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An invivo model of 21-hydroxylase deficiency
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Congenital adrenal hyperplasia is a group of commbaerited disorders leading to
glucocorticoid deficiency. Most cases are causedIbitydroxylase deficiency (210HD).
The systemic consequences of imbalanced sterorddra biosynthesis due to severe
210HD remains poorly understood. Therefore, we ltkxesloped a zebrafish model for
210HD, which focuses on the impairment of glucdcortl biosynthesis. A single 21-
hydroxylase genecyp21a?) is annotated in the zebrafish genome based areseq
homology. Ouiin silico analysis of the Cyp21a2 protein sequence suggestficient
degree of similarity for the usage of zebraftgh21a2 to model aspects of human 210HD
vivo. We determined the spatio-temporal expressiorpattofcyp21a2 by whole mounin
situ hybridisation and RT-PCR throughout early develeptmEarly gp21a2 expression is
restricted to the interrenal gland (zebrafish adreaanterpart) and the brain. To further
explore then vivo consequences of 21-hydroxylase deficiency we edesgveratyp2la2
null-allele zebrafish lines employing a transcoptiactivator-like effector nuclease genomic
engineering strategy. Homozygous mutant zebradislak showed an upregulation of the
hypothalamic-pituitary-interrrenal axis and interaehyperplasia. Furthermore, Cyp21A2-
deficient larvae had a typical steroid profile wigdluced concentrations of cortisol and
increased concentrations of 17-hydroxyprogesterade2a-deoxycortisol. Affected larvae
showed an upregulation of the hypothalamic-pityHaterrrenal axis and interrenal
hyperplasia. Downregulation of the glucocorticog$ponsive gengskl andfkbp5 indicated
systemic glucocorticoid deficiency. Our work demoaies the crucial role of Cyp21a2 in
glucocorticoid biosynthesis in zebrafish larvae asthblishes a novet vivo model allowing
for studies of systemic consequences of alteredidtbormone synthesis.

Zebrafish larvae with disrupted 21-hydroxylase have interrenal hyperplasia and systemic
glucocorticoid deficiency.

I ntroduction

Steroid hormones are key regulators of sex devedopnbehavior, body homeostasis and
metabolism. Deficiencies of steroid hormone syrithasd action are common causes of
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disorders of sex development (DSD) including comgéadrenal hyperplasia (CAH). CAH
ranks amongst the most common inherited metaboto&ine disorders occurring in about
1in 10,000 to 1 in 15,000 affected individual2§1]t is associated with significant
morbidity and mortality (3,4) and represents asitasxample of conditions with severe
systemic consequences due to altered steroid hasyorthesis. The majority of CAH cases
are caused by 21-hydroxylase (CYP21A2) deficiemsylting from inactivating mutations in
the CYP21A2 gene. CYP21A2 is a cytochrome P450 enzyme logatdte endoplasmic
reticulum, which in humans catalyzes the conversioh7-hydroxyprogesterone to 11-
deoxycortisol, a cortisol precursor, and the cosieer of progesterone to 11-
deoxycorticosterone, a precursor of aldosteroeimans (2). Disruption of this pathway
renders patients unable to synthesize cortisatiefitly and results in the overproduction of
ACTH by the pituitary due to diminished negativedback. The stimulation of the adrenal
cortex by ACTH in turn leads to the overproductidrcartisol precursors, which are diverted
to the biosynthesis of sex hormones leading tcheemone excess.

The major challenge in the field of steroid endoclogy is a substantial lack of
understanding of systemic consequences of gerlgtaiatupted steroid hormone synthesis
causing CAH. Increasing evidence suggested thagidteormone precursors altered in
inborn errors of steroidogenesis such as 21-hydasrydeficiency can alter glucocorticoid
action (5). However, the homeostatic consequencesewhole organism remain elusive.
While, a murine model of 21-hydroxylase deficienitye to naturally occurring mutations (6)
has led to novel insights of adrenal developmej®)(only limited insights regarding
systemic effects of altered steroid synthesis owii@le organism have been gained due to
difficulties maintaining these mice.

Zebrafish are a comprehensivevivo model organism for studying adrenal steroid
hormone biosynthesis (9-11). Importantly, zebrafisare extensive homologies with humans
in terms of their genome, the structure and fumctibseveral neural and physiological
systems, including the neuroendocrine axis (12¢olmtrast to mice, zebrafish generate
cortisol as the main glucocorticoid, with the santermediates as humans and, as day active
animals, follow a similar circadian rhythm (13). Bhwe anticipate zebrafish to represent a
highly suitable model organism to explore systeooigsequences of genetically altered
steroid hormone biosynthesis.

Only very limited information is available on zefish 21-hydroxylase (cyp2la2) despite
the well-recognised biosynthesis of cortisol in zéish (14) for which a 21-hydroxylation
step is crucially required. Therefore, we have tped a novel cyp2la2-deficient zebrafish
model employing a transcription activator-like etfa nucleases (TALENS) strategy to
define the role of zebrafish 21-hydroxylase. Cyf2deaficient zebrafish have a significant
number of systemic hallmark features of human 2dréwylase deficiency including
upregulation of the hypothalamic-pituitary-interreaais, interrenal hyperplasia,
pathognomonic steroid hormone profiles and redsgstemic glucocorticoid medicated
expression of target genes. Thus, we believe timtodel will not only define crucial steps
of the steroidogenic pathway in zebrafish, but aklswe as a model to delineate systemic
effects of glucocorticoid deficiency specific to-B§droxylase deficiency.

Materials and methods

Zebrafish husbandry

Zebrafish were maintained in a recirculating sys(ebTECTM, Tecniplast®, Kettering,
UK, and Sheffield, UK) at 28.5 °C in a 10:14 daight photoperiod. Embryos were
obtained by natural spawning and incubated at 28.1 €3 medium (5 mmol/L NaCl, 0.17
mmol/L KCI, 0.33 mmol/L CaCl2, 0.33 mmol/L MgSQJcontaining 2ug/mL gentamycin.
The developmental stages were determined accotdingurs post-fertilisation (hpf) and
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morphological features as previously described. (AB)yrocedures were approved by the
Home Office, United Kingdom and carried out lindlwihe Animals (Scientific Procedures)
Act 1986.

Comparison of vertebrate 21-hydroxylase protein sequences

CYP21A2 protein sequences were retrieved from thioNal Center for Biotechnology
Information (NCBI): NP_000491.44omo sapiens, Human], XP_003311237.Pn
troglodytes, Chimpanzee], NP_001181556Mdcaca mulatta, Macaque], NP_001003335.1
[Canislupus familiaris, Dog], NP_001013614.Bps Taurus, Cattle], NP_034125.2Mus
musculus, Mouse], NP_476442. Rpttus norvegicus, Rat], NP_001092828.gllus gallus,
Chicken], XP_002941314.Xénopus (Slurana) tropicalis, Frog], XP_009290467.Djanio
rerio, Zebrafish]. Multiple sequence alignments wereiedrout using the online tool Clustal
Omega \www.ebi.ac.uk/Tools/msa/clustal0)(16,17) with the default settings.

Gene expression analysis by RT-PCR

Total RNA was extracted and cDNA synthesised agipusly described (18). 100 ng of
cDNA was used as template in 20 pl PCR reactiongsan MegaBlue Mastermix
(Microzone), including 300 nM for eaayp21a2 primer. The cycler programme consisted of
an initial activation at 94 °C for 2 min followed B6 cycles of 94 °C for 30 s, 60 °C for 30 s
and 72 °C for 30 s, before a final elongation fomiin at 72 °C. The whole PCR reaction
was loaded for analysis on a 2% agarose gel. Nplaencontrols (NTCs) and a PCR
reaction with acyp21la2 CDS containing pGEMT-easy vector (Promega) sergatkegative
and positive controls, respectively.

Whole-mount RNA-in situ hybridization (WISH)

WISH was carried out following a standard protocpeeviously described (19). For the
generation otyp21a2 probes, a pPGEMT-easy vector (Promega) contairagyp21a2
cDNA (ENSDART00000150512) was cut with Ndel and ISeastriction enzymes to
generate templates for vitro transcription. Digoxigenin labellegyp21a2 sense and
antisense probes were then synthesizeieh bitro transcription of 1 pg template with T7
(Ndel, sense) and SP6 (Sacll, anti-sense) polyreenasing the reagents of theéG RNA
Labeling Kit (11175025910, Roche).

For the generation of theypl7a2 probe, a 996 bp fragment of tbgpl7a2 transcript
(NM_001105670.1) was amplified from 3 dpf AB wilghe cDNA using the primer pair:
Forward: GGCTGACAGTCTGTGTGAGG and Reverse: GTGTAGU&AGGCTGTAA.
The PCR product was cloned into pGEMT-easy veatdrthe insert was sequenced. The
cypl7a2 probe was generated using T7/Ndel for sense a6(N8BI for the anti-sense probe.
Thepomca probe was generated as previously described (20).

Generation of cyp2la2 mutants by Transcription activator-like effector nucleases (TALEN)

The pair of TALENS targeting exon2 of thgp21a2 gene was generated using the Golden
Gate TALEN kit (Addgene, Cambridge, MA). TALEN tatgsites were determined by TAL
effector Nucleotide Targeter Version. 2.0 (21). Blequences of the repeat-variable di-
residues (RVD) in the TAL Effector DNA-binding doma were: RVD TALEL1 (left):NG-
HD-NG-NH-NH-NG-HD-HD-NG-HD-NH-HD-NG-HD-NG-HD and RYD TALEZ2 (right):
NG-NH-NH-NH-HD-NH-NI-NH-NI-NG-HD-HD-NI-NH-HD-NI-NG-NH-NG. TALEN
MRNA was synthesized using SP6 polymerase mMessageime kit (Life Technologies)
after digesting 1 pg of plasmid DNA with Notl.

TALENSs were injected into one cell stage embryasag 1 nl of injection solution,
containing 50 or 150 ng/pl of each TALEN dilutedNaoclease free water (Promega) plus
0.1% Phenol Red. FO generations were grown to laoldk from the injected embryos and
screened for transmission @fp21a2 mutations. Identified founders were outcrossefisto
to generate F1 generations. The F1 generation #sh screened for heterozygayp2la2
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mutations. F1 fish with definedyp21a2 mutant alleles were outcrossed to their respective
genetic backgrounds to generate the F2 generdtienheterozygous mutant fish of the F2
generation were in-crossed to stwyp2la2 mutant phenotypes in embryos and larvae.

Genotyping cyp2la2 mutants

Genomic DNA was extracted either from fin clipsadrole larvae. For the extraction of
genomic DNA, samples were lysed in 20 pl (embryo) pl (fin clips) of RAPID-PCR
buffer. PCR amplification ofyp21a2 exon2 was carried out in 20 ul PCR-reactions using
300 nM of each primer (Forward: CTCTCGTGGGCTAAACAELG@nNd Reverse:
ACATGTATCCACCATTTGCG) and 1 pl genomic DNA templateMegaBlue mix
(Microzone). The PCR programme consisted of amairaictivation at 94 °C for 2 min
followed by 36 cycles of 94 °C for 30 s, 58 °C &frs and 72 °C for 30 s, before a final
elongation for 10 min at 72 °C. Ten ul PCR produas\then digested with BseYlin a 30 pl
reaction. The digests were analysed on a 1% aggsds&he 179 bp product is cleaved in
wild type samples only, giving 103 bp and 76bp picid Supplementary Figure 1).

Analysis of visual background adaptation (VBA)

Zebrafish larvae can adjust their pigmentation &tam their surrounding environments: a
form of crypsis. To identifgyp2la2 mutants, larvae were sorted according to VBA respon
at 96 hpf. The assay was carried out as previalesgribed (18).

Area measurements on images from WI SH

Larvae derived from in-crosses of adup21. andcyp2l fish were

raised to 120 hpf, at a density of around 100 ke petri dish (20 ml). Ten VBA+ larvae
and ten VBA- siblings were fixed and processed thaypl7a2 WISH together in one 1.5

ml tube. Images depicting a dorsal view of theringigal gland for individual larvae after
WISH were cropped and arranged using Adobe PhopostnageJ software was used to set a
colour threshold in order to distinguish backgrofnoen the dark purple WISH staining. The
number of stained pixels were then quantified usnggeJ.

UOB2122/+ UOB2123/+
a2 a2

Induction of osmotic stress
Sodium chloride treatments of 250 mM (in E3) weikeeg at 120 hpf for 20 minutes.

Steroid hormone measurements

After the washing of chemical treatments, eachctlaf 150 larvae was then transferred into
a silanised test tube and snap frozen on dry ice.r®l of PBS was added to the sample and
the cells were lysed via four rounds of freeze ihgwAfter the lysis the samples were
homogenised with a pestle homogeniser. Twenty @lsdlution containing a mix of
deuterated steroids in MeOH were added to the ssmplprovide an internal reference for
normalisation. A calibration series of a mix ofretds was generated in 50% MeOH.
Steroids were extracted from the samples with 8lethyl tert-butyl ether (MTBE). The
upper MTBE phase with the extracted steroids wassterred into clean glass test. The
extraction step was repeated using an additional @TBE. The upper MTBE phase was
added to the extract from first round of extractmm the pooled solvent evaporated under a
stream of nitrogen. The dried steroids were subsetyuresuspended in 15050%

Methanol and were separated and quantified usil§GQUITY UPLC system (Waters,
Milford, USA) coupled to Xevo TQ-S tandem mass speueter (Waters, Milford, USA).
Chromatographic separation was achieved using &0U4idh strength silica (HSS) T3
column (2.1 mm x 50 mm, 1,8n) (Waters, Milford, USA) as previously describ@@).

Comparative gene expression analysis by gPCR

At 120 hpf, clutches of 30 VBA+ and 30 VBA- larvaem snap frozen in liquid nitrogen.
Total RNA was extracted and reverse transcribeceasribed above. Quantitative PCR
methods and primers sequencespfmnca, fkbp5 andpckl have been previously described
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(18). Expression levels for each gene were norexdlisgapdh and fold change values were
generated relative to wild type control levels. IBgical replicates were standardised as
previously described (23).

Optical Projection Tomography

Samples were embedded in 1% agarose in water, cethgdor 24 hours in 100% MeOH
and then cleared with BABB (1:2, benzyl alcohol:bgrbenzoate) for 48 hours. Samples
were imaged with a bespoke Optical Projection Tamplgy (OPT) scanner (24) with white
light, followed by UV light. Scans were reconsteativith NRecon (Bruker microCT), and
further processed in Fiji to generate 3D images.

Statistical analysis

Statistical analyses and graphics were prepared tRi version 3.3.0. For the comparison
of means between two samples, unpaired t-tests wgeie to test for significant differences.
For the comparison of means of more than two sanplee- or two-way Analysis Of
Variance (ANOVA) was used, followed by Tukeysst hoc test, when a significant
interaction was detected. Statistical significaatp<0.05 is indicated by *, p<0.01 by ** and
p<0.001 by ***. Fold change values fpomca expression measured via gPCR were log
transformed prior to analysis via two-way ANOVA,drder to meet the assumptions of the
test (untransformed data is plotted).

Results

Zebrafish 21-hydroxylase (cyp2la2) is single copy gene

A single copy of the 21-hydroxylase gengp2la2, was identified in the zebrafistyp2la2
resides on chromosome 16 and has 2 predicted prodeling splice variants, of 533 and 523
amino acids, each with 12 exons. Zebrafish cyp2hafes homology with other vertebrate
CYP21 proteins. To determine the evolutionary coregen of the zebrafish Cyp21a2,
protein sequence analysis was performmesllico. Zebrafish Cyp2la2 shares high sequence
homology with other teleost fish and high sequeémm®ology with the human 21-
hydroxylase protein (40.71%$({pplementary Table 1).

Temporo-spatial expression of the cyp2la2 gene

The expression dhe cyp2la2 gene was analysed by RT-PCR during early zebrafish
development. The expressionayp2la2 started around the late segmentation period (88 hp
and was maintained to 120 hjgfigure 1A). Whole mountin situ hybridization (WISH)

carried out at 24, 28 and 120 hpf, showgoP1a2 has high expression within the interrenal
gland from 28 hpfKigure 1B).

Generation of cyp21a2 null alldesin zebrafish using TALENs

To further study the function of 21-hydroxylasezgbrafish, we disrupted tlogp21a2 gene
employing a TALEN strategy. The TALEN binding sitesre chosen within exon 2 to
generate an early 5-prime disruption into ¢igg21a2 gene. The left TALEN targeted 17
nucleotides of theyp2la2 gene and the right TALEN targeted 20 nucleotideshBvas
separated by a spacer sequence of 15 base pajslémentary Figure 1A). The genomic
disruption in injected embryos was confirmed bysa ¥l restriction digest after PCR.
Subsequently, three different heritable allelesewdentified within the targeted spacer
region of which two lines were maintaineyj§21a2"°?'?? andcyp21a2"*"*%). The
cyp21a2'°*?'?2 mytant line has a 14 base pair deletion (c.de2Mi)-leading to a frameshift
with a premature stop at amino-acid 96 (p.B26X). The second line carried a deletion of
13 nucleotides (c.del212-224) causing a frameshift an early stop codon at position 83
(p.P70s13X). Thus, both mutations are predicted to rasudtbolished 21-hydroxylase
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function. Genotyping of wild-type, heterozygous dnmozygous mutant larvae was
performed by BseYI restriction digest after PCRplementary Figure 1B).

Impaired VBA response and interrenal hyperplasia in cyp21la2 mutant larvae

The homozygousyp2la2 mutants were characterised during the first fivesdat zebrafish
development to determine the requirement of cypZdagteroid hormone biosynthesis in
developing zebrafish larvaeyp21la2 homozygous mutants were morphologically similar to
control siblings during this timeS(pplementary Figure 2A). Since background adaptation
in zebrafish has been associated with impairedoglarticoid synthesis (18) and action (25),
we subjected larvae to VBA analysis.

Larvae from acyp2la2 heterozygous in-cross were analysed by VBA assedsié20
hpf and sorted into dark pigmentation and Iighnm%tation Bupplementary Figure 2A).
Genotyping of 96 larvaeyp21a2”°®**% andcyp21a2”“®*'%) with impaired VBA revealed
the vast majority of larvae were homozygous fordyp21a2 allele Supplementary Figure
2B). Larvae capable of light adaptation were alwaifseecyp21a2 wild type cyp21a2*'™) or
cyp21a2 heterozygotescyp21a2*’). Only a small percentage of heterozygoys21a2
UOB2122* showed an altered VBA response confirmigp21a2 homozygous mutants can be
reliably distinguished from their siblings by VBAsessment.

At 120 hpf,cyp21a2 “®*% homozygous larvae already showed an increasedrsjain
the WISH analysis with an interrenal spectdypl7a2 probe Figure 2A). A guantitative
analysis confirmed that interrenal size was sigaifily increased in homozygous mutants,
compared to wild types and heterozygotagre 2B). Interrenal hyperplasia was confirmed
in the cyp21a2°®?**> homozygous mutant larvae at 5 dpf using a 3D rettoation of optical
projection tomography (OPT) imaging of a WISH exmemt with acypl7a2 probe Figure
2C). This finding is most likely caused by ACTH-indaetinterrenal hyperplasia presenting
the correlate of congenital adrenal hyperplasiaumans.

Impaired steroidogenesisin cyp21a2 mutant zebrafish

At 4 dpf, cyp21a2“®?'?|arvae were sorted into VBA+ and VBA- larvae (186vke each
group) and samples were analysed at 5 dpf. Theigteormone profiling by UPLC-MS/MS
revealed detection of 17-hydroxyprogesterone in VB#vae only, and this did not further
increase by stress treatmehtgure 3A). Remarkably, 21-deoxycortisol, which is
pathognomonic for 21-hydroxylase deficiency in hasjavas only detected at significant
concentrations in VBA- larvae, biochemically prayi2l-hydroxylase deficiencyigure
3B). 21-deoxycortisol concentrations were not affédig stress treatmerfigure 3B).
Additionally, UPLC/MSMS revealed reduced capabibfyWVBA- larvae to produce cortisol
(Figure 3C). Both VBA+ and VBA- larvae exhibited an increasecortisol concentrations in
response to acute stregsgure 3C). We were not able to detect mineralocorticoiccprsors
such as deoxycorticosterone and corticosteronedMBEMS analysis nor did we detect
androgen precursors such as androstenedione in \BABA- zebrafish larvae (data not
shown).

Systemic changes dueto cortisol deficiency

The systemic effects afp21a2 loss were analysed by quantitative RT-PCR. Inaese to

the impaired interrenal cortisol biosynthesis, digantly increased levels @omca

transcripts were observed in VBA- larvae, when caragd to VBA+ controlsKigure 4A),
indicating activation of the HPI axis. Whilst pontcanscript levels in VBA+ larvae
increased in response to acute stress, no strassehdncrease was detected in VBA- larvae,
where levels were as high as stressed VBA+ lafliaese results were confirmed by WISH
showing increased staining of pituitary tissueyp2la2 homozygous mutants usingremca
probe, when compared to wild type larv&agplementary Figure 3).
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In addition, the expression of the glucocorticadponsive gengckl was significantly
decreased in VBA- larvae compared to VBA+ cont(Bigure 4B). Osmotic stress resulted
in a significant increase of expression levelpaifl in VBA+ larvae, but did not have a
significant effect ompckl levels in VBA- larvae Eigure 4B). Similarly, osmotic stress did
not increase expression leveldkidp5 in VBA- larvae, whereas VBA+ larvae showed
significantly increased expression levels undersstiFigure 4C). Overall, this clearly
demonstrates reduced transcriptional responsegsssbn global level of VBA- larvae when
compared to VBA+ larvad=(gure 4A-C).

Discussion

Zebrafish are increasingly employed as model oggasiin biomedical research, including
studying endocrine conditions, stress researchetisas/ the modelling of anxiety and
depression (26-28). The hypothalamic-pituitary-adtexis in mammals and the
hypothalamic-pituitary-interrenal in fish play aucral role in these scientific areas. However,
the detailed biosynthetic pathway to cortisol ibradish remains partly elusive. Herein, we
present cleaim vivo evidence of the key role of 21-hydroxylase (Cy@la glucocorticoid
biosynthesis in zebrafish larvae.

Some of the cytochrome P450 enzymes involved ioiskdormone biosynthesis such as
P450 side chain cleavage (Cypllal and Cyplla2)ydibxylase (Cypl7al and Cypl7a2)
and P450 aromatase (Cypl9ala and Cyp19alb) remalicated and show a temporal-
spatial or functional separation, whereas 3-betirdéwysteroid dehydrogenase (Hsd3b1) (29)
and 11-hydroxylase (Cypl1cl) (30) exist as singfgyaenes. Similar to the latter genes,
zebrafish have a single copy of the 21-hydroxygmge (Cyp21a2), indicating that the
duplicated copy arising from the whole genome a#pion of the common teleost ancestor
(31) has presumably been lost during evolution. Xermsive database search did not reveal a
second copy and zebrafish cyp21a2, which showwvaralb homology to the human
CYP21A2 orthologue of 41%, can therefore be assummedlnctional gene in zebrafish.

Disruption of cyp2la2 leads to glucocorticoid deficiency

Expression otyp21a2 can be detected when the interrenal gland devétapability ofde
novo cortisol synthesis (14). Significant expressiomyg21a2 was mainly localized to the
interrenal gland. By employing TALENS to disrupt thygen-reading frame afp2la2 we
generated zebrafish mutant alleles with the logh@tonserved functional domains of 21-
hydroxylase. A mutant line harboring a 14-base gealetion was established and used to
investigate the requirement of cyp21la2 for cortisobynthesis.

Visual background adaptation (VBA) is observed fré@mpf and is a rapid, reversible
physiological process and is regulated by glucommid receptor signaling in teleost fish
(25). VBA involves the distribution or aggregatioineelanin within the melanophore to
blend into the surrounding environment (32). TheAv@halysis of 5 dpf larvae subjected to
lighter environments revealed that the overall mgjaf darker larvae correlated with
zebrafish homozygous for the non-functioogi21a2” genotype. In addition, homozygous
cyp21aZ showed an upregulation of the HPI axis, as inditateincreased expression
levels of thepomca gene assessed by gPCR amdtu hybridization. This finding is similar
to humans with primary adrenal insufficiency, wihow hyperpigmentation due to
upregulation of the HPA axis with increased le\®d|®OMC expression. Furthermore, this is
consistent to observations in glucocorticoid-resis{33) and glucocorticoid-deficient (18)
zebrafish models leading to a disruption of theatigg HPI feedback loop.

Cyp21a2 is a key enzymein zebrafish cortisol biosynthesis
At 96 hpf larvae from heterozygous in-crosses vgeréed according to their VBA response
and collected at 120 hpf for steroid hormone anslyBA- larvae showed a pathognomonic
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steroid hormone profile with increased concentratiof 170OHP and the 210HD marker
steroid hormone 21-deoxycortisol resembling thertaral constellation of glucocorticoid
precursors observed in humans with 21-hydroxylaeidncy (2). Cortisol was low under
baseline conditions in VBA- larvae, and the coitresponse to osmotic stress by VBA-
larvae did not reach that of baseline levels in WBarvae. This was also observed on
systemic level when assessing the expression le¥glsicocorticoid responsive genes such
aspckl andfkbpb, clearly indicating systemic glucocorticoid defiogy. However, overall
cyp2la2-deficient mutants showed some residuatytnl synthesize cortisol and, on
systemic level, were less glucocorticoid deficigran our model of glucocorticoid deficiency
due to disruption of the mitochondrial redox cotfaido steroidogenesis ferredoxin 1b
(fdx1b) (18).

This observation has several possible explanatkaislb deficiency affects enzymatic
steps in the synthesis to glucocorticoids: thelgttaactivity of Cyplla2 and Cyplicl.
Furthermore, when collecting 150 larvae for eacthefsteroid hormone measurements, we
cannot rule out that a proportion of heterozygamgde might have been VBA -. However,
we postulate the presence of another steroidogerzigmes facilitating the residual 21-
hydroxylation of the accumulating 170HP in Cyp2Xkdicient larvae. The highly efficient
interrenal 17-hydroxylase (Cypl7a2) (34) does rhiksly act as an alternative 21-
hydroxylating enzyme in 21-hydroxylase deficientbiadish larvae, as cypl7a2 has the
ability in vitro to convert 170HP to 11-deoxycortisol (personal samication Fred
Guengerich). Thus, such a mechanism is the madyldxplanation for measureable cortisol
concentrations in Cyp2la2-deficient larvae.

Such a mechanism would also explain the residutisobsynthesis leading the less
pronounced systemic glucocorticoid deficiency iatkd by measurable expression levels of
glucocorticoid responsive genpskl andfkbp5. Furthermore, the significant amounts of 21-
deoxycortisol, detected in our mutants larvaeJikety to contribute as an additional factor,
transactivating the expression of glucocorticospnsive genes as has been demonstnated
vitro (5).

Cyp2la2-deficient zebrafish larvae asa modd of glucocorticoid deficiency
In contrast to mice, zebrafish generate cortisathasnain glucocorticoid with the same
intermediates as humans and follow as day activeas a similar circadian rhythm (13).
Despite the fact that the murine deletion modéllbhydroxylase have led to improved
understanding of adrenal pathophysiology in CAH i{)as been difficult to maintain
homozygous murineyp2la2-deletion models (6,8) making these an unsuitajméto study
systemic effects of 21-hydroxylase deficiency. Desthe lack of hyperandrogenism, our
novelin vivo model of 21-hydroxylase deficiency resembles aiB@gant number of key
features of the human pathophysiology of 21OHD tdwgucocorticoid deficiency. Thus, we
believe that these mutant lines can be used t@mexfe whole organism response to cortisol
deficiency due to 210HD. It appears that duringdaeelopmental stages studied, Cyp2la2-
deficient zebrafish larvae do not synthesise exaadsogens despite producing increased
amounts of 170HP. Thus, it appears that androgecupsors cannot enter the androgen
biosynthesis pathway. This suggests that Cypl#kinig 17,20 lyase catalytic function (34)
is the predominant active interrenal enzyme dutiegstudied timeframe, and that Cypl7al
might not be of significant functional relevanceatays post fertilisation. However, we
believe that our noveh vivo model of 21-hydroxylase deficiency will be a usabadl to
study the systemic consequences of cortisol defigienodified by the systemic action of
steroid hormone precursors such as 21-deoxycartisol

In summary, we have employed a genetic engineetiategy to define a key step in
glucocorticoid biosynthesis vivo. By using molecular and biochemical approaches we
characterized the role of Cyp21a2 during zebrafeskelopment and showed that it is
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required for interrenal cortisol synthesis. By @sirALENs we have successfully generated
cyp2la2 mutant lines, disrupting the zebrafish steroid yabisesis pathway, which was
reflected in a steroid profile pathognomonic forlMroxylase deficiency.

Our cyp21a2 mutants will provide a valuable resource for exipigithe impact of
glucocorticoid deficiency and will provide novekights into the regulation of other
processes by steroid hormones including developrbehgvior and stress research.
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Figurel Zebrafish cyp21a2 expression islargely restricted to theinterrenal gland.

A) Analysis ofcyp2la2 expression during embryonic and early larval depeient by RT-

PCR withbactinl as an internal standard (gel images inversedp femplate control sample
(NTC) served as negative control. The onset ofalaldecyp2la2 expression is at 28 hpf,
after whichcyp2l1a2 continues to be expressed at all stages examinddchdes of wild type
larvae at different stages after whole-mount RiNAttu hybridisation againstyp21a?. Left
panels show lateral view, with head to the lef@htipanels show a dorsal view. No staining is
seen in 24 hpf embryos. In 28 hpf embryos and J#0anvae, strong staining is observed in
the interrenal gland region, with some faint sigthetiected at 120 hpf in the head (arrows).
Scale bar: 0.1 mm.

Figure?2 Zebrafish cyp2la2 mutants have enlarged interrenal tissue at 120 hpf. A)
Expression otyp17a2 in 120 hpfcyp21a2'°°?'? wild type, heterozygous and homozygous
cyp21a2“*#2 mytant larvae in lateral (upper panel) and dofsaldr panel) views. The area
of cypl7a2 positive interrenal tissue (arrows) is enlargelomozygous mutants. N= 6 each.
Scale bar: 0.25 mm. B) Quantification of the arkeypl7a2 positive interrenal tissue in 120
hpf cyp21a2'??22 |arvae. The size of the interrenal tissue is Sicgmtly larger in
homozygous mutants (Mut), compared to wild type {\&fd heterozygous (Het) siblings
(ANOVA; F=12.15, df=2,15, p=0.0007; Tukey; WT vsthe=0.895, WT vs mut p=0.003,
Het vs Mut p=0.003). **, p<0.01 compared to wilgpes and heterozygotes. N=4-8 each. C)
OPT imaging of 120 hpf cyp21a2 larvae after WISHdgpl7a2 reveals an enlarged
interrenal gland in cyp214%*?> homozygous mutants (right) compared with wild type
siblings (left). Whole mount views for ventral (ugrp lateral (middle) and dorsal (lower) are
shown.

Figure 3 Zebrafish cyp21a2 mutants have impaired ster oidogenesis. Measurement of
baseline and stress-induced concentrations of dtemsimones in 120 hyfp21a2"°"*%
VBA+ (wild type) and VBA- (mutant) larvae by UPLCSMS. A) 17-hydroxyprogesterone
concentrations are significantly increased in VBawtant) larvae, compared to VBA+ (wild
type) larvae and levels are not significantly ateby stress treatment (two-way ANOVA;
Genotype F=29.71, df=1,8, p=0.0006, Stress F=@64,,8, p=0.433, genotype: stress
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F=0.68, df=1,8, p=0.433). N= 3 each. B) 21-deoxysol concentration is significantly
increased in VBA- (mutant) larvae, compared to VB@ld type) larvae and is not
significantly altered by stress treatment (two-wadyOVA; Genotype F=9.97, df=1,8,
p=0.013, Stress F=0.36, df=1,8, p=0.565, genotstess F=1.08, df=1,8, p=0.329). N=3
each. C) Cortisol concentration is significantldueed in VBA- (mutant) larvae, compared
to VBA+ (wild type) larvae and levels are signifittly increased by stress treatment
(ANOVA; Genotype F=28.63, df=1,8, p=0.0007, Stres40.19, df=1,8, p=0.013, genotype:
stress F=2.35, df=1,8, p=0.163). N= 3 each.

Figure4 Zebrafish cyp2la2 mutants have a dysregulated HPI-axis. Analysis of
baseline and stress-induced transcript levefmoica, fkop5, pckl in 120 hpf VBA+ (wild

type) versus their VBA- (mutant) siblings by gP@&RXpression is relative to the control gene
gapdh. A) Expression opomca is affected by VBA response (genotype) and stresgrhent
(two-way ANOVA, VBA: stress interaction, F=4.15/f,20, p=0.05). Expression increases
in VBA+ larvae in response to stress (p=0.01) artession in VBA- larvae under control
(p=0.007) and stressed (p=0.002) conditions isdri¢inan VBA+ baseline levels. Analysis
carried out on log-transformed data, untransforohegd is plotted. N= 6 each. B) Expression
of pckl is effected by VBA response and stress treatntemtay ANOVA, VBA: stress
interaction, F=9.59, df=1,16, p=0.006). Express®reduced in VBA- larvae compared to
VBA+ larvae under baseline (p=0.005) and strespgf.0001) conditions. Expression
increases in VBA+ larvae in response to stress.(B4l), but stress has no effect on
expression levels in VBA- larvae (p=0.18). N= 5teaC) Expression dkbp5 is effected by
VBA response and stress treatment (two-way ANOVBAV stress interaction, F=11.38,
df=1,16, p=0.003). Expression in VBA+ larvae in@@sin response to stress (p=0.005), but
stress has no effect on VBA- expression levels @40 fkbp5 expression in VBA+ larvae
under stress was significantly lower in VBA- comgzawith VBA+ larvae. (p=0.0001). N=5
each.
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