1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

WEALTH 4
of P
e

W

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Dev Growth Differ. Author manuscript; available in PMC 2013 September 01.

Published in final edited form as:
Dev Growth Differ. 2012 September ; 54(7): 673-685. doi:10.1111/j.1440-169X.2012.01368.x.

Retrotransposon long interspersed nucleotide element-1
(LINE-1) is activated during salamander limb regeneration

Wei Zhul, Dwight Kuo?, Jason Nathanson3, Akira Satoh*®, Gerald M. Paol, Gene W. Yeo3,
Susan V. Bryant®, S. Randal Voss®, David M. Gardiner®”, and Tony Hunterl"

IMolecular and Cell Biology Laboratory and Laboratory of Genetics, Salk Institute for Biological
Studies, La Jolla, California 92037

2Department of Bioengineering, University of California San Diego, 9500 Gilman Drive, La Jolla,
California 92093, USA

3Department of Cellular and Molecular Medicine, University of California San Diego, 9500 Gilman
Drive, La Jolla, California 92093, USA

4Okayama University, R.C.I.S. Okayama-city, Okayama, 700-8530, Japan

SDepartment of Developmental and Cell Biology, University of California at Irvine, Irvine,
California 92697

8Department of Biology and Spinal Cord and Brain Injury Research Center, University of
Kentucky, Lexington, Kentucky 40506, USA

Abstract

Salamanders possess an extraordinary capacity for tissue and organ regeneration when compared
to mammals. In our effort to characterize the unique transcriptional fingerprint emerging during
the early phase of salamander limb regeneration, we identified transcriptional activation of some
germline-specific genes within the Mexican axolotl (Ambystoma mexicanum) that is indicative of
cellular reprogramming of differentiated cells into a germline-like state. In this work, we focus on
one of these genes, the long interspersed nucleotide element-1 (LINE-1) retrotransposon, which is
usually active in germ cells and silent in most of the somatic tissues in other organisms. LINE-1
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was found to be dramatically upregulated during regeneration. In addition, higher genomic
LINE-1 content was also detected in the limb regenerate when compared to that before amputation
indicating that LINE-1 retrotransposition is indeed active during regeneration. Active LINE-1
retrotransposition has been suggested to have a potentially deleterious impact on genomic
integrity. Silencing of activated LINE-1 by small RNAs has been reported to be part of the
machinery aiming to maintain genomic integrity. Indeed, we were able to identify putative
LINE-1-related piRNAs in the limb blastema. Transposable element-related piRNAs have been
identified frequently in the germline in other organisms. Thus, we present here a scenario in which
a unique germline-like state is established during axolotl limb regeneration, and the re-activation
of LINE-1 may serve as a marker for cellular dedifferentiation in the early-stage of limb
regeneration.
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Introduction

Among vertebrates, urodele amphibians, such as axolotls (Ambystoma mexicanum) and
newts (Notophthal mus viridescens) are known for their remarkable ability to regenerate a
broad variety of body tissues and organs throughout their entire lifespan. However, in
mammals this capacity is highly restricted and has only been demonstrated in certain tissues
or organs, such as liver and digit tip regeneration (Borgens 1982; Reginelli et al. 1995). The
axolotl, a diploid salamander, has unparalleled regenerative capacity exemplified by
regeneration of limb, tail, eye lens, spinal cord, portions of intestines and jaws, parts of the
heart and brain, and more. Among a variety of vertebrate tissue/organ regeneration models
in axolotls, limb regeneration in axolotls is the most intensively studied (Brockes & Kumar
2005). As a model for epimorphic regeneration, limb regeneration in axolotls is
characterized with near perfect reconstitution of morphology and functionalities. Thus, to
promote regenerative studies in mammals including humans, it is important to understand
the mechanistic basis of physiologically relevant tissue/organ regeneration observed in
axolotls (Tanaka 2003; Stoick-Cooper et al. 2007; Muneoka et al. 2008).

During the early stages of axolotl limb regeneration, a unique structure, the regenerating
blastema arises through epithelial-mesenchymal interactions after wound healing. As the
hallmark of epimorphic regeneration, the regenerating blastema has been identified as a
collective pool of proliferating mesenchymal cells that are originally derived from proximal
tissues of diverse types and very likely regain differential levels of multipotency via cellular
dedifferentiation/reprogramming. Cellular dedifferentiation/reprogramming usually is
defined as the re-acquisition of embryonic-like developmental potential (Muneoka et al.
1986; Echeverri et al. 2001). However, dedifferentiation observed during axolotl limb
regeneration does not appear to be a complete reversal to the earliest pluripotent state
usually exhibited in germ cells or embryonic stem cells (Kragl et al. 2009). The retention of
positional information or the memory of tissue or embryonic origin of differentially
reprogrammed blastemal cells has been proposed to be responsible for blastemal cell fate
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restriction exhibited during cellular re-differentiation in the late phase of limb regeneration.
Nevertheless, lineage switching has been reported during axolotl limb regeneration. Indeed,
some genes that are active during embryogenesis and remain silent postnatally have also
been demonstrated to be re-activated, thus recapitulating scenarios usually occurring during
embryonic limb development; for example, oocyte-type linker histone B4 is expressed
during lens regeneration in newts, the Sp9 transcription factor in the basal keratinocytes of
the apical blastema epithelium in axolotls and three of the four mammalian stem cell
pluripotency-inducing factors, Sox-2, KIf4, and c-Myc in both lens and hind limb
regeneration in newts (Maki et al., 2009, 2010;; Satoh et al. 2008b). Thus, it is conceivable
that the axolotl limb blastema may possess distinctive properties that recapitulate some level
of embryonic developmental potentials and might be the key for the induction of similar
limb regenerative processes in mammals.

To characterize the nature of the blastema, we carried out transcriptome sequencing of
innervated (NR) and denervated (DL) axolotl forelimbs on day 0, 5 and 14 post limb
amputation (pa) representing unamputated, early- and medium-phase of limb regeneration,
respectively (60). A group of germline-specific genes was found to be significantly
upregulated in innervated limb regenerates, e.g. sperm-associated antigen 1, 7, 9, spermatid
perinuclear RNA-binding protein, spermatogenesis associated, serine-rich 2, spermidine/
spermine N1-acetyltransferase, spermidine/spermine N1-acetyltransferase 2, spermine
synthase, Piwi-like 1, tudor domain containing 3, tudor domain containing 7, ADAM
metallopeptidase domain 9 isoform 2 precursor, acrosomal vesicle protein 1 isoform A
precursor and retrotransposon LINE-1 open reading frames (ORFs) 1 and 2. Here we
characterize LINE-1 (long interspersed nucleotide element-1, or L1) activities during the
regenerative process based on the serendipitous discovery that L1 retrotransposon is re-
activated at the onset of axolotl limb regeneration.

L1 mobilization occurs via reverse transcription using an ancient mechanism shared with the
group Il introns of mitochondria and eubacteria (Eickbush & Malik 2002). As non-LTR
(long terminal repeat) elements, L1s are abundant retrotransposons that comprise
approximately 20% of mammalian genomes (Lander et al. 2001; Waterston et al. 2002;
Gibbs et al. 2004). L1 retrotransposition is observed in early embryogenesis and in germ
cells before the germ line becomes a distinct lineage (Muotri et al. 2005). In addition, L1
retrotransposition has been observed in certain transformed or immortalized cell lines, as
well as in neuronal progenitors and embryonic stem cells, suggesting that activation of
LINE-1 could be considered as a marker for cells in an undifferentiated state like that
observed in stem cells, neuronal precursor cells or cancer stem cells (Moran et al. 1996;
Morrish et al. 2002; Han et al. 2004). In recent years, a few studies reported that in some
circumstances L1 can be expressed and/or become retrotranspositionally-active somatically.
Endogenous L1 transcripts and proteins have been detected in mouse steroidogenic tissues,
as well as in human somatic subsets of testicular cells (e.g. Sertoli, Leydig, testicular
covering cells and epididymal columnar epithelial cells), placental syncytiotrophoblasts and
vascular endothelial cells (Branciforte & Martin 1994; Trelogan & Martin 1995; Ergun et al.
2004). In rats, endogenous L1 RNA and protein were identified in cardiac tissue
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(Lucchinetti et al. 2006). However, all these are at significantly lower levels than in the
germline tissues (Muotri et al. 2005).

Active L1 retrotransposition has been revealed to have potential deleterious impacts on the
integrity of genomic DNA. For example, L1 retrotransposition has been reported to
introduce potentially catastrophic alternative gene splicing patterns and gene expression
profile changes in some diseases (reviewed in Chen et al. (2000); Montoya-Durango and
Ramos (2000) Sinibaldi-Vallebona et al. (2006)). Therefore, silencing of activated L1 is
considered to be critical as part of the negative feedback loop elicited by L1 activation
aimed at maintaining essential cellular homeostasis. Among a variety of L1 silencing
mechanisms, L1 piRNAs have been suggested as potential candidates contributing to the
silencing process (Frost et al. 2000; Aravin et al. 2007; Kuramochi-Miyagawa et al. 2008;
Xu et al. 2008; Shoji et al. 2009). Indeed, our bioinformatic analysis of small RNAs
extracted from axolotl regenerating limb tissues suggested that there are putative L1-derived
piRNAs in the limb regenerate. Although from other studies there are emerging novel
piRNA candidates present in somatic tissues from genomic regions depleted in transposons
that may have a role in the regulation of target transcripts, conventional piRNAs that are
related to transposable elements (TEs) have been found much more prevalently in germ cells
and are considered to be crucial for the transcriptional silencing of reactivated transposable
elements and ultimately the maintenance of genomic integrity in germ cells (Siomi et al.
2011). Thus, the presence of putative L1 piRNAs further strengthens the notion that there is
a germline-like state in the axolotl regenerating limb.

Material and methods

Experimental animals

Axolotls (Ambystoma mexicanum) were purchased from the Ambystoma Genetic Stock
Center in University of Kentucky. For isolation of RNAs and genomic DNAs, juvenile
animals measuring 10-15 cm, from snout to tail tip, were used.

Genomic DNA extraction and small RNA cloning and sequencing

Axolotl genomic DNA was isolated using phenol extraction and ethanol precipitation.
Contaminating RNA was digested by RNase A. For the collection of small RNAs extracted
from axolotl regenerating limb blastemas, we harvested limb regenerates from early-to
medium-stage during limb regeneration from different animal individuals. Pooled small
RNAs (>15 and <45 nt) were gel-purified after DNase | incubation and then ligated to
adaptors before reverse transcription. Reverse transcribed first-strand cDNA was
polymerase chain reaction (PCR) amplified, and Solexa sequencing was carried out at
University of California San Diego (UCSD).

RT—-PCR and Real time quantitative PCR

Axolotl limb regenerates collected 2 or 5 days pa. Total RNAs were extracted using Trizol.
aOct4 RT-PCR primer sets: aOct4 (81-106)
5CCTCGAGGCGGGCGGGCCGGGCTTCCY and aOct4 (528-503)
5CAGGTCCCGCGGGGCGCCCCCAGCCCY; aOct4 (741-768)
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5CCAGCGCTGGCTGGTCGAGGCCGACACCY3 and aOct4 (1068-1095)
5GCCCTGCGCGATGTAGGAGGTGGGCAGGZ'. Primer P25R:
GCCCAGTAGGCATTCCTTGGGTGTCCACTCGT; Primer P25F/26:
GCGCTTGCATTCCCCAAAGAGGTGT; Msx2 RT-PCR primers:
TAGCGCAGACCCCAAAGTCAGGGTGTCCAGC and
TTCGGCAGAAACAGTACCTGTCCATTGCTGAG. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) RT-PCR primers: GACAAGGCATCTGCTCACCT and
ATGTTCTGGTTGGCACCTCT. The three scrambled primers described in Fig. S3:
GACTACAAAGACGATGACGACAAGGTG; ACC
ATGTACCCATACGATGTTCCAGATTAC,;
GCATCAATGCAGAAGCTGATCTCAGAG GAGGAC. Reverse transcription was
performed using Invitrogen’s Superscript 11 Reverse Transcriptase and the synthesis/
amplification of double-stranded cDNA fragments in the following PCR was conducted in
the presence of a high-fidelity DNA polymerase, Phusion DNA Polymerase from NEB.
Unless specifically stated, the number of the PCR cycles in RT-PCR was 35. LINE-1 ORF1
real-time gPCR primer sets: A09: Forward: 5’GTTCCATCTTGCCCTTGAZ’; Reverse:
5TCCCGCAGGAACAATATTCG3; D08 Forward: GGGTTCCGGAGGCGGY;
Reverse: YGAGGTCCTTCAGAAGGGTCTCAZ'. LINE-1 ORF2 real-time qPCR primer
sets: 6-5: Forward: YTCGAGGCCGACACCCAZ’; Reverse:

5’ AGACCCGCAGGACCACAATAZ.

In situ hybridization

The detailed protocol used here was adapted from (Satoh et al. 2007). The RNA probes were
labeled with digoxigenin (DIG). Staining was developed with 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP) and 4-nitroblue tetrazolium chloride (NBT) in alkaline phosphatase buffer
after in situ hybridization (ISH) and anti-DIG alkaline phosphatase antibody incubation.

Consecutive limb amputation and regeneration

An axolotl was amputated first at the elbow and the lower part of the forelimb was collected
for genomic DNA. After the completion of regeneration, the animal was reamputated at the
wrist and the hand regenerated from the first amputation was harvested for genomic DNA
extraction. When the regeneration from the second amputation was completed, the hand
regenerated from the second amputation and regeneration was also collected. The LINE-1
content in the genomic DNA from these tissue samples was determined by real-time
quantitative PCR (gPCR) and normalized by comparison with repetitive rRNA loci or the
single copy genes TPM4 and fibroblast growth factor 8 (FGF8) giving essentially identical
results. The primer set used here is the L1 ORF2 primer set: 6-5 Forward and Reverse.

Bioinformatic analysis of potential LINE-1 piRNAs

The dataset generated from the small RNA sequencing was scanned against the partial
cDNA sequences of LINE-1 ORF1 (clone #7-10) and ORF2 (clone #6-5) as well as the
partial genomic DNA sequence of one LINE-1 allele (Fig. S1). Putative L1 piRNAs were
selected when the alignment length was =19 nt, the number of gap-opens was 0 and the E-
value was <0.01, which indicated statistical significance.

Dev Growth Differ. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 6

Results and discussion

Characterization of retrotransposon LINE-1 transcriptional activation in regenerating limbs

Invivo, LINE-1 (L1) retrotransposition is observed in early embryogenesis and in germ cells
before the germ line becomes a distinct lineage. Studies of a human L1 transgenic mouse
revealed that L1 retrotransposition events are limited to germ cells and neuronal progenitors,
suggesting that activation of L1 can be viewed as a marker for cells in an undifferentiated
state usually observed in stem cells of different levels of potency (Muotri et al. 2005).

While screening for potential stem cell factors, which might be present in the limb blastema
during regeneration we designed two sets of primers (aOct4 741-768/1068-1095 and aOct4
81-106/528-503) to detect the presence of the axolotl Oct4 orthologue during various
timepoints during regeneration. Although none of the amplified products appeared to be the
expected size, the first primer set amplified two presumably non-specific products with
interesting kinetics of appearance absent in unamputated limbs and present during
regeneration. These two non-specific PCR products were subsequently sequenced and found
to be partial L1 ORF1 (labeled with *, called Clone #7-10) and ORF2 (labeled with A, called
Clone #6-5) cDNA fragments, respectively. For the day 0 pa limb sample in lane 7 (day 0 pa
limb tissues means the limb tissues immediately collected upon amputation), the tissue
sample was collected immediately after limb amputation and frozen in liquid nitrogen. No
ORF1 or ORF2 cDNA fragment was generated from this sample by RT-PCR. Lanes 13 and
14 are the controls without primers. For lanes 1-6 and 13, the RT-PCR products were
produced by the other aOct4 primer set: aOct4 (81-106) and aOct4 (528-503). The
nonspecific PCR products in lanes 1-6 were also sequenced but appear unlikely to be
derived from L1 ORF1 or ORF2 based on sequencing. It is worth noting that the five limb
regenerates collected from different individuals (lanes 8-12) all produced L1 ORF1 and
ORF2 amplification products when aOct4 (741-768) and aOct4 (1068-1095) were used as
primers, suggesting that L1 reactivation is a ubiquitous phenomenon during axolotl limb
regeneration. These initial results suggested that L1 ORF1 and ORF2 were transcriptionally
activated upon limb amputation (day 3 or 7 days pa). Using real-time quantitative PCR with
specifically designed primers corresponding to different regions of L1, we confirmed that
there was a dramatic upregulation of L1 transcriptional activity as early as 2 days post-
amputation (Fig. 1B). It is well known that even in a single organism the genomic L1 alleles
are not exactly identical among themselves, and that the majority of them are incapable of
retrotransposition due to cumulative mutations occurring during evolution, including
substitutions, insertions and deletions. On average, a human being carries ~80-100
potentially active L1 elements in his/her diploid genome (Brouha et al. 2003) out of a total
of about ~500 000 genomic loci, which are homologous to L1. Due to the polymorphic
nature of L1, it is likely that for a particular set of L1 DNA primers used in RT-PCR, only a
fraction of L1 transcripts will be amplified while other transcript variants bearing
mutation(s) in the areas corresponding to the PCR primers will fail to produce any PCR
products. Therefore, it is conceivable that the transcriptional upregulation we demonstrated
by RT-PCR in Figure 1 using specific sets of L1 DNA primers only reflected the response
of the subset of L1s that was recognized by those particular DNA primers. The actual L1
transcriptional activation may be much more prevalent and stronger than we have observed
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here. In addition, we also designed axolotl LINE-1-specific DNA primers (P25R and
P25F/26) based on the partial LINE-1 ORF-2 cDNA sequence we obtained earlier to
examine LINE-1 transcriptional activity in total limb regenerates as well as in regenerating
epidermal or mesenchymal tissues on day 0, 3, and 7 pa for RT-PCR. To compare the
intensity of LINE-1 transcriptional upregulation with other limb amputation-induced genes,
we included RT —PCR of Msx2, which has been demonstrated to be transcriptionally
activated during limb regeneration (Carlson et al. 1998; Koshiba et al. 1998) (Fig. 1C). As
shown in Figure 1C, the transcriptional upregulation of LINE-1 upon limb regeneration was
apparently more robust than that of Msx2. The kinetics of induction of LINE-1 and Msx-2
RNAs also appeared slightly different, with LINE-1 RNA coming up sooner than Msx-2
RNA, and being more sustained during regeneration. Furthermore, the RT-PCR analysis of
the localization of upregulated LINE-1 transcripts revealed that LINE-1 is transcriptionally
activated in both the regenerating epidermal and mesenchymal tissues.

LINE-1 retrotransposition is active during axolotl limb regeneration

Transcriptional activation of LINE1 retrotransposons is necessary although not sufficient for
active retrotransposition and mobilization of LINE1 elements. To investigate whether the
LINE elements within the regenerating limb were indeed active we investigated whether
these led to novel integrations. Given that in mammals the endogenous copy number is
around 500 000 copies/haploid genome and the approximate number of active elements is
around 80-100, we reasoned that the likely relative increase in copy number would be small
if not undetectable but sequential amputations could increase the number of mobilized LINE
elements exponentially if activated during regeneration. Consistent with this rationalization
we observed an increase in the content of endogenous L1 elements in the genome after
consecutive limb amputations (Fig. 2A). When we compared the integrated L1 element copy
number in the forelimb regenerate after the first limb amputation and regeneration to the
copy number in the non-regenerated region from the same limb, approximately 16% more
L1 copies were found in the genome of the limb regenerate after the first regeneration.
Moreover, we found an even larger increase (~70%) in L1 alleles in the genome after the
second limb amputation and regeneration, suggesting that LINE-1 is actively retrotransposed
during regeneration. The fold increase was normalized against various endogenous
multicopy genes such as rDNA as well as single copy genes such as FGF8 and TPM4 giving
identical results. These observations support the notion that LINE1 element copy number is
increased during regeneration due to productive retrotransposition induced by limb
amputation.

In situ hybridization to reveal the expression pattern of LINE-1 in the limb blastema

It has been suggested that the cells in the axolotl limb blastema are a heterogeneous
collection of differentially dedifferentiated cells that have been reprogrammed to achieve
varying levels of developmental potential (Kragl et al. 2009). Since L1 transcriptional
activation is considered to be an indication of global genomic DNA derepression in most of
the cases reported so far, we also examined the expression pattern of L1 in the regenerating
limb blastema 5 days pa by L1 ORF2 in situ hybridization (ISH). L1 was expressed in the
blastemal epidermis (labeled “Epithelium”) as well as in the mesenchyme (Fig. 3, some of
the cells bearing L1 positive signals were labeled by blue arrows), the destination for the
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migration of the dedifferentiated stump cells towards the wound epidermis during limb
regeneration. However, the signal was not evenly distributed throughout the mesenchymal
area with some cells exhibiting a stronger signal than the others, reflecting the notion that
the extent of global genomic DNA de-repression is likely to be heterogeneous in the
blastema. In the regenerating epidermis, the basal keratinocytes and adjacent few layers of
suprabasal keratinocytes seem to bear stronger ORF2 signal than other epidermal cells,
which might be indicative of dedifferentiation in the epidermis. As a control, sense RNA
probe for L1 ORF2 did not generate appreciable ISH positive signals in the limb blastema.
Similarly, expression of the button-like transcription factor Sp9 involved in embryonic
development of limb buds is re-activated in the basal layer of keratinocytes in the apical
blastema epithelium, and is considered an important marker for dedifferentiation of the
epidermis (Satoh et al. 2008a). Thus, the presence of L1 activity in the basal layers of
keratinocytes in the regenerating limb blastema, as we demonstrated here, provides another
line of evidence that the regenerating epithelium indeed undergoes some level of
reprogramming during limb regeneration.

Identification of putative LINE-1 piRNAs in the axolotl limb regenerate

Our cDNA library sequencing of axolotl regenerating forelimbs revealed that Piwi-like 1
(PL1) and Piwi-like 2 (PL2) are also expressed/upregulated upon limb regeneration in
addition to LINE-1 and other germline-specific genes. Since PL1 and PL2 are Argonaute
family proteins known to process piRNA precursors to generate piRNAs, which are crucial
for the silencing of activated TEs including L1 in germ cells (Juliano et al. 2000), we tried to
identify potential L1 piRNA candidates from the dataset generated from our sequencing
efforts of the small RNAs extracted from axolotl forelimb regenerates (Dataset S1), which
might target L1 genomic DNA sequences corresponding to the partial ORF1 (Clone # 7-10)
and ORF2 (Clone # 6-5) cDNA sequences as well as the protein-coding region within the
genomic DNA sequence of one LINE-1 allele (Clone #18) we obtained from the axolotl
genomic DNA library that we constructed (Fig. S1). Indeed, we were able to identify a
group of putative axolotl L1 piRNAs (Fig. 4), which are derived from the anti-sense strand
of the known L1 transcripts, which would be characteristic of the secondary piRNAs
generated by the ping-pong amplification loop during piRNA biogenesis. The DNA
sequence of the 5" UTR of Clone #18 was not included in the analysis. The structure of the
L1 transcript is unique in that the transcript is long, bicistronic and comprises both of the
ORFs and the short (~63 bp) inter-ORF region that contains two stop codons and separates
the two ORFs (Dombroski et al. 1991). Although the protein-coding region of Clone #18
contains premature stop codons, indicating that the Clone #18 may represent an inactive
non-transposable L1 allele, the fact that there is a functional promoter upstream of Clone
#18 ORF1 suggests that the allele is accessible to transcriptional machinery when
circumstances allow.

So far, among the intracellular small RNAs in vertebrates only siRNAs and piRNAs can be

derived from the anti-sense strand of MRNA transcripts in vivo (Vagin et al. 2006; Faehnle

& Joshua-Tor 2007). piRNAs usually lack conserved secondary structure motifs and are not
necessarily identical to their targets (examples shown in Lee et al. (2011)). On the contrary,
endo-siRNAs characteristically have well-defined structures and are faithfully identical to
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their targets, and also do not show an obvious nucleotide preference at their 5" end (Czech et
al. 2008; Kawamura et al. 2008; Okamura & Lai 2008). Since the L1-related anti-sense
strand-derived small RNAs we present here are not identical to their targets (the partial
ORF1 (Clone # 7-10) and ORF2 (Clone # 6-5) as well as the proteincoding region of Clone
#18 in this case), these small RNAs may fall into the category of piRNAs. Due to L1
polymorphism, some of the L1 small RNAs we identified here that contain a few
mismatching nucleotides may be completely identical to transcripts generated from other L1
alleles, and thus could act as siRNAs, but it is still possible that at least some of the L1 small
RNAs are putative piRNA candidates. Nevertheless, similar to piRNAs, in mouse oocytes
the endo-siRNA pathway also plays important roles in TE silencing (Murchison et al. 2007;
Tam et al. 2008; Watanabe et al. 2008). The emergence of the putative LINE-1 piRNAs
and/or siRNAs in the axolotl limb regenerate reflects the initiation of a negative feedback
loop to suppress reactivated L1s, a phenomenon usually observed in germ cells. Moreover,
considering the polymorphic nature of L1, it is likely that there are many more potential L1
piRNAs than we found here.

In order to confirm that the putative LINE-1 piRNAs are indeed derived from the genomic
DNA fragments within the LINE-1 loci, we performed genomic DNA PCR in the presence
of one primer (P25R) derived from one of the putative LINE-1 piRNASs listed in Figure 4,
which is highly similar (with an E-value of 5.4e-07) to a fragment residing in the anti-sense
strand of the partial LINE-1 ORF-2 cDNA (Clone #6-5, located between the 275th and
300th base) we identified earlier (Fig. S1) and a second primer, which was either a
scrambled primer or a LINE-1-specific primer (P25F/26) in the proximity (~250 bases)
upstream of the putative piRNA template in ORF-2 Clone #6-5. Indeed, we found that the
PCR products primed by P25R and P25F/26 were LINE-1 homologues when we cloned the
PCR fragments and sequenced them. More interestingly, the three LINE-1 clones we
examined all show slight differences in their DNA sequences among themselves, although
they are largely similar to each other reminiscent of the known genomic polymorphic nature
of LINE-1 elements (Fig. S2). No specific PCR product was detected with the scrambled
DNA primers consistent with the putative LINE-1 piRNA being derived from LINE-1
genomic loci.

Discussion

Studies on the biological significance of retrotransposition of LINE-1 have suggested that
the L1 elements can contribute functionally as genetic modifiers in organisms. For example,
in transgenic mice carrying an engineered human L1 element, activation of L1 in neuronal
progenitors alters the expression of neuronal genes that can influence neuronal cell fate and
result in neuronal somatic mosaicism (Muotri et al. 2005). In ES cells, L1 expression may
be involved in the establishment of X inactivation (Chow et al. 2010). More interestingly,
TEs have been shown to play a vital role in the maintenance of genomic integrity; for
instance, the telomeric ends of linear chromosomes are maintained by successive
transposition of two non-LTR retrotransposons, HeT-A and TART in Drososphila (Pardue
et al. 2005). In our case, it is not clear so far whether L1 re-activation during axolotl limb
regeneration plays beneficial roles during the regenerative process. However, it is likely that
deregulation of L1 expression may emerge in parallel with L1 re-activation and
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transposition during axolotl limb regeneration, which could lead to an aberrant regeneration,
and even ultimate failure after multiple rounds of regeneration. Indeed, the mobilization of
L1 elements is often considered deleterious because the process often introduces harmful
genomic structural rearrangements, such as deletions, duplications and inversions (reviewed
in Saito & Siomi (2010)). In the fission yeast Schizosaccharomyces pombe, aberrant
accumulation of complementary transcripts from centromeric heterochromatic repeats has
been reported to be responsible for the impairment of centromere function (Volpe et al.
2002). In mice, loss of any of the three PIWI proteins, Miwi, Mili and Miwi2 leads to
depression of TEs, spermatogenic arrest and male sterility (Kuramochi-Miyagawa et al.
2001, 2004; Aravin et al. 2007; Carmell et al. 2007). In zebrafish, the loss of Zili, a PIWI
protein results in TE re-activation in the developing gonads and consequently the early
failure of germline development, whereas the absence of Ziwi, another PIWI protein triggers
apoptosis later in the germline, at the premeiotic stage (Houwing et al. 2007, 2008).

Although L1 transcription and/or retrotransposition have been demonstrated to occur in a
variety somatic cell types (reviewed in Babushok & Kazazian (2007)), since only newly
synthesized L1 alleles in primordial germ cells, germline, or the early embryo can be
integrated into the germline lineage and inherited by future generations, the potential hazard
directly or indirectly (e.g. L1-mediated integrations of Alu and SINE/VNTR/Alu (SVA)
elements) (reviewed in Ostertag & Kazazian (2006)) induced by L1 insertion during axolotl
limb regeneration is very likely to be restrained in the limb regenerate and will not be passed
on to their descendants. In the future, it would be of interest to test whether a higher
frequency of aberrant limb regeneration would be observed in animals that receive
additional limb amputation surgeries due to the higher frequency of potentially deleterious
LINE-1 integration events that occur during the process of axolotl limb regeneration.

Indeed, a previous study by Dearlove & Dresden (1976) did show increasing incidence of
limb abnormalities with progressive amputations. One could speculate that a higher level of
L1 retrotransposition activities and the resultant increase in L1 genomic content as a
consequence of progressive limb amputation might contribute to the increased occurrence of
hazardous genomic integration of newly synthesized L1s, and provide a potential
mechanism for the frequent occurrence of abnormal limb regeneration observed by Dearlove
and Dresden.

Although we first observed the induction of LINE1 expression and retrotransposition,
subsequent work showed that in addition to LINE-1, other transposable elements (TE)
appear to be induced during axolotl limb regeneration. Through transcriptome Roche 454
sequencing analysis (Monaghan et al. 2009) we have observed that besides LINE1 elements
a variety of other putative transposable elements appear to be expressed, although the
kinetics are not always identical to those of LINEL (Table 1, Fig. S3). Among the sequences
identified, we found six retrotransposon like sequences and three retrovirus-like sequences.
In addition, sequences similar to other transposable elements including DNA transposons
have also been identified in the same axolotl limb regenerate transcriptome Roche 454
sequencing, which include those homologous to the Transib family similar to the RAG1
recombinase, the tigger and mariner elements, pogo as well as other retrotransposons and
additional sequences that belong to the LINE1 family (Table 2, Fig. S3). These observations
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support the notion that regeneration does not specifically derepress LINE elements but
initiates cascades present in some cells in which epigenetic silencing is reduced and allow
for the general derepression of transposable elements. This environment of general
derepression of transposable elements is reminiscent of the germline in most organisms,
even more so due to the presence of piRNA-like sequences and the expression of germline-
specific cDNAs. piRNAs might be required as in the case of the germline to moderate the
amount of genetic damage due to the increase of DNA insertional and excisional events with
transposon mobilization. Conclusively, these observations point towards the possible
existence of a germline-like state in an undefined cell population within the blastema of the
regenerating limb that might be functionally important to execute the regeneration program.
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Fig. 1.
(A) Reverse transcription—polymerase chain reaction (RT-PCR) analysis primed by the

DNA primers designed specifically for axolotl Oct4. Lanes 1-6 and 13 show the RT-PCR
products resulting from the aOct4 primer set: aOct4 (81-106) and aOct4 (528-503). The
nonspecific PCR products in these lanes were not characterized further. Lanes 7-13 were the
RT-PCR products from another aOct4 primer set: aOct4 (741-768) and aOct4 (1068-1095).
Sequencing results of the nonspecific RT-PCR products primed by aOct4 (741-768) and
aOct4 (1068-1095) oligonucleotides revealed that they were either partial LINE-1 ORF1 (*)
or ORF2 (A) cDNA fragments when the templates were derived from limb regenerates of
different animals on day 3 or 7 days post-amputation (pa). Lanes 13 and 14 are the controls
without primers. (B) Axolotl LINE-1 cDNA Real Time quantitative (q)PCR to examine
LINE-1 transcriptional activity after limb amputation. A09 and D08 are the two sets of
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gPCR primers for LINE-1 ORF1, while 6-5 is a pair of primers for LINE-1 ORF2. t, days
after limb amputation. (C) LINE-1 RT-PCR analysis on day 0, 3 or 7 pa. RT-PCR was
primed by LINE-1-specific primers (P25R and P25F/26), LINE-1 transcriptional activity
was examined in the regenerating epidermal and mesenchymal tissues (lanes 4-8),
respectively, in addition to the total regenerating limb tissues (lanes 1-4). The
transcriptional upregulation of another limb amputation-induced gene, Msx2 RNA was also
examined by RT-PCR in parallel. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
RT-PCR served as loading controls.
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Fig. 2.

Axolotl genomic DNA quantitative polymerase chain reaction (qPCR) analysis of the
change of integrated LINE-1 gene copy number in limb regenerates from consecutive limb
amputations and regenerations. Primers used for genomic DNA Real Time qPCR: D08, the
set of primers for LINE-1 ORF-1. Unamputated: the unamputated limb. 1.regen: the limb
regenerate from the first round of limb amputation performed on the unamputated limb;
2.regen: the limb regenerate regrown from the second round of limb amputation conducted
in the 1.regen. Each of the four groups of bars represents the percentage change of genomic
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LINE-1 content in the unamputated limb, the 1.regen and the 2.regen in four individual
animals, respectively.
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LINE-1 ORF2 antisense probe

Basal layer of
keratinocytes

LINE-1 ORF2 sense probe

Fig. 3.

Ingsitu hybridization of LINE-1 ORF-2 in 5 days post-amputation (pa) regenerating forelimb
blastema. Sections were hybridized with either sense or anti-sense LINE-1 ORF2 RNA
probe. The ORF2 sense RNA probe was used as control if the expression levels of the sense
and the anti-sense transcripts were different. Staining (blue) was developed with 5-bromo-4-
chloro-3-indolyl-phosphate (BCIP) and 4-nitroblue tetrazolium chloride (NBT) in alkaline
phosphatase buffer after in situ hybridization (ISH) and anti-digoxygenin (DIG) alkaline
phosphatase antibody incubation. Some of the cells bearing positive L1 signal were labeled
by blue arrows. The scale bar for images C1 and C2 is 500 um. The bar scale for images
Cl/, C1”, C2’ and C2” is 200 um. C1’, C1” are the enlarged photos from different portions
of the limb blastema presented in C1 similar to the relationship between C2’ and C2.
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1 2 3 4 5 6 7 8 9 10 11 12
Clone18 957 23 1 [ 1 23 443 421 5.4e-07 38.1 TCTATATATTGTGCCAATGGTTCTAGTAGGCT
Clone18 833 30 5 [ 4 33 780 751 0.0004 28.8 ACCTGCATACGTGGGGGCCATCGATGCCCCCATCTCAGG
Clone18 90.0 20 2 o 1 20 182 163 0.0012 27.0 TTTGTTTCCAATTCTTTCTTACCAATCGTATG
Clone18  89.5 19 2 [ 6 24 254 236 0.0042 25.1 GTTACGTTTTGATCAATTGCTGGAATCTAGCA
Clone18  89.5 19 2 [ 2 20 1175 1157 0.0042 25.1  ATTTATAATGTCTTCAGATTGACCGAATCGTA
Clone18 833 30 5 o 2 31 426 397 0.00033 28.8 GTGGTTCAAGGAGACTATTGTTGGCTGCAATA
Clone18 86.4 22 3 0o 3 24 937 916 0.0042 25.1 CTTTTGATTCTGATGATGAAGAAACGGATAAT
ORF1 90.0 20 2 0 5 24 294 275 0.0012 27.0 TCCGTGGTCTAGGGAACCCCCCCAACAAGCAG
Clone18 89.5 19 2 o 9 27 25 7 0.0042 25.1 CAATAAACTCAATTTTTGAAGGTCTTTATGCA
Clone18 89.5 19 2 [ 10 28 1251 1233 0.0042 25.1 ACCTTCACCAACTTTGTCTGCACTAGTTTTGC
ORF2 89.5 19 2 0 4 22 267 249 0.0042 25.1 CCCTTGGTGTTGCCTGTTTTCTTCCCATCGCC
ORF2 89.5 19 2 0 14 32 267 249 0.0042 25.1 CCTCAACGAACCCTTGGTGTTGCCTGTTTTCT
Clone18 89.5 19 2 0 5 23 1251 1233 0.0042 25.1 CACCAACTTTGTCTGCACTAGTTTCGCTTCGT
ORF2 89.5 19 2 0 3 21 267 249 0.0042 25.1 CCTTGGTGTTGCCTGTTTTCTTCCTGTCGCCT
Clone18 86.4 22 3 o 3 24 680 659 0.0042 25.1 CGAACAGTTGTAAAATGAACAATTCGTATGCC
Clone18 89.5 19 2 o 8 26 1251 1233 0.0042 25.1 CTTCACCAACTTTGTCTGCACTAGTTTTGCTT
Clone18 89.5 19 2 [ 5 23 1251 1233 0.0042 25.1 CACCAACTTTGTCTGCACTAGTTTTGCTTCGT
ORF2 84.0 25 4 0 1 25 259 235 0.0042 25.1 GCCTCTTTTCTCGGATGTGTTTTTTTGTCTCG
ORF1 83.9 31 5 0 1 31 148 118 9.1e-05 30.7 CCTCCGGAAGTCCCACAATTCATATATTGTTT
ORF2 89.5 19 2 0 4 22 267 249 0.0042 25.1 CCCTTGGTGTTGCCTGTTTTCTTCCCGTTGCC
ORF2 89.5 19 2 0 1 19 366 348 0.0042 25.1 GCCAGTAGGGACGTTATGTTCTTACATCGTAT
Clone18 89.5 19 2 0o 9 27 1251 1233 0.0042 25.1 CCTNCACCAACTTTGTCTGCACTAGTTTCGCT
Clone18 89.5 19 2 [ 3 21 321 303 0.0042 25.1 CCTGCATTCTTTAAGAAATGTAGTTTGGTCGT
Clone18  90.0 20 2 [ 5 24 348 329 0.0012 27.0 CCGATATATATATATTTGAAACCGTAATCGTA
ORF2 923 26 2 0 2 27 300 275 5.4e-07 38.1 GCCCAGTAGGCATTCCTTGGGTGTCCACTCGT
ORF1 89.5 19 2 0 12 30 467 449 0.0042 25.1 GCTTCTTTCTGCTTTCTCTCAGCCTTTTCTCG
ORF1 86.4 22 3 0 2 23 148 127 0.0042 25.1 CCCTCCGGCAGGCCCACAATGCGTATGTTATT
ORF1 95.0 20 1 0 4 23 134 115 2.5e-05 32.5 CCTACAATGCAAATATTGTTCCTTCGTATGCC
Clone18 89.5 19 2 o 3 21 25 7 0.0042  25.1 ACTCAATTTTTGAAGGTCTTTATGCATGGTAA
ORF1 87.0 23 3 0 1 23 137 115 0.0012 27.0 CCCACCACGCCAATATTGTTCCTCCTCGTATG
ORF2 89.5 19 2 0 4 22 267 249 0.0042 25.1 CCCTTGGTGTTGCCTGTTTTCTTCCCTTCGTA
ORF2 89.5 19 2 0 5 23 267 249 0.0042 25.1 ACCCTTGGTGTTGCCTGTTTTCTTCCCATCGC
ORF1 85.2 27 4 0 1 27 360 334 0.00033 28.8 CCCTTTTTCCCTGGCTAGGTGGAGGATCGTAT
ORF1 87.0 23 3 0 4 26 477 455 0.0012 27.0 CTTTTCCCCTTTTCTTACTCTCAGCAGCTCGT
ORF1 90.0 20 2 0 1 20 137 118 0.0012 27.0 CCCACCACGCGAATATTGTTTCTCCTCGTATG
ORF1 920.5 21 2 0 12 32 137 17 0.00033 28.8 CCTCAGGCAAGCCCACCACGCGAATATTGTTC
ORF1 87.0 23 3 0 1 23 137 115 0.0012 27.0 CCCACGATACGAATGTTGTTCCTCGTATGCCG
ORF1 920.9 22 2 0 1 22 136 115 9.1e-05 30.7 CCACGATGCGTATATTGTTCCTTCGTATGCCG
ORF1 91.7 24 2 0 2 25 138 115 7e-06 344 GCCCAACTATGCGAATATTGTTCCTTCGTATG
ORF2 89.5 19 2 0 4 22 267 249 0.0042 25.1 CCCTTGGTGTTGCCTGTTTTCTTCCCGTCACC

Fig. 4.
A list of putative LINE-1 piRNA candidates that potentially target L1s. All of these putative

L1 piRNAs are derived from the antisense strand of L1 transcripts. Field description for
each of the 40 putative L1 piRNAs: 1, target label; 2, percent identity; 3, alignment length;
4, number of mismatches; 5, number of gap-opens; 6, one-based position of start in query; 7,
one-based position of end in query; 8, one-based position of start in target; 9, one-based
position of end in target; 10, E-value; 11, bit score; 12, sequence.
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