not to off-target effects of the siRNA used.
Taken together, these results strongly implicate PKC� in
the activation of ERK and Rac in HCs.

Both PKC� and PKC� can be involved in ERK activa-
tion at several levels of the classical MAP kinase cas-
cade,16,17,36–38 including activation through a direct in-
teraction with MEK.20,37 Because we have previously
shown that Ras and Raf are not involved in the constitu-
tive ERK activation in HCs,4 we conclude that PKC� acts
at the level of MEK.

That PKC� is also involved in the activation of Rac1 in
HCs is suggested by the reduction of phosphorylation of
p60src and Vav and a reduction in GTP-Rac1 when cells
were treated with siRNA specific for PKC� or with Ro32-
0432. This finding in HCs is supported by observations in
endothelial cells, indicating that association of active
PKC� with Src in a functional signaling module results in
Src activation.39,40 Indeed, we could demonstrate co-
immunoprecipitation of PKC� and p60src from HC lysates
(Figure 5D). Active Rac1 also has a role to play, because
when we inhibited Rac1 with toxin B this also resulted in
the reduction of p60src and Vav phosphorylation. We
postulated that this dependence of Src and Vav phos-
phorylation on Rac1 might involve an effect of this
GTPase on the cytoskeleton. Rac1 regulates cytoskeletal
dynamics,41,42 and p60src is known to bind to certain
types of cytoskeletal structures.12 This binding, in turn,
could further promote Src activation or protect the kinase
from inhibitors. This proposition is supported by our dem-
onstration that actin depolymerization by cytochalasin D
led to a pronounced reduction in the phosphorylation of
both p60src and Vav.

Our previous work using PP1 demonstrated that not
only PKC but also Src kinases are involved in ERK acti-
vation. However, in contrast to PP1, toxin B did not affect
ERK activation despite strong inhibition of p60src. This
suggested the involvement of another PP1-sensitive Src
family kinase(s) in the ERK activation pathway. Our pre-
liminary experiments suggest the involvement of Lyn in
this pathway, because activation of this kinase was
strongly inhibited by PP1 but not toxin B (Figure 3B).

The central role of PKC� in the signaling pathways
leading to ERK and Rac left us with the question of what
activates this PKC isozyme. We show in immune complex
kinase assays that PKC� is indeed active in HCs. As a
novel PKC isoform, PKC� can be activated by diacylglyc-
erol23; however, other factors are known to influence its
activity.26,43 In the present study, we could not demon-
strate a constitutively active phospholipase C required for
diacylglycerol generation (not shown); therefore, we fo-
cused on tyrosine nitration as an alternative mechanism
of PKC� activation.26 This was an attractive proposition,
because our previous work demonstrated that HCs pro-
duce large amounts of ROS7 and because others have
shown that HCs express also high levels of active
iNOS.29 Both NADPH oxidase-generated superoxide an-
ion and NO together produce ONOO� as a major agent
responsible for the nitration of tyrosine residues in pro-
teins.28 Our demonstration that tyrosine nitrosylation and
kinase activity of PKC� are reduced when HCs are
treated with NAC shows that nitration of tyrosine residues

Figure 8. Proposed pathways of constitutive signaling in hairy cells. This
figure shows the schematic representation of the possible associations into
two parallel pathways of active signaling components detected in HCs. PKC�
plays a central role, controlling the activation of p60src, Rac1, and ERK. PKC�
is itself activated through nitration of tyrosine residues by the presence of
ROS and NO. ROS contribute to constitutive HC activation through potenti-
ation of protein tyrosine kinase signaling by inhibiting the tyrosine phospha-
tase SHP-1.
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is actively taking place in HCs and is likely to be the
source of PKC� activation in these cells. Moreover, sub-
cellular fractionation suggested that the process of nitra-
tion is taking place on mitochondria where ROS are prod-
ucts of oxidative phosphorylation associated with
mitochondrial respiration.

In our initial experiments, we had indication that PKC�
may also be involved in ERK activation in HCs. Although
we could not affect ERK activation by PKC� knockdown,
rottlerin (an inhibitor thought to be specific for this PKC
isoform) did inhibit ERK activation in HCs. However, be-
cause rottlerin is known to uncouple oxidative phosphor-
ylation from mitochondrial respiration,21 we believe that
the effect of this inhibitor was due to an interference with
the ROS production required for PKC� nitrosylation on the
mitochondrial membrane rather than to the inhibition of
PKC�.

Apart from mitochondrial respiration, ROS production
in HCs involves also the newly described presence of
NOX5 in the plasma membrane of these cells.7 In the
presence of previously described high levels of intracel-
lular Ca2�,44 this oxidase produces the bulk of ROS
found in HCs leading to pronounced inhibition of the
protein tyrosine phosphatase SHP-1.7 The resulting po-
tentiation of protein tyrosine kinase-dependent signals4

contributes to the persistent activation state of HCs.
In conclusion, the present study demonstrates a cen-

tral role of PKC� in the constitutive activation of ERK and
Rac1 in HCs. PKC� is activated by high levels of the ROS
and NO produced in these cells. NOX5-generated ROS
also potentiate and maintain Src family kinase-dependent
signals by inhibiting SHP-1. PKC� can bind and directly
activate p60src40 and also maintain p60src activity
through a Rac1-dependent feedback mechanism involv-
ing p60src interaction with cytoskeleton.12 Another Src
family kinase, most likely p56lyn, appears to be involved
at some stage in the process of PKC�-dependent ERK
activation. Taken together, our data support a model of
coordinated constitutive activation of Rac and ERK in
HCs (Figure 8). This activation could explain both the
unique morphology and the previously reported pro-
longed survival of HCs, and strongly implicates activation
of PKC� and Src family kinases in the malignant transfor-
mation of these cells.
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