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Hormones play critical roles in vertebrate development, and frog metamorphosis has been an
excellent model system to study the developmental roles of thyroid hormone (TH) and glucocor-
ticoids. Whereas TH regulates the initiation and rate of metamorphosis, the actions of corticoste-
rone (CORT; the main glucocorticoid in frogs) are more complex. In the absence of TH during
premetamorphosis, CORT inhibits development, but in the presence of TH during metamorphosis,
CORT synergizes with TH to accelerate development. Synergy at the level of gene expression is
known for three genes in frogs, but the nature and extent of TH and CORT cross talk is otherwise
unknown. Therefore, to examine TH and CORT interactions, we performed microarray analysis on
tails from Xenopus tropicalis tadpoles treated with CORT, TH, CORT�TH, or vehicle for 18 h. The
expression of 5432 genes was significantly altered in response to either or both hormones. Using
Venn diagrams and cluster analysis, we identified 16 main patterns of gene regulation due to up-
or down-regulation by TH and/or CORT. Many genes were affected by only one of the hormones,
and a large proportion of regulated genes (22%) required both hormones. We also identified
patterns of additive or synergistic, inhibitory, subtractive, and annihilatory regulation. A total of
928 genes (17%) were regulated by novel interactions between the two hormones. These data
expand our understanding of the hormonal cross talk underlying the gene regulation cascade
directing tail resorption and suggest the possibility that CORT affects not only the timing but also
the nature of TH-dependent tissue transformation. (Endocrinology 153: 5309–5324, 2012)

Glucocorticoids (GC) play critical roles throughout
vertebrate life history (1, 2). Developmental roles in-

clude maturation of various organs like lungs (3–7), brain
(1, 6–9), intestine (6, 7, 10, 11), stomach (12), pancreas
(13), and kidney (7, 11). In adults, GC affect cardiovas-
cular physiology, metabolism, immune function, neural
function, behavior, and reproduction (1, 2, 14). Peak lev-
els of GC are reached at birth, hatching, or metamorphosis
in mammals, birds, fish, amphibians, and reptiles (2, 6, 7,
11, 15–17). Thyroid hormone (TH) also plays a critical
role in development, differentiation, and growth in all ver-
tebrates (18, 19). In particular, mammalian studies have
shown that the lack of TH in early human development
results in growth disturbances and severe mental retarda-
tion, a disease called cretinism (18).

Because TH and GC are developmental hormones
acting on some of the same organs, one may expect some
degree of TH and GC interaction. Indeed, cross talk
between TH and corticosterone (CORT; the main GC in
mice and frogs) has been shown in vivo and in vitro. For
instance, intestinal deficiencies caused by the down-reg-
ulation of duodenal phosphatase enzyme in hypophy-
sectomized rat can be repaired by the addition of both
TH and CORT, which act synergistically to up-regulate
the enzyme to its normal levels (20). TH and CORT
also interact to regulate hypothalamic genes like brain-
derived neurotrophic factor and neuropeptide Y in
chicken that play important roles in maintaining energy
homeostasis (21). Furthermore, previous studies found
a synergistic up-regulation of the Kruppel-like tran-
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scription factor (KLF9) by TH and CORT in a mouse
hippocampal cell line (HT-22) (22). They identified re-
gions of the KLF9 gene in mouse that support syner-
gistic gene activation in transfection assays and that
exhibit hyperacetylation of histones upon hormone
treatment (22, 23). By far the best-studied system for
TH and CORT interactions is the endocrine control of
frog metamorphosis (24). Even though amniotes do not
undergo metamorphosis, the timing of tadpole meta-
morphosis and birth in mammals share conserved mech-
anisms of endocrine control (25–28). In particular, the
transition from an aqueous to a terrestrial environment
in fetuses and tadpoles is associated with adaptive organ
remodeling regulated by hypothalamus-pituitary-thy-
roid and hypothalamus-pituitary-adrenal axes (25–28).

TH and CORT interactions are essential for frog
metamorphosis. TH plays a key role in frog metamor-
phosis (24, 29 –33), in that TH is necessary and suffi-
cient to initiate metamorphosis. However, TH alone is
not sufficient to complete metamorphosis in the ab-
sence of CORT (29, 32–35), and the mechanistic basis
of this CORT requirement is not known. Even though
CORT does not have metamorphic actions independent
of TH (23, 24, 33, 36), CORT accelerates metamor-
phosis during the prometamorphic period when TH is
present and inhibits development during the premeta-
morphic period when TH is absent (23, 37– 46). Little
is known about how premetamorphic CORT inhibits
development, but CORT and TH accelerate the rate of
tail resorption to a greater extent together compared
with their independent effects in vitro as well as in vivo
(38, 40).

Several mechanisms underlying TH and CORT synergy
during metamorphosis have been identified. First, CORT
can amplify the effect of TH on induction of genes like
TR� (TH receptor-�), TR� (TH receptor-�), deiodinase 2,
and deiodinase 3 (23, 38, 47, 48). At least for TR�, CORT
can bind and positively regulate its expression via a glu-
cocorticoid response element (GRE) in the promoter re-
gion (23, 36, 38). CORT can increase deiodinase 2 and
decreasedeiodinase3enzymeactivity,whichactivates and
degrades TH, respectively, increasing intracellular con-
centrations of T3, the active form of TH (37, 46). Second,
recent studies by Bonett et al. (38, 47) showed that the
transcription factor KLF9, which is a TH direct-response
gene, is also a CORT direct-response gene. Importantly,
CORT and T3 can synergize to cause a superinduction of
KLF9 expression both in X. laevis in vivo and in frog cell
cultures in vitro. In addition, their experiments revealed
that KLF9 might regulate TR� expression. Therefore,
stress-induced production of CORT can increase KLF9
expression, which in turn can increase TR� expression,

ultimately resulting in increased rate of tissue transforma-
tion (49, 50).

Despite the above-mentioned studies, knowledge of the
potential range of TH and CORT interactions on gene
regulation is still largely unknown. Also, much work has
been carried out on the gene regulation cascade induced by
TH to accomplish metamorphosis (24, 33, 51), but the
actions and molecular underpinnings of CORT’s role dur-
ing metamorphosis have yet to be elucidated. Subtractive
hybridization and microarray technology have proved in-
strumental in discovering genes and molecular pathways
underlying TH action not only during metamorphosis of
whole tadpoles but also of individual tissues, such as
brain, tail, hind limbs, skin, and intestine (24, 52–64).
Recent studies have tested some of these genes in isolation
to tease out their effects during metamorphosis (24, 47,
65, 66). Identification of the genes regulated by CORT
independently and in synergy with TH is required to better
understand metamorphosis in anurans and postembry-
onic development in general. Therefore, we performed mi-
croarray experiments on tails of X. tropicalis tadpoles
treated with TH and/or CORT.

Materials and Methods

Animals, experimental design, and RNA extraction
Tadpoles of X. tropicalis were purchased from Xenopus Ex-

press (Brooksville, FL). Tadpoles were reared at 26 C until they
reached Nieuwkoop and Faber stage 53 (NF53) (67). At NF53,
tadpoles were subjected individually in 4-liter tanks to one of
four treatments for 18 h (n � 6): 1) control (ethanol), 2) 100 nM

CORT (HPLC grade; Sigma, St. Louis, MO), 3) 50 nM T3 (HPLC
grade; Sigma), and 4) 100 nM CORT � 50 nM T3 at 26 C. Tails
were dissected and snap frozen from each tadpole. RNA was
extracted from frozen tail samples using Trizol (Invitrogen,
Carlsbad, CA), and high quality of total RNA was shown by
capillary electrophoresis using a BioAnalyzer (Agilent Technol-
ogies, Santa Clara, CA). RNA samples from all four treatments
were tested with RT-PCR to verify the expected changes in ex-
pression of TR� and KLF9 (data not shown).

Treatment and condition justifications
We chose the 100-nM dose for CORT because it elevated

whole-body CORT within the physiological range in tadpoles
and caused phenotypic and gene expression changes in tadpoles
and frogs (33). We chose 50 nM treatment for TH because earlier
studies showed that 50 nM but not 5 and 10 nM treatments caused
significant phenotypic and gene expression changes in the tails of
X. laevis tadpoles (33). We chose the duration of treatment to
identify mainly direct response genes. Some direct response genes
are detectable by 6 h (62), and it is possible that some of these
genes will be transiently expressed for less than 1 d. However,
most known direct response genes are strongly induced by 24 h
(24). Indirect response genes are also likely to be represented to
some extent before 24 h but often are not detected until 2 or more
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days. To achieve a compromise time point to enrich for direct
response genes, a treatment for 18 h was chosen.

Because of potential interference from endogenous hor-
mones, it is possible that the hormone regulation of some genes
may be misidentified, such that some genes induced by the TH
treatment may actually require CORT and vice versa. We
avoided the use of chemicals to block TH because of their known
independent effects on gene regulation by themselves (68, 69).
The independent effects on gene regulation of chemicals that
block CORT production or action have not been examined. To
reduce the effects of endogenous hormones, the developmental
stage NF53 was chosen because the endogenous TH and CORT
levels are minimal at this stage (24, 70). In addition, to minimize
stress-induced CORT production caused by rearing conditions,
the tadpoles were treated individually in 4-liter tanks. Further-
more, the tail does not undergo resorption until the concentra-
tions of both hormones reach their peak levels at the climax of
metamorphosis (NF62) (24); therefore, the low concentration of
these hormones at NF53 is unlikely to affect gene expression in
the tail.

We chose the tail because it is easy to harvest but more im-
portantly because in vitro tail tip cultures revealed that the syn-
ergistic effect of TH and CORT on tail shrinkage occurs at the
level of the tissue (38). We expect our results will apply to other
tissues because thyroid hormone receptor and glucocorticoid re-
ceptor are expressed in all tissues examined. Also, one previous
gene (KLF9), shown to be a direct response gene of TH and
CORT, is expressed not only in the tail but also all tissues ex-
amined (38, 54, 55, 57, 62). Furthermore, like the tail, many
tissues experience apoptosis during metamorphosis and may
have similar underlying endocrine regulation of this process (24).
Thus, the regulation of genes identified here may be similarly
regulated in other tissues.

Microarray analysis
Three nonpooled samples from each treatment were used,

and the microarray analysis was carried out at the Cincinnati

Children’s microarray facility using the Affymetrix Xenopus
tropicalis GeneChip (Affymetrix 1.0; Santa Clara, CA) rep-
resenting 59,021 probe sets. Bioinformatics analysis was per-
formed using GeneSpringGX software (version 11.02; Agilent
Technologies). We created a gene level experiment, in which
results from all probe sets representing the same gene were
averaged and used as a single entity. As a quality control, all
genes were checked by principal components analysis for
grouping by treatments. Genes were then filtered for signal
intensity values (genes for which at least one sample had be-
tween 25 and 98% of the observed signal intensity were se-
lected), which allowed us to remove very low signal values or
those that have reached saturation. Furthermore, the gene list
was filtered for error (genes with coefficient for variation up
to 90% were selected). The genes passing these quality con-
trols were then analyzed by ANOVA at � � 0.05 followed by
post hoc Tukey-Kramer to find pairwise significant differ-
ences between treatments. k-means clustering on genes in sec-
tions of Venn diagrams was used to identify groups of genes
with similar expression patterns. Gene ontology (GO) anal-
ysis was carried out using GeneSpring.

RT-PCR analysis
We used RT-PCR analysis to find examples of gene expres-

sion patterns representing some of the clusters identified by our
analysis of the microarray data. We selected genes that were
differentially regulated and highly expressed compared with
control or showed little variation in expression in the data anal-
ysis. To perform RT-PCR, we used RNA from the same samples
submitted for the microarray experiment. RNA was subjected to
cDNA synthesis (high capacity cDNA reverse transcription kit;
Applied Biosystems Inc., Foster City, CA) as per the manufac-
turer’s protocols. PCR (Takara Bio Inc., Mountain View, CA) on
each cDNA sample (n � 3) was carried out using primers for each
gene (Table 1). The housekeeping gene rpL8 was used to control
for variation among samples from the RNA extraction proce-
dure (17, 53, 56).

TABLE 1. Primer pairs used for RT-PCR

Gene (Unigene) Cluster Strand Primer sequence (5�-3�)

Transcribed locus (Str. 8302) A1 Forward TTGCTGAATGCCCCCAATG
Reverse CCCACCCACCACACAAACATAC

KLF9 (Str. 61607, 58576) B1 Forward TATGGACTACAGCCCCGAAC
Reverse TGGACCTTTTGGACCTTTTG

Thyroid hormone receptor-� (Str. 52012) C1 Forward AAAATGGAGGACTCGGTGTG
Reverse AAAAAGTGACGGAGGCAATG

Glutamate carboxypeptidase 2-like (Str. 61805) D1 Forward GCTCGCGGAACCTGCTGACTTT
Reverse GCTCCCCCTCTGGGGTTCCAG

Solute carrier family 1 (Str. 1713) F1 Forward ACAGACTCCCGTGCCCACGT
Reverse CGAGCTTGCCGAGAGCGGAG

MICAL like 2 (Str. 31608) F1 Forward GCCCTGCAGCAGTGGTGYAARCA
Reverse ACCCGCAGCTTCACCATRTCYTC

Hypothetical LOC496814 (Str. 16451) G1 Forward CGGGAAAAAACTTACTGGAGAGC
Reverse CTGGATAAATGGAGTGCTGGCTAC

ZBTB16 (Str. 44724) G1 Forward CAGTGGGTATGGCACAAGAATGAG
Reverse TTTGGGTTTGGGGGGAAAG

Transcribed locus (Str. 34945) G1 Forward AGGGCAGTGGAAACAGTAACTCAC
Reverse ATCGGGTCAAGTCGGTATTATCC

RpL8 Forward CGTGGTGCTCCTCTTGCCAAG
Reverse GACGACCAGTACGACGAGCAG
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Comparison of microarray data with previous
microarray experiments

We compared the genes regulated by TH found by microarray
analysis in Das et al. (59) (Table 2) and Buchholz et al. (57) to our
microarray data. We also compared our TH response gene list to
that of overlapping TH response genes in X. laevis tails among
three array studies [Helbing et al. (62), Das et al. (59), and Searcy
et al. (64)] as identified by Searcy et al. (64).

Results

To understand the molecular pathways initiated during
frog metamorphosis by interaction of TH and CORT, we
performed global gene expression analysis on tails from
tadpoles treated with CORT and/or TH. In our analysis of
the microarray data, we first determined three basic gene
lists, in which genes were significantly differentially ex-
pressed in CORT, TH, or CORT-TH treatment compared
with control treatment. We then arranged those genes in
a Venn diagram to separate the gene lists into seven dis-
tinct sections (a–g) (Fig. 1). The k-means cluster algorithm
was used to analyze each section to cluster genes into hor-
mone-induced expression patterns.

Determine clusters of gene expression patterns

Step 1: altered gene regulation in each treatment vs.
control treatment

We found 1968 genes differentially expressed in re-
sponse to CORT, 3227 genes differentially expressed in

response to TH, and 4517 genes differentially expressed in
response to CORT-TH. A Venn diagram using these three
gene lists populated all seven sections (a–g) of the Venn
diagram with genes (Fig. 1 and Supplemental Table 1,
published on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org).

Step 2: altered gene regulation requiring the pres-
ence of both hormones

Of the 4517 genes in the CORT-TH treatment, 1208
genes (Fig. 1A, section a) were expressed differently from
control only when both hormones were present. These
1208 represent 22% of total 5432 genes regulated by ei-
ther one or both hormones. These genes were then clus-
tered with k-means to find genes up (A1) and down (A2)
regulated only in the presence of both hormones (Fig. 1B
and Table 3). The remaining 3309 genes, in which CORT
and/or TH alone was also able to induce significant up- or
down-regulation of the genes, are found in other sections
(sections b, c, and g) and are analyzed in the next steps.

Step 3: genes differentially regulated in all conditions
A total of 887 genes (Fig. 1A, section b) were regulated

by each hormone treatment. Using k-means clustering, the
list was divided into two clusters B1 and B2, which rep-
resent genes up- and down-regulated in each condition
against the control treatment (Fig. 1B). Further analysis
was required to discern significant differences, if any, in

TABLE 2. Comparison of expression level changes in Das et al. (59) (48 h) and in the TH treatment of the current
study (18 h) for the genes in Table 1 of Das et al. (59) that were represented on the Affymetrix X. tropicalis GeneChip

Unigene Gene

Fold up-regulation

Das et al. (59) Current study

Str.32442 Fibroblast activation protein-� 71.7, 51.6 5.2
Str.53813 Gene B MAM domain 62.1, 40.2 3.44
Str.41312 MMP-13 (collagenase 3)a 53.6, 16.4, 9.6 2.50

CRF binding protein 51.6 1.10
Str.6148 Gap junction channel protein-� 6 34.3 NC
Str.27324 RAS-like GTP-binding protein 16.7 5.39
Str.24553 Arginase type I 12.8 1.39
Str.65147 Hyaluronoglucosaminidase 2 11.8 2.47
Str.25784 Sox 4a 11.7 4.21

RUNX1 10.9 1.49
Str.66828 Glycine dehydrogenase 10.2 3.16
Str.34914 Solute carrier family 43 10.1 1.51
Str.65170 Glutamine synthase 9.9 1.67
Str.26977 �-Aspartyl dipeptidase (gene D) 7.4, 5.7 1.82
Str.20796 MMP-2 (collagenase 4) 7.3 2.1
Str.21804 Galectin 1 7.2 2.34
Str.37212 Arginase type II 6.9 4.96
Str.55321 Biglycan 6.9 1.28
Str.84561 FGF 9 (glia-activating factor) 6.7 1.89
Str.53061 Iodothyronine deiodinase type III 6.7, 6.2 6.37
Str.41102 C/EBP �-1 6.3 2.62
Str.27804 Dipeptidylpeptidase 4 6 1.57

a Affymetrix X. tropicalis GeneChip does not list Unigene numbers for these genes. NC, No change in expression.
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expression levels for these genes among hormone treat-
ments and to potentially identify additional clusters of
gene expression patterns. To this end, we identified genes
differentially expressed between CORT-TH and TH and
genes differentially expressed between CORT-TH and
CORT using GeneSpring (table in Fig. 2). Then we pro-
duced a Venn diagram with these two gene lists and genes
from section b (Fig. 2A). Analysis of this Venn diagram
showed that 451 of the 887 genes of section b represent no
significant expression differences among hormone treat-
ments (but still different from control) (Fig. 2A). These
genes exactly match the pattern diagram for clusters B1
and B2 (Fig. 1B). The remaining 436 genes of the 887 in the
three remaining sections (Fig. 2A) were then analyzed by
k-means to find different patterns of gene regulation. Six
patterns of gene expression were found, in which one of
the hormone treatments was significantly different from

the other two hormone treatments (Fig. 2, A and D, clus-
ters H1–6).

Step 4: genes differentially regulated in response
to TH treatment

A total of 3227 genes were differentially regulated in
response toTHcomparedwith control.Of the3227genes,
1788 (section c) were common to TH and CORT-TH
treatment, 468 (section d) genes were differentially regu-
lated in response to TH only, and 84 genes (section e) were
regulated by TH and CORT but not CORT-TH (Fig. 1A).
The 1788 genes were then analyzed using k-means clus-
tering to find two clusters C1 and C2 of up- and down-
regulated genes (Fig. 1B). Of these 1788 genes (section c),
some of them may be exclusively TH response genes (TH
only genes), meaning the expression of these genes is af-
fected only by TH and not influenced by the presence or

FIG. 1. Number of genes and clusters of gene expression patterns across CORT, TH, and CORT-TH treatments. A, The Venn diagram using the
gene lists from CORT, TH, and CORT-TH treatments with the total number of genes indicated in the table resulted in seven different gene
regulation sections (a–g). B, Each section (a–g) from panel A was analyzed using k-means cluster analysis to sort genes into clusters of gene
expression patterns (clusters A1–G2). The name of the cluster and number of genes in the cluster are indicated in the upper corners of the graphs.
Diagrams above each graph indicate the idealized gene expression pattern for each cluster. The y-axis indicates relative expression levels, and the
x-axis indicates hormone treatments: CO, Control; C, CORT; CT, CORT-TH; T, TH. Box plots are given for each cluster and hormone treatment.
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TABLE 3. Most regulated annotated genes (i.e. has a gene name) in sections A, C, and G

Unigene/Affymetrix gene ID Gene title Fold change Regulation

Clusters A1 and A2 (CORTTH
synergy genes)

Str.41880 Thioredoxin-like 14.01 Up
Str.58312 Aminopeptidase N-like 6.16 Up
Str.22009 Aldo-keto reductase family 1, member D1 (�4–3-ketosteroid-

5-�-reductase)
4.77 Up

Str.27172 Nicotinamide N-methyltransferase-like 4.74 Up
Str.15717 PDZ and LIM domain 7 (enigma) 4.70 Up
Str.41889 Poly(U)-specific endoribonuclease-like 4.67 Up
Str.52255 Phosphomannomutase 2 3.77 Up
Str.41312 Matrix metallopeptidase 13 (collagenase 3) 3.62 Up
Str.27994 Calcium binding protein P22 3.51 Up
Str.2462 BCL2/adenovirus E1B 19-kDa interacting protein 3 3.42 Up
Str.20203 Novel protein containing a PX domain 5.45 Down
Str.64743 Bile salt export pump-like, partial 5.06 Down
StrJgi.6225.1.S1_a_at Interferon-induced very large GTPase 1-like 4.27 Down
Str.51450 Serine peptidase inhibitor, Kazal type 2 (acrosin-trypsin inhibitor) 3.40 Down
StrEns.9891.1.S1_a_at Titin-like 3.18 Down
StrJgi.8717.1.S1_at Multidrug resistance protein 3-like 3.10 Down
Str.32142 Protein FAM181A 2.92 Down
Str.67562 Versican 2.81 Down
Str.51884 Hypothetical protein LOC100497279 2.70 Down
Str.40243 Olfactomedin-like protein 2A precursor 2.67 Down

Clusters C1 and C2 (TH-only
genes)

Str.34015 Runt-related transcription factor 2 (runx2), mRNA 7.49 Up
Str.49882 Phosphate-regulating neutral endopeptidase-like 7.28 Up
Str.52614 MAX dimerization protein 1 6.78 Up
Str.24304 Arylsulfatase I-like 6.39 Up
Str.53061 Deiodinase, iodothyronine, type 3 6.38 Up
Str.11148 Solute carrier family 16 (monocarboxylic acid transporters),

member 12
5.52 Up

Str.27735 Annexin A6 (anxa6), mRNA///annexin A6 5.46 Up
Str.27324 Ras-related protein ras-dva 5.39 Up
Str.47076 Stanniocalcin 2 5.38 Up
Str.30617.3.S1_a_at Fos-related antigen 2-like 5.05 Up
Str.65102 Tyrosine aminotransferase 3.81 Down
Str.52242 Keratin, type I cytoskeletal 47 kDa 3.25 Down
Str.72934 Dnaj homolog subfamily C member 12-like 2.87 Down
Str.6882 MAD1 mitotic arrest deficient-like 1 (yeast) 2.60 Down
Str.11193 Myogenin (myogenic factor 4) 2.47 Down
Str.7586 Procollagen C-endopeptidase enhancer 2 2.45 Down
StrJgi.5940.1.S1_at Complement C1q tumor necrosis factor-related protein 3-like 2.40 Down
Str.52900 Reticulocalbin 1, EF-hand calcium binding domain 2.35 Down
Str.54203 RAR-related orphan receptor A 2.32 Down
Str.53703 Butyrobetaine (�), 2-oxoglutarate dioxygenase (�-butyrobetaine

hydroxylase) 1
2.28 Down

Clusters G1 and G2 (CORT-only
genes)

Str.6047 Phosphoenolpyruvate carboxykinase 1 (soluble) 12.48 Up
Str.6151 ATPase, Na�/K� transporting, �2 polypeptide 3.67 Up
StrJgi.2872.1.S1_at Gastrin-releasing peptide-like 3.17 Up
StrJgi.7877.1.S1_s_at Putative N-acetyltransferase C7orf52-like 3.03 Up
Str.66407 Novel protein similar to X-epilectin 2.70 Up
Str.6235 HIG1 domain family, member 1A 2.54 Up
Str.2174 Anterior gradient 1 2.53 Up
Str.1534.1.S2_a_at Hypothetical protein LOC100495042 2.45 Up
Str.38128 Predicted: transient receptor potential cation channel subfamily

M member 6-like
2.43 Up

Str.21647 Predicted: neurobeachin-like 2.41 Up
Str.53193 Protein FAM113A-like 2.82 Down
Str.37409 Ankyrin repeat and SOCS box-containing 12 2.29 Down
StrEns.4794.1.S1_at Transmembrane protease, serine 2 1.93 Down
Str.15478 Coiled-coil domain-containing protein 69 mRNA 1.85 Down
Str.66758 Hemicentin-1-like 1.85 Down
StrEns.2846.1.S1_at Solute carrier family 26, member 7 1.76 Down
StrJgi.5544.1.S1_s_at Matrix-remodeling-associated protein 5-like 1.67 Down
StrEns.2129.1.S1_at Protein CBFA2T3-like 1.63 Down
Str.14125 Enah/Vasp-like 1.62 Down
StrJgi.860.1.S1_at Laminin, �2 (laminin S) 1.55 Down
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absence of CORT. Thus, the expression levels of TH-only
genes should not be significantly different between TH
and CORT-TH treatments. To segregate away genes sig-
nificantly different between TH and CORT-TH, we cre-
ated a Venn diagram composed of two gene lists, the 1788

genes and those significantly different between TH and
CORT-TH treatment (Fig. 2B). We found a total of 152
genes (Fig. 2, B and D, clusters I1–3), which were signif-
icantly different between TH and CORT-TH treatments
from the list of 1788 genes. The remaining 1636 genes

FIG. 2. Subdivision of CORT-TH gene expression patterns and identification of TH-only and CORT-only genes. A, Section b (887 genes) from Fig. 1
was analyzed with a Venn diagram using both gene lists in the table, which indicates the number of genes that are significantly different between
CORT-TH and CORT or TH treatments. The dashed lines in the table match the dashed lines in the Venn diagram. Most often (451 genes), the
three hormone treatments did not vary in the level of gene regulation, and thus, for these genes their regulation matches the pattern diagramed
for clusters B1 and B2. For the other genes, k-means clustering sorted genes into patterns in which one of the three hormone treatments was
different from the other two (clusters H1–6) as shown in panel D. B, A Venn diagram with two gene lists, namely genes in section c (1788 genes)
and genes significantly different between CORT-TH and TH, was used to separate out genes from genes in section c, which were significantly
different between CORT-TH and TH treatments. Most of the genes (1636) were not significantly different between CORT-TH and TH and therefore
were designated as true TH-only genes. The other 152 genes have as yet uncharacterized influence of CORT on their regulation and were sorted
into three clusters (I1–3) with k-means clustering as shown in panel D. C, A Venn diagram with two gene lists, namely genes in section g (634
genes) and genes significantly different between CORT-TH and CORT, was used to separate out genes from genes in section g, which were
significantly different between CORT-TH and CORT treatments. Most of the genes (573) were not significantly different between CORT-TH and
CORT and therefore were designated as true CORT-only genes. The other 61 genes have as-yet-uncharacterized influence of TH on their
regulation and were sorted into three clusters (J1–3) with k-means clustering as shown in panel D. D, Sections from the Venn diagrams in panels
A, B, and C were analyzed using k-means cluster analysis to sort genes into clusters of gene expression patterns (clusters H1–J3). The name of the
cluster and number of genes in the cluster are indicated in the upper corners of the graphs. Diagrams above each graph indicate the idealized
gene expression pattern for each cluster. The y-axis indicates relative expression levels, and the x-axis indicates hormone treatments: CO, Control;
C, CORT; CT, CORT-TH; T, TH. Box plots are given for each cluster and hormone treatment.
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were designated as TH-only genes (Table 3 and Supple-
mental Table 1).

The set of 468 genes (section d) represents the case in
which TH treatment alone altered gene expression. This
gene list was then further divided by k-means clustering
into clusters D1 and D2, representing up- and down-reg-
ulated genes (Fig. 1B). CORT alone cannot induce changes
in these genes, but CORT appears to block the action of
TH on these genes because they are not regulated in the
CORT-TH treatment.

The remaining 84 genes (section e) present a special case
in which genes are only differentially regulated if one or
the other hormone is present but not when both are pres-
ent together. These genes were divided by k-means clus-
tering into 4 clusters E1–4 (Fig. 1B). E1 represents the case
in which CORT in isolation up-regulates the gene, TH in
isolation down-regulates the genes, and together they an-
tagonize each other’s effect to bring back the gene expres-
sion similar to control.E2 represents similar caseonlywith
opposite roles of CORT and TH in isolation. E3 and E4
represent special cases because both hormones change
gene expression in same direction, either up (E3) or down
(E4) when present in isolation but antagonize each other’s
effect when present together.

Step 5: genes differentially regulated in response
to CORT treatment

Of 1968 genes differentially regulated in response to
CORT, 363 (section f) were differentially regulated
only in response to CORT, 634 genes (section g) were
common to CORT and CORT-TH treatments, and 84
genes (section e) were discussed above (Fig. 1A). The
363 genes (section f) were divided by k-means clustering
into two clusters F1 and F2, representing up- and down-
regulated genes (Fig. 1B). These genes (section f) rep-
resent the case in which CORT alone induced signifi-
cant up- or down-regulation of a gene, and TH
abolished the effect of CORT, even though TH alone
did not affect their expression.

Of the 634 genes (section g), some of them may be
exclusive CORT response genes (CORT-only genes) be-
cause the expression of these genes changed only by
CORT treatment uninfluenced by the presence or ab-
sence of TH. Other genes of the 634 may be differen-
tially expressed between CORT and CORT-TH, indi-
cating an influence by TH. To find CORT-only response
genes, we created a Venn diagram composed two gene
lists, the 634 genes and those significantly different be-
tween CORT and CORT-TH treatment (Fig. 2C). We
found a total of 61 genes (Fig. 2, C and D, clusters J1–3),
which were significantly different between CORT and
CORT-TH treatments from the list of 634 genes. The re-

maining 573 genes were designated as CORT-only genes
(Table 3 and Supplemental Table 1).

RT-PCR analysis
The gene expression patterns for TR� and KLF9 ob-

tained from the microarray data analysis were similar to
the RT-PCR analysis done on the RNA samples to con-
firm the effect of TH and CORT, respectively (data not
shown). We tested eight genes from five clusters (A1,
C1, D1, F1, and G1) with RT-PCR analysis to establish
examples of genes exhibiting novel interactions to TH
and CORT (Fig. 3).

Meta-analysis for verification of microarray data
We verified our microarray data by comparing our list

of TH-responsive genes with those published by previous
studies. We found that more than 95% of the genes shown
inTable1 (mosthighlyTHregulatedgenes in the tail) from
Das et al. (59) were also significantly up-regulated in our
study. Specifically, of 28 up-regulated genes in Table 1 of
the report by Das et al. (59), six genes were not represented
on the Affymetrix X. tropicalis microarray, and of the
remaining 22 genes, only one gene was not up-regulated in
response to TH in our study (Table 2). We also compared
our TH-regulated genes with the core set of TH-regu-
lated genes in tail, brain, intestine, and hind limb pre-
sented by Buchholz et al. (57), which resulted in 71%
similarity. Specifically, of the 59 core T3-response genes
in Buchholz et al. (57), 11 were not represented in X.
tropicalis Affymetrix GeneChip. Of the remaining 48
genes, 34 genes (�71%) were up-regulated by TH, three
were down-regulated, and the remaining 12 were un-
changed in their expression levels (data not shown).
Lastly, we compared our TH results to the union set of
three tail array experiments identified by Searcy et al.
(59). Specifically, out of these 12 TH-response genes, one of
the genes (gene 12–1b) was not represented on X. tropicalis
gene chip. However, all remaining 11 genes (GAP43,

FIG. 3. RT-PCR analysis of selected genes. Five genes, one for each
cluster A1, C1, D1, F1, and G1, were analyzed using the same RNA as
used in the microarray. RpL8 was used as a housekeeping gene, and its
expression was the same across all samples. The Unigene number and
gene description are given. Hormone treatments were abbreviated as
follows: CO, Control; C, CORT; CT, CORT-TH; T, TH.
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MMP2, TIMP2, FN1, MAMDC2, MMP13, FAP�,
CREB3, DIO3, ARG2, TBX2 and gene 17) were similarly
regulatedbyourTHtreatment,which resulted in100%sim-
ilarity. Further, some of these genes (MMP2, FN1, MMP13,
FAP�, DIO3, MAMDC2) were previously verified by PCR
by Wang and Brown (1993).

Discussion

CORT is the primary stress hormone in tadpoles and its
actions on development are complex and dependent on the
presence of TH (37, 38, 40, 41, 43–46, 64, 71). However,
the molecular basis of CORT and TH cross talk at the level
of gene regulation is still not well understood. Therefore,
comprehensive knowledge of genes regulated by CORT
and TH during metamorphosis would significantly con-
tribute to our understanding of their actions on gene reg-
ulation and metamorphosis. Our study on hormone-
treated tails in X. tropicalis is the first to find CORT-
response genes in tadpoles using microarray analysis,
revealing novel interactions between TH and CORT on
gene expression. We found that the CORT-TH treatment
had the most regulated genes, followed by the TH treat-
ment, and then CORT. We identified genes regulated by
CORT alone as well as genes regulated by expected and
unexpected interactions with TH.

Verification of microarray data by meta-analysis
In light of the differences in TH dose (100 vs. 50 nM) and

treatment duration (48 vs. 18 h) between Das et al. (2006)
and our study, the result that more than 95% of the genes
shown in the Table 1 of Das et al. (2006) (most highly
TH-regulated genes in the tail) suggests that the results are
highly reproducible. We further show that such high de-
gree of similarity is not confined only to highly regulated
genes but also to other TH response genes published by
Helbing et al. (2003), Das et al. (2006) and Searcy et al.
(64). In addition, identification of 71% of the core TH-
response genes among tissues identified by Buchholz et al.
(57) also indicates a high degree of reproducibility. The
remaining 29% (14 of 48 genes) from the core set of genes
that were not similarly regulated in our data may reflect
the fact that the core set was derived from results from
at least 2 d of treatment for each tissue. Because many
transcription factors are commonly induced among tis-
sues found in the core gene list (53), it may be that
secondary response genes are also represented in the
core gene list. Thus, our list from an 18-h treatment
enriched in direct-response genes may not contain the
putative secondary response genes. Overall, our tail
analysis identified many genes in common with previ-

ous tail microarray analyses and indicates reproducibil-
ity among microarray experiments.

Clusters of gene expression patterns
We plotted a Venn diagram using genes significantly

regulated in CORT, TH, or CORT-TH vs. control treat-
ments. Cluster analyses of genes in each of the seven
sections of the Venn diagram showed a surprising range
of gene expression patterns. Expected patterns included
independent regulation of genes by CORT (in section g;
Fig. 1A) or TH (in section c; Fig. 1A) and additive and
synergistic interactions on gene regulation between the
two hormones (section a; Fig. 1A and genes in clusters
H3– 4; Fig. 2A). A set of unanticipated antagonistic pat-
terns of hormone interaction on gene expression in-
cluded subtractive, inhibitory, and annihilatory effects.
Subtractive interaction was when each hormone in iso-
lation oppositely regulated genes, but when both hor-
mones were present together, they canceled out each
other’s effect (clusters E1–2; Fig. 1B). Inhibitory inter-
action was when one of the hormones had no effect on
gene expression by itself but only antagonized the effect
of the other hormone (clusters D1–2 and F1–2; Fig. 1B).
Annilhilatory interaction was when each hormone by
itself regulated a gene in the same direction (up or down)
as the other hormone, but both hormones together
blocked regulation of that gene (clusters E3– 4; Fig. 1B).
Interestingly, several of these patterns of interaction
were observed in a study on TH and CORT regulation
of six genes expressed in the hypothalamus selected for
their role in energy homeostasis (21). In particular, they
found patterns that match cluster B2 (genes TRH and
proopiomelanocortin), D2 (gene TRkB), cluster E4
(gene LEPR), cluster F1 (gene NPY), and cluster G2
(gene CRH).

The various gene expression patterns induced by
CORT, TH, and CORT-TH may be explained by the pres-
ence of hormone response elements (HRE). Under the as-
sumption that all genes regulated by TH or CORT in our
study were direct-response genes, putative HRE can be
hypothesized to explain each interaction between TH and
CORT (Fig. 4). HRE can be positive or negative resulting
in up- or down-regulation of a gene in response to a hor-
mone. Complexities arise when TH response elements
(TRE) and GRE regulate the same gene, in which each
HRE can be either positive or negative. A further compli-
cation is that the regulation of a given gene may not always
be direct but could be regulated indirectly by a transcrip-
tion factor regulated by a TRE or GRE. Without further
testing, we cannot determine the mechanisms of CORT
and TH interactions at the level of gene regulation, direct
vs. indirect. However, Das et al. listed the 12 direct TH-
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response genes known to have a TRE in their promoter
region [Fig. 6A in Das et al. (58)]. Of those 12 genes, we
found nine genes (TH/bZIP, TR�, PAAF1, CCNJ, REV1,
MMP11, MMP13, and DIO3) in cluster C1 and a single
gene (KLF9) in cluster H1. One of the genes (gene 12–1b)
is not present on the X. tropicalis chip, and the last re-
maining gene (DNase1L3) did not show any regulation in
response to our TH treatment. This analysis was not avail-
able for CORT-response genes because of the lack of pre-
vious comparable studies. Only in the case of KLF9 has the
mechanism of interaction been demonstrated, namely the
promoter of KLF9 contains both a GRE and a TRE (22,
62). For the following discussion, we note the following:
1) the likelihood that some genes in our study are second-
ary response genes and 2) the possibility that gene regu-
lation in some clusters, representing novel interactions
identified by us, is not mediated by the two hormones in
cis. Nevertheless, our results reveal novel interactions be-
tween CORT and TH, be they direct or indirect.

Section a clustered into up- and down-regulated genes
(clusters A1 and A2) and represents genes regulated only
if both hormones are present together, i.e. synergistic reg-
ulation in which neither hormone alone is sufficient to
alter their expression levels. At face value, these genes ex-

hibit synergistic regulation, with the prediction
that these genes possess a positive TRE and
GRE or a negative TRE and GRE and that both
the thyroid hormone receptor and glucocorti-
coid receptor complexes must interact with
each other to change the expression level of
these genes. Other explanations are possible,
including one hormone inducing a transcrip-
tion factor required for direct regulation of the
gene by the other hormone. Also, it may be that
TH and/or CORT can regulate the genes, but
the hormone regulation was not significant in
the microarray analysis. However, the TH
and CORT levels in the hormone treatments
are on the high side, suggesting that even if
TH or CORT individually could regulate
these genes with higher doses, it may not be
biologically significant for the tadpole. Im-
portantly, the clusters from section a (clus-
ters A1 and A2) possess the second largest
number of genes (second only to clusters in
section c), emphasizing the importance of the
synergistic regulation of these genes during
amphibian metamorphosis.

Section b clustered into up-regulated in all
treatments (B1) and down-regulated in all
treatments (B2) and represents genes regulated
by both hormones individually and together.

Because each hormone, CORT or TH, individually regu-
lated these genes, each of these genes may have both a TRE
and a GRE (either both positive or both negative). The
presence of a TRE and GRE may allow for additive or
synergistic regulation when both hormones are added to-
gether, and therefore, further analysis was performed as
described in Results to determine these hormone interac-
tions (Fig. 2A). Most often (451 genes), the three hormone
treatments did not vary significantly in the level of gene
regulation. Presumably the regulation of these genes is
maximal in the presence of one hormone, such that the
presence of both hormones cannot regulate it further. For
the other genes in section b, this analysis revealed six sub-
clusters (H1–6), in which the gene expression levels were
different in one of the three hormone treatments compared
with the other two (Fig. 2, A and D). For example, clusters
H1 and H2 showed that although CORT significantly
affected gene expression, the effect of TH and CORT-TH
on gene expression was significantly greater. Similarly,
clusters H5 and H6 showed that CORT and CORT-TH
had a greater effect than TH alone. Clusters H3 and H4,
on the other hand, showed that both TH and CORT had
the same effect on gene expression but had a greater effect
on gene expression when present together.

FIG. 4. Predicted hypothetical regulatory interactions between GRE and TRE in
different clusters. The predicted interactions are applicable only if both hormones
directly regulate the genes. For each diagram of the six regulatory interactions
between GRE and TRE, a positive, negative, and/or inhibitory GRE and TRE (pGRE,
pTRE, nGRE, nTRE, iGRE, and iTRE) are shown in front of a hypothetical
transcriptional start site (bent arrow). Associated clusters and terms for the
regulatory interaction are given next to each interaction diagram. Note that iGRE
and iTRE, as well as the annihilatory interactions, are hypothetical, and the molecular
mechanisms underlying such interactions have not thus far been empirically verified.

5318 Kulkarni and Buchholz Gene Regulation by CORT and T3 in Tadpole Tail Endocrinology, November 2012, 153(11):5309–5324



Sections c and g clustered into genes regulated only by
TH and CORT-TH (clusters C1 and C2) and only by
CORT and CORT-TH (clusters G1 and G2), respectively.
For genes in clusters C1 and C2, it is possible that CORT
has no influence on these genes, termed TH-only genes.
Alternatively, CORT may influence their regulation, but
this regulation was not significant in the microarray anal-
ysis. Similarly, for genes in clusters G1 and G2, TH may
not influence their regulation (CORT-only) or TH may
affect them directly, but it was not significant. To better
identify TH-only and CORT-only genes, we carried out
further analysis as described in Results by comparing two
gene lists in the Venn diagrams (Fig. 2, B and C). Most
genes in section c (1636 genes) were thus designated at
TH-only, and most genes in section g (573 genes) were
designated as CORT-only. Assuming that TH-only genes
are direct-response genes, they are expected to possess
only a TRE, and CORT-only genes are expected to possess
only a GRE. The 152 genes partitioned out of section c
(Fig. 2B) formed three clusters (clusters I1–3), representing
TH-response genes with uncharacterized influence of
CORT on their regulation. Similarly, the 61 genes parti-
tioned out of section g (Fig. 2C) formed three clusters
(clusters J1–3), representing CORT-response genes with
uncharacterized influence of TH on their regulation.

Sections d and f represent TH- or CORT-response
genes whose up- or down-regulation (clusters D1 and
F1 or clusters D2 and F2) can be blocked by the presence
of the other hormone. For example, in cluster D1,
CORT does not affect the regulation of these genes by
itself but antagonizes the gene regulation by TH bec-
ause the TH induction of the cluster D1 genes is blocked
in the cotreatment with CORT (if CORT had no influ-
ence, then these genes would also be induced by the
CORT-TH treatment). Genes in sections d and f pre-
sumably have a TRE or a GRE, respectively. The mech-
anism of inhibition by CORT on section d genes and TH
on section f genes is not clear. A novel type of inhibitory
HRE may exist in which CORT would bind an inhibi-
tory GRE (iGRE) and act somehow to block TH-in-
duced gene regulation (Fig. 4). Alternatively, the CORT
inhibition of these TH-response genes may be indirect
via a transcription factor induced by CORT that then
inhibits these TH-response genes. In any case, this effect
of the two hormones reflects a previously unrecognized
inhibitory mode of CORT and TH interaction.

Section e represents genes regulated by each hormone
individually but not by both hormones together. Cluster-
ing analysis revealed four clusters, in which gene regula-
tion by each hormone individually was in the opposite
direction (clusters E1 and E2) or in the same direction
(clusters E3 and E4), but when both hormones were pres-

ent, the expression level of these genes was not different
from the control treatment. Gene regulation in clusters E1
and E2 may be due to a positive GRE and a negative TRE
or vice versa such that when both hormones are present,
the summation of their individual effects subtract or can-
cel each other out leading to a net zero effect on gene
expression levels. The regulation of cluster E3 and E4
genes is not as easy to interpret. Genes in clusters E3 and
E4 appear to have positive GRE and TRE or negative GRE
and TRE when CORT or TH alone is considered. How-
ever, in the presence of both hormones, gene regulation in
clusters E3 and E4 is inhibited. The mechanism of anni-
hilation or mutual antagonism of CORT and TH on reg-
ulation of these genes is not clear and represents another
novel mode of CORT and TH interaction detected by this
study.

Based on the number of genes, the TH-only-regulated
clusters (clusters C1 and C2) followed by additive/syner-
gistic clusters (clusters A1, A2, B1, and B2) are the most
significant patterns of interaction. The other clusters have
many fewer genes. However, comparing the developmen-
tal significance of these clusters is difficult due to lack of
functional studies on most of the genes such that smaller
clusters may have some genes of large effect on develop-
ment or play specific or vital roles during different stages
of development. The following discussion addresses po-
tential functional relevance of these patterns of hormone
interaction.

Gene ontology analysis (Table 4)
GO terms associated with genes that are synergisti-

cally up-regulated by the CORT-TH treatment (clusters
A1 and H3) include intracellular protein transport, ves-
icle-mediated transport, protein localization, and cel-
lular localization. An example gene is SLC39A7, a zinc
transporter protein, which is highly up-regulated in re-
sponse to CORT-TH (72, 73). Zinc is involved in pro-
tein, nucleic acid, carbohydrate, and lipid metabolism
as well as in the control of gene transcription, growth,
development, and differentiation (72–75). Zinc cannot
passively diffuse across cell membranes and requires
specific transporters, such as SLC39A7, to enter the
cytosol from both the extracellular environment and
from intracellular storage compartments (72, 73). We
found that genes that are down-regulated indepen-
dently or synergistically by TH and CORT (cluster H4)
are associated with negative regulation of cell differen-
tiation or development, consistent with the action of
these hormones to promote tail resorption.

Genes up-regulated by CORT (clusters F1 and G1) are
associated mainly with metabolic processes and energy
production in mitochondria. CORT plays a very impor-
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tant role in metabolism, and it makes sense that an increase
in CORT would increase the expression of genes like phos-
phoenolpyruvate carboxykinase, serine dehydratase, and
ethylmalonic encephalopathy 1. These genes play impor-
tant roles in gluconeogenesis (76–80). In fact, research in
mammals has shown that mutations in the ethylmalonic

encephalopathy 1 gene impair the body’s ability to pro-
duce energy in mitochondria (79, 80). Tadpoles, during
metamorphosis, reduce their feeding drastically and de-
pend on stored energy stores for their energy require-
ments. CORT may up-regulate these gluconeogenic genes
to provide sufficient glucose to the body and brain during

TABLE 4. Clusters with GO terms significantly associated with them

Clusters Description GO term No. of genes

A1 CORT-TH synergy up Proteasome complex 2
Cytosol 11
Intracellular protein transport 8
Protein localization 17
Protein transport 17
Vesicle-mediated transport 9
Macromolecule localization 17
Protein complex 13
Cytoplasmic part 11
Establishment of protein localization 17
Cellular localization 8
Establishment of localization in cell 8

F1 CORT up Ribosome 7
RNA processing 2
Gene expression 2
RNA metabolic process 3
Ribonucleoprotein complex 9
Biopolymer metabolic process 3

G1 CORT-only up Cytoplasm 25
Mitochondrion 12
Mitochondrial envelope 7
Mitochondrial inner membrane 7
Transport 17
Acyltransferase activity 2
Transferase activity, transferring acyl groups 2
Organelle inner membrane 7
Organelle membrane 7
Mitochondrial membrane 7
Organelle envelope 7
Envelope 7
Mitochondrial part 7
Cytoplasmic part 12
Localization 17
Establishment of localization 17
Intracellular protein transport 6
Transferase activity, transferring groups other than

amino-acyl groups
2

H1 All regular CORT significantly different up Endosome 3
Protein localization 6
Endosome membrane 1
Protein transport 6
Macromolecule localization 6
Endosomal part 1
Establishment of protein localization 6

H3 All regular CORT-TH synergy up Peroxisome fission 2
Organelle fission 2

H4 All regular CORT-TH synergy down NAD� nucleosidase activity 1
Regulation of cell differentiation 2
Negative regulation of cell differentiation 2
Negative regulation of developmental process 2

H6 All regular TH significantly different down Carboxypeptidase activity 1
Metallocarboxypeptidase activity 1
Metalloexopeptidase activity 1
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metamorphosis. Interestingly, we have also shown that
tadpoles increase the rate of metabolism during stress-
induced accelerated metamorphosis (Kulkarni, S.S., D.R.
Buchholz, and I. Gomez-Mestre, unpublished data), and
the rate of developmental acceleration is associated with a
proportional decrease in fat levels (81). Thus, CORT may
regulate energy requirements of the body by inducing
genes important for altered metabolism appropriate dur-
ing stress.

GO analysis did not identify significant GO catego-
ries for genes significantly regulated by TH; however,
when we applied GO analysis on genes significantly and
2-fold up-regulated by TH, we found several familiar
significant GO categories, including apoptosis, pro-
grammed cell death, amino acid transport, organic acid
transport, carboxyl acid transport, and metallopepti-
dase activity (24, 53, 55, 59).

Biological significance of the microarray data
The diversity of TH/CORT interactions we identified

on gene regulation is surprising given the single effect of
TH and CORT, i.e. synergy, on morphological change
during metamorphosis (38–40). Here we discuss how the
genes in different patterns of TH and CORT interaction
may be involved in regulating development. The large
fraction of genes representing CORT and TH synergy
(22.5%, clusters A1, A2, B1, and B2) emphasizes the im-
portance of studying the mechanistic basis of amphibian
metamorphosis by taking into account the action of these
two hormones together, rather than studying the role of
these hormones independently in metamorphosis. Al-
though CORT may merely enhance TH signaling by
CORT’s actions on deiodinase activity and inducing TR�

expression (38, 40, 62), our results suggest additional sig-
nificant interactions between CORT and TH as discussed
below.

We propose that clusters F1 and F2 represent genes
important in the stress response early in life, which may
inhibit premetamorphic tadpole development. In these
clusters, genes are up- and down-regulated by CORT in
the absence of TH but in the presence of TH, expression
of these genes returns to control levels. During early tad-
pole development, increased CORT in response to a stres-
sor may significantly activate these genes and, in the ab-
sence of TH, may have the effect of delaying development.
However, during prometamorphosis, the presence of TH
promotes tadpole development, perhaps in part by inhib-
iting CORT regulation of these genes. Thus, clusters F1
and F2 may represent a set of genes important in uncov-
ering the mechanistic basis of the dual role of CORT in
amphibian metamorphosis.

The metabolic function of CORT-regulated genes
may also provide some insight into why the increase in
CORT during premetamorphosis retards development.
Tadpoles cannot initiate metamorphosis before a cer-
tain size is reached, and it is hypothesized that some
endocrine signal indicates availability of enough energy
resources to initiate metamorphosis (82, 83). However,
increase in CORT in response to a stressor during pre-
metamorphosis may increase gluconeogenesis and use
stored energy resources to respond to a stressor. This
may delay the signal that indicates availability of re-
sources to initiate metamorphosis and thus CORT may
retard initiation of metamorphosis.

Later in life, prometamorphic tadpoles are well known
for their ability to accelerate metamorphosis in response to
stressors like desiccation (developmental plasticity), a re-
sponse mediated by CORT (23, 81, 84). Acceleration of
development during metamorphosis needs both hormones
(84–86), and our data contribute to how the two hor-
mones may work together. In the absence of TH, there is
no metamorphic initiation. When TH is present, the ac-
celeratory effect of CORT on development during pro-
metamorphosis may be understood by elucidating the
roles of genes regulated by CORT (clusters F1, F2, G1, and
G2) vs. CORT and TH (clusters A1, A2, B1, and B2) dur-
ing this period. Because a large fraction of the genes are
regulated only in the presence of both hormones, acceler-
ation of development can be inefficient in the presence of
only one hormone. Future functional studies are required
to unravel the importance of these genes in developmental
plasticity.

Although TH is required to initiate metamorphosis, it
cannot complete metamorphosis in the absence of CORT
(29, 32–35). In particular, tail and gills do not undergo
complete resorption in the absence of CORT (34). There-
fore, we propose that clusters D1 and D2, representing
genes activated by TH whose regulation is inhibited by
CORT, may help explain why TH alone is not sufficient to
complete metamorphosis, Specifically, blocked T3-regu-
lation of the genes in clusters D1 and D2 by CORT in the
final phases of metamorphosis may be necessary to com-
plete metamorphosis. These genes can be further evalu-
ated to test for such a potential role.
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