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Differential proteomic analysis of HL60 cells treated
with secalonic acid F reveals caspase 3-induced
cleavage of Rho GDP dissociation inhibitor 2
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Abstract. Secalonic acid F (SAF) has been previously identified,
however, little is known about its cytotoxic activity and related
cytotoxic mechanism. The aim of this study was to evaluate the
cytotoxic activity of SAF isolated from a deep sea originated
fungus Penicillium sp. F11 in HL60 cells and to analyze the
differences in protein expression of HL60 cells treated with SAF.
The CCK-8 assay and Annexin V-FLUOS/PI assay indicated that
SAF displayed dose- and time-dependent inhibition of HL60 cell
proliferation and induced apoptosis. Two-dimensional gel elec-
trophoresis (2-DE) analysis of HL60 cells treated with SAF (4 ug/
ml) revealed 10 differentially expressed protein spots (P<0.05), 5
upregulated and 5 downregulated. Three spots (1 downregulated
and 2 upregulated) were identified as Rho GDP dissociation
inhibitor 2 (RhoGDI 2) proteins by MALDI-TOF MS. Western
blotting further demonstrated the decreased abundance of full-
length RhoGDI 2 together with the increased abundance of
caspase 3-cleaved product of RhoGDI 2. The caspase 3 inhibitor
Ac-DEVD-CHO could suppress the cytotoxic effect of SAF
and significantly block the cleavage of RhoGDI 2. RhoGDI 2 is
a cytosolic regulator of Rho GTPase and the caspase 3-cleaved
product of RhoGDI 2 can advance progression of the apoptotic
process. Our data showed that SAF may modulate RhoGDI 2
levels in HL60 cells, thereby potentially disrupting cell signaling
pathways important for HL60 cell function.

Introduction

Due to the increasing incidence of malignant tumors year after
year, identification of potential antitumor drugs from natural
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products has become more important. Marine environments,
especially the deep sea surroundings, have their unique features,
such as darkness, high salt, high pressure, low temperature and
rare nutrition (1). Microorganisms living under those circum-
stances may develop unique metabolic pathways or defense
mechanisms, which may relate to novel compounds with new
structures and diverse bioactivity. Considering the incremental
rediscovery of known compounds from terrestrial resources
(2), more and more researchers have turned their attention to
the marine environment for developing antitumor compounds
(3). Gautschi er al (4) identified three compounds (anseri-
nones A, B and (+)-formylanserinone B) from Penicillium
corylophilum isolated from 1335 m deep sea sediments and
those three compounds showed a good cytotoxic effect on the
tumor cell line MDA-MB-435 (respective 1Cs, 2.2, 3.6 and
2.9 pug/ml). Li et al (5) separated three antitumor compounds
(oxosorbiquinol, dihydrooxosorbiquinol and trisorbicillinone
A) from Phialocephala sp. FL30r isolated from 5059 m deep
sea sediments. Du et al (6) characterized two new meleagrin
analogs (meleagrin D and E) which showed weak cytotoxicity
against A549 cell line from a deep ocean sediment derived
fungus Penicillium sp.

Recently, we separated secalonic acid F (SAF) (Fig. 1) and
two new compounds penicillone A and penicillactam from
fungus Penicillium sp. F11 isolated from deep sea sediments
at the depth of 1744 m in the Southwest Pacific (7). Unlike
secalonic acid D (SAD), the isomeric compound of SAF, the
cytotoxic activity and related mechanism of which have been
studied (8-11), there is little information on the cytotoxic
mechanism of SAF. In this study, cytotoxic effect evaluation
and differential proteomic analysis of HL60 cells treated with
SAF were conducted in order to preliminarily elucidate the
mechanism of its cytotoxicity in HL60 cells.

Materials and methods

Chemicals and reagents. SAF was separated from the deep
sea originated fungus Penicillium sp. F11. The HL60 cell
line was purchased from the China Center for Type Culture
Collection (CCTCC). The Cell Counting Kit-8 (CCK-8) was
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purchased from Dojindo Molecular Technologies (Japan).
The Annexin V-FLUOS/PI staining kit was purchased from
Roche Diagnostics GmbH (Germany). Anti-mouse RhoGDI 2
(3E6), anti-mouse RhoGDI 2 (2D7), anti-mouse -actin (C4),
peroxidase-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology (USA). Anti-mouse caspase 3
antibody and the caspase 3 inhibitor Ac-DEVD-CHO were
purchased from Beyotime Biotechnology (China).

CCK-8 assay. The cytotoxicity assay was carried out according
to the instructions of the CCK-8 kit. Briefly, SAF at concentra-
tions of 1.56, 3.12, 6.25, 12.5 or 25 ug/ml were added into the
culture medium containing 10°/ml HL60 cells and incubated
for 24,48 and 72 h. Then, 10 ul of CCK-8 solution was added
into each well of the 96-well plate, followed by incubation for
2 h and measurement of the absorbance at 450 nm using a
microplate reader (Bio-Rad, USA). The inhibition rate was
(A control - A treated)/A control x 100. The IC, was taken
as the concentration at which it caused 50% inhibition of cell
proliferation (50% reduction in the absorbance value in the
treated cells, in respect to the control).

Annexin V-FLUOS/PI assay. The apoptosis rate was quanti-
fied by detecting the surface exposure of phosphatidyl-serine
in apoptotic cells using the Annexin V-FLUOS/PI staining
kit according to the manufacturer's instructions. Briefly, after
being treated with 4 pug/ml SAF for 24 and 48 h, HL60 cells
were collected and washed twice with cold PBS. Cells (10%)
were resuspended with 100 pl Annexin V-FLUOS labeling
solution and incubated for 15 min at 25°C in the dark. The
number of viable, apoptotic and necrotic cells were quantified
by a flow cytometer (Becton-Dickinson, USA) and analysis
by the CellQuest software. Around 10° cells were analyzed
for each sample. The apoptosis rate (%) was calculated as
(the number of apoptotic cells/the number of total cells
observed) x 100%.

Sample preparation for 2-DE. HL60 cells treated with 4 ug/ml
SAF or DMSO as a control were harvested and washed three
times with cold PBS. The washed cells were centrifuged at
1000 rpm for 5 min, then the pellet was treated with lysis buffer
[9 mol/l urea, 2 mol/l thiourea, 4% (w/v) CHAPS, 50 mM DTT,
5 mM PMSF, 2% ampholytes (pH 3-10)] and incubated at
37°C for 1 h. After centrifugation at 50000 g for 30 min, the
supernatant was harvested and the protein concentration was
determined by 2-D Quant Kit (Amersham Biosciences, USA).
The protein lysate was stored at -80°C until usage.

2-DE and image analysis. Protein samples (200 pg) were
mixed with rehydration buffer [7 mol/l urea, 2 mol/I thiourea,
4% (w/v) CHAPS, 0.2% ampholytes (pH 3-10), 50 mM/l DTT,
and a trace of bromophenol blue]. IEF was carried out with
24 cm immobilized pH gradient strips (pH 3-10, non-linear
gradient; Amersham Biosciences) in the IPGphor (Amersham
Biosciences) for 58000 Volt-h. After focusing, strips were
equilibrated in buffer A [S0 mM/1 Tris-HCI (pH 8.8), 6 mol/l
urea, 30% (v/v) glycerol, 2% (wt/v) SDS, 10 mg/ml DTT] for
15 min, and then in buffer B [50 mM/I Tris-HCI (pH 8.8),
6 mol/l urea, 30% (v/v) glycerol, 2% (w/v) SDS, 25 mg/ml
iodoacetamide] for 15 min. The second-dimension electro-
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Figure 1. Structure of secalonic acid F.
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Figure 2. Inhibition effect of SAF on the proliferation of HL60 cells. The inhi-
bition rate was measured by the CCK-8 kit. Data are shown as means + SD
(n=4). The results showed SAF could potently inhibit HL60 cells in a time and
dose-dependent manner.

phoresis was carried out at a constant current of 15 mA/gel
for about 9 h using the Ettan™ DALTsix Electrophoresis Unit
(Amersham Biosciences) and a MultiTemp III Thermostatic
Circulator (Amersham Biosciences) at 25°C using the 12%
polyacrylamide separation gel. Gels were then stained with a
protein silver stain kit (Bio-Rad) according to the protocol.
Gel image densitometric analysis was performed using the
software PDQuest 8 (Bio-Rad). The intensity of each spot was
normalized by total valid spot volume and reported as relative
value (in ppm). Protein spots were detected automatically and
then modified by manual operation. Only 2-fold differentially
expressed spots with statistically significant differences
(P<0.05) were chosen for further mass spectrometric analysis.

In-gel digestion and MALDI-TOF MS analysis.In-gel digestion
and peptide extraction were performed as previously described
(12). Protein spots were excised manually and destained at
50°C using 200 pl destaining solution (0.016 g/ml sodium
thiosulfate, 0.01 g/ml potassium ferricyanide) and washed with
water for three times. The gel pieces were dehydrated in 100%
acetonitrile and dried in a vacuum centrifuge, then swollen in
3 ul trypsin solution (3 ng/ul) and incubated at 50°C for 2 h.
The mass spectrum was performed on the MALDI-TOF-TOF
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Figure 3. Cell apoptosis assay of HL60 cells mediated by SAF. Apoptosis were detected by Annexin V-FITC/PI double staining and flow cytometry. The
down right quadrant represents early apoptotic cells stained mainly by Annexin V and the upper right quadrant stands for necrotic cells stained by both PI and
Annexin V. The apoptosis rates are shown as means + SD (n=3). The results indicate that SAF (4 ug/ml) treatment for 24 or 48 h could significantly increase the

apoptotic rate of HL60 cells (P<0.05).

5800 mass spectrometer (Applied Biosystems). Protein data-
base searching was performed with the MASCOT search
engine (http://www.matrix-science.com) using mono-isotopic
peaks against the NCBI non-redundant protein database (12).
Mass tolerance was allowed within 0.05%. Proteins with the
protein score CI >95% were considered as credible results.

Western blot analysis. The basic methods of western blot-
ting followed that of Towbin ef al (13). Briefly, proteins were
separated by electrophoresis on 12% polyacrylamide gels,
transferred to PVDF membranes (Millipore, USA) and incu-
bated with anti-mouse caspase 3, anti-mouse RhoGDI 2 (3E6),
anti-mouse RhoGDI 2 (2D7) and anti-mouse B-actin (C4).
After the antibodies reacted with the peroxidase-conjugated
secondary antibody, results were visualized on Kodak films by
using ECL plus reagents (Millipore).

Caspase 3 inhibitor assay. HL60 cells (10°/well) were incu-
bated in 96-well plates overnight. The caspase 3 inhibitor
Ac-DEVD-CHO (20 uM) was added 30 min before SAF (4 ug/
ml) in a final volume of 100 x1 and incubated for different times
(12, 24, 36, 48 and 72 h). HL60 cells treated with SAF (4 ug/
ml) only were used as control. Then the proliferation inhibition
effects of HL60 cells were measured by the CCK-8 assay.

Statistical analysis. Statistical analysis was performed using
the SigmaPlot version 10.0 for Windows (Systat Software) and
statistical differences were determined using the Student's

t-test. P-values <0.05 was considered as statistically significant.
Data were presented as the mean + SD of at least triplicate
determinations.

Results

SAF inhibited HL60 cell proliferation. The dose and time
effects of SAF on HL60 cell proliferation were tested by the
CCK-8 methods. The results indicated that along with the SAF
concentration increasing, the inhibition rate gradually
increased. Meanwhile, the inhibition rate of SAF in HL60
cells increased progressively with the incubation period exten-
sion at the same concentration (Fig. 2). The inhibitory effect of
SAF (5 ug/ml) was apparent and achieved the ~50% inhibition
rate after 24-h treatment. SAF (5 ug/ml) incubation for 48 and
72 h resulted in inhibition rates of ~70% and ~90%, respec-
tively. The 50% inhibition concentration (ICsy) of SAF in
HL60 cells was 4.1+0.16 ug/ml after incubation for 48 h. Thus,
4 ug/ml SAF was chosen for subsequent experiments.

SAF induced HL60 cell apoptosis. To clarify whether SAF
induces cell apoptosis in HL60 cells, the cells were exposed
to Annexin V-FLUOS and propidium iodide double staining
and flow cytometry assay after treating with 4 pg/ml SAF
for 0, 24 and 48 h. The results showed that apoptosis rates
were 0.15+0.08%, 8.58+0.29% and 12.37+0.22%, respectively.
(Fig. 3). The apoptosis rate was significantly increased in the
24 and 48 h groups (P<0.05).
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Figure 4. Representative 2-DE images (n=3). HL60 cells with adding DMSO as the control and SAF (4 yg/ml) for 24 and 48 h. Results showed about 1000 spots

per image and the circled spots indicate differentially expressed proteins.
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Figure 5. Ten differentially expressed proteins. Densitometric analysis results revealed ten significantly differentially expressed proteins including 5 upregulated

and 5 downregulated (P<0.05) proteins.

SAF induced RhoGDI 2 differential expression by 2-DE and
MS. The two-dimensional gels (Fig. 4) showed the separation
of the about 1000 protein spots from HL60 cells. The 2-DE
experiments were conducted in triplicate for the control
(DMSO) and test groups by adding 4 xg/ml SAF into HL60
cells for 24 and 48 h. Through statistical analysis, the expres-
sion of 10 protein spots were found to be significantly changed
(Fig. 5) and were identified by MALDI-TOF MS (Table I). The
5 downregulated spots were methylosome subunit (ICLN),
nucleophosmin (NPM), RhoGDI 2 (GDIR2,,), Ran-specific
GTPase-activating protein (RANG) and cofilin-1 (COF1).
The 5 upregulated spots were Hsp90 § (HS90B), 40s ribo-

somal protein SA (RSSA), actin cytoplasmic 2 (ACTG) and 2
RhoGDI 2 (GDIR2,,, GDIR2,;).

SAF induced caspase 3 activation and RhoGDI 2 cleavage by
western blot analysis. Three spots were identified as RhoGDI 2
but only the spot (GDIR2,)) that displayed decreased abun-
dance had a pI and apparent molecular weight consistent with
the theoretical values for the native protein. The other two
spots (GDIR2,,, GDIR2,;) that displayed increased abundance
had higher plI values and lower molecular weights. To further
characterize these three protein spots, western blotting was
carried out using two different antibodies against RhoGDI 2,
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Table I. Details of the 10 differentially expressed proteins by MALDI-TOF MS.

Change
Protein Abbreviation Protein score  Accession no. Mw (kDa)/PI 24 h 48 h
Actin cytoplasmic 2 ACTG 218 P63261 41.76/5.31  Unchanged Up
40s ribosomal protein SA RSSA 366 P08865 32.83/4.79  Up Up
Hsp90-p HS90B 352 P08238 83.21/497 Up Up
Rho GDP-dissociation inhibitor 2 GDIR2,, 223 P52566 22.97/5.1 Up Up
Rho GDP-dissociation inhibitor 2 GDIR2,; 145 P52566 22.97/5.1 Up Up
Methylosome subunit plcln ICLN 70 P54105 26.19/397  Down Down
Rho GDP-dissociation inhibitor 22 GDIR2,, 408 P52566 2297/5.1 Down Down
Ran-specific GTPase-activating protein ~~ RANG 105 P43487 23.29/5.19  Down Down
Cofilin-1 COF1 59 P23528 18.49/8.22  Down Down
Nucleophosmin B23 NPM 244 P06748 32.55/4.64  Down Down
A Control  24h  48h B Control 24h 48h
<+— 35kDa 356 kDa
Caspase 3 Caspase 3
«—A17 kDa
Rho GDI 24 +—28 kDa
23 kDa

il

+—42 kDa

Figure 6. Validation of of RhoGDI 2 and caspase 3 in HL60 cells by western blotting. (A) RhoGDI 2 and caspase 3 expression in HL60 cells treated with SAF
(4 pg/ml). (B) RhoGDI 2 and caspase 3 expression in HL60 cells treated with Ac-DEVD-CHO (20 M) for 30 min before SAF (4 pg/ml). $-actin was used
as the reference. The results indicated that SAF could activate caspase 3 and result in the downregulated expression of full length RhoGDI 2 and upregulated
expression of truncated RhoGDI 2, the caspase 3 cleavage product. Ac-DEVD-CHO pre-treatment could abolish this changing profile.

anti-mouse RhoGDI 2 (2D7) that recognizes full length
RhoGDI 2 and anti-mouse RhoGDI 2 (3E6) that specifically
recognizes the caspase 3 cleavage product of RhoGDI 2. The
results (Fig. 6A) showed that a band around 28 kDa standing
for the full length RhoGDI 2 downregulated while a band
about 23 kDa representing the caspase 3 cleaved products of
RhoGDI 2 upregulated obviously after treating HL60 cells
with 4 ug/ml SAF for 24 and 48 h. Caspase 3 was also activ-
ated during these processes.

Caspase 3 inhibitor Ac-DEVD-CHO reduced the prolif-
eration inhibition effect induced by SAF. After the caspase 3
inhibitor Ac-DEVD-CHO (20 pM) was added, the altered
expression profile of caspase 3 and RhoGDI 2 was abolished
(Fig. 6B). Also the caspase 3 inhibitor assay results showed that
Ac-DEVD-CHO can significantly reduce SAF-induced HL60
cell proliferation inhibition at 24-72 h (Fig. 7).
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Figure 7. Ac-DEVD-CHO reduced growth inhibition effect of SAF on
HLG60 cells. The inhibition rate was measured by the CCK-8 kit. Data are
shown as means + SD (n=4). The results showed that the caspase 3 inhibitor
Ac-DEVD-CHO could significantly reduce SAF-induced HL60 cell prolif-
eration inhibition at 24-72 h (P<0.05).
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Discussion

Malignant tumors are an increasing public health problem and
are the number one cause of death in humans (14). Developing
novel antitumor drugs is of great significance for tumor
therapy. We found that SAF separated from the secondary
metabolites of the deep sea originated fungus Penicillium
sp. F11 showed potent antitumor activity. In this study, we
conducted further investigations to elucidate the cytotoxic
activity of SAF in HL60 cells and the possible mechanisms
involved.

Our experimental data showed that SAF potently inhibited
the proliferation of HL60 cells in a dose- and time-dependent
manner and the half inhibitory concentration was calculated
as 4.1+0.16 pug/ml. Whether the cytotoxic activity is through
apoptosis or necrosis was further tested by Annexin V-FLUOS/
PI assay and the results showed that SAF could induce HL60
cell apoptosis. Western blotting also indicated the activation
of caspase 3, an important apoptosis-related protein after SAF
treatment. To better understand the cytotoxicity related mecha-
nism at the proteomic level, the 2-DE method was utilized and
results revealed that caspase 3 induced cleavage of RhoGDI 2
in SAF-treated HL60 cells.

RhoGDI 2 (also named D4-GDI or Ly-GDI), belongs to
the family of GDP dissociation inhibitors (GDIs) that include
RhoGDI 1, RhoGDI 2 and RhoGDI 3. GDIs are cellular
regulatory proteins which control the cellular distribution and
activity of RhoGTPases (15-17). RhoGDI 2 is expressed prefer-
entially in hematopoietic tissues and B- and T-lymphocyte
cell lines (18) while RhoGDI 1 is expressed ubiquitously and
RhoGDI 3 is expressed in the brain, lung, kidney, testis and
pancreas (19). However, accumulating evidence indicates that
RhoGDI 2 is aberrantly expressed in several human cancers
and can function as a positive or negative regulator of cancer
progression (20). Interruption of the RhoGDI 2-mediated
cancer cell invasion and metastasis by an interfacial inhibitor
may be a powerful therapeutic approach to cancer.

The N-terminus of RhoGDI 2 contains a cleavage site for
caspase 3 (DELD"S) and caspase 1 (LLGD>G) (21). Cleavage
of RhoGDI 2 as a consequence of caspase 3 activation during
apoptosis induced by drugs, like mycophenolic acid (22),
daunorubicin (23), taxol and epirubicin (24) has been previously
observed. In our research, three spots (1 downregulated and 2
upregulated) were also identified as RhoGDI 2 through 2-DE
and western blotting verified that the full length RhoGDI 2
decreased in abundance and that the caspase 3 cleaved product
of RhoGDI 2 decreased in abundance. The apparent shift in
the isoelectric points of GDIR2,, (pI=5.01) and its cleavage
product GDIR2,, (pI=6.78) is consistent with the loss of 9
acidic-amino acids from the N-terminus. Different degrees
of phosphorylation of the two cleavage products GDIR2,, and
GDIR2,; could provide a possible explanation for the slight
differences in mobility (25).

RhoGDI 2 was cleaved in the cytoplasm and subsequently
translocated to the nucleus (26). It has been reported (25) that
overexpression of caspase 3 cleaved product of RhoGDI 2 in
K562 cells could not affect cell proliferation but increased
the sensitivity to apoptosis induction by PSI or staurosporine
treatment. Nuclear export of the caspase 3 cleaved product of
RhoGDI 2 abolished this apoptosis promoting property. We
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also blocked RhoGDI 2 cleavage through caspase 3 inhibitor
assay, and the results indicated that SAF induced cell prolifera-
tion inhibition was significantly impaired. These experiments
nevertheless suggested that the caspase 3 cleaved product of
RhoGDI 2 could accelerate drug-induced apoptosis.

A previous study has shown that SAD (10), the isomeric
compound of SAF, could induce apoptosis in HL60 cells by
cell cycle arrest of the G1 phase related to downregulation of
c-Myc which was demonstrated to be the result of the activation
of GSK-3p followed by degradation of f-catenin. RhoGDI 2
was also expressed in HL60 cells treated with SAD (1.2 yuM)
and the results of western blotting showed the same altered
profile with SAF (data not shown). Based on our data, it is
inferred that SAF and SAD could also promote the apoptosis
procession through caspase 3 cleavage of RhoGDI 2.

In conclusion, SAF showed potent cytotoxicity and induced
apoptosis in HL60 cells. Caspase 3-dependent RhoGDI 2
cleavage was also verified during SAF treatment. Although
further studies are needed, our data shed some light on the
activities and the cytotoxic mechanisms of SAF.
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