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Abstract. The aim of this investigation was to show the 
influence of G-CSF (G-CSF) on the F-actin cytoskeleton and 
the morphology of G-CSFR-proficient HL-60 and G-CSFR-
deficient K562 cell lines. In the present study, we show changes 
in F-actin distribution in HL-60 cells after treatment with 5 
and 10 ng/ml concentration of G-CSF but also changes in the 
organization and fluorescence intensity of F-actin in the K562 
cell line. After treatment of HL-60 cells with 5 ng/ml concen-
tration of G-CSF we observed an increase in F-actin levels. 
Additionally, a higher labeling of nuclear F-actin under TEM 
was observed. Moreover, changes in the cell cycle indicate cell 
differentiation. On the other hand, in the K562 cell line we 
observed an increase in the percentage sub-G1 cells following 
treatment with both concentration of G-CSF. Furthermore, an 
increase in the percentage of late apoptotic cells after G-CSF 
treatment was observed. A statistically significant difference 
in the cytoplasmic F-actin levels was not detected, but nuclear 
levels were decreased. In conclusion, we suggest that the 
G-CSF-based reorganization of actin filaments in HL-60 cells 
is involved in the differentiation process. Moreover, we suggest 
that the G-CSF-induced changes observed in K562 cells are 
associated with a G-CSF receptor-independent pathway or its 
binding to other similar receptors.

Introduction

Cytokines are a large group of soluble extracellular proteins 
or glycoproteins, which are involved in many essential cellular 
processes, including cell growth, death, differentiation, angio-
genesis and regulation of normal hematopoiesis (1). One of the 
types of glycoproteins, well-known since 1960, is granulocyte-

colony stimulating factor (G-CSF), now also referred as CSF3 
(2,3). G-CSF is mainly produced by hematopoietic cells but 
also by bone marrow stromal cells, endothelial cells, fibro-
blasts and macrophages (4). G-CSF promotes several cellular 
processes such as proliferation, maturation and differentiation. 
In addition, CSF3 regulates the survival of mature granulo-
cytes and enhances chemotaxis, motility and phagocytosis 
of mature neutrophils (2‑6). This cytokine interacts with the 
specific cell receptor G-CSFR, which belongs to the cytokine 
receptor type I superfamily and is expressed on the surface 
of early myeloid progenitors, mature granulocytes and mono-
cytes/macrophages (3). The G-CSF gene was cloned in 1984 
and allowed the production of recombinant human G-CSF 
(rhG-CSF) (7). The recombinant human protein consists of 
two forms: the first form is a 174-amino acid glycosylated 
molecule called Lenograstim and the second one is a smaller 
non-glycosylated 175-amino acid molecule called G-CSF (7,8). 
Both were established as useful clinical agents that are aimed 
at increasing the level of granulocytes after the chemotherapy 
or radiotherapy (7,9,10).

It has been shown that the reorganization of the cytoskel-
eton takes place during cell proliferation, maturation and 
differentiation (11‑14). Actin filaments are a major component 
of the cytoskeleton, which plays an important role in the 
cellular processes such as cell migration, growth, cytokinesis, 
endocytosis, determination of cell shape and vesicle trafficking. 
In cells, actin is found both in a monomeric form (G-actin) 
and in the form of filaments (F-actin), which can be arranged 
in bundles or networks (15‑19). The cytoplasmic functions of 
actin are well investigated. However, the role and location of 
actin in the cell nucleus has been controversial for decades. 
The first evidence for the presence of actin in the nucleus was 
presented almost 40 years ago, but was treated with skepti-
cism (20,21). In recent years, it was demonstrated that actin 
and actin-binding proteins play an important role in diverse 
nuclear activities. Actin was discovered as a component of 
chromatin remodeling complex.

It was also observed that nuclear actin is associated with 
the RNA transcription machineries, long-range chromatin 
organization and newly synthesized ribonucleoproteins 
(RNP) (22‑26). Nowadays, it is well known that the pool of 
cytoplasmatic and nuclear actin undergoes various alterations 
(27‑29). Early studies of the effect of G-CSF showed only 
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the reorganization of actin cytoskeleton as a consequence of 
morphological changes in human neutrophils (30). Moreover, 
it has been shown that this effect is dependent on the kind 
of used recombinant human G-CSF (glycosylated or non-
glycosylated) (8). Xu et al demonstrated the translocation of 
actin from the cytoplasm to the nucleus during macrophage 
differentiation of HL-60 cells (29). In contrast to the HL-60 
cell line, the K562 cell line seems to have no detectable G-CSF 
receptors and the effect of G-CSF on this line has not been 
fully understood so far. Nevertheless, El-Sonbaty et al showed 
the influence of G-CSF on the K562 cell line based on the 
plasmid-induced expression of G-CSFR (31‑33).

The aim of our studies was to show the influence of non-
glycosylated form of rhG-CSF on the F-actin cytoskeleton and 
the morphology of HL-60 and K562 cell lines during their 
differentiation.

Materials and methods

Cell culture. The human leukemia cell line HL-60 (ATCC 
CCL-240) and erythroleukemia cell line K562 (ATCC 
CCL-243) were used in the present study. Both cell lines 
were grown in RPMI‑1640 medium supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum (FBS) and 50 µg/ml 
gentamycin, in a fully humidified atmosphere of 5% CO2 at 
37˚C. Cells were incubated with 5 and 10 ng/ml concentrations 
of non-glycosylated G-CSF (Amgen Europe B.V.) for 24 h. 
Control cells were grown under identical conditions, in the 
absence of growth factors.

Isolation of nuclei. For analysis of nuclear F-actin content, the 
isolation of nuclei was performed. After washing with PBS and 
centrifugation, the cells were incubated with homogenizing 
buffer consisting of 50 mM Tris-HCl, pH 7.5; 0.3 M sucrose; 
5 mM CaCl2; 5 mM MgCl2; 10 mM 2-mercaptoethanol; and 
0.5% (v/v) Nonidet-P40 substitute (Sigma-Aldrich).

After the homogenization on ice, the cell suspension was 
centrifuged and the supernatant was decanted. The sediment 
was suspended in 1 ml of homogenized buffer and placed on 
the top of the buffer for purification of nuclei, which consists 
of 50 mM Tris-HCl, pH 7.5; 0.3 M sucrose; 5 mM KCl; 5 mM 
MgCl2; 10 mM 2-mercaptoethanol (Sigma-Aldrich); and 
41% glycerol (Roth). Following centrifugation, the nuclei 
were washed with PBS and fixed in 4% paraformaldehyde 
(Serva).

Classical fluorescence and confocal microscopy. Control cells 
and cells treated with G-CSF were fixed in 4% paraformal-
dehyde (Serva) for 20 min, washed three times with PBS and 
centrifuged onto glass slides. Cells on slides were permea-
bilized in 0.1% Triton X-100 in PBS for 5 min and washed 
with PBS. Next, the cells were incubated with phalloidin 
conjugated to Alexa Fluor® 488 (Invitrogen, 1:40) for 20 min, 
at room temperature (RT). Nuclear staining was performed 
with 4',6'-diamidino-2-phenylindole dihydrochloride (DAPI, 
Sigma-Aldrich, 100 ng/ml) for 10 min. After counter-staining, 
the cells were rinsed with PBS and mounted in Aqua-Poly/
Mount (Polysciences Inc.). The cells were examined using 
an Eclipse E800 fluorescence microscope (Nikon) and C1 
confocal microscope (Nikon).

Flow cytometry
Cytoplasmic and nuclear F-actin staining. Cells and isolated 
nuclei were fixed in 4% paraformaldehyde for 20 min and 
afterwards rinsed three times with PBS. Then, the cells and 
nuclei were stained for F-actin with phalloidin conjugated to 
Alexa Fluor 488 (Invitrogen, 1:40) for 20 min. After washing 
with PBS, DNA was labeled with 7-aminoactinomycin 
(7-AAD, Sigma-Aldrich) for 5 min in RT. All reaction steps, 
during which the fluorochrome was used, were performed in 
the dark. The samples were analyzed using Becton-Dickinson 
FACScan flow cytometer.

Cell cycle analysis. The cells were stained with PI solution 
consisting of 50 µg/ml propidium iodide (PI) and 0.03% (v/v) 
nonylphenylpolyethylene glycol (Nonidet-P40 substitute; 
Sigma-Aldrich) for 15 min in the dark (RT). After centrifuga-
tion and supernatant removal, the cells were incubated with 
RNase A solution for 15 min in the dark (RT). The percentage 
of cells in respective phases of the cell cycle was analyzed by 
Becton-Dickinson FACScan flow cytometer.

Double-staining with Annexin V and 7-AAD. In order to 
detect the apoptotic and necrotic cell death, cells were stained 
with using the Annexin V-FITC Apoptosis Detection kit (BD 
Biosciences Pharmingen) according to the manufacturer's 
instructions. After washing with PBS, the supernatant was 
incubated with 195 µl of Annexin V binding buffer and 5 µl of 
Annexin V-FITC. Following the 15‑min incubation in the dark 
(RT) and centrifugation, the cells were incubated with 190 µl 
of Annexin V binding buffer and 10 µl of 7-AAD for 5 min 
in the dark. Then cells were detected by Becton-Dickinson 
FACScan flow cytometer.

Transmission electron microscopy. For observation of the 
morphology and ultrastructure of HL-60 and K562 cells, a 
transmission electron microscopy was used. The control cells 
and cells treated with G-CSF were washed with PBS and fixed 
in 3.6% (v/v) glutaraldehyde (Merck) for 30 min (RT). After 
washing with 0.1 M sodium cacodylate buffer (Sigma-Aldrich), 
the cells were entrapped in fibrin clot and postfixed in 2% 
(w/v) OsO4 (Serva) in 0.1 M cacodylate buffer for 1 h (RT). 
Then the cells were passed through a series of ethanol and 
acetone solutions and embedded in Epon 812 (Roth). Ultrathin 
sections were cut and double-stained with uranyl acetate and 
lead citrate. The samples were examined using a JEM 100CX 
transmission electron microscope (JEOL).

In order to determine the localization of F-actin at the 
ultrastructural level, the cells were fixed in 4% paraformal-
dehyde for 20 min (RT), washed three times with PBS and 
incubated with 0.1% Triton X-100 in PBS for 5 min. Then, 
the cells were rinsed with PBS and treated with endogenous 
biotin blocking kit (Invitrogen) and 6% BSA in PBS (bovine 
serum albumin, Sigma Aldrich) for 1 h (RT). Next, the cells 
were incubated for 20  min with biotinylated phalloidin 
(Sigma-Aldrich) diluted 1:85 from stock solution. This step 
was followed by rinsing with PBS, postfixation in 2% (w/v) 
OsO4 (Serva), dehydration in series of ethanol and embedding 
in LR White. After the LR White polymerization, the samples 
were cut by the ultramicrotome and collected on nickel grids 
(Sigma). Then, cells were treated with 0.1% Triton X-100 
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in PBS for 5 min and three times with 0.001% Tween‑20 in 
TBS. F-actin was stained for 1 h in the dark using Qdots® 
525 streptavidin conjugate (Invitrogen) diluted 1:50 in PBS. 
The preparations were examined using a JEM 100CX (JEOL) 
transmission electron microscope.

Statistical analysis. To determine the differences between 
control cells and cells treated with G-CSF, the non-parametric 

Mann-Whitney U test was used. Results were considered 
significant at P<0.05.

Results

Fluorescent staining of F-actin. The reorganization of F-actin 
cytoskeleton in HL-60 and K562 cell lines after treatment 
with G-CSF was estimated using phalloidin conjugated to 

Figure 1. (A-C) Fluorescence microscopic changes in F-actin cytoskeleton organization in HL-60 cell line. The cells were treated with 5 and 10 ng/ml G-CSF. 
(A-C) DAPI; (A'-C') F-actin; (A''-C'') Merge. (A) HL-60 control cells (asterisks, ring-like structures formed by F-actin on the cell periphery; arrows, F-actin 
aggregates in the cytoplasm); (B) HL-60 cells treated with 5 ng/ml G-CSF (asterisks, layer of F-actin beneath the plasma membrane; arrows, F-actin aggregates; 
arrowheads, short F-actin fibers); (C) HL-60 cells treated with 10 ng/ml G-CSF (arrows, F-actin aggregates in the cytoplasm; arrowhead, high F-actin fluorescence 
signal in giant cell; asterisks, F-actin networks). (D-F) Fluorescence microscopic changes in F-actin cytoskeleton organization in K562 cell line. The cells were 
treated with 5 and 10 ng/ml G-CSF. (D-F) DAPI; (D'-F') F-actin; (D''-F'') Merge. (D) K562 control cells (arrows, F-actin aggregates in the cytoplasm; arrowheads, 
ring-like structures formed by F-actin on the cell periphery; asterisks, F-actin networks; dots, low F-actin fluorescence signal in the area of nucleus); (E) K562 
cells treated with 5 ng/ml G-CSF (arrows, F-actin aggregates in the cytoplasm; asterisks, F-actin networks); (F) K562 cells treated with 10 ng/ml G-CSF (arrows, 
F-actin aggregates in the cytoplasm; arrowhead, high F-actin fluorescence signal in giant cell; asterisks, F-actin networks).



IZDEBSKA et al:  G-CSF-INDUCED F-ACTIN REORGANIZATION IN HL-60 AND K562 CELLS 2141

Alexa Fluor 488. It was shown that in HL-60 control cells, 
the F-actin fluorescence was increased on the cell periphery. 
There were also observed low fluorescence signals in the form 
of small aggregates in the cytoplasm (Figs. 1A', A'' and 2A, A'). 
Visualization of actin filaments in HL-60 cells treated with the 
lowest dose of G-CSF (5 ng/ml) in both classical fluorescence 
and confocal microscope, revealed a higher fluorescence 
intensity in whole cells, compared to the control. In these 
cells small aggregates and short fibers of F-actin were formed 
(Figs. 1B', B'' and 2B, B'). At 10 ng/ml concentration of G-CSF, 
the reorganization of F-actin was more evident and much more 
networks and aggregates of actin were observed, compared to 
the control cells and cells treated with the lowest G-CSF dose 
(Figs. 1C', C'' and 2C, C'). Moreover, at both doses of G-CSF, 
only few cells with apoptotic features were observed (Fig. 1B 
and C).

In K562 control cells, many different forms of F-actin were 
observed. Beside the high fluorescence intensity on the cell 
periphery, the F-actin formed small aggregates and a network in 
the cytoplasm (Fig. 1D' and D''). In the area of the cell nucleus, 
the fluorescence intensity of F-actin was high in form of aggre-
gates (Fig. 2D and D'). After treatment with 5 ng/ml of G-CSF 
a cytoplasmic F-actin labeling, in the form of aggregates and 
networks, was seen (Fig. 1E' and E''), however, nuclear staining 
was decreased (Fig. 2E and E'). After 10 ng/ml of G-CSF, F-actin 
labeling was also decreased in both cytoplasm and cell nucleus, 
as compared to control (Fig. 2F and F'). DAPI staining showed 
that only few nuclei of cells treated with the highest dose of 
G-CSF displayed apoptotic features (Fig. 1D‑F) and these cells 
were characterized by low fluorescence intensity of F-actin 
(Fig. 1E'' and F''). High signal of F-actin fluorescence in giant 
HL-60 and K562 cells was also observed (Fig. 1C', C'', F' and F'').

Figure 2. (A-C) Confocal microscopic changes in F-actin cytoskeleton organization in HL-60 cell line. The cells were treated with 5 and 10 ng/ml G-CSF. 
(A-C) F-actin; (A'-C') Merge. (A) HL-60 control cells; (B) HL-60 cells treated with 5 ng/ml G-CSF; (C) HL-60 cells treated with 10 ng/ml G-CSF. (D-F) 
Confocal microscopic changes in F-actin cytoskeleton organization in K562 cell line. The cells were treated with 5 and 10 ng/ml G-CSF. (D-F) F-actin; (D'-F') 
Merge. (D) K562 control cells; (E) K562 cells treated with 5 ng/ml G-CSF; (F) K562 cells treated with 10 ng/ml G-CSF.
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Transmission electron microscopy. HL-60 and K562 cells were 
examined by transmission electron microscopy. The ultrastruc-
ture of HL-60 cells, after treatment with both doses of G-CSF, 
was unchanged. The control cells and cells incubated with 
G-CSF showed normal morphology with an oval nucleus. There 
were no changes observed in mitochondria, Golgi apparatus and 
endoplasmic reticulum (Fig. 3A‑C). K562 cells morphology after 
treatment with the lowest dose of G-CSF, was comparable to the 
control (Fig. 3D and E). However, in few K562 cells treated with 
10 ng/ml of G-CSF multi-lobular nuclei were noted (Fig. 3F).

F-actin was also visualized at the ultrastructural level using 
biotinylated phalloidin and Qdots semiconductor nanocrystals 
conjugated with streptavidin. Quantum dots were found in 
control cells and cells treated with all doses of G-CSF. In HL-60 
control cells, nanocrystals were observed in the cytoplasm and 
nucleus (Fig. 4A). After treatment with 5 ng/ml of G-CSF, a lot 
of Qdots were localized mainly in the cytoplasm. In the nucleus, 
single aggregates of nanocrystals were observed close to the 
heterochromatin and nuclear membrane (Fig. 4B). In HL-60 
cells incubated with 10 ng/ml of G-CSF only few aggregates 
of Qdots were localized in the cytoplasm and nucleus (Fig. 4C). 
In K562 control cells, the Qdots were observed mainly in the 
nucleus close to the heterochromatin (Fig. 5A). After treatment 
of K562 cells with 5 and 10 ng/ml of G-CSF nanocrystals were 
seen in both cytoplasm and nucleus. However, the number of 
nanomolecules in the nucleus was smaller than in the control 
(Fig. 5B and C). Moreover, after treatment with 10 ng/ml of 
G-CSF, the number of Qdots in cytoplasm was greater. For nega-
tive control, the cells were incubated as previously described but 
without biotinyled phalloidin (Fig. 4D).

Flow cytometric analysis
F-actin staining. Flow cytometric analysis after the G-CSF 
treatment demonstrated quantitative changes in F-actin fluo-

rescence staining both in whole cells and isolated nuclei in 
comparison to the control. There were not observed statistically 

Figure 3. Ultrastructural changes of HL-60 and K562 cells. The cells were 
treated with 5 and 10 ng/ml G-CSF. Bar, 1 µm. (A) HL-60 control cell; (B) 
HL-60 cells treated with 5 ng/ml G-CSF; (C) HL-60 cell treated with 10 ng/ml 
G-CSF; (D) K562 control cell; (E) K562 cell treated with 5 ng/ml G-CSF; (F) 
K562 cell treated with 10 ng/ml G-CSF.

Figure 4. Changes in F-actin cytoskeleton organization at the ultrastuctural 
level using phalloidin and quantum dots in HL-60 cells. The cells were treated 
with 5 and 10 ng/ml G-CSF. Bar, 1 µm; arrows indicate quantum dots. (A) 
HL-60 control cell; (B) HL-60 cell treated with 5 ng/ml G-CSF; (C) HL-60 
cell treated with 10 ng/ml G-CSF; (D) Negative control.

Figure 5. Changes in F-actin cytoskeleton organization at the ultrastuctural 
level using phalloidin and quantum dots in K562 cells. The cells were treated 
with 5 and 10 ng/ml G-CSF. Bar, 1 µm; arrows indicate quantum dots. (A) 
K562 control cell; (B) K562 cell treated with 5 ng/ml G-CSF; (C) K562 cell 
treated with 10 ng/ml.
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significant differences in the percentage of F-actin-positive 
cells incubated with G-CSF in comparison to the control cells. 
The levels of F-actin ranged from 99 to 100% in HL-60 cell 
line and in K562 cells from 91 to 96% (Figs. 6A and 7A). 
The significant increase (P<0.05) of F-actin level in HL-60 
cells was observed only after exposure to 5ng/ml of G-CSF 
(Fig. 6B). At 10 ng/ml of G-CSF, the fluorescence intensity 
was comparable to the control (Fig. 6B). In whole K562 cells, 

the statistically significant differences in fluorescence inten-
sity of F-actin were not observed (Fig. 7B).

In the case of cell nuclei treated with G-CSF, there were 
no statistically significant differences in the percentage of 
F-actin-positive nuclei in both cell lines and in F-actin fluo-
rescence intensity in isolated HL-60 nuclei (Figs. 6C, D and 
7C). Whereas in K562 cell nuclei, the fluorescence intensity 
of F-actin decreased in a dose-dependent manner (it was the 

Figure 6. (A-D) Changes in cell-positivity and mean fluorescence intensity in 
intracellular levels of F-actin measured by flow cytometry in whole HL-60 and 
their isolated nuclei. The cells were treated with 5 and 10 ng/ml G-CSF. Data 
are presented as medians and interquartile ranges obtained from 6 independent 
experiments and representative histograms. Mann-Whitney U test was used 
for statistical analysis. Asterisk indicates statistically significant differences 
between untreated and treated samples (P<0.05). (A) F-actin cell-positivity 
changes in whole HL-60 cells treated with 5 and 10 ng/ml G-CSF; (B) Mean 
fluorescence intensity changes in whole HL-60 cells treated with 5 and 10 ng/ml 
G-CSF; (C) F-actin nucleus-positivity changes in isolated nuclei of HL-60 cells 
treated with 5 and 10 ng/ml G-CSF; (D) Mean fluorescence intensity changes 
in isolated nuclei of HL-60 cells treated with 5 and 10 ng/ml G-CSF; (E) 
Representative flow cytometry histograms presented F-actin content in x-axis 
and cell number in y-axis in whole HL-60 cells treated with 5 and 10 ng/ml 
G-CSF; (F) Representative flow cytometry histograms present F-actin content 
in x-axis and cell number in y-axis in isolated nuclei of HL-60 cells treated with 
5 and 10 ng/ml G-CSF.

Figure 7. (A-D) Changes in cell-positivity and mean fluorescence intensity in 
intracellular levels of F-actin measured by flow cytometry in whole K562 and 
their isolated nuclei. The cells were treated with 5 and 10 ng/ml G-CSF. Data 
are presented as medians and interquartile ranges obtained from 6 indepen-
dent experiments and representative histograms. Mann-Whitney U test was 
used for statistical analysis. Asterisk indicates statistically significant differ-
ences between untreated and treated samples (P<0.05). (A) F-actin 
cell-positivity changes in whole K562 cells treated with 5 and 10 ng/ml 
G-CSF; (B) Mean fluorescence intensity changes in whole K562 cells treated 
with 5 and 10 ng/ml G-CSF; (C) F-actin nucleus-positivity changes in isolated 
nuclei of K562 cells treated with 5 and 10 ng/ml G-CSF; (D) Mean fluores-
cence intensity changes in isolated nuclei of K562 cells treated with 5 and 
10 ng/ml G-CSF; (E) Representative flow cytometry histograms presented 
F-actin content in x-axis and cell number in y-axis in whole K562 cells treated 
with 5 and 10 ng/ml G-CSF; (F) Representative flow cytometry histograms 
present F-actin content in x-axis and cell number in y-axis in isolated nuclei of 
K562 cells treated with 5 and 10 ng/ml G-CSF.
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lowest after treatment with 10 ng/ml concentration) and statis-
tically significant differences were observed (Fig. 7D).

Cell cycle analysis. In order to examine the effect of granulo-
cyte colony stimulating factor (G-CSF) on HL-60 and K562 
cell cycle progression, standard and widely used method 
that employs PI/RNase was applied. Accordingly, there 
was observed a statistically significant increase in the mean 
percentage of cells in G0/G1 and sub-G1 phases after treatment 
of HL-60 cells with 5 ng/ml of G-CSF, as compared to the 
control (Fig. 8A and B). On the other hand, after treatment of 
HL-60 cells with the same dose of G-CSF, the percentage of 
S-phase cells was decreased (Fig. 8C). Moreover, after incu-
bation with 10 ng/ml of G-CSF, a significant increase in the 
percentage of cells in sub-G1 phase was noticed (Fig. 8A). There 
were no statistically significant differences in the percentage of 
HL-60 cells in G2/M phase for both doses of G-CSF (Fig. 8D). 
As far as K562 cell line is concerned, a significant increase in 
the percentage of cells in sub-G1 phase was observed following 

treatment with 5 ng/ml of G-CSF (Fig. 9A). Even though the 
number of cells classified as G0/G1 and G2/M was decreased 
after treatment with 10 ng/ml of G-CSF, the percentage of cells 
with DNA content typical of sub-G1 increased, in comparison 
to the control. These differences were statistically significant 
(Fig. 9A, B and D). Moreover, the statistically significant differ-
ences in the percentage of cells in S phase were not observed 
(Fig. 9C).

Annexin V and 7-AAD double-staining. The flow cytometric 
analysis indicated a decrease in the number of early apoptotic 
cells after treatment of HL-60 cells with both doses of G-CSF 
(Fig. 10B). At the 5 ng/ml concentration of G-CSF, there was 
also seen a significant increase in the number of necrotic cells 
(only 7-AAD positive) (Fig. 10D). However, the statistically 
significant differences in the percentage of viable and late 
apoptotic cells were not observed (Fig. 10A and C). In K562 
cell line, an increase in the percentage of late apoptotic cells 
was noted after treatment with both doses of G-CSF (Fig. 11C) 

Figure 8. Changes in cell cycle distribution in HL-60 cells. The cells were 
treated with 5 and 10 ng/ml G-CSF. Data are presented as medians and inter-
quartile ranges obtained from 6 independent experiments and representative 
histograms. Mann-Whitney U test was used for statistical analysis. Asterisks 
indicate statistically significant differences between untreated and treated 
samples (P<0.05). (A) SubG1 phase of cell cycle changes in HL-60 cells 
treated with 5 and 10 ng/ml G-CSF; (B) G0/G1 phase of cell cycle changes 
in HL-60 cells treated with 5 and 10 ng/ml G-CSF; (C) S phase of cell cycle 
changes in HL-60 cells treated with 5 and 10 ng/ml G-CSF; (D) G2/M phase 
of cell cycle changes in HL-60 cells treated with 5 and 10 ng/ml G-CSF; (E) 
Representative flow cytometry histograms present DNA content in x-axis 
and cell number in y-axis in HL-60 cells treated with 5 and 10 ng/ml G-CSF.

Figure 9. Changes in cell cycle distribution in K562 cells. The cells were 
treated with 5 and 10 ng/ml G-CSF. Data are presented as medians and inter-
quartile ranges obtained from 6 independent experiments and representative 
histograms. Mann-Whitney U test was used for statistical analysis. Asterisks 
indicate statistically significant differences between untreated and treated 
samples (P<0.05). (A) SubG1 phase of cell cycle changes in K562 cells 
treated with 5 and 10 ng/ml G-CSF; (B) G0/G1 phase of cell cycle changes 
in K562 cells treated with 5 and 10 ng/ml G-CSF; (C) S phase of cell cycle 
changes in K562 cells treated with 5 and 10 ng/ml G-CSF; (D) G2/M phase 
of cell cycle changes in K562 cells treated with 5 and 10 ng/ml G-CSF; (E) 
Representative flow cytometry histograms present DNA content in x-axis 
and cell number in y-axis in K562 cells treated with 5 and 10 ng/ml G-CSF.
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but the statistically significant differences in the percentage of 
viable, early apoptotic and necrotic cells were not observed 
(Fig. 11A, B and D).

Discussion

In the present study, we showed the changes of F-actin 
distribution in HL-60 cells after treatment with non-glyco-
sylated G-CSF. Although, K562 cell line has no detectable 
G-CSF receptors, changes in the organization and fluore
scence intensity of F-actin in isolated nuclei were observed. 
Moreover, the fluorescence microscopic results showed that 
stimulation of HL-60 cell line with G-CSF caused F-actin 
reorganization, including the formation of aggregates and 
short fibers in the cytoplasm and its conglomeration at the 
cell surface. Similar results were reported by Veselska et al, 
who observed the same structures of F-actin during the 

incubation of HL-60 cells with ATRA and PMA (34). We 
suggest that observed reorganization of filamentous actin 
is associated with differentiation process and that surface-
associated structures may participate in the apoptotic bleb 
formation. Such an explanation is reasonable because, in 
our experiment, some HL-60 cell nuclei showed apoptotic 
features and the significant increase in the percentage of cells 
in sub-G1 phase after treatment with both doses of G-CSF 
was shown. Furthermore, the G1 phase arrest is considered 
to be a marker of cell differentiation, which was confirmed 
in the present study during treatment of HL-60 cells with 
5 ng/ml of G-CSF (35,36). After differentiation, the cells 
were most probably switched to apoptotic pathway. An 
accumulation of F-actin in the apoptotic cells in HL-60 cells 
after treatment with ATRA and doxorubicin was noticed 
(37,38). It is well known now, that the processes of differen-
tiation and apoptosis are connected with the reorganization 

Figure 10. Flow cytometric analysis of Annexin  V-FITC and 7-AAD 
double-staining in HL-60 cells. The cells were treated with 5 and 10 ng/
ml G-CSF. Data are presented as medians and interquartile ranges obtained 
from 6 independent experiments and representative plots. Mann-Whitney 
U test was used for statistical analysis. Asterisks indicate statistically sig-
nificant differences between untreated and treated samples (P<0.05). (A) 
Changes in a percentage of viable (Annexin V-FITC/7-AAD--) HL-60 cells 
after treatment with 5 and 10 ng/ml G-CSF; (B) Changes in a percentage 
of early apoptotic (Annexin V-FITC+/7-AAD-) HL-60 cells after treatment 
with 5 and 10 ng/ml G-CSF; (C) Changes in a percentage of late apoptotic 
(Annexin V-FITC/7-AAD++) HL-60 cells after treatment with 5 and 10 ng/ml 
G-CSF; (D) Changes in a percentage of necrotic (Annexin V-FITC-/7-AAD+) 
HL-60 cells after treatment with 5 and 10 ng/ml G-CSF; (E) Representative 
flow cytometry plots present Annexin V-FITC staining in x-axis and 7-AAD 
in y-axis in HL-60 cells treated with 5 and 10 ng/ml G-CSF.

Figure 11. Flow cytometric analysis of Annexin V-FITC and 7-AAD double-
staining in K562 cells. The cells were treated with 5 and 10 ng/ml G-CSF. Data 
are presented as medians and interquartile ranges obtained from 6 independent 
experiments. Mann-Whitney U test was used for statistical analysis. Asterisks 
indicate statistically significant differences between untreated and treated 
samples (P<0.05). (A) Changes in a percentage of viable (Annexin V-FITC/ 
7-AAD--) K562 cells after treatment with 5 and 10 ng/ml G-CSF; (B) Changes 
in a percentage of early apoptotic (Annexin V-FITC+/7-AAD-) K562 cells after 
treatment with 5 and 10 ng/ml G-CSF; (C) Changes in a percentage of late 
apoptotic (Annexin V-FITC/7-AAD++) K562 cells after treatment with 5 and 
10 ng/ml G-CSF; (D) Changes in a percentage of necrotic (Annexin V-FITC-/ 
7-AAD+) K562 cells after treatment with 5 and 10  ng/ml G-CSF; (E) 
Representative flow cytometry plots present Annexin V-FITC staining in 
x-axis and 7-AAD in y-axis in K562 cells treated with 5 and 10 ng/ml 
G-CSF.
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of the cytoskeleton, but the mechanism of this linkage still 
remains unclear (30,34,39‑41). Some scientists consider that 
the differentiation process is associated with actin polymeri
zation whereas others suggest its relation to depolymerization 
(8,42,43). Moreover, we observed statistically significant 
increase of F-actin level in HL-60 cell line after exposure 
to 5 ng/ml of G-CSF. This observation was confirmed by 
f low cytometry and transmission electron microscopy. 
Moreover, our previous study also showed the increase of 
F-actin level in HL-60 cells after treatment with G-CSF (41). 
Furthermore, the increase of F-actin level in neutrophils was 
shown by Carulli et al and Gomez-Cambronero et al as a 
result of G-CSF treatment (8,43). Similarly, Chodniewicz 
and Zhelev also noted the higher content of actin filaments 
in granulocytes incubated with GM-CSF (42). However, the 
opposite results were observed by Kutsuna et al in human 
neutrophils. They observed a cytokine-induced actin depo-
lymerization (30). We are in agreement with the authors who 
suggested that F-actin polymerization and depolymerization 
depends on the cytokine doses and the time of incubation 
(8,30,42,43).

In the past decade, many studies have been focused on the 
development of new nanomaterials and their interactions with 
cells (44). Here, we showed the usefulness of semiconductor 
CdSe/ZnS nanocrystals in the localization of F-actin at the 
ultrastructural level. The results presented in this paper are 
the ultrastructural evidence of phalloidin-based localization 
of F-actin using transmission electron microscopy. Up to 
now, the localization of cytoskeletal proteins in TEM was 
performed by a direct or indirect method using antibodies. 
However, there was no evidence concerning phalloidin-based 
localization of actin filaments. Our previous data showed the 
presence of F-actin in the cell nucleus, that was determined 
only by using fluorescence techniques, including flow cyto
meter analysis of isolated nuclei and laser scanning confocal 
microscopy (45,46). In the present study, we combined pre- and 
post-embedding methods and that was the key to successful 
detection of F-actin at the ultrastructural level. Moreover, the 
use of colloidal gold for phalloidin-based method of F-actin 
localization, made it impossible to localize actin filaments or 
showed very weak delectability (data not shown). As regards 
the results obtained by using fluorescence microscopy and 
flow cytometry, we showed changes in F-actin distribution at 
the ultrastructural level in the area of the cytoplasm and cell 
nucleus after treatment of HL-60 and K562 cell lines with 
different G-CSF doses.

In 2010, Xu et al demonstrated the nuclear translocation 
of β-actin, one of the actin isoform, during the macrophage 
differentiation of HL-60 cells. It was shown that this actin 
isoform is translocated from the cytoplasm to the nucleus and 
plays an important role in the regulation of the transcription 
process (29). It is known, that actin and actin-binding proteins 
are involved in chromatin remodeling and gene transcription. 
In our previous study, we observed that actin was associ-
ated with the heterochromatin during apoptosis (38,46,47). 
Moreover, Zhao et al showed that F-actin is directly involved 
in the chromatin reorganization (48). Influence of actin on 
the translocation of transcriptional RNA was presented by 
Hofmann et al and Widlak et al (24,49). They described the 
participation of F-actin in the processing of retroviral RNA 

and transport of protein kinase inhibitor (PKI). Influence of 
actin on the regulation of RNAP II-mediated transcription was 
observed by many other researchers (24,29,50). In the present 
study we observed the increase of F-actin level after treatment 
of HL-60 cells with 5 ng/ml concentration of G-CSF in cyto-
metric analysis, and a higher labeling of nuclear F-actin under 
transmission electron microscope was observed. However, 
different observations were made during the analyses with the 
use of K562 cell line. Even though these cells do not express 
the receptor for G-CSF, some changes were seen in the present 
study in comparison to the control. We observed a statistically 
significant increase in the percentage of cells in sub-G1 phase 
following treatment with 5 and 10 ng/ml concentration of 
G-CSF. There was also an increase in the percentage of late 
apoptotic cells after treatment with both doses of G-CSF. On 
the other hand, the statistically significant difference in the 
cytoplasmic F-actin level was not detected, but its nuclear level 
was decreased. We believe that a decreased level of F-actin 
content in the cell nuclei may be due to the reorganization of 
the chromatin, which can be supported by the increase of the 
population of cells in the subG1 phase and in the percentage of 
late apoptotic cells.

It is known that G-CSF has no detectable effect on some 
of the hematopoietic cell lines such as U-937, WEHI-3B and 
K562 (33). However, it has been also shown that granulocyte-
colony stimulating factors could promote a time- and 
dose-dependent increase in ROS production. Additionally, 
Zhu et al suggested that the G-CSF-induced Lyn-PI3KAkt 
pathway controls ROS production in a myeloid cell line (51). 
However, Kitagawa et al indicated the G-CSF-enhanced the 
effect of Ara-C in U937 and WEHI-3B (52). They found that 
G-CSF mobilized G0/G1-phase cells into the S phase in U937 
cells. On the basis of our present studies, we suggest that 
G-CSF can act by a receptor-independent pathway or through 
another homologous receptor. As shown by Chow et al the 
G-CSF receptor reveals 46% homology in sequence to gp130, 
the IL-6 receptor signal transducer, and has an identical 
domain structure (53). Moreover, the overall structure of the 
receptor for G-CSF is similar to the leptin and LIF receptor 
(54,55).

In summary, we conclude that the G-CSF-based reorgani
zation of actin filaments is involved in the differentiation 
process in HL-60 cell line. Moreover, its polymerization and 
depolymerization depends mostly on G-CSF concentration. 
As far as K562 cell line is concerned, we observed changes 
at the flow cytometry, fluorescence and transmission electron 
microscopy level. Although, K562 cell line has no detect-
able G-CSF receptors, in our studies it was shown that the 
G-CSF-induced statistically significant effect on the cell 
cycle, apoptosis and F-actin fluorescence intensity in the cell 
nuclei. We suppose that these changes are associated with the 
G-CSF receptor-independent pathway or its binding to other 
similar receptors. However, in order to find the exact mecha-
nism of its influence on the cells without G-CSF receptors, 
further investigations are needed. Moreover, we showed here 
that CdSe/ZnS quantum dots are useful in the localization of 
subcellular structures at the ultrastructural level and that our 
phalloidin-based method allows determination of the pres-
ence of F-actin in the cell nucleus by transmission electron 
microscopy.
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