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Abstract

dorsalize the fibroblastema.

Background: To gain insight into what differences might restrict the capacity for limb regeneration in Xenopus
froglets, we used High Performance Liquid Chromatography (HPLC)/double mass spectrometry to characterize
protein expression during fibroblastema formation in the amputated froglet hindlimb, and compared the results to
those obtained previously for blastema formation in the axolotl limb.

Results: Comparison of the Xenopus fibroblastema and axolotl blastema revealed several similarities and significant
differences in proteomic profiles. The most significant similarity was the strong parallel down regulation of muscle
proteins and enzymes involved in carbohydrate metabolism. Regenerating Xenopus limbs differed significantly from
axolotl regenerating limbs in several ways: deficiency in the inositol phosphate/diacylglycerol signaling pathway,
down regulation of Wnt signaling, up regulation of extracellular matrix (ECM) proteins and proteins involved in
chondrocyte differentiation, lack of expression of a key cell cycle protein, ecotropic viral integration site 5 (EVI5),
that blocks mitosis in the axolotl, and the expression of several patterning proteins not seen in the axolotl that may

Conclusions: We have characterized global protein expression during fibroblastema formation after amputation of
the Xenopus froglet hindlimb and identified several differences that lead to signaling deficiency, failure to retard
mitosis, premature chondrocyte differentiation, and failure of dorsoventral axial asymmetry. These differences point
to possible interventions to improve blastema formation and pattern formation in the froglet limb.
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Background

Urodeles regenerate perfect replicas of limb segments lost
by amputation at any proximodistal (PD) level throughout
their lives [1,2], for reviews, although the rate and com-
pleteness of regeneration are affected by factors such as
age and metamorphosis [3]. Regeneration is accomplished
by the formation of a blastema composed of progenitor
cells derived by reprogramming of differentiated cells
(dedifferentiation) and stem cells associated with skeletal
muscle and perhaps other tissues. Growth of the blastema
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is driven by a nerve-dependent signaling center, the apical
epidermal cap (AEC) [4-8]. Global transcript analysis by
microarray and RNA-Seq has identified overlapping suites
of genes that include markers for stem and progenitor
cells, genes that define specific phases of regeneration,
genes that are regulated by neural signals, and genes that
differentiate regeneration from skin wound repair [9-11].
Nieuwkoop-Faber [12] stage 51-53 limb buds of the
anuran Xenopus laevis also regenerate perfectly at any
level of amputation. After NF stage 53, however, regene-
rative capacity becomes progressively hypomorphic and
spatially restricted to progressively more distal levels, until
by stage 56 or 57 amputation at any level results only in
the regeneration of a muscle-less, un-segmented cartilage
spike covered by an envelope of skin [13-15]. This
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spatiotemporal restriction of regenerative capacity is corre-
lated with the general proximal to distal ossification of
skeletal tissues, although regeneration is slightly better
when amputation is through the soft tissue of the joints
[16]. Loss of regenerative capacity during limb devel-
opment in Xenopus is due to intrinsic changes in limb
tissues, as shown by the fact that grafting regeneration-
competent blastemas to regeneration-deficient limb stumps
and vice versa does not alter the regenerative capacity of
the blastema [17,18].

The Xenopus and urodele limb regeneration blastema
share some features. Both rely on nerve-dependent sig-
nals from the wound epidermis for their formation and
growth [19-22]. Both express prxl, a transcription factor
that serves as an early marker of dedifferentiated cells
[23,24]. Most often, however, the Xenopus blastema is
described as a “fibroblastema” or “pseudoblastema”, as
opposed to the mesenchymal nature of the urodele blas-
tema. Although one study [25] reported that the morph-
ology and fine structure of the cells released by histolysis
is similar in amputated urodele and Xenopus limbs, most
studies suggest that, compared to the amputated urodele
limb, histolysis is limited in the amputated Xenopus limb,
there is little if any cellular dedifferentiation, progenitor
cells are fibroblastic rather than mesenchymal, muscle sat-
ellite cells do not contribute to the fibroblastema, neurovas-
cular invasion is sparser, and the AEC is thinner with a
connective tissue pad between it and the underlying cells
[13,16,20,26,27]. These features have been correlated with a
shift in the response to amputation brought about by the
maturation of the immune system as the tadpole differenti-
ates and undergoes metamorphosis [28-30].

Defining the cellular and molecular basis of the contrast
in regenerative ability between regeneration-competent
and regeneration-deficient limbs is of great interest, be-
cause of the potential to identify factors associated with
successful regeneration and/or the factors that inhibit
it. Differences in transcript expression by amputated
regeneration-competent Xenopus limb buds (stage 52/53)
vs. regeneration-deficient limbs (stage 57 or froglets) have
been reported for specific genes and for global gene arrays
compiled by subtractive hybridization or microarray
[31-34]. In particular, PD axial patterning genes such as
Hoxa9, Hoxall, and Hoxal3 are expressed by the fibro-
blastemas of Xenopus limbs, but their expression is not
deployed in the proper spatiotemporal organization
characteristic of regeneration-competent blastemas [35].
Furthermore, regeneration-deficient Xenopus blastemas
fail to express shh, an important regulator of anteroposte-
rior (AP) axial patterning in axolotl limb buds and blaste-
mas and Xenopus stage 52 limb buds [31], a failure due to
the epigenetic hyper-methylation of an enhancer sequence
regulating shh expression [36]. These findings have led to
the idea that faulty expression of patterning genes is the
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major cause of regenerative deficiency in Xenopus limbs
[35]. The reasons why Xenopus limb patterning genes are
not activated in their proper spatiotemporal pattern are
unknown, but are likely due to an inability to activate and/
or inhibit other processes necessary to the formation of a
regeneration-competent blastema.

Analysis of gene activity on the mRNA level excludes
post-transcriptional events that determine whether or
not specific transcripts are translated into protein and at
what rate. Transcript analysis has therefore been com-
plemented by proteomic analysis of regenerating am-
phibian limbs. Protein synthesis in regenerating newt
limbs has been studied by autoradiographic [37], biochem-
ical [38,39] and gel electrophoretic [40-43] methods. The
electrophoretic studies revealed differences in protein
composition at different stages of regeneration and be-
tween innervated and denervated limbs, but only a few
proteins were identifiable. Quantitative HPLC/mass
spec methods have enabled the identification of individual
proteins and their fold changes with respect to baseline
values. King et al. [44] compared the blastemal proteome
of stage 53 Xemopus limb buds at three days post-
amputation to un-amputated tissue and identified a
number of proteins with large fold changes. We have
assessed temporal quantitative changes in proteins
expressed during formation of the accumulation (early
bud) blastema of the regenerating axolotl hind limb
[45], and have conducted bioinformatic analysis to re-
veal pathways and networks of protein interactions dur-
ing blastema formation [46].

To gain insight into the proteomic differences between
blastema formation in regeneration-deficient Xenopus
and regeneration-competent axolotl limbs, we have con-
ducted a proteomic analysis of fibroblastema formation in
Xenopus froglets and compared the results to those we
obtained for blastema formation in the axolotl limb
[45]. This species comparison has advantages over com-
parisons between regeneration-competent stage 52/53
Xenopus tadpole limb buds vs. regeneration-deficient
stage 57-60 tadpole or froglet limbs in that we are compar-
ing the regeneration of fully differentiated, nerve-dependent
limbs rather than undifferentiated nerve-independent
limb buds vs. nerve-dependent differentiated limbs.

Results and discussion

Histology of fibroblastema formation in froglet hind limbs
At 1 dpa, the wound epidermis covered the clotted plasma
of the amputation surface with its blood cells and cellular
and tissue debris. By 5 dpa, the debris had been largely re-
moved by macrophages and tissue histolysis by proteolytic
degradation was underway. By 7 dpa, cells in the perios-
teum were activated for a considerable distance proximal
to the amputation plane, forming two thick collars of fi-
broblastic cells surrounding both tibia and fibula that
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merged distally into a thin region of fibroblastic cells
under the wound epidermis. By 12 dpa (Figure 1), the col-
lar was differentiating into chondrocytes that graded into
a mound of fibroblastic cells representing an accumulation
fibroblastema. The fibroblastema grows as it simultan-
eously differentiates into chondrocytes in continuity with
the cartilage collar to form the cartilage spike that is the
characteristic end point of the regenerating froglet limb.

Xenopus protein expression

A total of 2500 Xenopus peptides were separated in the
samples. They fell into four priority groups according to
confidence in identification of proteins using a human
database. Priority groups 1 (P1, 601 proteins) and 2 (P2,
613 proteins met a statistical cutoff of >90% (see Methods
for further details). These 1214 proteins were filtered as
outlined in Methods to give 1014 identifiable proteins.
Collapsing duplicates and discarding proteins with no
known function yielded 830 proteins for analysis. The
remaining 1296 proteins fell into P3 and P4 categories
that did not meet the cutoff and were therefore not in-
cluded in the analysis. Figure 2 summarizes the distribution
of P1/P2 proteins according to their biological process and
Additional file 1: Table S1 lists all the P1/P2 proteins in
each of the ten biological process categories/sub-categories,
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with fold change (FC) at each of the time points post-
amputation, and peptide sequence. Proteins that had
FC =/>2.0 are coded in yellow. Additional file 2: Figure
S1 illustrates global intensity maps of FC at 1, 5, 7 and
12 dpa for each category of biological process.

Eighty percent of the P1 and P2 Xenopus proteins were
up or down regulated at all post-amputation time points
or three of four time points in the combinatorial expres-
sion patterns summarized in Table 1. The number and
percentage of proteins in each biological process cat-
egory up or down regulated at either all four or three of
four time points, and the ratios of up to down regula-
tion, are summarized in Table 2. The overall ratio of up
regulated to down regulated proteins was 1.3. Up regula-
tion was heavily favored over down regulation in the cat-
egories of signaling, transcription, translation, non-muscle
cytoskeleton, ECM, and cell protection (particularly chap-
erones). Categories in which up regulation was moderately
or slightly favored over down regulation were degradation
and cell cycle. Down regulation was heavily favored in
three categories, intracellular transport, cytoskeleton (par-
ticularly sarcomeric proteins), and metabolism (particu-
larly carbohydrate metabolism).

Two hundred seventy-five proteins (33.6% of the total)
had positive or negative FC =/>2 on one or more dpa.

-

Figure 1 Histological section of regenerating froglet hindlimb at 12 days post-amputation through the mid tibia-fibula. The section is
cut through the dorsoventral plane such that the tibia (T) and the accompanying flexor and extensor muscle masses are visible (red). A cartilage
collar (CC) has formed around the tibia for some distance proximal to the amputation plane that merges distally with a similar collar surrounding
the fibula. A fibroblastema (FB) that will form the cartilage spike is present between the merge point of the cartilage collars and the apical
epidermal cap (arrow). Yellow line indicates the plane of tissue harvest.
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Table 3 summarizes the ratio of up regulation to down
regulation, in the patterns shown in Table 1, for these pro-
teins in each biological process category, and Additional
file 3 lists the designations of these proteins. The U/D
ratio for these high FC proteins was highest (2—4) for
signaling, translation, ECM and non-muscle cytoskeleton;
intermediate (1-2) for transcription, cell protection, non-
carbohydrate metabolism, degradation, and cell cycle; and
lowest (<1) for intracellular transport, muscle cytoskel-
eton, and carbohydrate metabolism. Within the cytoskel-
eton category, U/D for muscle proteins was only 0.1
compared to non-muscle proteins at 3.7, and within the
metabolism category it was 0.3 for carbohydrates in con-
trast to 1.3 for non-carbohydrate.

Table 4 summarizes the number and percentage of
proteins with FC =/>2 as a function of dpa. About 56%
of these proteins have FC =/>2 at only one time point
after amputation, and this was at 12 dpa in the vast

Table 1 Patterns of up or down regulation observed at all
four post-amputation time points or three of the four
time points

Up regulation Down regulation

1dpa 5dpa 7dpa 12dpa 1dpa 5dpa 7dpa 12dpa
u u u u d d d d

d/n u u u u/n d d d

u u u d/n d d d u/n

u d/n u u d u/n d d

u u d/n u d d u/n d

u = up regulation, d = down regulation, n =no change. Slash means “or”;
dpa = days post-amputation.

majority of cases. Proteins with FC =/>2 FC at two time
points (usually 7 and 12 dpa) or 3—4 time points (usually
5, 7, and 12 dpa) comprised about 22% each. Table 5
summarizes the number of high FC proteins at each
time point after amputation and their U/D ratios. The
U/D ratios in each biological process category either fluc-
tuated slightly or showed a rise in these ratios from 1-12
dpa. We reasoned that these 275 proteins would be the
ones most likely to be involved in fibroblastema forma-
tion, including hemostasis and re-epithelialization of the
amputation surface. Thus in comparing the formation of
the Xenopus fibroblastema with blastema formation in the
axolotl, we focused on the functions of these high FC pro-
teins, the details of which can be found in the Additional
file 4. At the same time, however, we paid attention to
some proteins with FC <2 whose function suggested that
they might be relevant to the regenerative process.

Validation of Xenopus proteomic analysis

We fluorescently immunostained longitudinal cryosec-
tions of Xenopus limb tissue at each dpa to validate FC
data obtained by LC/MS/MS and quantitated the intensity
of fluorescence by densitometry (Figure 3). Three proteins
were validated: f1 integrin, vimentin, and 2 dystroglycan.
The immunofluorescent imaging and densitometry data
were in good agreement with the mass spectrometry data.

Comparison of froglet limb with axolotl limb

We compared the data on fibroblastema formation in
Xenopus with the data for blastema formation in the
axolotl [45] to determine whether there were prote-
omic differences that could be related to regenerative
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Table 2 Number of Xenopus proteins in each biological Table 3 Number of Xenopus proteins up regulated (U) or
process category that are up regulated (U) or down down regulated (D) with FC =/>2 at one or more time
regulated (D) on all dpa or 3 of 4 dpa, and U/D ratios points after amputation, and the ratio of U/D, according
Biological process Total to biological process category
Category Proteins U D u/D  Biological process U D u/D
Signaling 93 49 (52.7) 31(333) 16 Signaling 30 13 23
Transport 67 30 (46.6) 32 (5000 09 Transport 1 19 06
VT 44 20 (455) 24 (545) 08  [Iranscription 24 21 1
NVT 23 10 (43.5) 8 (34.8) 13 Translation 6 2 30
Transcription 104 51 (49.0) 36 (34.6) 14 Cytoskeleton 27 20 14
Chromatin associated 24 13 (54.2) 7(29.2) 19 Muscle 1 13 01
Transcription factors 41 19 (46.3) 16 (390) 12 Non-Muscle 26 7 37
RNA processing 39 19 (48.7) 13333) 15 Extracellular matrix 8 2 40
Translation 78 48 (62.8) 15(206) 3.1 Metabolism 10 12 08
Ribosomal proteins 55 34 (618) 10(182) 34 Carbohydrate 2 6 03
Translation factors 23 15 (60.9) 521.7) 30 Non-Carbohydrate 8 6 13
Cytoskeleton 104 40 (38.5) 41(394) 09 Cell protection 1 9 12
Muscle 28 3(107) 23821 01 Degradation 7 5 14
Non-Muscle 76 37 (53.0) 18210 21 Cell cycle 12 9 13
Extracellular matrix 41 25 (61.0) 498 63 G1/5 3 4 08
Metabolism 135 39 (37.1) 68(503) 07 M 5 4 13
Carbohydrate 72 16 (22.2) 39542 04 Other 4 1 40
Non-Carbohydrate 63 23 (36.5) 29 (44.4) 08
Cell Protection 8 VW8I0 216319 Table 4 Percentage of up or down regulated Xenopus
Inflamm-Related 38 16 (42.1) 1189 15 proteins with FC =/>2 at one time point (TP), 2 time
Apoptosis-Related 10 5 (50.0) 5 (50.0) 10 points or 3-4 time points after amputation, according to
Chaperones EY) 18(563)  5(156) 36  biological process category
Degradation 64 27 @22 21328 13  Biological process 17P 27p 3-47TP
Ubiquit/Proteasome 29 11679 10344 11 ~ignaling 236 143 321
Other 35 164s7) 11314 15 lansport 24 190 381
Cell cycle 54 21389  18(333) 12  ranscription 488 209 302
G1/5 15 6 (40.0) 7 (467) 09 Translation 66.6 333 00.0
M 18 8 (44.4) 6 (334) 13 Cytoskeleton 67.2 224 103
Other 21 7 (333) 5 (238) 14 Muscle associated 68.8 188 125
Total 369 787 13 Non-Muscle Associated 66.7 238 9.5
Numbers in parentheses indicate percentages of the total proteins up or ECM 600 300 100
down regulated. VT = vesicle-associated transport and NVT Metabolism 548 214 95
non-vesicle-associated transport.
Carbohydrate 50.0 16.7 333
Non-Carbohydrate 0.57 333 133
competence in the axolotl and regenerative fieﬁciency in Cell protection 381 143 476
the froglet. The number of P1 and P2 proteins from the )
Xenopus limb was 2.7 times greater than the axolotl limb. Degradation o7 000 73
This difference might be related to the greater degree of tis- Ubiquit/Proteasome 87 000 143
sue differentiation and density in the froglet hind limb and Other 100.0 000 000
the higher complexity in Xenopus of systems such as the  Cell cycle 333 333 333
adaptive immune response that might affect the regenera- G1/S 136 286 286
tive process [30]. This difference in complexity is apparent " - g 333
when the expression intensity maps are represented in cir-
Other 60.0 00.0 40.0

cular fashion and lines drawn between interacting proteins,




Rao et al. BMIC Developmental Biology 2014, 14:32
http://www.biomedcentral.com/1471-213X/14/32

Table 5 Number of highly regulated Xenopus proteins up
regulated and down regulated at each time point after
amputation and U/D ratios (bold)

11 dpa 5dpa 7 dpa 12 dpa

Uu D UDU D UDU D UDU D UD
Signaling 39 44 09 58 38 1.5 52 34 1.5 60 35 1.7
Transport 30 30 1.0 31 36 09 36 32 1.1 35 35 1.0
Transcription 38 47 1.2 52 44 1.2 54 39 14 57 43 13

CA 9 12 08 148 18 14 8 18 15 9 17
TFs 18 14 13 17 22 08 18 18 1.0 20 18 1.1
RP 11 21 05 21 14 15 22 13 1.7 22 16 1.4
Translation 22 43 0.5 48 22 22 57 17 34 59 15 3.9
RPs 16 30 05 33 16 21 40 12 33 42 10 4.2
TLFs 6 13 05 156 25 17 5 34 17 5 34
Cytoskeleton 34 43 0.8 45 50 0.9 48 49 1.0 60 43 14
MPs 6 14 04 5 23 02 4 23 02 4 23 02
NMPs 28 29 1.0 40 27 15 44 26 1.7 56 20 28
ECM 24 12 20 30 7 43 28 8 35 28 11 25
Metabolism 39 53 14 48 76 1.7 45 76 0.6 59 74 0.8
™M 27 37 07 18 45 04 20 45 04 27 43 0.6
NCM 12 16 05 30 31 1.0 25 31 08 32 31 1.0
Protection 4129 14 41 26 1.6 46 26 1.8 57 24 24
INF 23 10 23 18 13 14 18 14 13 25 12 21
APO 7 4 18 5 5 10 5 6 08 5 6 08
CHA 11 15 07 18 8 23 23 6 3.8 27 6 45
Degradation 28 28 1.0 30 26 12 32 25 13 39 24 1.6
PRO 1115 07 9 13 07 15 13 1.2 17 11 15
NPRO 17 13 1.3 21 13 16 17 12 1.4 21 13 1.6
Cell cycle 20 25 08 21 27 08 27 23 1.2 37 17 22
G1/S 6 8 08 5 8 06 7 7 10 8 6 13
M 4 8 05 8 10 08 8 9 09 13 5 26
Other 9 11 8 9 09 127 17 16 6 27

CA = chromatin associated; TFs = transcription factors; RP = RNA processing;
RPs = ribosomal proteins; TLFs = translation factors; MPs = muscle proteins;
NMPs = non-muscle proteins; CM = carbohydrate metabolism; NCM =
non-carbohydrate metabolism; INF = inflammation; APO = apoptosis related;
CHA = chaperones; PRO = proteasome associated; NPRO = non-proteasome
associated.

as determined by bioinformatic analysis (Additional file 5:
Figure S2). Comparison of Table 2 with Table 6 shows that
the overall U/D ratio was higher in Xenopus (1.3) than axo-
lotl (0.8). The three highest U/D ratios for Xenopus proteins
up or down regulated on all, or all but one time point were
for ECM (6.3), translation (3.1), and cell protection (1.9).
The three highest U/D ratios for the axolotl were for trans-
lation (4.7), ECM (2.0), and cell cycle (1.8). The lowest ra-
tios (<1.0) in both species were for cytoskeleton (due
primarily to depressed muscle proteins) and metabolism
(due primarily to depressed carbohydrate metabolism).
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The percentage of Xenopus proteins with FC =/>2 was
nearly 2.4 fold greater (33%) than the axolotl (14%) and
the maximum FCs were much higher in Xenopus, up to
32 FC, the majority of which were reached at 12 dpa. Of
the total of 1034 axolotl plus Xenopus proteins up or
down regulated at all dpa or 3 of 4 dpa, only 8.9% were
common to both species (Table 7). Table 8 lists the
shared proteins and those expressed in the axolotl but
not Xenopus. The highest percentages of shared proteins
were found in the categories of translation (18%) and
cytoskeleton (17.4%), followed by cell protection (9.5%),
metabolism (9.0%), degradation (8.9%), signaling (7.5%),
and ECM (7.4%). The least shared percentage of proteins
was in the categories of transcription (4.5%) and intra-
cellular transport (2.7%). Cell cycle was the only category
that had no shared proteins.

Signaling
The U/D ratio of this protein category was slightly higher
for Xenopus (1.6) than axolotl (1.3) (Tables 2 and 6). The
two species shared 7.5% of their signaling proteins
(Table 7).

IP3/DAG pathway and calcium translocation

Inositol triphosphate (IP3) and diacylglycerol (DAG) are
second messengers generated by G-protein and RTK recep-
tor signaling. In this pathway, inositol-3-phosphate synthase
(ISYNA1) catalyzes the synthesis of inositol from glucose-
6-phosphate. Inositol is converted to phosphatidylinositol-
4, 5 bisphosphate (PIP,), which is then cleaved by
phospholipase C (PLC) to IP; and DAG. IP; triggers Ca*
release from the endoplasmic and sarcoplasmic reticulum,
resulting in the translocation of protein kinase C (PKC) to
the plasma membrane, where DAG activates it to regulate
transcription [47]. Planarian regeneration has been shown
to be dependent on Ca>* [48]. In the regenerating axolotl
limb, channel proteins in the plasma membrane that
mediate extracellular Ca®* influx into the cytosol were
up regulated on all dpa (CACNA1A, ATP11A), or at 7
dpa (CACNA2D3), while proteins that translocate Ca**
from the cytosol to the ER/SR (ATP2A3, SRL, ASPH), buf-
fer cytosolic Ca** during muscle contraction (PVALB), or
regulate transport of Ca>* into and out of cells (CAMK2D)
were down regulated on all dpa or two of three dpa [45].
In addition to Ca®*, Na* influx through sodium channels
is obligatory for newt limb regeneration [49] and H" efflux
driven by a plasma membrane v-ATPase is obligatory for
regeneration of Xenopus tadpole tails [50].

Inositol phosphates are among the earliest signals asso-
ciated with urodele limb regeneration. They are generated
from PIP2 within 30 s after amputation of the newt limb
and inhibition of their formation by beryllium inhibits
blastema formation [51,52]. Consistent with these results,
we found that ISYNA1 was up regulated with FC >2 in
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Figure 3 Validation of LC/MS/MS. Immunofluorescent antibody staining and mean densitometric sum for 31 integrin, vimentin, and
dystroglycan, comparing control, 5 dpa and 12 dpa sections of regenerating froglet hindlimbs. A-D, 31 integrin; E-H, vimentin; I-L, dystroglycan.
The 1,5, 7 and 12 dpa fold changes for each of these proteins were: 31 integrin-1.05, 1.28, 2.18, 2.80; vimentin—1.07, 1.94, 2.30, 3.15;
dystroglycan-1.20, —1.40, —1.49, —2.02. The immunofluorescence and densitometry data thus agree well with the LC/MS/MS proteomic data.

the proteome of the amputated axolotl limb. By contrast,

Table 6 Number of axolotl proteins in each biological ISYNAT1 was not detected in the froglet limb, and INPP5F,

process category that are up regulated (U) or down a phosphatase that hydrolyzes PIP,, was down regulated,
regulated (D) on all dpa or 2 of 3 dpa, and U/D ratios suggestive of deficiencies in the IPg//DAG early Signaling
Biological process Total pathway. Phospholipase C was up regulated in the froglet
Category Proteins U D up limb with ‘FC >2 at 12 dpa, when the gqulvalent of an
Signaling - > 20 3 accumulation blastema had been established. ATP2A3,
' PVALB, and calsequesterin 1 were down regulated (the
Transcription 58 26 25 1.0
Chromatin associated 14 8 5 16 Table 7 Number of proteins common to blastema/
Transcription factors 22 1 7 16 fibroblastema formation in regenerating axolotl and
Xenopus limbs
RNA processing 22 7 13 0.5 P
) Biological process
Translation 20 14 3 4.7
Category Common Axo*/Xeno™ Xeno*/Axo™~
Ribosomal proteins 13 9 2 45 - -
Signaling 10 (7.5) 35 87
Translation factors 7 5 1 50
Transport 2(2.7) 6 68
Cytoskeleton 64 14 48 03 o
Transcription 7 (4.5) 50 98
Muscle proteins 24 0 23 0.0 .
Translation 15 (18.0) 5 63
Non-Muscle proteins 46 14 25 06
Cytoskeleton 25 (17.4) 41 78
Extracellular matrix 19 12 6 20
Muscle 10 (25.6) 11 18
Metabolism 33 9 23 04
Non-Muscle 15 (14.3) 30 60
Cell Protection 35 16 16 10
ECM 4(74) 14 36
Inflammatory-Related 8 6 2 30 )
Metabolism 14 (9.0) 19 121
Apoptosis-Related 13 5 8 06 .
Cell protection 10 (9.5) 25 70
Chaperones 14 5 6 08 .
Degradation 5 (9.0) 6 50
Degradation 12 4 4 1.0
Cell cycle 0 (0.0) 14 56
Cell cycle 13 7 4 1.8
Total 92 (9.0) 215 (21.0) 727 (70.0)
Total 125 149 08

Numbers in parentheses indicate percent shared.
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Table 8 Proteins found in regenerating limbs of A.
mexicanum but not X. laevis and proteins shared by the

two species

Axo*/Xeno~

Axo*/Xeno*

Signaling

Intracellular transport

+ APC

+ ARL1

+ CCDC88C
- CLTCLT

- DIXDC1

- ECTO

+ EPHA7

+ EZR

+ FHSB

+ GNB2L1

+ GPR109B
+ INV
-IRF6.2

+ IRS4

+ ISYNA1
+ ITSN2
-LTBP4

+ NET1

+ NOS1

+ OR2AT4
- OR4D10
-PPP2CB
-PTK6
+RAB6B
-SYDE2
-TBC1D17
+TBCK

+ TYK-2
+WNT-8A

- DNAH3

+ DYNCITLI2
NC ANXA4
- ASPH

+ ATP11A
+ CACN1A
+ CACNA2D3
- CAMK2D
- HAK

- MYLC2PL
- SRL

YWHAE (—/+)
YWHAZ (—/+)
GDI2 (NC/+)
XG28K (+/4)

PVALB (-/-)
DYNLLT (—/+)
ANXAT (=/4)
ANXA2 (—/+)
ATP2A3 (-/-)
CASQ1 (+/-)
SLC25A24 (+/-)
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Table 8 Proteins found in regenerating limbs of A.
mexicanum but not X. laevis and proteins shared by the

two species (Continued)

Transcription

1. Chromatin associated

2. Transcription factors

3. RNA processing

+ Histone 2A

NC H2AZL1
+ HTH3A

- H1H3F

+ H2H2AA4
-H2BE

- H2BF

+ HR
-JMJD1B

+ MTA1

+ NAP1LT-A

+AHCTF1
- ATF1

+ CBTF122
-E4F1

+ Lin 28

- MNT
NEUROD2
+ NFATC4
+ NR2C2
+SND1

+ SOX6

- TAF4

+ ZNF259
+ ZNF326
- ZNF559
+ ZNF592
+ ZNF644
- ZNF777

+ Kruppel-like factor

- CWC15

+ DDX10

- DDX46

- FBL

- HNRNPF

- HNRNPH2
- HNRNPH3
+ HNRNPL

H2AFY2 (+/4)
(H2AFX) (+/4)
H1H4B (—/+)

FUBP1 (NC/4)

TRIM 29 (+/+)

SFRST (~/-)
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Table 8 Proteins found in regenerating limbs of A.

mexicanum but not X. laevis and proteins shared by the

two species (Continued)
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Table 8 Proteins found in regenerating limbs of A.
mexicanum but not X. laevis and proteins shared by the

two species (Continued)

Translation

Ribosomal proteins:

Translation factors:

Cytoskeleton

Muscle proteins:

Non-Muscle proteins:

+ HNRNPU
+ HNRNPAB
+ KHSRP

- LSM4

+ MATR3

- NHP2L1
+ RBM

- SART1

- SFRS12

+ SFRS3

- SNRPD3
-SRRM1

+ RPL31
+ RPS20

+ PABPC1
- TARSL2
+ ETF1

- MYH3
- MYH4
- MYH7
- MYH7B
- MYL2
- MYL3

- MYL5

- NEB

- OBSCN
- TM7

- TPM3

- ACTBL2
- ACTN1

- ACTN4

SNRPE (—/+)
TARDBP (+/-)

RPL12 (+/+)
RPL15 (+/4)
RPL22 (—/4)
RPL23 (—/+)
RPL30 (+/+)
RPL4 (+/-)
RPL7LT (+/4)
RPLPO (+/4)
RPS19 (+/-)
RPS28 (+/4)
RPS6 (+/-)
EEFT1A2 (+/4)
EEF2 (+/+)
EIF4AT (+/NO)
EIF4B (+/+)

ACTA1 (-/-)
ACTN3 (—/-)
DES (—/+ &-)
MYBPC3 (—/+)
MYH13 (—/-)
MYLT (=/-)
MYLPF (~/-)
TNNC2 (—/-)
TNNT3A (-/-)
TPM2 (—/-)

ACTGT (+/4)
DESPLK (NC/+)
DESPLK

Isoform Il (—/+)

ECM

+ ACTR2-A
+ EPPK1

+ FLNB

- GOLGA1
NC Myo9A
+ NAV1

+ SYNE2
+ TUBA

+ TUBA4B
+ TUBB4

- DNAH3

- MYH1
-MYO1C

+ MYO1E
- Myo5A

- PALM2

- PDLIM1
+ CDH5

- CNTNAP4
- FHDC1

+ ST3GALS
+ SCARF2
- KPNA2

- MYOF

+ PCLO

+ PMFBP1
- SORBS1

+ Col12A1
+ ColXIIN
+ Col1A1
+ Col1A1 pre-prot
- Col2A1

- Col4A4
+ Col5A2
- DCN

- EHD4

+ FBN1

+ MATN4
- POSTN

- TINAG
+ TNN

KRT12 (—/4)

KRT19 (+/+)

KRT5.5 (=/4)

PLS3 (—/4)

EZR (+/+)

TUBB2C (+/NC & +)
XAKB (—/— & +)
XAKC (=/4)
CytoKer Il (=/4)

MVP (=/+)
DYNLLT (=/+)

FGB (+/4)
FGG (+/+)
FNT (+/4)
MAT2 (+/4)
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Table 8 Proteins found in regenerating limbs of A.
mexicanum but not X. laevis and proteins shared by the
two species (Continued)

Metabolism
- ABCB10
-CS
- ECHST
- SLC25A13
- ALDOC
- ENO3
+ PGAM3

+ ACACA
+ ALDH6A1
- CA3
-CPNE3
+ DAGLB
+ DHRS4
- DSCR3
- NPC2
+ PAPPA2
- PNPLAS
- SGMS1
+ SULT1A4
Cell protection
Inflammation: - AOX1
- CYP2F1
+ GSTP1
+ OAS2
+PXDN
+ TLR6
Apoptosis: + ABTB1
- AK2
- AKT1S1
- BIRC6
- FASTKDS
+ IL7R
+ MAST3
+ MICB
+ NEK11
+ PAIRBP1
+ TRAF1
- VDACT

ATP5B (=/NC)
COX5A (—/+)
GLUD1 (—/+)

ALDOA (-/-)
ALDOB (-/-)
ENO11 (/)
PGM1 (=/-)
PGK2 (+/NC)
TPIT (=/-)
PYGM (-/-)
AKI1B (/=)
B3GNT5 (+/-)
BHMT (—=/-)

PRDX1 (+/+)

PDCD6IP (—/+)

Chaperones: - HSP27 CCT2 (+/+)
+ HSP90AB2P FKBP10 (—/+)
+ HSPB3 HSP90AAT (—/+)
- PCMT1 HSPO0B1 (+/4)
+ SSR1 PDIA3 (—/+)
+ TORTA PDIA6 (+/4)
+ HSP90Kda PPIA (+/+)
isoform P4HB (—/+)
Degradation
EXOC7 PSMB1 (+/-)
HACET PRSSL1 (—/+)
MME
PSMD2
PSMD7
USP3
Cell cycle
+ CROCC
+ EVI5
- FUS
- LOH11CR2A
- MARK4
-MMCM3
+ NDEL1
+ NMW1
- PPP1CC
- RAN
+TIN
+ ULA1
- WDR36
- XMAP215

Bold indicates FC =/>2 on one or more dpa; + indicates up regulated; - indicates
predominantly down regulated during blastema/fibroblastema formation. NC
indicates no change. For the shared proteins, the first symbol(s) in parentheses
indicate axolotl, and the second symbol(s) indicate Xenopus.

latter with FC < 2), suggesting that Ca>* efflux does take
place from storage compartments in the amputated froglet
limb. In general, however, proteins involved in calcium
translocation were more predominant in the axolotl than
the froglet. The systematic under-expression of up regu-
lated and over-expression of down regulated ion-binding
proteins would be useful in dissecting the roles of the vari-
ous ion-binding proteins involved in blastema formation.
It is not known whether H" efflux or Na" influx is essen-
tial for limb regeneration in either Xenopus or axolotl.
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Annexins

Annexins, calcium-dependent phospholipid binding pro-
teins with important signaling and other functions [53],
for review were detected in the regenerating limbs of
both axolotl and froglet. The axolotl expressed annexins
Al, 2, 4 and 6. With the exception of A2, which was up
regulated at 1 and 4 dpa, these showed either down
regulation or no change before being up regulated at 7 dpa.
None had FC =/>2. The froglet limb expressed annexins
Al,2,5,6,7,8, and 11, and the ANAXA?2 binding partner
S100A10A, but not annexin A4. All except A6 were up
regulated, with A1, 2, 8, and S100A10 showing FC =/>2 at
12 dpa. Annexin A6 was down regulated with FC <2 at all
time points in the froglet limb, whereas A5 was up regu-
lated with FC >2. A6 acts as a scaffold for recruiting PKC
to the cytoskeleton, and A5 is a negative regulator of PKC
activity, suggesting that although PKC expression is up
regulated at 12 dpa in the regenerating froglet limb, it may
not be recruited to the plasma membrane and/or its ac-
tivity is down regulated, again suggesting a potential defi-
ciency in the IP3/DAG pathway. By contrast, the axolotl
up regulates GNB2L1, a protein that anchors PKC to the
plasma membrane, and PKC rises to a peak at accumula-
tion blastema to medium bud [54]. Annexin A5 interacts
with type II collagen, an interaction that might play a role
in the deposition of ECM in the cartilage spike. Annexin
functions of potential importance to blastema formation
in both axolotl and froglet are the stimulation of osteoclast
formation and bone resorption (A2), and inhibition of en-
zymes involved in inflammation (Al, A2, A5) [29,55].
Annexins A4 and 6 promote exocytosis in epithelial cells,
which may be important for the phagocytosis and elimin-
ation of debris by wound epithelium during early blastema
formation [56]. Annexins and S100A10 are up regulated
in regeneration-competent stage 53 Xenopus limb buds as
well [44], indicating that their functions are similar in
blastema formation of both early tadpole and froglet. In-
creased expression of several S100 family Ca®*-binding
proteins has also been observed in the regenerating ear
tissue of MRL/Mpj-Fas mice compared to control C57BL/
6 ] mice [57,58], suggesting that annexins play a role in
mammalian regeneration as well.

NOS1

Another aspect of signaling that differed in axolotl and
froglet limbs was the expression of neuronal nitric oxide
synthase (NOS1), which catalyzes the synthesis of nitric
oxide (NO), a gas that has many signaling functions
[59,60]. Grow [33] found that NOSI transcripts were highly
up regulated in amputated stage 53 Xenopus limb buds but
not in amputated stage 57 limbs, suggesting that failure to
produce NO is a factor in the loss of regenerative compe-
tence as the Xenopus limb bud differentiates. NOS1 was
not detected in the froglet limb, confirming this suggestion
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at the protein level. NOS1 protein was highly up regulated
at 1 dpa in the axolotl limb, declining toward control level
by 7 dpa, and anti-NOS1 antibody staining showed that it
was confined to the wound epidermis. The high expression
of NOSI in axolotl wound epidermis at 1 dpa suggests that
NO might activate proteases involved in histolysis [61] and
its absence in the Xenopus limb might indicate deficiencies
in histolysis associated with MMP production [62]. NO
might also stimulate axon and capillary regeneration, both
of which the accumulation blastema requires for growth.

Wnt pathway

The Wnt pathway has been implicated in the regener-
ation of deer antlers [63], zebrafish fin regeneration [64],
axolotl limb regeneration [65], and regeneration of limb
buds in Xenopus tadpoles [65]. Heat shock-induced ex-
pression of the canonical Wnt antagonist Dkk inhibited
blastema formation in transgenic Xenopus stage 53 limb
buds, which are not yet innervated [66], and epidermal-
mesenchymal interaction was disturbed by the forma-
tion of a thick basement membrane. Wnt3a transcripts
were detected in the epidermis of amputated adult Xenopus
limbs, but expression of Dkk had little effect on
epidermal-mesenchymal interactions unless the limbs
were denervated, suggesting that Wnt signaling and nerve
signaling have redundant roles in fibroblastema formation
[67], or that some nerve-dependent function of the epider-
mis has been compromised.

Wnt8a and APC, components of the canonical Wnt
pathway, were detected with FC>2 and <2, respect-
ively, during axolotl blastema formation. Inversin, a
component of the non-canonical pathway, was up regu-
lated with FC > 2. Inversin targets the Disheveled (DVL)
protein for degradation, switching the canonical path-
way to the non-canonical pathway [68]. The DVL-binding
protein, CCDC88C, a negative regulator of the canonical
pathway, was up regulated in the axolotl limb on all dpa,
and DIXDC]1, a positive regulator of the canonical path-
way, was down regulated on all dpa. The presence of both
canonical and non-canonical Wnt pathway components
suggests that both pathways may be essential for blastema
formation in the axolotl limb [65].

No Wnt proteins were detected in our amputated froglet
limbs, but BRD7, which activates the canonical Wnt path-
way by Disheveled-dependent phosphorylation of GSK3B,
was down regulated in the froglet limb with FC > 2. These
patterns of protein expression suggest that Wnt signaling,
though perhaps not essential for abnormal blastema forma-
tion in the froglet limb, may be required for events that re-
sult in the formation of a regeneration-competent blastema.

Receptors and kinases
The expression of receptors and kinases was of interest
for signaling. In the axolotl limb, GPR109B, the receptor
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for nicotinic acid was up regulated with FC>2, and
EPHA?7, the receptor tyrosine kinase for the Al to 5 mem-
bers of the ephrin A family of ligands was up regulated
with FC <2. EPH and EPH-related receptors have been
implicated in neural development [69,70]. With regard to
kinases, TYK2, which phosphorylates receptors of the
JAK/STAT signaling pathway was up regulated during
axolotl blastema formation, whereas PTK6, which phos-
phorylates STAT proteins, was down regulated on all dpa.

In the froglet limb, the neural receptors NGFR, DLGH4,
GPR83.2 and GRIK2 were up regulated, while the neural
receptor GABBR2.2 was down regulated, all with FC > 2.
Moreover, RUFY3, a protein active in growth cones that
has been implicated in axon formation by developing
neurons was up regulated with FC >2 at 7 and 12 dpa.
The strong expression of most of these neural receptors
conforms to the fact that, as in the axolotl, formation of the
froglet fibroblastema is nerve-dependent [21,22,71]. ROR2
and IGF-1R, two receptors involved in chondrocyte differ-
entiation, were up regulated with FC >2 during fibroblas-
tema formation, perhaps reflecting its propensity for
cartilage differentiation. LMBR1 (limb forming region 1), a
lipocalin receptor that contains a sh# DNA-binding domain
and is involved in retinoid transport, was up regulated in
the fibroblastema. Lastly, Rab family GTPases were up reg-
ulated in both axolotl and froglet limbs. This family of pro-
teins plays a critical role in vesicular recycling of receptors,
providing another means of regulating signaling.

In Xenopus, three kinases were up regulated at 12 dpa
with FC > 2, PIK3R4, MAPK1 and STK38. PIK3R4 is a
regulatory subunit of the phosphoinositide 3-kinase
complex (PI3K) that regulates other proteins through
PKB (AKT) and MAPK]1 is an extracellular signal kinase
(ERK). ERKs phosphorylate transcription factors and are
the final step and integration point for Ras pathway
intracellular signaling cascades. STK38 (12 dpa) is a
negative regulator of MAP3K1/2 signaling. It converts
MAP3K2 from its phosphorylated form to its non-
phosphorylated form and inhibits autophosphorylation
of MAP3K2. Kinases down regulated in the froglet limb
were MAPKI15 (5, 7, 12 dpa) an ERK that phosphorylates
transcription factors, and WDR34 (12dpa), which in-
hibits the signal transduction functions of MAP3K7 re-
quired for TGFpB, BMP, MKK/JNK, Toll-like and IL-1R
receptor signaling pathways.

The PI3K pathway phosphorylates and activates the
anti-apoptosis protein AKT, whereas MAPK1/2 (ERK1/2)
is the substrate for MEK1/2 kinase activity in RTK signal
transduction. Suzuki et al. [23] studied these pathways
in vitro and in vivo in amputated froglet limbs transgenic
for GFP under control of the prxI enhancer, using the in-
hibitors LY294002, which inhibits the phosphorylation of
AKT by PI3K, and U0126, which inhibits the phosphoryl-
ation of ERK1/2 by MEK1/2. Activation of the prxI gene is
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an early marker of blastema cells in amputated Xenopus
[22] and axolotl [24] limbs. In the absence of the inhibitors
both pathways are activated within the first 4 dpa, though
the ERK pathway is activated slightly later than the PI3K
pathway. Inhibition of both pathways repressed GFP ex-
pression, decreased the number of BrdU + and PH-H3+
cells, and inhibited cell cycle progression in the limb
stumps. Thus, although Ras signaling pathways are acti-
vated in amputated Xenopus limbs, they appear to be in-
sufficient for normal blastema formation.

Adaptor proteins

A subset of adapter proteins was detected in the forming
blastemas of both axolotl and froglet. The most prominent
adapters detected were members of the highly conserved
tyrosine 3-monooxygenase/tryptophan 5 monooxygenase
activation (14.3.3) family, which contains 7 isoforms. Via
binding to phosphoserine/threonine proteins these enzymes
integrate many cellular processes such as metabolism, pro-
tein trafficking, signal transduction, apoptosis and cell cycle
regulation. YWHAZ (zeta) and YWHAE (epsilon) were
down regulated with FC < 2 throughout blastema formation
in the axolotl limb. By contrast, YWHAZ and YWHAE
were up regulated in the Xenopus fibroblastema, YWHAZ
with FC > 2 at 12 dpa. Two other members of this family,
YWHAG and YWHAQ were also up regulated in Xenopus
with FC < 2. Other adapter proteins detected in the fibro-
blastema but not in the axolotl blastema were WASF4 and
PDLIMB, which were up regulated and down regulated, re-
spectively, with FC > 2.

Chordin

The last aspect of signaling to be considered here is the
patterning molecule chordin, which was strongly up reg-
ulated at 5, 7, and 12 dpa in regenerating froglet limbs,
but was not detected in the regenerating axolotl limb.
Chordin is an antagonist of BMP and is known to dorsa-
lize early vertebrate embryonic tissues by binding to ven-
tralizing BMPs and sequestering them in complexes so
they cannot interact with their receptors [72]. The up
regulation of chordin in the amputated Xenopus limb
may dorsalize the fibroblastema to create symmetry in
the DV axis, thus complementing the AP symmetry
caused by the lack of shh expression [36].

Transcription

The U/D ratio for transcription-related proteins in the
axolotl blastema was 1.0 (Table 6). The comparable num-
ber for the Xenopus fibroblastema was 14 and 3.1
(Table 2). Shared proteins were 4.5% (Table 7).

Chromatin associated proteins
The chromatin-associated proteins expressed during
Xenopus fibroblastema formation were primarily
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histones or histone binding proteins that regulate the
state of chromatin condensation and remodeling (alter-
ation of DNA-nucleosome topology). Four such pro-
teins were up regulated with FC > 2. BTBD17 (12 dpa) is
a transcriptional repressor whose in vivo function has
not been defined. HISTIHID (12 dpa) is a linker his-
tone essential for chromatin condensation. The high
mobility group proteins HMGB2 (12 dpa) and HMGX
(12 dpa) are non-histone DNA binding proteins that fa-
cilitate cooperative interactions between cis-acting
proteins.

Five chromatin-associated proteins were down regulated
with FC > 2 in the fibroblastema. ACTL6A (12 dpa) is part
of a HAT complex that activates transcription by acetyl-
ation of histones H4 and H2A. NCOR]1, which was down
regulated with FC>4 at 12 dpa, mediates ligand inde-
pendent transcriptional repression of thyroid hormone
and RA receptors by promoting histone deacetylation and
chromatin condensation. SIN3B (1, 5 dpa) represses tran-
scription by serving as a scaffold to tether HDAC enzymes
and thus prevent histone deacetylation. LRB (7, 12 dpa) at-
taches chromatin to the nuclear envelope and helps main-
tain chromatin structure. POLR1A (1, 5, 7, 12 dpa) is the
large subunit of a DNA-dependent RNA polymerase; it
had a FC of -5.3 at 1 dpa and -14.36 at 12 dpa. RNA
polymerase was not detected in the axolotl.

Several H21 and H2A histones were detected during
blastema formation in the axolotl limb, most of which
were up regulated. Hairless (HR) in rat functions as a tran-
scriptional co-repressor for thyroid hormone and interacts
with histone deacetylases. Two proteins that regulate gene
expression by covalent modification of histone proteins,
MTA1 and nucleosome assembly NAP1L1-A, were up
regulated at all dpa and 4 and 7 dpa, respectively. The his-
tone lysine demethylase JMJD1B (KDM3B) was down reg-
ulated on all dpa with the highest FC of all the axolotl
proteins, negative 6.8 at 7 dpa. This enzyme specifically
demethylates Lys-9 of histone H3. Methylation of this
amino acid leads to transcriptional silencing; maintenance
or up regulation of KDM3B expression would counter
this. The fact that KDM3B is strongly down regulated in-
stead suggests that the genes it regulates are transcription-
ally silenced as part of the shift in transcriptional activity
leading to repression of genes associated with tissue differ-
entiation and the activation of progenitor cell and more
embryonic ECM genes [73-76].

Transcription factors

In the amputated axolotl limb, most of the 21 transcrip-
tion factors detected were up regulated at all three or
two of three time points. Several of these factors,
NR2C2, NFATC4, and SOX6 induce transcription of
specific sets of genes. NR2C2 is a nuclear receptor for
mineralocorticoids and glucocorticoids, NFATC4 plays a
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role in inducing cytokine gene expression in T- cells, and
Sox6 is required for neurogenic and skeletal re