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Abstract

Prothymosin α is an acidic protein, reported to be involved in cell proliferation and apoptosis, although its precise function in
both processes are still unknown. Due to the importance of these processes in the pathogenesis of hepatic diseases and the need
to understand the molecular mechanisms underlying these diseases we aimed to investigate the behavior of this protein in liver
growth and apoptosis, in two models of hepatocytes in culture. Prothymosin α expression varied throughout the hepatocyte cell
cycle, according to its progression. Proliferating hepatocytes showed increased expression of the protein, while apoptotic ones
showed decreased levels. The subcellular location of prothymosin α differed according to the different phases of the cell cycle.
Thus, it appeared with a stippled and widely dispersed pattern throughout the nucleus in quiescent and proliferating hepatocytes,
while it became cytoplasmic in mitotic and late apoptotic cells. These results are in agreement with the idea that high levels of
prothymosin α need to be present in the nucleus for proliferation, and programmed cell death requires low levels of prothymosin
α outside of the nucleus. The differences in prothymosin α expression and localization during hepatocyte proliferation and
apoptosis suggest that this protein may have a pleiotropic function that depends not only on its availability but also on its various
localizations in different subcellular compartments.
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Introduction

Prothymosin α (PTA) is a highly acidic nuclear protein of
aproximately 110 amino acids, which was first isolated from
rat thymus [1]. This protein has been initially associated with
regulation of immunity, but many evidences suggest that it
participates in cell proliferation, although its role remains to
be elucidated. The increase in PTA mRNA levels during cel-
lular proliferation has been demonstrated in many cell types
[2–7]. The role of PTA in cell proliferation has also been
evidenced in myeloma cells that were not able to divide af-
ter depletion of PTA by treatment with antisense RNA or
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synthetic antisense DNA oligomers [8]. Over expression of
PTA in NIH3T3 and HL-60 cells was shown to stimulate cell
division due to the shortening of the G1 phase [9, 10].

Recently, caspase-3 mediated fragmentation of PTA was
detected in apoptosis and the cleavage site was located within
the nuclear localization signal of the protein [11]. This frag-
mentation correlates with the nuclear escape of the protein,
detected in programmed cell death of HeLa cells [12].

The deregulation of hepatocyte growth and death gener-
ates liver diseases [13–17]. In consequence, it is important to
understand the molecular bases of pathogenesis in the liver,
and to have markers that would allow to characterize the



sequential evolution of the aforementioned cell processes.
PTA was detected to be over expressed in regenerating
liver tissues and hepatocellular carcinoma [18–20]. In this
paper, we investigate the fate and meaning of PTA during
apoptosis and proliferation in cultures of hepatocytes.
Here we show that in apoptotic hepatocytes PTA mRNA
levels were decreased and the protein looses its nuclear
compartmentalization to become cytoplasmic. On the other
hand, during proliferation PTA expression was increased,
and it is present in the nucleus, with the exception of mitotic
cells that show cytoplasmic location of the protein. Our data
suggest that PTA may have roles in hepatocyte proliferation
and apoptosis, depending on its levels of expression and
its subcellular localization. Accordingly, PTA may be
involved in the pathogenesis of hepatic diseases caused by
deregulation of these processes.

Materials and methods

Materials

TGF-β1, HGF and collagenase type IV were from Sigma. Fe-
tal calf serum (FCS) was from Gibco. Cycloheximide (CHX)
was from Calbiochem. α32P-deoxy cytidine tri phosphate
(α32P-dCTP, 3000 Ci/mmol) and γ 32P-adenosine tri phos-
phate (γ 32P-ATP, 3000 Ci/mmol) were from NEN Perkin
Elmer. The anti-PTA antibodies were obtained as previously
described [3]. The Texas Red labelled anti-rabbit IgG anti-
bodies were from Jackson Immuno Research.

Culture of clone-9 (C-9) cells, apoptosis induction

These cells (isolated from normal rat liver) were obtained
from the European Collection of Cells Cultures (ECACC).
They were cultured in Ham’s F12-K medium, 10% FCS,
penicilin (100 UI/mL) and streptomycin (100 μg/mL), at
37 ◦C and 5% CO2. Apoptosis was induced with 2.5 ng/mL of
TGF-β1 and 300 μM of CHX, incubated for 48 hr. We have
previously determined the optimal conditions for apoptosis
induction. Proliferating and quiescent cells were obtained
from subconfluent monolayers or by contact inhibition and
serum deprivation, respectively.

Hepatocytes isolation, culture, induction of apoptosis
and proliferation

Hepatocytes were isolated from Sprague-Dawley male rats
(150–200 g) by the two-step perfusion procedure, using
0.025% of collagenase (Type IV, Sigma), as previously
described [21]. They were plated at a density of 105 cells per
cm2 in minimum essential and 199 mediums (4:1 vol/vol),

supplemented with penicilin (100 UI/mL), streptomycin (100
μg/mL), insulin (5 μg/mL), bovine serum albumin (BSA, 1
mg/mL), dexamethasone (10−6 M), 10% FCS, and incubated
for 4 hr at 37 ◦C and 5% CO2 (attachment period). After this
period the medium was replaced by the same fresh medium,
but supplemented with hydrocortisone-21-hemisuccinate 0.6
mM. This post-attachment medium was replaced every 24
hr. Apoptosis was induced immediately after the attachment
period by addition of 1 ng/mL TGF-β1 or CHX 300 μM,
both incubated for 24 hr. Proliferation was induced by the
addition of 2.5 ng/mL HGF after culturing the cells for 24 hr,
and incubated for a period of 6 days. Quiescent hepatocytes
were obtained from 24 hr cultures. We have previously deter-
mined the optimal conditions for apoptosis or proliferation
induction.

Caspase-3 activity

After apoptosis induction, caspase-3 activity was assessed
with the EnzCheck caspase-3 Assay Kit 1 from Molecular
Probes, following the manufacturer’s instructions.

Analysis of DNA fragmentation

Approximately 1–2 × 106 cells were harvested, washed
twice with PBS (phosphate buffer saline) and DNA was ex-
tracted with the Wizard Genomic DNA Purification Kit from
Promega. DNA fragmentation analysis was done as previ-
ously described [22].

Analysis of DNA content by flow cytometry (hypoploid cells)

After apoptosis induction, the cells were harvested and
washed twice with 0.1% BSA in PBS. They were fixed in
70% ethanol for 1 h at 4 ◦C, washed twice with 0.1% BSA in
PBS and resuspended in the same buffer. After the addition of
DNA extraction buffer (192 mM PO4HNa2; 4 mM citric acid;
pH:7.8), incubation at room temperature (RT) for 5 min and
centrifugation, the cells were stained with propidium iodide
(50 μg/mL, Sigma) and treated with ribonuclease A (RNAse
A 0.5 mg/mL, Sigma) for 30 min at RT. Cells were analyzed
on a flow cytometer (Coulter-Epics XL) containing an argon
laser (488 nm). The red fluorescence of propidium iodide,
proportional to DNA content, was collected through a 620 ±
15 nm band pass filter.

Hepatocyte proliferation detection

Approximately 105 cells per well, cultured in 96 wells mi-
croplates, were induced to proliferate. After this period,



proliferation was detected with 5-Bromo-2′deoxy-uridine
(BrdU) Labelling and Detection Kit from Boehringer, fol-
lowing the manufacturer’s instructions.

PTA northern blot

After different treatments, cells were harvested in denat-
uralising solution for RNA extraction by the guanidinium
isothyocianate-phenol method of Chomczynski [23]. After
quantification at 260 nm, 25 μg of total RNA were frac-
tionated by formaldehyde agarose gel electrophoresis. The
ribosomal RNA 28S and 18S bands were visualized by ethid-
ium bromide staining under UV light (VersaDocTM system
and the Quantity One R© program). RNA was transferred by
capillary blotting to a charged nylon membrane (Immobilon
TM-Ny+, Millipore) and fixed under UV light. The filter was
hybridised to a 32P-labeled cDNA probe of human PTA. The
correct hybridisation of this human PTA probe with PTA rat
gene has been previously tested [5]. The cDNA subcloned
in BamHI sites of a pGEM4 vector was obtained after di-
gestion with the restriction enzyme (Gibco) and purifica-
tion with Sephaglass Band Prep Kit (Amersham Pharmacia
Biotech), and labelled by random priming with the NEBlot R©

Kit (New England Biolabs). Hybridisation was performed at
42 ◦C overnight in pre-hybridisation buffer containing the la-
belled probe (1 × 106 cpm/mL), the membrane was washed 6
times and exposed to an X-ray film for different times. Den-
sitometric analysis of the bands was performed to evaluate
changes in mRNA levels. A rat 18S ribosomal RNA oligonu-
cleotide probe 5′-ACGGTATCTGATCGTCTTCGAACC-3′

(Amersham Pharmacia Biotech) was used to asses the
amount and integrity of the total RNA loaded on each
gel. This oligonucleotide was end labelled by T4 polynu-
cleotide kinase (Promega) and hybridised with filters at
50 ◦C for 24 hr. The membrane was washed and revealed as
before.

Localization of PTA by confocal microscopy

Cells were grown in coverslips and treated as previously de-
scribed for the obtaining of quiescent, proliferating and apop-
totic hepatocytes. They were fixed with 4% paraformalde-
hyde for 1 h at 4 ◦C and permeabilized with 0.2% Triton-X100
during 5 min. The incubation with a 1:20 dilution of the anti-
PTA antibody was at RT for 24 hr. After 3 washes with PBS,
the cells were incubated with the labelled secondary anti-
body (anti-rabbit IgG-Texas Red) in a 1:100 dilution for 1 h
at RT, and washed. The coverslips were mounted with 90%
glycerol in PBS and evaluated under confocal microscopy
(MRC-1024, BioRad).

Statistical analysis

The results of the experiments were expressed as mean ±
standard error (SE). Means obtained in different experiments
were compared by the ANOVA test. The differences between
means were considered statistically significant when p re-
sulted lower than 0.05.

Results

Culture of C-9 cells, apoptosis induction and detection

To obtain apoptotic C-9 cells, subconfluent monolayers were
incubated for 48 hr with 300 μM CHX or 2.5 ng/mL TGF-β1.
Apoptosis was determined by detection of caspase-3 activity
and flow cytometry. Statistically significant caspase-3 activ-
ity was detected in cells incubated with CHX (p < 0.001)
and TGF-β1 (p < 0.001) respectively, compared to the con-
trol quiescent cells. In addition, statistically significant in-
crements in the percentage of hypoploid cells, determined
by flow cytometry, were detected in apoptotic hepatocytes
induced by CHX (p < 0.001) or TGF-β1 (p < 0.001), re-
spective to the controls (Table 1).

Culture of primary hepatocytes, induction and detection of
apoptosis and proliferation

Apoptotic primary hepatocytes (PH) for different experi-
ments, were obtained after induction with 300 μM CHX or
1.0 ng/mL TGF-β1, incubated for 24 hr. Apoptosis was de-
tected by caspase-3 activity, flow cytometry and DNA ladder-
ing. Statistically significant caspase-3 activity was detected
in hepatocytes induced with CHX (p < 0.001) or TGF-β1
(p < 0.001) respectively, compared to the control quiescent
hepatocytes. Using flow cytometry, the percentage of hy-
poploid cells was observed to rise significantly, in cells treated
with CHX (p < 0.001) or TGF-β1 (p < 0.001), respectively
(Table 1). Figure 1 shows DNA ladderings of PH obtained
by using both apoptotic agents. On the other hand, prolifer-
ating PH for different experiments were obtained by induc-
tion with 2.5 ng/mL HGF, incubated for 6 days. Proliferation
was confirmed by significant detection of BrdU incorporation
(p < 0.001) in treated hepatocytes, compared to the quiescent
controls (Fig. 2).

PTA expression changes in apoptotic or proliferating
hepatocytes

To determine variations in PTA expression during in vitro
hepatocyte proliferation and apoptosis, in PH and C-9 cells,
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Fig. 1. TGF-β1 and CHX induce DNA laddering in apoptotic primary hepa-

tocytes. Apoptotic primary hepatocytes induced by TGF-β1 (A) or CHX (B).

PH were treated with 1.0 ng/mL TGF-β1 or 300 μM CHX for 24 hr. Cells

were harvested, DNA was extracted (as described in Materials and methods)

and electrophoresed on a 1% agarose gel containing ethidium bromide. The

gel was visualised under UV light.

mRNA levels were studied by Northern Blot. Figures 3A and
4A show typical auto radiographies of PTA and ribosomal
RNA 18S hybridizations. In PH, PTA messenger is increased
(p < 0.001) during proliferation, but decreased (p < 0.001)
during apoptosis (Fig. 3B), compared to the untreated control
cells. For C-9 cells, as for the case of PH, PTA expression
increased (p < 0.001) in proliferation and decreased (p <

0.001, for TGF-β1 and p < 0.01, for CHX) in apoptosis (Fig.
4B). In summary, in both cell types studied, PTA expression
increases during proliferation and decreases in apoptosis.

PTA shows different subcellular localization in apoptotic or
proliferating hepatocytes

To determine if PTA localizes in different subcellular com-
partments during hepatocyte proliferation and apoptosis, we
studied the protein localization by immunocytochemistry and
confocal microscopy. Although nuclei were not stained to ob-
serve the typical DNA fragmentation of apoptosis, apoptotic

Fig. 2. HGF induces hepatocyte proliferation. Primary hepatocytes were

stimulated with 2.5 ng/mL HGF 24 hr after plating and further incubated

during 6 days, in the presence of the growth factor. BrdU incorporation was

determined as described in Materials and methods. O. D. BrdU: optical

density obtained from BrdU incorporation into the newly sinthesized DNA;

(∗∗∗) p < 0.001. Results are expressed as the mean ± standard error obtained

from eight independent experiments.

cells were identified by their typical morphology. In the case
of PH, quiescent cells (Fig. 5A) showed the presence of PTA
in the nucleus, with a punctuate pattern and a more intense
staining in the perinuclear zone. In proliferating preparations
(Fig. 5B) the nucleus from certain cells, probably next to
division, presented more intense fluorescence or increased
expression of the protein. On the contrary, the mitotic cells
found in these preparations showed cytoplasmic PTA. On
the other hand, the protein showed cytoplasmic location in
those cells with the typical morphologic characteristics of late
apoptosis, and apoptotic bodies also showed intense staining
for PTA. Typical early apoptotic (Fig. 5C) cells, showed per-
inuclear staining for PTA and very weak nuclear fluorescence,
indicating a lower expression of the protein in the nucleus of
these cells. In the case of C-9 cells, PTA localization showed
a similar pattern to that obtained in PH. PTA was found nu-
clear in quiescent cells (Fig. 5D) with a dotted pattern and
strong perinuclear fluorescence. On the other hand, in prolif-
erating preparations (Fig. 5E) dividing C-9 cells evidenced
cytoplasmic PTA, while cells which have already entered di-
vision, showed more intense staining in the nucleus. For C-9
cells with morphologic changes typical of apoptosis (Fig. 5F)
PTA resulted strongly cytoplasmic and apoptotic bodies also
showed intense red fluorescence for the protein. Some cells,
probably in early apoptosis, presented weak nuclear staining.
We also observed cells showing perinuclear PTA, but prac-



Fig. 3. PTA mRNA levels change in apoptotic and proliferating primary

hepatocytes. PH were stimulated with 2.5 ng/mL HGF during 6 days (pro-

liferating), or incubated in the presence of 1 ng/mL TGF-β1 for 24 hr (apop-

totic). RNA was extracted, electrophoresed, transfered and hydridised with

a PTA probe as described in Materials and methods. rRNA 18S was used to

ensure equality of loading among samples. (A) Autoradiography of PTA and

RNA 18S hybridisation; A: apoptotic cells by TGF-β1, P: proliferating by

HGF, Q: quiescent controls. (B) Optical densities (OD PTA/18S) obtained

from densitometries of the bands in autoradiographies. Results are expressed

as the mean ± standard error obtained from four independent experiments.

tically no fluorescence in the nucleus, indicating that these
cells might have entered apoptosis and, in agreement with the
rest of the results, have low expression of the protein.

Discussion

Although PTA has been involved in proliferation and apop-
tosis of many cell types, the precise role of the protein in
these processes remains to be elucidated. To our knowledge
the basic behaviour of PTA in hepatocytes undergoing pro-
liferation or cell death has not been studied. In this work, we
studied the expression levels of the protein and its subcellu-
lar localization in hepatocytes to obtain preliminary data that
could contribute to elucidate the biologic activity of PTA in
hepatocyte growth and programmed death.

Clone-9 cell line was selected as a model of hepatocytes
in culture from normal rat tissue to compare their results
with the obtained in primary rat normal hepatocytes. Our
results suggest that it is a good model analogous to primary
hepatocytes for different experiments.

To determine changes in PTA expression in proliferating
and apoptotic hepatocytes, mRNA levels of the protein were

studied by Northern Blot. Primary proliferating hepatocytes
showed a significant increase in this protein expression, in
agreement with the results of other authors [24–27]. The over-
expression of PTA in proliferating PH in vitro is reported for
the first time in this work. Other studies in liver [19, 20]
had demonstrated that PTA is increased in hepatic regenera-
tion and hepatocellular carcinoma. Accordingly, our results
suggest that PTA increments are likely related to normal or
pathologic cellular proliferation. On the contrary, apoptotic
PH showed decreased levels of PTA mRNA. Our results are
coincident with studies on other cell types, reporting that in
apoptotic cells there is a depletion of PTA due to the prote-
olytic cleavage of the protein [12]. In cells undergoing apop-
totic death, the decrease of mRNA levels, which reflects a
reduced synthesis of PTA, is further augmented by its degra-
dation. These results suggest that the low levels of PTA that
may exist in the cells to undergo apoptosis might be gener-
ated by the cleavage of the preexisting protein and the reduced
synthesis of new molecules of PTA. To check if the results
we obtained in PH were reproducible in other cells we used
clone-9 cells derived from normal Sprague Dawley rat liver
cells. In clone-9 cells, as for primary hepatocytes, mRNA lev-
els of PTA were elevated in proliferating cells, and decreased
in apoptotic ones, although magnitudes of changes for the
cell line were much more pronounced than those detected on
primary cells.

Physiological PTA depletion, produced by caspases cleav-
age or decreased synthesis of the protein, or experimentally
induced by treatment with antisense oligonucleotides, pro-
motes the change from proliferation to apoptosis. The high
levels of PTA produced in cancerous cells probably con-
tribute not only to maintain its high proliferative state, but
also may protect them from entering the apoptotic path-
way, preventing tumoral cell death. Further research would
be required in order to explore the possibility of control-
ling tumoral cell growth through the manipulation of PTA
levels.

We have also investigated the subcellular localization of
PTA by immunocytochemistry and confocal microscopy.
PTA was detected in nucleus of primary hepatocytes under
quiescence or proliferation, but the intensity of staining was
much more strong in growing cells, indicating an increased
expression of the protein, in agreement with our results ob-
tained by Northern Blot. Other authors had also reported the
increased expression of PTA in proliferating cells [24, 28]
and although its precise function is still unknown, it has been
mainly related to the proliferative process [25, 26]. PTA nu-
clear location has been widely described and although it is de-
tected under some circumstances in the cytoplasm where the
protein is synthesized, it is considered as a nuclear protein [29,
30]. It has also been described a nuclear localization signal in
PTA molecule, that mediates the active nuclear import and the
accumulation of the protein in the nucleus [31]. The nuclear



Fig. 4. PTA mRNA levels change in apoptotic and proliferating clone-9 cells. Apoptotic C-9 were obtained incubating cultured cells with 2.5 ng/mL TGF-β1 or

300 μM CHX for 48 hr. Proliferating or quiescent cells were obtained from subconfluent monolayers or by contact inhibition and serodeprivation, respectively.

RNA was extracted, electrophoresed, transfered and hydridised with a PTA probe as described in Materials and methods. rRNA 18S was used to ensure equality

of loading among samples. (A) Autoradiography of PTA and RNA 18S hybridization A(TGF): apoptotic cells by TGF-β1, A(CHX): apoptotic cells by CHX,

P: proliferating by HGF, Q: quiescent controls. (B) Optical densities (OD PTA/18S) obtained of densitometries of the bands in autoradiographies. Results are

expressed as the mean ± standard error obtained from five independent experiments.

localization of the protein has been related with transcription-
related processes [27] and was observed in the mitotic spindle
during mitosis [32]. Here we localized PTA in the cytoplasm
of primary hepatic cells in division, with high intensity of
fluorescence, which indicates a high cytoplasmic expression
of the protein. These results are coincident with Enkemann
et al. [12], reporting that PTA was detected in the cytoplasm
of other types of dividing cells. This cytoplasmic location
of PTA is transient, because it is actively transported to the
nucleus after the nuclear membrane is established. Apop-
totic primary hepatocytes presented cytoplasmic PTA and the
apoptotic bodies also showed intense staining for the protein.
This cytoplasmic localization can be explained by the cleav-
age by caspases in the nuclear localization signal, which pre-
vents PTA to reach the nuclear compartment [11, 33]. Some
cells in the apoptotic preparations, probably in early apop-
tosis, showed very weak staining for the protein with more
intense perinuclear fluorescence. These results, that indicate
a lower expression of PTA in the nucleus of these cells, are in
agreement with the mRNA levels detected in this work. This
stage would be previous to the rupture of the nuclear mem-
brane and the cleavage of PTA by caspases, because once
these events start, the protein would begin to accumulate in
cytoplasms.

For clone-9 cells, PTA was localized as in PH cells. Prolif-
erating and quiescent cells presented nuclear PTA, with more
intense staining for the growing cells owed to the increased
expression of the protein. Mitotic cells showed cytoplasmic
PTA with high fluorescence intensity or high PTA expres-
sion. Cells in apoptosis presented cytoplasmic PTA because
of the protein exit to the cytoplasm or the impossibility to
enter the nucleus. Early apoptotic cells showed weak stain-
ing in the nucleus and some perinuclear staining, evidenc-
ing low expression of the protein and yet no cytoplasmic
accumulation.

Our results obtained in hepatocytes demonstrate the nu-
clear location of PTA and the increased expression during
proliferation, providing with more evidences for the poten-
tial participation of PTA in hepatocyte proliferation, func-
tioning in the nucleus. The facts that PTA exits cytoplasm,
cannot enter the nucleus or is cleaved by caspases during
apoptosis, suggest that this protein must not be present in the
nucleus, probably carrying out its function, for hepatocyte
apoptosis to proceed. Probably the permanence of PTA in
the nucleus would exert an antiapoptotic effect. Other evi-
dences suggest an antiapoptotic role for PTA. It was found
to negatively regulate caspase-9 activation by inhibiting the
formation of the apoptosome. It may act as an oncogene by



Fig. 5. PTA changes its localization in quiescent, proliferating and apoptotic hepatic cells. Cells grown in coverslips were treated for induction of apoptosis or

proliferation as previously described, fixed with paraformaldehyde and permeabilized with Triton-X100. PTA was detected with a rabbit anti-PTA antibody and

an anti-rabbit-Texas Red secondary antibody. The preparations were evaluated by confocal microscopy. PTA immunostaining of quiescent (A), proliferating

(B) and apoptotic (C) primary hepatocytes and quiescent (D), proliferating (E) and apoptotic (F) clone-9 cells.

virtue of inhibiting caspase activation via the mitochondrial
pathway [34].

The increases in PTA mRNA levels detected in prolifer-
ating hepatocytes are in agreement with the intensities of
fluorescence detected by confocal microscopy in cells enter-
ing the cell cycle or in mitotic cells. Although the immuno-
cytochemistry allowed us to correlate the levels of mRNA
with the expression of the protein, to assure that the incre-
mented mRNA levels are translated to protein it would be
necessary to determine the levels of PTA by Western Blot.
For apoptotic hepatocytes, the decreased levels of mRNA
detected by Northern Blot, which imply a decreased synthe-
sis of the protein, were also reflected by immunochemistry
with a weak nuclear staining for PTA. The intense staining
for PTA detected in apoptotic bodies would come from the
already synthesized protein, probably cleaved by caspases
that concentrates in these bodies.

In conclusion, the differences in PTA expression and local-
ization during hepatocyte proliferation and apoptosis suggest
that PTA may have a pleiotropic function that depends not
only on its availability but also on its various localizations in

different cell compartments. Our data suggest that PTA could
be used not only as a marker of cell proliferation but also as a
marker for hepatocyte apoptosis and that it may be involved
in the pathogenesis of liver diseases by deregulating any of
these processes.
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