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a b s t r a c t

Renin–angiotensin system (RAS) in the bone marrow is related to proliferation and cellular differentiation
We investigated the effect of ACE inhibitors (ACEI) captopril (>1 mM) and trandolapril (>0.05 mM) and
losartan (0.2 mM) on K562 cell line and K562 transfected with c-myc, bcl-x and bcl-2 (KmycB, Kbclx and
Kbcl2 respectively). RAS components, proliferation, apoptosis and c-myc expression were analyzed. ACEI
and losartan inhibited cell growth, decreased c-myc expression and increased apoptosis. These effects
seem to be associated to angiotensin II-induced Smad activation. This work offers a new possible line of
treatment for some acute myeloid leukemias and a new area of clinical research.

© 2008 Elsevier Ltd. All rights reserved
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. Introduction

The renin–angiotensin system (RAS) plays a critical role in blood
ressure regulation and hemodynamic fluids. Previous data sup-
orted the existence of an endogenous RAS in some local tissues.
ngiotensin produced locally exerts autocrine/paracrine influences

1]. It has been suggested that the presence of RAS in the bone mar-
ow [2–5] might affect cellular proliferation and differentiation in
hysiological or pathological states [6–13]. The RAS components,
amely renin, angiotensin-converting enzyme (ACE), angiotensin II,
ngiotensin type 1 and type 2 receptors (AT1 and AT2) [9,14–18], and
etrapeptide N-Acetyl-Ser-Asp-Lys-Pro (AcSDKP) which is a down
egulating hematopoietic agent [17], have been isolated either in
one marrow hematopoietic cells and in bone marrow microenvi-
onment.

Angiotensin II interacts with the AT1 receptor to stimulate ery-

hroid differentiation and increase hematopoietic progenitor cell
roliferation; this stimulatory effect is blocked by losartan [9,14].
timulation of AT1/AT2 receptors exerts an stimulatory/inhibitory
ction on JAK-STAT pathway implicated in the physiologic mech-
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nism of erythropoietin [19], thrombopoietin and other cytokines
20,21], modulating transcription factor expression like c-myc [22].

yc is a nuclear protein of the helix-loop-helix/leucine zipper fam-
ly that acts as a transcription factor involved in the control of cell
roliferation, differentiation and apoptosis [23].

ACE surface antigen was shown to be over-expressed in leukemic
yeloid blast cells and ACE is positively correlated with bone mar-

ow blast count [24]. In hematopoietic bone marrow cells, ACE
nhances the recruitment of primitive stem cells into the S-phase
y degrading AcSDKP [25–29]. AcSDKP is a specific substrate for
he N-terminal site of ACE and increases 5-fold during ACE inhibitor
herapy [25,26]. Also, AcSDKP inhibits TGF-beta signal transduction
hrough the suppression of R-Smad activation via nuclear export of
mad7 [30].

Myeloid blast cells also contain renin in their cytoplasm [15].
one marrow blast cells from some types of acute myeloid leukemia
AML) [16,31,32] and CD34 positive hematopoietic cells [33] do also
xpress renin gene.

Consistent with these studies that relate the RAS to the
ematopoiesis, we had previously investigated the expression

f renin in bone marrow cells of patients with hematological
alignancies and found significant renin expression in cells from

atients with AML, but no expression in normal bone marrow from
ealthy donors [31,34]. Taking into consideration that leukemic
yeloid cell lines are useful models to study the molecular basis

http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
mailto:siglini@gobiernodecanarias.org
dx.doi.org/10.1016/j.leukres.2008.09.029


kemia

o
e
a
b
A
s
o
l

2

2

A
s
(
d
(
a
S
i

2

o

2

s
d
2
w
(
r
C

2

[
s

2

t
e
w

2

i
i
p
b

C
v

2

t
t

2

K
c
[
a
w

2

t
(
w
w
t
(
a
t
e

2

s
t
c

3

3

3

K
g
w
H
K
s
K
t

F
w

S. De la Iglesia Iñigo et al. / Leu

f hematopoiesis, we studied c-myc and RAS components gene
xpression in K562 and KU812 (both positive for renin expression),
nd HL60 and U937 cell lines (both negative for renin expression)
efore and after being exposed to several chemical agents such as
CE inhibitors (ACEI) and AT1 receptor antagonist. Moreover, we
tudied the role of RAS components expression in the development
f disease as well as the response of renin positive and negative cell
ines to drugs that act through this cellular pathway.

. Materials and methods

.1. Cell culture and assessment of growth

Leukemic myeloid cell lines K562, KU812, U937 and HL60 (obtained from
merican Type Culture Collection) were grown in RPMI 1640 medium (Invitrogen)
upplemented with 10% fetal calf serum (Gibco BRL). K562, HL60, KU812, U937 cells
2.5 × 105 cells/ml) were treated for 3 days with 1–10 mM captopril, 0.05–2 mM tran-
olapril and 0.2 mM losartan. We also used K562 cells transfected with bcl-x, bcl-2
both antiapoptotic genes) and c-myc inducible by Zinc, named by us Kbclx, Kbcl2
nd KmycB respectively (yielded elegantly from Javier León-Cantabria University,
antander) [35]. Proliferation was quantified by cell counting and 3H-thymidine
ncorporation.

.2. Erythroid differentiation in K562

Cells were scored for erythroid differentiation by benzidine staining and by
ptical microscopy [36].

.3. Apoptosis determinations

The percentage of apoptotic cells was analyzed by May–Grünwald–Giemsa
taining of cytocentrifuge preparations. The apoptotic cells were identified by con-
ensation and marginalization of chromatin, and cytoplasmic shrinkage. At least
00 cells per sample were analyzed. Binding of annexin V-FITC to cell surface
as analyzed by flow cytometry using Annexin V-PE Apoptosis Detection Kit I

BD Biosciences Pharmingen) following the manufacturerı̌s instructions. Cytomet-
ic analysis was carried out in a FACScan flow cytometer (Becton Dickinson) using
ellQuest software.

.4. RNA preparation

Total RNA was isolated from cells by the acid guanidine thiocyanate method
37]. The integrity of RNA was assessed by electrophoresis on an ethidium bromide-
tained 1% agarose gel.

.5. Northern blot analysis

Northern blots were prepared and hybridized to 32P-labeled probes according
o standard procedures. Probes for human c-myc were as described [35]. C-myc
xpression by K562 and HL60 cell lines were monitored during 3 days of treatment
ith the doses previously described for captopril and trandolapril.

.6. Western blot analysis
To study of c-myc protein expression cell pellets were lysed in a solution contain-
ng 150 mM NaCl, 50 mM Tris (pH 8), 20 mM NaF, 1% NP40, 1 mM EDTA and protein
nhibitor cocktail (Calbiochem), for 20 min on ice. Samples with 40 �g of protein
er lane were separated in polyacrylamide gels, transferred to nitrocellulose mem-
ranes, incubated with appropriate antibodies anti-myc (N262) (was from Santa

c
s
i
H
a

ig. 1. Growth curves of: (a) K562 and HL60 cell lines treated with captopril (C) and trand
ith captopril (C) and trandolapril (T).
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ruz Biotechnology) and anti-�-tubulin (was a gift from Javier León-Cantabria Uni-
ersity, Santander) and visualized with an ECL Western blotting detection system.

.7. cDNA synthesis

First-strand cDNA was synthesized from 1 �g of total RNA using MULV reverse
ranscriptase (Roche Diagnostics, Mannheim, Germany) according to the manufac-
urerı̌s instructions.

.8. Reverse transcriptase PCR (RT-PCR)

RT-PCR was realized to determinate renin, ACE, AT1 and AT2 expression in
562, KU812, U937 and HL60 cell lines. For amplification of renin and the other
omponents of RAS, primers and conditions were used as previously described
31,34,38–40]. The amplification of kidney RNA served as positive control. A neg-
tive control was included in all experiments. The effectiveness of the RT procedure
as assessed by amplification of abelson mRNA.

.9. Renin expression by real time PCR (RQ-PCR)

PCR was performed following the method described by our group [31]. Effec-
iveness of the RQ-PCR procedure was assessed by amplification of �-glucuronidase
�-GUS) like housekeeping gene. If the samples did not amplify the �-GUS, they
ere excluded from the study. Amplification of kidney cells or K562 cell line RNA
as used as a positive control. A sample without cDNA was included as a nega-

ive control in all experiments. Samples which presented a melting temperature
Tm) equal to the positive control were considered positive. Moreover the products
mplified were checked using electrophoresis in an agarose gel. The results obtained
hrough RQ-PCR were compared with those obtained by RT-PCR following the Wulf
t al. technique [16] and afterwards by our group [31].

.10. Quantitative assay

The concentration of the renin gene and the GUS control gene belonging to the
ame sample was normalized from the �-GUS standard curve. The final results and
he number of copies/�l, were shown as the ratio renin gene/�-glucuronidase gene
ontrol as we described previously [31].

. Results

.1. Study of proliferation cellular

.1.1. Effects of ACEI in K562, HL60, U937 and KU812 cell lines
We found that captopril (>1 mM) and trandolapril (1 mM in

562, U937, KU812 and 0.02 mM in HL60 cell line) inhibited cell
rowth in these cell lines (Fig. 1a). Growth arrest was reversed
hen captopril was removed from the medium in all cells lines.
owever when trandolapril was removed growth was restored in
562 cells but not in HL60, KU812 and U937 cell lines (data not
hown). The decrease in proliferation was also observed in Kbclx,
bcl2 and KmycB with the same drug concentration. In relation

o KmycB, there was no difference in proliferation between KmycB

ells treated with or without Zinc. Since Zinc induces c-myc expres-
ion, we assumed that the antiproliferative effect must be c-myc
ndependent (Fig. 1b). No morphological changes were observed in
L60, K562, Kbclx and Kbcl2 after treatment with ACEI (captopril
nd trandolapril).

olapril (T) and (b) KmycB cells in the absence or presence of 70 mM ZnSO4 treated
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ig. 2. Growth curves of: (a) K562 and HL60 cell lines treated with losartan (L). It is
bserved that the decreasing of cell proliferation in both cases and (b) KmycB cells
n the absence or presence of 70 mM ZnSO4 (Zn) treated with losartan (L).

.1.2. Effects of AT1 receptor antagonist in K562,HL60, U937 and
U812 cell lines

An irreversible effect in the proliferation of K562, HL60, U937
nd KU812 cell lines was observed when the cells were treated with
n AT1 receptor antagonist (losartan 0.2 mM) (Fig. 2a). We observed
hat cellular proliferation in Kbcl2 and KmycB when treated with
osartan was also hampered. As it happens with ACEI, in KmycB
reated with losartan there was no proliferation difference between
ells treated with or without Zinc (Fig. 2b).

.2. Analysis of the erythroid differentiation data
There was no erythroid differentiation or morphological
hanges in K562, Kbclx and Kbcl2 cells treated with captopril and
randolapril. This was studied using benzidine staining and optical

icroscopy (data not shown).

c
e
t
r

ig. 4. (a) Proliferation in K562 after the treatment with captopril (C) and trandolapril (T)
ig. 3. Apoptosis determinated by annexin V binding in K562 and K562 transfected
ith bcl-2 and bcl-x (Kbcl2 and Kblx) cells treated with 1 mM trandolapril (T).

.3. Apoptosis determinations results

The number of apoptotic cells, determinated by optical
icroscopy, was increased in K562, Kbcl2 and Kbclx cell lines

reated with trandolapril (1 mM y 2 mM) during 3 days (data not
hown). Annexin was analyzed in K562, Kbcl2, Kbclx cells treated
ith captopril (1 mM y 10 mM) and trandolapril (1 mM y 2 mM).

he percentage of apoptotic cells was increased in K562 cell line
reated with captopril and trandolapril in the first and second day.

e observed the same apoptotic effect in Kbcl2 and Kbclx cells but
nlike K562, in which apoptosis is observed from the first day, in
bcl2 and Kbclx one more day was necessary to observe apoptosis.
ince Kbcl2 y Kbclx cells over-express apoptosis inhibiting genes,
his apoptotic effect could be bcl-2 and bcl-x independent (Fig. 3).

.4. C-myc gene and protein expression in cell lines after ACEI
reatment

The c-myc expression determinated by Northern blot was
ecreased in K562 and HL60 after treatment with captopril (1 mM
10 mM) and trandolapril (1 mM y 2 mM). This results were confir-
ated by Western blot. We also observed a decrease in c-myc gene

xpression in Kbclx and Kbcl2 by Northern blot (Fig. 4). In KmycB

ells after treatment with ACEI we observed the recovery of c-myc
xogenous expression by Northern blot when Zinc was added to
he medium (especially at third day of culture) (Fig. 5). The same
esults were observed by Western blot (data not shown).

(b) C-myc gene expression in K562 after the treatment with the same drugs.
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Fig. 5. (a) Proliferation and (b) C-myc gene expression in KmycB in the absence or presenc
1–10 mM captopril (C) and 1–2 mM trandolapril (T). Northern blot shows the exogen c-my
and trandolapril. A picture of the rRNAs stained with ethidium bromide is shown to asses

Table 1
RAS components gene expression in leukaemic myeloid cell lines.

Cell lines Renin AT1 AT2 ACE

K562 + + + +
HL60 − + + −
KU812 + + + −
U
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937 − + + −
CE: angiotensin-converting enzyme; AT1: angiotensin type 1 receptor; AT2:
ngiotensin type 2 receptor.

.5. Analysis of RAS components expression in leukemic cell lines
ithout treatment by RT-PCR

Cellular lines with a more differentiated phenotype (HL60 and
937) were negative for renin expression whereas K562 and KU812
ere positive. We have detected ACE transcripts in K562 but not in
L60, KU812 and U937 cells lines. AT1 and AT2 transcripts were
ositive in all cell lines (Table 1).

.6. Quantitative assay in K562 leukemic cell lines treated with
CEI

The sensitivity of the procedure was first established taking into
ccount that this method can detect renin in a dilution up to 10−4

f K562. The renin mRNA levels in K562 cell line, before and after
reatment with captopril and trandolapril did not show significant
hanges (Fig. 6).

. Discussion
The presence of all the components of the RAS (renin,
ngiotensinogen, angiotensin II receptor) in the bone marrow,
uggests that this system is involved in normal haematopoiesis
1,5]. There are also evidences that RAS modulates primitive ery-
hropoiesis and has a role in different stages of haematopoiesis

h

a
s
o

e of 75 mM of ZnSO4 (Zn) for the indicated periods of time after the treatment with
c expression and not the endogen c-myc expression in cells treated with captopril
loading and integrity of the RNAs.

41,42]. Major RAS peptides can exert significant effects on prim-
tive pluripotent hematopoietic stem cell populations [43]. Local
one marrow RAS also has been involved in leukemogenesis
15,16,7]. In this sense, we have corroborated renin expression
31] and its relevance in acute myeloid leukemia [34]. The leuke-

ogenic role of renin and the expression of other RAS components
xpression, as well as the molecular pathways involved, still
ave not yet been fully understood. The Ebru group studied
enetic polimorfisms I/D of ACE reaching the conclusion that
t can affect local RAS behaviour in hematological malignancies
44].

According to that, we attempt to continue our experiments with
eukemic cell lines expressing the renin gene [31] and other genes
f RAS as well as to analyse the effect of ACE inhibitors on cell
roliferation, cell differentiation and expression of genes involved

n these processes. Our current study widens the primary results
31] and demonstrates that renin expression is related with undif-
erentiated phenotypic cell lines, since no expression of the renin
ene was found in cellular lines that showed a highly differentiated
henotype like HL60 and U937.

In order to study the role of RAS components in haematopoiesis,
e used drugs which interact with the above mentioned signalling
rocess. These were ACE inhibitors (captopril and trandolapril) and
ne AT1 receptor blocker (losartan). They all produce a stop in pro-
iferation as well as an increase in the apoptotic rate. With in the
CEI group, induced a stop in cell proliferation in all cell lines which
ould be reversed after washing. However, the proliferative stop
roduce by trandolapril was only reversible on cell line K562. On
he other cell lines treated with trandolapril, the stop in cell pro-
iferation was irreversible which could in fact be explained due to
randolaprilı̌s stronger effect and its higher ACE binding affinity,

igher than captopril.

The mechanism through which AT1 receptor antagonist exert
stop in proliferation and an increase in apoptosis seems clear,

ince they can prevent angiotensin II from binding its receptor. In
rder to explain this same effect in the use of ACEI, we have come
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ig. 6. Real-time PCR amplifications and fluorescence curve graphics of the renin an
he samples of (a) K562 cell lines treated with captopril (C) and (b) K562 cell lines t

p with two hypothesis: namely the implication of AcSDKP and
ngiotensin II.

We know AcSDKP is a negative regulator of the hematopoietic
recursors, that blocks the response of hemapoietic cell to a prolif-
rative stimulus. By treating cells with ACEI, degradation of AcSDKP
y ACE is avoided, experimenting an increase in concentration of
his inhibitor of haematopoiesis in plasma. Nevertheless our data
how that it is unlikely that the antiproliferative effect of these
rugs is exerted through AcSDKP degradation since ACEI have effect
oth in ACE positive and negative cell lines. Our results agree with
he studies reported by Hubert, reaching to the where it was con-
luded that the possibility that AcSDKP were responsible for the
ematopoietic effect of the RAS is unlikely [42].

We have data both in favour and against ACEI producing a
ecrease in cell proliferation though angiotensin II inhibition. The
rgument in favour, of thinking that the route for which these
edicaments operate is across the decrease in angiotensin II levels,

s that its well known the important role angiotensin II plays on cell
roliferation, since angiotensin II can indeed serve to similar func-
ions as growth hormone over erythroid progenitors. This is done
hrough the JAK-STAT pathway, which is linked to the transcription
ignal of a big number of growth factors, such as erythropoietin [17].
oreover, we asked ourselves whether the decrease in angiotensin

I levels could be responsible for the diminished expression of c-
yc, which we observed in our study. We also asked ourselves
hether a decrease in c-myc expression could play an impor-

ant role in ACEI mechanism over leukemic cell lines, since it had
een previously related to cell cycle progression, cellular growth,

ifferentiation, apoptosis and tumorogenesis. In this way, it was
escribed that captopril decreases c-myc expression [45]. How-
ver, we considered that the antiproliferative effect of ACEI must
e c-myc independent because we observed the decrease in prolif-
ration also in K562 cells transfected with inductible c-myc gene.

o
t

e
“

lucuronidase (GUS) cDNA target in K562 cell line and renin/GUS expression ratio in
with trandolapril (T).

Our study shows an increase in apoptosis in cells treated with
CEI and AT1 receptor antagonist either through the annexin V
ethod as well as optical microscopy. In this sense, Angiotensin II,

hough a specific receptor, is capable of activating apoptosis regu-
ated by proteins of the Bcl-2 family [46]. However our experiments
emonstrated that the antileukemic effect of ACEI seems not to
e mediated by Bcl-2 or Bcl-x, since apoptosis also increases K562
ell lines transfected with these antiapoptotic genes. In addition,
odriguez-Vita demonstrated that angiotensin II activates the Smad
athway via AT1 receptor [47]. In this way, the decrease of c-myc
xpression after the treatment with captopril [45] was explained
y an enhancement in expression of transforming growth factor
TGF-�1) expression [48] by Smad pathway [30]. Smad are TGF-�
eceptor kinase substrates that translocate into the cell nucleus to
ct as transcription factors. The Smad proteins are essential compo-
ents of the intracellular signalling pathways used by transforming
rowth factor-� (TGF-�). It is also well known, that the AT1 antago-
ist losartan significantly diminishes angiotensin II-induced Smad
ctivation, whereas AT2 antagonist had no effect. Overexpression of
mad7,which is an inhibitory Smad of transforming growth factor-
(TGF-�) signalling, induces the degradation of poly (ADP-ribose)

olymerase and the activation of the caspase cascade [49].
Contrary to the theory in which the decrease in angiotensin II

evels could be associated to the effects produced by ACEI and AT1
eceptor inhibitors is that, ACEI produce similar results either in
CE positive and negative cell lines, possibly meaning that this not
e the only mechanism taking place. Other pathways have been
lso described, which may contribute to angiotensin II generation

ther than through ACE activity [50] and on which ACEI could also
ake part [51].

Recently, Krop and Danser [52] have demostrated that
xtrarenal sites that express the renin gene release prorenin, an
inactive” precursor of renin, instead of renin. Prorenin, as well
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s the generation of angiotensin in tissues, could also act on its
eceptor producing angiotensin independent effects which have
till not been clarified. Data from bone marrow do not clar-
fy what it is being produced, renin or prorenin. However renin
ene expresssion [16,17] as well as evidence of “renin-like” activ-
ty [15] which would then had to angiotensin production either
hough renin and/or prorenin have been found in some leukemia
lasts. In this sense, future experiments with Aliskiren, a new
rally active renin inhibitor, either alone or together with cap-
opril, trandolapril or losartan can be carried out in order to
lucidate whether renin or prorenin have angiotensin independent
ctivity.

We thus conclude that ACE inhibitors and AT1 receptor antag-
nist antiproliferative and apoptotic activity on leukemic cells can
e explained through angiotensin II. This work offers a new possi-
le treatment mechanism in some acute myeloid leukemia, since
hese drugs could very well have an action a genic role either asso-
iated to other drugs or by themselves, offering as well a new area
f clinical research [53,54].
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35] Delgado MD, Lerga A, Cañelles M, Gómez-Casares MT, León J. Differential
regulation of Max and role of c-myc during erythroid and myelomonocytic
differentiation of K562 cells. Oncogene 1995;10:1659–65.

36] Rowley PT, Ohlsson-Wilhelm BM, Farley BA, LaBella S. Inducers of erythroid
differentiation in K562 human leukemia cells. Exp Hematol 1981;9:32–7.

37] Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate–phenol–chloroform extraction. Anal Biochem
1987;162:156–9.

38] Suzuki H, Shibata H, Murakami M, Sato A, Naito M, Ichihara A. Modulation
of angiotensin II type 1 receptor m RNA expression in human blood cells:
comparision of platelets and mononuclear leucocytes. Endocr J 1995;42:15–22.

39] Okamura A, Raukugi H, Ohishi M, Yanagitani Y, Takiuchi S, Moriguchi K, et al.
Upregulation of renin–angiotensin system during differentiation of monocytes
to macrophages. J Hypertens 1999;17:537–45.

40] Pauls K, Fink L, Franke FE. Angiotensin-converting enzyme (CD143) in neoplas-
tic germ cells. Lab Invest 1999;79:1425–35.

41] Savary K, Michaud A, Favier J, Larger E, Corvol P, Gasc JM. Role of the
renin–angiotensin system in primitive erythropoiesis in the chick embryo.
Blood 2005;105:103–10.

42] Hubert C, Savary K, Gasc JM, Corvol P. The hematopoietic system: a new niche
for the renin–angiotensin system. Nat Clin Pract Cardiovasc Med 2006;3:55–80.

43] Goker H, Haznedaroglu IC, Beyazit Y, Aksu S, Tuncer S, Misirlioglu M, et al. Local
umbilical cord blood renin–angiotensin system. Ann Hematol 2005;84:277–81.
44] Koka E, Haznedaroglu IC, Acar K, Beyazit Y, Aksu S, Misirlioglu M, et al.
Renin–angiotensin system expression in the K562 human erythroleukaemic
cell line. JRAAS 2007;8:145–7.

45] Chen S, Su J, Wu K, Hu W, Gardner DG, Chen D. Early captopril treatment pre-
vents hypertrophy dependent gene expression in hearts of SHR. Am J Physiol
Regul Integr Comp Physiol 1998;274:1511–7.



8 kemia

[

[

[

[

[

[

[

16 S. De la Iglesia Iñigo et al. / Leu
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