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Abstract. The present study was undertaken to provide more information on nucleolar changes induced
by a histone deacetylase inhibitor such as valproic
acid in leukaemic myeloblasts at the single-cell level.
For this study, RNA in nucleoli was visualized by a
simple but sensitive cytochemical procedure in unﬁxed cytospins of short-term bone marrow cultures
from patients suffering from acute myeloid leukaemia. Valproic acid in leukaemic myeloblasts markedly reduced the nucleolar size and also produced
signiﬁcant transformation of “active” to “resting”
and “inactive” nucleoli that reﬂected the alteration
of the nucleolar transcription in sensitive myeloblasts. On this occasion it should be added that valproic acid signiﬁcantly increased the incidence of altered myeloblasts that changed to apoptotic cells or
apoptotic bodies and cell ghosts. In contrast to the
above-mentioned decreased nucleolar size, the nucleolar RNA concentration, expressed by computerassisted RNA image densitometry in valproic acidtreated myeloblasts, was not signiﬁcantly changed.
The results of the present study clearly indicated that
the nucleolar size and transformation of “active” to
“sleeping” or “inactive” nucleoli are convenient
markers of the sensitivity and alteration of leukaemic myeloblasts produced by a histone deacetylase
inhibitor, valproic acid, at the single-cell level.
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Introduction
Previous studies clearly demonstrated that histone
deacetylase inhibitors (HDACIs), including valproic
acid or sodium valproate (VPA), alter gene expression
and act as cytostatic agents that inhibit cell growth, inﬂuence cell differentiation and induce the apoptotic
process. On the other hand, the mechanisms of HDACI
action are less understood although they apparently act
on nuclear chromatin structure and gene transcription
(Blaheta et al., 2005; Han et al., 2006; Santini et al.,
2007; Smetana et al., 2007, 2008a; Emanuele et al.,
2008; Eot-Houllier, 2009; Hrebackova et al., 2010; Papi
et al., 2010; Tan et al., 2010). The anti-tumour effects of
VPA were noted on a variety of malignant tumours including established cell cultures of malignant myeloblasts (Han et al., 2006; Santini et al., 2007; Smetana et
al., 2007; Duenas-Gonzalez et al., 2008; Hrebackova et
al., 2010; Papi et al., 2010; Tan et al., 2010). However,
the direct effects of VPA on the cell nucleolus of malignant cells were less studied (Smetana et al., 2007), although these nuclear components are very convenient
markers of cell states at the single-cell level (Smetana,
2002, 2005).
The present study was undertaken to provide more
information on the effect of VPA on nucleolar bodies of
malignant cells and short-term cultures of myeloblasts
from selected patients suffering from acute myeloid leukaemia. They appeared to be a very convenient model
for such studies because they possessed a satisfactory
number of these cells for such study. On this occasion it
should be brieﬂy mentioned that nucleoli are gene-rich
multifunctional cell organelles that participate in cell
proliferation, differentiation, maturation, aging and cell
death (Busch and Smetana, 1970; Pederson, 1998; Olson et al, 2000; Smetana, 2005; Boisvert et al., 2007).
They are also sites of the ribosomal RNA transcription
and assembly of ribosomal particles that migrate to the
cytoplasm and represent a substantial part of the cell
proteosynthetic machinery (Busch and Smetana, 1970;
Fakan and Puvion, 1980; Wachtler and Stahl, 1993;
Hozák, 1995; Tschochner and Hurt, 2003; Raška et al.,
2006).
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The results of the present study clearly demonstrated
that a HDACI – VPA – signiﬁcantly altered the nucleolar structural organization. The decreased nucleolar size
and decreased incidence of myeloblasts with “active”
nucleoli reﬂected alteration of the main nucleolar functional activities. In addition, the reduced nucleolar size
without a decrease of the nucleolar RNA concentration
apparently indicates that the nucleolar RNA content in
VPA-treated myeloblasts depends on the nucleolar size.
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were not older than 24 h. The used method also facilitated distinction of the main nucleolar classes as well as
measurement of the RNA density in myeloblasts and
lymphocytes present in the studied cytospins (Figs. 1–5).
Micrographs were captured with a Camedia digital
photo camera C.4040 ZOOM (Olympus, Tokyo, Japan)
placed on a Jenalumar microscope (Zeiss, Jena, Germany) with double adapters to increase the magniﬁcation
on the computer screen. The increased contrast of stained

Material and Methods
Nucleoli, i.e. nucleolar bodies without perinucleolar
chromatin, were studied in cytospins of short-term bone
marrow cultures of 7, 13 and 17 years old female patients suffering from acute myeloid leukaemia without
and with addition of a HDACI – VPA – for 24 and 48 h.
These patients were selected for the present study because their bone marrow contained a very large percentage of myeloblasts (57–75 %), some of which possessed
Auer bodies. The bone marrow blood samples of these
untreated patients with cytostatic therapy were taken for
diagnostic purposes and the ethics committee of the Institute approved the protocols for the present study. The
bone marrow samples were cultured in IMDM – Iscove’s modiﬁed Dulbecco’s medium with cytokines
TPO, IL-6, SCF, FLT3-L + 30% FBS (Sigma, St. Louis,
MO) and 1 mM valproic acid (sodium valproate, Sigma)
at 37 °C in an atmosphere containing 5% carbon dioxide. The concentration of VPA was selected according to
previous studies and corresponded to the clinically
achieved blood level (Blaheta et al., 2005; Smetana et
al, 2007). Regardless of the cultivation time, in control
VPA-untreated cultures the number of cells ranged from
36 to 40 × 104/1 ml. In VPA-treated cultures the number
of cells was signiﬁcantly reduced and ranged from 20 to
25 × 104/1 ml (Table 1). Cytospins of cell cultures were
prepared using a Universal 16R centrifuge, rotor 1624
(Hettich, Burladingen, Germany) for 5 min.
RNA of nucleolar bodies and cytoplasm was visualized in cytospins using methylene blue buffered with
McIlvain’s buffer at pH 5.3 without preceding ﬁxation
(Smetana et al., 1969; Busch and Smetana, 1970; Ochs,
1998). The acid pH and citric acid of the buffer prevented the loss of RNA from unﬁxed cells in cytospins that

Fig. 1. VPA-untreated myeloblast with a large nucleolus
(arrow) containing small light regions that correspond to
the ﬁbrillar centres in the electron microscope (insert). The
bold black bar in this and following Figures represents 5 µm.

Fig. 2. VPA-treated cell with a single nucleolus (arrow)
that is slightly smaller than that in Figure 1. The nucleolus
in the enlarged insert contains small light regions similarly
as those in the previous Figure.

Table 1. The number of cells/1 ml of cultivation medium and the incidence of leukaemic myeloblasts with the main nucleolar classes in VPA-untreated and -treated short-term culturesa
VPA

Time (h)

Cells × 103/1 ml
b

active

Cells (%) with
resting nucleoli

inactive

0
+

24

380 ± 14
243 ± 28*

92.5 ± 6.0
55.6 ± 9.6*

1.7 ± 2.1
28.9 ± 8.7*

5.4 ± 6.4
11.6 ± 8.8

0
+

48

336 ± 22
246 ± 4*

93.4 ± 2.6
69.9 ± 5.9*

2.7 ± 1.8
24.9 ± 10.6#

3.7 ± 2.1
5.3 ± 4.6

Legend
- Based on three cultures from different patients suffering from acute myeloid leukaemia
b
- Mean and standard deviation
* - Signiﬁcant difference from control cells using t-test (P < 0.006)
#
- Signiﬁcant difference from control cells using t-test (P < 0.02)
a
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Fig. 3. The myeloblast (M) contains both a ring-shaped nucleolus (thick arrow) and a micronucleolus (thin arrow).
Mature lymphocyte (L) with a ring-shaped nucleolus (arrow). Ring-shaped nucleoli are also in inserts to better see
the peripheral distribution of the nucleolar RNA. VPA
treatment.

Fig. 4. The nucleolar (1) and cytoplasmic (2,3) RNA image
density measurement (black lines in the micrograph) of a
VPA-untreated myeloblast. The numbers on the left side of
the density graphs correspond to measured lines. Numbers
in density graphs represent arbitrary density units subtracted from the cell-surrounding background. The calculated
nucleolar to cytoplasmic density ratio is on the right side of
the micrograph. The bold black line in this and following
Figure represents 5 µm.

nucleolar bodies by image processing facilitated easy
measurements of the nucleolar diameter using Quick
Photoprogram (Olympus) to provide basic information
on the nucleolar size.
The nucleolar and cytoplasmic RNA image density
was measured after conversion of the captured coloured
blue images to gray scale using the red channel (NIH
Image Program, Scion for Windows, Scion Corp., Fred-
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Fig. 5. The nucleolar (1) and cytoplasmic RNA (2,3) image
density measurement (black lines in the micrograph of a
VPA-treated myeloblast). For other legend see the previous
Figure.

erick, MD). The RNA image density reﬂecting the RNA
concentration in nucleoli and cytoplasm was expressed
in arbitrary density units calculated by subtracting the
mean background density surrounding each measured
cell from measured nucleolar or cytoplasmic densities
(Smetana et al., 2006; Figs. 4, 5). The cytoplasmic as
well as background densities were measured in two locations which exhibited the lowest and highest positivity. Such calculations and standardization of arbitrary
density units facilitated the comparison of results in
various peripheral regions of cytospins. The nucleolar to
cytoplasmic RNA image density ratio for each cell was
calculated by dividing mean nucleolar density by the cytoplasmic density (Smetana et al., 2006; Figs. 4, 5).
The results of measurements such as mean, standard
deviation and signiﬁcance of differences were evaluated
using “Primer of Biostatistic Program, version 1” developed by S.A. Glantz (McGraw-Hill Inc., Toronto, Canada, 1968).

Results
The morphology of cultured cells in cytospins
stained for RNA
Myeloblasts were characterized by a strong positivity
for RNA in the cytoplasm and nucleolar bodies (Figs.
1–3). Some of these cells apparently started to differentiate and resembled the further stage – promyelocytes
(Fig. 2). The nuclear chromatin, Golgi region, mitochondria and granules did not provide positive staining.
As it was expected, in control cultures the incidence of
intact cells without apparent alteration was very high,
i.e. 90.5 ± 7.9 after 24 h and 80.6 ± 14.5 % after 48 h of
cultivation. In contrast, cultures with VPA contained a
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large percentage of markedly altered cells including apoptotic bodies and cell ghosts. The incidence of such
cells was 33.8 ± 2 % after 24 h and 63.5 ± 17.2 % after
48 h of cultivation. It should be added that the studied
cultures also contained mature lymphocytes with a characteristic morphology and smaller size than myeloblasts
(Fig. 3). The incidence of these cells ranged from 4 to
11 % of cells present in cytospins of all VPA-untreated
or -treated cultures. Most of these lymphocytes were
mature and possessed a single resting ring-shaped nucleolus characteristic for these cells (Smetana, 2002,
2005, Fig. 3).

The nucleolar morphology and RNA distribution
(Table 1)
The nucleolar morphology and RNA distribution in
studied leukaemic blastic cells did not differ from previous descriptions (Smetana, 2002, 2005). Cultured control cells stained for RNA mostly possessed large nucleoli with more or less uniform distribution of RNA
that frequently exhibited small light areas (Figs. 1, 2).
These areas are known to correspond to ﬁbrillar centres
without RNA. It is generally accepted that the periphery
of ﬁbrillar centres are sites of RNA transcription (Wachtler and Stahl, 1993; Hozák, 1995; Raška et al., 2006).
Large nucleoli with small light regions are considered to
represent “active” nucleoli in respect of the nucleolar
RNA transcription (Smetana et al., 2002, 2005). In cells
cultured with VPA, the number of cells with “active” nucleoli signiﬁcantly decreased and they were replaced by
cells containing mainly “resting” ring-shaped nucleoli
containing RNA in the nucleolar periphery or “inactive”
micronucleoli (Fig. 3). The small size of micronucleoli
does not make it possible to distinguish any particular
distribution of RNA at the light microscopic level. Both
ring-shaped nucleoli or micronucleoli are known to reﬂect the decrease or inhibition of the nucleolar RNA transcription (Schwarzacher and Wachtler, 1993; Wachtler
and Stahl, 1993; Smetana, 2002, 2005) (Table 1).

The nucleolar size, nucleolar and cytoplasmic
RNA image density (Table 2)
The nucleolar size in cultured leukaemic cells was
expressed by the nucleolar diameter. The largest nucleo-
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lar diameter was found in control cells cultured for 24 h.
The cultivation of control cells for 48 h produced its
small reduction that, however, was not statistically signiﬁcant. In contrast, the nucleolar diameter in VPAtreated cells was markedly reduced. The small differences of the nucleolar diameter between 24 and 48 h of
cultivation with VPA were not statistically signiﬁcant.
The values of the nucleolar and cytoplasmic RNA
image density, i.e. nucleolar and cytoplasmic RNA concentrations, were similar and did not show signiﬁcant
differences between VPA-untreated and -treated myeloblasts. Therefore, the resulting calculated nucleolar to
cytoplasmic RNA image density ratio ranged between
0.83 and 1.04 in both untreated and VPA-treated myeloblasts. Thus, the RNA concentration in nucleoli and
cytoplasm was very stable regardless of the VPA treatment (Table 2).

Discussion
Similarly as in a previous study on Kasumi – myeloblasts (Smetana et al., 2007), in short-term cultures from
patients suffering from acute myeloid leukaemia, VPA
produced a heavy alteration. In addition, VPA also decreased the incidence of myeloblasts with “active” nucleoli and increased the percentage of cells with “resting” ring-shaped nucleoli and “inactive” micronucleoli.
On this occasion it should be noted that ring-shaped nucleoli and micronucleoli reﬂect the decrease or inhibition of nucleolar biosynthetic activities in production of
ribosomes (Smetana, 2002, 2005). It was also evident
that VPA produced a signiﬁcant reduction of the nucleolar diameter. Since the nucleolar size reduction is generally a sign of the decreased nucleolar biosynthetic activity and cell proliferation (Schwarzacher and Wachtler,
1993; Wachtler and Stahl, 1993; Smetana, 2005), VPA
contributed to the decrease of both mentioned cell activities in addition to the nucleolar transformation (see
above). On the other hand, since some myeloblasts did
not exhibit the nucleolar transformation or nucleolar
size reduction, such cells were apparently resistant to
the VPA treatment.
Contrary to the VPA-induced transformation of nucleoli and decreased nucleolar size (see above), the nu-

Table 2. The nucleolar diameter, nucleolar RNA image density and nucleolar to cytoplasmic RNA image density ratio in
VPA-untreated and -treated short-term culturesa
VPA

Time (h)

NoDm (µm)

NoDn

No/Cy Dn

0
+

24

3.29 ± 0.30b
1.88 ± 0.08*

69.9 ± 2.4
79.0 ± 12.4

0.93 ± 0.08
0.97 ± 0.06

0
+

48

2.81 ± 0.21
1.98 ± 0.15*

92.3 ± 7.5
79.4 ± 15.4

0.95 ± 0.04
1.04 ± 0.04

Legend
- Based on three cultures from different patients suffering from acute myeloid leukaemia
Apoptotic cells or bodies and cell ghosts were not evaluated.
b
- Mean and standard deviation
* - Signiﬁcant difference from control cells using t-test (P < 0.006)
NoDm – nucleolar diameter, No – nucleolar, Cy – cytoplasmic, Dn – RNA image density
a
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cleolar and cytoplasmic RNA concentration – expressed
by the RNA image density – did not show signiﬁcant
changes. Thus, such marked difference between the decreased nucleolar diameter and constant RNA image
density suggested that the RNA content in nucleolar
bodies of VPA-treated leukaemic myeloblasts was apparently related to the nucleolar size. Such relationship
was also noted previously in a variety of cells including
neurocytes (Edström and Eichler, 1958). In addition, no
differences of the RNA image density were noted between small and large nucleoli in early granulocytic progenitors as well as in peripheral monocytes (Smetana et
al., 2006, 2008b).
Summarizing the above-presented results and discussion, it seems to be clear that the treatment of leukaemic
myeloblasts with a HDACI, VPA, produces a distinct
nucleolar alteration that is known to be related to the
altered main nucleolar functions.
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