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Characterization of Signal Transduction Pathwaysin Human Bone Marrow
Endothelial Cells

By Zhong-Ying Liu, Ramesh K. Ganju, Jian-Feng Wang, Karin Schweitzer, Babette Weksler, Shalom Avraham,
and Jerome E. Groopman

Human bone marrow endothelial cells immortalized with
the T antigen of SV40 (TrHBMEC) have previously been char-
acterized by us with regard to their properties that are simi-
lar to primary marrow endothelial cells and their utility as
a model system. We now report that TrTHBMEC express a
recently discovered signal transduction molecule termed
RAFTK (related adhesion focal tyrosine kinase), also called
Pyk2 or CAK-B. RAFTK, the second member of the focal ad-
hesion kinase (FAK) family, is known to be activated in re-
sponse to calcium flux in neuronal cells and integrin stimula-
tion in megakaryocytes and B cells. We have studied the
effects of cytokines on RAFTK activation in TrHBMEC. Treat-
ment of TrTHBMEC with the vascular endothelial growth fac-
tor (VEGF), as well as the VEGF-related protein (VRP), the
recently identified ligand for the FLT-4 receptor, resulted in

ONE MARROW endothelia cells are an important
component of the stromal compartment that supports
hematopoiesis. It has recently been possible to isolate and
immortalize in vitro human bone marrow endothelial cells,
thereby allowing for in vitro studies of cell function that
previously were not feasible in these cells.® We have de-
rived such a permanent bone marrow endothelial cell line
termed TrHBMEC from an adult female donor’s cells by
transfection with the SV40 T antigen under the control of a
truncated vimentin promoter.*®* TrTHBMEC manifest normal
characteristics of the cell of origin, including expression of
von Willebrand factor, P-selectin, CD31, CD34, CD44, very
late antigen-5 (VLA-5), and intercellular adhesion molecule-
2 (ICAM-2).* These cells respond to, but do not require,
endothelial cell growth factors for proliferation and they also
maintain contact inhibition in culture. After treatment with
stimulatory cytokines, TrTHBMEC increase surface expres-
sion of E-selectin, vascular cell adhesion molecule-1
(VCAM-1), and ICAM-1 in amanner similar to normal bone
marrow endothelium and support adhesion of hematopoietic
precursors. TTHBMEC therefore provide a useful model to
study functions of marrow endothelium.

Although considerable data have been generated on signal
transduction in other types of endothelium, particularly that
derived from the umbilical vein,®® thereis little information
on signal transduction pathways in bone marrow endothelia
cells. Defining such pathways may provide insights into the
mechanisms by which specific cytokines, elaborated by
neighboring cells within the marrow microenvironment,
modulate bone marrow endothelial growth and function. To
that end, we have characterized TrTHBMEC for expression
of severa known and novel growth factor receptors and
intracellular signaling molecules. We observed that
TrHBMEC express both the FLK-1 receptor for the vascular
endothelial growth factor (VEGF)*** as well as the FLT-4
receptor for the recently identified member of the VEGF
family termed VEGF-related protein (VRP)."2™ In addition,
TrHBMEC express a newly identified signaling molecule
termed related adhesion focal tyrosine kinase (RAFTK),*
also known as Pyk2" or CAK-3.%8
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enhanced tyrosine phosphorylation of RAFTK. Similar
changes in RAFTK phosphorylation were observed upon
stimulation of TrHBMEC with basic fibroblast growth factor
(bFGF) or oncostatin M (OSM). Stimulation of these cells
with growth factors also resulted in an increase in RAFTK
activity and the c-Jun NH,-terminal kinase (JNK). RAFTK
coimmunoprecipitated with the cytoskeletal protein paxillin
through its C-terminal proline-rich domain in TrHBMEC.
These results suggest that, in marrow endothelium, activa-
tion of RAFTK by VEGF, VRP, OSM, and bFGF represents a
new element in the signal transduction pathways used by
these growth factors and likely acts to coordinate signaling
from their surface receptors to the cytoskeleton, thereby
modulating cell growth and function.

© 1997 by The American Society of Hematology.

RAFTK is a member of the focal adhesion kinase (FAK)
family and has a deduced amino acid structure quite similar
to FAK.??° RAFTK/Pyk2 has previously been reported to
be expressed in brain and hematopoietic cells and appears
to link calcium-, integrin-, and cytokine-mediated signaling
pathways to the cytoskeleton.’®®#* Recent studies indicate
that the c-Jun NH,-terminal kinase (INK), also known as
stress-activated protein kinase (SAPK), is involved in the
downstream signaling events of RAFTK/Pyk2 activation in
neuronal cells.?®> The JNK kinases participate in cellular pro-
liferation viathe modulation of transcriptional activation fac-
tors such as AP-1.2% After the treatment of TTHBMEC with
avariety of cytokines, we observed enhanced phosphoryla-
tion and activation of RAFTK and its association with the
cytoskeletal protein paxillin. This association of RAFTK
with paxillin appears to be mediated via the carboxyl domain
of the kinase. Furthermore, treatment of TTHBMEC with
VEGF, VRP, or oncostatin M (OSM) increased JNK activity
in TTHBMEC.

These observations suggest that several cytokines believed
to modulate the growth and function of bone marrow endo-
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thelium use the recently identified RAFTK signaling mole-
culeto transduce signal s to the cytoskel eton and downstream
to JNK.

MATERIALS AND METHODS

Cellsand cell culture. TrHBMEC were derived from bone mar-
row aspirates and prepared as previously described.?* Cells were
grown on gelatin-coated plasticware in Dulbecco’s modified Eagle’s
medium (DMEM) with 5% fetal calf serum (FCS), 1% glucose, 3
mmol/L glutamine, 10 mmol/L HEPES, vitamins, 50 ug/mL penicil-
lin, and 50 pug/mL streptomycin. Cultures were grown until near
confluence before the different treatments in the signaling studies
described below. Normal human umbilical vein endothelial cells
(HUVEC) carried in endothelia cell growth medium (EGM;
Clonetics Corp, San Diego, CA) were used as a positive control for
FLK-1 expression. Human erythroleukemia cells (HEL-JW) grown
in RPM1-1640 with 10% FCS, 50 pg/mL penicillin, and 50 pg/mL
streptomycin were used as a positive control for FLT-4 expression.?”

Reagents and antibodies. RAFTK antibodies were generated us-
ing glutathione S-transferase (GST)-fusion proteins to the various
domains of the molecule and by immunizing New Zealand rabbits
as previously described.?* Using an enzyme-linked immunosorbent
assay (ELISA), sera were screened for specific binding to the
RAFTK protein. Serum R-4250 was chosen for further studies based
on its titer in the ELISA. This antiserum did not cross-react with
FAK and was specific for RAFTK. Antibodies to the VEGF receptor
FLK-1, the FLT-4 receptor, paxillin, and INK and to the recombinant
GST-c-Jun amino terminal protein (1-79 amino acids) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-
phosphotyrosine antibody (4G10) was obtained from Upstate Bio-
technology, Inc (Lake Placid, NY). Electrophoresis reagents were
obtained from Bio-Rad Laboratories (Hercules, CA). Phorbol 12-
myristate 13-acetate (PMA); the protease inhibitors|eupeptin, aproti-
nin, and a1 anti-trypsin; and al other reagents were obtained from
Sigma Chemical Co (St Louis, MO). The recombinant cytokines
basic fibroblast growth factor (bFGF) and OSM were obtained from
R&D Systems (Minneapolis, MN). Recombinant VRP, the ligand
for the FLT-4 receptor, was expressed and purified from a glioblas-
toma cell line as previously reported.* Recombinant VEGF was
obtained from Genentech, Inc (South San Francisco, CA). Recombi-
nant OSM was obtained from the AIDS Reagent Bank (Bethesda,
MD).

Indirect immunofluorescence.  TrHBMEC were cultured on
Chamber Slides (LabTek, Naperville, IL) to 90% confluency and
then washed twice with ice-cold phosphate-buffered saline (PBS)
and fixed for 30 minutes in 4% paraformaldehyde. Cells were next
washed 3x with ice-cold PBS and blocked for nonspecific staining
using 10% FCS in PBS for 30 minutes on ice. FLT-4 and FLK-1
expression were determined using purified antiserum at a 1:100 dilu-
tion for 1 hour on ice. Normal rabbit serum (NRS) was used as a
control for nonspecific staining. After washing cells 3x with PBS,
cells were stained with secondary antibody conjugated to fluorescein
isothiocyanate (FITC; Boehringer Mannheim, Indianapoalis, IN) at a
1:500 dilution for 1 hour on ice. After washing 3x with PBS, pro-
teins were visualized and photographed using an inverted fluores-
cence microscope.

Simulation of cells.  TrHBMEC grown to 80% confluency were
serum-starved for 16 to 18 hours and washed twice with Hank’s
balanced salt solution (GIBCO BRL, Gaithersburg, MD) before
PMA or cytokine treatments. TTHBMEC werefirst treated with PMA
to assess the effects of this chemical stimulus known to phosphory-
late RAFTK in other cell systems. After atime course of stimulation
with PMA was established, the effects of the various cytokines were
studied. We treated cells with 100 ng/mL of VEGF, bFGF, and
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VRP, adding 10 IU/mL of heparin in each case. Treatment with 100
ng/mL OSM was performed in the absence of heparin. Cytokines
were added to cultures singly for different time periods. Controls
included media with or without 10 IU/mL heparin in the absence of
cytokines. After stimulation, the plates were washed and cell lysates
were prepared by adding 500 uL modified RIPA buffer (50 mmol/
L TrissHCI, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150
mmol/L NaCl; 1 mmol/L phenylmethyl sulfonyl fluoride [PMSF];
10 mg/mL of aprotinin, leupeptin, and pepstatin; 10 mmol/L sodium
vanadate; 10 mmol/L sodium fluoride; and 10 mmol/L sodium pyro-
phosphate) to each dish at various time points. Total cell lysates
(TCL) were clarified by centrifugation at 10,000g for 10 minutes.
Protein concentrations were determined by protein assay (Bio-Rad
Laboratories).

Immunoprecipitation and Western blot analysis.  For the immu-
noprecipitation studies, identical amounts of protein from each sam-
ple were clarified by incubation with protein A-Sepharose CL-4B
(Pharmacia Biotech, Piscataway, NJ) for 1 hour at 4°C. After the
removal of the protein A-Sepharose by brief centrifugation, the sam-
ples were incubated with different primary antibodies as detailed
below for each experiment for 4 hours or overnight at 4°C. The
immunoprecipitations of the antibody-antigen complexes were per-
formed by incubation for 2 hours at 4°C with 75 uL of protein
A-Sepharose (10% suspension). Nonspecific bound proteins were
removed by washing the Sepharose beads 3x with the modified
RIPA buffer and 1x with PBS. Bound proteins were solubilized in
40 pL of 2x Laemmli buffer and further analyzed by immunoblot-
ting. Equal amounts of protein were prepared and samples were
separated on 7.5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% nonfat milk protein
and probed with primary antibody for 2 hours at room temperature
(RT) or 4°C overnight. Immunoreactive bands were visualized using
horseradish peroxidase-conjugated secondary antibody and the en-
hanced chemiluminescent system (Amersham Corp, Arlington
Heights, IL).

In vitro GST-fusion protein RAFTK C-terminal association assay.
The GST fusion protein of the RAFTK C-terminal domain (amino
acids 681 through 1,009) was amplified using the polymerase chain
reaction technique and cloned into the pGEX-2T expression vector
(Pharmacia Biotech, Inc) as previously described. The GST-fusion
protein was produced by 1 mmol/L isopropyl S-thiogalactopyrano-
side induction and purified by affinity chromatography on a glutathi-
one-sepharose column according to the manufacturer’ srecommenda-
tions (Pharmacia Biotech).

For the in vitro association experiments, TCL (1 mg) of the stimu-
lated TTHBMEC were mixed with 5 mg of the purified GST-fusion
protein of the RAFTK C-terminal domain and incubated for 1 hour
a 4°C on a rotatory shaker. Fifty microliters of the glutathione
sepharose 4B beads (Pharmacia Biotech) was added to preabsorb
the complex. After incubation for 3 hours at 4°C on arotatory shaker,
the beads were centrifuged and washed 3x with the modified RIPA
buffer. The bound proteinswere eluted by boiling in Laemmli sample
buffer and subjected to SDS-PAGE on a 7.5% gel and to Western
blot analysis.

JINK kinase assay. Cell lysates were immunoprecipitated with
JINK antibody (Santa Cruz Biotechnology). The immune complexes
were washed twice with RIPA buffer and once in kinase buffer (50
mmol/L HEPES, pH 7.4, 10 mmol/L MgCl,, 100 mmol/L ATP). The
complex was then incubated in kinase buffer containing recombinant
GST ¢-Jun 0.2 pg/uL (1-79 amino acids; Santa Cruz Biotechnology)
and 5 uCi y*P-ATP for 30 minutes a RT. The reaction was termi-
nated by adding 2x SDS sample buffer and boiling the sample for
5 minutes at 100°C. Proteins were separated on 12% SDS-PAGE
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Fig1. Immunofluorescence staining of FLT-4 and FLK-1 in TrHBMEC. TrHBMEC were cultured in chamber slides and fixed with 4% paraformal-
dehyde. After blocking, the cells were immunostained with antibodies to FLT-4 (A) or FLK-1 (B), followed by secondary antibodies conjugated
with FITC. Normal rabbit IgG was used as a negative control (C). HUVEC were used as a positive control for FLK-1 expression (data not shown).

and detected by autoradiography. Rabbit 1gG was used as a negative
control.

Invitrokinaseassay. Cell lysates were immunoprecipitated with
RAFTK antiserum. The immunoprecipitated complexes were
washed twice with RIPA buffer and once in kinase buffer (20
mmol/L HEPES, pH 7.4, 50 mmol/L NaCl, 5 mmol/L MgCl,, 5
mmol/L MnCl,, and 100 mmol/L NaVO,). The immune complex
was incubated in kinase buffer containing 25 ug of poly ([Glu:Tyr]
[4:1], 20to 50 kD; Sigma) and 5 Ci y**P-ATP at RT for 30 minutes.
The reaction was stopped by adding 2x SDS sample buffer and
boiling the sample for 5 minutes at 100°C. Proteins were then sepa-
rated on 7.5% SDS-PAGE and detected by autoradiography. Normal
rabbit serum was used as a negative control.

RESULTS

TrHBMEC express FLK-1 and FLT-4 receptors. To
characterize the effects of different growth factors on signal
transduction pathways in TrHBMEC, we first examined
these cells for the expression of different VEGF-type recep-
tors. We focused on the recently identified FLT-4 receptor,
which has been reported to be predominantly expressed in
lymphatic endothelium, as well as the more ubiquitous
VEGEF receptor FLK-1. Using indirect immunofluorescence,
we observed expression of both the FLK-1 and FLT-4 recep-
tors (Fig 1).

These observations were confirmed by immunoprecipita-
tion studies using specific antibodies to each of these recep-
tors (Fig 2A and B). Human umbilical vein endothelial cells
(HUVEC) were used as a positive control for FLK-1 expres-
sion. HEL cells were used as a positive control for FLT-4
expression.?” NRS and second antibody alone were used as
negative controls.

RAFTK is expressed in TTHBMEC and phosphorylated
upon cytokine treatment.  We further characterized TTHBMEC
for expression of the novel signa transduction molecule
RAFTK. Thisrecently identified member of the FAK family
is activated in brain and hematopoietic cells and appears to
link receptor-mediated signals to the cytoskeleton and JNK

signaling pathways.’6"2+228  As shown in Fig 2C,
TrHBMEC expressed significant amounts of RAFTK protein
as detected by immunoprecipitation and immunoblotting.
CMK cells were used as a positive control .

The chemical inducer PMA resultsin the phosphorylation
of RAFTK in human megakaryocytic cells.® Having ob-
served that RAFTK is expressed in TrTHBMEC, we studied
whether treatment of these cells with PMA resulted in the
phosphorylation of this novel kinase. As shown in Fig 3,
there was a time-dependent phosphorylation of RAFTK in
response to PMA.

This result prompted us to examine whether treatment of
TrHBMEC with cytokines previously reported to modulate
endothelial cell growth and function might result in the tyro-
sine phosphorylation of RAFTK. TrHBMEC were treated
with VEGF, VRP, OSM, or bFGF for the time periods shown
in Fig 4A through D. Each of these cytokines resulted in the
phosphorylation of RAFTK. As seen in Fig 4A through D,
the observed changes in RAFTK phosphorylation occurred
without altering RAFTK proteinlevels. Aswe have observed
in other studies, RAFTK was detected as a single or double
band depending on the resolution of the gels.

RAFTK activation and its association with the cytoskel etal
protein paxillin in TrTHBMEC after cytokine treatment.
After observing expression of RAFTK in TrHBMEC and
its phosphorylation upon various cytokine treatments, we
inquired whether the kinase was activated in addition to
being phosphorylated. To that end, we performed an in vitro
kinase assay as described in the Materials and Methods.
The kinase activity of RAFTK moderately increased after
cytokine treatment (data not shown).

Because RAFTK has previoudly been reported to coordi-
nate signals between various receptors and cytoskeletal ele-
ments such as vinculin or paxillin,?**% we addressed
whether this function was also mediated in TTHBMEC. We
therefore performed an immunoprecipitation with RAFTK
followed by immunoblotting with anti-paxillin antibodies
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Fig2. Expression of FLT-4 and FLK-1 in TrHBMEC.
C. i) @) TCL (1 mg) from TrHBMEC were immunoprecipitated
o) = with the anti-FLK-1 antibody or FLT-4 antibody. Im-
S) E munoprecipitates were size-fractionated on 7.5%
o (75} g SDS-PAGE, transferred onto a nitrocellulose mem-
2 % [ MW brane, and then immunoblotted with FLK-1 or FLT-
9 = 4 antibodies. For FLK-1 expression, positive controls
‘ . 120 consisted of the same amounts of TCL from HUVEC.
— For FLT-4 expression, HEL-JW cells were used as a
IP: RAFTK positive control. Normal rabbit serum and antibody
WB: RAFTK alone were used as negative controls.

and found an association of these two molecules that was
enhanced after treatment with VEGF, bFGF (Fig 5A), or
OSM (data not shown). To map the region of RAFTK that
associates with paxillin, we immunoprecipitated the lysates
with the C-terminal domain of the RAFTK GST-fusion pro-
tein and then immunoblotted with anti-paxillin antibodies.
Asshown in Fig 5B, paxillin did associate with the C-termi-
nus of RAFTK, and this association increased after treatment
of endothelial cells with OSM.

Activation of the INK pathway in TTHBMEC after cyto-
kine treatment. JNK is an important member of the mito-

PMA
0! 5 10’I MW

... - 120

IP: RAFTK
WB: 4G10

Stim.
Time

Control

Slamas . 120

IP: RAFTK
WB: RAFTK

Fig 3. Tyrosine phosphorylation of RAFTK in TrHBMEC by PMA
stimulation. Serum-starved TrHBMEC were treated with 20 nmol/L
of PMA for 5 or 10 minutes. TCL from treated and untreated cells
were immunoprecipitated with the anti-RAFTK antibody. Immuno-
precipitates were size-fractionated on 7.5% SDS-PAGE and subjected
to serial immunoblotting with antiphosphotyrosine antibody 4G10
(top panel) and anti-RAFTK (bottom panel). NRS was used as a nega-
tive control. There was a 200% estimated increase in phosphorylation
after PMA treatment.

gen-activated protein kinase (MAPK) family, which acts to
facilitate transcriptional activation through elements such as
AP-1.%2 Recently, RAFTK/Pyk2 has been shown to interact
with INK as a downstream molecule®® We examined
whether cytokine treatment, which activated RAFTK in
TrHBMEC, was also able to activate the INK pathway. As
shown in Fig 6, treatment of TTHBMEC with VEGF, VRP,
or OSM resulted in the activation of JNK as determined by
the phosphorylation of GST-c-Jun (amino acids 1-79).

DISCUSSION

Although the bone marrow endothelium has long been
recognized to be an important element within the stroma by
providing structure as well as growth factors for developing
hematopoietic cells, relatively little information is available
regarding its signa transduction pathways. We therefore
sought to characterize such signaling pathways with particu-
lar emphasis on cytokines that have previously been reported
to modulate endothelium in terms of cell growth and func-
tion.5°3t

The FLT-4 receptor has recently been identified asamem-
ber of the protein kinase family and is known to be expressed
in normal proliferating lymphatic endothelium.** The ligand
for the FLT-4 receptor, termed VRP or VEGF-C, was re-
cently discovered.’*** We examined TrHBMEC for expres-
sion of the FLK-1 receptor for VEGF and the FL T-4 receptor
for VRP. We found both receptors expressed on these cells
and proceeded to characterize some of the signaling path-
waysinduced after treatment with these ligands. We focused
on the recently identified RAFTK molecule because of the
accruing information on its multifaceted functions in coordi-
nating integrin and cytokine-mediated surface signals with
downstream regulators of cell growth, 61721222830

We observed potent phosphorylation and activation of
RAFTK after treatment with VEGF or VRP as well as two
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previously reported cytokines, bFGF and OSM, that stimu-
late other types of endothelium.®3#3* This finding then led
us to question whether RAFTK interacted with cytoskel etal
elementsin TrTHBMEC after its activation. We observed that
RAFTK was associated with paxillin. This association was
enhanced by cytokine treatment and appeared to be mediated

via the C-terminus of the kinase. These studies suggest that
RAFTK may act partly in pathways of endothelial growth
and function by transmitting cytokine signalsto the cytoskel-
eton.

Because of the recent observation that RAFTK/Pyk2 can
couple with the downstream JNK signaling pathway in PC-

A.
©
Stim. £ VEGF bFGF
. = I 1 1T MW
Time @ g 'P32% § W 1° 5 10
— 89
IP: RAFTK
WB: Paxﬂlm Fig 5. (A) Association of RAFTK with paxillin in
cytokine-treated TrHBMEC. Similar amounts of TCL
i from TrHBMEC treated with VEGF or bFGF were im-
o munoprecipitated with the anti-RAFTK antibody.
B
B = The immunoprecipitates were resolved on 7.5%
: 8 SDS-PAGE, transferred onto a nitrocellulose mem-
1 brane, and then immunoblotted with anti-paxillin
Stlm‘ ; OSM — antibody. NRS was used as a negative control. (B)
Time (o) 0 I 5 s 10° 1 = MW Association of the GST-fusion protein RAFTK C-ter-

IP: RAFTK C-Domain
WB: Paxillin

minal domain with paxillin. Unstimulated or stimu-
lated TrHBMEC lysates were immunoprecipitated
with the GST-fusion protein RAFTK C-terminal do-
main, separated on 7.5% SDS-PAGE, transferred
onto a nitrocellulose membrane, and immunoblot-
ted with the antipaxillin antibody. GST alone was
used as a negative control.
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Fig 6. VEGF, VRP, and OSM activate the JNK kinase in TrHBMEC.
Unstimulated or stimulated TrHBMEC lysates were immunoprecipi-
tated with anti-JNK antibody. The immune complex was incubated
with kinase buffer containing 5 uCi y*?P-ATP and 0.2 ug/mL GST-c-
Jun at RT for 30 minutes. The reaction products were resolved on
12% SDS-PAGE and detected by autoradiography.

12 neuronal cells after its activation by stress signals,”? we
studied JNK activation in TrTHBMEC after treatment with
cytokines. Each of the cytokines examined (VEGF, VRP,
OSM, and bFGF) led to the activation of INK. JNK activa-
tionisknown to be apivotal step in the modulation of several
transcriptional mediators, including AP-1, that leads to the
expression of several growth-promoting genes.?*%

Taken together, our studies indicate that bone marrow
endothelium along with other cells including human mega-
karyocytes share certain common featuresin signal transduc-
tion pathways induced by cytokines.* There is considerable
literature on the similarities between endothelium and mega-
karyocytes with regard to receptor expression aswell as gene
expression.® The characterization of signal transduction
pathways in bone marrow endothelia cells may provide in-
sights into regulating growth and function in these cells.
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