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expression, caused by the injection of antisense FGF-2 RNA, occurs too rapidly to allow 

time for the upregulation and compensation ofFGF-2 by other FGFs (Leconte et at., 

1998). These experiments support the view that overlap by other members of the FGF 

family may account for the lack of difference between the wild type and FGF-2 null 

mouse. 

Summary 

This review of the literature has cited evidence that FGF-2 is a relevant cytokine in 

embryogenesis, vasculogenesis, angiogenesis and haematopoiesis (Figure I A). Cells that 

express FGFRs and that respond to FGF -2 are found amongst cells of a very primitive 

nature, such as ES cells, haemangioblasts, stem cells of the haematopoietic, neuronal, 

mesenchymal and myogenic lineages. FGFR-expressing and FGF-2-responsive cells are 

also found amongst haematopoietic cells, including primitive CD34+, mature and 

leukaemic cells, and endothelial progenitor cells and mature endothelial cells (Figure 

IB). As FGF-2 is a haematopoietic cytokine produced by both leukaemic and normal 

haematopoietic cells, I determined the effects ofthis cytokine on the cell growth and 

differentiation ofa leukaemic cell line (Figure IC (i)). In addition, I isolated and 

characterized a subset of normal CD34+ progenitor cells that expresses receptors for FGF 

and that contains endothel ial precursor cells (Figure] C (ii)). 

A B c 

Processes in which Cells that express FGFRs Aims of study 
FGF -2 is relevant and that respond to FGF-2 

*(i) Effect ofFGF-2 on the 
Embryogenesis ES cells erythroid differentiation 
Vasculogenesis Mesodermal cells of the K562 leukaemic 
Angiogenesis Haemangioblasts cell line. 

Haematopoiesis Stem cells 
Leukeamic cells * ** (ii) Isolation and characterization 

CD34+ haematopoietic cells ** ofa subset ofCD34+ cells 
Mature haematopoietic cells that expresses FGFR-l and 

Endothelial stem/progenitor cel1s** that contains endothelial 
Mature endothelial cells stern/progenitor cells. 

Figure 1. Schematic representation of the processes in which FGF-2 is a relevant 
cytokine (A), the cell types that express FGFRs and respond to FGF-2 (B) and the aims 
of this study (C). 
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Results 

FGF-2 antagonises the TGF-B-mediated increase in haemoglobin production 

In order to detennine the effect ofFGF-2 on TGF-/3-induced erythroid differentiation, 

K562 cells were incubated in the presence ofTGF-13 (1 ng/ml) and FGF-2 (l0 nglml). 

After 3 or 4 days in culture, the cells were examined for the presence of haemoglobin by 

staining with a benzidine-peroxide reagent. 

30 
P < 0.0003 
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N 
Z P < 0.0003 w 
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5 
~ p < 0.0006 
0 

0 

CONTROL TGF-B FGF-2 TGF-B + 

(1 ng/ml) (10 ng/ml) FGF-2 

Figure 2. FGF -2 antagonises the TGF-B-mediated induction of haemoglobin in 
KS62 cells. K562 cells (5 x 104 cells/ml) were cultured in medium alone or in the 
presence ofFGF-2 (10 ng/ml) or TGF-13 (l nglml), alone or in combination. After 3 or 4 
days, the presence of haemoglobin in the cells was determined by scoring the percentage 
of cells that stained blue with a benzid ine-peroxide stain. The graph represents the 
combined results from 5 experiments. 
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Data from a set of5 experiments show that 4.1 ± 0.9% of untreated K562 cells contained 

endogenously produced haemoglobin (Figures 2 and 3A). In the presence ofTGF-13 (I 

nglml), 22.9 ± 3.5% ofK562 cells were benzidine positive, indicating that addition of 

TGF-f3 resulted in a 5.5 fold increase in the number ofceJls producing haemoglobin, 

compared to untreated cells (p < 0.0003) (Figures 2 and 3B). The simultaneous addition 

ofFGF-2 (10 ng/ml) antagonised the TGF-f3-mediated induction of haemoglobin, such 

that only 3.9 ± 1.0% of the cells showed positive staining with benzidine-peroxide, 

indicating that the presence ofFGF-2 abrogated the TGF-I3-induced erythroid 

differentiation (p < 0.0003) (Figure 2 and 3C). Interestingly, the percentage of cells 

containing haemoglobin decreased from 4.1 % ± 0.9% in untreated cells to 1.5 ± 0.5% 

when FGF-2 was added alone, showing that FGF-2 also reduced the endogenous 

expression of haemoglobin by K562 cells (p < 0.0006) (Figure 2 and 3D). 

The results therefore confinn that treatment ofK562 ceJls with TGF-13 induces erythroid 

differentiation in these cells (Burger et ai., 1994; Chen et ai., I 989a). More importantly 

they show, for the first time, that FGF-2 antagonises the TGF-I3-mediated induction of 

erythroid differentiation, as well as inhibiting endogenous haemoglobin production 

(Burger et ai., 1994). 

A B c D 

25,.m 

Figure 3. The effect of FGF-2 on the haemoglobin content of K562 cells. K562 cells 
were incubated in the absence or presence ofFGF-2 (10 ng/ml) and/orTGF-13 (1 nglml) 
for 3 days, washed and stained for the presence of haemoglobin. (A) Untreated cells; (B) 
TGF-/3 (1 nglml); (C) FGF-2 plus TGF-I3; (D) FGF-2 (10 ng/ml). Cells containing 
haemoglobin stain blue with benzidine-peroxide. Scale bars = 25~m. 
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FGF-2 antagonises tbe TGF-B-mediated induction ofbaemoglobiu in a dose 
dependentrnanner 

Experiments were performed to determine the effects of adding increasing amounts of 

FGF-2 to K562 cells, in the presence and absence ofTGF-f3 (1 nglml) and to ascertain the 

minimal dose ofFGF-2 required to abrogate TGF-f3-induced haemoglobin production in 

these cells. I found that the TGF-f3-mediated induction of haemoglobin was antagonised 

by FGF-2 in a dose-dependent manner, with 0.1 nglml and 1 ng/ml FGF-2 inhibiting 

haemoglobin induction by 41% (p<0.007) and 67% (p<0.013) respectively, while 10 or 

100 nglml completely abrogated the increase in haemoglobin synthesis (p<0 .003, 

p<0.007) (Figure 4). FGF-2 alone at I, 10 or 100 nglml diminished the number of cells 

that endogenously produced haemoglobin (Figure 4). Similar results were found in 6 

separate experiments, confirming that FGF-2 antagonises the TGF-f3-mediated induction 

of haemoglobin in a dose related manner. 

30 
00 E!INo TFG-8 ~ 
~ 25 m TGF-O (lng/mI) w 
u 
~ 20 -Eo-< -00 
0 15 
~ 

w z - 10 0 -N p<O.OO7 
Z 
W 
l:Q 

5 

~ 
~ 

0 

0 0.01 0.1 1 10 100 

FGF-2 (nglml) 

Figure 4. FGF-2 antagonises the TGF-O-mediated induction of haemoglobin in a 
dose dependent manner. Increasing concentrations of FGF -2 (0.01-100 nglml) were 
added to K562 cells (5 x 104 cells/ml) either alone or in combination with TGF-J3 (I 
nglml) and cultured for 4 days. The presence of haemoglobin in the cells was determined 
by scoring the percentage of cells that stained blue with a benzidine-peroxide stain. 
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Effect of duration of incubation on the inhibition ofTGF-Il-induced haemoglobin 

production by FGF -2 in K562 cells 

To determine whether the length oftime that FGf-2 was present in culture had an effect 

on the inhibition ofTGf-f3-induced erythroid differentiation in K562 cells, replicate 

dishes of cells were incubated for 96 hours with TGF -13 (I nglml), while FGF-2 (10 

ng/ml) was added either at time zero or after 24, 48 or 72 hours. After 96 hours the cells 

were assayed for the presence of haemoglobin by staining with benzidine-peroxide. 
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o 24 48 72 0 24 48 72 

TGF-B t = 0 FGF-2 t = 0 
FGF-2 t = 0,24,48, 72 TGF-B t = 0, 24, 48, 72 

Figure 5. Effect of duration of incubation on the inhibition ofTGF-6-mediated 
haemoglobin production by FGF -2 in K562 cells. K562 cells (5 x 104 cells/ml) were 
incubated with either no additions, with FGF-2 (10 ng/mJ) or with TGF-13 (1 nglml) for 4 
days and benzidine positive cells were scored. Four duplicate sets of cultures were 
prepared in which TGF-13 was added at time 0 and FGF-2 was added at time 0 and after 
24,48 and 72 hours. In addition, 4 sets of cultures were prepared in which FGF -2 was 
added at time 0 and TGF -13 was added at time 0 and after 24,48, and 72 hours. All cells 
were examined for evidence ofbenzidine staining 4 days after inception of the 
experiment. 
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The effect ofFGF-2 on the TGF-6-mediated haemoglobinization ofK562 cells is 

reversible 

To ascertain whether the inhibitory action ofFGF-2 on the erythroid differentiation of 

K562 cells was reversible, the ability ofTGF-B to induce haemoglobin production in 

K562 was determined before and after removal ofFGF -2 from culture. K562 cells were 

cultured in medium alone or with either TGF-J3 (1 ng/ml) or FGF-2 (10 ng/ml) alone, or 

in combination for 3 days and aliquots of cells were removed in order to determine the 

number of eel Is expressing haemoglobLI1 (Figure 6A). The remaining cells were washed 

with fresh medium to remove reagents and re-incubated in either medium alone (Figure 

6B) or in med ium containing TGF -13 at 1 ng/ml (Figure 6C) for a further 3 days, after 

which the numbers of benzidine-positive cells were determined. 
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Figure 6. The effects ofFGF-2 are reversible. K562 cells (5 x 104 cells/ml) were 
incubated with either no additions (control), with TGF-13 (1 ng/ml), with FGF-2 (10 
ng/rol) or with TGF-B + FGF-2 for 3 days (A). Cultures were washed free of reagents and 
then incubated with fresh medium for an additional 3 days in the absence (B) or the 
presence (C) of additional TGF-B (1 ng/ml). Benzidine positive cells were determined. 

,Ie These values were obtained by comparing the percentages of benzidine positive cells 
before washing, with those after washing and subsequent TGF-13 treatment. 
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FGF-2 inhibits the haemin-induced increase in haemoglobin production in K562 

cens 

As haemin has also been shown to induce haemoglobin production in K562 celJs (Cioe 

el at., 1981; Rutherford el at., 1979), I determined whether addition ofFGF-2 is able to 

inhibit haemin-induced haemoglobin production in these cells. Concentrations of haemin 

that induced similar numbers ofbenzidine positive K562 cells as that induced by TGF-13 

(1 ng/ml) were used. Interestingly, FGF-2 was much less effective at inhibiting haemin­

induced haemoglobin production than TGF-l1-induced haemoglobin synthesis. 

Haemoglobin production induced by 10,20 and 40 J.lM haemin was inhibited by 54% 

(p<0.034), 51 % (p<0.007) and 14%, respectively by FGF-2 (10 ng/ml) (Figure 7). The 

haemin-mediated induction of haemoglobin synthesis could therefore be inhibited by 

FGF-2 by a maximum of approximately 50% when lower concentrations of haemin (l0-

20J.lM) were used, as compared with the ability ofFGF-2 to completely abrogate the 

TGF -13-mediated induction of haemoglobin synthesis. Similar results were obtained in 2 

separate experiments. This indicates that the mechanisms by which TGF-l1 and haemin 

influence haemoglobin synthesis may differ. 

60 
!mICONTROL 

(/) 50 o FGF-2 (10 n9/ml) 
...J 
...J 
W 
0 40 w 
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E: 
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0 30 a. 
w z 
0 
N 20 
z 
W 
!Xl 
~ 

10 

0 

o 10 20 40 

HAEMIN (IJM) 

Figure 7. FGF -2 inhibits the haemin-induced increase in haemoglobin production 
jn K562 cells. K562 cells (1 x 105 cells/ml) were incubated with or without FGF -2 (10 
ng/mJ) and varying concentrations of haemin as indicated. Cells were stained with 
benzidine for haemoglobin determination after 4 days. 
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TABLE 1. FGF-2 REDUCES GLYCOPHORIN A AND ANTAGONISES THE 
EFFECTS OF TGF-Il ON THE EXPRESSION OF GLYCOPHORIN A ON K562 

CELLS 

FGF-2 TGF-Il Glycophorin A Log Median 
(ng/ml) (ng/ml) Expressing Fluorescence 

Cells (%) Intensity 

0.0 0.0 70.8 5.2 
0.1 0.0 53.4 4.6 
1.0 0.0 41.2 3.6 

10.0 0.0 36.2 3.6 
100.0 0.0 33.1 3.7 

0.0 0.0 70.8 5.2 
0.0 0.1 82.7 7.9 
0.0 0.5 88.4 11.7 
0.0 2.0 89.2 1l.1 

0.0 0.1 82.7 7.9 
0.1 0.1 70.5 5.2 
1.0 0.1 56.1 4.2 

10.0 0.1 45.3 4.2 

0.0 0.5 88.4 1l.7 
0.1 0.5 79.1 8.0 
1.0 0.5 66.2 5.9 

10.0 0.5 63.8 5.1 

0.0 2.0 89.2 1l.1 
0.1 2.0 79.9 8.5 
1.0 2.0 67.6 6.5 

10.0 2.0 62.1 5.9 
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Figure 8. FGF-2 reduces glycophorin A expression on K562 cells. K562 cells 
were incubated for 3 days in the absence or presence ofFGF -2 at 0.1, 1 or 10 nglml. 
Untreated cells (- ); cells treated with the indicated concentrations ofFGF-2 ( ); 
isotype matched negative control (uu). 
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Figure 9 . Time course of glycophorin A expression on K562 cells treated with 
FGF-2. K562 cells were incubated for 24, 48 or 71 hours 1n the absence or presence 
ofFGF-2 (10 nglml). Untreated cells (- ); cells treated with FGF-2 (.A); isotype 
matched negative control (x ·xx). 
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Figure 10. The effect of FGF-2 (IOng/ml) on the expression of gJycophorin A on 
K562 cells is reversible. K562 cells were incubated for 3 days in the absence or 
presence ofFGF-2, washed and cultured in fresh medium without FGF-2 for 21 
and 46 hours. Untreated cells (- ); cells previously treated with FGF-2 (10 ng/ml) 
prior to its removal at the start of this experiment(A. ); isotype matched negative 
control (x' ). 

36 



Univ
ers

ity
 of

 C
ap

e T
ow

n

was 

et 

1 or 

whiere.:lS treatment 

not 

were eX:llmme:a 

.. "1 ...... '0"'1£\" WM 

11 ), 

... ~,~ ...... ne],anm was 

37 

at 



Univ
ers

ity
 of

 C
ap

e T
ow

n
~ 
~ 

~ 
~ 
~ 
...:l 
~ 
U 

~ 
Eo-! 
-( 
...:l 
~ 
~ 

Control 
t::. FGF-l (1 ng/ml) 
o FGF-4 (1 ng/mt) 
o FGF-2 (1 ng/ml) 

- Control 
, , 1::. FGF-l (10 ng/rol) 

o FGF-4 (10 ng/ml) 
o FGF-2 (10 ng/mt) 

- Control 
,'\ t::. FGF-l (100 ng/m) 

j "- \ o FGF-4 (100 ng/mt 
I o FGF-2 (100 ng/ml 

FLUORESCENCE INTENSITY 
(LOG SCALE) 

Figure 11. FGF-I and FGF-4 are less effective than FGF-2 in reducing 
glycophorin A expression in K562 cells. K562 cells were incubated in the 
absence or presence ofFGF-1, FGF-2 or FGF-4 at 1, 10, or 100 nglml for 3 days. 
Heparin (500 ng/ml) was present in all cultures. Untreated cells (-): FGF -1 ( t::. ); 
FGF-2 (D ); FGF-4 (0 ); isotype matched negative control (-_._) 
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TABLE 2A. FGF-2 INCREASES C-KlT AND ANTAGONISES THE EFFECTS 
OF TGF-fl ON THE EXPRESSION OF C-KlT ON K562 CELLS 

FGF-2 TGF-8 c-Kit Log Median 
(ng/mt) (ng/mt) Expressing Fluorescence 

Cells (%) Intensi~ 

0.0 0.0 59.7 1.2 
0.1 0.0 60.2 1.4 
1.0 0.0 62.0 1.7 

10.0 0.0 64.6 1.7 
100.0 0.0 63.8 1.8 

0.0 0.0 59.7 1.2 
0.0 0.2 50.1 0.8 
0.0 2.0 46.5 0.7 

0.0 0.2 50.1 0.8 
0.1 0.2 56.2 1.1 
1.0 0.2 59.9 1.4 

10.0 0.2 62.7 1.5 
100.0 0.2 63.2 1.6 

0.0 2.0 46.5 0.7 
0.1 2.0 55.3 1.2 
1.0 2.0 62.9 1.9 

10.0 2.0 66.3 2.4 
100.0 2.0 67.7 2.6 

This table represents the results of one experiment, from a set of two separate 
experiments, performed using the indicated concentrations of FGF-2 and TGF-B. 

same cell cultures, that had been incubated in the absence or presence ofFGF -2. As the 

effects ofFGF-2 on the numbers of cells expressing c-kit were slight, whereas FGF-2 

caused a definite increase in the number of molecules of c-kit expressed per cell (upper 

panel of Table 2A), I used the MFI indices for c-kit and glycophorin A to compare the 

effects ofFGF-2 on both these parameters. To compare the results obtained from 8 

separate experiments, the MFI indices for glycophorin A and c-kit expression after 

treatment with FGF -2 were 'normalised' by setting the MFI values of untreated cells at 

100% and calculating the appropriate value as a % of contro I for the treated cells. When 

compared to untreated K562 cells, the addition ofFGF-2 (100 ng/ml) reduced the number 

40 



Univ
ers

ity
 of

 C
ap

e T
ow

n

of molecules ofglycophorin A expressed per cell by 63.2 ± 18.8%, n=8 and increased 

that ofc-kit by 23.2 ± 14.8%, n=8) (Table 2B and Figure 12). These results therefore 

indicate that FGF -2 acts on K562 cells to promote a primitive cell surface phenotype, as 

judged by diminished expression of the erythroid lineage specific marker, glycophorin A 

and the increased expression of c-kit. 

o Control 

o FGF-2 (100 ng/ml) 
180 

GL YCOPHORIN A c-KIT 
160 -

w~ 
U 0 
z~ 140 
W c::: 
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120 rn U 
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ct:: 0 
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r-
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Ocf!. 100 r- r- r- r- r- r- r- r- r- I""" I""" 

:::l-
....J>-
LL~ 80 ZOO «2 
-W 60 Q~ W z 
~- 40 
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-
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Expt# 12345678 12345678 

Figure 12. FGF-2 decreases glycopborin A and increases c-kit expression on K562 
ceUs. In eight separate experiments, K562 cells were incubated in the absence or presence 
ofFGF-2 (l00 ng/mJ) and the expression of glycophorin A and c-kit was detennined. The 
median fluorescence intensity of each antigen was calculated after setting the MFI of 
glycophorin A or c-kit expression by untreated cells to 100%. 
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TABLE 2B. EFFECTS OF FGF-2 AND TGF-8 ON THE EXPRESSION OF 
GLYCOPHORIN A AND c-KIT BY K562 CELLS. 

Expt GL YCOPHORIN A 
MFI Log) 

# COD FGF TGF T+F COD 
1 12.93 3.33 35.81 13.33 1.48 

2 8.29 1.77 19.31 5.50 1.95 

3 9.14 1.58 21.59 6.60 2.17 

4 l.70 0.62 3.93 0.85 0.54 

5 4.51 1.87 38.98 11.39 2.46 

6 13.40 335 33.71 12.92 2.16 

7 3.66 2.65 8.80 6.34 2.46 

8 4.90 2.67 12.84 6.05 1.24 

Mean 7.32 2.23 21.87 7.87 1.81 

SD 4.33 0.94 13.14 430 0.67 

MFI = Median Fluorescence I.ntensity (Log) 
Expt # = Experiment number 
Con = Control (untreated cells) 
FGF = FGF-2 (100 nglml) 
TGF = TGF-f.l (2 nglml) 
F+T = FGF-2 (100 nglml) + TGF-f.l (2 nglml) 

c-KlT 
MFI Log) 
FGF TGF 
1.86 1.69 

2.56 0.74 

2.53 0.73 

0.66 0.51 

2.83 1.31 

233 0.90 

2.76 1.51 

1.92 0.89 

2.18 1.04 

0.7 I 0.42 

GPA (% Con) = Glycophorin A "normalised" MFI (% Control) 
c-Kit (% Con) = c-kit "normalised" M FI (% Control) 

43 

GPA c-KIT 
(% Con) (% Con) 

T+F FGF FGF 
2.12 25.8 125.7 

2.04 21.4 131.3 

1.88 17.3 116.6 

0.69 36.5 122.2 

2.40 41.5 115.0 

2.29 25.0 107.9 

3.12 72.4 112.2 

2.41 54.5 154.8 

2.12 36.8 1232 

0.69 18.8 14.8 
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Figure 13. TGF-8 increases the expression of glycophorin A on K562 ceUs. 
K562 cells were incubated for 3 days in the absence or presence ofTGF-/3 at 0.1,0.5 
or 2 nglml. Untreated cells (- ); cells treated with TGF-/3 ([] C); isotype 
matched negative control (n. . ). 
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Figure 14. FGF-2 incl"eases c-kit expression and antagonises the TGF-8-mediated 
decrease in c-kit expression on K562 cells. K562 cells were incubated for 3 days in 
the absence or presence ofFGF-2 (100 ng/ml); TGF-B (2 nglml) or with the addition 
of both cytokines. Untreated cells (- ); cells treated with FGF-2 (.&.A);TGF-B (I ); 
TGF-B + FGF-2 ( ); isotype control (uxx ). 
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Figul'e 15A. FGF-2 antagonises the TGF-8 (0.1 ng/ml)-mediated increase in 
glycophorin A expression. K562 cells were incubated for 3 days in the absence or 
presence ofTGF-13 at 0.1 nglml with the simultaneous addition ofFGF-2 at 0.1, 1.0 or 
10 nglml. Untreated cells (- ); TGF-B (Daa ); TGF-B + FGF-2 «> 00). 
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Figure 15B. FGF-2 antagonises the TGF-8 (0.5 nglml)-mediated increase in 
glycophorin A expression. K562 cells were incubated for 3 days in the absence or 
presence ofTGF-f3 at 0.5 ng/m! with the simultaneous addition ofFGF-2 at 0.1,1.0 or 
10 ng/ml. Untreated cells (- ); TGF-B (aaa); TGF-f3 + FGF-2 (c>oo). 
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Figure lSC. FGF-2 antagonises the TGF-6 (2 nglml)-mediated increase in 
glycophorin A expression. K562 cells were incubated for 3 days in the absence or 
presence ofTGF-/3 at 2 nglml with the simultaneous addition ofFGF-2 at 0.1, 1.0 or 
10 nglml. Untreated cells (- ); TGF-13 (aaa); TGF-13 + FGF-2 ~). 
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Figure 16. Indirect immunofluorescence staining for glycophorin A on K562 ceUs. 
Cells were incubated for 3 days in the absence or presence ofFGF -2 and/or TGF -13 and 
then stained with anti-glycophorin A monoclonal antibody (8 J..Lg/ml) followed by R­
phycoerythrin (RPE)-conjugated F(ab'h goat anti-mouse immunoglobin (50 !J.g/ml). 
(A) Untreated cells; (B) FGF-2 (100 ng/ml); (C) TGF-13 (2 ng/ml); (D) FGF-2 (lOa 
ng/ml) + TGF-13 (2 ng/ml). Magnification 475-fold. 

These results show that FGF -2 antagonises the TGF -B-med iated erythroid differentiation 

in K562 cells as indicated by its ability to prevent the decrease in c-kit and the increase in 

glycophorin A expression that accompany erythroid differentiation in this cell line. This 

demonstrates that FGF -2 acts to maintain a more primitive phenotype and to antagonise 

the effects ofcytokines that enhance differentiation and indicates that increased levels of 

this cytokine may be relevant in promoting the excessive blast accumulation that 

accompanies a number of myeloproliferative and leukaemic disorders. 
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added together was greater than that expected if this were due to an additive effect: ON A 

synthesis was inhibited by 13% in the presence ofTGF-/3 alone and by a mean of 13 ± 

3% in the presence ofFGF-2 (1,10 or 100 ng/ml), therefore ifthe effects were additive 

one would expect a decrease of approximately 26%. However when TGF-/3 and FGF-2 

(1-100 nglml) were added together, DNA synthesis was inhibited by a mean of37 ± 4%, 

indicating that TGF -/3 and FGF -2 inhibit K562 cell growth in a synergistic manner. 
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Figure 17. Effect ofFGF-2 and TGF-Il on DNA synthesis in K562 ceUs. Two hundred 
microlitres ofK562 cells (105 cells/ml) were incubated with or without TGF -13 (1 nglml) 
and varying concentrations ofFGF-2 as indicated for 72 hours. Tritiated thymidine (0.2 
~Cilwell) was added for the last 18 hours of the culture period. The colunms and error 
bars for each condition represent the means and standard deviations from six replicates. 
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(b) Cell number 

In order to confinn the results obtained from DNA synthesis studies, I detennined the 

effects ofFGF-2 and TGF-/3 on K562 cell proliferation by counting the number of viable 

cells in culture over a period of8 days. 

E -.!!J. 
Q) 
(.) -I­
Z 
~ 
o 
(J 

10000000 -,------------------------, 
- Control 

- TGF-B (1 ng/ml) 

- FGF-2 (10 ng/ml) 

- TGF-B + FGF-2 
1000000 -

:J 100000 
w 
(J 

10000 +-------~--------~------~--------~ 

o 3 6 8 

INCLIBATION TIME (days) 

Figure 18. Effect ofFGF-2 and TGF-f3 on cell proliferation ofK562 cells. K562 cells 
(8 x 104 cells/ml) were incubated with or without FGF-2 (10 nglml) and/or TGF-/3 (l 
ng/ml) for 8 days. Cell aliquots were removed at the indicated times and counted. At day 
3 and day 6 medium was replaced with fresh medium and factors. 

Exposure ofK562 cells to FGF-2 (10 nglml) alone for 3 days resulted in a 3% decrease in 

cell number compared to untreated cells (p < 0.05) (Figure 18). After 6 or 8 days in the 

presence of FGF -2 (10 ng/ml), the number ofviable cells in culture increased by 19% and 

6% respectively, compared to untreated cells, although these increases were not 

statistically significant (NS) (Figure 18). Cells cultured in the presence ofTGF-/3 alone (1 

ng/ml) showed an inhibition of cell growth of 17% (p < 0.04), 35% (p < 0.007) and 26% 
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maintains the cells in a primitive state, inhibiting the generation oflater progenitors that 

have a faster proliferation rate, whereas in semi-solid media the effect of the inhibition of 

differentiation would be to increase colony number and size. 

Figure 19. The effect ofFGF-2 on colony formation by K562 cells. K562 cells (5 x 
103 cells/35 mrn dish) were seeded in RPMl medium containing 10% FCS and 0.5% 
agarose in the absence (A) and presence (8) ofFGF-2 (l0 ng/ml). After 16 days 
incubation, the numbers and sizes of the colonies that formed were scored. The results of 
one set of quadruple dishes is shown. There was a 2.4 fold increase in the number of 
colonies fonned and a 7 fold increase in the number of colonies comprising more than 
100 cells in the presence ofFGF-2 (8) compared to untreated cells (A). Magnification 2 
fold. 
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SELF-RENEWAL DIFFERENTIA TION 
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Figure 20. A bypotbesis ofthe action of FGF -2 on baematopoietic cells. 
Haematopoiesis may be modulated by the activity of cytokines with opposing 
actions. In the case of erythropoiesis, factors such as TGF -/3 that promote 
erythroid differentiation to mature red blood cells are opposed by cytokines 
such as FGF-2 that inhibit differentiation, resulting in accumulation of cells 
with a more primitive phenotype. 
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Figure 21. Antigens expressed by cells during the differentiation ofES ceJls 
into endothelia I and haematopoietic progenitor ceUs. 

The antigens expressed by embryonic endothelial progenitor cells and mature endothelial 

cells are very similar: embryonic endothelial progenitor cells express CD34, VEGFR-2, 

platelet-endothelial cell adhesion molecule-l (pECAM-lICD31), Tek, vascular endothelial 

cadherin (VE-cadherin) and Tie ! (Tie), (Nishikawa et al., 1998b; Vittet et al., 1996) 

(Figure 22A). In addition to CD34, VEGFR-2, CD3!, Tek, VE-cadherin and Tie, mature 

endothelial cells also express the endothelial specific antigens, PIH!2 (Lin et al., 2000; 

Solovey et al., 1997) and vWF (Zanetta et aI., 2000) (Figure 22B). The phenotype of post­

natal circulating endothelial progenitor cells is currently a matter of intensive research. The 

cells obtained from human post-natal bone marrow, cord blood or peripheral blood that 

differentiate into endothelial cells express a number of antigens found on mature 
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endothelial cells i.e. CD34 (Asahara et at., 1997; Boyer et at., 2000; Murohara et at., 2000; 

Nieda et aI., 1997; Shi et aI., 1998) and VEFGR-2 (Asahara et aI., 1997; Peichev et aI., 

2000) (Figure 22C). However these cells also express CD133 (AC133) (Gehling et at., 

2000) (Figure 22C), a cell surface antigen expressed by primitive haematopoietic cells 

(Buhring et at., 1999; de Wynter et at., 1998; Majka et at., 2000; Matsumoto et at., 2000; 

Miraglia et at., 1997) that is not expressed on mature endothelial cells (peichev et at., 

2000; Yin et at., 1997) (Figure 22B). 

(A) (B) (C) 

Embryonic Mature Post-natal circulating 
endothelial endothelial cells endothelial 

progenitor cells progenitor cells 

CD34+ CD34+ CD34+ 
VEGFR-2+ VEGFR-2+ VEGFR-2+ 
CD31+ CD31+ AC133+ 
Tek+ Tek+ 
VE-cadherin+ VE-cadherin+ 
Tie+ Tie+ 

PIH12+ 
vWF+ 
ACt33 -

Figure 22. Antigens expressed by embryonic endothelial progenitor cells (A), 
mature endothelial cells (B) and circulating endothelial progenitor cells (C). 

This chapter of my thesis describes the isolation of a subpopulation ofCD34+ cells from 

bone marrow, cord blood and mobilized peripheral blood that expresses FGFR-l. FGFRs 

are expressed on mature endothelial cells (Cross et at., 2000; Kanda et at., 1999; Tsou 

and Isik, 200 I) and on CD34+ haematopoietic progenitor cells (Berard i et at., 1995; 

Burger et at., 1998; Burger et at., 1999; Le Bousse-Kerdiles et at., 1996; Testa et at., 

1996). As the CD34+ haematopoietic population has been shown to contain endothelial 

precursor ceJls (Asahara et at., 1997; Kocher et at., 2001; Nieda et at., 1997; Peichev et 

aI., 2000; Schatteman et aI., 2000; Shi et at., 1998; Takahashi et at., 1999), I decided to 
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characterize the CD34+FGFR+ population and detennine whether endothelial 

progenitors are found among these cells. In order to determine the phenotype of the 

CD34+FGFR+ cells, I examined these cells for the expression of those antigens 

expressed by endothelial celis, as well as for cell surface antigens consistent with the 

phenotype of primitive haematopoietic progenitor cells (Table 5). 

TABLE 5. ANTIGENS EXPRESSED BY PRIMITIVE HAEMA TOPOIETIC 
AND/OR ENDOTHELIAL CELLS 

Antigen Cells expressing indicated antigen 

A AC133 Primitive haematopoietic cells 
Thy-l Primitive haematopoietic cells 
c-kit Primitive haematopoietic cells 

B CD31 Haematopoietic and endothelial cells 
Tie Haematopoietic and endothelial cells 
Tek Haematopoietic and endothelial cells 

KDR Haematopoietic and endothelial cells 
C PIH12 Endothelial cells 

VE-cadherin Endothelial cells 

I found that the CD34+FGFR+ population expresses antigens found on primitive 

haematopoietic cells, such as AC 133 (Miraglia et al., 1997), Thy-l (Murray et al., 1995) 

and c-kit (Katayama et al., 1993) (Table SA). The CD34+FGFR+ cells are seJectively 

enriched for the expression of2 antigens specific for endothelial cells, namely PI H 12 (Lin 

et al., 2000; Solovey et al., 1997) and VE-cadherin (Ali et al., 1997; Breier et al., 1996; 

Gory et al., 1999; Matsuyoshi et aI., 1997; Nishikawa et al., 1998b) (Table 5C), as well as 

for other antigens, such as CD31, Tie, Tek and KDR that are expressed by endothelial cells 

(Hanahan, 1997; Sato et al., 1995; Vittet et aI., 1996; Yong et al., \998). However as 

CD34, CD31, Tie, Tek and KDR are expressed by both haematopoietic and endothelial 

cells (Civin et aI., 1996; Fina et al., 1990; Hanahan, 1997; Hashiyama et al., 1996; Sato et 

al., 1998; Sato et aI., 1995; Vittet et al., 1996; Watt et aI., 1995; Yong et al., 1998; Ziegler 

et al., 1999) (Table 5B), it is important to establish whether circulating CD34+ cells that 

give rise to endothelium are endothelial precursors or merely mature endothelial cells 

derived from vessel walls. For this reason I examined the CD34+FGFR+ popUlation for 
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Fluorescent labeUing ofFGFR-l antibody 

I prepared two fluorochrome conjugates of the FGFR-l antibody in order to allow greater 

flexibility in the choice of antigens that could be examined in conjunction with FGFR-l 

and CD34. Antibody to CD34 was commercially available as fluorescein isothiocyanate 

(FITC), phycoerythrin (PE), cyanine CyS dye coupled to PE (pE-CYS) and 

allophycocyanine (APC) conjugates, with emission spectra in F ACS channels FL 1, FL 2, 

FL 3 and FL 4 respectively. 1 could therefore determine CD34 expression in combination 

with antibodies conjugated to fluorochromes with different emission spectra. I had access 

to antibodies against VE-cadherin, PlHl2 and Tie as FITC conjugates only and to the 

antibody to AC133 only as a PE conjugate. It was therefore helpful to have the antibodies 

to FGFR-I conjugated to FITC and to APC, in order to determine the combinations of 

antigens present on CD34+FGFR+ cells. 

FITC conjugation of the FGFR-l antibody was performed as described on the web site 

http://www.drmr.comlabconIFITCl .htmI. Briefly. purified antibody to FGFR-l was 

dialysed against SOOmM sodium carbonate buffer pH 9.S and the protein concentration, 

measured on a spectrophotometer at 280nm, was adjusted to 2 mg/ml A solution ofFITC 

isomer 1 (Sigma Chemicals, St. Louis, MO) (10 mg/ml) was prepared in anhydrous 

dimethylsulfoxide (DMSO) and this was added to the antibody solution such that the final 

concentration ofFITC was 80 l1g/mg antibody. The reagents were mixed immediately in a 

small tube, wrapped in foil and incubated with rotation for 1 hour at room temperature. 

The FITC conjugated FGFR-I antibody was dialysed against 10mM Tris buffer pH8.2, 

containing lS0mM NaCI as well as the preservative pentachlorophenol (Sigma Chemicals, 

St. Louis, MO) (S mg/ml). 

A Phycolink APC conjugation kit (prozyme, San Leandro, CA, USA) was used for the 

conjugation of APC to the FGFR-l antibody. The details of the method are available from 

the website ht1;p://www.prozyme.com/phycolink/pj2Sk.htmI. Briefly. purified FGFR-l 

immunoglobulin (lgG) was dialysed against SOmM sodium phosphate buffer pH 7.0, 

containing] mM EDTA, and adjusted to 4 mg/ml protein. FGFR-l IgG was treated with 

dithiothreitol (DTT) (20 l1M/ml JgG solution) for 30 minutes at room temperature in order 
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APC, although FGFR-I-FITC was used in some cases. Tn a few experiments unconjugated 

FGFR-I was used together with either goat anti-mouse-PE or goat anti-mouse IgG2a-PE as 

secondary antibodies. 

As the Class Il CD34 antibody, QBENDIO, was used for the CD34 selection procedure, a 

fluorochrome-conjugated antibody to a different CD34 epitope was required for staining 

and FACS analysis of the cells. The Class III CD34 antibody, HPCA-2, directly 

conjugated to either FITC, PE, PE-CY5 or APC was therefore employed for cell staining; 

the choice offluorochrome being dependent on the combination ofFITC-labelled or APC­

labelled FGFR-I antibody with the other fluorescent antibodies being used.! had access to 

the following conjugated antibodies: antibodies to CD38, Tie, VE-cadherin and PI H 12 

were FlTC conjugated, whereas anti-ACl33 and anti-c-kit were PE conjugated. Antibodies 

to Thy- I and CD3 I were available as both FITC and PE conjugates. Antibodies to KDR 

and to Tek were only available as biotinylated conjugates and staining with these 

antibodies required an additional staining step, using streptavidin-PE. Fluorochrome 

conjugated isotype matched antibodies were used as control antibodies in every instance 

for the detection of non-specific binding. Cells were incubated with appropriate antibodies 

for 30 minutes on ice, using FACS buffer to wash the cells between staining steps. Cell 

aliquots were also prepared with combinations offluorochrome labelled antibodies and 

isotype matched control antibodies in order to set the electronic compensation of the flow 

cytometer i.e., to compensate for the breakthrough offluorescence from one fluorochrome 

into the analysis window of another, as described at the following web site: 

hltp:llwww.drmr.comlcompensation Briefly, for four colour FACS analysis, four tubes 

containing cell aliquots were prepared, each with a single fluorescent antibody expected to 

be expressed on the cells, such as CD34, as well as the appropriate isotype matched control 

antibodies (Table 6). Compensation was set by aligning the median fluorescences of the 

positive and control cell populations for each fluorochrome. Depending on the number of 

cells available, an optional fifth tube, containing cells stained with all four fluorochromes 

was prepared and used after performing single colour compensation, to confirm that the 

settings were optimal. 
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TABLE 6. CELL ST AINlNG SCHEME FOR SETTING THE COMPENSATION 
FOR FOUR COLOUR FACS ANALYSIS. 

Tube FITC PE PE-Cy5 APC 

I VE-clIdhet"in FITC Mouse IgG PE Mouse IgG PE-Cy5 Mouse IgG APC 

2 Mouse IgG FITC ACI33 PE Mouse IgG PE-Cy5 
.c-=-=-

Mouse IgG APC 

3 Mouse IgG FITC Mouse IgG PE CD34 PE-Cy5 Mouse IgG APC 

4 Mouse IgG FJTC Mouse IgG PE Mouse IgG PE-Cy5 FGFR- l APC 

Cells were analysed on a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CAl, 

equipped with an argon laser to excite FITC, PE and RPE-CY5 fluorochromes and a 

helium-neon diode, with time delay adjusted according to manufacturer's 

recommendations, for excitation of APe. 30,000 to J 50,000 C034+ or Lin- selected cells 

were analysed using CeliQuest software (Becton-Dickinson, San Jose, CAl. The dye 7-

aminoactinomycin 0 (7-AAO), at a final concentration of I ~g!ml, was added 5 minutes 

before flow cytometry in order to identifY dead cells. This was done to exclude analysis of 

non-viable 7 AAD-containing cells (Philpott e/ al., 1996) and ensure the viability of all 

C034+FGFR+ cells analysed. 

Culture ofCD34+FGFR+ celIs 

(a) Growth of haematopoietic colonies in methylcellulose 

Low density mononuclear cells, enriched for CD34+ cells by immunomagnetic selection, 

were incubated with antibodies to C034 and FGFR-I and sorted on an Epics Elite Cell 

Sorter (Beckman Coulter Inc., Fullerton, CAl into C034+FGFR+, C034+ FGFR- and 

unfractionated C034+ populations', using antibodies to different epitopes of the C034 

molecule for selection and staining i.e., the C034 antibody QBEND/J 0 was used for the 

selection process, while the C034 antibody HPCA-2 conjugated to a fluorochrome was 

used for fluorescent labelling of the cells and subsequent FACS sorting. The unfractionated 

C034+ popUlation was passed through the sorter in order to have control cells for these 

experiments that had been subjected to the same stresses as the sorted FGFR+ and FGFR­

populations. The three different populations were seeded into MethoCult GF+H4435 
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Figure 23. Flow cytometry of the CD34+FGFR+ population. (A) Forward and side 
scatter analysis ofCD34+ enriched cells isolated from mobilized peripheral blood. Rl 
defines a region that excludes debris with low FSC and cells with bigb SSe. (B) R2 
defines viable (7 AAD-) cells. (C) R3 defines viable CD34+FGFR+ cells. (D) Boolean 
gating is used to illustrate the FSC/SSC characteristics of viable CD34+FGFR+ cells and 
shows that the majority oftbese cells are small (low FSC) and display little granularity 
(low SSC). 
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Figure 24. The expression of antigens by CD34+FGFR+ cells. Isolated CD34+ cells 
were examined for the presence ofFGFR-l together with the expression of one of the 
following antigens: CD38 (0), AC 133, Thy-I, c-kit (primitive haematopoietic cell surface 
antigenS mI ), CD31, Tie, Tek, KDR (antigens expressed by both endothelial and 
haematopoietic cellsD), PIH12 or VE-cadherin (endothelial specific antigens . ). 
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Figure 28. Growth of haematopoietic colonies. F ACS sorted CD34+FGFR +, 
CD34+FGFR- and unfractionated CD34+ populations, isolated from mobilized peripheral 
blood, were cultured in methylcellulose in the presence and absence ofFGF-2 (100 
ng/ml). The numbers ofhaematopoietic colonies of various lineages were counted. Each 
bar represents the mean result from triplicate wells. 

(b) Cell growth in the presence of endothelial growth factors 

In order to detennine whether CD34+FGFR+ cells respond to endothelial growth factors 

and give rise to endothelial cells, cells were isolated and cultured under conditions that 

promote endothelial cell growth. CD34+FGFR+, CD34+FGFR- and unfractionated CD34+ 

populations, isolated on the FACS, were cultured in the absence and presence ofFGF-2 

alone or FGF-2 and VEGF together. As very few viable CD34+FGFR+ cells were obtained 

after F ACS sorting, we were limited by the numbers of viable cells recovered after sorting 

and therefore were not able to determine the effect ofVEGF treatment alone. As VEGF 

alone is a poor mitogen for endothelial cells, we considered that omitting VEGF was a 

reasonable option. In the absence of growth factors, the CD34+FGFR+ and CD34+FGFR­

populations increased by 1.7 fold and 1.2 fold respectively, after 19 weeks in culture 
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Figure 29. CD34+FGFR+ cells give rise to VE-cadherin and vWF expressing cells in 
culture. Sorted CD34+FGFR+ (A, B) and CD34+FGFR- (C, D) cells were cultured on 
OP9 feeder layers in the presence ofFGF-2 and VEGF. Wells seeded wHh CD34+FGFR+ 
cells contained significant numbers of adherent VE-cadherin expressing cells (B) whereas 
cells in wells containing CD34+FGFR- cells lacked expression ofVE-cadherin (0). Phase 
contrast microscopy of the same fields is shown in (A) and (C) respectively. 
CD34+fGFR+ cells, cultured in fibronectin-coated wells in the presence ofFGF-2 and 
VEGF, gave rise to cells that express vWF (F). Negative control i.e. secondary FITC 
conjugated antibody but no primary vWF antibody (H). Arrows (G) indicate Dynal beads 
with a diameter of 4.5 ~m. Phase contrast photographs (E, G) show the same fields as the 
immunofluorescence photographs (F, H). Scale bars = 1 0 ~m. 
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IFigure 30. Cultured CD34+FGFR+ cells display various morphologies, express vWF 
land incorporate DiI-ac-LDL. CD34+FGFR+ cells, cultured in fibronectin-coated wells, grew 
las (A) single cells, (B) "piled up colonies"(C) or "bead-like strings" of ce lis and expressed 
IvWF (D, E, F). Cells that expressed vWF (F) also incorporated Dil-ac-LDL (G). Scale bars = 

120Jlm. 

11 I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

112 



Univ
ers

ity
 of

 C
ap

e T
ow

n

a 

or on 

a 

on mature " ...... vu." .. 

et 

on a manner 

113 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on """"'''1[(;1, 

as 

more mature nature. 

more 

mature 

more mature nature. 

in 

114 



Univ
ers

ity
 of

 C
ap

e T
ow

n

are 

et et et 1 

115 



Univ
ers

ity
 of

 C
ap

e T
ow

n

et et 

or 

mouse sec;onam-y "l'n";"", 

to 

common 

116 



Univ
ers

ity
 of

 C
ap

e T
ow

n

stem 

&~"'Huj'151S 

are extJlressea 

stem 

as 

to 

is a 

et 

to 

IS 

et 1 et 1 to 

117 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5 

are 

I 

as 

to the "'''''.JU.ll .... UJL6 

118 

et 

et 

HA""''''r it is 

,as 

it 

et 



Univ
ers

ity
 of

 C
ap

e T
ow

n

as 

119 



Univ
ers

ity
 of

 C
ap

e T
ow

n

120 

is a 

-oc;menOlent manner, 

or 

or serve as vectors 

secrete p .... ...,.", .... JF, ... , .. 

to 

to 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n
It to ael:errnmle "rh",1"h,·.,. 

... ..., ..... Jl .. in 

1 

.L<"F. ..... ".; .... , et etal., 

121 

secrete 

IS a 

cancer. 

are 

vv"vv'vor 

IS 



Univ
ers

ity
 of

 C
ap

e T
ow

n

were 

It 

new tumour 

tumours are 

vectors 

122 

to 

tumour _~ ..... , .... '". 

marrow 

asl 

in 

a 

in the 

are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

stem et et et 

not 

et as 

an 

are, 

as 

a 

.... u ..... .u"". as is no current 

123 



Univ
ers

ity
 of

 C
ap

e T
ow

n

stem can toa 

to 

to aetlemllne 

or 

as H""-''' ...... or 

on 

to aetlerrnllne are """'~J"'lI.''''' 

or ID,:::soloerma or nac~matolpOletl 

124 



Univ
ers

ity
 of

 C
ap

e T
ow

n

125 



Univ
ers

ity
 of

 C
ap

e T
ow

n

126 



Univ
ers

ity
 of

 C
ap

e T
ow

n

127 



Univ
ers

ity
 of

 C
ap

e T
ow

n

128 



Univ
ers

ity
 of

 C
ap

e T
ow

n

129 



Univ
ers

ity
 of

 C
ap

e T
ow

n

130 



Univ
ers

ity
 of

 C
ap

e T
ow

n

131 



Univ
ers

ity
 of

 C
ap

e T
ow

n

132 



Univ
ers

ity
 of

 C
ap

e T
ow

n

133 



Univ
ers

ity
 of

 C
ap

e T
ow

n

134 



Univ
ers

ity
 of

 C
ap

e T
ow

n

135 



Univ
ers

ity
 of

 C
ap

e T
ow

n

136 



Univ
ers

ity
 of

 C
ap

e T
ow

n

137 



Univ
ers

ity
 of

 C
ap

e T
ow

n

138 



Univ
ers

ity
 of

 C
ap

e T
ow

n

139 



Univ
ers

ity
 of

 C
ap

e T
ow

n

140 



Univ
ers

ity
 of

 C
ap

e T
ow

n

141 



Univ
ers

ity
 of

 C
ap

e T
ow

n

142 



Univ
ers

ity
 of

 C
ap

e T
ow

n

143 



Univ
ers

ity
 of

 C
ap

e T
ow

n

144 



Univ
ers

ity
 of

 C
ap

e T
ow

n

145 



Univ
ers

ity
 of

 C
ap

e T
ow

n

146 



Univ
ers

ity
 of

 C
ap

e T
ow

n

147 



Univ
ers

ity
 of

 C
ap

e T
ow

n

148 



Univ
ers

ity
 of

 C
ap

e T
ow

n

149 



Univ
ers

ity
 of

 C
ap

e T
ow

n

150 




