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We have analyzed the RNA expression of prothymosin « (ProTa) gene during rat development in several tissues and compared it to that of two
proteins related to cell proliferation: proliferating cell nuclear antigen (PCNA)/cyclin and histone H3 (H3). The expression of ProTa gene was
found to be regulated in a developmental and tissue-specific manner. The mRNA levels of ProTa followed a similar time-course in liver, brain,
kidney, and testis, being highly increased in the early periods of postnatal development. However, in thymus ProTa mRNA showed only moderate
changes throughout development. Our findings suggest that ProTa participates in developmental processes like cell proliferation and/or differentia-
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1. INTRODUCTION

Prothymosin « is a highly acidic (pI = 3.55) polypep-
tide of 12.500 Da that has been traditionally implicated
in various aspects of immune function [for review, see
1]. Nevertheless, several investigations have questioned
such immunological role based on its wide tissue
distribution [2], its broad phylogenetic presence from
yeast to man [3] and the absence of a signal peptide [4].
Moreover, since we postulated a nuclear location for
ProTa [5], several contradictory data on its subcellular
distribution have been reported, indicating either
nuclear [6,7] or cytoplasmic localization [3,8]. How-
ever, microinjection of ProT« into the cytoplasm of
Xenopus oocytes showed that this protein indeed
migrates to the nucleus [6]. On the other hand, struc-
tural and functional studies on ProTa gene expression
suggested that this protein could have an intracellular
role tied to cell proliferation [4,9]. In this sense, we have
shown that ProTa mRNA is present in a wide spectrum
of adult rat tissues and that its levels change with T-
lymphocyte proliferation and maturation [10].

In the present work we analyzed the developmental
expression of the ProTa gene in a normal physiological
context to determine whether this gene is regulated in a
tissue-specific manner and/or parallels the proliferative
activity of cells. Expression of ProTa gene in normal
ontogenic processes was studied in tissues of lymphoid
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(thymus), neural (brain), genital (testis) and general
type (liver and kidney), which present different growth
patterns during development. Concurrently, we analyz-
ed the gene expression of two evolutionary conserved
nuclear proteins related to cell proliferation: PCNA/
cyclin, the auxiliary factor for DNA polymerase &
[11,12] and histone H3, which is a structural compo-
nent of the nucleosome core [13]. Our results revealed
that ProTea gene is regulated following a developmental
and tissue specific program. Comparison with
PCNA/cyclin and H3 showed that the three genes pre-
sent the same temporal pattern of expression during
development except in testis, where only PCNA/cyclin
is highly activated after the onset of puberty.

2. MATERIALS AND METHODS

RNA preparation, Northern blots and hybridization analyses were
carried out as previously described [10]. After hybridization, the blots
were washed twice in 2x SSPE, 0.5% sodium dodecyl sulphate at
room temperature for 10 min each and twice in 0.1 x SSPE, 0.5%
sodium dodecyl sulphate at 65°C for 30 min each. The filters were air-
dried and exposed to X-ray films at —80°C in the presence of intensi-
fying screens. After the first hybridization, the probe was removed by
boiling in 0.1% sodium dodecyl sulfate, 5 mm EDTA and the blots se-
quentially hybridized with the PCNA/cyclin, H3 and COII probes.
The probes were a 1.15-kb EcoR1 fragment containing the human
ProTa ¢cDNA [10], a 1.12-kb BamHI fragment containing the human
PCNA/cyclin cDNA [14], a 2.5-kb EcoRI-HindIII fragment contain-
ing the human H3 gene [15], and a 5.2-kb plasmid containing the rat
COII cDNA [16]. Exposure times of autoradiograms were 2 days for
ProTea, 6 days for PCNA/cyclin and H3 and 12 h for COlI, thus
direct comparison in the figures between band intensities can be made
only within each panel.
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3. RESULTS AND DISCUSSION

Expression of ProTa, PCNA/cyclin, and H3 genes in
normal ontogenic processes was analyzed in liver,
brain, thymus and testis. In addition, we used the
mitochondrial cytochrome ¢ oxidase subunit IT (COII)
as a control probe to exclude that differential expres-
sion of the genes were due to altered amounts of RNAs.
The levels of each mRNA at the different developmen-
tal stages were determined by electrophoresis/blotting
procedures for sequential hybridization to the four pro-
bes mentioned. The relative levels of every transcript
were quantitatively evaluated by densitometric scanning
of autoradiograms and expressed as a percentage of its
level in the stage in which the expression was lowest.

We first studied the expression of these genes in rat
liver during pre- and postnatal development (Fig. 1).
The highest levels of ProTa mRNA were detected in
fetal liver at 18 days of gestation decreasing in 20 day
fetus and newborn. Densitometric analysis of auto-
radiograms showed more than 20-fold less ProTa
mRNA in the later developmental stages. A very similar
pattern was found for PCNA/cyclin and H3 mRNAs,
with approximately 10-fold higher expression in the 18
day fetus compared to postnatal and adult liver. The
analogy of the developmental profiles of ProTa,
PCNA/cyclin and H3 indicated a relationship between
cellular proliferation during liver ontogeny and the
ProTa mRNA content. In this sense, we have found
that ProTe is activated in adult rats during liver
regeneration after partial hepatectomy (manuscript in
preparation), although less than in the initial periods of
development. Thus, the difference of ProTa expression
between fetal and adult liver could be also attributed to
the presence of differentiating hematopoietic cell
populations in the fetal organ.

In developing brain, ProTa mRNA levels were 8-fold
higher in newborn as compared to adult, showing a
common pattern to those of PCNA/cyclin and H3
transcripts (Fig. 2). Similarly to liver, the PCNA/cyclin
and H3 mRNAs were barely detectable after 2 weeks of
age whereas ProTae mRNA was observable even at
48-week-old rats. During the ontogeny of rat nervous
system, some neuron populations and a large number
of glial precursor cells continue to proliferate after birth
[17]. Thus, our hybridization results evidence this active
cell proliferation in neonates brain. In kidney, we have
found a common developmental pattern to that of liver
and brain (data not shown). The downregulation during
development of PCNA/cyclin and H3 genes in brain,
kidney and liver could be explained by the replacement
of active cell divisions for hypertrophy as a major
means of growth since both proteins are tightly related
to cell proliferation. Accordingly, the similar results
found for ProTa gene reveal that its expression is also
linked to proliferative activity of cells from different
origins.
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Fig. 1. Stage-specific expression of ProTa, PCNA/cyclin, H3 and
COII genes in rat liver during pre- and postnatal development. Total
cellular RNA was prepared from Sprague-Dawley rat liver at 18 (E18)
|and 20 (E20) embryonic days and the indicated postnatal weeks (WK).
'Ten micrograms of RNA were applied to a denaturing formaldehyde-
agarose gel. The same Northern blot was sequentially hybridized to
the **P-labeled ProTa, PCNA/cyclin, H3 and COII probes (sp.act.
1-2 x 10® cpm - zg ). The sizes (kb) of the detected transcripts are in-
dicated on the right.

Contrary to the other tissues, in thymus the relative
amounts of ProTe, PCNA/cyclin and H3 mRNAs did
not show major changes during thymic postnatal
development (Fig. 3). A moderate increase was
detected, mainly in the PCNA/cyclin mRNA, at the age
where thymus reaches its maximum size. The descent in
the levels of H3 mRNA at the 48-week stage is striking
compared to what was found with the other probes. The
high expression of these genes from birth onwards is not
associated with the involution of this organ after puber-
ty, and can be related to the presence of exogenously
precursor cells that colonize this tissue starting to pro-
liferate [18] and to an intrathymic pool of self-renewing
precursor cells that maintains its lymphoid component
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Fig. 2. Stage-specific expression of ProTa, PCNA/cyclin, H3 and

COII genes in rat brain during postnatal development. Total cellular

RNA (10 xg) from rat brain at the indicated postnatal weeks (WK)

were hybridized to ProTa, PCNA/cyclin, H3 and COII probes. For
further details see legend to Fig. 1.
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Fig. 3. Stage-specific expression of ProTa, PCNA/cyclin, H3 and

COII genes in rat thymus during postnatal development. Total

cellular RNA (10 xg) from rat thymus at the indicated postnatal weeks

(WK) were hybridized to ProTa, PCNA/cyclin, H3 and COII probes.
For further details see legend to Fig. 1.

[19]. 1nterestingly, other developmentally regulated
genes related to cell proliferation, like the myc [20],
myb and ets [21] protooncogenes, were also seen not to
vary with thymus ageing.

In testis, the levels of ProTe and H3 mRNAs during
the first 2 weeks of age were more than 17-fold greater
than in adults showing an abrupt decrease coincident
with the onset of puberty (Fig. 4). PCNA/cyclin
mRNA also presented a similar pattern in the prepuber-
tal stages but a dramatic rise was observed at puberty,
remaining high in the postpubertal periods. The sizes of
ProTa, H3 and PCNA/cyclin mRNAs were the same as
in the nongerminal tissues (Fig. 1). However, the 1.1
and 0.9 kb PCNA/cyclin mRNAs, which use different
polyadenylation signals [22], followed distinct regula-
tion programs: while the 1.1 kb mRNA was the most
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Fig. 4. Stage-specific expression of ProTa, PCNA/cyclin, H3 and

COII genes in rat testis during postnatal development. Total cellular

RNA (10 4g) from rat testis at the indicated postnatal weeks (WK)

were hybridized to ProTa, PCNA/cyclin, H3 and COII probes. For
further details see legend to Fig. 1.
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abundant in all tissues and prepubertal testis, the con-
centration of both mRNAs was quite similar in the
adult testis (Fig. 4). After birth, testis cell populations
are mostly represented by self-renewing type A sper-
matogonia and by proliferating immature Sertoli cells
[23]. Accordingly, the expression of ProTa, PCNA/
cyclin and H3 genes in the first 2 weeks of age correlates
with the proliferative state of testis. It is noteworthy
that testis was the only organ in which ProTa and H3
displayed different developmental patterns compared
to PCNA/cyclin. The remarkable increase in the ex-
pression of PCNA/cyclin gene after puberty indicates
that this protein is needed in spermatogenesis. On the
other hand, it is well-known that during spermato-
genesis a dramatic change in chromatin structure, in-
volving a complete replacement of nucleosomal
histones by protamines, occurs in many species; concur-
rently, virtually all the nonhistone nuclear proteins are
eliminated [24]. Thus, the low expression of ProTa and
H3 genes in adult testis would reflect this exchange of
nuclear proteins during spermatogenesis.

In this study we demonstrated differential transcrip-
tional activity of ProTa gene during rat development.
The mRNA levels of this protein followed a similar
time-course to that of PCNA/cyclin and H3 in liver,
brain, kidney, thymus and prepubertal testis accounting
for the proliferative activity of cells in such tissues dur-
ing postnatal development. Since ProTa gene is
dramatically activated during development at stages
containing many proliferating but also differentiating
cells, a possible role in cellular differentiation deserves
consideration. Future studies on the regulation of
ProTa gene during development will help to the
understanding of its biological role.

Acknowledgements: We are grateful to Drs. R. Bravo, J.L. Stein,
and N. Glaichenhaus for their gift of the recombinant plasmids con-
taining the PCNA/cyclin, H3 and COIII probes, respectively. We
also thank Drs. R. Anadén and X.R. Bustelo for their helpful com-
ments, and M. Alfonso for his technical assistance. This work was
supported by Spanisch CICYT Grant PB88-0394. M.D. is a recipient
of a FPI predoctoral fellowship from the Spanish Ministerio de
Educacién y Ciencia.

REFERENCES

[1] Haritos, A.A. (1987) in: Isozymes: Current Topics in Biological
and Medical Research (Rattazzi, M.C., Scandalios, J.G., and
Whitt, G.S., ed) Liss, New York, pp. 123-152.

[2]) Haritos, A.A., Tsolas, O. and Horecker, B.L. (1984) Proc. Natl.
Acad. Sci. USA 81, 1391-1393.

[3] Makarova, T., Grebenshikov, N., Egorov, C., Vartapetian, A.
and Bogdanov, A. (1989) FEBS Lett. 257, 247-250.

[4] Eschenfeldt, W.H., Manrow, R.E., Krug, M.S. and Berger,
S.L. (1989) J. Biol. Chem. 264, 7546-7555.

[5] GOmez-Mérquez, J. and Segade, F. (1988) FEBS Lett. 226,
217-219.

[6] Watts, J.D., Cary, P.D. and Crane-Robinson, C. (1989) FEBS
Lett. 245, 17-20.

375



Volume 269, number 2

[7] Su, Y., Ho, K.L., Dalakas, M.C. and Mutchnick, M.G. (1989)
Ann. Neurol. 26, 277-280.

[8) Tsitsiloni, O.E., Yialouris, P.P., Sekeri-Pataryas, K. and
Haritos, A.A. (1989) Experientia 45, 332-334,

[9] Eschenfeldt, W.H. and Berger, S.L. (1986) Proc. Natl. Acad.
Sci. USA 83, 9403-9407.

[10) Gémez-Mdrquez, J., Segade, F., Dosil, M., Pichel, J., Bustelo,
X_.R. and Freire, M. (1989) J. Biol. Chem. 264, 8451-8454.

[11] Suzuka, I., Daidoji, H., Matsuoka, M., Kadowaki, K.-I.,
Takasaki, Y., Nakane, P.K. and Moriuchi, T. (1989) Proc. Natl.
Acad. Sci. USA 86, 3189-3193.

[12] Celis, J.E., Madsen, P., Celis, A., Nielsen, H.V. and Gesser, B.
(1987) FEBS Lett. 220, 1-7.

[13] McGhee, J.D. and Felsenfeld, G.A. (1980) Annu. Rev.
Biochem. 49, 1115-1156.

[14]) Almendral, J.M., Huebsch, D., Blundell, P.A., MacDonald-
Bravo, H. and Bravo, R. (1987) Proc. Natl. Acad. Sci. USA 84,
1575-1579.

[15] Plumb, M., Stein, J. and Stein, G. (1983) Nucl. Acids Res. 11,
2391-2410.

376

FEBS LETTERS

September 1990

[16] Glaichenhaus, N., Léopold, P. and Cuzin, F. (1986) EMBO J.
5, 1261-1265.

[17] McKay, R.D.G. (1989) Cell 58, 815-821.

[18] Scollay, R., Smith, S. and Stauffer, V. (1986) Immunol. Rev.
91, 129-157.

[19] Adkins, B., Mueller, C., Okada, C.Y., Reichert, R.A.,
Weissman, [.L. and Spangrude, J.G. (1987) Annu. Rev.
Immunol. 5, 325-365.

[20] Zimmerman, K.A., Yancopoulos, G.D., Collum, R.G., Smith,
R.K., Kohl, N.E., Denis, K.A., Nau, M.M., Witte, O.N.,
Toran-Allerand, D., Gee, C.E., Minna, J.D. and Alt, F.W.
(1986) Nature 319, 780-783.

[21] Bhat, N.K., Fisher, R.J., Fujiwara, S., Ascione, R. and Papas,
T.S. (1987) Proc. Natl. Acad. Sci. USA 84, 3161-3165.

[22] Matsumoto, K., Moriuchi, T., Koji, T. and Nakane, P.K. (1987)
EMBO J. 6, 637-642.

[23] de Kretser, D.M. and Kerr, J.B. (1988) in: The Physiology of
Reproduction (Knobil, E. and Neil, J. et al., ed) Raven Press,
New York, pp. 837-932.

[24] Bellvé, A.R. (1989) in: Oxford Reviews of Reproductive Biology
(Finn, C.A., ed) Oxford University Press, London, pp. 159-261.



