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Integrin engagement-induced inhibition of human
myelopoiesis is mediated by proline-rich tyrosine kinase 2 gene products
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Objective. Hematopoietic progenitor proliferation and differentiation are inhibited by integrin
engagement of fibronectin (FN). Focal adhesion kinases have been shown to mediate
intracellular signaling from integrins, and we recently demonstrated that gene expression and
pre-mRNA splicing of the focal adhesion kinase, PYK2, is abnormal in CD34� cells from
chronic myelogenous leukemia (CML) patients. Here we investigated whether PYK2 gene
products mediate integrin signaling in hematopoietic stem and progenitor cells.

Methods. Cord blood CD34� cells were retrovirally transduced with vectors encoding Pyk2H,
Pyk2, or the dominant negative–acting, kinase-deficient, C-terminal PYK2 fragment, PRNK,
and myeloid proliferation and differentiation was assessed using colony-forming cell (CFC),
long-term culture-initiating cell (LTC-IC), and liquid culture assays.

Results. CD34� cells overexpressing Pyk2H or Pyk2 generated 50% less colony-forming unit
granulocyte/macrophage (CFU-GM) than eGFP-transduced controls. Although the number of
CFC generated by PRNK-expressing cells was unchanged, LTC-IC were significantly reduced.
Culture of CD34� cells on FN significantly reduced the generation of mature myeloid cells vs
those cultured on BSA-coated wells, and could be overcome by addition of SCF. As is observed
when integrins are engaged, overexpression of either Pyk2H or Pyk2 decreased committed
myeloid progenitor proliferation and differentiation; however, SCF could not override this
inhibition. Finally, as is observed when integrins are not engaged, PRNK-mediated inhibition
of endogenous Pyk2H resulted in integrin-nonresponsive proliferation and differentiation of
myeloid precursors and accelerated differentiation of primitive hematopoietic progenitors.

Conclusion. These studies indicate that PYK2 gene products mediate integrin-induced signals
that regulate myelopoiesis. � 2004 International Society for Experimental Hematology.
Published by Elsevier Inc.
Offprint requests to: Catherine M. Verfaillie, M.D., Stem Cell Institute,
MMC 716, 420 Delaware Street SE, Minneapolis, Minnesota 55455;
E-mail: verfa001@tc.umn.edu
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Integrins are transmembrane receptors consisting of nonco-
valently associated heterodimeric α and β subunits, which
interact with extracellular matrix (ECM), cell surface mole-
cules, and certain soluble proteins [1,2]. Integrins have short
transmembrane domains and their C-terminal cytoplasmic
tails have no intrinsic kinase activity. To influence cell adhe-
sion, migration, proliferation, differentiation, and survival,
integrins transmit signals via proteins either directly or indi-
rectly associated with the integrin complex (i.e., outside-
in signaling).
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Proliferation and differentiation of hematopoietic progen-
tor cells (HPC) is influenced by multiple extracellular stim-
li, including ECM molecules and cytokines [3,4]. Molecular
echanisms by which these extrinsic signals control lineage-

pecific proliferation and differentiation are not fully under-
tood. Normal steady-state hematopoiesis occurs in the bone
arrow,where β1-integrinsare, at least in part, responsible for

dhesion to the ECM [5–7]. We and others have shown that
ntegrin-mediated signaling in the presence of low doses of

cytokines inhibits HPC proliferation, and HPC are main-
tained on stroma, in part, due to integrin engagement [8–10].

Chronic myelogenous leukemia (CML) is a disease of
he hematopoietic stem cell, caused predominantly by the
210BCR/ABL fusion protein [11–13]. This oncoprotein dis-
upts signaling from β -integrins, resulting in reduced
xperimental Hematology. Published by Elsevier Inc.
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adhesion, enhanced migration, and increased proliferation
[14–17]. Because the signaling pathways that mediate inte-
grin-dependent adhesion, migration, and proliferation of
normal CD34� HPC have not been fully characterized, it
is unclear which signaling pathways downstream of β1-
integrins are disrupted by the p210BCR/ABL oncoprotein.

Focal adhesion kinases are responsible for transferring
signals from integrins to downstream signaling cascades that
regulate cell behavior [18]. There are two members of the
focal adhesion kinase family: focal adhesion kinase (FAK)
and proline-rich tyrosine kinase 2 (PYK2). Although FAK
expression is ubiquitous, it varies from tissue to tissue and
is very low in hematopoietic cells [19]. While full-length
Pyk2 was originally described in neural cell types [20], an
alternatively spliced isoform, Pyk2H, has been more recently
characterized as the predominant focal adhesion kinase in
primary hematopoietic cells [19,21,22]. PYK2 is 61% identi-
cal to FAK, with less homology at the termini where protein/
protein interactions are more prevalent. Major domains such
as the kinase domain, proline-rich regions (PRR), and focal
adhesion targeting domain are well conserved, as is the Src-
family kinase binding site (i.e., Y402) [20]. Nevertheless,
FAK and PYK2 appear to have distinct roles since the murine
embryonic lethal, FAK-null phenotype is not rescued by
increased PYK2 expression [23,24]. Pyk2H differs from
Pyk2 by the absence of exon 23, which is removed during
pre-mRNA processing [21]. This excised exon encodes the
latter half of Pyk2’s first PRR in the C-terminus portion of
the protein. Although studies using mature hematopoietic
cells have started to evaluate the role of PYK2 gene products,
the majority of these studies have failed to distinguish be-
tween PYK2 isoforms [18,19]. Moreover, much of what is
known regarding the function of PYK2 gene products and
focal adhesion kinases is inferred from data using anchorage-
dependent cells, which differ from hematopoietic cells in
their dependence on adhesion for proliferation, and high
expression levels of FAK.

We previously identified Pyk2H as the predominant
PYK2 isoform expressed in normal CD34� HPC [25], and
show here that it is phosphorylated following integrin en-
gagement. Like Pyk2H in normal CD34� cells, both the
full-length Pyk2 and Pyk2H isoforms are phosphorylated in
p210BCR/ABL-positive CD34� cells. In an effort to discern the
role of PYK2 gene products in myeloid proliferation and
differentiation, cord blood CD34� cells transduced with
MSCV-based retroviruses containing Myc-tagged PYK2H,
PYK2, or the dominant negative–acting PRNK cDNA were
FACS-sorted and used to initiate cultures that promote my-
eloerythroid proliferation and differentiation.

Methods

Cell lines and materials
HL-60 cells were obtained from ATCC (CLL-240; Manassas, VA,
USA) and maintained in Iscove’s modified Dulbecco’s medium
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IMDM; GibcoBRL, Grand Island, NY, USA) supplemented with
0% fetal calf serum (FCS) and 1% L-glutamine. Antibodies used
n this study were directed against phosphotyrosine (UBI, Waltham,

A, USA), Myc (UBI), and pan-PYK2 (rabbit polyclonal IgG,
BI; mouse monoclonal IgG1, BD Pharmingen, Los Angeles,
A, USA) epitopes. Miscellaneous bulk chemicals and reagents
ere obtained from Sigma (St. Louis, MO, USA). The activating

nti-β1 antibody, 8A2, was kindly provided by Dr. J. Harlan
U. Washington; Seattle, WA, USA).

rimary cells
eripheral blood from chronic-phase p210BCR/ABL-positive CML
atients, mobilized peripheral blood from normal healthy volun-
eers, andumbilical cord bloodsamples wereobtained after informed
onsent using guidelines approved by the Committee on the Use
f Human Subjects at the University of Minnesota. CD34� cell-
nriched populations were selected from mononuclear cells using
mmunomagnetic column separation techniques (Miltenyi Biotec,
unnyvale, CA, USA). Purity following two passes over immuno-
agnetic columns was greater than 95% CD34�.

rimary CD34� cell culture and manipulation
rimary CD34� cells were maintained in BIT-9500 media (Stem
ell Technologies, Vancouver, BC, Canada) supplemented with 50
M 2-mercaptoethanol, 40 µg/mL low-density lipoprotein, 250 pg/
L G-SCF (Amgen, Thousand Oaks, CA, USA), 10 pg/mL GM-
SF (Immunex, Seattle, WA, USA), 1 ng/mL interleukin (IL)-6

R&D; Minneapolis, MN, USA), 200 pg/mL MIP-1α (R&D), and
00 pg/mL SCF (Amgen) prior to lysis for protein extraction.

Adhesion experiments using fibronectin (FN; GibcoBRL) or
he nonspecific adhesive substrate, poly-L-lysine (PLL), were
erformed as previously described [26]. To enhance the number
f adherent cells, CD34� cells were preincubated with the β1-
ntegrin activating antibody, 8A2. Adherent and nonadherent popu-
ations were collected separately and lysed for protein analysis.

ntegrin cross-linking assay
D34� cells were harvested from culture, washed twice with ice-
old phosphate-buffered saline (PBS)/0.3% bovine serum albumin
BSA), and resuspended in 800 µL of PBS/0.3% BSA. Two µg of
ither the anti-β1-integrin antibody (4B4; Coulter, Miami, FL, USA)
r the isotype control mouse IgG1 antibody was added to the cells
nd incubated on ice for 30 minutes. The cells were then washed
ith ice-cold PBS, the pellet was resuspended in 100 µL of PBS

ncluding 4 µg of goat anti-mouse antibodies (BD Pharmingen),
nd the cells incubated on ice for 30 minutes. Next, cell pellets
ere resuspended in 4 mL of warm IMDM and incubated at 37�C/
% CO2 for the indicated time period. Ten mL of ice-cold PBS was
dded to stop integrin redistribution and the cells were immediately
arvested by centrifugation and lysed for immunoprecipitation and
estern blot analysis.

mmunoprecipitations, Western blots, and in vitro kinase assay
ells were lysed in immunoprecipitation wash buffer (50 mM Tris

pH 7.4], 250 mM NaCl, 2 mM EDTA, 1% NP-40, 50 mM NaF,
mM NaVO4, 1 mM NaPO4, and Complete protease inhibitor

ocktail [Roche, Mannheim, Germany]) and cleared of particulates
y centrifugation at 10,000 rpm for 10 minutes. Lysates were then
recleared with 35 µL of recombinant protein-G agarose beads
Roche) for 1 hour at 4�C, rotating, then centrifuged. Cleared
upernatants were incubated with specific antibodies overnight at



S.J. Dylla et al. /Experimental Hematology 32 (2004) 365–374 367
4�C, rotating, followed by addition of 35 µL of recombinant Pro-
tein-G agarose beads for 75 minutes at 4�C, rotating. After three
washes withPBS/1% NP-40, proteins wereeluted withsample buffer
(2% SDS, 10% glycerol, 0.96 M 2-mercaptoethanol, 0.3 M Tris [pH
6.8], and 0.02% bromophenol blue) by boiling for 5 minutes,
separated by 8% SDS-PAGE, and then transferred to Immuno-Blot
PVDF membrane (BioRad, Hercules, CA, USA). Membranes were
blocked using 4% nonfat dry milk in PBS-T (pH 7.6, 0.1% Tween-
20) and incubated for 75 minutes with specific antibodies. Anti-
phosphotyrosine blots were similarly blocked using 5% BSA in
PBS-T. Immunoreactive bands were visualized using secondary
horseradish peroxidase–conjugated antibodies and chemilumines-
cence (Amersham, Arlington Heights, IL, USA). Alternatively,
immunoprecipitated material was used to perform in vitro kinase
assays as previously described [21].

Retroviral constructs and transduction of CD34� HPC
The MSCV-Myc tag vector was constructed by first isolating a
144 bp NheI–AflII fragment from Invitrogen plasmid pcDNA3.1A,
which contained the multiple cloning site and Myc/His tag regions
of the vector. An EcoRI site was engineered immediately upstream of
the Myc tag, such that it would be in frame with the inserted gene
of interest. This fragment was then subcloned into the EcoRI site of
the MSCV-IRES-eGFP vector kindly provided by Dr. W. Pear (U.
Pennsylvania, Philadelphia, PA, USA) [27], thereby placing the
Myc/His region immediately downstream of the MSCV multiple
cloning site. PYK2H and PYK2 cDNAs used in the construction
of retroviral vectors were kind gifts from Drs. I. Dikic (Goethe
University, Frankfurt, Germany) and W. Xiong (U. Alabama-Bir-
mingham, Birmingham, AL, USA). The C-terminal PYK2 frag-
ment, PRNK, was generated from CD34� cells using cDNA and
a complementary primer set (PRNK-F 5′-ctaccgaacccccaagatctatg-
gagcccacagcc-3′ and PRNK-R 5′-ggctgtgggctccatagatcttgggggttc-
ggtag-3′), thereby generating an EcoRI site immediately upstream
of a Kozak sequence–preceded transcriptional start site in
the place of Lysine-703 of PYK2 using the Quickchange site-
directed mutagenesis kit (Stratagene). The stop codon in cDNA
encoding PYK2H, PYK2, and PRNK were then similarly altered
to a glycine residue and amplified with primers amended to
add EcoRI restriction sites to their C-termini. The PYK2H, PYK2,
and PRNK cDNAs were finally subcloned into the EcoRI site of
the MSCV-Myc/His-IRES-eGFP vector and verified by sequence
analysis at the University of Minnesota microchemical facility.

The MSCV-PYK2H-IRES-eGFP, MSCV-PYK2-IRES-eGFP,
MSCV-PRNK-IRES-eGFP, or control MSCV-IRES-eGFP plas-
mids were cotransfected with the pCL-Ampho packaging plasmid
into 293T cells (kind gifts from Dr. M. Haas, UCSD, San Diego,
CA, USA) as previously described [28]. Cord blood CD34� cells
were cultured at 37�C/5% CO2 in IMDM � 10% FCS supple-
mented with 20 ng/mL of Flt-3 ligand (Immunex), stem cell factor
(SCF; Amgen), thrombopoietin (TPO; Amgen), and granulocyte
colony-stimulating factor (G-CSF; Amgen) for 24 hours prior to
transduction. Then 1 × 105 CD34� cells were placed in the top
chamber of CH296 (Takara, Madison, WI, USA)-coated 0.4-µM
transwells, precoated with retroviral supernatant at a multiplicity
of infection greater than or equal to 20, and incubated at 37�C/5%
CO2 for 24 hours in the same medium. Fresh retroviral supernatant
was then applied again to the top chamber of the transwell and
allowed to flow past the cells, after which the media was re-
placed with serum-free X-Vivo15 medium (BioWhittaker, Walk-
ersville, MD, USA) supplemented with 20 ng/mL of Flt-3 ligand
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Immunex), SCF (Amgen), TPO (Amgen), and G-CSF (Amgen).
GFP-expressing CD34� cells were isolated using a FACS Vantage
E (housed in the University of Minnesota Cancer Center Flow
ore) and used to initiate colony-forming cell (CFC), long-term
ulture-initiating cell (LTC-IC), or liquid culture myeloid differenti-
tion assays.

ethylcellulose-containing CFC and LTC-IC assays
rimary CD34�GFP� cells (isolated by FACS) were used to ini-

iate CFC and LTC-IC assays as previously described [29,30].
riefly, CFC assays were initiated in triplicate with 50 and 200
D34�GFP� cells per well in a 24-well plate and cultured for 14
ays at 37� C/5% CO2 prior to scoring. Colonies containing fewer
han 50 cells were not scored. LTC-IC assays were initiated with
.6 × 104 CD34�GFP� cells plated in limiting dilution in 96-well
lates containing irradiated AFT024 murine fetal liver cells. Cells
ere maintained in IMDM � 12.5% FCS and 12.5% horse serum

Hyclone, Logan, UT, USA) for 5 weeks (with half media changes
erformed weekly), prior to overlay with clonogenic methylcellu-
ose-containing medium as described [29,30]. Two weeks later,
ells were scored as either positive or negative for generation of

econdary CFC, and LTC-IC frequency was calculated using Pois-
on statistics.

iquid culture myeloid differentiation
nd myeloid precursor proliferation assays
alf the wells in a 48-well plate were coated with 50 µg/mL of
N for 2 hours at room temperature. Next, the FN-containing
olution was removed and all wells were blocked with PBS/2%
SA for 30 minutes at room temperature and washed two times
ith IMDM. One hundred CD34�eGFP� cells per well were plated

n 1 mL of IMDM with 30% FCS, 62 µM 2-mercaptoethanol, 100
/mL Pen/Strep, 3 u/mL erythropoietin (EPO), and 10 ng/mL of
-CSF, GM-CSF (Immunex), and IL-3 (R&D), without or with
0 ng/mL of SCF. Cells were incubated for 14 days at 37�C/5%
O2, then harvested by three washes (the second with warm
.25% Trypsin/EDTA; GibcoBRL). Next 5 × 104 6-µM polystyrene
icrospheres (Polysciences Inc., Warrington, PA, USA) were added

o each tube prior to centrifugation at 5000g for 5 minutes. After
xcess liquid was removed, the cells were split into two tubes and
ncubated at 4�C for 30 minutes with either CD33-PE and CD14-
PC, or glycophorin-A-PE antibodies (BD Pharmingen). Cells
ere fixed with 2% paraformaldehyde and analyzed by flow cytom-

try using the polystyrene microspheres to quantify specific cell
opulations.

To quantify the proliferation of eGFP�CD34�CD33�CD14�

yeloid precursors in liquid culture, eGFP�CD34� cells were
lated in BSA-coated wells with 10 ng/mL of G-CSF, GM-CSF,
L-3, and SCF as described above. On day 7 of culture, all cells
ere harvested and eGFP�CD34�CD33� cells were reselected by

ACS. All cells were then stained with the lipophilic dye PKH26,
nd half were labeled with CD14-APC and fixed. The other 50%
ere replated in the above described liquid culture conditions in
SA- or FN-coated wells without or with SCF. Seven days later

day 14), cells were harvested, labeled with CD14-APC, and fixed.
ecause PKH26 dye intensity is exponentially reduced during
ell division, the average number of cell divisions per input
GFP�CD34�CD33�CD14� cell at day 7 was determined based
n the difference in PKH26 mean fluorescence intensity between
ays 14 and 7 of culture.
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Statistics
Results are expressed as mean � SEM. Comparisons between ex-
periments were assessed using Student’s t-test (paired where appro-
priate). p � 0.05 was considered statistically significant.

Results

PYK2 gene products are phosphorylated
in CD34� cells following integrin engagement
Pyk2H is the predominantly expressed focal adhesion kinase
in hematopoietic cells [19], including CD34� HPC [25].
Although Pyk2H is not phosphorylated in primary CD34�

HPC in suspension, cross linking of β1-integrins with the
8A2 antibody results in rapid Pyk2H phosphorylation,
whereas phosphorylation of the other major focal adhe-
sion kinase, FAK, is not detectable (Fig. 1A). Similarly,
CD34� cell adhesion to FN results in strong phosphoryla-
tion of Pyk2H (Fig. 1B). Conversely, CD34� progenitors
adherent to the nonspecific adhesive substrate, poly-L-
lysine, display no Pyk2H phosphorylation. We previously
demonstrated that both Pyk2H and its unspliced isoform,
Pyk2, are more highly expressed in p210BCR/ABL-positive
CD34� cells than in normal CD34� cells [25]. Like Pyk2H
in normal CD34� cells, both Pyk2H and Pyk2 are phosphor-
ylated in CD34� cells from chronic-phase CML patients
following integrin engagement (Fig. 1B).

Overexpression of either
Pyk2H or Pyk2 inhibits CFU-GM
Overexpression of PYK2 gene products results in their con-
stitutive phosphorylation and activation [31], whereas PRNK
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Figure 1. Pyk2[H] is phosphorylated in normal and BCR/ABL� HPC
following integrin engagement. (A) 5 × 105 cord blood CD34� cells were
incubated with isotype control or anti-β1 integrin antibodies and cross
linked with goat anti-mouse antibodies for 2 minutes and (B) 5 × 106 CD34�

progenitors from normal donors or chronic-phase CML patients were ad-
hered to FN or PLL for 5 minutes. Cells were immediately lysed and Western
blots were probed with anti-phosphotyrosine (pY) antibodies. Membranes
were then stripped and reprobed with either FAK or pan-PYK2 antibod-
ies. Blots representative of n � 3 independent experiments.
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xpression disrupts Pyk2H and/or Pyk2 (Pyk2[H]) localiza-
ion to focal adhesions, thereby inhibiting endogenous
yk2[H] activation [32]. MSCV-based retroviral vectors en-
oding the control eGFP, PYK2H, PYK2, or the dominant
egative–acting PRNK cDNA fused to a Myc/His epitope
ag at their C-terminus and encoded upstream of IRES-
GFP were constructed such that cells containing transgene
xpression could be selected by GFP fluorescence (Fig. 2A).
ue to the limited number of primary eGFP� cells obtainable
y retroviral transduction of cord blood CD34� cells, we
hose to demonstrate transfer of functional gene products
y transducing the HL-60 cell line with viruses containing
he respective transgenes. Immunoprecipitation experiments
onfirmed efficient expression of Myc-tagged, retrovirally
igure 2. Myc-tagged PYK2 constructs are successfully transferred to
ematopoietic cells using an MSCV-based retrovirus. (A) An MSCV-based
etroviral vector (MSCV-IRES-eGFP) was constructed such that a Myc His
ag ( ) would be added to the C-terminus of genes cloned upstream of the
RES. The coding region of PYK2H, PYK2, and PRNK are shown:
inase domain ( ), proline-rich regions ( ), and focal adhesion targeting
omain (■). (B) Lysates from 5 × 106 untransduced (UTC) HL-60 cells,
r those transduced with the denoted retrovirus, were immunoprecipitated
ith polyclonal pan-PYK2 antibodies, and Western blots were per-

ormed with the indicated antibodies to confirm transgene expression. (C)
an-PYK2 antibody immunoprecipitates from eGFP� HL-60 cell lysates
ere used to assess Pyk2[H] kinase activity using poly-[Glu/Tyr] as a

ubstrate. Results are plotted as relative kinase activity � SEM using un-
ransduced HL-60 cells as the control (n � 2).
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encoded Pyk2H, Pyk2, and PRNK (Fig. 2B). Moreover,
in vitro kinase assays using Myc-tag immunoprecipitated
proteins confirmed that exogenous Pyk2H and full-length
Pyk2 were functional, whereas PRNK contained no kinase
activity (data not shown). Subsequent in vitro kinase assays
using pan-PYK2 immunoprecipitates demonstrated that
cells containing exogenously derived Pyk2H or full-length
Pyk2 had augmented Pyk2[H] kinase activity (Fig. 2C). In
contrast, cells expressing PRNK had reduced endogenous
Pyk2H kinase activity when compared to parental HL-60
cells (Fig. 2C).

To determine whether Pyk2[H] signaling influences mye-
loerythroid progenitor proliferation and differentiation, we
measured the number of CFC generated by eGFP-, PYK2H-,
PYK2-, or PRNK-transduced CD34� cells by plating FACS-
sorted CD34�eGFP� cells in methylcellulose culture.
PYK2H- or PYK2-transduced cells gave rise to significantly
fewer CFC (55% � 9% fewer, p � 0.0005 and 52% � 9%
fewer, p � 0.0001, respectively) than control eGFP-trans-
duced cells, whereas the dominant negative PRNK construct
had no noticeable effect (Fig. 3A). Only CFU-GM were
significantly reduced when Pyk2H or Pyk2 were overex-
pressed (Fig. 3B), while neither blast-forming unit-erythroid
(BFU-E) nor colony-forming unit-mix (CFU-Mix) colonies
were significantly affected in comparison to eGFP-trans-
duced controls. Not only were Pyk2H and Pyk2 overexpress-
ing CFU-GM fewer in number, but overall cellularity of
existing colonies was reduced (Fig. 3C), suggesting that
activation of Pyk2[H] specifically inhibits myeloid prolifera-
tion, differentiation, and/or survival.

Pyk2[H] mediates integrin-dependent
inhibition of myeloid differentiation
Methylcellulose-containing CFC assays cannot assess the
influence of integrin engagement on myeloerythroid prolifer-
ation and differentiation. To determine the effect of integrin
engagement, we cultured CD34�eGFP� cells in BSA- or
FN-coated wells with media identical to that used in CFC
assays, but no methylcellulose. Because SCF is important for
myeloproliferation and can override proliferation inhibitory
signals from integrin engagement [26], cultures were per-
formed in the absence or presence of SCF.

In the absence of SCF, culture on FN inhibited the out-
put of mature myeloid cells (i.e., CD33�CD14�) by 47% �
17% compared with cultures on BSA (Fig. 4A; n � 10,
∗∗p � 0.02). Addition of SCF increased the number of
mature myeloid cells sixfold (� twofold), and the number
of mature myeloid cells generated was similar between
BSA�SCF and FN�SCF cultures (Fig. 4B). When the dom-
inant negative PRNK protein was expressed, FN engagement
no longer inhibited CD33�CD14� cell output (Fig. 4A). In
contrast, overexpression of either Pyk2H or full-length Pyk2
reduced the number of CD33�CD14� cells by more than
85%, both in BSA- and FN-based cultures (Fig. 4A). SCF
could not override this Pyk2H- or Pyk2-mediated inhibition
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igure 3. Pyk2H or Pyk2 overexpression inhibits CFU-GM. (A) Two
undred CD34�eGFP� progenitors were plated in methylcellulose-con-
aining CFC assays and colonies were counted on day 14. (B) The identity
f the above CFC were categorized as CFU-GM (■), BFU-E (�), or
FU-Mix ( ). The mean number of colonies�SEM for n � 5 separate
xperiments performed in quintuplicate are shown. ∗Significantly different
rom control eGFP-transduced cells (p � 0.005). (C) Representative CFU-
M (100×) and BFU-E (40×) colony morphology is shown by light and
uorescence microscopy.
Fig. 4B). Parallel analyses were done to determine erythroid
roliferation/differentiation in these cultures using glycopho-
in-A as a marker for mature erythroid cells, but no signifi-
ant differences were observed (data not shown), consistent
ith CFC assays shown in Figure 3. Specific inhibition of
yeloid output was further confirmed in Wright-Giemsa–

tained cytospins of day-14 cells, wherein the myeloid/ery-
hroid ratio was consistently lower in cultures initiated with
yk2H- or Pyk2-overexpressing cells vs those transduced
ith control eGFP- or PRNK-encoding retrovirus. Despite

he decreased frequency, histological examination of cytos-
in colonies confirmed that myeloid cells were morphologi-
ally normal. To prove that the Pyk2[H] transgene was
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Figure 4. Pyk2[H] mediates proliferation/differentiation inhibitory effects
of integrin engagement. One hundred CD34�eGFP� progenitors were
plated in liquid culture myeloid differentiation assays in BSA- or FN-coated
wells either in the (A) absence or (B) presence of SCF for 14 days,
and mature myelocytes (CD33�CD14�) expressing eGFP alone (■), Pyk2H
( ), Pyk2 ( ), or PRNK (�) were enumerated using flow cytometry. ∗Sig-
nificantly different from control eGFP-transduced progenitors plated under
identical conditions (n � 3; p � 0.024). ∗∗Significantly different from con-
trol eGFP-transduced progenitors plated in BSA-coated wells (n � 10;
p � 0.02). (C) CD33�eGFP� cells were back-gated to assess CD14 expres-
sion. Representative FACS analyses are shown for cultures initiated with
100 CD34�eGFP� cells carrying the control eGFP, PYK2, or PRNK
transgenes and incubated in FN-coated wells without SCF (top row) or
BSA-coated wells with SCF (bottom row). The proportion of the myelocyte
population considered to be mature (i.e., CD33�CD14�) is noted in the upper
left quadrant of each FACS analysis.

t
d
o

O
P
T
e
e
c
t
d
b
7
w
P
p
a
(
t
m

p
c
p

expressed, FACS analysis was used to verify presence of
GFP fluorescence.

When control CD34�eGFP� cells were plated in FN-
based cultures (GFP & FN; Fig. 4C), significantly fewer
cells transitioned from an immature (i.e., CD33�CD14�) to
a mature (CD33�CD14�) myeloid phenotype compared
to cells in BSA-based cultures (data not shown). CD34�

cells transduced with Pyk2H or Pyk2 demonstrated a similar
inhibition of differentiation on FN (PYK2 & FN). In con-
trast, myeloid differentiation was not responsive to FN
engagement in PRNK-transduced cells (PRNK & FN).
When SCF was present during culture, eGFP-transduced
cells matured unabated (GFP & BSA � SCF; Fig. 4C),
whereas SCF was unable to augment the differentiation of
Pyk2H- or Pyk2- overexpressing CD33�CD14� cells
(PYK2 & BSA � SCF).

Apoptosis did not appear to play a role in the reduced
output of mature myeloid cells in the above assays, as no
significant changes in cell death between the differently
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ransduced cell populations were observed at any point
uring culture by dye exclusion, annexin-V/7AAD staining,
r TUNEL (data not shown).

verexpression of either Pyk2H or
yk2 inhibits myeloid precursor proliferation
o determine whether overexpression of Pyk2H or Pyk2
ffects proliferation of myeloid progenitors aside from differ-
ntiation, we generated CD34�CD33�eGFP� myeloid pre-
ursors (from CD34�eGFP� cells) on BSA-coated plates in
he presence of SCF and labeled them with the lipophylic
ye PKH26, which allows assessment of cell proliferation
y exponential regression of dye intensity. During the initial
-day culture on BSA � SCF, proliferation of CD34� cells
as not dramatically affected by presence of exogenous
yk2H, Pyk2, or PRNK (data not shown); however, the
ercentage of mature myeloid cells present in cultures initi-
ted with Pyk2H- or Pyk2-overexpressing CD34� cells
PYK2) was noticeably lower than GFP- or PRNK-
ransduced cells (Fig. 5A), confirming that Pyk2[H] inhibits
yeloid differentiation as suggested in Figures 3 and 4.
To determine whether proliferation of committed myeloid

recursors was inhibited by Pyk2[H], CD34�CD33�eGFP�

ells were isolated on day 7, labeled with PKH26, and re-
lated on FN- or BSA-coated wells, without or with SCF.
igure 5. Myeloid differentiation and proliferation are inhibited by Pyk2H
r Pyk2 overexpression. (A) One hundred CD34�eGFP� progenitors were
lated in liquid culture myeloid differentiation assays in BSA-coated wells in
he presence of SCF for 7 days and the percent of mature myelocytes
CD33�CD14� vs total CD33�) expressing eGFP alone, PYK2, or PRNK
as determined by flow cytometry. Data representative of n � 2 experi-
ents. (B) CD34�CD33�eGFP� cells expressing eGFP alone (■), PYK2
), or PRNK (�) were isolated and stained with PKH26 and replated in

iquid culture conditions on BSA- or FN-coated wells without or with SCF.
he number of cell divisions over 7 days of culture was calculated based
n the exponential regression of PKH26 dye intensity. ∗Significantly differ-
nt from control eGFP-transduced HPC plated under identical conditions
n � 4; p � 0.04).
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Seven days later (day 14), cells were harvested and prolifera-
tion was calculated based on the regression of PKH26 fluo-
rescence by FACS analysis. Compared with culture on BSA,
FN did not inhibit proliferation of control eGFP-transduced
CD34�CD33�eGFP� cells (Fig. 5B). Moreover, myeloid
precursor proliferation in the presence of SCF was only
slightly increased relative to cultures without SCF.

Overexpression of either Pyk2H or Pyk2 significantly
inhibited myeloid precursor proliferation, and addition of
SCF was unable to overcome this inhibition (Fig. 5B). In
contrast, PRNK expression did not significantly alter my-
eloid precursor proliferation.

PRNK expression prevents
primitive progenitor maintenance
To determine whether more primitive HPC were affected by
Pyk2[H], we initiated LTC-IC assays with CD34� cells
transduced with the dominant negative PRNK or control
eGFP constructs. Because the definition of an LTC-IC is a
cell that can generate secondary CFC, and overexpression
of either Pyk2H or Pyk2 inhibits CFC, it was not possible
to assess the effect of Pyk2H or Pyk2 overexpression on
LTC-IC frequency. PRNK-containing cells gave rise to sig-
nificantly fewer LTC-IC compared to eGFP-transduced cells
(55% � 21% of eGFP-transduced controls, p � 0.04; Fig.
6A) despite generating equal numbers of primary CFC prior
to culture on AFT024 stroma (Fig. 3A), suggesting that
inhibition of endogenous Pyk2H by PRNK may allow pre-
mature exit of primitive CD34� cells from the stem cell pool.

To test this hypothesis, we plated FACS-sorted CD34�

eGFP� cells on AFT024 and evaluated the number of CFC
remaining following 7, 14, or 21 days of culture. Although
PRNK augmented generation of CFC after 7 days of culture,
those initiated with PRNK-expressing cells became depleted
of CFC after 14 days, while control eGFP-transduced cells
maintained their capacity to produce CFC (Fig. 6B). As
observed in CFC assays initiated with freshly sorted
CD34�eGFP� cells (i.e., day 0), the ratio of myeloid vs
erythroid CFC was constant in PRNK- vs control eGFP-
transduced cells cultured on AFT024.

Discussion
We and others have shown that LTC-IC are maintained,
and generation of CFC inhibited, by integrin engagement
[10,33]. We demonstrate here for the first time that PYK2
gene products mediate integrin-induced signaling events that
inhibit proliferation and differentiation of myeloid precur-
sors, and that signaling via Pyk2[H] is critical for the main-
tenance of primitive HPC on stromal cultures. Pyk2H is
normally phosphorylated upon adhesion to FN in primary
CD34� cells. Overexpression of either Pyk2H or Pyk2,
which results in constitutive activation of these proteins [31],
inhibits myelopoiesis by blocking terminal differentiation and
proliferation of myeloid precursors. In addition, expression
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igure 6. Disruption of Pyk2[H] signaling results in decreased maintenance
f primitive stem/progenitor cells. (A) LTC-IC assays were set up in limiting
ilution as described in Methods. ∗Significantly different from cultures
nitiated with control eGFP-transduced progenitors (n � 4; p � 0.04). (B)
ells cultured on AFT024 were harvested on days 7, 14, and 21 and

eplated in methylcellulose-containing CFC assays. The mean number of
olonies � SEM for n � 2 separate experiments plated in quintuplicate is
hown. (C) Myeloerythroid differentiation is diagrammed from the level
f a multipotent hematopoietic stem cell (HSC) to mature myeloid (Gran &

Mono) or erythroid (Ery & Meg) cells via the common myeloid progenitor
CMP), megakaryocyte/erythroid precursor (MEP), and granulocyte/mono-
yte precursor (GMP). Proposed blocks in primitive stem/progenitor cell
nd myeloid precursor proliferation/differentiation as a result of Pyk2[H]-
ediated signaling are shown.
f the dominant negative PYK2 isoform, PRNK, results
n accelerated differentiation of more primitive LTC-IC.
his disruption of endogenous Pyk2H signaling by PRNK
lso prevents integrin-induced inhibition of myeloid prolifer-
tion and differentiation. Integrin cross linking with either α4-
r β1-integrin antibodies inhibits CFC in a manner dependent
n F-actin polymerization [10]. Similarly, Pyk2[H] activity,
hich is dependent on a competent actin cytoskeleton [19],

nhibits CFC (Fig. 3). In contrast, culture of HPC on stroma in
he presence of β1-integrin–blocking antibodies for 7 days
ncreases CFC [8]. CFC are also amplified in PRNK-expres-
ing cells following 7 days of culture on stroma (Fig. 6B).
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Because FAK phosphorylation in response to integrin en-
gagement is undetectable in CD34� cells, Pyk2H appears
to be a crucial mediator of integrin signaling in human HPC.

Like culture on stroma or FN, both of which engage
integrins, overexpression of the integrin signaling intermedi-
ate, Pyk2[H], inhibits CFU-GM production [8–10]. Al-
though inhibition of myeloid proliferation and differentiation
by integrin engagement can be overcome in control eGFP-
transduced cells by addition of SCF, overexpression of
Pyk2H or Pyk2 results in an inhibitory signal dominant to
that of SCF, at least in the concentrations used here (i.e.,
10 ng/mL). Disruption of Pyk2[H] signaling cascades by
expression of exogenous PRNK also prevented FN-induced
inhibition of myeloid proliferation, but did not augment CFC
frequency or cellularity. Because integrin-induced activation
of Pyk2[H] appears to act as a “gatekeeper” that limits
proliferation and differentiation, it is not surprising that
its inhibition as a result of PRNK expression results in
behavior similar to that observed when cells are cultured
in the absence of FN. In light of observations made here, we
propose that Pyk2H-mediated integrin signaling regulates
myelopoiesis at two distinct stages: 1) inhibiting exit from
the primitive stem cell pool, and 2) inhibiting premature
terminal differentiation of granulocyte/monocyte precursors
(i.e., myeloid precursors) (Fig. 6C).

The designation of PYK2 gene products as custodians
of β1-integrin signaling in primary hematopoeitic cells is
consistent with observations made in β1-null chimeras and
PYK2-null animals, wherein both lines of transgenic mice
display the unique phenotype of dramatically reduced IgM
and IgG3 titers [34,35]. Like the β1-deficient chimeras,
PYK2-deficient animals also appear to support normal hema-
topoiesis; however, the long-term implications of PYK2 de-
ficiency have not been reported on and may be expected to
be defective in light of observations made in BCR/ABL- and
PRNK-expressing cells, where LTC-IC are not maintained.

Inhibition of terminal myeloid differentiation in this study
may result from constitutive Pyk2[H] activation as a result
of transgene overexpression. During the course of normal
myeloid differentiation, α4β1- and α5β1-integrins are highly
expressed in early progenitors, but their expression is down-
regulated concomitant with terminal differentiation [36,37].
In fact, the preponderance of CFU-GM express little α4β1-
or α5β1-integrin [36]. Assuming that reduced integrin signal-
ing is required to allow maturation of committed myeloid
progenitors, it is conceivable that continued Pyk2[H] signal-
ing as a result of transgene overexpression inhibits termi-
nal myelocyte differentiation as observed here. Moreover,
unlike CD34�CD33� cells, CD34�CD33� committed my-
eloid precursors express very little c-kit [38]. Therefore,
it may not be surprising that proliferation of maturing
CD33�CD14� precursors is not greatly augmented by the
presence of SCF (Fig. 5B). Hence, the sixfold increase in
mature myeloid cells observed following addition of SCF
(Fig. 4B vs A) likely results from augmented proliferation
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f earlier myeloid progenitors that express higher levels of
-kit.

Interestingly, despite the fact that Pyk2H is the predomi-
ant PYK2 isoform expressed in primary hematopoietic
ells, overexpression of either Pyk2H or full-length Pyk2
esults in similar inhibition of myeloid proliferation and
ifferentiation. The alternatively spliced exon of PYK2 re-
oved from Pyk2H mRNA transcripts (i.e., exon 23) en-

odes the latter portion of the first PRR of Pyk2 [21].
lthough this modification does not disrupt the SH3-domain
inding site within the first PRR, it may alter the tertiary
tructure of Pyk2H in this region of the protein. Furthermore,
ecause the second PRR is identical between Pyk2H and
yk2, it would not be surprising if signaling mediated by

his motif was similar between these two isoforms.
Graf, which interacts with the second PRR domain of

yk2[H] [19,39], is a novel protein with RhoGTPase activity
nd is thereby a negative regulator of the Rho family of
mall G-proteins [40], such as Rac2, which increase prolifer-
tion of hematopoietic cells when in the GTP-bound state
41]. Whether Pyk2[H] inhibits proliferation and/or differen-
iation of HPC and myeloid precursors via the activation of
raf is not yet known. However, numerous mutations that

lter the GAP domain of, or prematurely truncate, Graf have
een identified in patients with myeloid leukemia [42,43].
hese mutations result in enhanced Rho-family protein ac-

ivity and increased myeloid proliferation. Thus, Graf ap-
ears to be a potent suppressor of myeloid proliferation and
ay, in part, mediate integrin-induced, Pyk2[H]-mediated

nhibition of myelopoiesis. This Graf-mediated inhibition
ould likely occur irrespective of the predominantly ex-
ressed PYK2 isoform, since the second PRR of PYK2 is
ecessary and sufficient for Graf association [39] and the
ertiary structure of Pyk2H vs Pyk2 is likely identical in this
egion of the respective proteins.

While integrin signaling is not required for hematopoie-
is, numerous studies support the hypothesis that integrins
lay an important role, not only in migration to and retention
f HPC in the bone marrow, but also in the control of
roliferation and differentiation in response to the local mi-
roenvironment [9,44–46]. The functional importance of in-
egrins in regulating hematopoiesis may best be exemplified
y CML, wherein integrin signaling is disrupted and re-
ponses of CD34� cells to their microenvironment are abnor-
al. In contrast to normal CD34� cells cultured on FN, no

nhibition of CFC proliferation is observed in CML CD34�

ells [46,47]. Moreover, primitive BCR/ABL� cells are not
reserved on stroma, whereas normal LTC-IC are maintained
r expanded [17,33,48,49]. Maintenance of normal LTC-
C on stroma results from β1-integrin signaling, as integrin-
inding FN fragments can mimic the requirement for stromal
ontact [8,17] and addition of β1-integrin blocking antibodies
revents LTC-IC maintenance [33], suggesting that prolifer-
tion of leukemic cells and exhaustion of malignant LTC-
C in vitro is permitted due to, rather than caused by, the



S.J. Dylla et al. /Experimental Hematology 32 (2004) 365–374 373
lack of inhibitory signals normally provided by integrin-
induced signaling. We demonstrate here that these inhibitory
signals are mediated by Pyk2[H].

Despite alternative splicing of PYK2 and increased pro-
tein expression of Pyk2[H] in primary BCR/ABL� cells [25],
Pyk2[H] does not appear to be constitutively phosphorylated.
Moreover, both Pyk2H and Pyk2 are responsive to integrin
engagement in p210BCR/ABL -positive CD34� cells, as Pyk2H
is in normal CD34� cells. These observations suggests that
BCR/ABL-mediated defects in integrin signaling lie down-
stream of Pyk2[H], since activation of Pyk2[H] signaling is
normally associated with impaired proliferation and differen-
tiation of myeloid cells. This hypothesis is supported by the
observation that disruption of endogenous Pyk2H signaling
by PRNK results in reduced maintenance of LTC-IC and
nonresponsiveness to FN engagement, both of which are
characteristic of p210BCR/ABL -containing HPC. Future stud-
ies will be needed to determine which signaling pathways
downstream of Pyk2[H] are affected by p210BCR/ABL, but
preliminary evidence implicates altered expression of down-
stream mediators of Pyk2[H] signaling (e.g., Graf, p130Cas,
and Hck).
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