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Abstract. Rho GDP-dissociation inhibitor § (RhoGDIp),
a regulator of the Rho family of proteins, is expressed
abundantly in the hematopoietic cell lineage. During apoptosis
of hematopoietic cells, RhoGDIf is cleaved by caspase-3
at Aspl9 and this cleaved form (A19-RhoGDIp) has been
implicated in the apoptotic pathway. To clarify the role of
RhoGDIp in hematopoietic cells, the present study performed
immunoblotting and immunofluorescence staining to examine
the expression of RhoGDIf and A19-RhoGDIf during phorbol
12-myristate 13-acetate (PMA)-stimulated differentiation
of human THP-1 monocytic cells to macrophages. During
differentiation of the THP-1 cells to macrophages, the
expression of RhoGDIP remained stable; however, the
expression of A19-RhoGDIf increased, particularly in
well-spreading, non-apoptotic cells, which differentiated into
macrophages. These results suggested that A19-RhoGDIp
has an apoptosis-independent role in the PMA-induced
differentiation of THP-1 cells to macrophages.

Introduction

Rho GDP-dissociation inhibitors (RhoGDIs) are regulators of
the Rho family of proteins and function as molecular switches
in numerous cellular processes, including actin cytoskeletal
organization, microtubule dynamics, vesicle trafficking,
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cell polarity and cell cycle progression (1). A total of three
RhoGDIs (RhoGDIa/RhoGDI1, RhoGDIB/RhoGDI2/LyGDI/
D4GDI and RhoGDIy/RhoGDI3) have been identified in
mammals (2). RhoGDIf is expressed abundantly in hemato-
poietic cells (3,4) and is also expressed in non-hematopoietic
cells, including keratinocytes, fibroblasts and amnion cells (5),
non-hematopoietic tumors (6-8) and various cancer cells (9).

During apoptosis of hematopoietic cells, RhoGDIf
is cleaved by caspase-3 at Aspl9 (10-16), and the cleaved
form, A19-RhoGDI, translocates to the nucleus (12,15-17),
suggesting the pro-apoptotic role of A19-RhoGDIf. Therefore,
the cleavage of RhoGDIp by caspase-3 has been implicated
in the apoptotic pathway, however, the precise role of
A19-RhoGDIf remains to be elucidated. Caspase-3 is known
to have apoptosis-independent roles in the differentiation and
proliferation of various cell types, including hematopoietic
cells (18). In the differentiation of monocytes into macrophages,
caspase-3 and caspase-9 are activated, and the inhibition of
these caspases prevents this differentiation (19). Furthermore,
phorbol 12-myristate 13-acetate (PMA)-stimulated THP-1
cells express increased levels of caspase-3 (20). However,
whether RhoGDIf is cleaved at Aspl9 during the differentia-
tion of these cells remains to be elucidated.

In the present study, to clarify the role of A19-RhoGDIf
in the differentiation of macrophages, the expression of
RhoGDIp and A19-RhoGDIp were examined during
PMA-stimulated differentiation of human THP-1 monocytic
cells to macrophages. The results confirmed that RhoGDIf
was cleaved at Aspl9 and it was shown that this cleaved form
was expressed in non-apoptotic cells. These results suggested
the apoptosis-independent role of A19-RhoGDIf during the
differentiation of THP-1 cells to macrophages.

Materials and methods

Cell culture andinduction of differentiation. The THP-1 human
myelomonocytic cell line was provided by Dr Masaharu Wano,
Department of Hematology and Immunology, Kanazawa
Medical University (Uchinada, Japan). The cells were cultured
in RPMI 1640 medium containing 2 mM L-glutamine
(Sigma-Aldrich; Merck Millipore, Darmstadt, Germany)
supplemented with 10% fetal bovine serum (Invitrogen;
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Thermo Fisher Scientific, Inc., Waltham, MA, USA), and were
maintained at 37°C in a humidified atmosphere of 5% CO, in
air. The differentiation of THP-1 cells into macrophages was
achieved using the method described by Daigneault ez al (21).
Briefly, THP-1 cells (~1.5x10°/ml) were cultured with 200 nM
PMA (Sigma-Aldrich; Merck Millipore) for 3 days at 37°C,
the PMA-containing media was removed and the cells were
incubated for a further 5 days. For counting the total cell
number, the culture medium containing floating cells was
removed and reserved, and the attached cells were detached
using 0.25% Trypsin/0.01% EDTA in phosphate-buffered
saline (PBS), following which they were suspended with the
previously reserved medium containing the floating cells.
The cell numbers were then counted using a hemocytometer.
The relative numbers of flattened cells on the dish were
observed under a phase-contrast microscope. The proportion
of flattened cells was estimated as it was difficult to distinguish
between flattened and unflattened cells precisely.

Antibodies. Anti-RhoGDIf antibody (cat. no. sc-6047) raised
against amino acid residues 175-194 was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA,USA). This antibody
recognizes full-length and A19-RhoGDIf. Anti-A19-RhoGDI
antibody (clone 97A1015; cat. no. 14-6628-81) raised against
the caspase-3 cleavage site of human RhoGDIf was purchased
from eBioscience, Inc. (San Diego, CA, USA). Anti-a-tubulin
antibody (clone B-5-1-2; cat. no. T6074) was purchased from
Sigma-Aldrich; Merck Millipore. Peroxidase-conjugated
anti-mouse (cat. no; K4001) and anti-rabbit IgG antibodies (cat.
no. K4002) were purchased from DakoCytomation (Glostrup,
Denmark). Peroxidase-conjugated anti-goat IgG antibody (cat.
no; 414351) was purchased from the Nichirei Corporation
(Tokyo, Japan). Alexa Fluor 594-conjugated goat anti-mouse
IgG (H+L; cat. no. A-11032) was purchased from Invitrogen;
Thermo Fisher Scientific, Inc.

Immunoblotting. The cells not exposed to PMA (untreated cells)
were found not to attach to the culture dish, whereas >95% of
the PMA-stimulated cells attached. When the cell lysates of
the PMA-stimulated cells were prepared, floating cells and cell
debris were removed to avoid contamination by the dead cells.
The cells were lysed using Laemmli buffer containing 4% sodium
dodecyl sulfate (SDS), 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromophenol blue and 0.0125 M Tris-HCI (pH 6.8),
and the protein concentrations of the lysate were measured
using a Bradford Ultra kit (Novexin, Ltd., Cambridge, UK).
The proteins (10 pg) were resolved by SDS-polyacrylamide gel
electrophoresis and transferred onto Immobilon-P membranes
(EMD Millipore, Billerica, MA, USA). The membranes were
then probed with a primary antibody (sc-6047, 1:10,000 dilu-
tion; clone 97A1015, 1:10,000 dilution; clone B-5-1-2, 1:100,000
dilution) overnight at 4°C, followed by incubation with a peroxi-
dase-conjugated secondary antibody (1:500 dilution) for 90 min
at room temperature. The immunoreactive proteins were visual-
ized using ECL Prime reagents (GE Healthcare Life Sciences,
Ltd., Little Chalfont, UK). The same quantity of protein was
applied in all immunoblot experiments.

Annexin V and immunofluorescence staining. The cells were
grown in 35-mm culture dishes. To remove dead and apoptotic
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cells, the dishes were washed twice with PBS at 4°C. The cells
were stained with the Annexin V-FITC Apoptosis Detection
kit I (BD Biosciences, San Jose, CA, USA) according to the
manufacturer's protocol, and fixed with freshly prepared 3.7%
paraformaldehyde in Annexin V binding buffer containing
140 mM NaCl, 2.5 mM CacCl, and 10 mM HEPES (pH 7.5)
for 30 min at room temperature. The cells were then permea-
bilized with 0.5% Triton X-100 for 5 min at room temperature.
Following washing with PBS, the cells were incubated with
0.5% bovine serum albumin (BSA) in PBS for 60 min at
room temperature, and then incubated overnight at 4°C with
anti-A19-RhoGDIp antibody (clone 97A1015) diluted 1:400 in
PBS containing 0.5% BSA. Following three washes with PBS,
the cells were incubated for 60 min at room temperature with a
secondary antibody (A-11032), diluted 1:400 in PBS containing
0.5% BSA and 0.1 pg/ml 4',6-diamidino-2-phenylindole.
Following three washes with PBS, the cells were mounted with
ProLong Gold (Invitrogen; Thermo Fisher Scientific, Inc.).
Images were captured using an Axiovert 200 inverted fluores-
cence microscope (Plan Neofluar 40X/0.75 NA objective lens)
with AxioVision 4.4 software (Carl Zeiss AG, Jena, Germany).
Images of the green, red and blue channels were captured using
a 38HE bandpass filter (excitation, 450-490 nm; emission,
500-550 nm), a 43HE bandpass filter (excitation, 537-563 nm;
emission 570-640 nm) and a 49 bandpass filter (excitation, G
365 nm; Emission, 420-470 nm), respectively.

Results

Induction of THP-1 cell differentiation into macrophages.
The THP-1 cells were cultured with 200 nM PMA for 3 days,
following which the PM A-containing media was removed and
the cells were then incubated for a further 5 days (Fig. 1). Cell
proliferation was suppressed and the proportion of attached
cells increased considerably within 2 days. In addition >90%
of the attached cells were flattened 2 days following treatment
with PMA. The differentiation of THP-1 cells to macrophages
is known to be accompanied by a loss of proliferation (22);
furthermore, cell adhesion and spreading are used as func-
tional indicators of macrophage differentiation (21,23). The
results obtained indicated that the majority of THP-1 cells
were induced to differentiate into macrophages.

The cells cultured for 5 days following PMA removal
showed a higher degree of flattened morphology, compared
with the cells cultured for 3 days with PMA (Fig. 1, top
panel). It has been reported that cultures rested for 5 days
in PMA-free media adopt a phenotype, which more closely
resembles human monocyte-derived macrophages, compared
with differentiated THP-1 cells cultured for only 3 days with
PMA (21). The flattened morphology observed in the present
study of the cells cultured 5 days following PMA removal is
likely to reflect the increased degree of differentiation of these
cells.

Expression of A19-RhoGDI in THP-1 cells differentiated
into macrophages. The present study used immunoblotting to
examine the expression of RhoGDIf and its cleaved form at
Aspl9 during the PMA-stimulated differentiation of THP-1
cells to macrophages. Following treatment with PMA, the
expression of full-length RhoGDIf remained unchanged,
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Figure 1. Induction of THP-1 cell differentiation into macrophages by PMA.
Cells were seeded with 200 nM PMA in a 24-well plate and cultured for
3 days, following which the cells were cultured without PMA for a further
5 days. Total cell number and the proportion of attached cells were measured.
Scale bar=20 pm. Similar results were obtained for three independent
experiments. Representative results are shown. PMA, phorbol 12-myristate
13-acetate.

whereas the expression of A19-RhoGDIp increased and was
correlated with the differentiation of the cells into macrophages,
although only a small fraction of full-length RhoGDIf was
cleaved at Aspl9 (Fig. 2, top panel). The increased expression
of A19-RhoGDI was confirmed using anti-A19-RhoGDIp
antibody (97A1015; Fig. 2, middle panel). The expression level
of A19-RhoGDIp was greater in cells cultured 5 days following
PMA removal, compared with cells cultured for 3 days only
with PMA. Therefore, the expression level of A19-RhoGDIf
appeared to correlate with the degree of differentiation into
macrophages. To confirm the expression of A19-RhoGDIp
in macrophage-differentiated THP-1 cells, the differenti-
ated cells were stained with anti-A19-RhoGDIf antibody.
A19-RhoGDIf was detected in the macrophage-differentiated
THP-1 cells (Fig. 3A).

During the differentiation of THP-1 cells to macrophages,
the total cell number gradually decreased (Fig. 1). As low
levels of apoptotic cell death are reported to occur in macro-
phage-differentiated THP-1 cells in the absence of apoptotic
stimuli (24), the decrease in cell number observed in the
present study was likely due to apoptotic cell death. To exclude
the possibility that the detected levels of A19-RhoGDIf in
the differentiated cells were derived from apoptotic cells, the
differentiated cells attached to the culture dish were stained
with Annexin V and anti-A19-RhoGDIf} antibody (Fig. 3B).
The unattached dead and apoptotic cells were almost
completely removed by washing with PBS prior to staining.
The proportion of cells stained with Annexin V was <1%.
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Figure 2. Expression of RhoGDI during the differentiation of THP-1 cells to
macrophages. For the sampling of differentiation-induced cells, unattached
dead and apoptotic cells were removed. The cell lysate was immunoblotted
with an antibody (sc-6047), which recognizes full-length RhoGDIf and
A19-RhoGDIg, and an antibody (97A1015), which specifically recognizes
A19-RhoGDIp. a-tubulin was stained with B-5-1-2 antibody as a loading
control. Similar results were obtained for three independent experiments.
Representative results are shown. RhoGDIf, Rho GDP-dissociation
inhibitor f.

The observed Annexin V-positive cells are shown in Fig. 3B
and C. A19-RhoGDIf was detected in the apoptotic cells
and macrophage-differentiated THP-1 cells, and the majority
of the expression of A19-RhoGDIf was observed in the
non-apoptotic cells, which differentiated into macrophages.

Discussion

During the apoptosis of hematopoietic cells, RhoGDI is
cleaved by caspase-3 at Aspl9 (10-16), and the cleaved form,
A19-RhoGDIp, has been suggested to have a pro-apoptotic
function in K562 leukemia cells (17). In the present study, it
was shown that, during the PMA-stimulated differentiation
of THP-1 cells to macrophages, RhoGDIf was also cleaved
at Aspl19 in non-apoptotic differentiating cells. Although it is
unknown whether A19-RhoGDI is involved in the differen-
tiation process or the differentiation phenotype, these results
suggested that A19-RhoGDI is involved in cellular processes
other than apoptosis, at least in THP-1 cells. A19-RhoGDIf
may have different roles depending on the cellular context.
RhoGDI is implicated in cancer progression; however, the
correlation between malignancy and the expression level of
RhoGDI is contradictory (25). It has been previously reported
that RhoGDIf may have a positive (7,26,27) and negative (28)
role in cancer progression. Caspase-3 is considered to be
involved in cancer susceptibility in squamous-cell carcinomas
of the head and neck (29), endometrial cancer (30) and lung
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Figure 3. Expression of A19-RhoGDIf in non-apoptotic cells during the differentiation of THP-1 cells to macrophages. For immunostaining of differentia-
tion-induced cells unattached dead and apoptotic cells were removed. The cells were cultured with 200 nM PMA for 3 days, and then cultured without PMA
for a further 5 days. (A) Differentiated cells were stained with anti-A19-RhoGDIf antibody (red). (B) Differentiated cells were stained with Annexin V (green)
and anti-A19-RhoGDIp antibody (red). Arrows indicate A19-RhoGDIB-positive non-apoptotic cells. (C) Differentiated cells stained with Annexin V (green)
and only with secondary antibody (red). (D) Unstimulated cells were stained with Annexin V (green) and anti-A19-RhoGDIf antibody (red). Scale bar=20 pm.
Similar results were obtained for three independent experiments. Representative results are shown. RhoGDIf, Rho GDP-dissociation inhibitor §; PMA, PMA,

phorbol 12-myristate 13-acetate; DAPI, 4',6-diamidino-2-phenylindole.

cancer (31), therefore, RhoGDI may be cleaved by casapse-3 in
various cancer cells. The inconsistent correlation of RhoGDIf
with malignancy may be a reflection of the different functions
of A19-RhoGDI in different types of cancer.

The function of A19-RhoGDIf remains to be elucidated,
and cleavage of RhoGDIf at Aspl9 is unlikely to result in
the inactivation of RhoGDIP. A22-RhoGDIa (32,33) and
A20-RhoGDIa (34) have been reported to be almost fully func-
tional for extracting GTPases from the membrane, although
the inhibition of GTPase activity by A20-RhoGDlIa is less
effective, compared with that by wild-type RhoGDIa (34). The
amino acid sequence and protein structure are similar between
RhoGDIa and RhoGDI; therefore, A19-RhoGDIf is expected
to retain certain regulatory functions of full-length RhoGDI.
Our previous study reported that RhoGDIs may act as a posi-
tive and negative regulator of Rho GTPases, depending on
their expression level, and their affinity for guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins
(GAPs) (35). The cleavage of RhoGDIf at Aspl9 may modify
the regulatory function of RhoGDIf} towards Rho GTPases by
altering the affinity of RhoGDIf to GEFs and GAPs.

In conclusion, the present study showed that A19-RhoGDIf3
was expressed in non-apoptotic, differentiating cells, thereby
suggesting an apoptosis-independent role for this protein. The
identification of this novel function of A19-RhoGDIf may assist
in further elucidating the regulatory system of Rho GTPases,
which is involved in the regulation of numerous cellular processes.
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