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Stathmin is expressed by the proliferating
hepatocytes during liver regeneration

D C Rowlands, R F Harrison, N A Jones, A Williams, S G Hubscher, G Brown

Abstract
Aim-To determine the liver cell pop-
ulations that express the phylogenetically
conserved cytosolic protein stathmin dur-
ing liver regeneration.
Methods-Double immunostaining for
stathmin and the Ki67 antigen was per-
formed on sections offormaldehyde fixed,
paraffin wax embedded tissues from 31
liver specimens. These included a variety
of disease conditions characterised by
some degree of hepatocyte regeneration.
Quantitative western blot analysis was
performed on 22 of these specimens.
Results-Variable amounts of stathmin
protein were detected by western blotting
in all ofthe specimens examined. Stathmin
was not detected in three cases of histo-
logically normal liver. On immunostain-
ing, stathmin was demonstrated in a
proportion of hepatocytes as well as
lymphoid inflammatory cells and other
tissue elements. In all cases most of these
stathmin positive cells showed nuclear
positivity for the Ki67 antigen.
Conclusions-Stathmin is expressed by
proliferating hepatocytes but not by rest-
ing hepatocytes. Thus, it is likely that the
protein has a function important to cell
proliferation as opposed to cell differ-
entiation.
( Clin Pathol: Mol Pathol 1995;48:M88-M92)
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Stathmin is a 19 kDa cytosolic protein that has
been described by several independent groups.
This protein has been called prosolin,' p19 or

metablastin,2 19K,3 p1 8 or Op 18,4 pp2 1/pp23,5
and Lap 186 in addition to stathmin.7 The com-

plementary DNA (cDNA) and the protein se-

quence show a high degree of phylogenetic
conservation.8 The protein can constitute up
to 0 5% oftotal cytosolic protein. The function
of stathmin is undetermined, although on the
basis of the level of expression and changes
in the state of phosphorylation it has been
proposed that the protein is important in a

wide range of processes including hormone
secretion, cell differentiation, development and
cell proliferation.7 It has been suggested that
the protein has a wide role in signal trans-
duction.7 In addition, stathmin concentrations
were found to be raised in a variety ofneoplastic
cells and some groups consider that the protein
has a role in malignant transformation.489
The use of polyclonal antisera that recognise

stathmin for immunohistochemical staining of
normal tissues demonstrate that, in most cell

lineages, expression of the protein is confined
to cell populations that are proliferating or
have recently exited the cell cycle.'0 Conversely,
apart from some neural and anterior pituitary
cells, most non-proliferating cells do not ex-
press immunohistochemically detectable con-
centrations of stathmin.10 This would suggest
that the protein has some function needed
by proliferating cells. However, because most
proliferating cells are simultaneously following
a programme of differentiation, it is also pos-
sible that stathmin is involved in processes
relating primarily to cell differentiation. These
alternative possibilities may be investigated by
studying stathmin expression in cell types, such
as hepatocytes, that are fully differentiated but
which retain the capacity to proliferate.
Normal adult mammalian liver, in which

very few cells are proliferating, does not
have detectable concentrations of stathmin
proteinl01' or messenger RNA (mRNA).212 In
addition, hepatocytes positive for the protein
by immunostaining are very infrequent.'0 In
contrast, experimental models of liver re-
generation show marked increases in stathmin
protein'3 and mRNA,2134 as revealed by west-
ern and by northern blotting, respectively.
However, the cellular localisation of stathmin
cannot be demonstrated by such studies. It has
been suggested that stathmin is induced in
hepatocytes during this process, on the basis
of differential cell extraction2 or in situ hy-
bridisation.'4 However, it is not certain whether
it is only the proliferating hepatocytes that show
stathmin upregulation during this process, as
opposed to a more general change in stathmin
synthesis by liver cells.

In this study stathmin expression in a wide
variety ofhuman liver disease conditions show-
ing regeneration has been demonstrated by
immunohistochemistry and quantitated by
western blotting. In particular, the relation be-
tween stathmin expression and the proliferating
cell populations was studied using double im-
munostains that simultaneously detect stath-
min and the Ki67 antigen, a proliferation
associated nuclear protein. 15 16

Methods
Representative blocks of formaldehyde fixed,
paraffin wax embedded liver tissue from 31
different patients were studied. They were se-
lected to represent a variety of different liver
conditions showing variable degrees of hepa-
tocyte regeneration, and are summarised in
the table. Needle biopsy specimens were taken
from three cases of acute transplant rejection.
All of the other specimens were from hepa-
tectomies. Fresh tissue that had been stored at
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Stathmin in liver regeneration

Summary of the liver specimens used in this study

No. with paraffin No. with
Disease category wax embedded tissue frozen tissue

Submassive necrosisa 6 5
Paracetomol poisoning 5 4
Primary biliary cirrhosis 6 5
Chronic hepatitiSb 5 5
Alcoholic cirrhosis 4 3
Wilson's disease 2 0
Acute transplant rejection 3 0

Total 31 22

aThese cases presented clinically as fulminant hepatitis of un-
known aetiology (viral markers for hepatitis A, B and C were
negative); b all five cases were end stage autoimmune chronic
hepatitis with cirrhosis.

- 70°C was available on 22 of these cases.

Fresh tissue from three specimens of histo-
logically normal liver was also studied.

Sections of the paraffin wax embedded tis-
sues (4 jim) were prepared for immunostaining
on glass slides coated with 3-aminopropyltri-
ethoxysilane (A3648; Sigma, Poole, Dorset,
UK) and rehydrated by sequential immersion
in xylene, alcohol and water. Endogenous per-

oxidase activity was blocked by placing the
sections in 0 3% hydrogen peroxide in meth-
anol for 30 minutes. Microwave antigen re-
trieval was performed as described previously.'7
Briefly, slides were placed in Schieferdecker
jars and immersed in one litre of 0.01 M citrate
buffer, pH 6-0, at room temperature. This
was heated in a household microwave oven at
750W for 30 minutes. At the end ofthe heating
period, the slides were removed from the hot
buffer into water at room temperature. All
slides were rinsed in 0-05 M Tris buffered saline
(TBS), pH 7-6. This buffer was used also to
dilute all reagents and for all washes between
incubations.

Sections were stained with a mixture of a

rabbit antiserum against an amino-terminal
15 amino acid stathmin peptide,10 used at a

dilution of 1 in 200, and MIB1 (0505;
Immunotech, Marseilles, France), which
recognises the Ki67 antigen,'8 at a dilution of
1 in 50. These antibodies were prepared in
10% normal sheep serum and applied to the
sections for one hour. Following a wash in
TBS, a mixture of a biotinylated goat antiserum
against rabbit immunoglobulins (E 432; Dako,
High Wycombe, UK), at a dilution of 1 in 200,
and of a horseradish peroxidase conjugated
goat antiserum against mouse immuno-
globulins (P 4471; Dako), at a dilution of 1 in
50, was applied to the sections for 45 minutes.
This was followed by a 45 minute incubation
with a mixture of alkaline phosphatase con-

jugated Streptavidin biotin complex (K 391;
Dako), at a dilution of 1 in 100, and of a

horseradish peroxidase conjugated goat anti-
serum against mouse immunoglobulins (P 447;
Dako), at a dilution of 1 in 50.

Labelling of cytoplasmic stathmin was vis-
ualised using an alkaline phosphatase chromo-
gen prepared by mixing 10 mg Naphthol-AS-
MX-phosphate (N5000; Sigma) in 1 ml N,N-
dimethylformamide (D4254; Sigma) and
50 mg Fast Red TR salt (F2768; Sigma) in
50 ml 0-05 M Tris buffer, pH 8.2. The slides
were incubated in this chromogen solution for
15 minutes at room temperature. Slides were

then covered with 1 mg/ml diaminobenzidine
(D5905; Sigma) with 0 03% H202 in TBS
for five minutes, which stained Ki67 antigen
positive nuclei brown. Sections were then coun-
terstained in Mayer's haematoxylin for two
minutes and then coverslipped using an aque-
ous mountant.

Control sections on each specimen were
stained with the following combinations ofanti-
sera: rabbit antistathmin at a dilution of 1
in 200 together with a monoclonal antibody
against rotavirus (tissue culture supernatant)
at a dilution of 1 in 10; a 1 in 200 dilution
of the rabbit antistathmin serum preincubated
with the immunising peptide and MIB 1 at a
dilution of 1 in 50; and a 1 in 200 dilution
of the rabbit antistathmin serum preincubated
with the immunising peptide and the antibody
against rotavirus at a dilution of 1 in 10. In
addition, one section was stained with the rab-
bit antiserum against stathmin followed by bio-
tinylated goat antirabbit immunoglobulins (1
in 200), detected with alkaline phosphatase
conjugated Streptavidin biotin complex (1 in
100) and visualised with the alkaline phos-
phatase chromogen. A further section from
each case was stained with MIB1 (1 in 50),
detected with horseradish peroxidase con-
jugated goat antimouse immunoglobulins (1 in
50) and visualised with diaminobenzidine as
described above. With each immunostaining
batch, positive control sections ofnormal tonsil
were stained with the polyclonal antiserum to
stathmin and inhibited antiserum.

Tissue protein samples for western blotting
analysis were prepared by a method derived
from Sobel et al.'9 Tissue was resuspended in
five volumes of homogenisation buffer which
consisted of 10 mM Tris/HCl, pH 7 4, 10 gig/
ml leupeptin, 25 jg/ml aprotinin, 10 jig/ml pep-
statin, and 1 mM EDTA. The tissue was ho-
mogenised and the nuclei pelleted by
centrifugation at 3000 rpm for 15 minutes
(MSE Mistral 2L). The resultant supernatant
fluid was adjusted to 0 1 M NaCl and heated
to 90°C for 10 minutes. Heat precipitated pro-
teins were pelleted by microcentrifugation at
13 000 rpm for 30 minutes. Protein in the re-
sultant supernatant fluid, which included
stathmin, was concentrated by freeze drying.
Positive control samples of protein were pre-
pared from exponentially growing HL60 cells,
which are known to contain high con-
centrations of stathmin.1

Protein from each sample (150 jig) was
loaded on to sodium dodecyl sulphate (SDS)
polyacrylamide electrophoresis gels as de-
scribed previously.'0 Proteins were elec-
trophoretically transferred on to nitrocellulose
filters. Membranes were initially blocked with
2.5% (w/v) skimmed milk in 0 1 M phosphate
buffered saline, pH 7-2, for one hour. They
were then stained for the presence of stathmin
by using the rabbit antisera described above at
a dilution of 1 in 500. This primary antibody
incubation step was carried out overnight at
4°C. Antibody binding to the filters was re-
vealed by incubation with 0.1 itCi/ml '25T
labelled protein A (Amersham, Little Chalfont,
UK) for two hours at room temperature. Auto-
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radiography was then performed for four days
at - 80°C using preflashed films. Auto-
radiographs were scanned using a laser dens-
itometer and analysed with Gelscan XL
software.

Results

Positive immunostaining for stathmin was seen

in the previously described distribution'0 in the
positive control tonsil sections. There was nc

immunostaining on tonsil tissue stained with
the antistathmin serum that had been incubated
with the immunising peptide.
A proportion of hepatocytes and other cell

types stained for stathmin and the Ki67 antigen
in all 31 liver specimens studied. The pro-

portion and distribution of cells staining for
the two proteins in the sections stained for both
antigens simultaneously were similar to thai
seen in the sections stained for stathmin alone
and for Ki67 antigen alone. There was nc

positive immunostaining in the negative control
sections. Similarly, there was no evidence foi
cross-reactivity between the primary and de-
tection system reagents on the sections stained
simultaneously with one test antibody and one
control reagent. Some specimens showed weak
diffuse background staining ofhepatocytes con-

sistent with endogenous biotin.
The proportion of hepatocytes showing cy-

toplasmic positivity for stathmin was assessed
semiquantitatively. In some specimens there
were only occasional scattered hepatocytes thai
were immunopositive for stathmin. Others
showed staining of up to 20% of hepatocytes
The stain intensity in positive hepatocytes

*; *~

rV

Figure 1 A pair of hepatocytes show cytoplasmic
positivity for stathmin (red) and nuclear positivity for the
Ki67 antigen (brown). Neighbouring hepatocytes are

negative for both antigens.

t~~~~~~~~~~~~~~~~~~~~~~~:

r

Figure 2 Another liver specimen showing co-localisation
of stathmin and the Ki67 antigen in a central hepatocyte.
Two lymphocytes in this field are also positive for both

1 proteins.
e
t tended to be weaker than that seen in positively
s stained lymphoid cells on the same sections.
, Stathmin positive hepatocytes were scattered
s widely throughout the regions of liver acini.

Most of these positive cells were large, fully
differentiated hepatocytes that were mor-
phologically indistinguishable from their un-
stained neighbours. There was no apparent
relation between the proportion of stathmin
positive hepatocytes and disease category.
However, the number of individual cases in
each group was too small for accurate as-
sessment of any difference between the groups.
Most stathmin positive hepatocytes showed

nuclear immunostaining for the Ki67 antigen
(figs 1 and 2). In some specimens a small
proportion of cells were stathmin positive but
Ki67 antigen negative, but these were in-
frequent compared with the numbers of cells
positive for both antigens or negative for both
antigens. Thus, in all specimens there was the
same close relation between expression of sta-
thmin and the Ki67 antigen that has been
observed previously in normal tissues.'"

All of the stained sections also showed vari-
able numbers of inflammatory cells. A pro-
portion of lymphoid cells were strongly positive
for stathmin. This was particularly true for
germinal centre cells in those cases with lymph-
oid follicles and for larger lymphoid cells with
morphology consistent with that of T cell
blasts. Positively stained lymphoid cells were
particularly prominent in cases of acute re-
jection and submassive necrosis compared with
the other disease groups. As has been described
previously in normal lymphoid tissue,'0 there
was a close correlation between expression of
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H Mr (kDa)
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45

^ cI21

Figure 3 Western blot showing the presence of a band of variable intensity representing a
19 kDa protein in seven of the liver specimens studied (lanes A to G). Lane H is a

cytoplasmic extract from HL60 cells (positive control).

stathmin and of the Ki67 antigen in these
lymphoid cells.

All specimens also showed small numbers of
stathmin positive endothelial cells, epithelial
cells lining small bile ducts and sinusoidal cells
with the morphology of Kupffer cells. In those
specimens with bile ductular proliferation small
numbers of ductular epithelial cells were pos-
itive for stathmin. Again, there was a close
relation between the expression of the two
antigens studied in these cell types.

In all of the cases of liver disease western
blotting ofextracts showed a predominant band
at 19 kDa that is consistent with stathmin (fig
3). A 19 kDa band was not seen in the samples
of normal liver. Extra, minor bands of higher
molecular weight proteins were seen in some

specimens, as has been described previously
with this antiserum.'0 However, these bands
were always quantitatively weaker than that at
19 kDa. Thus, the immunopositivity seen with
the polyclonal antiserum was consistent with
the presence of stathmin, rather than being
because of cross-reactivity of the antiserum
with unrelated antigens. Although there was a

trend for specimens with many stathmin im-
munopositive hepatocytes to have higher
amounts of the protein on western blotting,
this was not seen in each individual case. How-
ever, this comparison is complicated by the
variable numbers of positive lymphoid and
other cells. In addition, it is likely that hetero-
geneity in the distribution ofproliferating hepa-
tocytes between different sites in the liver
accounts for some ofthe variation seen between
the subjective assessment of stathmin positive
cells and western blot quantitation, which were
performed on samples from different sites of
each hepatectomy specimen.

Discussion
Several groups have described independently
the protein termed stathmin in this paper.-720
These groups first identified the protein in a

variety of cell types and most have focused

their attention on stathmin phosphorylation
following a variety ofphysiological stimuli. The
co-identity of the protein described by these
groups has since been proven by homology of
the cDNA and amino acid sequence, elec-
trophoretic mobility of the multiple phos-
phoforms and reactivity with specific antisera.
The different theories that have been proposed
for the protein's function account for the variety
of names that have been applied. Thus, pro-
solin' is derived from in the cytosol of pro-
liferating cells. Metablastin has been proposed
by the group who have suggested that the
protein is important in development and cell
differentiation.2 Sobel proposed the term stath-
min from stathmos, meaning relay, and sug-
gested that the protein has a role in signal
transduction in a wide variety of cellular pro-
cesses.7 Other groups have proposed that the
protein is important in malignant trans-
formation and use descriptive terms such as
oncoprotein 18 and leukaemia associated pro-
tein 18.4'8 While the exact function of the
protein remains unknown, there would be an
advantage to using the simple designation of
p19. The present authors adhere to the term
stathmin because this is the one most used in
current publications.
A number of observations support the hy-

pothesis that stathmin is important in processes
relating to cell proliferation. There is upregu-
lation of the protein in lymphoid cells when
they are induced to proliferate.3 2'-23 Conversely,
stathmin concentrations decrease following
growth arrest of cells.222425 Inhibition of stath-
min mRNA in peripheral blood lymphocytes,
by antisense oligonucleotides, results in delayed
entry into S phase.24 There is increased
phosphorylation of the protein in a variety of
cell types following stimuli that result in cell
growth arrest.26 It has been shown that phos-
phorylation of stathmin relates to cell cycle
progression.23 The protein has been shown to
be a direct substrate in vitro for cyclic AMP
dependent protein kinase, p34Cdc2 and MAP
kinase.2728 The above studies were performed
using a small collection of cell lineages. How-
ever, immunohistochemical studies on normal
tissues show that immunopositivity for stath-
min is confined to the proliferating cell com-
partments in nearly all cell lineages.'0
Many papers have described changes in the

phosphorylation status of stathmin in en-
docrine cells following stimuli that result in
hormone secretion.7 However, these studies
have been performed in vitro on growing cul-
tures, which would be expected to express
stathmin, and factors involved in hormone se-
cretion often have an additional trophic func-
tion. Thus, the apparent relation between
stathmin phosphorylation and hormone se-
cretion in these experimental models may be
coincidental.
The proposed relations between stathmin

expression and development and cell differ-
entiation are largely the result of studies on the
nervous system," in which stathmin expression
occurs in a proportion of non-proliferating
cells, including some fully differentiated neu-
rones.'0 The relation between stathmin and
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differentiation in other cell lineages may simply
be because differentiating cells are also usually
proliferative. Thus, it is the opinion of the
authors that stathmin has a function necessary

for some process related to cell proliferation.
However, because proliferation and differ-
entiation are so closely linked in cells of most
lineages, it is possible that the presence of the
protein in proliferating cells is due to some

role in differentiation. One approach to this
problem is to study stathmin expression in cell
types that are capable of re-entering the cell
cycle despite normally being in a fully differ-
entiated, non-proliferating state. Hepatocytes
represent one such cell lineage. In the normal
adult liver there is very little cell proliferation
and most hepatocytes are in a differentiated,
post-mitotic state.29 However, most of these
hepatocytes have the capacity to re-enter the
cell cycle and undergo a small number of cell
divisions.29 A description of stathmin ex-

pression in hepatocytes would thus indicate if
the protein is primarily involved in proliferation
or in differentiation. Although several papers

have described upregulation of stathmin con-

centrations in experimental models of liver re-

generation, none of these had unequivocally
demonstrated that stathmin expression is con-

fined to proliferating hepatocytes.2 11-14

In this study we have used cases of human
liver disease as a source of regenerating hepa-
tocytes. Irrespective of the particular disease
process, it was demonstrated that stathmin ex-

pression in hepatocytes correlated closely with
expression of the Ki67 antigen. Although the
exact function of Ki67 antigen remains un-

known, it is expressed in all phases of the cell
cycle and has a very short half life and so is
lost quickly following exit from the cell cycle.
Immunostaining for this antigen with a number
of immunohistochemical reagents has thus be-
come a robust method of demonstrating pro-

liferating cells in tissue sections. Co-expression
of stathmin with the Ki67 antigen in all the
clinical specimens studied is strong evidence
for stathmin being upregulated in proliferating
hepatocytes. These proliferating cells retain
the morphological appearance of their differ-
entiated, non-cycling, stathmin negative neigh-
bours. These observations suggest that
stathmin has a function important for cell pro-

liferation, rather than some process specific to

cell differentiation.
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and the Endowment Fund of the former United Birmingham
Hospitals.
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