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Abstract
Corticosteroids are so vital for organ maturation that reduced corticosteroid signaling during postembryonic development causes death in 
terrestrial vertebrates. Indeed, death occurs at metamorphosis in frogs lacking proopiomelanocortin (pomc) or the glucocorticoid receptor 
(GR; nr3c1). Some residual corticosteroids exist in pomc mutants to activate the wild-type (WT) GR and mineralocorticoid receptor (MR), and 
the elevated corticosteroids in GR mutants may activate MR. Thus, we expected a more severe developmental phenotype in tadpoles with 
inactivation of 21-hydroxylase, which should eliminate all interrenal corticosteroid biosynthesis. Using CRISPR/Cas9 in Xenopus tropicalis, we 
produced an 11-base pair deletion in cyp21a2, the gene encoding 21-hydroxylase. Growth and development were delayed in cyp21a2 mutant 
tadpoles, but unlike the other frog models, they survived metamorphosis. Consistent with an absence of 21-hydroxylase, mutant tadpoles 
had a 95% reduction of aldosterone in tail tissue, but they retained some corticosterone (∼40% of WT siblings), an amount, however, too 
low for survival in pomc mutants. Decreased corticosteroid signaling was evidenced by reduced expression of corticosteroid-response gene, 
klf9, and by impaired negative feedback in the hypothalamus-pituitary-interrenal axis with higher messenger RNA expression levels of crh, 
pomc, star, and cyp11b2 and an approximately 30-fold increase in tail content of progesterone. In vitro tail-tip culture showed that 
progesterone can transactivate the frog GR. The inadequate activation of GR by corticosterone in cyp21a2 mutants was likely compensated 
for by sufficient corticosteroid signaling from other GR ligands to allow survival through the developmental transition from aquatic to 
terrestrial life.
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Corticosteroids are critical for organ maturation and survival 
during the aquatic to terrestrial developmental transition that 
occurs in tetrapod vertebrates (1, 2). In amphibian develop-
ment, metamorphosis is a hormone-coordinated process com-
parable to birth in mammals and hatching in birds (3). In 
frogs, the process of metamorphosis requires thyroid hormone 
(TH) (4), and thyroidectomy in tadpoles permanently pre-
vents initiation of metamorphosis, and addition of exogenous 
TH to tadpoles before endogenous plasma TH is detectable by 
radioimmunoassay causes metamorphic events to occur early 
(5). Before gene disruption technology, it was accepted that 
corticosteroids lack an independent developmental role, aside 
from accelerating TH-dependent development. In particular, 
exogenous corticosteroids given to premetamorphic tadpoles 
do not cause an increased developmental rate, but when given 
in conjunction with exogenous TH, corticosteroids accelerate 
metamorphosis faster than TH alone (6). In addition, stressful 
rearing conditions cause increased corticosteroid levels and in-
creased metamorphic rate in tadpoles that have already 
started metamorphosis (7). Corticosteroids act to boost TH 

signaling and thus accelerate TH-dependent development by 
increasing tissue sensitivity to TH and synergizing with TH 
to induce the TH-response gene Krüppel-like factor 9 (klf9) 
(2, 3, 5, 6, 8, 9).

The results of studies using exogenous hormone treatments 
suggested that corticosteroids may be required to mediate the 
effects of the environmental on metamorphic rate but may 
not be required for survival through metamorphosis. In con-
trast to those expectations, recent studies in tadpoles revealed 
that mutations in nr3c1, the gene encoding the glucocorticoid 
receptor (GR), and in proopiomelanocortin (pomc), the gene 
encoding adrenocorticotropin (ACTH and other peptides), 
are lethal during metamorphosis and thus demonstrated the in-
dispensability of glucocorticoid signaling for development in 
tadpoles (5, 6). Further analysis of the cause of death in these 
mutant frog models showed that exogenous TH allowed sur-
vival through metamorphosis in pomc and GR mutants, indi-
cating that augmentation of TH signaling is an essential action 
of corticosteroids during natural metamorphosis (9, 10). 
However, vital roles for corticosteroids in metamorphosis 
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independent of TH signaling are not ruled out because cortico-
steroid signaling through the mineralocorticoid receptor and 
the ability of the interrenals to produce aldosterone were still 
possible in nr3c1 and pomc knockout (KO) tadpoles.

cyp21a2 codes for the cytochrome P450 enzyme 
21-hydroxylase, which catalyzes a key step in the biosynthesis 
of glucocorticoids and mineralocorticoids (11). In frogs, as in 
mice, the main glucocorticoid is corticosterone (CORT), where-
as cortisol is the main glucocorticoid in humans. To make cor-
ticosteroids in frogs, 21-hydroxylase converts progesterone to 
11-deoxycorticosterone. Then, the multifunctional enzyme al-
dosterone synthase (cyp11b2) converts 11-deoxycorticosterone 
to CORT then to 18-hydroxycorticosterone and then to aldos-
terone (12). Disruptive mutations in the cyp21a2 gene renders 
humans unable to synthesize glucocorticoids and mineralocorti-
coids efficiently (1), and affected individuals die at birth from 
lung atelectasis, hypoglycemia, and salt-wasting, with girls ex-
hibiting virilization of external genitalia (1, 13–17). Similarly, 
mice lacking 21-hydroxylase die at birth and can be rescued 
by prenatal treatment with dexamethasone (GR agonist) and/ 
or restoration of 21-hydroxylase activity by a transgenic vector 
(18–20). On the other hand, 21-hydroxylase–mutant zebrafish 
survive to adulthood, though zebrafish, unlike humans, mice, 
and frogs, also survive in the absence of a functional GR 
(21, 22). Glucocorticoid deficiency in all these cases from fish 
to humans is accompanied by defective negative feedback in 
the hypothalamic-pituitary-adrenal (HPA) axis causing over-
production of ACTH, steroidogenic enzymes, and adrenal ste-
roids (21–23).

To gain further insight into the importance of corticosteroid 
signaling in frog metamorphosis, we used CRISPR technology 
to create cyp21a2 KO X. tropicalis frogs with the goal of com-
pletely blocking the production both of CORT and aldoster-
one and testing the hypothesis that lack of signaling by both 
corticosteroids would result in a more severe phenotype 
than observed in nr3c1 and pomc KO tadpoles. We used wild- 
type (WT) tadpoles and tadpoles mutant for cyp21a2 and an-
alyzed growth and development throughout the metamorphic 
period, quantified steroid hormone content in tail tissue, and 
measured messenger RNA (mRNA) expression levels of 
CORT-response genes as well as key genes in the 
hypothalamic-pituitary-interrenal (HPI) axis (comparable to 
the HPA axis in mammals).

Materials and Methods
Animal Husbandry
WT and mutant laboratory-reared male and female adult X. 
tropicalis were mated by priming with 20 IU of ovine luteiniz-
ing hormone (National Hormone and Peptide Program) in the 
evening and boosted with 200 IU the next morning for breed-
ing. Tadpoles were reared at 26 °C in reconstituted reverse- 
osmosis water with water changes occurring every 3 days 
and fed Sera Micron larval growth food twice daily. The use 
of animals was in accordance with the protocol approved by 
the University of Cincinnati Institutional Animal Care and 
Use Committee (protocol No. 06-10-03-01).

CRISPR-Cas9 Single-Guide RNA Design and RNA 
Synthesis
To create cyp21a2 KO frogs, the CRISPR-Cas9 system was 
used to target exon 8 of the cyp21a2 gene of X. tropicalis. 

The single-guide RNA (sgRNA) (5′-GTGGTTCCC 
CTGGCTGT) was designed and checked to have no predicted 
off-targets greater than 1-bp mismatch using ZiFiT (24) and 
UCSC genome browser (http://genome.ucsc.edu/) (25). Cas9 
mRNA was prepared from NotI-linearized pCS2-Cas9 (gift 
from A. Zorn) using the MEGAscript SP6 in vitro transcrip-
tion kit (Ambion). The sgRNA sequence was cloned into the 
plasmid DR274 (gift from I. Blitz), and sgRNA 
was prepared from DR274-21-OH using MEGAscript T7 in 
vitro transcription kit (26). mCherry mRNA from 
KpnI-linearized CS108-mCherry (gift from Dr M. Khokha) 
was also prepared using the MEGAscript T7 in vitro tran-
scription kit.

CRISPR-Cas9 Microinjections
Following WT mating, zygotes were collected within 1 hour 
of being laid and then dejellied by transferring them to 3% 
L-cysteine (Sigma) in 0.1X modified Barth’s solution (MBS) 
for approximately 10 minutes. Dejellied eggs were washed 
with 0.1× MBS then transferred to an injection dish con-
taining 3% Ficoll in 0.1× MBS. One-cell-stage embryos 
were injected with a mixture containing 500 pg Cas9 
mRNA, 150 pg sgRNA, and 400 pg mCherry in 2 nL using 
a Picospritzer III (Parker Hanaffin Corp) as previously de-
scribed (27). After 4 hours, the surviving embryos were 
transferred to 0.01× MBS, which was replaced every day 
for 3 days. Hatched tadpoles were sorted based on 
mCherry fluorescence under a fluorescence dissection 
stereomicroscope to identify successfully injected eggs. 
Injected embryos positive for mCherry expression were 
founders and reared to adulthood and then crossed to ob-
tain F1 and F2 generations.

Genetic Screening
The heteroduplex mobility assay (HMA) was used to geno-
type F1 and F2 tadpoles for cyp21a2 mutations (10, 28, 29). 
Genomic DNA was prepared from tail tips by means of the 
HotSHOT protocol used in mice (30). Briefly, tail tips were 
excised using a razor blade and incubated in 50 μL of 25 
mM NaOH/0.2 mM EDTA for 15 minutes at 95 °C, and 
then 50 μL of 40 mM Tris-HCl was added to neutralize the so-
lution followed by vortexing. Polymerase chain reaction 
(PCR) (DreamTaq, Thermo Fisher) was then carried out using 
1 μL of the neutralized solution containing genomic DNA us-
ing primers to amplify a 180-bp region surrounding the 
CRISPR target site. The forward and reverse primers 
used were 5′-AGGAGCAGTGGGAATGGAGA and 5′- 
AAATGCATTTCAGGTTTTTAGTAAATCTTACC. DNA 
strands were then separated and allowed to reanneal in the 
PCR machine (95 °C for 5 minutes, 16 °C for 10 minutes, 
and 25 °C for 5 minutes). The samples were then loaded on 
8% polyacrylamide gels and run at 150 V. Gels stained with 
ethidium bromide were imaged using an ultraviolet transillu-
minator gel imager (Fisher). An HMA pattern observed in F1 
individuals was chosen and found to have an 11-bp frameshift 
mutation identified by Sanger sequencing using F2 animals. F2 
individuals were sorted into WT, heterozygous, and homozy-
gous mutants based on HMA patterns and used in experi-
ments. nr3c1 (GR) KO tadpoles and pomc (ACTH) KO 
tadpoles from the respective heterozygous mutant F1 adults 
were from the laboratory colony and bred and genotyped as 
described (10, 31).
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Growth and Development
At 20 days post fertilization, 56 F2 sibling tadpoles were gen-
otyped by HMA and staged according to Nieuwkoop and 
Faber (NF) (32). The genotyped animals were then placed 
into 3 tanks, 1 tank per genotype, and 10 animals of each 
genotype were haphazardly selected from these tanks and 
reared individually in 2-L buckets starting day 21. Tadpoles 
were fed Sera micron larval growth food ad lib daily with 
water changes occurring every 3 days. All tadpoles were 
reared on the same shelf level and buckets were shifted to 
different positions randomly across the shelf each day to 
minimize effects of slight temperature variation across the 
shelf (< 2 °C). We recorded the number of days required by 
individual tadpoles of each genotype to reach (1) NF stage 
58 (NF 58) (forelimb emergence, maximum tadpole size, mid- 
way through metamorphosis) starting from fertilization and 
(2) NF 66 (tail resorption, end of metamorphosis) starting 
from NF 58. Snout-vent length from anterior-most point of 
head not including tentacles to posterior part of abdomen 
was also recorded when individual tadpoles reached NF 58.

Steroid Hormone Measurements by 
Liquid-Chromatography Tandem 
Mass-Spectrometry
Steroid hormone content was measured from F2 tadpoles 
of each genotype at metamorphic climax (NF 62) using liquid- 
chromatography tandem mass-spectrometry (LC-MS/MS) as 
in Paul et al (33). Briefly, 8 to 10 tails (∼50 mg each) per 
genotype were dissected from mutant and WT siblings 
from cyp21a2 and pomc clutches, snap-frozen in liquid ni-
trogen, and stored at −80 °C. Each frozen tail was homogen-
ized in 1 mL 100% methanol and sent on dry ice to the 
Cornell Proteomics and Metabolomics Facility where ste-
roids were extracted and quantified. Briefly, tail homoge-
nates were centrifuged, supernatant was extracted, and 
2 μL of internal standard mixture (1 μM progesterone-d9, 
1 μM corticosterone-d8, 1 μM aldosterone-d4, 1 μM 
hydrocortisone-d4) was added. The LC-MS/MS analysis of 
4 steroid hormones—progesterone, corticosterone, hydrocor-
tisone (cortisol), and aldosterone—along with 4 deuterated in-
ternal standard steroids, progesterone-d9, corticosterone-d8, 
hydrocortisone-d4, and aldosterone-d4 were performed 
using a Luna C18(2) column from Phenomenex (3 μm, 100 
mm × 2 mm inner diameter) in an Exion LC system coupled 
with a Sciex X500B QTOF mass spectrometer. A high- 
resolution multiple-reaction monitoring method was created 
for quantitation of each steroid. Peak area ratios were used 
to construct steroid calibration curves, and all of them had a 
linear regression with R2 greater than 0.96. The limit of detec-
tion was 0.02 to 0.1 ng/mL in methanol and 0.03 to 0.1 ng/mL 
in tadpole tail matrix across the 4 steroids. The limit of quan-
tification threshold was 0.06 to 0.4 ng/mL and 0.1 to 0.7 ng/ 
mL across the 4 steroids in methanol and tadpole tail matrix, 
respectively. The intra-assay variation ranged from 2.37% to 
7.29% for the 4 assayed steroids. Absolute quantification of 
steroid content in tails was conducted using recovery and ma-
trix effects of progesterone, corticosterone, hydrocortisone, 
and aldosterone from their respective internal standards. 
Recoveries for progesterone, corticosterone, hydrocortisone, 
and aldosterone were 96.9%, 88.8%, 85.3%, and 92.7%, re-
spectively. Matrix (ion suppression) effects for progesterone, 

corticosterone, hydrocortisone, and aldosterone were 
95.8%, 94.3%, 44.7%, and 99.5%, respectively.

Quantitative Polymerase Chain Reaction
To measure hormone response gene induction during natural 
metamorphosis, F2 tadpoles were genotyped at NF 50-53 
(premetamorphosis), and tails from tadpoles of each genotype 
were harvested at NF 54 (beginning of metamorphosis, NF 
58, and NF 62 (climax of metamorphosis), n = 10 per geno-
type. To characterize HPI feedback, brains (forebrain plus 
midbrain portion including pituitary) and kidneys (with inter-
renal tissue embedded within the kidney capsule) were har-
vested and snap-frozen on dry ice from tadpoles 
anesthetized in MS222 at NF 62 when HPI activity is highest, 
n = 10 (33–35) following the described procedure (36). RNA 
extraction was performed using TRI REAGENT RT follow-
ing the manufacturer’s instructions (Molecular Research 
Center Inc). Complementary DNA synthesis from 1 µg RNA 
for each sample was obtained using the High-Capacity 
cDNA reverse transcription kit (Applied Biosystems). 
Quantitative PCR (qPCR) was carried out using SYBR 
Green or TaqMan master mix on a 7300 Real Time PCR 
System (Applied Biosystems) for klf9 on tails and brains, 
Usher syndrome 1G (ush1g) on tails, corticotropin-releasing 
hormone (crh) and proopiomelanocortin (pomc) on brains, 
and steroidogenic acute regulatory protein (star) and aldoster-
one synthase (cyp11b2) on kidneys with gene-specific primers 
that spanned large introns to mitigate genomic DNA contam-
ination (Table 1). The reference gene ribosomal protein L8 
(rpl8) was used and showed no significant differences among 
genotypes or treatments (data not shown) (37, 38). The rela-
tive quantification method ΔΔCt was used to compare expres-
sion levels of target genes normalized to rpl8 (39).

Tail-Tip Assay
To determine the ability of progesterone to activate the frog 
GR, WT and GR KO tadpoles (10) were used to measure in-
duction of the GR-specific response gene klf9 in an in vitro 
tail-tip assay as previously described (6, 40). Briefly, 
HMA-genotyped sibling wild-type and GR KO NF 54 tad-
poles were incubated overnight in a 0.05% sulfadiazine 
(ICN) solution to help eliminate microorganisms. The next 
day, tadpoles were anesthetized in 0.01% tricaine (MS-222) 
and dipped in 70% ethanol to sterilize the epidermis. Tail 
tips were cut approximately 5 to 6 mm from the end of the 
tail and placed in 10 mL of 62% osmotic strength 
Leibovitz’s-15 medium (L-15, Fisher) with 10× antibiotic– 
antimycotic solution (1000 U/mL penicillin G, 2.5 mg/mL am-
photericin B, 1000 mg/mL streptomycin; Mediatech). After 2 
to 3 hours, the tail tips were transferred to 62% L-15 with 1× 
antibiotic-antimycotic solution and incubated overnight at 
26 °C in an airtight chamber with 95% O2% and 5% CO2 

to allow tails tips to equilibrate to culture. After this incuba-
tion, vehicle (ethanol), corticosterone (100 nM), or progester-
one (500 nM) were added to the culture medium containing 
tail tips and incubated for 24 hours, n = 6 per treatment per 
genotype. The dose of CORT (100 nM) was obtained from 
previous studies, where this dose gives a high level of induc-
tion at 24 hours, whereas higher doses give lower induction 
(U-shaped dose-response curve) (41, 42). The dose of proges-
terone was determined from a preliminary dose-response 
study using 500 nM, 1000 nM, and 1500 nM, where even 
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the lowest dose tried (500 nM) showed significant induction 
(data not shown). After 24 hours, the tail tips were snap- 
frozen in liquid nitrogen and stored at −80 °C until RNA ex-
traction for gene expression analysis.

Statistical Analysis
Data were checked for normal distribution using the 
Shapiro-Wilk test of normality. For normally distributed 
data, unpaired t tests were performed with base R (43). For 
data that did not follow normal distribution, nonparametric 
Kruskal-Wallis tests were conducted in R followed by pair-
wise comparisons using Wilcoxon rank sum exact tests.

Results
CRISPR Design and Breeding to Obtain 
cyp21a2-Mutant Tadpoles
Because several amino acids encoded by exons 8, 9, and 10 are 
involved in heme binding by the 21-hydroxylase enzyme crit-
ical for structural stability and catalytic activity, we targeted 
exon 8 of the cyp21a2 gene so that a frameshift mutation 
would nullify enzymatic activity (1, 12, 14, 15–18) 
(Fig. 1A). RNAs for sgRNA, Cas9, and the red fluorescent 
protein mCherry were injected into single-celled embryos, 
and embryos expressing mCherry 3 days post injection were 
raised to adulthood as F0 founder animals. To produce homo-
zygous mutants, founders were bred to WT X. tropicalis to 
produce F1 animals, which were screened using HMA to iden-
tify cyp21a2-heterozygous individuals. Animals sharing the 
same HMA pattern were selected and sequenced to reveal 
an 11-bp frameshift mutation resulting in an early stop codon 
at amino acid 382 (Fig. 1B). Heterozygous F1 individuals with 
this 11-bp frameshift mutation were crossed with each other 
to produce F2 offspring, where HMA screening of embryos 
(Fig. 1C) showed approximately 25% WT, 50% heterozy-
gous, and 25% homozygous for the mutation (data not 
shown).

Reduced Growth and Development Rates in 
cyp21a2 Mutants
We hypothesized that the cyp21a2 mutation would result in 
slower growth and development followed by death at meta-
morphosis, as we had observed in pomc KO tadpoles (31). 
Thus, we recorded the stage of mutant, heterozygous, and 
WT F2 tadpoles at 21 days post fertilization and also recorded 
the days when they reached NF 58 (forelimb emergence, max-
imal tadpole size) and NF 66 (tail resorption, end of metamor-
phosis) (32). Tadpoles started diverging in developmental rate 
before the earliest stage that they can be genotyped using tail 
tips without high mortality (∼NF 52, early premetamorpho-
sis) so that at 21 days, the mutants averaged between NF 52 
and 53 while the WT and heterozygous tadpoles averaged be-
tween NF 56 and 57 (prometamorphosis, plasma levels of TH 
increasing) (Fig. 2A). This difference in stage was also ob-
served at forelimb emergence where the mutant animals 
took longer to reach NF 58 (Fig. 2B). In addition to the devel-
opmental delay in premetamorphosis, we found that develop-
mental delay also occurred during metamorphosis, where the 
mutants took 2 to 3 days longer from forelimb emergence (NF 
58) to tail resorption (NF 66) (Fig. 2C). No significant differ-
ence in size (snout-vent length) was observed at NF 58 across 
genotypes during the larval growth period (Fig. 2D). Because T
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the mutants took longer to achieve that size, the growth rate 
was reduced in mutants compared to WT. In contrast to ex-
pectations, all genotypes survived through metamorphosis 
and into adulthood (fertility of homozygous mutant adults 
was not evaluated).

Reduced Corticosterone Content in cyp21a2 
Mutants
Because cyp21a2 mutants completed metamorphosis whereas 
pomc mutants did not, we wanted to know if cyp21a2 mu-
tants have CORT content as low as pomc mutants. Because 
21-hydroxylase catalyzes a critical step in CORT and aldos-
terone (ALDO) biosynthesis from steroid hormone precursors 
in the interrenal glands, lack of functional 21-hydroxylase is 
expected to severely impair the ability of tadpoles to produce 
CORT and ALDO. We measured corticosteroids in the tails 
using LC-MS/MS in mutant and WT F2 tadpoles at meta-
morphic climax (NF 62) because CORT and ALDO levels 
peak then (44–47). We included measurements of CORT 
and ALDO in pomc mutants to enable a direct comparison 
with cyp21a2 mutants because our previous study used 
enzyme-linked immunoassay to measure plasma CORT levels 
in pomc mutants (31). CORT content was significantly lower 
(∼40% of WT amount) both in cyp21a2 and pomc mutants 
compared to their respective WT siblings (Fig. 3A and C). 
ALDO content in tails was significantly lower in cyp21a2 
but not in pomc mutants compared to their respective WT sib-
lings (Fig. 3B and D).

Reduced Corticosterone Signaling During 
Metamorphosis in cyp21a2 Mutants
To test the hypothesis that the reduced CORT content had an 
effect on CORT-response gene induction, we measured 
mRNA expression of the CORT response genes ush1g (48) 
and klf9 (5, 41, 42) in tail and brain. The expression of 
ush1g increased significantly in the tail at metamorphic climax 
(NF 62) but was not significantly different among genotypes 
(Fig. 4A). On the other hand, the klf9 mRNA level in tail 
peaked at NF 62 in WT but was significantly reduced by ap-
proximately 35% in the mutants (Fig 4B). As in the tail, klf9 
expression was significantly lower in cyp21a2 mutant brains 
at NF 62 (Fig. 4C). Ush1g brain levels were not tested because 
ush1g is not induced by CORT in brain (48).

Disrupted Negative Feedback in the 
Hypothalamic-Pituitary-Adrenal Axis in cyp21a2 
Mutants
Following the unexpected observation of survival of cyp21a2- 
mutant tadpoles through metamorphosis despite having low 
CORT and ALDO content, we hypothesized the existence of 
compensatory glucocorticoid signaling. Impaired negative 
feedback due to reduced CORT content in 21-hydroxylase de-
ficiency is expected to result in stimulation of HPI axis gene 
expression and excessive production of corticosteroid precur-
sors. Indeed, we found significantly higher mRNA levels of crh 
and pomc in the brain of the mutants (Fig. 5A-5C). Because 
brain regions outside the hypothalamus express crh and 
pomc, our results are consistent with but cannot conclude 
that we measured disrupted negative feedback at the level of 
hypothalamus and pituitary. To further examine negative 
feedback, we also assayed the interrenals for ACTH 

stimulation and found higher mRNA expression levels of 
star, which accomplishes a rate-limiting step in steroidogene-
sis by transporting cholesterol within the mitochondria, and 
of aldosterone synthase (cyp11b2), a steroidogenic enzyme 
catalyzing CORT and ALDO synthesis in steps subsequent 
to 21-hydroxylase (Fig. 5D). We also used LC-MS/MS to 
measure cortisol and progesterone content in tails in WT 
and mutant tadpoles at NF 62. Progesterone content was sig-
nificantly higher in cyp21a2 mutants (Fig. 6A) but significant-
ly lower in pomc mutants (Fig. 6C). Most samples in the 
pomc-mutant group had progesterone content below the limit 
of detection. Cortisol was significantly lower in pomc mutants 
but not in cyp21a2 mutants (Fig. 6B and 6D).

Corticosterone-Response Gene Induction by 
Corticosteroid Precursors
Signaling through the GR is indispensable for survival 
through metamorphosis (10), and CORT treatment before cli-
max of metamorphosis can prevent death due to low CORT 
levels in pomc-KO tadpoles (31). To account for survival of 
cyp21a2 KOs through metamorphosis, we hypothesized that 
the corticosteroid precursor progesterone, which is present 
in approximately 30-fold higher quantities in the 
21-hydroxylase mutants, might be able to transactivate GR, 
as it can in humans though at lower binding affinity compared 
to cortisol (49). We did not test this by treating cyp21a2- 
mutant tadpoles with precursors in vivo because they already 
had high amounts of progesterone, and we did not use their 
tails in vitro because they were expected to be no different 
from WT, that is, 21-hydroxylase is not present in tadpole 
tails. An in vitro tail-tip assay was used to minimize potential 
steroid precursor conversion of exogenous steroids that may 
occur in interrenal cells in vivo. Further, we compared WT 
and GR-mutant tail tips to establish whether progesterone 
may be acting specifically through GR. We found that in vitro 
treatment of tails with CORT or progesterone resulted in sig-
nificant induction of klf9 in the WT tails but not in tails from 
GR-KO tadpoles, thereby showing that progesterone can acti-
vate the frog GR (Fig. 7).

Discussion
In this study we used CRISPR-Cas9 to target exon 8 of the 
cyp21a2 gene in X. tropicalis and then isolated mutants 
with an 11-bp deletion resulting in a frameshift mutation 
and an early stop codon, which is expected to completely dis-
rupt 21-hydroxylase enzyme activity (11, 13–17). Indeed, 
cyp21a2-mutant tadpoles had an approximately 60% reduc-
tion in CORT and an approximately 95% reduction in 
ALDO but no significant difference from WT in cortisol. 
These mutants also had reduced expression of the corticoster-
oid response gene klf9 indicating impaired hormone signaling. 
As a consequence of low CORT signaling, the cyp21a2 mu-
tants had impaired negative feedback indicated by higher 
mRNA expression of crh, pomc, star, and aldosterone syn-
thase (cyp11b2) and overproduction of the 21-hydroxylase 
substrate progesterone. Analysis of growth and development 
in cyp21a2-mutant tadpoles showed that development to 
metamorphosis as well as during metamorphosis were both 
delayed. Intriguingly, the mutants survived through metamor-
phosis to adulthood despite a low CORT content that was 
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insufficient to allow survival through metamorphosis in 
pomc-mutant tadpoles.

An explanation for the survival of cyp21a2-mutant tad-
poles is expected to be consistent with results from previous 
studies showing that the only known role for CORT in indu-
cing larval to adult transition events is through increasing TH 
signaling and that sufficient TH signaling is required to com-
plete metamorphosis. In particular, CORT acts on cells to 

increase TH signaling by synergizing with TH to induce ex-
pression of the CORT and TH response gene klf9, which in 
turn induces TH receptor expression thereby making cells 
more sensitive and responsive to circulating TH (4–6, 50). 
Also, CORT increases TH conversion from the main circulat-
ing form thyroxine to the active form 3,5,3′-triiodothyronine 
and decreases degradation of thyroxine and 3,5,3′- 
triiodothyronine to inactive forms, thereby increasing the 

Figure 1. Genomic analysis of cyp21a2 targeting by CRISPR. A, The CRISPR target site of cyp21a2 is in the eighth exon. The region targeted has been 
expanded, showing the single-guide RNA binding site (shaded), the exact cut site (black triangle), and the forward and reverse polymerase chain 
reaction (PCR) primer binding sites (underlined) used to amplify the targeted region. Amino acids are listed below the messenger RNA sequence. E, 
exon. Black bars at the beginning and end of exon 1 and exon 10 represent the 5′ and 3′ untranslated regions, respectively. B, Sequence analysis of 
cyp21a2 mutation shows an 11-bp deletion. The wild-type sequence is shown at the top of the panel with the highlighted portion representing the 
CRISPR target site, while cyp21a2 mutant tadpoles demonstrate an 11-bp deletion at the target site. Amino acid translation is shown below each 
sequence, and the cyp21a2 mutant sequence predicts a frameshift and early stop codon. The first 373 amino acids are in common followed by amino 
acids that were changed due to the frameshift mutation. C, Heteroduplex mobility assay (HMA). PCR amplification of wild-type (lane 1), cyp21a2 
knockout (lane 2), and cyp21a2 heterozygous (lane 3) tadpole DNA followed by boiling and reannealing of the PCR products results in diagnostic banding 
patterns on an ethidium bromide-stained polyacrylamide gel electrophoresis gel. The wild-type (180 bp) and knockout (169 bp) bands run at the 
predicted PCR product sizes, and the addition of heteroduplex bands running more slowly through the gel were expected in the heterozygote sample.

Figure 2. Delayed growth and development in cyp21a2 mutant tadpoles. A, At 21 days post fertilization (dpf), 56 tadpoles from a cyp21a2 F2 clutch 
were genotyped and staged according to Nieuwkoop and Faber (NF); there were 12 wild-type (WT, white bars), 30 heterozygous (HET, gray bars), and 
14 cyp21a2 mutant (KO, black bars) tadpoles. Sibling tadpoles of each genotype (WT, HET, KO) were reared individually starting at 21 dpf, n = 10 per 
genotype. B, The average number of days taken to reach NF 58 after fertilization; C, the average number of days taken to reach NF 66 starting from NF 
58; and D, the average snout-vent-length (SVL) at NF 58 were recorded. Letters indicate statistically significant differences between bars determined 
for each genotype based on non-parametric Kruskal-Wallis test followed by pairwise comparisons using Wilcoxon rank sum exact test (P < 0.05). Error 
bars represent SE. KO, cyp21a2 mutants.
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intracellular concentration of active TH. Further, recent stud-
ies using frog KO models show that tadpoles with mutant TH 
receptors, GR, or pomc die at metamorphosis and that GR 
and pomc-mutant tadpoles can be rescued by exogenous TH 
alone, indicating that CORT signaling to boost TH signaling 
above the level achieved by endogenous TH alone is required 
for survival (9, 31, 50). Thus, these findings indicate that suf-
ficient TH signaling must be achieved in cyp21a2 mutants in 
the face of low CORT by (1) having higher plasma TH and/ 
or (2) supplementing the corticosteroid signaling beyond the 
reduced augmentation of TH signaling afforded by the low 
CORT levels.

Our data on ush1g expression support the view that 
cyp21a2 mutants have higher corticosteroid signaling than 
pomc mutants, despite similar low CORT levels. Ush1g is 
regulated only by CORT and not TH (48). In pomc mutants, 
ush1g expression is significantly lower than WT, but the ex-
pression of ush1g is not different from WT in cyp21a2 mu-
tants. Thus, cyp21a2 mutants exhibit higher corticosteroid 
signaling than pomc mutants. We suggest the higher cortico-
steroid signaling in cyp21a2 mutants compared to pomc mu-
tants increases TH signaling enough for their survival. 
However, we cannot rule out the possibility that higher en-
dogenous TH levels (from low CORT leading to reduced 
negative feedback leading to increased CRH leading to in-
creased TSH leading to increased TH) may also contribute 
to increased TH signaling and survival in cy21a2 mutants. 
Future studies to measure TH plasma levels in mutants will 
be required to address this possibility.

To account for the higher corticosteroid signaling in 
cyp21a2 compared to pomc-mutant tadpoles, we hypothe-
sized that the low CORT plus some combination of other cor-
ticosteroids and corticosteroid precursors activate the 
glucocorticoid receptor enough to increase TH signaling suffi-
cient for survival through metamorphosis. Tadpole interre-
nals express cyp17a1 at low levels and thus are presumably 
capable of converting progesterone to 17-alpha- 
hydroxyprogesterone potentially enabling interrenal produc-
tion of cortisol and androstenedione (51, 52). However, 
reports differ on whether Xenopus interrenal tissue produces 
cortisol (53). Thus, we measured cortisol and found it present 

in WT tadpoles and it was not different in cyp21a2 mutants, 
but pomc mutants had half the WT amount of cortisol. 
Thus, the amount cortisol may provide enough corticosteroid 
signaling in cyp21a2 mutants, even when they have the same 
low CORT that disallows pomc-mutant survival. It is also 
possible that cyp21a2 mutants have higher GR expression 
to increase the ability of the lower corticosteroid amounts to 
be effective. This possibility seems unlikely because, even 
though we did not measure GR expression, GR autoregula-
tion by CORT does not occur in the tail and brain and is 
only transiently induced in the intestine (< 24 hours) (54). 
Another possible source of corticosteroid signaling involves 
progesterone, which was greatly increased (∼30-fold) in 
cyp21a2 mutants. Progesterone is known to transactivate 
the GR in mammalian systems though at 100- to 1000-fold 
higher EC50 (49). We performed an in vitro tail-tip assay to 
show that progesterone is capable of transactivating the frog 
GR. The in vitro dose of progesterone was approximately 
10-fold lower than we measured in mutant tadpole tails, sug-
gesting that progesterone may activate the GR in vivo in the 
mutants. We suggest that cyp21a2-mutant tadpoles live 
whereas pomc-mutant tadpoles die despite similarly low 
CORT content because cyp21a2 mutants may experience 
the higher combined effect of normal cortisol levels and ele-
vated progesterone and potentially other corticosteroid 
precursors on GR transactivation enabling sufficient gluco-
corticoid signaling for survival through metamorphosis. 
Future experiments with cyp21a2 and pomc-double KOs 
may enable an in vivo test of the ability of cortisol or cortico-
steroid precursors to provide sufficient corticosteroid signal-
ing for survival through metamorphosis.

The nearly undetectable amount of ALDO in cyp21a2 mu-
tants indicates that 21-hydroxylase is required for its produc-
tion in frogs. pomc-mutant tadpoles were also expected to 
have reduced ALDO content due to lack of ACTH-dependent 
steroidogenesis. However, CORT but not ALDO amount 
was lower in pomc mutants, even though CORT and ALDO 
are made in the same interrenal cells by the same multifunction-
al enzyme (aldosterone synthase, CYP11a2). Glucocorticoid 
and mineralocorticoid production are distinctly regulated in 
mammals (55, 56), and thus these steroids may be partly 

Figure 3. Reduced corticosterone and aldosterone quantities in cyp21a2 mutants. Tails (∼50 mg each) from genotyped Nieuwkoop and Faber (NF) 
stage 62 (metamorphic climax) tadpoles were harvested to measure A, corticosterone (CORT) and B, aldosterone (ALDO) from a cyp21a2 clutch and 
C, CORT and D, ALDO from a pomc clutch via liquid-chromatography tandem mass-spectrometry. White bars, wild-type (WT); black bars, knockout 
(KO). n = 8-10 tails/genotype. Error bars represent SE. Letters indicate statistically significant groups based on A and C, unpaired t test and B and D, 
nonparametric Wilcoxon rank sum test; P less than .05.
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independently regulated in frogs as well. Indeed, tadpoles have 
a functioning renin-angiotensin-aldosterone system, exhibit 
salt/water homeostasis, and express atrial natriuretic peptide 

(57–59). Also, arginine vasopressin and ACTH stimulate inter-
renal ALDO and CORT secretion, but arginine vasopressin 
stimulates production of ALDO and CORT to a similar degree 

Figure 4. Impaired corticosterone (CORT) signaling in cyp21a2 mutants. Total RNA was collected from tails of wild-type (WT, white bars), 
heterozygous (HET, gray bars), and cyp21a2 mutant (KO, black bars) tadpoles at Nieuwkoop and Faber (NF) 54, 58, and 62 and from brains of tadpoles at 
NF 62 to analyze messenger RNA (mRNA) expression of A, the CORT-only response gene Usher syndrome 1G (ush1g) in tails; B, CORT and TH 
response gene Krüppel-like factor 9 (klf9) in tails; and C, klf9 in brains at NF 62. Bars represent mean mRNA levels relative to the housekeeping gene 
rpl8. Error bars represent SE. Letters indicate statistically significant differences between bars determined for each genotype by nonparametric 
Kruskal-Wallis test followed by pairwise comparisons using Wilcoxon rank sum exact test for. P less than .05. n = 8-10 tails or brains per genotype per 
stage.

Figure 5. cyp21a2 mutants have a hyperactive hypothalamus-pituitary-interrenal (HPI) axis. Total RNA was collected from brain and kidney of wild-type 
(WT, white bars), heterozygous (HET, gray bars), and cyp21a2 mutant (KO, black bars) tadpoles at Nieuwkoop and Faber (NF) 62 to analyze messenger 
RNA (mRNA) expression of A, corticotropin-releasing hormone (crh); B, proopiomelanocortin (pomc); C, steroidogenic acute regulatory protein (star); 
and D, aldosterone synthase (cyp11b2). Bars represent mean mRNA levels relative to the housekeeping gene rpl8. n = 8-10 brain and kidney samples 
per genotype. Error bars represent SE. Letters indicate statistically significant differences between bars determined for each genotype based on 
nonparametric Kruskal-Wallis test followed by pairwise comparisons using Wilcoxon rank sum exact test. P less than .05.
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whereas ACTH stimulates CORT 2-fold more than it stimu-
lates ALDO (47, 60). Future work is required to explain the 
WT ALDO amounts in pomc mutants and the potential inde-
pendent regulation of CORT and ALDO synthesis in tadpoles. 
In any case, the normal ALDO quantities in pomc mutants were 
not sufficient to allow survival through metamorphosis, and 
cyp21a2 mutants survived with almost undetectable quantities 
of ALDO, indicating that ALDO per se is not required for sur-
vival through metamorphosis in tadpoles.

Both cyp21a2-KO and pomc-KO tadpoles retained some 
ability to synthesize corticosterone (∼40% of WT), whereas 

the amount of cortisol was normal in cyp21a2 mutants and 
50% reduced in pomc mutants. This result suggests tadpole 
cortisol production may be at least partly under ACTH con-
trol. Comparison with mammalian systems regarding 
21-hydroxylase-independent corticosteroid synthesis is chal-
lenging because newborn cyp21a2 mutants are treated with 
glucocorticoids/dexamethasone to prevent mortality (18, 19, 
61–66). Hence, we do not know whether untreated mamma-
lian cyp21a2 mutants produce residual glucocorticoids. 
cyp21a2-KO zebrafish also show some residual or basal cor-
ticosterone and cortisol levels (22). In zebrafish, CYP17a2 
has the ability in vitro to convert 17-hydroxyprogesterone 
to 11-deoxycortisol, which may explain the measurable corti-
sol in cyp21a2-mutant fish and perhaps tadpoles as well (22). 
Extra-adrenal production of corticosteroids occurs independ-
ently from cyp21a2 in the brain, heart, and skin in mammals 
(67, 68). In particular, the rat cyp2d4 and human cyp2d6 
isoforms of the cyp2d family of enzymes carry out 
21-hydroxylase activity in brain rather than cyp21a2 (69). 
cyp2d6 is present in the frog genome and is expressed at simi-
lar levels as pck1 in tadpole tail (unpublished 
RNA-sequencing data), though interrenal expression of 
cyp2d6 was not assayed. Future studies are required to deter-
mine the basis for the low CORT and normal cortisol in 
cyp21a2 mutant tadpoles.

All vertebrate examples with cyp21a2 null mutations (fish, 
frog, mouse, and humans) exhibit low plasma levels or tissue 
content of glucocorticoids and mineralocorticoids, gluco-
corticoid signaling deficiency, and impaired negative feedback 
in the HPA/I axis (1, 22, 62, 65). However, vertebrates are di-
vergent from each other with respect to the impact of altered 
corticosteroid signaling on development (70). No corticoster-
oid signaling mutation in zebrafish seems to affect develop-
ment, as disrupted pomc, GR, MR, cyp21a2 knockout fish 
survive to adulthood. On the other extreme, survival in mam-
mals is compromised in all such mutations, and they die of dif-
ferent causes depending on the mutant gene. Frogs seem to be 
intermediate in that developmental progression and survival 

Figure 6. Quantification of progesterone and cortisol in cyp21a2 mutant and pomc mutant tadpoles. Tails (∼50 mg each) from genotyped Nieuwkoop 
and Faber (NF) stage 62 (metamorphic climax) tadpoles were harvested to measure A, progesterone and B, cortisol from a cyp21a2 clutch and C, 
progesterone and D, cortisol from a pomc clutch via liquid-chromatography tandem mass-spectrometry. White bars, wild-type (WT); black bars, 
knockout (KO). n = 8-10 tails/genotype. Error bars represent SE. Letters indicate statistically significant groups based on B and D, unpaired t test and A 
and C, nonparametric Wilcoxon rank sum text; P less than .05.

Figure 7. Transactivation of corticosterone (CORT) response gene by 
progesterone through glucocorticoid receptor (GR). GR knockout 
(GRKO) or wild-type (WT) Nieuwkoop and Faber (NF) 54 tadpole tails 
were treated in vitro with vehicle, 100 nM CORT, or 500 nM 
progesterone (PROG) for 24 hours, and tails were processed for RNA 
extraction and quantitative polymerase chain reaction. Messenger RNA 
(mRNA) expression levels of klf9 were measured relative to the 
normalizing gene rpl8. n = 6 per genotype per treatment. Error bars 
represent SE. Expression levels were analyzed across genotypes and 
treatment groups. Letters above bars represent statistically significant 
groups based on nonparametric Kruskal-Wallis test followed by pairwise 
comparisons using Wilcoxon rank sum exact test; P less than .05.
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can withstand some decrease in corticosteroid signaling, as in 
cyp21a2 mutants, but too little corticosteroid signaling is le-
thal, as in GR and pomc mutants. Also, in frogs, death from 
low corticosteroid signaling is due to reduced TH signaling be-
cause TH can rescue GR and pomc mutants from death, 
whereas in mammals, death appears to be due to a direct ac-
tion of corticosteroids on a developmental event or physio-
logical function.

Conclusion
We have used a genetic engineering strategy to create 
cyp21a2-mutant X. tropicalis, a novel corticosteroid-deficient 
frog model. By using molecular and biochemical approaches, 
we have shown that cyp21a2 is necessary for normal gluco-
corticoid and mineralocorticoid content with the consequent 
effects of impaired negative feedback on the HPI axis. In con-
trast to pomc and nr3c1 (GR)-KO tadpoles and cyp21a1-KO 
mice, cyp21a2 mutant tadpoles survive to adulthood. Our re-
sults suggest possible compensatory corticosteroid signaling 
from the combined effect of cortisol, the remaining CORT, 
and increased progesterone. Future work using pomc- 
cyp21a2 double mutants (which should have minimal 
CORT precursors and should be unable to convert exogenous 
precursors to CORT) will examine corticosteroid precursors 
in detail and their potential ability to rescue the double mu-
tants in vivo.
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