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Fig. 2. Characterization of SULT4A1 protein expression in D28 and D12 mutant
mouse brains and subcellular localization of WT SULT4A1. WT, heterozygous, and
homozygous D28 and D12 25-day-old mice were euthanized and whole brains were
harvested. (A) WT, heterozygous (HET), and homozygous (MUT) D28 and D12
mice were probed for SULT4A1 protein expression. Human brain cytosol was used
as a positive control (CTRL) for SULT4A1. For both strains, WT and heterozygotes
showed positive staining for SULT4A1; however, D28 and D12 homozygotes were
negative for SULT4A1. (B) Subcellular fractionation was used to generate nuclear
(Nuc), mitochondrial (Mito), cytosolic (Cyto) and microsomal (Micro) fractions
from WT adult mouse brain homogenates. Aliquots of each fraction (50 mg) were
subjected to SDS-PAGE and immunoblotted for SULT4A1. To determine the purity
of subcellular fractions, marker proteins specific to each fraction were probed.
Histone H3 was used to probe nuclear fraction purity, mitochondrial import receptor
subunit TOM20 homolog (TOM20) was used as a marker protein for the
mitochondrial fraction, GAPDH was used as a marker for the cytosolic fraction,
and Na'/K* ATPase was used to determine the microsomal fraction purity.
SULT4A1 protein was detected in the mitochondrial, cytosolic, and microsomal
fractions, and marker proteins demonstrated pure subcellular fractions.

of this interaction in neurons is still unknown. Future Co-IP studies will
be conducted to determine binding partners in each fraction using mouse
brain and/or fetal cortical neurons.

Active SULT4A1 protein requires proper splicing, since reports
indicate SULT4A1 mRNA is detectable in various non-neuronal tissues
but is not correctly spliced and is nonfunctional (Falany et al., 2000;
Sidharthan et al., 2014). Low levels of SULT4A1 have been reported to
be endogenously expressed by immunoblot in established cell lines,
including LN229 glioblastoma and SH-SY5Y neuroblastoma cells (Sun
et al.,, 2012; Sidharthan et al., 2014). The question remains if these
immortalized cancer cell lines recapitulate the neuronal environment in
which SULT4A1 exerts its normal function, as this protein is found to be
highly localized to neurons. Therefore, the expression and localization of
SULT4AL1 in primary mouse cortical neuron culture was investigated, as
these primary cultures may provide a more suitable in vitro model to
study SULT4A1. Primary cortical neurons were harvested on gestational
day-15 CD-1 mice and grown on coverslips for 12 days to become
neuron-enriched. Figure 3 shows that SULT4Al (green) is highly

expressed in DIV-12 primary cortical neurons, indicating SULT4A1 is
present early in embryonic neuron development. In addition, SULT4A1
immunoreactivity is absent in the nuclei (blue) but is detected in neurite
projections, as well as in the cell body of the neuron. Although the
SULT4A1 mutant mice were generated in a C57BL/6J and these
primary cultures were derived from CD-1 mice, we expected that this
result would be readily reproducible in our strain, even though
SULT4AL1 expression was also detected in mitochondrial, microsomal,
and cytosolic fractions, but not nuclei, generated from the primary
cultured neurons by immunoblotting similar to the pattern observed with
mouse brains (data not shown).

The expression of SULT4Al in primary neuron culture was first
reported by Butcher et al., (2010) in a study investigating the
transcriptional regulation of SULT4A1. The authors showed that both
SULT4A1 mRNA and protein were detected in primary neuron cultures
derived from embryonic day-16 mice, although the subcellular locali-
zation was not reported. Interestingly, SULT4A1 was expressed in the
neurite projections of primary cortical neurons (Fig. 3). The impact of
SULT4AL1 on neurite growth and guidance remains unknown. Evidence
of SULT4A1 expression in embryonic neurons is a promising model
system to elucidating the mechanistic function of SULT4A1 in vitro. Itis
reasonable to infer that primary neuron cultures better represent the
appropriate molecular environment than immortalized tumor-derived
cell lines. Breeding pairs are established for the production of D28 and
D12 WT, heterozygous, and homozygous primary neuron cultures.
These studies in conjunction with behavioral analyses will provide
valuable insights into potential differences in neuronal maturation,
synaptic formation, or synaptic transmission.

In summary, this study reports the first published generation and
characterization of SULT4A1 mutant mouse models. Homozygous
mutant D28 and D12-SULT4A1 mice present with a severe and
progressive neurologic phenotype resulting in postnatal death. The lack
of SULT4A1 in the homozygous mutant pups detectable by immunos-
taining suggests that this is an essential protein required for normal

Fig. 3. SULT4Al expression in embryo-derived mouse cortical neurons by
confocal microscopy. Cortical neurons were harvested from embryonic day-15
mice and grown on cover slips for an additional 12 days prior to immunocyto-
chemistry. Cortical neurons were probed for SULT4A1 expression using a rabbit
polyclonal IgG at a 1:5000 dilution. Nuclei were labeled with Hoechst (1:20,000)
with primary cortical neurons being positive (green) for SULT4A1 protein in both
the soma and neurites, but not in the nuclei (blue).
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development. In addition, although SULT4Al was thought to be a
cytosolic protein, its expression was detected in mitochondrial and
microsomal fractions indicating potential novel function(s). SULT4A1
was also found to be expressed in embryonic mouse brain, further
suggesting an essential role in development. Although, the function of
SULT4A1 remains unknown, these mouse models will be invaluable to
identifying and characterizing the role of SULT4Al in mammalian
brain.

Acknowledgments

The authors thank the UAB Transgenic and Genetically Engineered Models
Core for assistance in generation of the SULT4A1 mutant mouse models. The
authors would also like to thank Dr. Karina J. Yoon and Tracy Gamblin for their
wonderful support with this study.

Patrick L. GARCIA
MounamMED 1. HossAaIN
SHAIDA A. ANDRABI
CHARLES N. FALANY

Department of Pharmacology and
Toxicology, and Department of
Neurology, University of Alabama at
Birmingham, Birmingham, Alabama

Authorship Contributions
Participated in research design: Garcia, Hossain, Andrabi, Falany.
Conducted experiments: Garcia, Hossain.
Performed data analysis: Garcia, Hossain, Andrabi, Falany.
Wrote or contributed to the writing of the manuscript: Garcia, Hossain,
Andrabi, Falany.

References

Allali-Hassani A, Pan PW, Dombrovski L, Najmanovich R, Tempel W, Dong A, Loppnau P,
Martin F, Thornton J, Edwards AM, et al. (2007) Structural and chemical profiling of the human
cytosolic sulfotransferases. PLoS Biol 5:¢97.

Brennan MD and Condra J (2005) Transmission disequilibrium suggests a role for the
sulfotransferase-4A1 gene in schizophrenia. Am J Med Genet B Neuropsychiatr Genet 139B:
69-72.

Butcher NJ, Mitchell DJ, Burow R, and Minchin RF (2010) Regulation of mouse brain-selective
sulfotransferase sult4al by cAMP response element-binding protein and activating transcription
factor-2. Mol Pharmacol 78:503-510.

Crittenden F, Thomas H, Ethen CM, Wu ZL, Chen D, Kraft TW, Parant JM, and Falany CN (2014)
Inhibition of SULT4A1 expression induces up-regulation of phototransduction gene expression
in 72-hour postfertilization zebrafish larvae. Drug Metab Dispos 42:947-953.

Crittenden F, Thomas HR, Parant JM, and Falany CN (2015) Activity suppression behavior
phenotype in SULT4ALI frameshift mutant zebrafish. Drug Metab Dispos 43:1037-1044.

Disciglio V, Lo Rizzo C, Mencarelli MA, Mucciolo M, Marozza A, Di Marco C, Massarelli A,
Canocchi V, Baldassarri M, Ndoni E, et al. (2014) Interstitial 22q13 deletions not involving
SHANK3 gene: a new contiguous gene syndrome. Am J Med Genet A 164A:1666-1676.

Falany CN, Xie X, Wang J, Ferrer J, and Falany JL (2000) Molecular cloning and expression of
novel sulphotransferase-like cDNAs from human and rat brain. Biochem J 346:857-864.

Liyou NE, Buller KM, Tresillian MJ, Elvin CM, Scott HL, Dodd PR, Tannenberg AE,
and McManus ME (2003) Localization of a brain sulfotransferase, SULT4A1, in the human and
rat brain: an immunohistochemical study. J Histochem Cytochem 51:1655-1664.

Meltzer HY, Brennan MD, Woodward ND, and Jayathilake K (2008) Association of Sult4A1 SNPs
with psychopathology and cognition in patients with schizophrenia or schizoaffective disorder.
Schizophr Res 106:258-264.

Mitchell DJ, Butcher NJ, and Minchin RF (2011) Phosphorylation/dephosphorylation of human
SULT4ALI: role of Erkl and PP2A. Biochim Biophys Acta 1813:231-237.

Mitchell DJ and Minchin RF (2009) Cytosolic Aryl sulfotransferase 4A1 interacts with the peptidyl
prolyl cis-trans isomerase Pinl. Mol Pharmacol 76:388-395.

Parker MO, Brock AJ, Walton RT, and Brennan CH (2013) The role of zebrafish (Danio rerio) in
dissecting the genetics and neural circuits of executive function. Front Neural Circuits 7:63.

Phelan MC (2008) Deletion 22q13.3 syndrome. Orphanet J Rare Dis 3:14.

Sarasua SM, Boccuto L, Sharp JL, Dwivedi A, Chen CF, Rollins JD, Rogers RC, Phelan K,
and DuPont BR (2014) Clinical and genomic evaluation of 201 patients with Phelan-McDermid
syndrome. Hum Genet 133:847-859.

Scharfman HE (2007) The neurobiology of epilepsy. Curr Neurol Neurosci Rep 7:348-354.

Sidharthan NP, Butcher NJ, Mitchell DJ, and Minchin RF (2014) Expression of the orphan
cytosolic sulfotransferase SULT4Al and its major splice variant in human tissues and cells:
dimerization, degradation and polyubiquitination. PLoS One 9:¢101520.

Sun Z, Li H, Shu XH, Shi H, Chen XY, Kong QY, Wu ML, and Liu J (2012) Distinct sulfonation
activities in resveratrol-sensitive and resveratrol-insensitive human glioblastoma cells. FEBS J
279:2381-2392.

Zwanenburg RJ, Ruiter SA, van den Heuvel ER, Flapper BC, and Van Ravenswaaij-Arts CM
(2016) Developmental phenotype in Phelan-McDermid (22q13.3 deletion) syndrome:
a systematic and prospective study in 34 children. J Neurodev Disord 8:16.

Address correspondence to: Dr. Charles N. Falany, Department of Pharmacology
and Toxicology, 1670 University Boulevard, Volker Hall Room 151, University of
Alabama at Birmingham, Birmingham, AL 35294. E-mail: cfalany@uab.edu

2202 ‘9 5800190 Uo SuINor 134SY e 610°s jeuino fldse puup WoJy papeo lumod


mailto:cfalany@uab.edu
http://dmd.aspetjournals.org/

Generation and Characterization of SULT4A1 Mutant Mouse Models

Patrick L. Garcia, Mohammed |. Hossain, Shaida A. Andrabi, and Charles N. Falany

Drug Metabolism and Disposition

Supplemental Methods

This work was conducted at the University of Alabama at Birmingham (UAB) Transgenic Facility
and is described in detail (Challa et al., 2016). Pronuclear injections into zygotes obtained from
C57BI/6 mice were performed with a solution of sgRNAs (25 ng/ul each) and Cas9 capped
MRNA (125 ng/ul). The sequence of the CRISPR/sgRNA for the A28 and A12 strains are as
follows: Exon 1 (- strand) - 5' - GGTGACGATCCACACGTCGC (TGG) -3' <28 bp deletion> and
Exon 3 (- strand) - 5' - AGGTGGCTCTTGATGAGGCG (GGG) -3' (12 bp deletion). Injected
zygotes were implanted into pseudopregnant CD1 recipients. Tail biopsies from GO pups were
obtained upon weaning (3 weeks) and used to isolate genomic DNA. Tail genomic DNA was
used as a PCR template to analyze sequence modifications. Preliminary assessment for the
presence of indels was done by heteroduplex mobility assay (HMA). PCR amplicons showing
heteroduplex mobility shifts were cloned into a plasmid vector (TOPO-TA cloning, Invitrogen)
and individual colonies were processed for Sanger sequencing. Two female GO animals

carrying distinct mutations were bred with wildtype C57BI/6 mice for germline transmission.
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Supplemental Videos 1 and 2. A28 and A12 homozygous mutant mice display severe
neurological deficits. Day 17 old mice were video recorded for behavioral changes. As shown
in the representative videos, both the A28 and A12 homozygous mice displayed seizures, lack
of coordination, abnormal gait, and ataxia. Videos were edited for time and file size with
Imovie’09 v8.06 Apple Inc., Cuppertino, CA) and then exported to Quicktime Player v10.4

(Apple Inc., Cuppertino, CA).
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Supplemental Figure 1. Electropherogram tracings confirm mutational status of SULT4A1 was

conserved in offspring of A28 and A12 founders. Genomic DNA was subjected to PCR
amplification utilizing primer sets specific to the location of the A28 and A12 SULT4A1
mutations (Materials and Methods). Comparison of WT SULT4A1 and A28 homozygous
mutant sequence. The A28 homozygous mutant possesses a frameshift mutation. Comparison
of WT SULT4A1 and A12 homozygous mutant sequence. The electropherogram clearly

displays the 4 AA deletion characteristic of the A12 strain.



