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Abstract

Precisely regulated thyroid hormone (TH) signaling within tissues during frog metamorphosis
gives rise to the organism-wide coordination of developmental events among organs required

for survival. This TH signaling is controlled by multiple cellular mechanisms, including TH
transport across the plasma membrane. A highly specific TH transporter has been identified,
namely monocarboxylate transporter 8 (MCT8), which facilitates uptake and efflux of TH

and is differentially and dynamically expressed among tissues during metamorphosis. We
hypothesized that loss of MCT8 would alter tissue sensitivity to TH and affect the timing of
tissue transformation. To address this, we used CRISPR/Cas9 to introduce frameshift mutations
in slc16a2, the gene encoding MCTS8, in Xenopus laevis. We produced homozygous mutant
tadpoles with a 29-bp mutation in the L-chromosome and a 20-bp mutation in the S-chromosome.
We found that MCT8 mutants survive metamorphosis with normal growth and development of
external morphology throughout the larval period. Consistent with this result, the expression of
the pituitary hormone regulating TH plasma levels (#shb6) was similar among genotypes as was
TH response gene expression in brain at metamorphic climax. Further, delayed initiation of limb
outgrowth during natural metamorphosis and reduced hindlimb and tail TH sensitivity were not
observed in MCT8 mutants. In sum, we did not observe an effect on TH-dependent development
in MCT8 mutants, suggesting compensatory TH transport occurs in tadpole tissues, as seen in
most tissues in all model organisms examined.
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1 Introduction

Frog metamorphosis comprises a highly coordinated series of developmental events
converting an aquatic, herbivorous tadpole into a terrestrial, carnivorous juvenile frog (Dodd
and Dodd, 1976; Shi, 1999). Improper timing of any of these developmental events with
respect to each other could result in death from dysregulated changes. For example, to
ensure continuous locomotor ability, the limbs grow and develop first and then the tail
resorbs. In the intestine, a gap in digestive ability occurs during metamorphosis when the
skeletal feeding apparatus and intestine and pancreas are remodeled from the larval to adult
versions (Ishizuya-Oka, 2017; Mukhi et al., 2008). Neural control systems must adjust
appropriately to accommaodate the changes in locomotion and feeding (Combes, D., Sillar,
K.T., Simmers, J., 2021). Even though the initiation and overall rate of these developmental
changes can be influenced by environmental conditions (Denver, 2009; Denver, 2017), the
order of developmental events with respect to each other are more or less maintained.

Communication among tissues during metamorphosis regarding coordination of the timing
of their metamorphic transformations does not occur. Tissues can undergo metamorphic
change when isolated in culture and treated with TH (Baker and Tata, 1992; Ishizuya-Oka
and Shimozawa, 1994). Also, in-vivo inhibition of TH signaling by use of transgenic
overexpression of a dominant negative TH receptor in any one tissue does not affect the
metamorphic changes in the other tissues (Brown et al., 2005). Rather than via tissue-tissue
communication, the coordination of timing of tissue transformations during metamorphosis
arises from a two-fold mechanism involving 1) dynamic developmental profile of plasma
TH during metamorphosis and 2) differential tissue sensitivity / responsivity to circulating
TH levels. Plasma TH level rises from minimal in premetamorphic tadpoles to a peak at
metamorphic climax and serves to regulate the overall initiation and rate of metamorphosis
(Leloup and Buscaglia, 1977). All tissues experience the same changing blood plasma TH
levels but initiate their metamorphic changes at different time points specific to each tissue,
i.e., limbs first and tail last, due to tissue sensitivity / responsivity to circulating TH levels
as they increase (Shi et al., 1996). Tissues more sensitive to TH initiate their transformation
earlier than other tissues because they can respond to lower plasma TH levels.

A major mechanism controlling tissue sensitivity is transport of TH across the cell
membrane (Groeneweg et al., 2020). TH is a charged small molecule derived from two
tyrosine amino acids linked together and thus does not pass through the cell membrane
efficiently without protein assistance. Numerous transporters capable of facilitating TH
transport exist, including LAT1, OATP1c1, and MCT8 (Kinne et al., 2011). MCT8 is

the most specific TH transporter identified with a high specificity for T4 and T3, the
prohormone and active versions of TH, respectively (van Geest et al., 2021). In Xenopus,
MCTS facilitates diffusion as both influx and efflux are facilitated (Mughal et al., 2017).

Gen Comp Endocrinol. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sterner et al.

Page 3

Most tissues express many types of TH transporters, and thus each tissue has tissue-specific
dependence on MCTS8 for TH entrance into the cells and thus for amount of TH signaling
(Choi et al., 2015; Connors et al.; 2010; Visser et al., 2010). The importance of TH transport
in general and MCT8 in particular has been shown by MCT8 deficiency in humans, which
causes a severe neurodevelopmental disorder characterized by impaired walking ability,
intellectual disability, lack of speech, poor head control, and underweight (van Geest et

al., 2021). A key aspect of the disease involves impaired TH entry via the blood brain
barrier and consequent reduced TH signaling on some neurons and oligodendrocytes. MCT8
deficiency in zebrafish mimics many of the behavioral defects seen in human patients
(Campinho et al., 2014; de Vrieze et al., 2014; Vatine et al., 2013). Surprisingly, mouse
MCT8 knockout animals have no psychomotor defects (Salveridou et al., 2020). The
difference between human and mouse appears to be the expression of OATP1c1 at the blood
brain barrier in mice and not humans allowing mice to compensate for the loss of MCT8
(Bernal et al., 2015).

Compared to the other vertebrate models, the role of TH in frog development is more
dramatic and more widespread among tissues, i.e., more tissues change and to a greater
degree in response to TH during their aquatic to terrestrial transition (Just et al., 1981).
Thus, one may predict that altered TH signaling, such as from lack of MCT8, may have

a greater effect in frogs than other models because all tissues require precise timing

and thus have a higher degree of dependency on proteins regulating TH sensitivity. In
particular, previous studies have shown that hind limbs, which are among the first tissues to
initiate metamorphosis, express high levels of MCT8 thus the timing of their metamorphic
outgrowth may be affected by MCT8 mutation (Choi et al., 2015; Connors et al., 2010).
On the other hand, because tissues are so dependent on TH, there may be increased
compensatory or back-up mechanisms to ensure the proper amounts of TH signaling
occurs at the right times among tissues, as seen in mouse brain (Salveridou et al., 2020).
To examine the effect of MCT8 deficiency on frog metamorphosis, we produced MCT8
knockout frogs and examined their survival, TH-dependent growth and development, TH
response gene expression, and tissue sensitivity to TH.

2 Materials and Methods
2.1 CRISPR-Cas9 editing

To create MCT8 knockout frogs, CRISPR-Cas9 was used to target exon 1 of the

slc16a2 gene on both the L and S chromosomes of J-strain X. /aevis. The sgRNA target
(5’-AGGGGTCGGGTGCCCGACGGAGG-3’) was identified using CRISPRscan (Moreno-
Mateos et al., 2015). The 5’ adenine nucleotide was modified to a guanine for improved
mutagenesis (Gagnon et al., 2014). /n-vitro transcription of the sgRNA PCR template using
the SP6 MEGAscript kit (Ambion, Cat. No. AM1330) was used to synthesize the sgRNA.
One cell J-strain embryos (RRID: NXR_0024) were injected with 750pg of the sgRNA and
1500pg of Cas9 protein.
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2.2 Husbandry and Mating

5 FO females were outcrossed with a J-strain male via /n vitrofertilization

to confirm the presence of germline mutations. Females were given 50 U of

pregnant mare serum gonadotropin (Bio Vender, Cat. No. RP17827210000) and 500

U of human chorionic gonadotropin (Bio Vender, Cat. No. RP17825010) (Wlizla

et al., 2018). Individual embryos were genotyped by isolating genomic DNA

using Sigma-Aldrich GenElute Mammalian Genomic DNA Miniprep Kit (G1IN350-
1KT). PCR amplification of the targeted region was done using the following

primers: L-chromosome forward primer 5 -AAGTGTAGCGAGCAGTGTGC-3” and L-
chromosome reverse primer 5’-TGGTCCTTTTAGGTTTCAGC-3’; S-chromosome forward
primer 5"-CCAAGGGAGGGAGCAGTAGG-3" and S-chromosome reverse primer 5’-
GCACTACAGCAGGAATCCCT-3". PCR products were purified using the NucleoSpin
PCR Clean-up procedure (Macherey-Nagel 740609.250), and mutations were confirmed
by Sanger sequencing. Three of the 5 FO individuals were found to have F1 offspring with
germline mutations. One FO (female 5) had offspring with an out of frame mutation on
both the long and short chromosome (L: —29bp, S: —20bp). 29 F1 offspring from female 5
were raised to adulthood in the National Xengpus Resource adhering to previously published
Xenopus laevis diet and water parameters (McNamara et al., 2018; Shaidani et al., 2020).
21 of the 29 individuals were found to have mutations on the L alloallele, and 12 of the

29 F1s were found to have mutations on the S alloallele. Only 3 of the F1s had an out

of frame mutation on both the long and short chromosome (L: —29bp, S: —20bp). The L:
-29/+ S:-20/+ (Xtr.slc16a2¢mHorb RRID:NXR_2001) s/c16a2 mutants are available from
the NXR (https://www.mbl.edu/xenopus).

2.3 Heterozygote Crosses and Genetic Screening by HMA

F2 adults that were heterozygous for the MCT8 mutation on the L-chromosome and
homozygous for the MCT8 mutation on the S-chromosome, designated as LIss x LlIss,
were sent from the National Xenopus Resource (Pearl et al., 2012) to the University of
Cincinnati and crossed. The F3 individuals were reared for 3 weeks and then genotyped
using the heteroduplex mobility assay (HMA) (Naert and Vleminckx, 2018). Briefly,
genomic DNA was prepared from tail tips by means of the HotSHOT protocol used

in mice (Truett et al., 2000), where tadpole tail tips were excised using a razor blade

and incubated in 50 uL of 25 mM NaOH/0.2 mM EDTA for 15 min at 95C, and then

50 uL of 40 mM Tris-HCI was added to neutralize the solution followed by vortexing.
Polymerase chain reaction (PCR) (DreamTag, Thermo Fisher) was then carried out using
1uL of the neutralized solution containing genomic DNA using primers to amplify a 260-
bp region surrounding the CRISPR target site. The forward and reverse primers, which
bind to both the L- and S- chromosomes, were: 5’-GAAGAGCAGGGGATGCGG-3’ and
5-TGAAGTCCATGCCCTTGTCCC-3’. DNA strands were then separated and allowed to
reanneal in the PCR machine (95C for 5 min, 16C for 10 min, and 25C for 5 min). These
reactions were loaded on 8% polyacrylamide gels and run at 150 V. Gels stained with
ethidium bromide were imaged using a UV transilluminator gel imager. Tadpoles were
sorted into genotypes based on their HMA patterns and used in experiments. The use of
the F2 and F3 animals was in accordance with approved guidelines of the University of
Cincinnati Institutional Animal Care and Use Committee (IACUC protocol # 06-10-03-01).

Gen Comp Endocrinol. Author manuscript; available in PMC 2024 January 15.


https://www.mbl.edu/xenopus

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sterner et al. Page 5

2.4 Growth and development

When the F3 tadpoles were 21 days old, 79 individuals were staged then genotyped

using HMA to assess the effect of the mutation on the initiation of limb outgrowth.
Additional F3 tadpoles were genotyped using HMA at Nieuwkoop and Faber (NF)

stage 50-53 (premetamorphosis), reared to NF 54 (end of premetamorphosis), and then
individually reared in 2 L buckets (n = 10 per genotype) until NF66 (tail resorption, end
of metamorphosis) (Nieuwkoop and Faber, 1994). Tadpoles were fed Sera micron food
ad /ib. 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 degrees
Celsius). NF stage and snout-vent length (from anterior-most point of head not including
tentacles to posterior part of abdomen) was recorded for each tadpole every 5 days until
tail resorption. Tadpoles were also checked daily to record the day they reached NF 58
(mid-metamorphosis), NF 62 (metamorphic climax), and NF 66 (complete tail resorption).

2.5 Hormone treatments, tissue harvest, and quantitative PCR

To measure tissue sensitivity to TH among genotypes, F3 tadpoles were genotyped with
HMA at NF 50-53, reared to NF 54, and treated with 0, 0.5, 2, or 5 nM tri-iodothyronine
(T3, the active form of TH) for 24 hrs prior to tissue harvest of tail and hindlimbs, n = 10
per genotype. To assess effect on thyroid stimulating hormone mRNA expression, whole
brains including pituitary from genotyped F3 tadpoles were harvested at NF 62. At tissue
harvest, tadpoles were anesthetized in buffered MS222, then tissues were collected, snap
frozen on dry ice, and stored at —80 degrees Celsius as described (Patmann et al., 2017).
RNA extraction was performed using TRI REAGENT RT following the manufacturer’s
instructions (Molecular Research Center, Inc.). Complementary DNA synthesis from 1ug
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 master
mix on a 7300 Real Time PCR System (Applied Biosystems) for Kriippel-like factor 9 (k/f9)
and TH receptor beta (#Arb) on tails, hindlimbs, and brains and for thyroid stimulating
hormone beta (£shb) on brains with gene-specific primers that spanned large introns

to mitigate genomic DNA contamination (Tablel). All gPCRs included a dissociation

curve analysis to show that a single PCR product was produced. The reference gene
ribosomal protein L8 (rp/8) was used (Dhorne-Pollet et al., 2013) and showed no significant
differences among genotypes or treatments (data not shown). Relative quantification method
AACt was used to compare expression levels of target genes normalized to rp/8 (Livak and
Schmittgen, 2001).

2.6 Statistical analysis

Data were checked for normal distribution using Shapiro Wilk test of normality. For
normally distributed data, one-way or two-way full-factorial analysis of variance (ANOVA)
was performed with base R (R Core Team, 2018). For analyses with significant effects,
ANOVA was followed by pairwise comparisons using the Tukey-Kramer post hoc test to
identify significant differences among treatments and genotype as part of the agricolae
package in R. For data which did not follow normal distribution, non-parametric Kruskal-
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Wallis test was conducted in R followed by pairwise comparisons using Wilcoxon rank sum
exact test in R.

3 Results

3.1 CRISPR design and mutant production

To generate an MCT8 knockout, we designed a sgRNA (5’-
GGGGGTCGGGTGCCCGACGG-3’) that matches the sequence in the first exon of the
slc16a2 gene of both L- and S-chromosomes of J-strain X. /aevis (Fig. 1). In humans there
are two transcription start sites creating a long and short form of MCT8, but only the short
form is found in human tissues to date, and the homologues of MCT8 in other vertebrates
correspond to the short form (van Geest et al., 2021). In addition to the full-length, a
truncated transcript of MCT8 occurs in mouse missing part of the first transmembrane helix,
but no evidence exists for alternate MCT8 transcripts in humans, rats, chicken, frog, fish.
Structure function studies indicate the first transmembrane helix is required for TH transport
function, thus frameshift mutations in this region will disrupt the protein starting in the first
transmembrane domain and are known to be disease causing in humans (Friesema et al.,
2010; Kleinau et al., 2011).

We injected 40 embryos and raised them to adulthood. Once they reached sexual maturity,
5 FO founders were outcrossed with J strain X. /aevisto generate F1 offspring. Of the

FO founders, 3 produced offspring with germline mutations and 2 showed no germline
transmission. We identified a 29-bp deletion in s/cZ16a2 on the L-chromosome and a 20-bp
deletion in s/c16a2on the S-chromosome in offspring from one of the founders (Fig.

1). Initial genotyping of a clutch of F1 embryos this founder showed the L-chromosome
has a 9-bp deletion polymorphism fairly near the sgRNA target site (deletes entire 5’

UTR). The L-chromosome from the male parent is heterozygous for the 29-bp deletion

and does not have the 9-bp deletion, whereas the L-chromosome from the female parent is
heterozygous for both the 9bp 5’UTR deletion as well as the 29-bp deletion within the target
site. Sequencing F2 embryos revealed that the 29-bp and 9-bp deletions are on separate
chromosomes, indicating that the 9-bp deletion in the 5’UTR from the FO female is its

own small polymorphism rather than a result of the CRISPR injection and that it entered
earlier in the genetic line when J-strain founders were crossed with an outcrossed wild-type
individual, which is expected to carry more SNPs than J-strain frogs.

3.2 Survival of mutants

To analyze the effect of the s/c16a2 mutations on survival through embryogenesis and
adulthood, we crossed an F1 male to an F1 female we designated as LISs x LISs, which
indicates both parents were heterozygous for the 29-bp deletion in the L-chromosome and
heterozygous for the 20-bp deletion in the S-chromosome. The F2 embryos were reared

in three dishes of n = 100 embryos starting at the 4-cell stage. The average survival

rate through Nieuwkoop and Faber (NF) stage 42 (just before initiation of feeding) was
91%. Fifty of these tadpoles were then haphazardly chosen for rearing, and 39 survived to
adulthood, all of which were then genotyped by sequencing. The proportions of observed
genotypes matched the expected ratio and thus the mutations do not affect embryo nor adult
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survival rates (Table 2). Four individuals were double null indicating that complete lack of
MCTS8 is not lethal. In addition, all mutant animals appeared normal in size and behavior
based on routine observation during husbandry.

3.3 Mutant growth and development

We next analyzed the effect of the s/c16a2 mutation on development in more detail. The
most divergent phenotypes would be expected from comparing wild-type versus double
homozygous mutant, i.e., LLSS vs lIss, but to obtain siblings of these genotypes would
require extensive screening of tadpoles from an LISs x LISs cross. To reduce screening
effort, we decided to test three genotypes, namely LLss, LlIss, llss, from an Llss x LlIss
cross. We compared these three because of the dominant expression of s/c16a2from the
L-chromosome compared to the S-chromosome as seen in RNA-seq data from adult tissues
available on XenBase (Fig. 2)(Karimi et al., 2018). The loss of the L allele is expected to
be more severe than loss of the S allele due to its higher expression level and broader tissue
distribution. Use of HMA to identify genotypes from the LIss x LIss cross was possible
because, even though both L and S loci were PCR amplified for HMA, the resulting mixture
of homoduplexes and heteroduplexes could unambiguously distinguish all three genotypes

(Fig. 3).

To observe an effect of the MCT8 mutation on development, we used tadpoles of different
slc16a2 genotypes to examine the initiation and rate of TH-dependent development.
Changes in rate of metamorphosis can be measured because of the potential for

large dynamic range in metamorphic rate and because of the well-established finely

divided developmental stages (Dodd and Dodd, 1976; Nieuwkoop and Faber, 1994).
Rearing tadpoles individually under identical conditions allows for readily detectable
differences between genotypes uninfluenced by potentially confounding interactions
between individuals. We measured snout-vent length and recorded Nieuwkoop and Faber
(NF) stage every five days from NF 56 to 66, i.e., from beginning of metamorphosis to tail
resorption. The tadpoles had the same size and stage at the beginning of the experiment,
and no significant difference in size or stage was observed among the three genotypes (Fig.
4A, B). A technique with more statistical power to detect differences among genotypes is to
record the exact day that easily recognizable stages are obtained for each individual, which
are day of forelimb emergence (NF58), metamorphic climax (NF62), and tail resorption
(NF66). As before, we found no significant differences among genotypes in achieving these
landmark stages (Fig. 4C, D, E).

3.4 Expression of tshb in pituitary and TH response genes in brain

In humans and mammalian knockout models of MCT8 deficiency, plasma levels of thyroid
stimulating hormone beta (£sAb) are normal or high normal, and in the zebrafish models

of MCT8 deficiency, transiently low levels of #5416 were observed (de Vrieze et al., 2014;
Salveridou et al., 2020; van Geest et al., 2021). We measured #5160 mRNA expression at
climax of metamorphosis when TSH levels are normally high and found no significant
difference in expression among genotypes (Fig. 5A). We also measured two TH-response
genes, k/f9and thrb, to compare degree of TH signaling in brain among genotypes because
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as with virtually all tadpole tissues, brain is responsive to TH (Denver et al., 1997). We
found no significant differences among genotypes (Fig. 5B, C).

3.5 Tissue sensitivity to TH

A feature of developmental staging that may obscure an effect of an MCT8 mutation is that
hindlimbs are used to assess the first stages of metamorphosis. Hindlimb outgrowth may

be most affected by altered TH sensitivity from lack of MCT8 because hindlimb outgrowth
is the first TH-dependent developmental event to occur and thus is very TH sensitive in
order to respond when plasma TH levels are very low. Also, hindlimbs express MCT8 and
other TH transporters typically at higher levels at early stages than other tissues (Connors
et al., 2010). For example, it is possible that lack of MCT8 in hind limbs would make them
less able to grow out compared to wild type and thus grow out when the plasma levels
increased which by then the tadpoles would be a little bit larger. If we were just going by
stage which is determined by limb outgrowth, we would not notice that such a difference
was present. To account for this possibility, we measured hindlimb length and snout-vent
length at a predetermined time to detect any effect of altered hind limb sensitivity to TH due
to lack of MCT8. Specifically, we measured 79 haphazardly selected F3 tadpoles at 21 days
when they typically start metamorphosis under our rearing conditions and genotyped them
by HMA after measurement. We found no significant differences in body size or degree of
limb outgrowth relative to body size among genotypes, indicating MCT8 had no effect on
timing of limb outgrowth (Fig. 6).

To directly assess the effect of MCT8 loss on sensitivity to TH, we used two tissues with
high MCT8 expression but highly divergent TH sensitivity, namely the tail and hindlimbs.
We treated premetamorphic tadpoles with a range of low TH doses (0, 0.5, 2, 5nM T3) and
measured TH response gene induction. In tail, higher TH doses induced TH response genes
more than the lower dose for £779, but there was no significant difference between mutant
and wild type (Fig.7 A). The 5nM dose was not enough to significantly induce trbin tail
(Fig. 7B). The results for k/f9in the hind limb were similar, but for t4rb, mutant hindlimbs
exhibited significantly higher #rb induction at the highest TH dose compared to wild type
(Fig. 7C and D).

4 Discussion

TH signaling is necessary and sufficient for frog metamorphosis, and virtually all tadpole
tissues transform from the larval to the juvenile form under the control of TH (Shi,

1999; Shi, 2021). No other vertebrate is so comprehensively dependent on TH for its post-
embryonic development (Just et al., 1981). Thus, one may hypothesize that tadpoles would
be the most affected by mutations affecting TH signaling. On the other hand, because TH
signaling is so critical for frog metamorphosis, tadpoles may have abundant compensatory
mechanisms to alleviate mutations affecting TH signaling. To examine this issue for MCTS8,
the most specific TH transporter identified to date, we used CRISPR/Cas9 to target exon

1 of s/c16a2encoding MCT8 in X. /aevis. The frameshift mutations made here and the
highly conserved sequence and function of MCTS8 seen in vertebrates suggests the mutant
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tadpoles used in the current study completely lacked MCT8 function (Friesema et al., 2010;
Groeneweg et al., 2019; Kleinau et al., 2011; Mughal et al., 2017).

A peculiarity to Xenopus laevis not common among vertebrates is that X, /aevisis
allotetraploid and thus has two genomic locations for MCT8, one on each set of duplicated
chromosomes, i.e., L and S (Session et al., 2016). Mammals have one genomic location for
this gene, and so does zebrafish which only retained one MCT8 locus even though it has

an additional ancestral whole genome duplication with respect to tetrapods (Bradford et al.,
2022). The related frog species X. tropicalisis diploid rather than tetraploid and thus has
only one MCT8 genomic location rather than the two found in X, /aevis, but husbandry

for the genetically more tractable X. tropicalisis often more troublesome compared to X.
laevis (Hellsten et al., 2010; Jafkins et al., 2012; McNamara et al., 2018). From these
considerations, .X. /aevis was chosen, and thus both MCT8 loci required disruption to
eliminate MCT8 function. We successfully disrupted both L and S MCTS8 loci and produced
double homozygous mutants. As seen in other species with MCT8 deficiency (Groeneweg et
al., 2020; Salveridou et al., 2020; Vatine et al., 2013), the survival at the expected genotype
frequency through embryogenesis, post-embryonic development, and adulthood occurred in
double homozygous L and S MCT8 mutants in frogs.

We further examined MCT8 mutant tadpoles for potential effects on TH-dependent
developmental timing. The number of possible MCT8 genotypes involving mutant and
wild-type MCT8 alleles in the L- and S-chromosomes, i.e., 9 combinations, made it
impractical to examine all of them. To reduce the number of genotypes, we decided to

focus on varying alleles on the L-chromosome while having both S-chromosome alleles
mutant. The S-chromosome MCT8 locus is not expressed as highly or in as many tissues

in adults as in the L-chromosome MCT8 locus (Fig. 2), such that loss of s/c16a2.Swould

be expected to be less severe compared to loss of s/c16a2.L. We found no difference in
overall rate of metamorphosis among genotypes examined. Plasma TH levels, which are
controlled by pituitary TSH action on the thyroid gland, are positively correlated with rate of
metamorphosis, and thus the similar 546 expression observed here among MCT8 genotypes
is consistent with their similar development rates. It is possible that doubly wild-type
compared to doubly homozygous mutant MCT8 on L- and S-chromosomes would have
given significant differences in our experiment. However, it remains the case that a complete
MCT8 double knockout had no effect that we could observe on external morphology or
development rate, in contrast to that seen in human or zebrafish (de Vrieze et al., 2014; van
Geest et al., 2021).

Regardless of overall developmental rate, examination of individual tissues may reveal an
effect on altered TH sensitivity, as seen previously when the expression level of proteins that
affect TH sensitivity were altered (Choi et al., 2015; Huang et al., 1999; Nakajima et al.,
2012). In our case, tissues that are very sensitive to TH and have high MCT8 expression
levels, such as hindlimbs, may be more affected by MCT8 loss, especially compared to other
tissues, such as tail which may not require as high TH sensitivity because it resorbs at the
end of metamorphosis when plasma TH levels are maximal. We compared hindlimb and tail
sensitivity to exogenous TH and found that both tissues from MCT8 mutant tadpoles showed
the same induction of the investigated TH response genes at all doses of TH compared to
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their wild-type siblings. The one exception was the MCT8 mutant hindlimb had higher #rb
induction at the highest TH dose compared to wild type, a result that is not understood but
does not show that loss of MCT8 reduced tissue sensitivity to TH. Consistent with these
results from induced metamorphosis, we observed brain levels of the TH response genes
thrband k/f9 at climax of metamorphosis were not affected by the MCT8 mutation. Thus,
we did not detect an effect on TH-dependent gene expression or developmental rate from
loss of MCTS8.

In mice and humans with MCT8 deficiency, whether or not there was a neurological
phenotype, TH physiology exhibited high plasma T3 and low plasma T4 with TSH levels in
the high normal range (Groeneweg et al., 2020; Trajkovic et al., 2007). Like humans and not
mice, zebrafish treated with morpholinos to knock down MCT8 expression had severe brain
and spinal cord defects, though plasma TH levels were not measured (Campinho et al., 2014;
Vatine et al., 2013). In frogs, no neurobehavioral defect was evident, though a more detailed
study may detect some. Also, despite similar rate of external morphological development
and similar observed #shb, thrb, and k/f9 expression, further studies may reveal altered HPT
axis regulation and TH response gene expression in some tissues or stages. The different
effects of MCT8 deficiency on morphology, behavior, and TH physiology among vertebrates
extends the view that expression of TH transporters in tissues important for TH-dependent
development varies among species (Vancamp and Darras, 2018).
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Highlights:
. CRISPR/Cas was used to target MCT8 (s/c16a2) in the frog Xenopus laevis
. The L and S alloalleles had 29-bp and 20-bp frameshift mutations

. Complete MCT8 knockout adults lacked apparent neurobehavioral defects

. Thyroid hormone-dependent external morphological development was
unaffected

. No effects on tissue sensitivity or responsivity to thyroid hormone were
observed
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Figure 1:

CRISPR/Cas9 target site for s/c16a2. The gene encoding MCTS8, s/c16a2, has 6 exons
labeled E1-6, with the coding region shown as vertical grey bars and the 5’ and 3’
untranslated regions shown as vertical black bars. The DNA sequences from the L- and
S-chromosomes around the CRISPR target site in Exon 1 are shown in the large, boxed
area. Gaps in the asterisks below the s/c16a2.L and s/c16a2.S sequences show sequence
divergence between the two s/cZ6aZloci. The exact CRISPR target site, i.e., the SgRNA
sequence, is shaded, and the Cas9 cut site is shown by the black triangle. The 29-base pair
deletion in s/c16a2.L and the 20-base pair deletion in s/c16a2.S are underlined. The forward
and reverse primers used in the heteroduplex migration assay (HMA F.P, HMA R.P) and the
first transmembrane domain required for MCT8 function are boxed.
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Expression and tissue distribution of s/c16a2.L and slc16a2.S. The expression levels of
slc16a’.L and slc16a2.S among adult tissues of X. /aevis are represented by shades of gray
that indicate log2 of total counts per million (TCM) from RNA-seq data. This figure was
obtained using the data visualization tool on XenBase (Karimi et al., 2018).
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Figure 3:
slc16a2 genotyping using the heteroduplex migration assay. All tadpoles used in the growth

and development experiments were F3 offspring from the F2 cross Llss x Llss, where both
parents were heterozygous for the MCT8 mutation on the L-chromosome and homozygous
for the MCT8 mutation on the S-chromosome. The three possible genotypes from this cross
were LLss, designated as “wild-type” (WT), LlIss, designated as “heterozygous” (HET),
and llss, designated as knockout (KO). PCR amplification of a DNA region around the
CRISPR target site from each of these genotypes followed by melting and reannealing

of the PCR products results in a total of 6 possible allele combinations, namely LL, I,

ss (homoduplexes) and LI, Ls, Is (heteroduplexes). When run on an 8% PAGE gel, the
reannealed DNA homo- and heteroduplexes can be identified as shown on the gel image
based on the allele PCR product sizes. Genotypes were assigned based on their unique set of
bands on the gel. n.s. = non-specific.
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Figure 4:
Growth and development in MCT8 mutant tadpoles. Genotyped and individually reared

tadpoles were (A) measured for snout-vent length (SVL) and (B) staged according to
Nieuwkoop and Faber (NF) every 5 days starting at the beginning of metamorphosis (NF
stage 54, limb bud outgrowth) to the end of metamorphosis (NF stage 66, complete tail
resorption). In addition, tadpoles were monitored daily to record exact number of days after
NF 54 to achieve (C) forelimb emergence (NF 58), (D) metamorphic climax (NF 62), and
(E) tail resorption (NF 66). Means and standard error for each genotype are shown, n = 10
per genotype. WT = wild-type (LLss), Het = heterozygous (LIss), MCT8KO = homozygous
knockout (llss). No statistical differences were found using one-way ANOVA, p < 0.5.

Gen Comp Endocrinol. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sterner et al.

Average Relative tshb mRNA Expression Levels

1.6

14

12

0.8

0.6

0.4

0.2

Page 19

1.2 - » 14
A 3 B $ C
9 2 09 A
[
s 17 L 038
" (7]
" w
o o
5 5 0.7 -
= 0.8 - ]
g < 0.6
Z z
£0.6 € 05 -
- |
= S 04
(] (]
204 - 2>
E - 0.3 -
< 8
e 2 02 -
g,,o.z . )
g § 0.1 -
<
0 - < 0 A
WT MCT8KO MCT8KO WT
Figure 5:

Gene expression of #shb, kIf9, and thrb in the brain at metamorphic climax among MCT8
genotypes. Genotyped F3 tadpoles were reared to metamorphic climax (NF 62), then brain
including the pituitary was harvested and processed for quantitative PCR to measure RNA
expression of the pituitary gene (A) thyroid stimulating hormone beta (#546) and the TH
response genes, (B) Kriippel-like factor 9 (k/f9) and (C) TH receptor beta (#rb). Means
and standard error for each genotype are shown, n = 7 for wild-type (WT, LLss), 9 for
homozygous MCT8 knockout (MCT8KO, llIss). No statistical differences were found using
one-way ANOVA, p <0.5.
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Figure 6:

Initiation of metamorphosis among MCT8 genotypes. To detect an effect of MCT8 on the
initiation of metamorphosis, we examined start of limb outgrowth (NF 54) with respect to
tadpole size. 79 tadpoles were measured for snout-vent length (SVL) and staged according
to Nieuwkoop and Faber (NF) at 21 days post fertilization followed by genotyping. We
compared (A) hindlimb length normalized to SVL and (B) NF stage among genotypes.
Means and standard error for each genotype are shown, n = 14 for wild-type (WT, LLss),
53 for heterozygous (Het, LIss), 12 for homozygous MCT8 knockout (MCT8KO, lIss). No
statistical differences were found using one-way ANOVA, p <0.5.
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Tissue sensitivity to TH in tail and hindlimbs among MCT8 genotypes. Premetamorphic F3
tadpoles (NF 54) were treated for 24 hrs with 0, 0.5, 2, and 5 nM T3 (tri-iodothyronine)
added to their rearing water, and then their tails and hindlimbs were harvested and processed
for quantitative PCR. The RNA expression of the TH response genes, (A,C) Krippel-like
factor 9 (k/79) and (B, D) TH receptor beta (#Arb) in tail (A,B) and hindlimbs (B,C)

among MCT8 genotypes. Means and standard error for each genotype are shown, n = 10
for all genotypes and T3 treatments. WT = wild-type (LLss), MCT8KO = homozygous
knockout (llss). Letters indicate significant differences among bars determined for each
genotype based on non-parametric Kruskal-Wallis test followed by pairwise comparisons
using Wilcoxon rank sum exact test (A, B and D) and two-way ANOVA followed by
pairwise comparisons using Tukey’s post hoc test (C). p < 0.05.
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Table 1:

Gene-specific primers for TH response gene expression analysis

Gene (L- and/or S-chromosome)

Primer sequence (5° — 37)

thrb (both L and S)

F: AAGCCTTCAGCCAGTTTACA
R: GAGCGACATGATCTCCATACAA

p/8 (both L and S)

F: AGAAGGTCATCTCATCTGCTAAC
R: GGATAGGTTTGTCAATACGACCA

kIf9 (both L and S)
(F primer has 1 mismatch in S chromosome)

F: TACTGGGTGTGGCAAAGTTTAT
R: CTCTTCTCACAGAGTGGACATC

tshb (L only)

F: GTTCAGGATTCTGCATGACAAGG
R: ACAGTCAGTGTAGCCAGTGTTA
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Table 2:

Genotypes of animals reared to adulthood from LISs cross

L-chromosome

S-chromosome

n=

Expected %

Observed %

LL SS 6 6.25 15.38
LL Ss 4 125 10.26
LL ss 2 6.25 5.13
LI SS 7 125 17.79
LI Ss 7 12.5 17.79
LI ss 7 125 17.79
Il SS 0 6.25 0
1l Ss 2 125 5.13
Il ss 4 6.25 10.26
Sum =39 100% 100%
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