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Plasticity for axolotl lens regeneration is associated
with age-related changes in gene expression

Konstantinos Sousounis®, Antony T. Athippozhy?, S. Randal Voss? & Panagiotis A. Tsonis*

"Department of Biology and Center for Tissue Regeneration and Engineering, University of Dayton, Dayton OH, USA
2Department of Biology and Spinal Cord and Brain Injury Research Center, University of Kentucky, Lexington, KY 40503, USA

Correspondence

Panagiotis A. Tsonis, Department of Biology
and Center for Tissue Regeneration and
Engineering, University of Dayton,
ton, Ohio, United States of
Tel: 937 229 2579; Fax: 937 229 2021; E-mail:
ptsonis1@udayton.edu

Day-
America.

Received: 6 June 2014; Revised: 10 August
2014; Accepted: 3 September 2014

doi: 10.1002/reg2.25

Abstract

Mexican axolotls lose potential for lens regeneration 2 weeks after hatching. We
used microarraysto identify differently expressed genesbefore and after thiscritical
time, using RNA isolated fromiris. Over 3700 geneswereidentified asdifferentially
expressed in response to lentectomy between young (7 days post-hatching) and old
(3 months post-hatching) axolotl larvae. Strikingly, many of the genes were only
expressed in the early or late iris. Genes that were highly expressed in young
iris significantly enriched electron transport chain, transcription, metabolism, and
cell cycle gene ontologies, al of which are associated with lens regeneration.
In contrast, genes associated with cellular differentiation and tissue maturation
were uniquely expressed in old iris. Many of these expression differences strongly
suggest that young and old iris samples were collected before and after the spleen
became developmentally competent to produce and secrete cells with humoral and
innate immunity functions. Our study establishesthe axolotl asapowerful model to
investigate age-related cellular differentiation and immune system ontogeny within

the context of tissue regeneration.
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Introduction

Regenerative ability varies across organs, developmental
stages, and species. However, one generality that has been
noted for highly and lowly regenerative vertebrates is that
regenerative ability tends to decrease with age (Sousounis
et al. 2014). Fetal and larval forms tend to possess an abil-
ity to regenerate tissue in a scar-free manner while adults,
and especially mammals, show minimal potential for regen-
eration. These patterns suggest that regenerative ability is
associated with age-related changesin cellsthat form tissues
and organs, as well as maturation of systems that broadly
regul ate development and physiology (Seifert & Voss 2013).
Exceptions include lens regeneration in adult newts (Eguchi
etal. 2011) and finregenerationin zebrafish (Itou et al. 2012).

Some amphibians are capable of regenerating their lens
through a process called transdifferentiation. During embry-
onic development of salamanders, the lensis formed by in-
vagination of the surface ectoderm, which later differentiates
into cornea (Wolff 1895; Freeman 1963; Suetsugu-Maki

et al. 2012). In contrast, progenitor cells that regenerate lens
after lentectomy derive from the iris, which has a neura
origin (Fuhrmann 2010; Graw 2010). Thus, transdifferen-
tiation refers to a specia type of regeneration where pro-
genitor cells from a different tissue are the source of the
regenerate.

The adult red-spotted newt (Notophthalmus viridescens)
has long served as the primary salamander model for stud-
ies of transdifferentiation and lens regeneration. Soon af-
ter lentectomy, pigment epithelial cells (PECs) of the dorsal
and ventral iris dedifferentiate; however, only PECs from
the dorsal iris contribute progenitors for lens regeneration
(Sato 1940). For many years, the axolotl (Ambystoma mex-
icanum) was thought to lack the newt's lens regenerative
potential; however, it was recently shown that axolotls can
in fact regenerate lens from dorsal and ventral iris PECs dur-
ing early larval development (Suetsugu-Maki et al. 2012).
But, after approximately 28 days of post-hatching devel-
opment, axolotl larvae lose the ability to regenerate lens.
Thus, the axolotl provides an important new model to
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identify age-related changes in gene expression that corre-
late with regenerative ability. In this study, we used microar-
ray analysisto identify gene expression differences between
irises collected from 7-day post-hatching larvae (referred
to as young) and 3-month-old larvae (referred to as old).
We collected tissues post-lentectomy to sampleregeneration-
associated transcripts from young iris and transcripts associ-
ated with a non-regenerative response in old iris. The genes
that were expressed differently between young and old ax-
olotl larvae revea age-related differences in transcription,
metabolism, cell proliferation, differentiation, and immune
response. We report further insights by comparing genes
identified between young and old axolotl iris to genes that
were identified recently from dorsal and ventral irises of
newts (Sousounis et a. 2013).

Results

Gene expression during axolotl lens
regeneration

Young and old axolotl larvae were lentectomized and 6 hours
later whole iris rings were isolated for RNA extraction and
Affymetrix microarray analysis. A total of 3751 probe sets
(i.e. genes) were identified as statistically, differentially ex-
pressed between the young and old iris samples, and, of
these, 1572 registered a > 2-fold difference in expression
(Table S1). Approximately half of the differentially ex-
pressed genes were more expressed in young iris samples
(N = 1809) and thus the remainder were more expressed in
oldiris(N = 1942) (Fig. 1A). Strikingly, many of the upreg-
ulated genes were highly differentially expressed between
samples. For example, krt8, krt19, sftpc, itinl, and col28al
were 1324 to 41 times more abundant in young iris than old.
Moreover, igll1, hbgl, hba2, ctss, mrcl, and slc6al3 were
533 to 34 times more abundant in old iris (Fig. 1B). Ex-
amination of expression estimates for all of the genes listed
above, and 168 additional genes, suggeststhat they wereonly
expressed in one of the iris samples. Affymetrix probe sets
for these genes registered low, mean expression values for
one of the samples, valuesthat did not eclipse an empirically
determined threshold for defining absence of expression (see
Materialsand Methods). Thus, these results show fundamen-
tal differences in transcription between young and old iris,
with > 100 genes expressed in one sample but not the other.
In addition to the genes listed above, we note that additional
keratins (krt15, krt18) and collagens (col5al, col12al, and
col29al), and abiomarker of cell proliferation (shcbpl), were
only expressed in regeneration competent young iris.

Gene Ontology (GO) enrichment analysis

Statistically significant genes (g < 0.05) that minimally ex-
hibited a 2-fold difference between the iris samples were

48

K. Sousounis et al.

selected for Gene Ontology (GO) enrichment analysis. The
genesidentified from young iris samples enriched GO terms
associated with regulation of gene expression, electron trans-
port chain, cell cycle, DNA repair, oxidation—reduction pro-
cess, and metabolic process (q < 0.05, Fig. 2A, Tables 1,
2 and S2). The genes that significantly enriched these
terms are predicted to regulate transcription (ccnh, cdk7,
gtf2a2, taf5, taf9, tafl3, and tafl15), splicing (Isml, lsm3,
Ismb, Ism6, Ism7, phf5a, snrpal, snrpd2, and snrpd3), ATP
production (ndufal—7, ndufal2, ndufb2, ndufb4—8, ndufc2,
ndufs5, ndufs6, ndufv2, and ndufv3), intracellular protein
levels (psma3, psmad, psma?, psmb2, psmb7, psmd12, and
psmd8), DNA replication (chafla, ginsl, pole2, dbf4, rpa2,
and tyms), DNA repair (nsmcel, rad51, rad5lapl, tripl3,
and rpa2), and chromosome segregation (cdc27, cdca8, and
kif20a). Overall, these expression results suggest that young
iris was metabolically more active and proliferative than old
iris, as would be expected if the former were initiating a
larval dedifferentiation response (Reyer 1982). We note that
these expression differences were quantitative and not abso-
lute as the genes listed above were also expressed in old iris,
at significantly lower levels, however.

A different set of GO terms were identified for old iris
samples — immune response, defense response, cell com-
munication, signal transduction, negative regulation of gene
expression, and cell differentiation (9 < 0.05, Fig. 2B,
Tables 3, 4 and S3). Many of the genes that enriched these
termswere only expressed in old iris, including factors asso-
ciated with innate immunity (cd74, ctsh, ctss, cfd, ctsg, igj,
ighm, igll1, igsf1, f13b, prosl, ccl19, tgfb2, mrcl, enpp2, and
ighm), and cellular growth and differentiation (hes5, fgfl3,
edar, vwc2, adfp, cntnap2). Many additional genes associ-
ated with cellular differentiation were expressed more highly
in old iris than young, including cdh2, dner, gpm6a, ndrg2,
ndrg4, numb, pirin, wispl, notch, bmp2, bmp7, rbl, atf1, atf5,
aft6, jagl, fgfbp3, fgfrl, kit, ctnndl, smad?, igfbp3, igfbp6,
hof, tgfbi, tgfbl, ctgf, procn, igfals, and Ihx2. Overall, the
identified genes clearly indicate that a post-lentectomy im-
munological responsewasinducedin old iris, aresponse that
was not observed in young iris. In addition, in comparison to
youngiris, theresults suggest that old iriswasrel atively more
differentiated and presented less potential for cell prolifera-
tion. Indeed, negative regulators of DNA synthesis (enosfl)
and cell cycleprogression (mll5, kisslr) wereexpressed more
highly in old iris.

Validation with qPCR

Several geneswere sel ected for independent validation of mi-
croarray expression estimates using quantitative polymerase
chain reaction (QPCR). Using biological replicates, gPCR
yielded highly similar estimates to those obtained by mi-
croarray (Fig. 3). Two of three genes (eya2 and mpo, but
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Figure 1. Microarray gene expression during axolotl lens regeneration. (A) Volcano plot of all the probe sets of the microarrays. Probe sets are
color-coded based on the significance and the fold change between the samples. (B) Highly upregulated genes in young and old iris samples.

N/A, not applicable.

not lectl) that were estimated as highly differentially ex-
pressedinyoungiriswerevalidated, aswereall six genesthat
were deemed as only expressed in old iris (slc6al3, slc6a20,
cd74, ctsg, hbd, and hbgl). The qPCR estimates for lectl
did not reveal a significant difference between young and
old iris, as was suggested by the microarray analysis. Over-
al, gPCR validated al but one of the microarray estimates
(Fig. 3).

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.

Comparison of gene expression patterns
between axolotl and newt lens
regeneration

Recently, RNA sequencing was used to identify genes ex-
pressed differently between regeneration competent dorsal
and regeneration incompetent ventral iris during newt lens
regeneration (Sousounis et al. 2013). We compared genes
from Sousounis et a. (2013) that exhibited a > 2-fold
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Table 1. Genes related to gene expression that were found to be significantly upregulated in the young axolotl iris.
Function
Transcription CCNC CDK7 E2F4 MTERF POLR2K TAF13 TAF9
CCNH CDK8 GTF2A2 POLR1D POLR3F TAF5 TAF15
RNA processing CPSF3 HNRNPM LSM5 PHF5A SNRPD2 SRSF5 NCBP1
EXOSC6 LSM1 LSM6 RNGTT SNRPD3 WDR77 SSu72
FUS LSM3 LSM7 SNRPA1
Translation EIF4E MARS RPL29 RPL34 RPL6 RPS24 SARS2
IARS2 NARS RPL31 RPL38 RPS21
Protein processing BAX PSMA3 PSMA7 PSMB7 PSMD14 RBX1 SEC61G
FBXO6 PSMA4 PSMB2 PSMD12 PSMD8 SEC13 SPCS3
PDIAG

difference between dorsal and ventral iris at 4 or 8 days
post-lentectomy (DPL) to genes identified as significant in
our study. We found greater overlap of significant genes and
enriched GO terms between regeneration competent newt
dorsal iris and young axolotl iris than regeneration incom-
petent newt ventral iris and old axolotl iris (Fig. 4). In par-
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ticular, GO terms for transcription, cell cycle, and metabolic
process were identified in common between newt dorsal iris
and young axolatl iris, while innate immune responses were
identified in common between newt dorsal irisand old axol otl
iris. The 96 genes that were expressed more highly in young
axolotl and newt dorsal iristhan old axolotl and newt ventral

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.
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Table 2. Genes related to electron transport chain, cell cycle, and DNA repair that were found to be significantly upregulated in young axolotl

iris.

Function

Electron transport chain ATPSD ATP5L ETFA NDUFA4 NDUFB4 NDUFC2 UQCR10
ATP5E COX6A1 NDUFA1 NDUFA5 NDUFB5 NDUFS5 UQCR11
ATP5I| COXeC NDUFA12 NDUFA6 NDUFB6 NDUFS6 UQCRB
ATP5J COX7B NDUFA2 NDUFA7 NDUFB7 NDUFV2 UQCRQ
ATP5J2 COX7C NDUFA3 NDUFB2 NDUFB8 NDUFV3

Cell cycle CCNH DYNLLA1 KRT18 NUF2 PSMA3 PSMD14 SEC13
CDC26 E2F4 LIN9 NUP85 PSMA4 PSMD8 SKA2
cbca7 E2F8 MCTS1 ORC6 PSMA7 PTTG1 SSNA1
CDCA8 GINS1 MRPL41 PDCD2L PSMB2 RAB2A TOP2A
CDK7 GORASP2 NDC80 PFDN1 PSMB7 RFC2 TXLNG
CHAF1A KIF20A NOLCH POLE2 PSMD12 RPA2 TYMS
DBF4 KIF23

DNA repair ACTLBA EYA2 INO80C POLG2 PTTG1 RBX1 TOP2A
CCNH FBXO6 NEIL3 POLR2K RAD17 RFC2 TRIP13
CDK7 GTF2H5 NSMCE1 PRMT6 RAD51 RPA2 TYMS
CHAF1A HMGA2 POLE2 PSMD14 RAD51AP1

Table 3. Genes related to cell differentiation that were found to be significantly upregulated in the old axolotl iris.

A2M CBLN1 CTGF EXT2 IRF1 KRT8 NUMB SLC7A11 TRAPPC9

ARHGAP24 CCL19 CTSsV FHLA IRF8 MGMT PIR STEAP4 UHRF2

B2M CDH2 DNER GNA12 JUN MSI1 PPDPF TDRKH ZFP36L1

BMP2 CHRDL1 EDAR GPM6A KIT NDRG2 PSAP TGFB1 ZFPM2

BNIP3 CREBL2 EPAS1 HERC4 KMT2E NDRG4 SEMA4A TGFB2 ZSCAN2

CAMK4 CREM ERAP1 HES5 KRT19 NOTCH1 SKIL TMEM176B

Table 4. Genes related to immunity which were found to be significantly upregulated in old axolotl iris.

ADCY2 CCL19 CTSG ENPP2 IGJ KIT PCBP2 PROSH TGFB2

ADCY3 CD59 CTSH ERAP1 IGLL1 MR1 PLD2 SFTPD TLR2

APOA4 CD74 CTSS FTH1 IRF1 NFIL3 POLR2L SPPL2B TRIM11

B2M CHIT1 CXCL10 HLA-E IRF8 NOTCH1 PRF1 TGFB1 TRIM35

CAMK4 CLU ECM1 HSP90AA1 JUN

iris provide important new candidates for functional studies
(Table 5). Also, 20 genes that were commonly upregul ated
in regeneration incompetent irises in both species implicate
these as candidate inhibitors of regeneration. We discuss sev-
era genesidentified from this bioinformatics analysis below.

Discussion

Regenerative ability varies greatly among vertebrates but is
generally much higher during early life stages (Seifert &
Voss 2013; Sousounis et al. 2014). In this study the early
transcriptional response of iris to lentectomy was compared
between young and old axolotl larvae that differed in regen-
eration competence. Using only three replicate Affymetrix
GeneChips per treatment, > 3700 differentially expressed
genes were identified statistically and many of these genes

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.

exhibited 10-100-fold expression differences between treat-
ments. The many highly differentially expressed genesiden-
tified in our study are probably explained by the presence
and absence of different cell types between young and old
iristissue and age-related changesin cellular differentiation.
Wediscussboth of these explanationsbel ow, and then discuss
new gene expression insights that were gained by comparing
our results with those obtained recently from newts.

Ontogeny of immunity correlates with loss
of regenerative ability in the Mexican
axolotl

In axolotls, the spleen is the organ where erythrocytes, lym-

phocytes, and thrombocytes are produced and released into
the blood (Charlemagne 1972). Although the axolotl spleen
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Figure 3. Gene expression validation with gPCR. EYA2, MPO, SLC6A13, SLC6A20, CD74, CTSG, LECT1, HBD and HBG1 gene expression
was found with gPCR. Bars indicate the average of three independently collected iris samples of the corresponding axolotls. Error bars indicate
standard deviation. Asterisk (*) indicates statistically significant with 95% confidence intervals (P < 0.05) determined by t-test for independent
samples. Equal variances were determined with Levene’s test. ns, not significant.

begins to differentiate during the later stages of embryonic
development, maturation is not completed until larvae reach
2-3 months of age. Immunoglobulin M (IgM) synthesizing
lymphocytes are first observed approximately 35 days post-
hatching in the spleen, and then 56—70 days after hatching in
serum (Fellah et al. 1989). Thisexplainswhy genesencoding
heavy and light chain components of IgM (ighm, igj, igll1,
igsfl) and hemoglobin gamma A (hbgl) were highly ex-
pressed in the old iris samples but not in young iris samples.
The axolotls that provided the older iris tissue were approx-
imately 84 days post-hatching and thus had circulating lym-
phocytes and erythrocytes. In support of this explanation,
genes associated with immune cells and system responses
were uniquely expressed in old iris, including genes asso-
ciated with macrophages (mrcl, ctsh, ctsg), basophils/mast
cells (hdc), and B-cells (multiple immunoglobulins, [rrc8d),
and processes ranging from coagulation (f13b, prosl), lym-
phocyte homing and migration (ccl19, enpp2, wasf3), com-
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plement (cfd), and antigen presentation and processing (cd74,
ctss). These gene expression results are consistent with the
above timeline for axolotl spleen development (Fellah et al.
1989) and hemoglobin switching (Page et a. 2010), and
clearly show that some humora and immunological gene
expression responses to injury change with aging. These
differences between the early and old iris are absolute and
robust; if no B-cellsare present in atissue sample, no B-cell-
associated transcripts will be measured. In future studies, it
will be important to more broadly sample the larval period,
as such a design could better resolve age-related changes
in gene expression that are quantitative in nature. Such a
design would be informative for understanding how injury
and non-injury responses change with aging, perhaps com-
paring in parallel regeneration competent and incompetent
tissues. Our results suggest that such astudy could be readily
performed using axolotls, and such a study would proba-
bly provide important new insights about the maturation of

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.
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tissues and physiological systemswithin the context of tissue
regeneration.

Cellular differentiation also correlates
with loss of regenerative ability

Cdlsdifferentiate and tissues mature as an organism ages. In
general, cells become more differentiated and less stem-like
with aging and may show lower potential for dedifferenti-

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.

ation, cell cycle re-entry, and patterning (Sousounis et al.
2014). During the aging process of vertebrates with low
potential for regeneration (e.g., mammals), cells may dif-
ferentiate toward fates that are more appropriate for tissue
repair and less permissive for regeneration. Independent of
immune system function, our results support the idea that
axolotl iris differentiates with aging to a point that it is no
longer capable of dedifferentiation. Indeed, we identified a
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Table 5. Genes found to be upregulated in both newt and axolotl lens regeneration in regeneration competent or incompetent iris.

Function Gene upregulated in regeneration competent iris

Transcription CIRH1A ENY2 POLR1D RBBP7 ZNF182 ZNF451

RNA processing CPSF3 MPHOSPH10 PDCD11 PNPT1 SNRPA1

Translation C12orf65 MRPL19 MRPL41 MRPL53 MRPS27 MRPS28 QRSLA1

Protein processing CRELD2 PFDN4 TIMM13 TIMM8A TIMM9 VPS13A WDR77
P4HA1 PHPT1

Electron transport chain ATP5D UQCRQ CMC1 COX16 ETFA NDUFS5

Metabolic process BCATA CYP51A1 FDPS LSS PXDN ROMO1 SQLE

CYP26A1 DHRS12 GPT2 PTS RDH13 SLC35B1 TPMT
CYP2C8 DPH5 GSS

Extracellular matrix COL12A1 DPT HTRA1 MXRA5

Cell cycle CcDhcC27 DSCCH KIF11 LIN9 NUF2 PRC1 RPA2
CDCA8 GINS1 KIF20A NCAPG2 PBK RCC1 RPS6KB1
CHAF1A HAUS1 KIF23 NDC80 PDCD2L RNASEH2A TOP2A
DBF4

Other BAX C190rf60 C7orf25 LRRC32 PRKRIR RP9 TMPO
C11orf10 C6orf162 CASP3 NSMCE1 RHOT1 SSNA1 TOR1AIP1
C160rf88 C6orf203 LMNB1 NUP85 RNFT1 STOML2

Gene upregulated in regeneration incompetent iris

ACTA2 CPAMDS8 KDM4C NR2F1 SLC1A3 STXBP4 ZNF510
CHRDL1 HSPAS8 LAMA2 NRCAM SLCB6A13 TRIM11 ZNFX1
CHST11 KCNMB2 LAMB2 RGMB SLIT2 TTC17

number of regulators/biomarkers of cellular differentiation
that were more highly expressed in old iris, including notch,
bmp2, bmp7, and rbl. Interestingly, Grogg et a. (2005) were
able to induce lens regeneration by inhibiting bone morpho-
genetic protein 4 (BMP4) and BMP7 expression in regener-
ation incompetent ventral iris PECs of the newt, but similar
treatments did not induce lensregenerationin axol otl (Grogg
et al. 2005). This suggests that age-related changesin regen-
erative ability may involve transcriptional changes across
multiple signaling pathways; and such changes may specify
non-regenerative cellular phenotypes. Two lines of evidence
support thisidea. (1) We observed genes expressed in young
iristhat promote cell proliferation and genesexpressedinold
iris that function to restrict DNA synthesis and cell prolifer-
ation. For example, enosfl and ctnp2 were highly expressed
inoldiris. enosf1 encodes an anti-sense transcript that down-
regulates thymidylate synthase, an enzyme that functionsin
thymine biosynthesis, while ctnp2 catalyzestherate-limiting
step in cytosine synthesis. These patterns suggest that len-
tectomy causes an imbalance of nucleotide precursorsin old
iris, amolecular pathology that is not optimal for supporting
cell proliferation. (2) Johnson (2013) recently showed that
the expression of genes for cell proliferation and collagen
synthesis declined with aging in axolotl brain; both of these
patterns were observed in our study. Genes that are permis-
sive for lens regeneration are expressed highly early in the
larval period but are gradually or suddenly downregulated
during development. We note that the loss of lens regener-
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ative plasticity in the Mexican axolotl occurs after the first
28 days of post-hatching devel opment, which associateswith
not only the initiation of immune system function but also
gonadal differentiation (Gilbert 1936). Disentangling the ef-
fects of local and peripheral factors on regenerative capacity
can be tested by grafting young iris cells into regeneration
incompetent older eyes, or by moderating the immune re-
sponse of older axolotls, as was done recently in a study
of macrophage function during axolotl limb regeneration
(Godwin et a. 2013).

Identification of new candidate genes for
lens regeneration

Finally, we compared lists of genes that were compiled
from two different lens regeneration models. We compared
genesthat wereidentified asdifferentially expressed between
young and old axolotl iristo genesidentified as differentially
expressed between dorsal and ventral regions of the adult
newt iris. The objective was to determine if gene expres-
sion was similar for regeneration competent and incompe-
tent samples, even though they were derived from different
species and experimental paradigms (the effect of aging ver-
sus patterning on regenerative ability). Somewhat surpris-
ingly, given low power to detect homologous expression
results between lowly replicated studies that derive expres-
sion estimates from different technol ogies, and given reports
indicating axolotls and newts employ different mech-
anisms to accomplish the same regenerative outcome

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.
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Figure 5. Proposed model for lens regeneration in newts and axolotls. Lens regeneration competent tissues (young axolotl iris and newt dorsal
iris) have potent cells that can be activated and carry out similar events leading to transdifferentiation. Newt ventral iris and old axolotl iris
contain more differentiated cells that lack pluripotency and the ability to be activated post-lentectomy.

(e.g., Sandoval-Guzman et a. 2014), we identified com-
mon gene expression responses. In particular, genes as-
sociated with cholesterol metabolism (cryp5la, Iss, fdps,
sgle), retinoic acid synthesis (rdhl3, cyp26a), and mito-
sis/regulation of cell proliferation (e.g., dsccl, pbk, lin9,
romol) were identified for regeneration competent axolotl
and newt iris. Thus, genes identified from regeneration
competent iris, and presumably dedifferentiating and pro-
liferating PECs, probably comprise a conserved regulatory
network underlying transdifferentiation (Fig. 5). Upregu-
lation of cyp26a in regeneration competent iris is inter-
esting because it acts to attenuate retinoic acid signaling,
a metabolite required for lens regeneration in adult newt
and Xenopus (Thomas & Henry 2014). Among genes that
were expressed in common between regeneration incompe-
tent axolotl and newt iris, we note repressive axon guidance
molecules (dit2, rgbm), neurotransporters (slcla3, sic6al3)
indicating possiblerolesin cell to cell attraction or repulsion
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(Kim et al. 2014), and nr2fl, a transcription factor that
specifies neural cell fates and negatively regulates retinoic
acid signaling (Neuman et a. 1995; Yamamizu et al. 2013).
These genes further support the idea that regeneration in-
competent irisis associated with higher expression of differ-
entiation markers. Overall, our comparative analysis shows
that regenerative ability of salamander iris is associated
with cholesterol biosynthesis and retinoic acid synthesis and
signaling.

Materials and Methods

Animals and operations

Ambystoma mexicanum embryos and larvae were purchased
from the Ambystoma Genetic Stock Center in Lexington,
KY. The young iris samples were collected from indi-
viduals that were raised from embryos to 7 days post-
hatching. For older animals, 3-month-old axolotl larvae
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(35 cm) were purchased. Axolotls were anesthetized in
0.1% (w/v) ethyl-3-aminobenzoate methanesulfonic acid
(MS222; Sigma-Aldrich, St. Louis, MO, USA) in phosphate-
buffered saline. Using a sharp scalpel, an incision was in-
troduced in the cornea. Lenses were removed with fine
forceps ensuring that lens fibers and capsules were re-
moved without damaging adjacent tissues. Six hours post-
lentectomy, axolotls were anesthetized in M S222 and whole
eye balls were removed in calcium- and magnesium-free
Hanks solution where they were dissected according to
the method of Bhavsar et a. (2011). Briefly, a fine scalpel
was used to make a hole in the eye and scissors were used
to separate the anterior and posterior eye parts. Iris pieces
were separated from neural retina and cornea and placed in
Eppendorf tubeswith RNAlater solution (Life Technologies,
Grand Island, NY, USA). Three microarray replicates were
created for the young and old iris samples by pooling tissues
from 11 7-day-old and four 3-month-old axolotl larvae, re-
spectively. This same procedure was used to create a second,
independent group of replicates for gPCR.

RNA extraction, reverse transcriptase
reaction and qPCR

Methods that were used to isolate RNA, synthesize cDNA,
and perform gPCR are detailed in Sousounis et al. (2013).
gPCR conditions were optimized initially using PCR and
gel electrophoresis. Primer sequences and qPCR settings are
listedin Table S4. Gene expression estimateswere cal culated
relative to the expression of a housekeeping gene (eeflal).

Microarrays

The University of Kentucky Microarray Core Facility per-
formed microarray analysisaccordingto standard Affymetrix
protocols. All RNA samples were quantified using an Agi-
lent BioAnalyzer. RNA expression profiling was conducted
using custom Amby_002 microarrays (Huggins et a. 2012).
The six RNA samples were labeled and hybridized to in-
dependent microarray GeneChips and scanned. Background
correction, normalization, and expression summaries were
accomplished using the robust multi-array average (RMA)
algorithm (Irizarry et al. 2003).

Statistical analysis

To identify significant genes between young and old iris
samples (microarray and qPCR analyses), t-tests were per-
formed assuming unequal variances and independent sam-
ples. Multiple testing used a false discovery rate cutoff of
0.05 (Benzamini & Hochberg 1995) and was performed by
calculating g-values for individual probe sets. This was ac-
complished by dividing the number of probe sets expected to
be false positives at or below the P value for a given probe
set by thetotal number of probe sets detected at or below that
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P value. Genes with g < 0.05 were considered significant.
The method described by Buechel et a. (2011) was used
to identify significant probe sets that were expressed in one
sample but not the other. Briefly, a probe set was considered
non-expressed if its expression estimate failed to exceed a
threshold value that was identified in the saddle region of
each array’s signal intensity histogram. Gorilla software was
used to identify significantly enriched GO terms for signif-
icant genes that showed > 2.0-fold difference in expression
between young and old iris samples (Eden et a. 2009). GO
termswith g < 0.05 were considered significant.

Comparative transcriptomics

Newt genesthat showed > 2-fold differencein expression be-
tween dorsal versus ventral iris (Sousounis et al. 2013) were
compared to significant genesidentified by contrasting young
and old axolotl iris samples. Newt and axolotl genes with the
same human gene annotation were assumed to be orthol-
ogous and presumptive gene functions were deduced from
the literature. Enriched GO terms were also compared be-
tween the species. Venn graphs were created using VENNY
(http://bioinfogp.cnb.csic.es/tools'venny/index.html).

Acknowledgments

This study was supported by NIH grant RO1EY 10540 to
PA.T.K.S. was supportedin part by the University of Dayton
Office for Academic Affairs through the Graduate Student
Summer Fellowship Program. A.T. and S.R.V. were sup-
ported by NIH grant R240D010435 and DOD grant 56157-
LS-MUR. The axolotls for the project were provided by the
Ambystoma Genetic Stock Center, which is supported by
NSF grant DBI-0951484. The authors declare no conflict of
interest.

References

Benzamini, Y. & Hochberg, Y. (1995). Controlling the false
discovery rate: a practical and powerful approach to multiple
testing. J. R. Stat. Soc. Series B. Stat. Methodol., 57, 289-300.

Bhavsar, R.B., Nakamura, K. & Tsonis, PA. (2011). A system
for culturing iris pigment epithelia cellsto study lens
regeneration in newt. J. Vis. Exp., 52.

Buechel, H.M., Popovic, J., Searcy, J.L., Porter, N.M., Thibault,
O. & Blaock, E.M. (2011). Deep sleep and parietal cortex
gene expression changes are related to cognitive deficits with
age. PLoS One, 6, €18387.

Charlemagne, J. (1972). [Morphological studies of blood cell
differentiation in the axolotl, Ambystoma mexicanum Shaw].
Z. Zdlforsch. Mikrosk. Anat., 123, 224-239.

Eden, E., Navon, R., Steinfeld, I., Lipson, D. & Yakhini, Z.
(2009). GOrilla: atool for discovery and visualization of
enriched GO termsin ranked gene lists. BMC Bioinfo., 10, 48.

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.



K. Sousounis et al.

Eguchi, G., Eguchi, Y., Nakamura, K., Yadav, M.C., Millan, J.L.
& Tsonis, PA. (2011). Regenerative capacity in newtsis not
altered by repeated regeneration and ageing. Nat. Commun., 2,
384.

Fellah, J.S., Vaulot, D., Tournefier, A. & Charlemagne, J. (1989).
Ontogeny of immunoglobulin expression in the Mexican
axolotl. Development, 107, 253-263.

Freeman, G. (1963). Lens regeneration from the corneain
Xenopus laevis. J. Exp. Zool., 154, 39-65.

Fuhrmann, S. (2010). Eye morphogenesis and patterning of the
optic vesicle. Curr. Top. Dev. Bial., 93, 61-84.

Gilbert, W.M. (1936). Amphisexuality and sex differentiation in
Ambystoma. Unpublished Thesis, State University of lowa.

Godwin, JW., Pinto, A.R. & Rosenthal, N.A. (2013).
Macrophages are required for adult salamander limb
regeneration. Proc. Natl. Acad. Sci. USA, 110, 9415-9420.

Graw, J. (2010). Eye development. Curr. Top. Dev. Bial., 90,
343-386.

Grogg, M.W.,, Cdl, M.K., Okamoto, M., Vergara, M.N., Del
Rio-Tsonis, K. & Tsonis, PA. (2005). BMP inhibition-driven
regulation of six-3 underlies induction of newt lens
regeneration. Nature, 438, 858-862.

Huggins, P, Johnson, C.K., Schoergendorfer, A., Putta, S.,
Bathke, A.C., Stromberg, A.J. et a. (2012). Identification of
differentially expressed thyroid hormone responsive genes
from the brain of the Mexican axolotl (Ambystoma
mexicanum). Comp. Biochem. Physiol. C. Toxicol.
Pharmacol., 155, 128-135.

Irizarry, R.A., Hobbs, B., Collin, F., Beazer-Barclay, Y.D.,
Antonellis, K.J., Scherf, U. et al. (2003). Exploration,
normalization, and summaries of high density oligonucleotide
array probe level data. Biostatistics, 4, 249-264.

Itou, J., Kawakami, H., Burgoyne, T. & Kawakami, Y. (2012).
Life-long preservation of the regenerative capacity in thefin
and heart in zebrafish. Biol. Open, 1, 739-746.

Johnson, C. 2013. Axolotl paedomorphosis: a comparison of
juvenile, metamorphic, and paedomorphic Ambystoma
mexicanum brain gene transcription. Masters Thesis,
University of Kentucky.

Kim, M., Farmer, W.T., Bjorke, B., McMahon, S.A., Fabre, PJ.,
Charron, F. et al. (2014). Pioneer midbrain longitudinal axons
navigate using a balance of Netrin attraction and Slit
repulsion. Neural. Dev., 9, 17.

Neuman, K., Soosaar, A., Nornes, H.O. & Neuman, T. (1995).
Orphan receptor COUP-TF | antagoni zes retinoic acid-induced
neuronal differentiation. J. Neurosci. Res., 41, 39-48.

Page, R.B., Boley, M., Smith, J.J. & Voss, S.R. (2010).
Microarray analysis of a salamander hopeful monster reveals
transcriptional signatures of paedomorphic brain development.
BMC Evol. Biol., 10, 199.

© 2014 The Authors. Regeneration published by John Wiley & Sons Ltd.

Microarray Analysis of Axolotl Lens Regeneration

Reyer, R.W. (1982). Dedifferentiation of iris epithelium during
lens regeneration in newt larvae. Am. J. Anat., 163, 1-23.

Sandoval-Guzman, T., Wang, H., Khattak, S., Schuez, M.,
Roensch, K., Nacu, E. et a. (2014). Fundamental differences
in dedifferentiation and stem cell recruitment during skeletal
muscle regeneration in two salamander species. Cell. Stem.
Cell, 14, 174-187.

Sato, T. (1940). Vergleichende Studien Uber die Geschwindigkeit
der Wolffschen Linsenregeneration bei Triton taeniatus und
bei Diemyctylus pyrrhogaster. Arch. EntwMech. Org., 140,
570-613.

Seifert, A.W. & Voss, S.R. (2013). Revisiting the relationship
between regenerative ability and aging. BMC Bial ., 11, 2.

Sousounis, K., Looso, M., Maki, N., Ivester, C.J, Braun, T. &
Tsonis, PA. (2013). Transcriptome analysis of newt lens
regeneration reveals distinct gradients in gene expression
patterns. PLoS One, 8, e61445.

Sousounis, K., Baddour, JA. & Tsonis, PA. (2014). Aging and
regeneration in vertebrates. Curr. Top. Dev. Biol., 108,
217-246.

Suetsugu-Maki, R., Maki, N., Nakamura, K., Sumanas, S., Zhu,
J., Del Rio-Tsonis, K. et a. (2012). Lens regeneration in
axolotl: new evidence of developmental plasticity. BMC Bioal.,
10, 103.

Thomas, A.G. & Henry, J.J. (2014). Retinoic acid regulation by
CY P26 in vertebrate lens regeneration. Dev. Biol., 386,
291-301.

Wolff, G. (1895). Entwickelungsphysiologische Studien. I. Die
Regeneration der Urodelenlinse. Arch. EntwMech. Org., 1,
380-390.

Yamamizu, K., Piao, Y., Sharov, A.A., Zsiros, V., Yu, H.,
Nakazawa, K. et al. (2013). Identification of transcription
factors for lineage-specific ESC differentiation. Stem. Cell
Reports, 1, 545-559.

Supporting Information

Additional Supporting Information may be found in the on-
line version of this article at the publisher’s website:

Table S1. Microarray gene expression data and statistical
analysis.

Table S2. Gene Ontology enrichment analysis of young
axolotl iris samples.

Table S3. Gene Ontology enrichment analysis of old axolotl
iris samples.

Table S4. List of primers used for gPCR.

57



