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TRAINING REPORT; 2"" ANNUAL SUMMARY 

INTRODUCTION 
The ability of tumor cells to execute angiogenic programs is critical for their progression to 

malignant and metastatic states [reviewed in *'^]. Transgenic expression of an activated form of the 
cytoplasmic tyrosine kinase Fps (MFps) gave rise to mice (Jp^^) with pronounced hyper-vascularity'. 
This suggested that Fps may directly or indirectly regulate angiogenic mechanisms. Our work to date 
has utilized molecular, cellular and physiological approaches to elucidate how Fps may affect 
angiogenesis. These approaches have in part, led to new insights which suggest that Fps may have 
tumor suppressor-like properties. These approaches have also revealed defects in blood coagulation and 
fibrinolysis, which is not surprising given that the hemostatic system has been proposed to be a regulator 
of angiogenesis"*. More specifically, we observed that j^/^^ mice may potentially have a disseminated 
intravascular coagulation (DlC)-like pathology. This is an important finding since DIC is a potentially 
lethal complication of advanced cancers^'^. Thus, j$?5^'^ mice may represent an important new model for 
the study of this pathology. 

Our work is still ongoing along the proposed Statement of Work. A primary question this 
ongoing work will address pertains to whether Fps directly regulates angiogenesis by affecting 
endothelial sprouting, or whether it indirectly regulates this process through other related processes such 
as coagulation and inflammation. 

PROGRESS ASSOCIATED WITH STATEMENT OF WORK 
Objective #1:  Assessment of the effect of fps smdfer allelic variant on tumorigenesis in a mouse 
breast tumor model. 
a. Breeding pairs designed to produce offspring that generate tumors 'mjps^,fp^ dXidfp^^ genetic 

backgroimds were generated in the 1'* year. Generation of breeding pairs which give rise to 
tumorigenic jp^/fp^^ and fer^^ mice was, and is still delayed due to time constraints and 
resources. 

b. Monitoring of tumor diameter in mice w\Aijps'^ zsAjp^^ genetic background is now fiiUy complete. 
We have observed and confirmed statistically, an early onset of tumorigenesis in loss-of-function 
fps genetic backgrounds which suggests that Fps may have tumor-suppressor-like properties. On the 
other hand, we have been unable to generate sufficient number of tumorigenic mice with a.fp^'' 
genetic background. We suspect that embryos of this genotype are dying in utero since there is 
significant evidence for decreased viability of offspring fi-om hemizygous fps'^'' x wild-type {wt) 
breeding pairs. 

c. Lung metastases was in the process of being monitored in tumorigenic mice harboring ^5" and^/^ 
alleles. We have completed this assessment and were unable to observe significant differences in 
the number of metastasized nodules between wt dindjps loss-of-fiinction mice suggesting that Fps 
does not play a role in metastases'. 

d. In the 1'* year we had quantified the vascular area mfps^'' mice using intra-vital microscopy on 
cremaster muscle. These results indicated a 1.7-fold increase in vascular area in these mice and as 
well, revealed that their vascular system is highly disorganized and tortuous in nature. These and 
other related results are summarized in a manuscript entitled: "Vascular defects in gain-of-fiinction 
fps/fes transgenic mice correlate with PDGF- and VEGF-induced activation of mutant Fps/Fes 
kinase in endothelial cells''.^ 

Objective #2:  Assessment of the endothelial cell (EC) immortalizing ability of fps relative to the 
jwn EC i 
pMSCV 
l**year. 

known EC immortalizing/transforming agent polyoma middle TfPymT). 
a.  pMSCV-based retroviruses encoding PymT,j^5,j^/'^ andj^5^ were successfully generated in the 



b. Primary cells from day 12 yolk-sacs of wt mice were transduced with the retroviruses generated in 
Objective #2a and transduced cells were isolated using puromycin drug selection. We had problems 
quantifying EC composition in the 1^* year and have made several repeated attempts since, however 
we have not been successful. Our predominant difficulty is likely technical in that we have 
experienced problems with cell viability after isolation, infection and selection. The original 
isolation of C166 EC cells from these mice was a stochastic phenomenon, and we anticipate that a 
significantly large nimiber of attempts would have to be made to quantify the EC immortalizing 
ability of Jps relative to PymT. The latter considerations, coupled with difficulties in establishing 
this technique, has lowered the priority of this Objective. As a result, significant progress has not 
been made along this line. 

Objective #3: Generation of EC lines from different fps genetic backgrounds for in vitro studies. 
a. pMSCV-based retroviruses encoding PymT and SV40-T were successfully generated in the 1^' year. 
b. We had made several attempts at generating endothelial cells from aortic and lung explants in the 1*' 

year. However, difficulties were encoimtered generating sufficient numbers of EC populations 
using explant and flow-cytometry-based cell sorting methods. As a result, there has been a delay in 
completing this Objective. We were considering, and are now currently developing a magnetic cell- 
sorting approach for generating EC lines. 

Objective #4: Assessment of the role of Fps in angiogenesis in vitro. 
a. In the 1^* year we established methods enabling visualization of neovascularization from fibrin- 

immobilized aorta and yolk-sacs. 
b. We did not observe differences in the vascularity of yolk-sacs between wt and_^s'^^ mice suggesting 

that the hyper-vascular defect occurs subsequent to vasculogenesis, potentially during the 
remodeling phases of angiogenesis. Preliminary work performed in the 1^' year did not indicate any 
difference in neovascularization between wt and j^5^ mice in yolk-sac explants. We have since 
decided to examine neovascularization from aortic explants. Work on this Objective has been 
temporarily postponed, but we intend to complete this Objective as it will be important to assess 
whether the hyper-vascular phenotype in j^5^^ mice is due to a direct effect of MFps on 
neovascularization, or whether it is a secondary effect of other processes affected by MFps 
transgenic expression. Completing this objective will help to address this question. 

c. Assessment of angiogenesis using perforated polycarbonate chambers implanted in mice has not 
been performed, as we are awaiting the results from Objective 4b. 

d. Completion of Objective 3b is required for testing the ability of immortalized ECs to form tubules in 
fibrin-gels. 

e. C166 cell lines expressing myc-epitope-tagged forms of kinase-inactive Fps (FpsKR), myristoylated 
Fps (MFps) and Fps were generated in the 1^' year. 

f. We have done preliminary experiments testing the ability of cell lines generated in Objective 4e to 
form tubules in fibrin gels. We are currently optimizing this assay by titrating the number of cells 
immobilized in fibrin gels. This optimization was found to be necessary for comparison of the 
tubule-formation capacity of the different cell lines. 

Objective #5: Assessment of coagulation and fibrinolytic parameters in^s^^ mice. 
a. Standardized PT and APTT assay have been completed this year. We have also previously 

determined coagulation parameters using platelet aggregation and tail bleeding assays (see key 
accomplishments below). 

b. In vitro clot lysis assays have been completed. 



Objective #6: Examination of proteolytic expression profiles of cell lines expressing Fps. 
a. In the 1^' year we examined matrix metalloproteinase (MMP) expression profiles of primary 

macrophages and observed enhanced gelatinase activity of a band migrating at 90 kDa in jpi^^ 
mice. However, since then, we have been unable to observe this consistently, suggesting that MMP 
expression is normal in macrophages isolated fromj'^i^^ mice. 

b. Examination of uPA and MMP-2/-9 activity of cell cultures of immortalized ECs will be completed 
pending achievement of Objective #3. uPA and MMP-2/-9 expression levels of the cell lines 
generated in Objective 4e will also be tested and is already in progress. 

Objective #7:  Elucidation of the role of Fps in signaling pathways potentiated by VEGF, bFGF 
and thrombin. 
a. Activation of (M)Fps downstream of the thrombin receptor was observed in C166 cells. This 

activation was a late and inconsistent event suggesting that (M)Fps is activated by a 
cytokine/growth factor autocrine mechanism triggered by thrombin. Earlier studies showed that 
C166 cells are insensitive to basic-fibroblast growth factor (bFGF) and vascular endothelial growth 
factor (VEGF). However since then, we have been able to confirm subtle activation of MFps but 
not Fps in response to VEGF^ Also in C166 cells, we have confirmed that MFps, but not Fps is 
strongly activated in response to platelet-derived growth factor (PDGF).^ These results suggest that 
MFps abnormally sensitizes endothelial cells to both VEGF and PDGF.^ 

b. Signaling studies in immortalized ECs in the different Fps genetic backgrounds will begin upon 
completion of Objective #3. The results of Objective 7a show that MFps is responsive to VEGF and 
PDGF, but wt Fps is not. The effects of these agonists on immortalized wt and^5^^ ECs will be 
explored to further elucidate the mechanistic basis of the angiogenic defect in^5^ mice. 

KEY RESEARCH ACCOMPLISHMENTS 
• Early onset of tumorigenesis has been confirmed inj^^" andj^/^ genetic backgrounds suggesting a 

potential tumor suppressor-like role for this kinase. Since jpi^^ displayed a proangiogenic 
phenotype, we had originally expected that j^5 loss-of-function mice would impact negatively on the 
angiogenic process and hence inhibit tumorigenesis. The reported observation is both unexpected 
and exciting since it opens up possibilities of designing anti-tumorigenic therapeutics based on 
directly or indirectly enhancing Fps activity. Interestingly, mutational analyses of the tyrosine 
kinome in colorectal cancers detected 4 Fps/Fes tumor-specific single-mutation variants in the kinase 
domain^. We have recently generated Fps/Fes constructs which incorporate kinase-domain 
mutations and preliminary results intriguingly indicate that 3 of 4 mutations negatively influence 
kinase activity while the other has no effect. These results concur with the in vivo evidence 
suggesting that Fps may have tumor suppressor-like properties. We are still in the process of 
confirming the kinase activity assays and we intend to publish these results within the next year.' 

• The work from Objective Id, 4d and 7a has formed the basis of a manuscript recently submitted to 
the American Journal of Pathology. This work is summarized in the manuscript entitled: "Vascular 
defects in gain-of-function fps/fes transgenic mice correlate with PDGF- and VEGF-induced 
activation of mutant Fps/Fes kinase in endothelial cells''^ (See Reportable Outcomes/Appended 
Document). 

• Fps has been previously implicated in myelopoiesis, the process which gives rise to granulocytes, 
and monocytes. Macrophages are important modulators of angiogenesis and we have therefore 
hypothesized that Fps may modulate angiogenesis indirectly through alteration of macrophage 
function. Hematological analysis oi fi)^^ mice had revealed increased output of cells of the 
myeloid lineage, and bone-marrow methyl-cell assays suggested that myelopoiesis is significantly 
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elevated in these mice. Whether elevated myelopoiesis is a contributing factor to the hyper-vascular 
phenotype however, is still unclear. These results are essentially an outgrowth of Objective #4, 
which was concerned with assessing the role of Fps in angiogenesis. They have formed the basis of 
a manuscript submitted to Experimental Hematology that is entitled: "The fpslfes proto-oncogene 
regulates hematopoietic lineage output"'" (See Reportable Outcomes/Appended Document). 

• Understanding the general physiological phenotype oijp^'' mice will be essential for uncovering 
the basis of the proangiogenic phenotype of these mice. To date, we have observed an array of 
physiological anomalies in these mice which have led to several new observations related to the 
angiogenic phenotype oijps^^ mice. In particular, assessment of the coagulation and fibrinolysis 
parameters proposed in Objective 5a and 5b led to the development of two manuscripts that have 
recently been submitted for publication or are under revision (See Reportable Outcomes). These 
manuscripts are concerned with secondary effects associated with hyper-vascularity. They present 
evidence for a DIC-like state in these mice as suggested by phenotypical features characteristic of 
Kasabach Merritt Syndrome and as well, by various coagulation and fibrinolytic parameters unique 
to these mice. Thus, fi)^^ mice may constitute an important model for DIG and hence would 
comprise an invaluable tool for the study of this secondary phenomenon that manifests as a lethal 
complication in advanced tumors, including those of the breast^'^. 

REPORTABLE OUTCOMES 
Promotion 
The research stemming from this award has been a significant factor in my promotion to Assistant 
Professor (adjunct) level at Queen's University (Appended Document). 
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CONCLUSIONS 
The results reported here are significant in that they suggest a potential role for Fps in 

tumorigenesis as a tumor suppressor. This could have important future implications for the design of 
anti-tumorigenic therapeutics that are based on indirectly or directly elevating the activity of Fps. 

The proangiogenic phenotype in j^5^^ mice imderscores an important role for this kinase in 
regulating mechanisms of angiogenesis. At this point v^e are unsure v^^hether this kinase directly 
regulates angiogenesis through effects on the endothelium or whether it indirectly regulates this process 
through effects on other physiological functions such as coagulation (a process that is highly inter- 
related to angiogenesis'*). In either case, these mice constitute an important tool for studying 
mechanisms which directly or indirectly contribute to angiogenesis; this will be important for ultimately 
understanding how tumors induce neoangiogenesis. 

Die is a secondary complication that often arises in advanced stages of cancer and can have 
lethal consequences^'^, j^i^^mice may constitute an important new model for studying the pathogenesis 
of Die and for testing therapeutics which combat this pathology. 
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Abstract 

Expression of a "gain-of-function" mutant human Jps/fes transgene {fp^'') encoding an N- 

terminally myristoylated Fps protein tyrosine kinase (MFps) gave rise to hyper-vascularity in 

mice. We present here a detailed characterization of the physiological and biochemical 

properties of this hyper-vascular phenotype. fps^^ mice exhibited 1.6-1.7 fold increases in 

vascularity that was attributable to increases in the number of secondary vessels. 

Morphologically, vessels were larger and exhibited varicosities and disorganized patterning. 

Functionally, vessels exhibited defects in histamine-induced permeability, jp^^ mice also 

displayed cardiomegaly, decreased arterial pressure and increased ventricular atrial natiuretic 

peptide expression. Biochemical characterization of endothelial cell lines derived from j^/"" 

mice revealed that MFps was activated in response to vascular-endothelial growth factor (VEGF) 

and platelet-derived growth factor (PDGF). However, activation of wild type Fps was not 

detected in response to these agonists, suggesting that MFps caused abnormal sensitization to 

VEGF and PDGF signaling in endothelial cells. We propose that MFps-induced sensitization 

contributes to aberrant angiogenic signaling and underlies the observed hyper-vascular 

phenotype of jp^'' mice. These phenotypes recapitulate important aspects of the vascular 

defects observed in both VEGF and Angiopoietin-1 transgenic mice. Therefore, thej^5^^ line of 

mice constitutes an important new murine model for the study of angiogenesis. 



Introduction 

Vasculogenesis involves the development of a primary vascular plexus that is 

predominantly, but not exclusively, dependent on vascular-endothelial growth factor (VEGF) 

and basic fibroblast growth factor (bFGF) (reviewed in'"^). These growth factors play key roles 

in vasculogenesis by influencing angioblast differentiation following their induction from 

mesodermally-derived hemangioblasts'. The primary plexus then undergoes angiogenesis, a 

process of vascular expansion and remodeling that involves vessel sprouting, bridging and 

intussusception. The VEGFs and angiopoietins are critical for vascular development and are 

thought to play coordinated and complementary roles. VEGF induces endothelial sprouting, 

while angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) play antagonistic roles in vessel 

stabilization and destabilization, respectively. Final maturation of the vascular network, or 

arteriogenesis, requires mesenchymal derived induction and recruitment of pericytes followed by 

pericyte proliferation and migration in a longitudinal fashion to provide a smooth muscle coating 

to nascent endothelial tubes (reviewed in '). Mural cell coatings provide stabilization to newly 

emergent vessels by providing viscoelastic and vasomotor properties, protection against rupture 

and regression, and hemostatic control. Transforming growth factor-P (TGFP) and platelet- 

derived growth factor (PDGF)-B are thought to play important roles in arteriogenesis. TGFp has 

been implicated in mesenchymal to pericyte differentiation, pericyte recruitment, extracellular 

matrix (ECM) deposition, and inhibition of endothelial proliferation, while PDGF has been 

associated with smooth muscle proliferation and migration. 

PDGF mediates a diversity of biological effects including wound healing^, angiogenesis^ 

and atherosclerosis^. Regulation of this diversity of post-natal and developmental processes 

occurs through PDGF-mediated effects on proliferation, survival and chemotaxis^ (reviewed 



in^''°). PDGF is also oncogenic, although its cellular transforming ability has been shown to be 

dependent on the particular genetic background of the cell". Genetic analysis of PDGF and its 

cognate receptors has revealed critical requirements for this ligand/receptor pair in embryonic 

development. Genetic disruption of PDGF-B and PDGF receptor-P (PDGFRP) resulted in 

lethality induced by sudden onsets of microvascular hemorrhaging; possibly a result of 

compromised vessel integrity related to a lack of pericyte/vascular smooth muscle cell (SMC) 

coating'^''^. Other defects included impaired kidney and placental development and abnormal 

vascular morphogenesis and dilation of large and small caliper blood vessels'^''"^''^. In the brain, 

failed pericyte recruitment did not affect microvessel density length and branching, but was 

associated with endothelial cell hyperplasia, abnormal EC ultrastructure and increased 

transendothelial permeability  . 

Fps/Fes (here after called Fps) and its closely-related homologue Fer comprise a unique 

family of non-receptor cytoplasmic tyrosine kinases'^. Structurally, these kinases are defined by 

an N-terminal Cdc42 interacting Fer-CIP4 (FCH) homology domain, central coiled-coil and SH2 

domains and a C-terminal tyrosine kinase domain^^''^. Unlike Fer, which is ubiquitously 

expressed, Fps expression is more restricted and has been described in myeloid, endothelial, 

epithelial, neuronal and platelet lineages^^'^^. 

Early studies on Fps employed leukemic cell lines and focused on its proposed role in 

cytokine signaling and hematopoiesis. Surprisingly, initial genetic analyses of mice targeted 

v^th null {fps'^'^) or kinase-inactivating 0^/^^^) mutations revealed only minimal effects on 

hematopoiesis^^'^'*. These analyses however, did point to potential roles for Fps in innate 

immunity and inflammation "  . 



Gain-of-function j^i' mice that transgenically expressed either viral Fps, or myristoylated 

human Fps (MFps) ifpi^^ mice) were characterized by vascular hyperplasia, strongly suggesting 

that Fps might also regulate vasculogenesis and/or angiogenenic remodeling processes ' . 

Recent observations of Fps activation upon engagement of the GPVI collagen receptor in 

platelets^^, and a bleeding defect mjps'^^ mice (Sangrar et al., manuscript submitted) suggest an 

additional new role for Fps in thrombosis. Potential roles for Fps in both thrombosis and 

angiogensis are particularly intriguing in light of the understanding that angiogenesis and 

hemostasis are highly inter-related processes^^. 

The initial study citing vascular hyperplasia in Jp;^^ mice was based primarily on 

immunohistochemical analysis of brown adipose tissue^^. Here we have used quantitative 

fluorescence intravital microscopy (FIVM) in the cremaster muscle and two-photon confocal 

fluorescence microscopy in the liver and brain to characterize the vascular phenotype in greater 

detail. We report that the vascularity is elevated 1.6-1.7 fold in fp^^ mice; which is 

predominantly a fimction of increased number and branching of medixmi-sized (2"'' order) blood 

vessels. In addition, we observed unexpected and striking defects in the morphological 

characteristics of the vasculature including highly disorganized and tortuous vascular patterning. 

Moreover, permeability defects in response to the inflammatory mediator histamine were 

observed, supporting a role for Fps in the regulation of cell-cell adhesion. Lastiy, we report that 

VEGF and PDGF activated MFps, but not Fps, in endothelial cells derived from fp^'^ mice. 

This suggested that myristoylation of Fps conferred an oncogenic sensitization of endothelial 

cells to VEGF and PDGF. 



Materials and Methods 

Materials 

Recombinant platelet-derived growth factor-B (PDGF) and VEGF were obtained from R&D 

Systems Inc.   Recombinant bFGF was generously provided by the National Cancer Institute 

(Rockville MD). Anti-Myc ascites was prepared from MYC 1-9E10.2 (ATCC). 

Mice 

Transgenic mice (fps^'^) tissue-specifically over-expressing a myristoylated form of Fps (MFps) 

in an out-bred CD-I backgroimd were housed at the Animal Care Facility at Queen's University, 

Kingston ON. The derivation of this line has been previously described^^. All experimental 

procedures conformed to the guidelines of the Canadian Council of Animal Care and were 

approved by the Queen's University Animal Care Committee. 

Fluorescence Intravital Video Microscopy (FJVM) 

Male mice were anesthetized with sodium pentobarbital (65 mg/kg infraperitoneally) and the 

right external jugular vein was canulated for subsequent administration of fluorescein 

isothiocyanate (FITC) labeled-albumin (Sigma). An incision was made at the base of the scrotal 

sack allowing the right testicle and surroimding cremaster muscle to be exposed. All fascia were 

removed carefiiUy, and a vertical incision was made in the cremaster muscle through the length 

of the testicle. The epididymis and testicle were freed from the muscle and allowed to retract 

into the abdominal cavity. The muscle was then held using 4-0 surgical silk over the viewing 

port of the platform and suffused with modified-Krebs buffer. After surgical preparation, the 

animal was placed on the stage of a triocular ELR-Intravital Microscope (Wild-Leitz). In each 

animal, a suitable area of cremasteric muscle vessels was isolated for study. The images were 

captured with a SONY DXC-390m 3ccd color video camera and a Matrox Meteor II Multi- 



Channel (RGB) Image Capture card. On-line video image processing and analysis was 

performed with hnage-Pro Plus 4.0 software (Media Cybernetics). 

Microvascular quantification ofcremaster vascular networks 

The vascular network of the cremaster muscle was quantified by two methods. FITC-albumin 

was injected intravenously (25mg/kg), enabling fluorescence-based visualization of the vascular 

network using FIVM. Microscope images of cremaster muscle preparations were collected 

sequentially for the entire exteriorized muscle. After analysis, image composites were 

constructed to show the entire area studied (approximately 6.5 mm"^). Vascular networks were 

manually traced on the individual captured images and the total length of all vessels was then 

calculated per unit tissue area. Alternatively, bitmap intensity analysis using Image-Pro Plus 

imaging software was employed to obtain vascular area estimates from composite images of 

cremaster muscle. Vascular areas were computationally determined on the basis of selection of 

pixels that fell within threshold intensity ranges corresponding to vascular areas in which FITC- 

labeled albumin was present. Identical threshold intensity ranges were employed for all 

composite images. From this data, 3-D histograms were charted for each genotype and ratios of 

vascular to tissue area were calculated. 

Brain and hepatic vascular network imaging 

FITC-albumin (25 mg/kg) was administered by venous canulation into anesthetized mice. 

Approximately 3 minutes post-injection, identical regions of brain and liver tissue were 

surgically removed and immediately visualized using a Leica TCS SP2 multi-photon 

microscope. Images were captured at steps of 1.5 ]xm to a total tissue depth of 75 ^m. Capture 

images were stacked and rendered using ImageJ 1.26 image processing software. 



Microvascular permeability studies 

Microvascular permeability of post-capillary venules from cremaster muscle preparations was 

assessed by the quantification of FITC-albumin extravasation in response to histamine suffusion. 

Immediately after FITC-albumin administration (25 mg/kg, i.v.), modified Krebs solution was 

suffused at a constant rate for 15 minutes followed by suffusion of 10"^ M histamine buffered in 

modified-Krebs solution for an additional 15 minutes. Images were captured automatically 

every 15 sec. post-FITC-albumin administration. Captured images were converted to 8-bit gray 

scale (0-255 pixel assignment) and mean optical intensity was measured in a 220x270 \im "area 

of interest" (AOI) encompassing the extravascular space adjacent to the post-capillary venule 

being studied. Increases in vascular permeability were quantified as a measurable shift in mean 

optical intensity in the AOI as a result of increasing FITC-albumin accumulation in the 

interstitial space adjacent to the post-capillary venule under examination.^^ 

Heart rate and blood pressure determination. 

Mice were anaesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg 

diluted 50% with saline) and mechanically ventilated (Harvard Apparatus) with 40% oxygen at a 

constant volume of 8-10 ml/kg and a frequency of 115 breaths/min. These ventilator settings 

result in a peak airway pressure of 6-8 cmHaO, and have been shown previously to provide 

O 1 

normal arterial blood gases . A low volume catheter line (<10 \x\) was placed in the abdominal 

vena cava for intravenous administration of anaesthetic and other drugs (injection volumes of 1 

ml/kg). Electrocardiogram electrodes were placed subcutaneously for the measurement of heart 

rate (HR) and a blood pressure transducer (Mikro-Tip® Catheter 1.4F, Millar Instruments, TX) 

was inserted into the left branch of the carotid artery for measurement of arterial blood pressure. 

Mice were paralyzed with doxacurium chloride (0.25 mg/kg) (Wellcome Medical Division, ON) 



to prevent respiratory efforts. Arterial blood pressure and electrocardiogram signals were 

acquired by a computer data acquisition package (CODAS DATAQ, Akron, OH) at a sampling 

frequency of 1000 samples's'^'channel"'. Acquired data was analyzed using peak detection 

software and data were imported to a spreadsheet for calculation of HR and mean arterial blood 

pressure (MAP). 

Methylcholine stimulation of heart rate and blood pressure 

Increasing doses of methylcholine (MCh) (5, 25, 50, and 100 ng/kg) were injected intravenously 

into anaesthetized, paralyzed (doxacurium chloride 0.25 mg/kg), and ventilated mice 2 minutes 

post volume history maneuvers to total limg capacity. Average values for HR, diastolic and 

systolic blood pressures were calculated for 30 s of data acquired prior to injection of MCh 

(control) and in 10 s bins for 140 s after MCh injection. Peak responses to MCh were measured 

at 30 s post injection. 

ANP Northern 

Northern blots for ANP were performed as previously described    with the following 

modifications.   The template for in vitro antisense riboprobe labeling was produced by PCR 

using   the   follovdng   primers:   sense   5'-AACCCACCTCTGAGAGAC-3',   antisense   5'- 

GGAAGCTGTTGCAGCCTA-3'.  The  PCR product  was  cloned  into  the  pCRII  vector 

(Invitrogen, Carlsbad, CA). The ANP/pCRII plasmid was linearized with Xhol and SPe RNA 

polymerase was used for riboprobe labeling. 

VEGF and PDGF stimulation of C166 endothelial cell lines 

C166 endothelial cells were isolated from day-12 yolk sacs offp^^ mice". C166 and derivative 

lines were grown in DMEM, 10% fetal bovine serum (Gibco).    VEGF and PDGF stimulation 

experiments were performed on native C166 lines and on C166 cell lines ectopically expressing 



C-terminal-Myc-epitope-tagged variants of Fps using a retroviral transduction protocol 

previously described^''. The following pMSCV (murine stem cell virus) constructs encoding 

variants of Fps w^ere utilized: \) pMSCV-jps-myc, myc-epitope-tagged wild type Fps (C166-Fps- 

Myc cell line); and 2) pMSCV-jpi^^-myc, myc-epitope-tagged variant of Fps containing an N- 

terminal Src-like myristoylation target sequence^^ (C166-MFps-Myc cell line). Cells were 

starved overnight in serum-free DMEM, stimulated with increasing concentrations of PDGF (0- 

3.3 nM) or VEGF (0-2.4 nM) (R&D Systems Inc) for 2.5-5 min and lysed in PLCy lysis buffer 

containing a cocktail of protease inhibitors'^. Cell lysates were either immunoprecipitated (IP) 

with FpsQE anti-sera specific for Fps and Fer, with FerLA anti-sera specific for Fer , or with 

anti-Myc ascites (anti-Myc). In some cases, soluble cell lysates (SCLs) were analyzed directly 

by immunoblotting (IB). IPs and SCLs were subsequently probed with the following antibodies 

according to manufacturer instructions or as described previously^^: FpsQE, FerLA, anti-Myc, 

and anti-phospho-tyrosine (Santa Cruz Biotechnology, Santa Cruz, CA). 
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Results 

Reduced embryonic viability offp^^ mice 

Knock-outs of VEGF, Ang-1, PDGF-B and their respective receptors have displayed moderate to 

severe embryonic lethality due to defects associated vdth compromised vasculogenesis and/or 

angiogenesis. Initial attempts to generate j^j^'^ transgenic mice suggested that moderate levels 

of MFps expression were well tolerated, but higher levels could cause embryonic or perinatal 

lethality^^. The life span of the established j^5^'^ transgenic mouse strain ranges from 1-14 

months, with premature death occurring at a median age of 7 months due to systemic effects of 

hyperplasia, including internal hemorrhaging^^. The dramatic variation in life span, coupled with 

well-documented examples of embryonic lethality associated with abnormal vascular 

development, led to the speculation that some j^5^''^ mice may be dying in utero. In order to test 

this, we performed genotypic analysis of offspring derived from hemizygous j^5^^ {^) x w? ($) 

breeding pairs. This revealed a statistically significant increase in the expected number oiwt vs 

hemizygousj^y*^^ progeny [57:43 v^ expected 50:50 ratio (wtjp^'^) (x2 = 3 x 10"^] suggesting 

that a number of j^5^^ mice may be dying in utero, presumably due to complications associated 

with systemic hyperplasia. 

Phenotypic similarities of fp!^^ mice with VEGF and Ang-1 transgenic mice 

Over-expression of either Ang-1 or VEGF from the keratin 14 promoter in mice (K14-Angl and 

K14-VEGF) gave rise to tortuous vessel morphology, aberrant patterning and increased vessel 

density in the skin.^^"^^ Ang-1 transgenic mice also displayed excessive dilation of blood 

vessels^^'''^. Co-expression of Ang-1 and VEGF produced an additive effect in which both 

increased vessel density and excessive dilation was observed^^'^^. The phenotypes exhibited by 

these transgenic lines were characterized by redness of the skin on the ears and on the underside 
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of the nose and feet^^'^^. Although transgenic targeting was not skin specific in ^/'^ mice, a 

remarkably similar redness of skin was also observed, pointing to the existence of similar defects 

in vascular morphology (Figure 1). Moreover, this redness was also observed \njp^ neonates 

(Figure ID) suggesting that defects in vascularity arise during embryogenesis. This is consistent 

with statistical evidence of m utero death and vdth isolation of immortalized endothelial (C166) 

cells from day 12-14 yolk-sacs of these mice^^ 

Hypervascularity and aberrant vascular patterning infps^'^mice 

The initial hyper-vascular characterization of the Jps'^'' mouse line was based solely on 

immimohistochemical analysis of vessel density in the brown adipose tissue of neonatal animals 

and on the presence of hemangiomas^^. Here we have greatly extended this analysis, showing 

abnormal vascular patterning, excessive tortuosity and vascular varicosities in the blood vessels 

of _fips^^ mice (Figures 2). Morphometric analyses of the vascular network in cremaster muscle 

preparations visualized by intravascular perfiision of FITC-albumin showed a 1.6-fold (p = 

0.0005) increase in total vascular area m_^s^^ mice (Figure 3 A), and a corresponding 1.7-fold (p 

= 0.05) increase in total vascular length per unit tissue area (Figure 3B). Visual inspection of 

these composites indicated that hyper-vascularity was primarily attributable to increased 

branching of vessels of secondary order (arterioles and venules) emanating from primary vessels 

(Figure 2). This is quantitatively depicted in the volumetric (red) and linear (yellow) intensity 

profiles of each composite image, which shows increased signals of intermediate FITC-albumin 

intensity in regions between primary vessels in fi)S^^ mice (Figure 2). Visual inspection of 

capillary density was partially limited by resolution; however, comparable or very modest 

decreases in capillary density were discemable (data not shown). Interestingly, abnormal 

vascular patterning was still evident at the level of capillaries (data not shown). Since intensity 
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values correlate with vessel size in these plots, a frequency distribution profile of vessel size can 

be generated in the absence of spatial information. This type of analysis revealed that vessels of 

increased size occurred with greater frequencies in jp^^ mice (Figure 3C). Interestingly, this 

morphometric analysis also predicted fewer of the smallest sized vessels inj^5^^mice, affirming 

our subjective observation of modest decreases in capillary density mjp^^ mice. Thus, j^^^''' 

mice appear to exhibit vascular abnormalities that are reminiscent of the phenotypes in K14- 

VEGF and K14-Ang-1 mice in that they display defects in patterning, vessel density, branching 

and size. 

Vascular hyperplasia and malformations in brain and liver offp^^ mice 

We next wanted to examine the extent of vascular hyperplasia and malformations in other tissues 

of^s^ mice. We employed two-photon laser confocal microscopy for this purpose and focused 

on brain and hepatic tissue obtained from FITC-albumin injected mice. Images of brain tissue of 

equivalent thickness showed gross aberrations of the type observed in cremaster muscle in all 

orders of vessels including aberrant patterning, tortuosity and varicosities (Figure 4A, 4B). As 

observed in cremaster muscle, increased vascularity and branching appeared to be associated in 

particular with second order vessels in brain. This was more apparent when the images were 

rendered at different angles (Figure 4C, 4D). In some cases, primary vessels were larger, in 

agreement with the frequency distribution analysis in Figure 3C. In order to assess vessel 

density and morphology at the capillary level, we examined the sinusoidal hepatic capillaries 

under higher magnification (Figure 4E, 4F). Although we observed some degree of hyperplasia 

in the liver, it was not as striking as the hyper-vascularity in cremaster and brain. In addition, 

abnormal patterning and tortuosity was apparent to only a small degree in the liver. These data 

suggest that a minor degree of excess branching and hyper-vascularity also occurs at the level of 
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hepatic capillary networks with minimal defects in vascular morphology and patterning. These 

observations conform with those in the brain and cremaster muscle and suggest that increases in 

vessel density are restricted to second order vessels, and that alterations in capillary density, 

morphology, and patterning were modest at best. The data affirms earlier predictions of tissue- 

wide hypervasuclarity^^ and further, demonstrated that MFps over-expression resuhed in 

comparable but not wholly similar vascular aberrations in different tissues. 

Enhanced vessel permeability in response to histamine 

K14-VEGF mice and knockouts of Ang-1 and Tie-2 gave rise to leaky-vessel phenotypes while 

K14-Ang-1 mice gave rise to leakage-resistant vessels, suggesting an association between 

hyperplasia and defects in vessel permeability^*''"''^^. These associations prompted us to examine 

whether the vascular hyperplasia mjp^'^ mice was also accompanied with permeability defects. 

We employed the permeability-inducing agent histamine, which induces cell contractility and 

has been shown to induce phosphorylation of endothelial adherens junctions proteins'*^. 

Histamine was directly suffused over cremaster preparations at a constant rate and plasma 

extravasation as a function of FITC-albumin intensity was measured. Upon suffusion, leakage 

began by approximately 150 sec and progressed linearly until saturation levels were reached due 

to upstream vasoconstriction or localized coagulation {wt, n = A; fp^^, « = 5; Figure 5D and 

5E). We estimated the maximal extent of leakage, rate, and half-maximal time (P50) of plasma 

extravasation for each mouse; these parameters are graphically depicted in the inset of Figure 

5D. Using linear regression analyses, a mean 48% decrease in the rate parameter {p = 0.003) 

was calculated, consistent with the existence of a retarded rate of leakage in the blood vessels of 

fp^^ mice (Figures 5B, 5C). Non-linear regression analyses using a Hill 3-parameter sigmoidal 

function provided estimates of P50 and maximal levels of leakage. Interestingly, mean levels of 
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these parameters were both elevated 1.5-fold in fp^^ mice {p = 0.005 and p = 0.048 

respectively; Figure 5A). The latter results suggested that although permeability rate was 

decreased, restoration of the vessel to resting permeability states could be delayed, resulting in 

overall increases in the levels of extravasated plasma. These data suggest that j^5^''^ mice may 

possess defects in cellular mechanisms that control cell-cell adhesion. 

Cardiac abnormalities infps/^'^mice 

Transgenic mice expressing a viral oncogenic J?^ allele gave rise to enlarged subcutaneous blood 

vessels and to cardiac abnormalities including cardiomegaly^^. Cardiac abnormalities have also 

been observed in PDGF-B'^, Ang-l"*^ and Tie2''' knockouts. Examination of lateral and 

longitudinal cross-sections of the hearts of j^5^^ mice revealed no overt differences in 

morphology suggesting normal heart function (data not shown). Heart rate was also normal in 

^^s^'^ mice (data not shown) however their mean heart size was increased by lOVo (p = 0.02) 

(Figure 6A), probably as a result of the increased circulatory load requirements of 

hypervascularity. In addition, systemic mean arterial pressure (MAP) was reduced inj^j^^ mice 

(wt, 55.4 ± 1.2 mm Hg, « = 4;^/^^ 39.2 ± 1.6 mm Hg, « = 4; j!? = 1.4 x 10"^); this may be 

attributable to reduced peripheral vascular resistance as a result of increases in the degree of 

parallel blood flow. 

Increased ventricular ANP mRNA levels 

Cardiac hypertrophy and hypotension have been associated with increased atrial-natriuretic 

peptide (ANP) expression (reviewed in '^). This peptide is secreted in the atrium and ventricle 

and elicits profoimd natiuresis and diuresis. Examination of ventricular ANP mRNA levels 

showed that message levels were elevated approx. 3.2-fold inj$?5^^mice (Figure 6B). 
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Effect of the cholinergic agonist methylcholine on heart rate and blood pressure 

We further explored the basis of cardiomegaly and system-wide reductions in blood pressure by 

examining heart function and vascular pressure in response to the muscurinic agonist 

methylcholine. Methylcholine induces NO secretion to cause vasodilation peripherally and 

engages the M2 muscurinic receptor expressed on myocytes in the atria and ventricle to induce 

bradychardia (reviewed in '*^'^^). Increased sensitivity to methylcholine-induced bradychardia 

was observed \nfp^^ mice (Figure 7A). Methylcholine also induced dose-dependent decreases 

in mean arterial pressure (MAP) in both wt and Jps^^ mice (Figure 7B). The fp:^^ MAP 

response profile to methylcholine was similar to that observed in wt mice suggesting that dilation 

capacity of blood vessels is intact mjp^'^ mice. When the vasoconstrictor phenylephrine was 

administered, increases in MAP were also comparable indicating that vessel constriction 

capacity, as well, is normal in jps'^'^ mice (data not shown). 

Fps is activated downstream ofPDGFin C166 endothelial cells 

Preliminary attempts to delineate the molecular basis of defective angiogenesis involved the 

testing of key angiogenic factors on C166 endothelial cells derived fromj^5^^ mice. Stimulation 

of C166 cells with bFGF or with Ang-1 condhioned media did not elicit Fps or MFps activation 

in this cell line (data not shown). When C166 cells were stimulated with PDGF-B we observed a 

striking response in the global tyrosine phosyphorylation profile (Figure 8A). An identically 

potent response was observed in a hemangioendothelioma cell line (EOMA) (Figure 8B) 

suggesting that the PDGFR is expressed in both lines of endothelial cells. Subsequent 

immunoprecipitation and Western blot analyses revealed a dose-dependent increase in tyrosine 

phosphorylated Fps/MFps species in response to PDGF in C166 cells (Figure 8C). In EOMA 

cells, basal levels of activation of Fps (and Fer) were elevated and remain imchanged with 
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increases in PDGF-B doses (data not shown). Quantification of the Fps phosphotyrosine signal 

revealed a sigmoidal activation profile indicative of an ultra-sensitive response to PDGF"*' 

(Figure 8F). This was suggested by a Hill coefficient parameter (nn) of 2.43, obtained by non- 

linear regression using a Hill 3-parameter function. This parameter has been utilized to 

differentiate between the sensitivity of responses in biological systems where nH values of one, 

represent Michaelis-Menton-like (hyperbolic) sensitivity whereas nn values below and above one 

represent sub- and ultra-sensitivity thresholds, respectively.''^''*^ 

Fer (94 kDa) migrates closely vwth Fps and MFps (both approximately 92 kDA) and 

these kinases are routinely visualized as a doublets on SDS-PAGE^'^'^'. The ratio of Fps plus 

MFps to Fer expression in C166 cells is extremely large, resulting in the immunoprecipitation 

(IP) of mainly MFps and Fps using an anti-Fps antibody (FpsQE) that has cross-reactivity with 

Fer. This is demonstrated in Figure 8D where a band corresponding to Fer in an IP using a Fer- 

specific antibody (FerLA) is absent in the adjacent FpsQE immunoprecipitates. Nonetheless, 

since Fer has been shown to be activated by PDGF^°, we took precautionary measures and 

examined the degree to which Fer activation might contribute to phosphotyrosine signal 

generated in the Fps/Fer IPs shown in Figure 8C. Inducible activation of Fer was barely 

observable at concentrations of PDGF as high as 1.6 nM and 2.4 nM (Figure 8D and 8E) 

suggesting that the PDGF-induced phosphotyrosine signal in Fps/Fer IPs is predominantly due to 

Fps and/or MFps activation. 

MFps sensitizes C166 endothelial cells to PDGF signaling 

In order to delineate the relative proportions of activation of endogenous MFps and Fps by 

PDGF we utilized C166 cell lines that had been transduced with retroviruses encoding myc- 

epitope-tagged Fps (Fps-Myc) and MFps (MFps-Myc). These epitope tagged variants migrate at 
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approximately 120 kDa and could be easily distinguished from endogenous Fps and MFps 

signals. As expected, dose-dependent increases in tyrosine phosphorylation were seen in the 

band corresponding to endogenous Fps and MFps in both C166 lines expressing myc-epitope- 

tagged variants of Fps (Figures 9A, 9B; lower band). Unexpectedly, we did not observe tyrosine 

phosphorylation of Fps-Myc in the cell line expressing this variant (Figure 9A). However, we 

observed dose-dependent tyrosine phosphorylation of MFps-Myc (Figure 9B). This 

demonstrated that only the myristoylated (activated) MFps variant undergoes activation in 

response to PDGF. The latter results were consistently observed regardless of whether anti-Myc 

(not shown) or FpsQE was used for immunoprecipitation. These data suggest that MFps 

mediates an ultra-sensitive response to PDGF signaling in endothelial cells ^om.fps^'^ mice. 

VEGF transiently activates MFps but not Fps in C166 cells 

Treatment of C166-Fps-Myc cells with 0-2.4 nM VEGF induced a modest activation of MFps. 

This activation was specific to MFps since Fps-Myc activation was not observed (Figure lOA). 

Thus, as was the case with PDGF, MFps also sensitizes C166 cells to VEGF signaling. Unlike 

the ultra-sensitive response to PDGF however, the activation of MFps by VEGF was weak and 

transient at both 2.5 and 5 min (Figure lOB). 
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Discussion 

Cardiovascular defects are frequently associated with defective vascular development, 

both at the cellular and organ level'^''*^'^^"". With the exception of minor cardiomegaly, this did 

not appear to be case with Jp^^ mice, which appeared to have relatively normal heart 

development and function. Since vasculogenesis and early heart development are spatially and 

temporally linked, and since cardiac structure is relatively intact in j^5^^ mice, we speculate that 

the vascular defects in jp^^ mice may predominantly manifest during the angiogenic 

remodeling phase of vascular development. This is consistent with the observation of branching 

and patterning defects in vessels of secondary but not primary order, and with an apparent lack 

of vascular defects in the yolk sacs of^s^^ mice (data not shown). 

The observed cardiomegaly injp^'' mice may be due to chronic effects of load arising 

from increased blood volume levels that can be expected with hypervascularity. Expansion of 

blood volume also leads to natriuresis, which attempts to restore normal levels of blood volume. 

Indeed, a natriuretic response was suggested by the significant increase in ANP mRNA levels. 

ANP also has been shown to mediate potent antihypertensive actions which might explain the 

observed constitutive reductions in MAP (reviewed in ^\ although reduced MAP may also be 

attributable to increased parallel blood flow. 

Both VEGF and Ang-1, when over-expressed in the skin, gave rise to increased 

vascularity; however, each was associated with unique physiological and morphological 

aberrations of the vasculature^^'^^ Increased vascularity was predominant in K14-VEGF mice, 

while vessel enlargement was predominant in K14-Ang-1 mice^^. hi addition, K14-VEGF mice 

had leaky vessels in response to challenge, while K14-Ang-1 mice had leakage-resistant 

vessels^^   As expected, K14-VEGF/Ang-1 double transgenic mice produced complementary 
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effects resulting in significant increases in both vessel number and size, accompanied with 

reduced leakiness^^'^^. In this regard, j^5^^ mice exhibited significant parallels with both K14- 

VEGF and K14-Ang-1 transgenic mice. Specifically, j'^5^''^ mice displayed pronounced hyper- 

vascularity, evidence for vessel "leakiness" induced by challenge, and a general enlargement of 

vessels. These hyper-vascular and "leakage" phenotypes closely correlated with K14-VEGF 

mice, and they were consistent with both MFps activation downstream of VEGF, and with a 

potential positive effect on neoangiogenesis (Figure 11) and vascular permeability. The vessel 

enlargement phenotype correlated with the phenotype of K14-Ang-1 mice, although its degree of 

severity was comparatively modest in fp^^ mice. We were unable to observe direct Fps 

activation downstream of Ang-1 (data not shown), thus it is unlikely that vessel enlargement is 

due to direct effects of (M)Fps on Ang-1 signaling. However, it cannot be excluded that (M)Fps 

may indirectly modulate, perhaps through network cross-talk, components of the Ang-1 pathway 

that regulate vessel size. 

PDGF is expressed on nascent endothelial cells during angiogenesis and acts in a 

paracrine fashion to potentiate SMC recruitment, migration and proliferation along nascent 

endothelial tubes'^""''"'^^ As demonstrated in PDGF-B and PDGFR-p knock-outs, failure to 

recruit smooth muscle cells led to impaired arteriogenesis and hence compromises in vessel 

integrity resulting in an edematous phenotype'^''^''^'^^. Our data suggesting increased plasma- 

extravasation in fpi^^ mice (Figure 5) is consistent with the possibility that MFps-mediated 

PDGF-signaling may have produced defects in arteriogenesis associated with abnormal 

SMC/pericyte recruitment and coating of vessels'^'^l Such a possibility is also consistent with 

routine observations of edema in some aged fp^^ mice (data not shown). However, normal 

response profiles of methylcholine-induced reduction in arterial blood pressure in fpi^^ mice 
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indicated normal vascular dilation and relaxation and argue for normal vessel smooth muscle 

morphology and function. Nonetheless, we cannot completely exclude the possibility of 

abnormal SMC recruitment/coating since arterial pressure responses are not necessarily a direct 

measure of vascular smooth muscle morphology and function. 

Abnormal regulation of endothelial adherens junctions (AJ) might also imderlie the 

observed permeability phenotype in fpi^^ mice. Interestingly, histamine has been shown to 

augment vascular permeability by tyrosine phosphorylation of endothelial adherens junctions 

(AJ) components, resuhing in dissociation of VE-cadherin from the actin cytoskeleton"^^. 

Precedence for a possible involvement of (M)Fps in AJ function stems from evidence 

implicating its closely related homologue Fer in regulating the tyrosine phosphorylation status of 

AJ components in neuronal^', intestinal epithelial^° and embryonic fibroblasts^'. Thus, the 

observed reduction in rate of leakage and elevated levels of plasma-extravasation in response to 

histamine, could reflect an MFps-mediated slowing of the kinetics of AJ disassembly and 

reassembly. In other studies, targeted truncation of the cytoplasmic region of VE-cadherin, 

which interacts with P-catenin, did not affect vasculogenesis but impaired the subsequent 

angiogenic remodeling phase of murine vascular development^^. In these mice, VEGFR-2- 

mediated survival signaling to Akt and Bcl2 was reduced due to reduced complex formation with 

VE-cadherin, P-catenin and phosphoinositide 3 (PI3)-kinase^^. The implication of MFps in 

endothelial cell survival^^ coupled with the observed activation of MFps in VEGF signaling 

suggested therefore that MFps may influence endothelial cell survival through signaling 

mechanisms involving VEGFR-2A/^E-cadherin/p-catenin complexes. 

Fps and Fer are the only members of the protein-tyrosine kinase family that possess the 

FCH domain. This domain was first identified in the Cdc42-interacting protein (CIP4), a 
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downstream target of the Rho GTPase Cdc42 that has been implicated in signaling and 

cytoskeletal control'^''^. Intriguingly, several studies have implicated Rho GTPases including 

Racl, Rho A, and Cdc42 in regulating cadherin-mediated cell-cell adhesion. Cadherin regulation 

is thought to occur by action of Racl and Cdc42 on the cadherin-catenin complex, and by action 

of Rho on the actin cytoskeleton or other components. Hence the presence of an FCH domain in 

(M)Fps potentially implicates it in modulation of cadherin activity through a mechanism 

involving Rho-GTPases. 

The similarity of phenotypes between K14-Ang-1 and K14-VEGF transgenic mice and 

fp^^ mice point to participation of Fps in an angiogenic mechanism involving both Ang-1 and 

VEGF. Current models of angiogenic remodeling propose that Ang-2 mediates vessel 

destabilization which primes subsequent neoangiogenesis in the presence of VEGF (Figure 

11)''^'^^. Interestingly, studies elsewhere have shown that Ang-2 activates Fps, and that through 

Fps, Ang-2 stimulates migration and tube-like structure formation of endothelial cells^'*. Based 

on this observation, MFps might potentiate neoangiogenesis by promoting Ang-2 destabilization 

of blood vessels [STEP 1; Figure 11]. In the presence of Ang-2, VEGF promotes endothelial 

sprouting and branching^. MFps-mediated sensitization to VEGF signaling pathways might 

result in modulation of VEGF signaling effects leading to increased kinetics and magnitude of 

vessel sprouting and branching [STEP 2; Figure 11]. This process might be exacerbated by the 

presence of transformed-like properties of endothelial cells, as suggested by the ease of isolation 

of immortalized endothelial cell clones from j^5^^ yolk sacs" (STEP 3; Figure 11). 

Mouse models of Ang-1/Tie-2 and PDGF-B/PDGFRp display defects in arteriogenesis 

associated with impaired pericyte recruitment'*''^""*''*^. It is thought that Ang-1, secreted by 

surrounding mesenchymal cells^^ acts on endothelial cells and induces PDGF secretion (Figure 
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11)'*. PDGF has been proposed to bind to PDGFR|3 on undifferentiated perivascular 

mesenchymal cells and/or on pericytes/SMCs to induce pericyte generation and subsequent 

migration and proliferation of pericytes along nascent endothelial tubes (Figure 11)'^. In this 

context, an initial phase of endothelial PDGF autocrine signaling, followed by a switch to 

paracrine signaling has also been previously proposed^'^^. However, whether or not PDGFR|3 is 

normally expressed on endothelial cells has been controversial, especially since PDGF-B and 

PDGFPR knockouts do not appear to prevent formation of the endothelium^''^'*^. Regardless, 

our data are consistent with the existence of an initial phase of PDGF autocrine signaling and 

further suggest that an ultra-sensitive activation response mediated by MFps would ensue during 

this phase. This activation may abnormally affect this phase of PDGF-signaling since 

endogenous Fps is not normally activated in response to this growth factor. Hence, potentiation 

of PDGF-autocrine signaling by MFps could elevate endothelial proliferative and survival 

indices, resulting in increased kinetics of branching and sprouting (STEP 4; Figure 11). 

Alternatively, it is possible that constitutive PDGFRp or PDGF over-expression may be a 

property of the transformed endothelium mjp^^ mice, hi this regard both PDGF and PDGFRP 

over-expression have been shovm to induce cell transformation'°'^^"^^. Moreover, PDGFRp has 

been shown to be highly expressed in the vasculature of gliomas but not normal brain, and it has 

been implicated in neovascularization of these tumors through autocrine mechanisms ' ' ' . 

Thus, elevated PDGF-autocrine signals may also promote endothelial hyperplasia, an effect that 

would be exacerbated by MFps-mediated ultra-sensitivity to this growth factor (STEP 5; Figure 

11). 

Heterozygous VEGF deficient embryos (VEGF"^^"^ generated by aggregation of VEGF^^" 

embryonic stem cells vdth tetraploid supporting embryos exhibited intermediate severity of 
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blood vessel formation compared to VEGF~^~ embryos, suggesting that VEGF dose-dependently 

regulated vessel development^^. Another study showed that 3' UTR deletion of the VEGF gene 

gave rise to increased stability of VEGF transcript and to modest increases in VEGF expression 

resulting in embryonic lethality due to abnormal heart development . These studies imply that 

tight dosage regulation of VEGF is critical for vascular development. Thus, it is conceivable that 

abnormal sensitization of MFps to VEGF signaling, even though weak and transient, might resuh 

in sufficient modulation of VEGF signaling to cause the severe defects in vascular development 

observed mjp^^ mice. 

The physiological and molecular mechanisms underlying vasculogenesis and 

angiogenesis have been a subject of active interest given their therapeutic promise in heart 

disease and cancer. Although recent genetic approaches have aided in the functional 

identification of numerous vasculogenic and angiogenic factors and in the development of 

working models of these processes, an understanding befitting practical therapeutic advancement 

is still elusive. This is underscored by recent disappointments in clinical trials of several 

promising angiogenic inhibitors'^'^''. It has been difficult to generate appropriate animal models 

for the study of angiogenesis. Knockouts of VEGF, PDGF, Ang-1, Ang-2 and their respective 

receptors are embryonic lethal, and VEGF and Ang-1 transgenic mice have transgene-directed 

tissue-specific vascular phenotypes. Jps^^ mice however are relatively viable and provide a 

suitable model for the study of both primitive and definitive vasculogenesis and angiogenesis in 

all tissues. In addition, the process of arteriogenesis is an important aspect of angiogenic 

development and function; and in this respect, fp^^ mice might also constitute an important 

model for the study of this process. Therefore the fip^^ mouse model v^U be important for 

further delineating the biochemical and physiological pathways that regulate both angiogenesis 
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and arteriogenesis, not only with respect to the role of Fps, but also with respect to key 

angiogenic and arteriogenic factors such as VEGF, Ang-1, Ang-2 and PDGF. 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure Legends 

Figure 1. Increased redness in skin of fp^^ mice resembles VEGF and Ang-1 over- 

expressing phenotype. Increased redness of varying extent was observed in areas of skin lacking 

hair growth, which included regions of the nose and mouth, feet and tails (data not shown). 

Panels A and C, wt. Panels B and E, ^s^''. This redness was readily apparent in^s^'^ neonates 

(Panel D, arrows). 

Figure 2. Comparison of vascular patterning and morphology in cremaster muscle using 

fluorescence intravital microscopy. The upper section of each panel represents 2-dimensional 

composite images of vessel networks visualized by fluorescence microscopy (lOOX 

magnification). The middle section of each panel is the corresponding 3-dimensional 

fluorescence intensity plot of vessel networks in cremaster muscle. The bottom section of each 

panel represents a linear intensity plot of the region traversed by the yellow line shovra in the 

middle section of each panel. These images clearly show that jp^^ mice exhibit pronounced 

hypervascularity, aberrant patterning and excessive tortuosity and vascular varicosities compared 

to their wt siblings. (Panels A and C, wt. Panels B and T>,fi)s^^). Also apparent were increases 

in the vascular density of vessels emanating from primary branches. 

Figure 3. Vessel density and size in cremaster muscle. Morphometric analysis of composite 

images of cremaster muscle digitally captured at lOOX magnification was utilized to yield 

estimates of vascularity. j^5^^ mice were found to have a 1.6-fold increase in total vascular area 

[Panel A : wt, (black bars) 17.4 ± 0.9 %; ^s^'', (white bars) 28.6 ± 0.6 %; n = 3,p = 0.0002(*)] 

and a 1.7-fold increase in total vascular length per unit tissue area [Panel B: wt, (black bars) 8.0 

± 1.5 ^im/mm^; fps^^, (white bars) 13.9 ± 0.8 \im/mm^; n = 3, p = 0.02(*)]. Frequency 
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distribution analyses of intensity data captured by FIVM. Larger vessels occur with increasing 

frequency mfp^'^mice [Panel C: wt (black bars); j^/^^ (white bars)]. 

Figure 4. Comparison of vascular networks in brain and liver using two-photon confocal 

microscopy. Images were obtained using two-photon confocal microscopy of whole tissue. 

Hypervascularity and tortuous vascular patterning was also found in the brain (Panels B and D: 

Jp^''; Panels A and C: wt; lOOX; 75 nm) and liver (Panel V:Jp^^; Panel E: wt; 200X; 52 ^m) of 

jps'^'^ mice. Also evident in these images were increases in the number of 2"'' order vessels in the 

brain of jjp^'^ mice. (Compare Panel D to Panel C). Density of hepatic capillaries mfp^^ mice 

are modestly increased compared to wt mice (Compare Panel F to Panel E). 

Figure 5. Reduced vascular permeability in response to histamine in fp^^ mice. Intravital 

microscopy was employed to monitor histamine-induced extravasation of FITC-albumin. 

Extravasation was measured as a ftinction of total fluorescence intensity within a defined 

rectangular area encompassing both the vessel lumen and adjacent extra-vascular regions. Rate 

of FITC-albumin extravasation was readily visualized over time and showed that histamine- 

induced vascular permeability is compromised (Panel E: upper row, wt; lower row, ^5^^). This 

is quantitatively represented by temporal fluorescence profiles post-histamine suffusion [Panel D 

(Average ± SEM): j^5^^ (o),« = 5; wt (•), n = 4]. Three parameters of the average fluorescence 

intensity profiles were assessed (Panel D: inset). The maximal leakage parameter was increased 

in ^5^^ mice [Panel A: fp^^ {n\ 55.2 ± 6.7; wt (■), 36.7 ± 2.7; p = 0.048(*)]. The rate 

parameter however was decreased [Panel B: j^/"'(n), 0.11 ± 0.01 AIntensity/sec; wt (■), 0.21 ± 

0.03 AIntensity/sec; p = 0.003(*)]. Changes in the latter two parameters were reflected by 

increases in the half-maximal time of leakage (P50) 'y^fp^^ mice [Panel Q,: fpi^^{u), 364 ± 20 

sec; wt (■), 245 ± 9 sec;p = 0.005(*)]. 
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Figure 6. Physiological characterization of cardiac function in fp^^ mice. Heart weights 

were calculated as percentages of total body weight. Cardiomegaly was observed injp^^ mice. 

[Panel A: Box plot representation of data: median (solid lines), average (dashed lines), 5-95 

th th tVi th percentiles (symbols), 10 - 90 percentile (whiskers) 10 - 25 percentile (boxes); normalized 

heart weights (Average ± S.E.M); wt (4.9 ± 0.8 mo.), 0.45 ± 0.01, n = 28;^5^''(4.8 ± 0.9 mo), 

0.50 ± 0.01, n = 2\\p = 0.02(*)]. Northern analysis revealed that ventricular ANP mRNA levels 

were increased 3.2-fold mfp^'' mice [Panel B: n = 'i;p = 0.032(*)]. 

Figure 7. Response of heart rate and blood pressure to methylcholine. fp^^ mice were more 

sensitive to methylcholine induced decreases in heart rate [Panel A: yvt {•),fp^^ (o); « = 3; p < 

0.05(*)]. Decreases in mean arterial pressure was comparable between genotypes. [Panel B: wt 

{•);fp^^io);n = ?,]. 

Figure 8. PDGF-induced tyrosine phosphorylation of Fps in C166 cells. Global tyrosine 

phosphorylation responses to increasing concentrations of PDGF in C166 cells and EOMA cells 

were assessed by anti-pY immunoblotting (Panels A and B, respectively). MFps was activated 

in a dose dependent manner by PDGF (Panel C, anti-pY blot). Probing the same blots with anti- 

FpsQE confirms equal loading (Panel C, anti-FpsQE blot). MFps pY activation levels are 

quantified in Panel F(»). Fer activation was not readily apparent at 1.6 nM PDGF (Panel D), but 

was slightly visible at 2.4 nM PDGF (Panel E) while Fps was strongly phosphorylated at both 

concentrations of PDGF (Panel C), suggesting that pY signals were predominantly attributable to 

Fps. 

Figure 9. MFps but not Fps, was specifically activated by PDGF. C166 cell lines expressing 

Myc-epitope-tagged wdld type Fps (Fps-Myc) and Myc-epitope-tagged myristoylated Fps 

(MFps-Myc) were stimulated v^th PDGF. Myc-tagged variants have higher molecular weights 
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(approx. 120 kDa) and migrate slower than endogenous Fps (92 kDa) on SDS-PAGE (Panels A, 

B). Upper blots in each panel represent anti-pY blots, while lower blots represent the same blots 

after stripping and reprobing with anti-FpsQE to assess loading of either endogenous Fps or Fps- 

Myc species. The positions of endogenous Fps and Fps-Myc are indicated by arrows. PDGF 

stimulation of C166-Fps-Myc did not show activation of the Fps-Myc variant (Panel A). This 

observation was confirmed with anti-Myc IPs (data not shown). As expected endogenous Fps 

present in these lines was dose-dependently activated by PGDF (Panel A and B; pY blot; lower 

arrows). Activation of both endogenous and Myc-tagged myristoylated Fps species was 

observed when C166-Fps'^-Myc cells were stimulated with PDGF (Panel B) suggesting that 

MFps, but not Fps is specifically sensitized to activation downstream of PDGF. 

Figure 10. MFps but not Fps, is specifically activated by VEGF. C166 cell lines expressing 

Myc-epitope-tagged wild type Fps were stimulated with 0-2.4 nM VEGF for 5 min. Dose- 

dependent tyrosine-phosphorylation of MFps but not Fps was observed (Panel A: pY blot). 

Blots were stripped and reprobed with anti-FpsQE to confirm loading (Panel A: FpsQE blot). 

Quantification of the level of activation of MFps with 0-2.4 nM VEGF at 2.5 and 5 min time 

points are displayed in Panel B. The chart displays transient activation of MFps in response to 

PDGF. The amplitude of activation appears to increase with time. 

Figure 11. Model of angiogenesis infps/^^ mice. MFps is proposed to alter angiogenesis at 5 

points. For details refer to the main text. (Grey, endothelial tubes; textured grey, transformed 

endothelial tubes; beige, mural coating). STEP 1: MFps promotes Ang-2-mediated vessel 

destabilization in the genesis stages of angiogenesis. STEP 2: MFps may promote VEGF 

induced vessel sprouting and branching. STEP 3: Hyper-vessel sprouting and branching as a 

result of effects intrinsic to the properties of transformed-like endothelial cells in jp^'' mice. 
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STEP 4: Hyper-sensitization of MFps to PDGF signaling may alter normal output from this 

pathway resulting in pro-angiogenic effects. STEP 5: Abnormal PDGF autocrine signaling as a 

result of up-regulation of PDGFR expression may contribute to increased vessel sprouting and 

branching. 
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Abstract 

Objective. Thejps/fes proto-oncogene is abundantly expressed in myeloid cells, and the Fps/Fes 

cytoplasmic protein-tyrosine kinase is implicated in signaling downstream from hematopoietic 

cytokines, including interleukin 3 (IL-3), granulocyte-macrophage colony stimulated factor 

(GM-CSF) and erythropoietin (Epo). Studies using leukemic cell lines have previously 

suggested that Fps/Fes contributes to granulomonocytic differentiation, and that it might play a 

more selective role in promoting survival and differentiation along the monocytic pathway. In 

this study we have utilized transgenic mice (Jjp^^ mice) tissue-specifically expressing an 

activated Fps/Fes kinase to investigate the role of this kinase in hematopoiesis. 

Methods. Hematopoietic function in wild type and Jp^ mice was assessed using lineage 

analysis, hematopoietic progenitor cell-colony forming assays and biochemical approaches. 

Results. We show that transgenic mice tissue-specifically expressing an activated Fps/Fes kinase 

displayed a skewed hematopoietic output. These mice had increased numbers of circulating 

granulocytic and monocytic cells and a corresponding decrease in lymphoid cells. Bone marrow 

colony assays of progenitor cells revealed a significant increase in the number of both 

granulomonocytic and multi-lineage progenitors. A molecular analysis of signaling in mature 

monocytic cells showed that activated Fps/Fes promoted GM-CSF induced STAT3, STATS and 

ERKl/2 activation. 

Conclusions. These observations support a role for Fps/Fes in signaling pathways that contribute 

to lineage determination at the level of multi-lineage hematopoietic progenitors as well as the 

more committed granulomonocytic progenitors. 



Introduction 

The fps/fes proto-oncogene (here after called jps) encodes a cytoplasmic protein-tyrosine 

kinase that is abundantly expressed in cells of the hematopoietic lineage [1]. Although the 

precise molecular role for the Fps kinase is not understood, it has been implicated in signaling 

downstream from a number of hematopoietic cytokines including IL-3 [2], IL-4 [3,4], GM-CSF 

[2,5], Epo [6,7] and IL-6 [8]. In some cases, a link to PI3' kinase and cell survival has been 

made [3,4]; and in other studies a connection with activation of signal transducers and activators 

of transcription (STATs) has been demonstrated [5,6,9-11] which would have implications in 

both survival and differentiation. 

In early studies of j^^, forced expression in the K562 human erythroleukemic cell line 

correlated with myeloid differentiation potential [12], and antisense blocking experiments 

suggested that Fps protects human leukemic HL60 or fresh acute promyelocytic leukemia blast 

cells from programmed cell death during induced granulocytic, but not monocytic differentiation 

[13,14]. Transduction of the human bipotential promonocytic leukemic cell line U937 with 

retrovirus encoding an activated form of Fps was shovm to drive differentiation down the 

monocytic pathway [15]. Interestingly, this appeared to occur at the expense of granulocytic 

differentiation, and it correlated with enhanced activity of the ets family transcriptional regulator, 

PU.l [15]. More recently, the same activated Fps-encoding retrovirus promoted survival and 

granulocytic differentiation of the IL-3 dependent 32D cell line, and this correlated with 

activation of the transcription factors C/EBPa and STAT3 [16]. These observations suggested 

that Fps might participate in lineage determining signaling pathways involving PU.l, C/EBPa 

and STAT3 that govern the survival and differentiation of granulomonocytic progenitors. 



Cell culture based experiments like those described above suggested that loss oijps would 

seriously compromise in vivo myelopoiesis. This hypothesis has recently been addressed by 

gene targeting in transgenic mice. A mouse knock-in mutation that abolished Fps kinase activity 

without compromising its expression, resulted in only a mild defect in cytokine-induced STAT 

activation in myeloid cells, and there were no detectable defects in myelopoiesis in these ^5^ 

mice [11]. Surprisingly different phenotypes have since been reported in mice strains targeted 

with null mutations. In one case enhanced myelopoiesis was reported in j^^-nuU mice; and this 

correlated with increased GM-CSF and IL-6 induced STATS and STATS activation in cultured 

myeloid cells [17]. This prompted an interesting model where Fps was hypothesized to compete 

with Jak2 kinase for access to STAT 3 or STATS [17]. However, an independently generated 

j^5'-null mouse strain displayed no obvious defect in cytokine induced STAT3 or STATS 

activation [18]. Furthermore, a decrease in circulating granulocytes and monocytes from this^^' 

^' mouse strain was observed; and this phenotype was corrected by a.Jps transgene inj^^'^''^^ mice 

[18]. These observations were consistent with the phenotypes observed earlier m jjps'^^^^ mice, 

and in the earlier cell culture experiments. Furthermore, they supported the hypothesis that Fps 

does participate in myelopoiesis, but that its ftinction might be partially redundant with other 

kinases, such as members of the Jak, Src or Syk families, or perhaps the Fps-related Fer kinase 

[19]. It follows that while myelopoiesis might not be seriously compromised in Fps-deficient 

mice, it might be enhanced in mice expressing an activated Fps kinase. We have now examined 

myelopoiesis in a strain of transgenic mice which were engineered to express a gain-of-function 

mutant Fps kinase in a tissue-specific fashion [20]. The addition of five amino acids 

immediately after the amino-terminal glycine in Fps created a minimal Src-like myristoylation 

consensus sequence.   This MFps protein is efficiently myristoylated, and this provided weak 



transforming activity in rat fibroblasts [20]. The complete human fps locus including this 

mutation was used to generate fp^^ transgenic mice which tissue-specifically expressed the 

active MFps kinase. 

In the present study, we show that in vivo expression of activated MFps correlated with a 

skewing of hematopoiesis, manifested by increased granulomonocytic output and a 

corresponding decrease in lymphoid cells. Increased numbers of granulomonocytic precursors 

were detected in the bone marrow using flow cytometry-based lineage analysis and progenitor 

colony assays. Interestingly, there was also evidence of decreased B-cell progenitors in the bone 

marrow and a block in T-cell maturation. Bone marrow derived monocytes from fp^^ mice 

displayed enhanced GM-CSF induced activation of STATS, STATS, and ERK. Based upon these 

observations, we propose a molecular model for Fps involvement in cytokine signaling which is 

consistent with phenotypes seen in all of our transgenic mouse strains. Furthermore, we propose 

a role for Fps in regulating lineage determination by multipotential hematopoietic progenitors. 



Experimental Procedures 

Mice 

Derivation offps^'^ transgenic mice, expressing myristoylated MFps were previously described 

[20]. The fps/^^ line is maintained in an out-bred CD-I background and is housed at the Animal 

Care Facility at Queen's University, Kingston, ON Canada.   All protocols involving animals 

were approved by the institutional animal care committee in accordance with the guidelines of 

the Canadian Council on Animal Care. 

Peripheral white blood cell analysis 

Whole blood was acquired by cardiac puncture as previously described [18]. 

Flow cytometry 

Bone marrow (from femur), spleen, and thymi were obtained from wt snAjp^^ mice and single 

cell suspensions were prepared for flow cytometry as previously described [11,18]. Cells were 

incubated with either phycoerythrin (PE) or fluorescein isothiocyanate (FITC) conjugated 

monoclonal antibodies (Pharmingen Canada unless otherwise specified). Bone marrow cells and 

splenocytes were incubated with either PE-Ly6G and FITC-CDllb or with PE-CD45R/B220 

and FITC-IgM (Serotec). Splenocytes were also incubated with PE-CD8 (Leinco Technologies, 

Inc) and FITC-CD4 (Leinco Technologies, Inc). 

Cell colony assays 

Methylcellulose    progenitor    assays    were    performed    as    previously    described    [11]. 

Methylcellulose was supplemented with two different cocktails of recombinant cytokines (R&D 

Systems, Minneapolis, MN): One cocktail consisted of 50 ng/ml Steel factor (SF), 5 ng/ml IL-3, 

10 ng/ml IL-6, 10 ng/ml Tpo, 1 U/ml Epo and 5 ng/ml GM-CSF and the second cocktail 

consisted of 1 U/ml Epo and 5 ng/ml GM-CSF. 



GM-CSF stimulation of bone-marrow cultures 

Bone marrow-derived macrophage were prepared, cultured and stimulated with recombinant 

cytokine as previously described [11]. Stimulations were carried out with 25 ng/ml recombinant 

GM-CSF (0-30 min) (R&D Systems) and soluble cell lysates were prepared for subsequent 

immunoblotting analysis [11]. Lysates were quantified using a BioRad protein assay kit 

(BioRad) and equal masses of total protein were utilized for Western blotting analyses. Blots 

were probed with the following antibodies according to manufacturer instructions: Fps/Fer 

(FpsQE) [21], phospho-(p)STAT3, STATS, pSTAT5A/B, STAT5A, pJAK2, JAK2, ERKl/2 (all 

from Upstate Biotechnology); pp38, pAKT, AKT (all from Cell Signaling technologies); p38, 

pERKl/2, and pTyr (clone PY99) mAb (all from Santa Cruz Biotechnologies). In some 

instances, SDS-PAGE gels were directly stained with Sypro Ruby Protein fluorescent gel stain 

(Molecular Probes) in order to confirm equal loading of total protein. 

Statistical analysis 

Student t-tests and means were determined using Microsoft Excel (Microsoft, Canada) and 

GraphPad Prism statistical analysis software (GraphPad Software Inc, San Diego, CA). t-test 

analyses of data sets with /7-values < 0.05 were considered statistically significant. Where 

appropriate, data are expressed as mean ± SEM. 



Results 

Elevated levels of circulating monocytes and granulocytes injp^ mice 

Fps is highly expressed in myeloid cells and has been implicated in terminal differentiation and 

survival of myeloid progenitors, suggesting that perturbations in the function of this kinase might 

affect hematopoietic output. Consistent with this hypothesis, peripheral blood white cell 

differentials were markedly abnormal in the jp^^ transgenic mice. This was reflected by 

elevations in percentages and absolute levels of circulating neutrophils, monocytes and 

basophils; and in contrast, by decreased lymphocytes (Table 1). hideed, the percentage decrease 

in lymphocytes closely corresponded to the increase in the percentage of granulomonocytic cells. 

Perturbations of this extent were not observed in a transgenic line over-expressing a wild type 

human j^5' transgene Fps [18] suggesting that the abnormal white blood cell outputs 'va.Jp^ 

mice were not due to Fps over-expression, but were linked to expression of the activated MFps 

kinase. Interestingly,;^/"^ mice also displayed decreases in erythroid output (Table 1) and the 

opposite was observed mfps"^" mice [18]. Taken together these observations suggested that 

expression of MFps might skew hematopoietic output towards the granulomonocytic lineage at 

the expense of both the erythroid and lymphoid lineages. This would be consistent with a 

contributing role for Fps in the regulation of hematopoietic lineage determination by committed 

multipotential hematopoietic progenitor cells. 

Perturbations in undifferentiated myeloid progenitors and mature B-cells injp^ mice 

Lineage analyses of bone marrow cells from jps~^~ mice had previously shovm a statistically 

significant reduction in Ly-6G+/CDllb+ granulomonocytic cells; and this was rescued by a 

human j^^ transgene [18]. This was consistent with a positive role for Fps in maturation of 

granulomonocytic cells in the bone marrow, and suggested that activated Fps might therefore 



enhance granulomonocytic output. While Jp^^ mice did not display the expected increase in 

Ly-6G+/CD1 lb+ bone marrow cells, there was a statistically significant increase in presumptive 

granulomonocytic progenitor Ly6-G7CDllb"^ cells in both bone marrow and spleen (Fig. 1 and 

2). These observations correlated with the peripheral blood data depicting increased granulocyte 

and monocyte output (Table 1). We also observed statistically significant decreases in mature B- 

cell populations (B220"^IgM"^) in the bone marrow of jp^^ mice (Fig. 1); and this correlated with 

the reduced output of lymphocytes in the periphery (Table 1). However, no differences were 

observed in mature B-cell levels in the spleens of Jps^^ mice (Fig. 2). 

Increases in bone marrow CFU-GM and CFU-GEMM colonies in jp:^'^ mice 

In order to confirm that increases in granulomonocytic output are a result of abnormal 

hematopoiesis, we performed methylcellulose colony assays to assess the number of bone 

marrow progenitor cells in wt and Jp^'^ mice. These assays were performed using either a 

cocktail of hematopoietic factors (condition A: Scf, GM-CSF, Epo, Tpo, IL-6, IL-3), or a more 

restricted condition (condition B: Epo and GM-CSF). In condition A, j^/"" CFU-GM colonies 

were increased 1.8 fold {p = 0.014) relative to wt, while the numbers of other mixed colonies 

were normal (Fig. 3A). A comparable fold increase of CFU-GM colonies was observed in the 

more limited cytokine condition B (1.5-fold increase; p = 0.069) (Fig. 3B). We also observed a 

1.9-fold increase (p = 0.0281) in CFU-GEMM mixed colonies in condition B, but the nimibers of 

CFU-GEMM colonies were the same in condition A. These results indicated a selectively 

enhanced GM-CSF responsiveness of jp^^ multi-lineage progenitors cells. 

Evidence for T-cell maturation defects infp^^ mice 

Splenocytes from transgene-rescued Fps-nuU mice {fps''^-^^ which over-express wild type Fps, 

were previously shown to have slight decreases in the CD4 and CD8 single-positive populations 



[18]. This led us to examine these populations in the spleens and thymi of Jp^'' mice. 

Statistically significant decreases of both CD4"^CD8~ and CD4XD8^ cells were apparent in the 

spleen oi fp^'' mice (Fig 4, C and D). Statistically significant increases in CD4'*'CD8~ 

populations were seen the thymi of j^/^^ mice (Fig. 4, A and B). These data were consistent 

with the observed decreases of lymphocytes in the periphery mjp^^ mice, and suggested a role 

for Fps in regulating the development and/or maturation of T-cells. 

Enhanced cytokine-induced STATS, STATS andERK activation infps^^macrophages 

Given the apparent evidence for enhanced myelopoiesis in j^/^^ mice we next examined 

expression of Fps and MFps in bone marrow derived macrophages, and cytokine induced 

activation of Jak2 kinase, STAT3/5, ERKl/2 and other signaling proteins. Western blotting 

analysis confirmed that MFps is over-expressed in macrophages from j$75^^ mice relative to 

endogenous Fps (Fig. 5). The relative levels of MFps and Fps in macrophage cultures was 

consistent vsdth the previously characterized tissue-specific expression of the ^s^^ transgene, 

and the estimated ten transgene copies relative to two endogenous j^i' alleles [20]. The fatty acid 

modification resulted in MFps migrating between p94Fer and p92Fps (Fig. 5). 

An examination of signaling in bone marrow macrophages from ^/^^ mice revealed 

increased STAT3 and STAT5A/B phosphorylation in response to GM-CSF (Fig. 5). Although 

the degree of enhanced STAT activation was not dramatic, this was consistently observed in 

three independent experiments. These resuhs suggested a positive effect of Fps on STAT 

signaling downstream of GM-CSF and further suggested that MFps promoted a higher degree of 

STAT activation. Equal loading was confirmed using antibodies specific for Fps/Fer, STATS, 

STAT5A/B and total protein levels (Fig. 5).   Interestingly, there were no differences in the 
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kinetics of activation of JAK2 between wt and Jps^^ mice, suggesting that Fps affected STAT 

signaling in a JAK2 independent fashion. 

Since the degree of enhanced STAT activation in j^5^^ macrophages was modest, we also 

examined the kinetics of GM-CSF induced activation of several other downstream effectors 

(Figure 6). We were imable to observe significant differences in the kinetics of activation of p38, 

AKT, and JNK (Fig. 6 and data not shown). However, we frequently observed increases in the 

kinetics of ERKl/2 activation (Fig. 6). 
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Discussion 

Although jps and fes were first identified as retroviral oncogenes capable of causing 

sarcomas in chickens and cats, respectively, an involvement of the cellular fps/fes proto- 

oncogene in malignancy has not yet been determined. Mutations mjps/fes have recently been 

reported in himian colon carcinoma [22]; however, the involvement of these in disease 

progression was not explored. The oncogenic potential of Jps/fes was explored in an early 

transgenic mouse model by expressing a retroviral Gag-Fps protein under the control of a 

minimal p-globin promoter [23,24]. These mice developed a range of tumors that were likely 

determined in large part by the tissue distribution of transgene expression achieved in the 

specific founder lines. The complete humanj^5 locus was next used to generate transgenic mice 

with tissue-specific over-expression of Fps [25]. The expected high level of myeloid transgene 

expression was achieved, but no myeloid leukemia or other malignancies were observed; and no 

hematopoietic defects were observed. 

Retroviral Gag is thought to contribute to activation of Fps by enhancing oligomerization 

and association with the membrane, and cellular Fps is thought to contribute to cytokine receptor 

signaling, perhaps through phosphorylation of the receptors or associated signaling molecules. 

We therefore attempted to generate a weaker gain-of-function mutant j^5 allele by introducing 

coding sequences for amino terminal myristoylation into the context of a gQnormc jps transgene 

[20]. Our rationale was that myristoylated Fps (MFps) would associate constitutively with lipid 

bilayers, thereby enhancing interactions with integral membrane proteins, including cytokine 

receptors. We reasoned that this might lead to Fps-mediated phosphorylation and activation of 

cytokine receptors or downstream effectors in the presence of sub-threshold levels of ligands. 

Transgenic mice expressing this j^5^^ allele were generated and shown to over-express MFps in 
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a tissue-specific fashion [20]. The j^?/"" mice have a number of interesting phenotypes that have 

helped to uncover previously unsuspected biological roles for Fps in the regulation of 

angiogenesis [20], and thrombosis [18]. However, although a high level of MFps expression was 

observed in the myeloid lineages, we did not observe any myeloid leukemias in these animals. 

We now report a hematopoietic phenotype mfps'^^ mice that implicates Fps in the regulation of 

hematopoietic lineage determination by multi-potential progenitor cells; a role which might 

extend to the pluripotential hematopoietic stem cell. 

Previous studies using cultured human leukemic cell lines which retain the ability to 

differentiate have suggested that Fps might preferentially drive hematopoietic commitment along 

the monocytic lineage [15], and that h might be essential for survival during monocytic, but not 

granulocytic differentiation [13,14]. A more recent study using the factor dependent 32D 

myeloid leukemic cell line suggested that activated Fps can also promote survival and 

granulocytic differentiation [26]. Analysis of peripheral blood cell composition provided initial 

evidence for enhanced myeloid output in the j^5^^ mice (Table 1). This also pointed to a role 

for Fps in myelopoiesis, but it did not support a more selective monocytic role, because 

statistically significant increases were seen in circulating neutrophils, basophils and monocytes. 

Furthermore, this effect on myeloid cell output was underscored by the apparent increase in total 

circulating white blood cells, even though lymphocytes, which represent the majority of 

circulating white blood cells, were actually decreased by approximately 10% in the ^5^^ mice. 

This suggested that Fps might be exerting an affect higher up in the hematopoietic differentiation 

hierarchy. 

In order to determine the level in the hematopoietic differentiation hierarchy where MFps 

was acting to cause this apparent skewing in lineage output, we attempted to trace these 
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differences back to hematopoietic tissues. Lineage analysis of bone marrow cells revealed 

statistically significant increases in the presumptive granulomonocytic progenitor pools (Ly6-G~ 

CDl Ib"*^) in the bone marrow (Fig. 1); and a similar increase in this population was noted in the 

spleen (Fig. 2). Mature B-cell levels were also reduced in the bone marrow (Fig. 1). These 

observations are consistent with the hypothesis that Fps was acting on an earlier multi-potential 

progenitor and driving its differentiation toward the myeloid lineages at the expense of the 

lymphoid lineages. Further analysis using progenitor cell colony assays clearly demonstrated an 

increase in CFU-GM granulomonocytic progenitor cells in the bone marrow (Fig. 3); and 

interestingly, multi-lineage CFU-GEMM colonies were also significantly higher in response to 

GM-CSF plus Epo, but not to a more extensive cytokine cocktail (Scf, GM-CSF, Epo, Tpo, IL-6, 

IL-3). These observations suggested that activated Fps was promoting an increase in 

granulomonocytic progenitors in the bone marrow. However, they did not indicate that this 

effect extended to more committed monocytic progenitors since the number of CFU-M was not 

higher in either cytokine condition. 

Our observations support the hypothesis that MFps promotes the expansion of multi-lineage 

progenitors as well as bipotential granulomonocytic progenitors in the bone marrow, but that this 

effect does not extend to the more committed myelomonocytic progenitors. This would suggest 

that Fps is expressed in muhi-lineage progenitors, and perhaps even in hematopoietic stem cells. 

In support of this, aj^^-directed Cre transgene achieved deletion of a loxP flanked PIGA gene in 

all hematopoietic lineages, including lymphoid cells [27]. Furthermore, bone marrow from these 

compound transgenic mice established PIGA-deficient long term hematopoietic repopulation 

potential [27]. Those observations are consistent with Fps being expressed in the pluripotent 

hematopoietic stem cell.   It remains to be determined if Fps might actually play a significant 
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biological role in the hematopoietic stem cell. This will require isolation and characterization of 

these cells using hematopoietic reconstitution methods. 

While we did not attempt to directly measure lymphoid progenitors, lineage analysis of bone 

marrow with B-cell markers (B220 and IgM) revealed a statistically significant decrease in the 

double positive mature B-cells (Fig. 1). Similar analysis of T-cells in the spleen showed a 

decrease in both CD4 and CDS single positive populations (Fig. 4). However, in the thymus, we 

observed a reduction in the number of double positive cells that was accompanied with an 

interesting increase in the single positive populations. While these observations are consistent 

with the reduced T-cell output seen in thej^5^^ mice, they also suggested a potential defect in 

maturation of T-cell progenitors. To our knowledge, there are no published reports suggesting a 

role for Fps in lymphopoiesis. However, we have recently observed lymphopoiesis defects in 

mice targeted with kinase-inactivating mutations in both Fps and Fer (unpublished data, 2002). 

It will be interesting to explore whether Fps expression is intrinsic to T-cells and contributes to 

their ontogeny; or alternatively, if Fps expression in supporting stromal cells might provide 

important extrinsic signals to developing T-cells. 

Analysis of transgenic and gene targeted mice are revealing an even wider role for Fps and 

the related Fer kinase in the regulation of hematopoiesis and the function of mature cells. For 

example, a role for Fps and Fer in GPVI collagen receptor signaling in platelets has recently 

been described [28] and mice targeted with kinase-inactivating mutations in both Fps and Fer 

display hematopoietic defects that are consistent with a redundant role for these kinases in 

regulation of hematopoiesis [19]. Thus, Fps and Fer may play biologically significant regulatory 

roles in hematopoietic lineage-determination by the earliest uncommitted progenitors, and also 

by more committed progenitors. In line with this latter possibility, expression of activated Fps 
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(MFps) appears to drive progenitors at several levels toward the granulomonocytic pathway, and 

this might occur at the expense of lymphoid, erythroid and megarkaryotic lineages (Figure 7). 

The molecular basis of this hypothetical effect however, remains to be determined and will 

require the characterization of signaling events in highly enriched preparations of progenitor 

cells. 

A role for Fps in downstream signaling from cytokine receptors in myeloid cells is 

supported by a number of studies using leukemic cell lines or peripheral while blood cells. We 

examined signaling in bone marrow derived macrophages from mice targeted with a kinase- 

inactivating knock-in mutation (Jp^^^^^^). In jp^'^^^ macrophages, we reported subtle 

reductions in both cytokine-induced STAT activation and lipopolysaccharide induced ERK 

activation [11]. Others subsequently reported a striking enhancement of cytokine-induced STAT 

activation in macrophages from a Fps-knockout model [17]. This lead to an attractive model 

suggesting Fps and JAK2 compete with one another for access to STAT downstream of 

cytokine-activated receptors. Accordingly, while Fps might be capable of STAT 

phosphorylation, it would not be as effective as JAK2 in this role, and would thus serve to 

attenuate STAT activation by JAK2. This model predicted that kinase-dead Fps would be an 

even more effective inhibitor of JAK2-mediated STAT activation. However, in the complete 

absence of Fps, JAK2 would be imrestrained, leading to hyperactivation of STAT. This model 

was consistent with resuhs from jp^^'^ mice [11] and Xhs, jps'^' mice described by those 

investigators [17]. However, we have since generated an independent line oijps'^' mice which 

did not display cytokine-induced hyperactivation of STAT [18]. We have now further 

complemented our in vivo analysis of Fps/STAT signaling using macrophages from the Jp:^^ 

mice.   Slightly enhanced GM-CSF induced STAT3, STATS, and ERKl/2 phosphorylation was 
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observed in bone marrow derived macrophages from these j^5^^ mice. JAK2 activation was not 

affected, nor was that of p38 or JNK. These observations further support a direct role for Fps in 

phosphorylation of STAT. However, our combined genetic mouse models are not consistent 

with a role for Fps in attenuation of STAT phosphorylation by JAK2. We propose an alternative 

model whereby Fps, JAK2, SYK- and SRC-family kinases could all contribute to STAT 

phosphorylation at the activated cytokine receptor (Fig. 8). JAK2 would be the major player; but 

SYK, LYN and perhaps other related kinases, as well as Fps and perhaps Fer, could also 

contribute. Fps might participate by directly phosphorylating STAT, but it might also contribute 

to STAT activation by phosphorylation of the receptor, or perhaps serve a scaffolding role. 

According to this model, slightly enhanced or diminished STAT phosphorylation could occur in 

the presence of MFps or kinase-dead Fps, respectively. But in the complete absence of Fps, 

JAK2, LYN or other kinases could compensate, making it difficuU to observe any obvious 

reduction in STAT activation. We cannot exclude the possibility that Fps might play a more 

dominant regulatory role in cytokine signaling under specific cell culture conditions, and this 

could explain the differences seen by other investigators using a different Fps-nuU strain of mice 

[17]. However, we have never observed hyperactivation of STAT in any primary cells from our 

fps'' mice, and in some circumstances we observed reduced activation of STAT, as well as other 

signaling molecules. We expect that a careful analysis of cytokine and other signaling pathways 

in myeloid cells from different tissue sources and at different stages of maturation and activation 

from our panel of Fps transgenic models will help to unravel this confusion. Clearly additional 

biochemical characterization will be required before we have a complete understanding of the 

molecular function of the Fps kinase in cell signaling. 
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Figure Legends 

Figure 1. Flow cytometry analysis of myeloid and B-cell precursors in bone marrow. (A, B) 

Bone marrow from wt (age = 2.9 + 0.2 mo, n = 24) and jj?/^^ mice (age = 2.9 + 0.2 mo, n = 22) 

was analyzed for levels of myeloid progenitors using markers for Ly6-G and CD lib. 

Statistically significant increases were present in undifferentiated granulocyte and monocyte 

progenitor populations (a; p = 0.015 and b; p = 0.024). (C, D) Analysis of B-cell precursors 

using markers for B220 and IgM revealed a statistically significant decrease in immature B-cell 

levels mjp^^ mice (age - 2.9 + 0.2,« = 23, c; /? = 0.02) compared to wt mice (age = 2.9 ± 0.2, n 

= 25). 

Figure 2. Flow cytometry analysis of myeloid and B-cell precursors in spleen. (A, B) Levels of 

myeloid precursors in spleen suspensions from wt (age = 2.8 + 0.04 mo, « = 8) sndfp^'^ (age = 

2.8 ± 0.04 mo, « = 8) were determined using markers for Ly6-G and CDllb. The data show a 

statistically significant increase in single-positive CDl lb undifferentiated progenitor populations 

in^5^^ mice {a: p = 0.003). (C, D) Immature B-cell levels in spleens of wt (age = 3.7 ± 0.4 mo, 

n = 9) dmdjp^^ (age = 3.7 + 0.2 mo, « = 13) mice were assessed using markers for B220 and 

IgM. The data indicate that splenic B-cell precursor population levels are normal in jp^^ 

fransgenic mice. 

Figure 3. Colony forming unit assay. Bone marrow from wt andj^5^^ siblings were grown in 

methylcellulose media containing two different cocktails of recombinant cytokines. (A) 50 ng/ml 

SF, 5 ng/ml IL-3, 10 ng/ml IL-6, 10 ng/ml Tpo. (B) 1 U/ml Epo and 5 ng/ml GM-CSF. 

Colonies were counted 8-days post plating and data are expressed as mean ± SEM. The results 

of three separate experiments indicate increases in the number of CFU-GM colonies with either 
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cocktail mjjp^'' mice (p = 0.014 and/? = 0.069 respectively). We also observed an increase in 

CFU-GEMM colonies in^^^^ mice with Epo and GM-CSF (p = 0.028). 

Figiire 4. T-cell maturation defects in secondary lymphoid organs of^s^^ mice. Flow analysis 

using markers for CD4 and CDS were utilized to assess T-cell populations in the thymus and 

spleen. (A, B) Increased levels of CD4"^/CD8~ T-cell populations were observed in the thymus 

oijp^'' mice (3.7 ± 0.1 mo, « = 16, a; /> < 0.006) relative to wt mice (age = 3.8 ± 0.2 mo, n = 

12). (C, D) CD4"'/CD8~ and CD47CD8^ populations in spleen were reduced mjp^^ mice (age 

= 3.7 + 0.2 mo, n = 16, b;p< 0.006, c; p < 10"^) in comparison to wt mice (age = 3.7 ± 0.2 mo, n 

= 12). 

Figure 5. Enhanced STAT3/5 phosphorylation in^s^'^ macrophages. Bone-marrow derived 

macrophages were stimulated with GM-CSF for 0-25 min, lysed and analyzed with phospho- 

specific antibodies to JAK2, STAT3 and STATS. Antibodies to the latter proteins and to Fps 

and Fer were also used to assess mass levels of the respective proteins during the time course of 

the stimulation. Total protein content was measured by Sypro Ruby Protein fluorescent gel stain 

in order to confirm loading in each lane. The upper two panels represent the same blot at low 

and high exposures and depict the migration profiles of Fer, MFps and Fps. The data in the 

panels below show that JAK2 activation is unaffected and that STAT3/5 activation is enhanced 

in response to GM-CSF inj^5^^ mice. 

Figure 6. Effect offp^^ on downstream effectors of GM-CSF signaling. Activation of the 

downstream signaling proteins p38 and pErk were assessed using phosphospecific antibodies. 

Mass levels were also assessed by corresponding control antibodies, and equal loading was 

confirmed by Sypro Ruby Protein fluorescent gel staining of total protein.   The data show 
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increased kinetics of Erk activation in response to GM-CSF. No significant differences were 

observed in the kinetics of activation of p38 and of Akt and Jnk (data not shown). 

Figure 7. Hypothetical model for Fps involvement in lineage commitment by hematopoietic 

progenitors. Increased mature circulating granulocytes and monocytes, and decreased lymphoid 

cells in^s^^ mice suggest a role for Fps at the level of the committed multi-lineage progenitor 

cell. Increased nimibers of CFU-GEMM are also consistent vwth that role. Increased numbers of 

CFU-GM suggest this lineage-commitment role extends to the more mature bipotential 

granulomonocytic progenitor. The lack of a selective increase in monocytic or granulocytic cells 

argues against a lineage-determining role for Fps beyond this bipotential progenitor. 

Figure 8. Molecular models supporting a role for Fps in activation of STATS/5 downstream of 

GM-CSF. (A) (fps^^^) In wild-type cells, Fps, JAK2 and LYN all participate in STAT3/5 

phosphorylation. (B) (Jp^^^'^) In the presence of kinase-inactive Fps, there is some level of 

interference/competition that reduces the activation of STAT3/5 by JAK2 or LYN. (C) (Jjps"^'^ In 

the absence of Fps, there is no apparent effect on STAT3/5 activation, which presumably is 

mediated predominately by JAK2 and LYN. (D) {fps'^'') Membrane localization of 

myristoylated Fps (MFps) increases the effective localized concentration near the GM-CSFR Pc 

resulting in enhanced phosphorylation of STAT3/5. 
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Table 1. Peripheral blood analysis 

White Blood Cells wild-type (n) fps^''(n / p-yalue) 

White Blood Cells (10^/L) 7.0± 0.4 (28) 7.5 ± 0.7 (22 / 0.5) 

Neutrophils (10^/L) 1.3 ± 0.1 (27) 1.7 ±0.2 (21/0.02) 

Neutrophils (%) 17.6 ± 1.2(27) 24.7+ 1.8(21/<.001) 

Lymphocytes (10^/L) 5.6 ± 0.3 (27) 5.3 ±0.5 (21/0.6) 

Lymphocytes (%) 80.9 ±1.1 (27) 72.7±0.2(22/<0.001) 

Monocytes(10^/L) 47.6 ± 8.7 (28) 152.4 ±15.3 (21/<10-^) 

Monocytes (%) 0.7 ± 0.1 (28) 2.4±0.3(21/<10"^) 

Basophils (10^/L) 6.4 ± 0.9 (28) 16.7+1.9 (21/<10-^) 

Basophils (%) 0.09 ± 0.01 (28) 0.26 ± 0.04 (21 / 0.02) 

Eosinophils(10^/L) undetectable (28) undetectable (21 / —) 

Red Blood Cells (lO'^/L) 9.1 + 0.1 (28) 7.8 ±0.1 (22/< 10''°) 

Blood was acquired from wild-type (4.5 ± 0.2 mo) and^/"" (4.3 ± 0.2 mo.) mice by 
cardiac puncture. Peripheral blood was analyzed using a SYSMEX XE-2100 Automated 
Hematological Analyzer.   Data are presented as mean ± standard error of the mean 
(S.E.M.) along with P-values (p) and the number of animals used in the analyses («). 
Statistically significant parameters are bolded. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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