
Proc. Nati. Acad. Sci. USA
Vol. 87, pp. 3797-3801, May 1990
Developmental Biology

Enhanced c-myc gene expression during forelimb regenerative
outgrowth in the young Xenopus laevis

(limb regeneration/protooncogene/proliferation/differentiation/in situ hybridization)

JACQUELINE GtRAUDIE*, JACQUES HOURDRYt, SOPHIE VRIZt, MARCUS SINGERS, AND MARCEL MtCHALIt
*Laboratoire d'Anatomie comparde, Universitd Paris VII, 2, Place Jussieu, 75251 Paris Cddex 05, France; tLaboratoire d'Embryologie Moldculaire, Institut
Jacques Monod, 2, Place Jussieu, 75251 Paris Cddex 05, France; and tDepartment of Anatomy, School of Medicine, Case Western Reserve University,
Cleveland, OH 44106

Communicated by Lester 0. Krampitz, February 27, 1990 (received for review July 21, 1989)

ABSTRACT Analysis of the expression of the c-myc pro-
tooncogene has been carried out in the forelimb regenerate of
the Xenopus laevis froglet. Northern blot hybridization analysis
revealed the presence of a 2.5-kilobase c-myc transcript in the
regenerate forelimb at a level at least 7-fold more than the one
found in nonregenerating forelimbs or stumps of regenerating
forelimbs. In situ hybridization analyses confirmed the relative
abundance of c-myc RNA in the regenerate forelimb and
provided evidence of spatial localization of high levels of c-myc
RNA in specific cell layers. The deepest layers of the wound
epithelium of epidermal origin showed a strong signal, whereas
virtually no c-myc RNA was detected in the outermost layers.
Labeling was also observed in mesenchymal cells of the blast-
ema where it was relatively evenly distributed. This pattern of
c-myc RNA in the regenerate might indicate that the expression
of c-myc plays a role in the regulation of the continued
proliferation of specific cells of the regenerate, whereas repres-
sion of this gene in the epidermis correlates with terminal
differentiation of keratinocytes.

Among Amphibia, limb regeneration is a well-documented
biological phenomenon, especially in Urodeles (1, 2). In
Anurans, froglets of some species will partially regenerate
their amputated limbs during early postmetamorphic stages.
This system provides an interesting model to study the
pattern of cell proliferation as it produces the formation of a
fibroblast-like cell accumulation at the tip of the stump after
epithelial wound healing and the formation of an elongated
cartilaginous spike lacking normal musculature and digits
(3-5).

In an effort to understand the molecular mechanisms
involved in the regulation of the cell cycle and differentiation
during the regenerative process, we have analyzed the
expression of the protooncogene c-myc during this phenom-
enon. Regulated expression of c-myc has been described
during cell proliferation and differentiation in different mod-
els (6-9). In the studies presented here, limb regeneration
was examined in Xenopus laevis; our laboratory and others
have characterized and sequenced c-myc from Xenopus
(10-12). Its developmental expression shows that it is in-
volved in nuclear function(s) necessary for the early cleavage
stage of development (10-14). We have also observed strong
c-myc expression during eye formation, which might prevent
terminal differentiation in this tissue during early organogen-
esis (13). The role ofc-myc in the equilibrium between growth
and differentiation was examined in limb regeneration. Here
we report that c-myc is strongly expressed during limb
regeneration in distinct epithelial cell layers ofthe regenerate,
in correlation with cell proliferation. In contrast, low c-myc
RNA levels are observed in cell layers committed to differ-

entiation. The data are compared with those obtained from
the stump and with previous observations made for the whole
embryo (10-14).

MATERIALS AND METHODS
Animals and Cell Cultures. All experiments were carried

out on X. laevis froglets 5 months postmetamorphosis. An-
imals were accommodated and fed as described by Gurdon
(15). Xenopus A6 cells were cultured at 20-220C in 75% L15
Leibovitz medium (GIBCO) supplemented with gentamycin
and 10% heat-inactivated fetal calf serum. Cells were har-
vested in their exponential phase of division.
Amputations. Animals were anesthetized with 0.3% MS

222 (3-aminobenzoic acid ethyl ester methanesulfonate salt)
and then bilaterally amputated with fine scissors through the
mid-zeugopodial region (radius-ulna) of the forelimb under
sterile conditions (see Fig. L4). When necessary, soft tissues
and skin of the stump were then trimmed to provide as flat an
amputation surface as possible. Experimental animals were
raised individually at room temperature (18-20'C) in small
plastic containers. Harvest of the regenerates and stumps
were performed under sterile conditions 4 weeks after am-
putation. For RNA extraction procedures, regenerates as
well as equal amounts of stump tissue minus bone were
pooled. Specimens were stored at -80°C before RNA ex-
traction.
RNA Extraction and Northern Blot Hybridization. Frozen

samples were rapidly homogenized in a solution of 3 M
LiCl/6 M urea at 4°C using a Ultra-turrax homogenizer. The
homogenates were processed for RNA extraction and agar-
ose gel electrophoresis as described (10). Northern blot
hybridization was accomplished using a single-stranded an-
tisense 32P-labeled 630-base-pair Xenopus HincII-Pvu II
c-myc coding region sequence (10) and washed using stan-
dard procedures (14). Autoradiography and scanning densi-
tometry of different exposures were performed to quantitate
the c-myc RNA level in each sample (10).
In Situ Hybridization of Cut Sections from Regenerate with

c-myc RNA Probes. Albino Xenopus were used to avoid
confusion between pigment granules and silver grains. One-
month-old regenerates and stumps were fixed into freshly
prepared 4% paraformaldehyde in 0.5x phosphate-buffered
saline for 1 hr at 4°C. Samples were processed exactly as
described (13). Hybridization was done with a 35S-labeled
antisense c-myc RNA probe (4 to 6 x 108 cpm/,ug) prepared
as described (13). Sense probes were run in parallel as a
negative control for background and nonspecific interac-
tions. Sections of Xenopus oocytes were also hybridized in
parallel on the same slides as positive controls, as c-myc is
known to be highly expressed in these cells (10, 13).

Abbreviation: TEM, transmission electron microscopy.
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Transmission Electron Microscopy (TEM). To examine the
structure of the wound epithelium cells of the regenerate and
epidermis ofthe stump, the tissues ofregenerating limbs were
fixed by immersion for 2 hr in 1.5% glutaraldehyde/1.5%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH
7.4). The samples were routinely processed for TEM accord-
ing to the procedure of Geraudie (16), whereupon they were
embedded in Epon for longitudinal sectioning.

RESULTS

At the time of harvest, the limb regenerate is composed of a
wound epithelium of epidermal origin covering a mound of
relatively undifferentiated cells, the pseudoblastema cells as

described by Skowron and Komala (17). It arises through cell
migration and proliferation, which is the causal event allow-
ing the construction and enlargement of the limb blastema
cellular accumulation capping the limb stump.
Northern Blot Hybridization Analysis of c-myc RNA in Limb

Regenerates and Control Limbs. The expression ofc-myc was
followed by RNA extraction of limb tissues, as illustrated in
Fig. 1. c-myc transcripts were observed in total RNA from
limb regenerates and stumps of Xenopus froglets (Fig. 1,
lanes 2 and 3). A prominent c-myc transcript of 2.5 kb in size
was detected. This c-myc transcript was also present in
nonregenerating control limbs (Fig. 1, lane 1). Expression of
the c-myc in nonregenerating control limb is not surprising in
that the Xenopus froglets are in an active stage ofgrowth. The
2.5-kb c-myc transcript is also expressed in Xenopus A6
proliferating cells (Fig. 1, lanes 4 and 5) and stage II XenopusW , * .
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FIG. 1. Northern blot analysis of c-myc expression in Xenopus
limb regenerates and stumps. Limbs were amputated at the level
of the radius-ulna (A and B), and the distal regions (severed limbs)
were kept as control limbs (sample 1). Four weeks after amputa-
tion (C), the regenerates, considered as the outgrowth about the
amputation site, were harvested (sample 2) as were stump tissues
located above the elbow (sample 3). (D) Northern blot analysis of
total mRNA extracted from the different tissues. Lane 1, control
limbs (8 ,ug of RNA); lane 2, regenerates (12 ,ug); lane 3, stumps
(13 ,ug); lane 4, 3 x 104 Xenopus proliferative cells; lane 5, 105
Xenopus proliferative cells; lane 6, stage II oocytes (5 ,ug). kb,
Kilobases.
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FIG. 2. Localization of c-myc
RNA in the limb regenerate. In situ
hybridizations were carried out as de-
scribed in the text. (A and B) Sections
were hybridized with a 35S-labeled
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oocytes (Fig. 1, lane 6). The oocytes also express a 1.8-kb
c-myc transcript as described (10).

Densitometric quantification was done by scanning differ-
ent autoradiographs of the gel (ref. 10; see Materials and
Methods). From these results the level of c-myc RNA from
one stage II oocyte is equivalent to the level of c-myc RNA
found in 105 Xenopus somatic cells in culture, in agreement
with our previous observations. The same quantification
procedure was applied to the other samples, and the signal
obtained was normalized to the amount of RNA loaded in
each lane. A 7- to 8-fold increase in the expression of c-myc
was observed in the whole regenerate, relative to control
limbs (Fig. 1, lanes 1 and 2). In contrast, a very weak
expression was detected in the stump tissues.

It is rather difficult to compare the level of c-myc expres-
sion during regeneration and cell proliferation in culture.
However, the signal obtained from eight regenerates proc-
essed in the gel (around 400,000 cells) was equivalent to the
signal with 300,000-400,000 Xenopus somatic cells in their
growing phase in culture. As all of the cells of the regenerate
are not expressing c-myc (see below), we conclude that the
level of c-myc RNA in the regenerate is at least equivalent to
the c-myc RNA level in growing cells in culture.

Cellular Localization of c-myc RNA in the Limb Regenerate.
In situ hybridization analysis provided specific tissue local-
ization of the c-myc RNA detected by Northern blot hybrid-
ization. c-myc RNA was not evenly expressed in the regen-
erate and only specific cells exhibited a high level of c-myc
RNA (Figs. 2 and 3). c-myc RNA is primarily localized to the
wound epithelium as compared with the mesenchymal cells

of the regenerate. A relatively high autoradiographic grain
density was observed in the innermost layers (two or three
cell layers) of the wound epithelium. About 15-20 silver
grains were counted above these cells. The outermost layers
were not labeled. A reduced level of c-myc RNA is also
observed in the mesenchymal cells of the blastema (apical
cell accumulation). Grain density is evenly distributed in
these cells, as no gradient was detected. Control slides
hybridized with a c-myc sense RNA probe showed a low
background (Fig. 2 C and D).

Cellular Localization of c-myc RNA in the Limb Stump.
c-myc RNA was detected in low relative amounts in total
RNA from the limb stumps (Fig. 1B). In situ hybridization
analysis indicated that soft tissues of the stump located
between the skeleton and the epidermis (i.e., muscles and
dermis) exhibit a grain density equivalent to background.
However, a significant signal is apparent in the basal layers
of the stratified epidermis, whereas the outermost layers are
approximately equal to background (Fig. 3 C and D). There-
fore, the pattern of c-myc RNA localization is qualitatively
similar to that of the regenerate but differs quantitatively.

Ultrastructure of the Regenerate. TEM showed that the
ultrastructure of the epithelial cells is different in the outer-
most layers as compared with the region below (Fig. 4). The
cytoplasm of the superficial cells is filled with cytokeratine
tonofilaments, which are the most abundant cell components
identified. The chromatin of the elongated nucleus is very
electron-dense and therefore not indicative of a high level of
transcription. In cells of the basal (germinative) layer and
intermediate layers, a large density of free ribosomes was
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FIG. 3. Localization of c-myc RNA in the limb regenerate and stump. (A and B) Enlarged regions of the regenerate shown in Fig. 2. (x 320.)
(C and D) Localization of c-myc RNA in the limb stump after hybridization of sections with a 35S-labeled antisense c-myc probe. (C) Stump
under dark-field illumination. Epidermis labeling (ep) is. much weaker than in the regenerate epithelium. Labeling is not above background in
the mesenchymal tissue (in). Glands of epidermal origin located in the dermis are not labeled. (x 160.) (D) Bright-field illumination of the same
section. (x160.)
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FIG. 4. Ultrastructure of the wound epithelium (EP). The cytoplasmic content is different in the outermost cells rich in cytokeratin
tonofilaments (arrow) as compared with the cells located below (star). There, in addition to intermediate filaments, mitochondria and free
ribosomes are quite prominent, suggesting high synthetic activity. Note the changes in size and electron density of the nucleus from the basal
region toward the surface of the epithelium where c-myc transcription is no longer observed (MB, mesenchymal cells). (x 7360).

detected and mitochondria as well as the intermediate fila-
ments described above are abundant. Large nuclei exhibit
patches of perinuclear heterochromatin and euchromatin in
large quantities. Consequently, there is an inverse correlation
between the level of cell differentiation in the wound epithe-
lium and the expression of the c-myc protooncogene. c-myc
RNA is no longer present in cells that have reached their
differentiated state.

DISCUSSION
The data presented here indicate a strong correlation between
c-myc gene expression and the process of limb regeneration.
A similar result was also observed after partial hepatectomy
in the rat (18), although early stages of rat liver regeneration
produce a compensatory hypertrophy phenomenon of the
remaining lobules rather than a true epimorphic regeneration.
The in situ hybridization results revealed a predominance of
c-myc RNA in the inner layers of the wound epithelium, with
a greater intensity in the regenerate than in the stump. These
are two regions where cell morphology is distinctly different.

There are large intercellular spaces in the wound epithelium
(19) but this feature in cell topography is apparently inde-
pendent of the expression of the c-myc protooncogene.
A low signal is observed in the superficial layers (one or

two cell layers) of the wound epithelium. These cells are
already differentiated into keratinocytes (Fig. 4) and are
probably not very transcriptionally active, as judged by
nuclear morphology and chromatin appearance. Moreover,
the cytoplasm apparently no longer contains organelles in-
volved in protein synthesis such as ribosomes. c-myc RNA is
expressed in the inner layers of the wound epithelium,
although only cells in the deepest (i.e., basal or germinative)
layer are actively dividing. As the expression of c-myc
correlates with cell proliferation, or with commitment to
divide (9), these observations indicate that the inner layers of
the wound epithelium are in a state competent to undergo cell
proliferation. This interpretation is in agreement with the
large variety of organelles observed to be present in the
cytoplasm and with the nuclear ultrastructure.

In the mesenchymal cells of the outgrowth, c-myc RNA is
present in a relatively low level. The lack of a gradient of
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c-myc RNA favors the hypothesis that all of the cells are still
in the cell cycle, although it is not yet possible to determine
in which phase (20, 21). The decreased level of c-myc RNA
expressed in these cells might reflect the fact that these cells
are entering the differentiation program.

In the newt Notophthalmus viridescens, all of the cell
layers of the wound epithelium express a high level of c-myc
transcription (22). This may indicate that in the newt limb
regenerate, all of the cells, including the outermost ones, are
competent to undergo cell proliferation, in agreement with
the high regenerative potential of this animal. In accordance
with this observation, it is known that in normal human
intestinal epithelium, an actively dividing tissue, c-myc is
detected uniformly throughout the entire thickness of the
colon epithelium. Its expression is not restricted to the
regions located at the base of the crypt where proliferation
occurs for cellular renewal (23).
Although the froglet is in a growing stage at the time oflimb

amputation, the relative abundance of c-myc RNA is in-
creased in the regenerating limb compared to the nonregen-
erating limb. The biochemical and cytological data provide
measures of only the steady-state levels ofc-myc RNA. Thus
we do not know if the regulation of c-myc expression is
transcriptional or posttranscriptional; both levels of control
can be involved in alteration of c-myc expression (6-9,
24-26). At the time of amputation c-myc is already being
transcribed in the normal growing limb. However, it is clear
that during regeneration a new regulation ofc-myc expression
is superimposed on that gene. In this sense, this system may
be analogous to that of3T3L1 preadipocytes transfected with
the c-myc gene under control of Rous sarcoma virus. En-
hanced expression of c-myc prevents the differentiation of
these cells by compelling them to cycle (8). A similar result
is reported during the formation of the eye during Xenopus
development. A high level of c-myc RNA during organ
ontogenesis may prevent cells from entering the terminal
differentiation phase, a situation not compatible with the
overall growth of the embryo (13). Differential expression of
the c-myc protooncogene in specific cell layers may, there-
fore, be involved in the delicate balance that must be main-
tained between cellular growth and differentiation during the
process of regeneration.

We thank Dr. K. D. Boehm (Department of Dermatology, Case
Western Reserve University) and P. Brooks (Institut Jacques
Monod) for critical reading of the manuscript. Sectioning for histol-
ogy and TEM was done by F. Allizard. The TEM study was
performed in the Service d'accueil de Microscopie Electronique,
Centre National de la Recherche Scientifique-Universitd Pierre et
Marie Curie. The work was supported by grants from Institut
National de la Sante et de la Recherche Mddicale, Association pour

la Recherche sur le Cancer, Ligue National Franqaise contre le
Cancer, Fondation pour la Recherche Mddicale, and the Monsanto
Corporation.

1. Wallace, H. (1981) Vertebrate Limb Regeneration (Wiley,
Chichester, U.K.).

2. Sicard, R. E. (1986) Regulation of Vertebrate Limb Morpho-
genesis (Oxford Univ. Press, Oxford, U.K.).

3. Singer, M. (1952) Q. Rev. Biol. 27, 169-199.
4. Dent, J. M. (1%2) J. Morphol. 110, 61-77.
5. Korneluk, R. G. & Liversage, R. A. (1984) Can. J. Zool. 62,

2383-2391.
6. Kelly, K., Cochran, B., Stiles, C. & Leder, P. (1983) Cell 35,

603-610.
7. Lachman, H. M. & Skoultchi, A. I. (1984) Nature (London)

310, 592-594.
8. Freytag, S. 0. (1988) Mol. Cell. Biol. 8, 1614-1624.
9. Cole, M. D. (1986) Annu. Rev. Genet. 20, 361-384.

10. Taylor, M. V., Gusse, M., Evan, G. I., Dathan, N. & Mechali,
M. (1986) EMBO J. 13, 3563-3570.

11. King, M. W., Roberts, J. M. & Eisenman, R. N. (1986) Mol.
Cell. Biol. 6, 4499-4508.

12. Vriz, S., Taylor, M. & Mechali, M. (1989) EMBO J. 8,
4091-4907.

13. Hourdry, J., Brulfert, A., Gusse, M., Schoevaert, D., Taylor,
M. V. & Mechali, M. (1988) Development 104, 631-641.

14. Gusse, M., Ghysdael, J., Evan, G. I., Soussi, T. & Mechali, M.
(1989) Mol. Cell. Biol. 2, 5395-5403.

15. Gurdon, J. B. (1967) in Methods in Developmental Biology,
eds. Wilt, F. H. & Wessels, N. K. (Crowell, New York), pp.
75-84.

16. Geraudie, J. (1988) Anat. Rec. 221, 455-468.
17. Skowron, S. & Komala, Z. (1957) Folia Biol. (Warsaw) 5,

53-72.
18. Makimo, R., Hasaki, K. & Sugimura, T. (1984) Nature (Lon-

don) 310, 697-698.
19. Furlong, S. T., Heidemann, M. K. & Bromley, S. C. (1985)

Anat. Rec. 211, 444-449.
20. Thomson, C. B., Challoner, P. B., Neiman, P. E. & Groudine,

M. (1985) Nature (London) 314, 363-366.
21. Hann, S. R., Thompson, C. B. & Eisenman, R. N. (1985)

Nature (London) 314, 366-369.
22. Hourdry, J., G6raudie, J., Singer, M. & Mechali, M. (1988) in

Proceedings of the Sixth M. Singer Symposium, ed. Inoue, S.
(Okada, Maebashi, Japan), pp. 307-313.

23. Ten Kate, J., Eidelman, S., Bosman, F. T. & Damjanov, I.
(1989) J. Histochem. Cytochem. 37, 541-545.

24. Greenberg, M. E. & Ziff, E. B. (1984) Nature (London) 311,
433-438.

25. Blanchard, J. M., Piechaczyk, M., Dani, C., Chambard, J. C.,
Franchi, A., Pouyssegur, J. & Jeanteur, P. (1985) Nature
(London) 317, 443-445.

26. Dani, C., Mechti, N., Piechaczik, M., Lebleu, B., Jeanteur, P.
& Blanchard, J. M. (1985) Proc. Natl. Acad. Sci. USA 82,
4896-4899.

Developmental Biology: Ge'raudie et al.


