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ABSTRACT

Background and Objective. Human leukemic
K562 cells are able to undergo erythroid differenti-
ation in vitro when cultured with a variety of induc-
ers, leading to increased expression of embryo-fetal
globin genes such as the {, € and y-globin genes.
Therefore the K562 cell line has been proposed as a
very useful in vitro model system for determining the
therapeutical potential of new differentiating com-
pounds as well as for studying the molecular mech-
anism(s) that regulate changes in the expression of
embryonic and fetal human globin genes. In this
study we explored whether nucleoside triphos-
phates and related compounds are able to induce
differentiation of K562 cells.

Methods. K562 cell differentiation was studied
using the benzidine test; hemoglobins were charac-
terized by cellulose acetate gel electrophoresis and
mRNA accumulation was investigated by Northern
blot analysis.

Results. The main conclusion of this paper is that

e human K562 cell line was established by
Lozzio and Lozzio' from a patient with chron-
ic myelogenous leukemia in blast crisis. This

cell line is one of the best known in vitro experimen-
tal systems mimicking erythroid differentiation.””
The K562 cell line exhibits a low proportion of
hemoglobin-synthesizing cells under standard cell
growth conditions, but erythroid differentiation
occurs when K562 cells are treated with a variety of
compounds, including hemin,** cytosine arabi-
noside,’ butyric acid® and 5-azacytidine.”

Following erythroid induction of K562 cells, a
sharp increase in Hb Portland ({,y,) and Hb
Gower 1 ({,€,) is observed, accompained by an
increase in the expression of human € and vy globin
genes.>*®* The K562 cell line has thus been pro-
posed as a very useful model system for identifying
the therapeutical potential of new differentiating
compounds as well as for studying the molecular
mechanism(s) regulating the expression of embry-
onic and fetal human globin genes.>’

guanine, guanosine and guanine ribonucleotides
are effective inducers of K562 cell differentiation.
Expression of both Hb Portland and Hb Gower 1 is
increased in GTP-induced K562 cells. This increase
is associated with greater y-globin mRNA accumu-
lation. By contrast, ATP, CTP and UTP are not able
to induce erythroid differentiation.

Interpretaton and Conclusions. These findings sug-
gest that guanine, guanosine and guanine ribonu-
cleotides are inducers of erythroid differentiation of
K562 cells. This is of some relevance since differen-
tiating compounds have been proposed as antitu-
mor agents. In addition, inducers of erythroid dif-
ferentiation that stimulate y-globin synthesis might
be considered in the experimental therapy of hema-
tological diseases associated with a failure in the
expression of adult 3-globin genes.
©1997, Ferrata Storti Foundation
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These issues are of relevance for the development
of anti-tumor drugs that act by inducing the activa-
tion of differentiation rather than by displaying
cytotoxic and/or cytolytic activities.> For instance,
cytosine arabinoside is currently exploited as an
antitumor agent.” In addition, the pharmacologi-
cally-mediated regulation human vy-globin gene
expression could be of interest, at least in theory, in
the search for potential therapeutic agents in
hematological disorders, including B°-thalas-
semia.’®® In vitro studies demonstrate that hydrox-
yurea, erythropoietin, butyrates and 5-azacytidine
are capable to induce fetal hemoglobin production
when administred singularly or in combination.™"
With respect to this point butyric acid and 5-azacy-
tidine have been the object of recent reports
focused on in vivo treatment of B-thalassemia
patients."™"

Among possible biological response modifiers,
extracellular purine nucleosides and nucleotides
could be of interest, since it has been reported that
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guanosine, GTP, adenosine and ATP are able to
stimulate proliferation of astrocytes and micro-
glia.”’ These compounds are of some interest, as
they are active in a variety of experimental systems
and are not expected to be toxic to eukaryotic cells,
unless administred at high concentrations.”*

In this paper we first explored whether nucleo-
sides triphosphates are able to induce differentia-
tion of K562 cells. The first set of results obtained
suggest that, among nucleosides triphosphates,
only GTP is capable to efficiently induce differentia-
tion of K562 cells. Accordingly, we analysed the
activity of GTP, GDP, GMP, guanosine and gua-
nine, and found that all these compounds are able
to induce erythroid differentiation of K562 cells.
Erythroid differentiation was associated with (a)
an increase of the content of embryo-fetal hemo-
globins and (b) an increase of globin mRNA accu-
mulation.

Materials and Methods

Cell lines and culture conditions

The human myeloid leukemia K562(S) cells were kindly pro-
vided by Dr. Livia Cioe.® The cell line was maintained in RPMI
1640 (Flow Laboratories) in 10% fetal bovine serum (FBS, CEL-
BIO), 5% CO, supplemented with 50 units/mL penicillin, 50
mg/mL streptomycin.>*” Cell growth was studied by determin-
ing the cell number/mL after different days of in vitro cell cul-
ture.” Semi-solid cell cultures were performed in RPMI 1640
medium, 0.33% agar (DIFCO), 10% FBS.* Guanine, guanosine,
ATP, CTP, GTP and UTP were purchased from Sigma and were
stored at -20°C in acqueous solution at 10 mM (ATP, GTP,
CTP, UTP, GMP and GDP), 7 mM (guanosine). 10 mM stock
solution of guanine was in 150 mM KOH.

Hemoglobin determination

K562 cells containing heme or hemoglobin were detected by
specific reaction with a benzidine/hydrogen peroxide solution as
reported elsewhere (3,4). The final concentration of benzidine
was 0.2% in 0.5 M glacial acetic acid, 3% H,0,.”

In order to analyze hemoglobin production by erythroid
induced K562 cells total fresh post-mitochondrial cell lysates
were electrophoresed on cellulose acetate strips (Chemotron) in
Tris-EDTA-borate buffer.>*

After electrophoresis the gels were stained with benzi-
dine/hydrogen peroxide (1% benzidine in 4.3 M acetic acid, 3%
H,0,) and photographed, and the relative proportion of sepa-
rated hemoglobins was calculated from the areas of the densit-
ometric peaks.”

Northern blotting

RNA was isolated from uninduced and erythroid-induced
K562 cells according to the RNAzol Method (BIOTECX).***
Northern blotting was performed using 15 pg of RNA as
described elsewhere.”> RNA was electrophoresed in formalde-
hyde gels containing 20 mM MOPS (pH 7), 8 mM sodium
acetate, 1 mM EDTA, 2.2 M formaldehyde.”® Hybridization was
carried on with a *P-labelled pJW151 plasmid that specifically
recognized y-globin mRNA sequences.” Hybridization buffer
consisted of 1 M NaCl, 1% sodium dodecyl sulphate (SDS), 50%
formamide, 10% dextran sulphate, 200 pg/mL denatured
salmon sperm DNA. After 16 hours of hybridization, filters were
washed in 2 X SSC (SSC = 0.15 M NaCl, 0.015 M sodium cit-
rate)(room temperature, 5 min, twice), followed by a washing
step in 2 X SSC, 1% SDS (60°C, 5 min, twice); the final washing
step was carried out at room temperature for 5 min in the pres-
ence of 0.1 x SSC. Autoradiography was performed with X-Omat
Kodak films.

Results

Cell growth and differentiation of K562 cells cultured in
the presence of nucleoside triphosphates

Figure 1 shows the results from two preliminary
experiments performed to determine the effects of
nucleoside triphosphates on the proliferation and
differentiation of human leukemic K562 cells. In
the first experiment the cell number/mL and the
proportion of benzidine-positive cells were deter-
mined in K562 cells treated for different times with
75 mM ATP, GTP, UTP and CTP (Figure 1A and
1C). In the second experiment determinations of
cell growth and differentiation were performed
after 7 days of treatment with increasing concentra-
tions (up to 300 pM) of GTP.

Figure 1A shows that nucleoside triphosphates
cause only minor changes in the proliferation effi-
ciency of K562 cells, with the exception of GTP,
which causes a decrease in the rate of K562 cell
growth. This inhibitory effect is dose dependent, as
demonstrated by the results in Figure 1B showing
that GTP does not alter cell proliferation when
added at 18.75 pM, while inhibition of cell prolifer-
ation does occur when K562 cells are cultured for 7
days in the presence of 37.5 (60% inhibition), 75
(85% inhibition), 150 (90% inhibition) and 300
(90% inhibition) uM GTP.
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Figure 1. Effects of ATP, GTP, CTP and UTP on cell proliferation
(A,B) and erythroid differentiation (C,D) of K562 cells.

A, C. Cells were cultured for the indicated length of time in the
absence [O] or in the presence of 75 yM ATP [H], GTP [@], CTP
[CJ] and UTP [@®]. B, D. Effects of increasing amounts of GTP on
K562 cell growth (B) and erythroid differentiation (D). In this
experiment K562 cells were cultured as indicated for 7 days.
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These data clearly indicate that among nucleo-
sides triphosphates GTP exerts the highest antipro-
liferative activity.

Figure 1C demonstrates that GTP is the only
nucleoside triphosphate able to induce a significant
increase in the proportion of benzidine-positive
(hemoglobin-containing) K562 cells after 7-10 days
of induction. In Figure 1D reports data showing
that the GTP-mediated induction of K562 cells to
erythroid differentiation is dose dependent. In this
experiment, the proportion of benzidine-positive
cells was determined after 7 days of cell culture.

Erythroid differentiation induced by GTP is a fair-
ly reproducible phenomenon, as suggested by data
shown in Figure 2. In these experiments the kinetics
of the increase in the proportion of benzidine-posi-
tive K562 cells was determined after 1, 3, 5, 6, 7
and 8 days of K562 cell culture in the presence of
150 mM GTP. The results shown in Figure 2 are
drawn from eleven independent induction experi-
ments. Similar experiments performed with 75 mM
and 300 mM GTP confirmed that the treatment of
K562 cells with this compound consistently causes
an increase in the proportion of benzidine-positive
cells (data not shown).

Taken together, these results show that GTP
could be considered an inducer of erythroid differ-
entiation in K562 cells.

Differentiation of K562 cells cultured with guanine,
guanosine, and guanine nucleotides

Figure 3A and 3C show two independent experi-
ments demonstrating that guanine, guanosine and
guanine nucleotides (GMP, GDP and GTP) are all
differentiating compounds of the human leukemic
K562 cell line.
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Figure 2. Kinetics of erythroid induction IN K562 cells by 150 pM
GTP (OJ). ® = uninduced control K562 cells.

Results represent the mean + S.D. determined from eleven inde-
pendent experiments.

In addition, our results indicate that all these
compounds, when administered at concentrations
retaining inducing capabilities, are inhibitors of
K562 cell growth (Figure 3B and data not shown).

This could be compatible with a cell-cycle effect
of these inducers, leading to the inhibition of cell
growth efficiency of erythroid-differentiating cells.
This is also suggested by the decrease in the pro-
portion of benzidine-positive cells when cell cul-
tures are analyzed for periods of induction longer
than 8 days (Figure 1C, Figure 2A and data not
shown). The decrease in the percentage of benzi-
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Figure 3. A. Effects of GTP and guanosine on erythroid differenti-
ation of K562 cells. Cells were cultured in the absence (0) or in
the presence of different concentrations (25-75 pM) of GTP (H)
and guanosine (CJ). After 7 days the % of benzidine-positive
cells was determined. B, C. Effects of GTP, GDP, GMP, guano-
sine and guanine on growth (B) and differentiation (C) of K562
cells. Determinations were performed after 7 days of cell cul-
ture. Control = uninduced K562 cells.
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Figure 4. Effects of GTP on semisolid cell cultures. Cells were cultured in the absence (upper) or in the presence of 150 (middle) and 300

(lower) pM GTP for 7 days in semisolid medium.

A. Distribution of colonies containing the indicated number of cells (3-4, 5-8, 9-16 ...).
B. Inverse relationship between number of cells/colony and differentiation state. The data represent the proportion of henzidine-positive
colonies (%) within different classes of colonies originating from semisolid cultures of K562 cells.

dine-positive cells can be tentatively explained by
the presence of at least two cell populations in
induced cell cultures. The first is an uninduced
K562 cell population exhibiting high cell growth;
the other is the erythroid-induced cell population,
whose rate of cell growth declines following ery-
throid induction. In order to verify this hypothesis,
induction experiments were performed in semisolid
culture conditions.

GTP-induced differentiation of K562 cells cultured in
semisolid medium

When uninduced K562 cells are cultured in semi-
solid medium, the majority of the colonies are large
and negative to the benzidine stain, but a small
proportion of colonies are small and positive for
this assay. This highly reproducible phenomenon
(Figure 4, upper side of the panels) is well known**
and is due to K562 cells that spontaneously under-
going terminal erythroid differentiation.® For unin-
duced cells, the data obtained and shown in Figure
4 are compatible with a theoretical value of 6.2%
benzidine-positive cells.

Figure 4 clearly demonstrates that after 7 days
induction in semisolid medium the erythroid-
induced colonies of GTP-cultured K562 cells also
contain fewer cells than benzidine-negative
colonies. For instance, in K562 cell cultures treated

with 300 mM GTP, colonies containing 17-32 cells
are nearly 100% positive for benzidine. By sharp
contrast, not more than 2-3% of the colonies con-
taining 65-128 cells are positive for the benzidine
stain (Figure 4B, lower panel). In conclusion, the
data obtained by the experiments shown in Figures
1, 3 and 4 are consistent with inhibition of cell
growth of erythroid-induced K562 cells cultured in
the presence of GTP. For cells cultured with 300
UM GTP, the data obtained and shown in Figure 4
are compatible with a theoretical value of about
76.3% benzidine-positive cells. The inverse relation-
ship between colony size and proportion of benzi-
dine-positive colonies was confirmed in three inde-
pendent experiments (data not shown). Moreover,
in complete agreement with the data shown in
Figure 4, when the benzidine assay was performed
after 10, 11 and 12 days of culture with GTP-treat-
ed cells, in eleven independent experiments we
always found a decrease in the proportion of benzi-
dine-positive cells (data not shown).

Hemoglobin accumulation in GTP-induced K562 cells
The level of hemoglobin production (assessed as
pg of Hb/ug of cytoplasmic proteins) was prelimi-
narly analyzed using a benzidine/H,0O, reaction
performed in post-mitochondrial cell lysates, fol-
lowed by densitometric analysis at 602 nm. These
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Figure 5. Cellulose acetate gel electrophoresis of hemoglobin
produced by K562 cells. Post mitochondrial cell lysates from
uninduced (A) K562 cells or from cells induced for 7 days with 2
1M cytosine arabinoside (B) or 100 pM GTP (C) were layered on
cellulose acetate strips, electrophoresed and stained with ben-
zidine. Results report the pattern obtained after densitometric
analysis of the gels.

P = Hb Portland; G = Hb Gower 1; X=Hb X; F=Hb F.

results suggest that treatment for 7 days with 150
UM GTP induces at least a 10-fold increase in Hb
production. The level of Hb in GTP-treated cells in
three independent experiments was always found to
be higher than 8 pg of Hb/cell, while uninduced
K562 usually accumulate less than 0.7 pg of
Hb/cell.

Furthermore, cellogel electrophoresis of post-
mitochondrial lysates demonstrated that, following
treatment of K562 cells with 100 uM GTP, both Hb
Portland ({,y,) and Hb Gower 1 ({,€,) are abun-
dantly expressed, suggesting that GTP-mediated
erythroid differentiation is accompanied by an
increase in the expression of embryo-fetal globin
genes (the B-like € and vy, and the a-like {) (Figure 5
and data not shown). In the experiment shown in
Figure 5 the relative proportions of hemoglobins
accumulated in K562 cells treated with 150 pM
GTP (% of Hb/total hemoglobins) were 40.1% for
Hb Gower 1, 6.7% for Hb X (€57Y5), 9.3% for Hb F
(ayy,) and 43.9% for Hb Portland.

- 28S rRNA

-~ 18S rRNA

~&— ~y-globin mRNA

Figure 6. Northern blotting analysis. Total RNA was isolated
from uninduced K562 (a) and erythroid-induced K562 cells (b,c).
Induction was carried out for 6 days in the presence of (b) 100
pM GTP and (b) 2 pM araC. Fifteen pg of total RNA were elec-
trophoresed. Northern blotting was conducted and hybridization
was performed with a *’P-labelled pJW151 plasmid.

Northern blotting analysis

Total RNA was isolated from uninduced and ery-
throid-induced K562 cells. Induction was carried
out for 6 days in the presence of (i) 100 pM GTP
and (ii) 2 pM cytosine arabinoside. In order to ana-
lyze globin genes expression, Northern blotting was
performed and hybridization was conducted with a
*’P-labelled pJW151 plasmid that specifically recog-
nized y-globin mRNA sequences.” The results are
shown in Figure 6 and clearly demonstrate that
GTP treatment induced a sharp increase in the
accumulation of y-globin mRNA (compare lane a
to lane b). The increased accumulation of y-globin
mRNA in GTP-treated K562 cells (lane b) is similar
to that found in cytosine arabinoside-treated cells
(lane ¢).

Discussion

The main conclusion of this paper is that gua-
nine, guanosine and guanosine ribonucleotides are
effective inducers of K562 cell differentiation.
Production of both Hb Gower 1 and Hb Portland is
increased following GTP-mediated erythroid induc-
tion of K562 cells. Control experiments suggest that
GTP and related compounds induce differentiation
of K562 cells at levels similar to those of the best
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known K562 inducers, such as butyric acid, cyto-
sine arabinoside and hemin.***

Of interest is the fact that GTP and related mole-
cules are physiological compounds active in a vari-
ety of experimental systems and are not expected to
be toxic to eukaryotic cells unless administered at
high concentrations.”*

Our data do not explain the induction of ery-
throid differentiation at the biochemical level. It is
likely that the active compounds are guanine and
guanosine, since in tissue culture conditions ribo-
nucleoside triphosphates are rapidly converted to
ribonucleosides (Matteuzzi, unpublished observa-
tions). With respect to the molecular basis of ery-
throid induction, Northern blotting analysis
demonstrates that the accumulation of y-globin
mRNA sharply increases following GTP-treatment
of K562 cells.

These findings could be due to increased tran-
scriptional activity of y-globin genes in GTP-treated
K562 cells, as well as to an increase in the process-
ing rate of y-globin mRNA from the nucleus to the
cytoplasm. Finally, our data do not exclude the
possibility of an increased half-life of the y-globin
mRNA molecules in erythroid-induced cells.
Despite the fact that a change in y-globin gene
transcription could occur in GTP-treated cells,
other changes, including globin mRNA processing,
should not be ruled out in studies on the modula-
tion of the hemoglobin phenotype, as recently sug-
gested.* Further experiments will be required to
evaluate these hypotheses or to determine whether
a combination of them represent the molecular
basis for the increased accumulation of y-globin
mRNA in GTP-induced cells.

With respect to this specific point, we wish to
mention that a study of the molecular mechanisms
underlying the switch between € and y-globin genes
is crucial for experiments aimed at the induction of
v-globin gene expression in adults.” Pharma-
cologically-mediated regulation of the expression of
human y-globin genes could be of interest in the
search for potential therapeutic agents in hemato-
logical disorders, including 3°-thalassemia.’?
Recently published observations demonstrate that
hormones, cytotoxic agents, hemopoietic cytokines
and short fatty acids are capable of augmenting
fetal hemoglobin levels in humans.” For instance,
hydroxyurea, erythropoietin, butyrates and 5-azacy-
tidine were found to induce in vitro fetal hemoglo-
bin production when administered singly or in
combination.”” Erythropoietin has also been suc-
cessfully employed in individual patients with tha-
lassemia intermedia, particularly in individuals with
evidence of defective endogenous production.’*?
Butyric acid and 5-azacytidine have also been the
object of recent reports focusing on in vivo treat-
ment of B-thalassemia patients."'” This is a major
issue in this field since it is well established that an

increase of as little as 30% in HbF production leads
to a significant improvement in clinical status.

Therefore it would be interesting to determine
whether treatment of human bone marrow cells
with GTP and related compound does produce an
increase in HbF.
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