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Abstract
Aniline exposure is associated with toxicity to the spleen leading to splenomegaly, hyperplasia,
fibrosis and a variety of sarcomas of the spleen on chronic exposure. In earlier studies, we have
shown that aniline exposure leads to iron overload, oxidative stress and activation of redox-
sensitive transcription factors, which could regulate various genes leading to a tumorigenic
response in the spleen. However, molecular mechanisms leading to aniline-induced cellular
proliferation in the spleen remain largely unknown. This study was, therefore, undertaken on the
regulation of G1 phase cell cycle proteins (cyclins), expression of cyclin-dependent kinases
(CDKs), phosphorylation of retinoblastoma protein (pRB) and cell proliferation in the spleen, in
an experimental condition preceding a tumorigenic response. Male SD rats were treated with
aniline (0.5 mmol/kg/day via drinking water) for 30 days (controls received drinking water only),
and splenocyte proliferation, protein expression of G1 phase cyclins, CDKs and pRB were
measured. Aniline treatment resulted in significant increases in splenocyte proliferation, based on
cell counts, cell proliferation markers including proliferating cell nuclear antigen (PCNA), nuclear
Ki67 protein (Ki67) and minichromosome maintenance (MCM), MTT assay and flow cytometric
analysis. Western blot analysis of splenocyte proteins from aniline-treated rats showed
significantly increased expression of cyclins D1, D2, D3 and cyclin E, as compared to the
controls. Similarly, real-time PCR analysis showed significantly increased mRNA expression for
cyclins D1, D2, D3 and E in the spleens of aniline-treated rats. The overexpression of these
cyclins was associated with increases in the expression of CDK4, CDK6, CDK2 as well as
phosphorylation of pRB protein. Our data suggest that increased expression of cyclins, CDKs and
phosphorylation of pRB protein could be critical in cell proliferation, and may contribute to
aniline-induced tumorigenic response in the spleen.
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Introduction
Aniline, an aromatic amine, is a widely used industrial chemical with an annual production
of over 1 billion pounds in the United States (Di Girolamo et al., 2009). Besides inducing
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hemolysis, and hemolytic anemia, aniline exposure is also associated with damage to the
spleen leading to splenomegaly, hyperplasia, fibrosis, and the eventual formation of highly
malignant soft tissue or mesenchymal tumors, most commonly fibrosarcomas on chronic
exposure in rats (Goodman et al., 1984; Weinberger et al., 1985; Bus and Popp, 1987; Khan
et al., 1993, 1999a). Splenomegaly is one of the earliest characteristic feature of aniline-
induced splenotoxic responses preceding fibrosis and sarcomas (Weinberger et al., 1985;
Bus and Popp, 1987; Khan et al., 1997, 1999a; Wang et al., 2005). As evidenced from
previous studies, splenomegaly and splenotoxicity were associated with increased red pulp
cellularity, increases in macrophages and fibroblasts, and such changes as iron overload,
oxidative stress and activation of redox-sensitive transcription factors (Khan et al., 1997,
1999a, 1999b, 2003a, 2006; Wang et al., 2005, 2008). However, molecular mechanisms
leading to aniline-induced cellular proliferation in the spleen remain largely unknown.

Cell proliferation, a complex and tightly controlled process, plays a fundamental role in
chemical-induced cell injury, including the injury which leads to neoplasia (Swenberg et al.,
1983; Williams and Iatropoulos, 2002; Park et al., 2009). Increases in cell proliferation and
changes in cell cycle are essential ingredients of many stages of chemical carcinogenesis
(Emmendoerffer et al., 2000; Williams and Iatropoulos, 2002; Park et al., 2009). The phases
of the cell cycle include G1 (Gap 1), S (synthesis of DNA), G2 (Gap 2) and M (mitosis). G0
is a phase of resting cells outside the cell cycle. When cells are stimulated by exogenous
stimuli, they enter to the first gap phase (G1) from G0. Two of the most important group of
proteins involved in the cell cycle machinery are cyclins and cyclin-dependent kinases
(CDKs) (Murray, 2004; Chulu and Liu 2009). Cell cycle progression is driven by changes in
cyclin-CDK complexes, and if control of the cell cycle is disrupted, progress through the
cycle might be stimulated by overexpressed cyclins, enhanced CDK activity or inactivated
CDK inhibitors (Malumbres and Barbacid, 2001; Chulu and Liu 2009). Induction of cyclins
leads to their binding and activation of the associated CDK4, CDK6 or CDK2 (Hunter and
Pines, 1994; Keyomarsi et al., 1995; Sherr, 1995; Malumbres and Barbacid, 2001). In
mammalian cells, cyclin D-CDK4/6 and cyclin E-CDK2 complexes are required to promote
cell cycle entrance from quiescence, progression through the G1 phase and transition from
G1 into S phase in response to mitogenic stimulation (Pardee, 1989; Malumbres and
Barbacid, 2001; Chulu and Liu 2009). Deregulation of G1 cyclins is associated with
tumorigenesis, and altered CDKs in G1 phase can also contribute to oncogenic process
(Hunter and Pines, 1994; Keyomarsi et al., 1995; Malumbres and Barbacid, 2009).

The G1 phase of the cell cycle is a functional period during which cells prepare for S phase,
and the control of post-embryonic cell proliferation occurs before S phase (Pardee, 1989;
Lundberg and Weinberg, 1999). There is a check point in the G1-S transition, termed as
‘restriction point’ or ‘R point’ (Pardee, 1989), and R point is a central event in normal
cellular proliferation control (Lundberg and Weinberg, 1999), because it determines if a
normal proliferating cell in G1 will continue to cycle or will revert to quiescence. The
retinoblastoma proteins (pRB) are best known for their roles in restraining the G1-S
transition through the regulation of E2 transcription factor (E2F)-responsive genes. There
are a variety of cyclin/CDK complexes formed during distinct phases and time windows of
the cell cycle, however, they may both get co-overexpressed and modify pRB (Weinberg,
1995; Lundberg and Weinberg, 1998, 1999). Cyclin D-CDK4/6 and cyclin E-CDK2
complexes sequentially phosphorylate the pRB (Hatakeyama et al., 1994; Lundberg and
Weinberg, 1998; Harbour et al., 1999), and the hyper-phosphorylated proteins release the
E2F transcription factors that are required for the S phase entry (Sherr and Roberts, 1999;
Sherr, 2000).

The precise molecular mechanisms in aniline-induced splenotoxicity, especially the
molecular events in splenocyte proliferation and expression of the proteins which regulate
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cycling cells are unknown. This study was, therefore, focused on evaluating the cellular
proliferation and expression of cell cycle proteins, especially G1 phase cyclins and CDKs in
an experimental condition preceding a tumorigenic response, but known to induce iron
overload and oxidative stress in the spleen (Khan et al., 1999a, 1999b; Wang et al., 2008)
following aniline insult.

Materials and methods

Animals and treatments—Male Sprague-Dawley rats (~200g), obtained from Harlan
Sprague-Dawley (Indianapolis, IN), were housed in wire-bottom cages over adsorbent paper
with free access to tap water and Purina lab chow and maintained in a controlled
environment animal room (temperature, 22°C; relative humidity, 50%; photoperiod, 12-h
light/dark cycle) for 7 days prior to the treatments. The experiments were performed in
accordance with the guidelines of the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee at University of Texas Medical Branch. The
animals were divided into two groups of six each. One group of animals received 0.5 mmol/
kg/day aniline hydrochloride (~97%; Aldrich, Milwaukee, WI) via drinking water (pH of the
solution adjusted to ~ 6.8), while the other group received water only and served as controls
(Khan et al., 1993, 1999a, 1999b, 2003a, 2006; Wang et al., 2005; Ma et al., 2008). The
drinking pattern of experimental and control rats was similar. Choice of dose and duration of
exposure was based on earlier studies (Khan et al., 1993, 1999a, 1999b, 2006; Wang et al.,
2005; Ma et al., 2008). After 30 days, the animals were euthanized under nembutal (sodium
pentobarbital) anesthesia and the spleens were aseptically removed, weighed and divided
into several portions for use in various analyses. Portions of the spleen were snap-frozen in
liquid nitrogen and stored at −80°C for RNA isolation and protein extraction, whereas
another portion of the spleen was processed to obtain splenocytes.

Isolation and culture of splenocytes—A portion of the spleen was passed through a
cell strainer (BD Biosciences, Bedford, MA) in RPMI 1640 culture medium. The cell
suspension was centrifuged at 1000 g for 5 min at 4°C. The cells were resuspended with
Hanks’ balanced salt solution (HBSS) without calcium and magnesium. The splenocytes
were isolated as described earlier (Khan et al., 2006; Wang et al., 2008). Briefly, the
suspended cells were layered onto 6 ml of Histopaque 1083 (Sigma Chemical Co., St. Louis,
MO) and centrifuged at 700 g for 30 min at 20°C. After centrifugation, the splenocyte layers
were carefully removed, transferred to 50 ml Falcon plastic tubes, and washed twice with 20
ml HBSS. The cells were resuspended in RPMI 1640 culture medium supplemented with
2mM L-glutamine, 50 μg/ml gentamycin and 10% heat inactivated FBS (Sigma).
Splenocytes were counted microscopically and the cell viability was determined by trypan
blue exclusion method. The viability of splenocytes isolated from both control and aniline-
treated rats was more than 95%.

MTT assay—MTT (3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) was
dissolved in phosphate buffered saline (PBS, 5 mg/ml) and filtered through 0.22 μm filter.
The MTT assay was done as described earlier (Mosmann, 1983) with minor modifications.
Briefly, the isolated splenocytes, suspended in complete RPMI 1640, were plated in 96-well
flat bottom plates (1 × 105/100 μl/well) (Corning Inc., Corning, NY) and cultured in a
humidified incubator with 5% CO2 at 37°C for 24, 48 and 72 h. After addition of 20 μl MTT
solution in each well, the incubation was continued for another 4 h at 37°C. One hundred μl
of stop solution (10% SDS-0.01 N HCl) was then added to each well, and the absorbance
was read at 570 nm (test) and 630 nm (reference) 5 minutes later.
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Flow cytometric analysis for splenocyte proliferation—Splenocytes isolated from
control and aniline-treated rats were labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) using the CellTrace CFSE Cell Proliferation kit (Molecular Probes, Eugene,
OR) and then plated into 24-well flat-bottom plates at 1× 106/well in a total volume of 1ml.
The splenocytes were incubated at 37°C with 5% CO2, and after 72h, harvested for flow
cytometric analysis using a Becton-Dickinson FacsCanto flow cytometer (BD Biosciences,
San Jose, CA).

Preparation of total protein extracts—Total spleen tissue lysates were prepared by
using the lysis buffer essentially as described by the manufacturer (Cell Signaling, Beverly,
MA). Protein concentration in the lysates was determined by Bio-Rad Protein Assay kit
(Bio-Rad Laboratories, Hercules, CA). The lysates were used for the detection of cyclin D1,
cyclin D2, cyclin D3, cyclin E, CDK2, CDK4, CDK6, pRB and phospho-pRB proteins.

Preparation of nuclear protein extracts (NEs)—NEs were prepared essentially as
described earlier (Ma et al., 2008). Spleen tissues (from control and aniline-treated rats)
were cut into small pieces, homogenized briefly with a loose glass pestle in cold hypotonic
buffer [10mM HEPES-KOH, 10 mM KCl, 100μM EDTA, 100 μM EGTA, 1 mM DTT,
0.5mM PMSF, 2 μg/ml pepstatin, and a complete protease inhibitor cocktail (Roche,
Germany)], and incubated on ice for 20min. Tissues were then further homogenized using a
tight pestle and centrifuged at 800g for 4 min to obtain nuclear pellets. Pellets were gently
washed two times with homogenizing buffer. Nuclear proteins were extracted in a high salt
buffer (20mM HEPES-KOH, 410 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1mM DTT, 1
mM PMSF, 2 μg/ml pepstatin, and protease inhibitor cocktail) by incubating for 45min on
ice with reverse mixing at intervals of 10 min. The NEs were cleared by centrifugation
(16,000g, 10 min) and adjusted to 15% with glycerol and stored at −80°C until further
analysis. Protein concentration was determined by using Bio-Rad detergent compatible (DC)
protein assay reagents (Bio-Rad). The nuclear protein extracts were used for the detection of
proliferating cell nuclear antigen (PCNA), nuclear Ki67 protein (Ki67) and
minichromosome maintenance (MCM) proteins (cell proliferation markers).

Western blot analysis for protein expression—Western blot analysis was performed
following previous studies (Khan et al., 2006; Wang et al., 2008, 2010). Lysates containing
50 μg of total proteins from whole spleen or nuclear extracts were resolved by SDS-PAGE
(10%) and transferred to PVDF membranes (Amersham, Arlington Heights, IL). After
blocking with non-fat dry milk (5%, w/v), the membranes were incubated with antibodies
specific for the above mentioned proteins (Santa Cruz Biotechnology, Santa Cruz, CA) for
detecting their expression. To confirm even loading, membranes were stripped and probed
with an actin antibody (Sigma). Blots were quantitated by densitometry and normalized
using the actin signal to correct for differences in loading of the proteins from the control
and experimental groups. All other procedures for immunoblotting were the same as
described earlier (Khan et al., 2006; Wang et al., 2008, 2010).

Real-time PCR analysis for cyclins D1, D2, D3 and cyclin E gene expression in splenocytes
RNA isolation—Total RNA was isolated from spleen tissues using a RiboPure kit
(Ambion, Austin, TX) as per the manufacturer’s instructions. To eliminate genomic DNA
contamination, isolated RNA was treated with RNase-free DNase I (DNA-free kit; Ambion).
The total RNA concentration was determined by measuring the absorbance at 260 nm. RNA
integrity was verified electrophoretically by ethidium bromide staining and by measuring the
A260/A280 ratio.
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Real-time RT-PCR—Real-time RT-PCR was performed essentially as described earlier
(Wang et al., 2005, 2008, 2010; Ma et al., 2008). First-strand cDNA was prepared from total
RNA by using the SuperScript first-strand synthesis kit (Invitrogen, Carlsbad, CA) as per the
manufacturer’s instructions. Real-time PCR employing a two-step cycling protocol
(denaturation and annealing/extension) was carried out using a Mastercycler Realplex
(Eppendorf, Westbury, NY) and the primer pairs used in the real-time PCR process are
shown in Table 1. For each cDNA sample, parallel reactions were performed in triplicate for
the detection of 18S and rat cyclins D1, D2, D3 and cyclin E. The reaction samples in a final
volume of 25μl contained 2 μl cDNA templates, 2 μl primer pair, 12.5 μl iQ SYBR Green
Supermix, and 8.5μl water. Amplification conditions were identical for all reactions: 95°C
for 2min for template denaturation and hot-start before PCR cycling. A typical cycling
protocol consisted of three stages, 15s at 95°C for denaturation, 30 s at 60°C for annealing,
and 30s at 72°C for extension and an additional 20-s hold for fluorescent signal acquisition.
To avoid nonspecific signal from primer dimers, the fluorescence signal was detected at 2°C
below the melting temperature (Tm) of individual amplicons and above the Tm of the primer
dimmers. A total of 40 cycles were performed.

Quantitation of PCR was done using the comparative CT method as described in User
Bulletin No. 2 of Applied Biosystems (Foster City, CA) and reported as fold difference
relative to the calibrator cDNA (QuantumRNA Universal 18S standards; Ambion). The fold
changes in cyclins D1, D2, D3, cyclin E cDNA (target gene) relative to the 18S endogenous
control were determined as fold change= 2 − ΔΔCT, where ΔΔCT= (CT aniline −CT 18S) −
(CT control − CT 18S).

Statistical analyses—All data are expressed as means± SD. Comparison between the
groups was made by p value determination using Student’s two-tailed t-test (GraphPad
InStat 3 software, La Jolla, CA). A p value of <0.05 was considered to be statistically
significant.

Results
Spleen weight and splenocyte population changes in aniline-treated rats

The body weight gain pattern of aniline-treated rats was similar to the controls (data not
shown). However, spleens from aniline-treated rats appeared dark and remarkably enlarged
(splenomegaly), and spleen weight in the aniline-treated rats (1.34 ± 0.09 g) increased by
79% in comparison to the controls (0.75 ± 0.04 g). Similarly, the spleen-to-body weight
ratio also showed an increase of 84% in the aniline-treated rats. Also, the splenocyte
population in the aniline-treated rats (304.0 ± 30.1 ×106) increased by 52% in comparison to
control rats (200.0 ± 9.7 × 106), suggesting that the observed splenomegaly is due not only
to the deposition of damaged erythrocytes but also to recruitment and/or proliferation of
splenic cells.

Effects of aniline exposure on cell proliferation markers
Since our data clearly demonstrated an increased splenocyte population following aniline
treatment, it was also deemed necessary to investigate the cell proliferation by measuring the
expression of conventional proliferation markers, i.e., PCNA and Ki67 (Stuart-Harris et al.,
2008). The results of PCNA and Ki67 expression are shown in Fig. 1. As evident from the
figure, aniline exposure led to a 216% increase in splenic PCNA levels, whereas Ki67 levels
increased by 247% in comparison to controls.

MCM proteins play an essential role in DNA replication. They are not expressed in somatic
cells that have been withdrawn from the cell cycle, but highly expressed in proliferating
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cells throughout the cycle. Thus, MCM proteins represent reliable markers for cell
proliferation, cell cycle deregulation and probably tumor prognosis (Sington et al., 2004;
Korkolopoulou et al., 2005). The protein expression of MCM2, considered the most reliable
member of MCMs (Korkolopoulou et al., 2005), was quantified in the current study. Aniline
treatment led to significantly increased (275%) expression of MCM2 in the spleens (Fig. 1).
Taken together, our data showed that aniline exposure clearly induced overexpression of
PCNA, Ki67 and MCM2, suggesting not only increased cell proliferation, but also the
potential for leading to a tumorigenic response in the spleen.

Aniline exposure leads to enhanced cell proliferation ex vivo
To determine the capacity for proliferation of splenocytes ex vivo, MTT assay was carried
out and the results are shown in Fig. 2. After incubation in complete RPMI 1640 for 24, 48
and 72 h, the proliferation rate of splenocytes from control rats did not change, while the
proliferation rate of splenocytes from aniline-treated rats was significantly increased by
37%, 66% and 141% at 24, 48 and 72 h, respectively, in comparison to the respective
controls.

To further examine the impact of aniline exposure on splenocytes, the cell proliferation was
also quantified using flow cytometric analysis. As evident from Fig. 3, splenocytes from
aniline-treated rats showed 143% increase in cell proliferation compared to the controls after
culturing for 72h. These results further support the findings of MTT assay, and suggest that
the splenocytes from aniline-treated rats were primed and showed greater potential for
proliferation in culture medium without further stimulation.

Effects of aniline exposure on protein expression of cyclins D1, D2, D3 and E
There is increasing evidence that cyclins play important roles in regulating cell cycle
progression (Malumbres and Barbacid, 2001; Olashaw and Pledger, 2002; Murray, 2004;
Chulu and Liu, 2009). Induction of cyclins leads to their binding and activation of the
associated CDKs, such as CDK2, CDK4 and CDK6 (Hunter and Pines, 1994; Sherr, 1995;
Malumbres and Barbacid, 2001). In mammalian cells, cyclin D-CDK4/6 and cyclin E-CDK2
complexes are required to promote cell cycle entrance from quiescence, progression through
the G1 phase and transition from G1 into S phase in response to mitogenic stimulation
(Sherr, 1995; Malumbres and Barbacid, 2001; Chulu and Liu, 2009). As shown in Fig. 4, the
protein expression of cyclins D1, D2 and D3 from the spleens of aniline-treated rats
increased by 129%, 99% and 284%, respectively, than the controls. Cyclin E level also
increased and showed a remarkable increase of 938% than the controls.

Impact of aniline exposure on mRNA expression of cyclins
The D-type cyclins and cyclin E play key role in promoting pRB hyperphosphorylation and
resulting cell cycle progression via assembling with CDKs to form cyclin-CDK complexes
(Hatakeyama et al., 1994; Weinberg, 1995; Menon and Goswami, 2007; Chulu and Liu,
2009). Western blot analysis data in this study demonstrated that aniline treatment induced
significant increases in protein expression of cyclins D and cyclin E in spleen tissues. To
investigate whether aniline exposure also affects expression of cyclins at gene levels, cyclins
D1, D2, D3 and cyclin E mRNA levels were analyzed by real-time PCR and the findings are
shown in Fig. 5. Aniline exposure resulted in 1.84, 2.08, 4.82 and 12.82 fold increases,
respectively, in cyclins D1, D2, D3 and cyclin E mRNA expression as compared to their
respective controls, further supporting the observed increases in protein levels following
aniline exposure.
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Aniline exposure increases the expression of CDKs
CDKs are core components of the cell cycle machinery and the vital regulators driving cell
cycle progression (Malumbres and Barbacid, 2001; Olashaw and Pledger, 2002; Chulu and
Liu, 2009; Malumbres and Barbacid, 2009). CDKs are enzymatically active when associated
with cyclines, and three sets of cyclin-CDK complexes including cyclin D-CDK4, cyclin D/
CDK6 and cyclin E-CDK2 complexes are sequentially assembled and activated during the
G1 phase (Malumbres and Barbacid, 2001; Chulu and Liu, 2009). In order to evaluate the
roles of CDKs in the cell cycle regulation of splenocytes, expression of CDK2, CDK4 and
CDK6 was analyzed by using Western blot as presented in Fig. 6. CDK2, CDK4 and CDK6
protein expression in aniline-treated rats showed 338%, 343% and 556% increases,
respectively, in comparison to the controls. These findings further suggest that aniline
exposure has a stimulatory effect on the expression of cell cycle regulatory proteins.

Aniline exposure promotes pRB phosphorylation
The retinoblastoma protein (pRB) and pRB-related p107 and p130 comprise the “pocket
protein” family, and are the primary substrates for CDK4/6 and CDK2 in G1 progression
(Lundberg and Weinberg, 1998; Harbour et al., 1999; Malumbres and Barbacid, 2001;
Cobrinik, 2005). Phosphorylation of pRB causes the inactivation of the growth inhibitory
function of pRB via releasing E2F from an inhibitory complex, enabling it to promote the
transcription necessary for progression into late G1 and S phase (Weinberg, 1995; Lundberg
and Weinberg, 1998; Cobrinik, 2005). As evident from Fig 7, aniline treatment resulted in
about ~8 fold increase in phospho-pRb protein expression in the spleens, whereas no
changes were observed in total pRB, suggesting the importance of pRB phosphorylation in
cell cycle progression following aniline exposure.

Discussion
Exposure to aniline is associated with toxicity to the spleen, which is characterized by
splenomegaly, hyperplasia, fibrosis, and a variety of sarcomas on chronic exposure in rats
(Goodman et al., 1984; Weinberger et al., 1985; Bus and Popp, 1987; Khan et al., 1993,
1999a, 2006; Pauluhn, 2004). Splenomegaly is one of the earliest characteristic features of
aniline insult (Goodman et al., 1984; Weinberger et al., 1985; Bus and Popp, 1987; Khan et
al., 1993, 1997, 2006). Despite the well-documented splenotoxic effects and tumorigenic
responses resulting from aniline exposure (Bus and Popp, 1987; Khan et al., 1999a, 2006),
precise cellular and molecular events and consequences of such events to eventual formation
of fibrosarcomas are not known. In the present study, we report deregulation of G1 phase
cyclins, enhanced expression of CDKs and phosphorylation of pRB in aniline-induced
cellular proliferation in the spleen.

Consistent with earlier studies, we not only found that the spleens from the rats treated with
aniline appeared dark and remarkably enlarged (Khan et al., 1999a, 1999b, 2003a, 2003b,
2006), but also observed substantial increases in the splenocyte population, suggesting that
the splenomegaly is due not only to the deposition of damaged erythrocytes, but also to
increased recruitment and/or proliferation of splenocytes. To further verify if aniline
exposure indeed induces cellular proliferation and contributes to splenomegaly, molecular
biomarkers of cell proliferation were evaluated. The most widely used conventional cell
proliferation markers, PCNA and Ki67, identify proliferating cells because their expression
coincides with DNA synthesis (Scholzen and Gerdes, 2000; Stuart-Harris et al., 2008). The
observed increases in protein expression of both PCNA and Ki67 in this study suggest that
aniline exposure promotes cell proliferation in the spleen. Since the cell proliferation marker
PCNA might not be expressed until late G1, an extended stage in many proliferating cells,
one more marker MCM2 was also evaluated. The MCM family of proteins (MCMs 2–7) are
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expressed at high levels in proliferating cells but down-regulated following cell cycle exit,
making them very useful in distinguishing cycling cells from quiescent cells (Blow and
Hodgson, 2002; Sington et al., 2004; Korkolopoulou et al., 2005). MCMs, therefore, serve
as useful biomarkers of cell cycle progression, and deregulation of MCM function may
contribute to tumorigenesis (Sington et al., 2004; Korkolopoulou et al., 2005; Lei, 2005).
Aniline treatment in this study also led to greater MCM2 expression in the spleens. Taken
together, the results from above three biomarkers, especially MCM2, as well as the increases
in the spleen weight and splenocyte population, are not only indicative of cellular
proliferation, but also suggest a potential progression to a tumorigenic response in the
spleen.

To further evaluate the proliferation of splenocytes, MTT assay and flow cytometric analysis
for splenocyte proliferation was conducted ex vivo. Both MTT and flow cytometric analyses
data showed significantly increased proliferation rate for splenocytes from aniline-treated
rats. The MTT data generally represents the final account of cell proliferation, and this assay
can not exhibit the complexity of the cell proliferative processes in vitro (Mosmann, 1983;
Muul et al., 2008). However, this limitation was overcome by flow cytometric assessment
which measures the proliferation of individual cells and the cell cycle progression via
visualizing up to 10 discrete cycles of cell division (Lyons, 2000; Muul et al., 2008). Thus, it
is evident from the data on cell proliferation markers, MTT assay and flow cytometry that
aniline exposure not only induced a proliferative response in vivo, but the splenocytes were
also “primed” or “activated” and entered cell cycle progression in culture (ex vivo). Even
though the mechanism(s) by which aniline induces a proliferative response for splenocytes
is not known, one possibility appears to be iron overload and generation of reactive oxygen
species (oxidative stress) which may serve as mitogenic stimulators, initiating the cell cycle
progression from G0 and through the G1-S restriction point (Emmendoerffer et al., 2000;
Pietrangelo, 2003; Brown et al., 2006; Olguín-Martínez et al., 2006; Kinoshita et al., 2007;
Menon and Goswami, 2007; Sarsour et al., 2009).

Even though our data provided a compelling evidence that aniline exposure induces greater
splenocyte proliferation, molecular mechanisms how aniline leads to such response is not
known. Cell cycle progression plays pivotal role in cell proliferation, and the mechanisms of
cell-cycle regulation in aniline-induced splenic toxicity remain unexplored. To overcome
this, we especially focused on unraveling how aniline treatment influences the transition
from quiescence to growth, the step considered as critical in cell cycle progression. This
interval is particularly important since in adult tissues, most cells are withdrawn from the
cell cycle and maintained in a quiescent state (G0), and cells in adult spleens would
presumably re-enter the cell cycle and resume proliferation only in response to injury
activation, or to replace cells lost during normal function (Pardee, 1989). G1 phase is
regulated by cyclin D-CDK4, cyclin D-CDK6 and cyclin E-CDK2 complexes (Hunter and
Pines, 1994; Sherr, 1995). Cell cycle progression is driven by changes in cyclin-CDK
complexes, and if control of the cell cycle is disrupted, progress through the cycle might be
stimulated by overexpressed cyclins, enhanced CDK activity or inactivated CDK inhibitors
(Hunter and Pines, 1994; Sherr, 1995; Malumbres and Barbacid, 2001; Chulu and Liu,
2009).

In this study, we not only observed significantly increased protein expression of cyclins (D1,
D2, D3, and E), and CDKs (CDK2, CDK4, CDK6), but also the mRNA expression of
cyclins D1, D2, D3 and cyclin E in the spleens of aniline-treated rats. Their overexpression
could contribute to cellular proliferation and/or lead to uncontrolled cellular proliferation in
the spleen. The D-types cyclins (D1, D2, and D3) are components of the core cell cycle
machinery, the most prominent regulators in the phosphorylation of pRB, and the ultimate
recipients of mitogenic and oncogenic signals in mammalian cells (Weinberg, 1995;
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Bartkova et al., 1998; Sicinska et al., 2003; Menon and Goswami, 2007). Based on cyclin D
expression, mammalian cells can be subdivided into five broad categories: (i) those
expressing all three D-type cyclins; (ii) cells with cyclin D1 and D3; (iii) cells with cyclin
D2 and D3; (iv) cells expressing cyclin D3 only; and (v) cells apparently lacking any of the
cyclin D proteins (Bartkova et al., 1998). Our findings suggest that the splenocytes from
aniline-treated rats fall in the first category, since all three D-type cyclins (D1, D2, D3) were
co-expressed in these cells. However, both protein and mRNA expression of cyclin D3 were
highest in those cells. Even through cyclin D3 is the most widely expressed cyclin, and is
essential for specific oncogenic pathways in mammalian cells, the three D-type cyclins may
work in concert to provide the cyclin D-dependent kinase activity required to promote G1/S
progression, a potential step in the tumorigenesis (Weinberg, 1995; Bartkova et al., 1998;
Sicinska et al., 2003). CDKs play a key role in cell cycle regulation, and CDK4 and CDK2
appear to be the most prominent partners of cyclins in macrophages and fibroblasts
(Matsushime et al., 1992; Olashaw and Pledger, 2002), while cyclin D-CDK6 complexes
predominate in peripheral blood T cells (Meyerson and Harlow, 1994). Interestingly, our
data showed increased expression of CDK6 (556%), CDK4 (343%) and CDK2 (338%) in
the spleens of aniline-treated rats. The highest increases in CDK6 would rather be expected
as rat spleen has more T lymphocytes than macrophages and fibroblasts.

pRB family plays an important role in restraining the G1-S transition as a guardian by
shutting the R point gate (Weinberg, 1995; Lundberg and Weinberg, 1998, 1999). Cyclin D-
CDK4/6 and cyclin E-CDK2 complexes can sequentially phosphorylate the pRBs
(Weinberg, 1995; Lundberg and Weinberg, 1998; Harbour et al., 1999), and this hyper-
phosphorylated proteins release the E2F transcription factors that are required for the S
phase entry (Sherr and Roberts, 1999; Sherr, 2000). It is generally accepted that
hyperphosphorylation of pRB by multiple cyclin/CDK complexes in late G1-phase is
required for its inactivation (phosphorylation) and cell cycle progression (Hatakeyama et al.,
1994; Weinberg, 1995; Lundberg and Weinberg, 1998; Harbour et al., 1999). Cyclin D-
CDK4/6 becomes active in mid to late G1-phase, whereas cyclin E-CDK2 in late G1-phase.
Also, cyclin D-CDK4/6 induces a conformational change that permits phosphorylation by
cyclin E-CDK2 (Lundberg and Weinberg, 1998; Harbour et al., 1999). Overexpression of
G1 and G1-S phase cyclins and CDK proteins including cyclins D1, D2, D3, cyclin E and
CDK2, CDK4 and CDK6 in the spleens from aniline-treated rats, as observed in this study,
would thus be expected to contribute to increased phospho-pRB. Since pRB phosphorylation
is a key molecular event leading to the S-phase commitment at the G1 restriction point in the
cell cycle, the increased pPB phosphorylation may provide an explanation why spleen cells
could proliferate ex vivo without further stimulation.

In conclusion, our data clearly suggest that increased cellular proliferation contributes to
splenomegaly in rats treated with aniline, which is evidenced by increased splenocyte
population, overexpressed cell proliferation marker proteins, PCNA, Ki67 and MCM2, and
greater splenocyte proliferation rate ex vivo. These findings suggest that the splenocytes
have gone through G1-S transition and could potentially lead to a tumorigenic response on
chronic exposure (Goodman et al., 1984; Weinberger et al., 1985). Greater release and
presence of iron in the spleen after aniline exposure, resulting in increased oxidative stress
(Khan et al., 1997, 2003a, 2003b; Wang et al., 2005, 2010; Ma et al., 2008), may serve as
mitogenic stimulator in initiating cell cycle progression, upregulation of cell cycle
regulatory proteins, including cyclins D1, D2, D3, E and CDKs as observed in this study
(Pietrangelo, 2003; Brown et al., 2006; Olguín-Martínez et al., 2006; Kinoshita et al., 2007;
Menon and Goswami, 2007). These overexpressed proteins may subsequentially
phosphorylate pRB, allowing the cells to go through R point, leading to S-phase
commitment. To our knowledge, this is the first study to investigate the expression of
proteins regulating the cell cycle machinery, including cyclins, CDKs and pRB in G1 phase
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and their contributions to aniline-induced splenic toxicity. The findings on splenocyte
proliferation and deregulation of cell cycle proteins in G1 phase not only provide a better
understanding of the mechanisms of splenic toxicity of aniline, but also open a new avenue
for investigating the role of iron overload/oxidative stress in diseases involving cell cycle
regulation. However, more studies are needed to explore the precise molecular mechanisms
of splenic toxicity, including the initiation of cell cycle progression, the interaction of cell
cycle regulatory genes/proteins, and involvement of proteins in other phases (S, G2 and M)
of the cell cycle.
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Fig. 1.
Protein expression of PCNA, Ki67 and MCM2 in the spleens from control and aniline-
treated rats. (A) Western blot detection of PCNA, Ki67 and MCM2 proteins in the spleens
of control and aniline-treated rats. (B) Densitometric analysis of protein bands. Values are
mean ± SD (n=3); *p < 0.05.
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Fig. 2.
Proliferation patterns (MTT assay) of splenocytes from control and aniline-treated rats.
Splenocytes were isolated and cultured for 24, 48 and 72 h and evaluated for their
proliferation using MTT assay. Values are mean ± SD (n=3); *p < 0.05 vs. respective
controls; #p<0.05 vs. 24h and 48h.
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Fig. 3.
Flow cytometric analysis of splenocyte proliferation. Splenocytes isolated from control and
aniline-treated rats were labeled with CFSE, cultured for 72 h, and analyzed by flow
cytometry. Values are mean ± SD (n=3); *p < 0.05.
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Fig. 4.
Cyclins D and cyclin E expression in the spleens of rats treated with aniline. (A) Western
blot detection of cyclins D1, D2, D3 and E in the spleens of control and aniline-treated rats.
(B) Densitometric analysis of cyclin protein bands. Values are mean ± SD (n=3); *p < 0.05.
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Fig. 5.
Real-time PCR analysis of cyclins D1, D2, D3 and E gene expression in the spleens of
control and aniline-treated rats. Total RNA was extracted from spleens, real-time PCR was
performed, and the fold changes in mRNA expression (2−ΔΔCT) were determined. Values
are means ± SD ( n = 3). p < 0.05 vs. respective controls.
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Fig. 6.
Protein expression of cyclin-dependent kinases (CDKs) in rat spleens after aniline exposure.
(A) Western blot detection of CDK2, CDK4 and CDK6 in the spleens of control and aniline-
treated rats. (B) Densitometric analysis of CDKs bands. Values are mean ± SD (n=3); *p <
0.05.
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Fig. 7.
Phosphorylated pRB and pRB protein expression in rat spleens after aniline exposure. (A)
Western blot detection of phosphorylated pRB and pRB protein expression in the spleens of
control and aniline-treated rats. (B) Densitometric analysis of protein bands. Values are
mean ± SD (n=3); *p < 0.05.
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Table 1

Primer sequences of cyclins D1, D2, D3 and E for real-time PCR analysis

Genes Primer sequences (5′-3′) Amplicon position (size) Accession no.

Cyclin D1

 Forward t g c t t g g g a a g t t g t g t t g g 2131–2256 (126 ) D14014

 Reverse a a t g c c a t c a c g g t c c c t a c

Cyclin D2

 Forward c t g a c t g c c g a a a a g c t g t g 529–643 (115) D16308

 Reverse g g g t t a c t g c a g c c a g g t t c

Cyclin D3

 Forward g g c c t t g g c t a g a a g a g c a a 1649–1730 (82) BC089819

 Reverse g c a c c c t c a a g a c c c t c a a c

Cyclin E

 Forward g a a a a t c a g a c c g c c c a g a g 474–596 (123) D14015

 Reverse c g c t g c a g a a a g t g c t c a t c

18S Universal 18S Internal Standard 315

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 January 15.


