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Sulfate (SO4
2-) is integral in the biotransformation of multiple compounds through 

sulfotransferase-mediated sulfate conjugation (sulfation). These compounds include 

xenobiotics, hormones, glycosaminoglycans, and neurotransmitters. Two non-linked, 

nonsense variants (R12X and W48X) in SLC13A1, which encodes the sodium-sulfate 

cotransporter, NaS1, responsible for sulfate (re)absorption in the intestines and kidneys, 

were found to be enriched in an Old Order Amish (Amish) cohort compared to outbred 

populations. Serum sulfate was measured in 977 Amish subjects and established to be 

heritable (h2=0.40). Both SLC13A1 R12X and W48X were independently associated with 

a 27.6% (P=2.7x10-8) and 27.3% (P=6.9x10-14) decrease in serum sulfate, respectively 

(P=8.8x10-20 for carriers of either SLC13A1 nonsense variant). We further performed the 

first exome- and genome-wide association study (ExWAS/GWAS) of serum sulfate and 

identified a missense variant (L348P) in SLC26A1, also associated with decreased serum 

sulfate (P=4.4x10-12) and enriched in this Amish cohort. SLC26A1 encodes the 

basolateral sulfate-anion transporter (Sat1), indicative of this locus as a true determinant 

of serum sulfate. Consistent with sulfate’s role in xenobiotic detoxification and protection 

against acetaminophen-induced hepatotoxicity, SLC13A1 nonsense variant carriers had 



higher aminotransferase levels. Contrary to our hypothesis that sulfate-lowering variants 

would be associated with decreased DHEA-S and DHEA-S/DHEA ratio, we instead 

observed a 16% decrease in DHEA amongst SLC13A1 nonsense variant carriers, 

compared to non-carriers (P=0.01). SLC26A1 L348P was associated with lower whole-

body bone mineral density and higher serum calcium, consistent with the 

osteochondrodysplasia exhibited by dogs and sheep with naturally-occurring, 

homozygous, loss-of-function mutations in Slc13a1, and the nephrocalcinosis and 

increased calcium oxalate kidney stone formation in Slc26a1-knockout mice. However, 

serum sulfate was not associated directly with any of these clinical phenotypes. In 

addition, we created and validated a novel slc13a1-knockdown zebrafish model, resulting 

in slc13a1 morphants that appear phenotypically analogous to the phenotypes observed in 

Slc13a1/NaS1-null mammals, particularly in regard to their gross, tail, and 

gastrointestinal abnormalities and decreased body length. These findings provide 

important and novel insights into the genetic regulation of serum sulfate and its biological 

and clinical implications in humans while simultaneously demonstrating the power and 

translational potential of systematic identification and characterization of rare nonsense 

variants in founder populations. 
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ACTATGTACCCTGCTCGCGAGAATACAAGCGCCAATGATGACCGGACGCACGAAA

GGTTTCGTCCTCGGGTGATTGACATTAATGGTAATTGTAATGATATTACTATAAATG

CGTTAAGCCCGCCAAGGACTGCCAATGATGAGAACTGTCGCGCCGGGGAAATGGA

AAACACGACTCATGCGACTCATGCCTCTTCGAGCACAGCGATAAATGAGGATATGG

AAACCCATCGCGGCCACACCATGTATTTGATCTTTGAA.GCAAATGACACAATGTAT

TTCATTGCGAATTGTTGGCATTGCAACACTATCAACGAATCTACTGAAAATACAGAA

CGCACTGCAATTAACGCTCTGCTTTTTATGTATACCCACGGTCACACATCAGCGAAT

GACATAGATGAGGCTTCGGCGCTACTGTGGATCAATGGGATGTATTGGATCCTCGA

TGAAAGCACTTTTGATCGGGAGGCAATGTCTACTTGTATGGAAACTCGTGAA. 
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Chapter 1: Specific Aims 

Sulfate (SO4
2-) is an important micronutrient vital for numerous cellular and 

metabolic processes in humans; however it is not routinely measured clinically1,2. 

Specifically, sulfate is integral in the biotransformation of multiple compounds through 

sulfotransferase-mediated sulfate conjugation (sulfation), as the rate of sulfation reactions 

are dependent on internal sulfate concentrations.3,4 Impaired sulfation has been reported 

in a number of human conditions including reduced xenobiotic clearance, skeletal 

dysplasias, premature pubarche, polycystic ovary syndrome (PCOS), neurological 

disease, and autism spectrum disorder (ASD); yet little is known about sulfate regulation 

in humans.5-11  

The human solute carrier family 13, member 1 (SLC13A1) gene encodes the 

apical membrane, sodium-sulfate cotransporter, NaS1, which is expressed primarily in 

the intestine for sulfate absorption, and in the kidney for sulfate reabsorption.12-15 Both 

mechanisms work to ultimately transport sulfate into the blood, making it available for 

physiological processes. The overt phenotypes exhibited by NaS1-null mammals 

demonstrate the essential role of SLC13A1/NaS1 and sulfate in development and 

detoxification of xenobiotics. These phenotypes include renal sulfate wasting, 

hyposulfatemia, increased susceptibility to acetaminophen-induced hepatotoxicity, 

osteochondrodysplasia, altered steroid profiles, and developmental and behavioral 

abnormalities.16-25  

The overall goal of this research project was to identify novel genetic 

determinants of serum sulfate and to assess the functional and clinical consequences of 

these variants. To do this, we capitalized on our extensive collaboration with the Old 
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Order Amish (Amish), a homogenous founder population ideal for genetic studies aiming 

to unveil new biology through the identification of novel variants. Using data obtained 

from 1,725 Amish subjects, two non-linked nonsense single nucleotide variants (SNVs) 

in SLC13A1 (rs28364172, c.34G>A, p.R12X and rs138275989, c.144C>T, p.W48X) 

were discovered to be enriched in this Amish cohort compared to outbred populations 

(1.9-fold (0.43% vs. 0.23%) and 4.4-fold (0.87% vs. 0.20%), respectively, compared to 

Exome Sequencing Project European American (ESP-EA) allele frequencies). Given the 

genetic architecture of the Amish and available clinical phenotype data for approximately 

6,500 Amish individuals, we are uniquely powered to examine the impact of these rare, 

nonsense variants in SLC13A1 on serum sulfate and other clinical phenotypes. Results 

from these studies may identify novel disease and pharmacogenetic risk factors which 

could potentially inform new biology, prevention, and treatment strategies for disease and 

adverse drug effects in susceptible individuals. 

 

Specific Aim 1: Estimate serum sulfate heritability and identify genetic contributors 

of serum sulfate using a) an SLC13A1 candidate-gene approach, and b) an exome-

wide and genome-wide association study (ExWAS/GWAS) approach. 

Specific Aim 1a Hypothesis: Identified nonsense variants in SLC13A1 cause 

partial or complete loss of function in NaS1, resulting in decreased sulfate 

absorption/reabsorption and a subsequent decrease in serum sulfate concentration. 

Specific Aim 1b Hypothesis: ExWAS/GWAS analysis will identify additional 

genetic variants influencing serum sulfate beyond the previously identified 

nonsense variants in SLC13A1. 
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Specific Aim 2: Assess whether quantitative, clinical phenotypes are associated with 

altered serum sulfate concentration and/or sulfate-altering genetic variants in a 

hypothesis-driven manner using a) retrospectively-collected clinical phenotype data 

from previous studies conducted at the University of Maryland Amish Research 

Clinic, and b) prospectively-collected clinical phenotype data obtained from 

quantitative assays on stored serum samples from Amish research participants. 

Specific Aim2a Hypothesis: Serum sulfate concentration will be associated with 

serum aminotransferase levels, i.e. aspartate transaminase (AST) and alanine 

transaminase (ALT), and bone mineral density (BMD) measurements given 

sulfate’s essential role in drug metabolism and bone and cartilage development. 

These associations will be reflected in individuals with sulfate-altering genetic 

variants. 

Specific Aim 2b Hypothesis: Quantitative measures of serum 

dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEA-S), 

and a calculated measure of DHEA-S/DHEA ratio will be associated with serum 

sulfate concentration given that the rate of sulfation reactions are dependent on 

internal sulfate concentrations. These associations will be reflected in individuals 

with sulfate-altering genetic variants. 

 

Specific Aim 3: Create an slc13a1-knockdown zebrafish model and evaluate the role 

of slc13a1 and sulfate in embryonic development under sulfate deficient, neutral and 

supplemented environmental conditions. 
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Specific Aim 3 Hypothesis: Zebrafish embryos with decreased slc13a1 

expression will exhibit abnormal brain morphology, decreased body, head, and 

eye size, relative to total body size. Furthermore, the severity of these traits will 

be decreased when embryos are grown in a sulfate-supplemented environment 

and exacerbated in a sulfate-deficient environment.  
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Chapter 2: Background and Significance 

Sulfate (SO4
2-) 

Inorganic sulfate is one of the most important micronutrients in the human body; 

however it is not routinely measured in any clinical setting.1,2 Sulfate is required for 

numerous physiological processes, including the formation of hundreds of sulfur-

containing compounds, and structural and functional maintenance of many 

macromolecules.2,3 Numerous compounds undergo biotransformation via sulfate 

conjugation (sulfation), catalyzed by sulfotransferase enzymes that require the co-enzyme 

3’-phosphoadenosine-5’phosphosulfate (PAPS) as a sulfate donor (Figure 2.1).4,5 

Compounds that undergo sulfation include hormones, neurotransmitters, 

glycosaminoglycans (GAGs), cerebrosides, and xenobiotics (Figure 2.2).1-3,6,7 

PAPS is synthesized from inorganic sulfate and adenosine triphosphate (ATP) and 

is considered the “activated” form of sulfate.4 The concentration of PAPS equilibrates 

rapidly with that of serum sulfate, thus the rate of PAPS synthesis, and consequently the 

rate of sulfation, are dependent on internal sulfate concentrations.8,9 Sulfate is produced 

in the body from protein turnover and subsequent biodegradation of the sulfur-containing 

amino acids, methionine and cysteine.3 Metabolism of organic sulfur compounds, such as 

methionine and cysteine, supply over half of the daily intake of sulfate, while the 

remainder is supplied from ingestion of inorganic sulfate in drinking water and food.3 

Sulfate is the fourth most abundant anion in human blood, with serum levels between 0.3-

0.5 mM in normal adults.2,10 As a divalent anion, sulfate cannot passively cross cell 

membranes, requiring all cells to express membrane sulfate transporters in order to 

maintain optimal intracellular concentrations of sulfate.2,6 Ten human sulfate transporters 
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have been identified, all belonging to either the solute carrier 13 gene family (SLC13A1 

and SLC13A4) or the solute carrier 26 gene family (SLC26A1, SLC26A2, SLC26A3, 

SLC26A6, SLC26A7, SLC26A8, SLC26A9 and SLC26A11).1,11 The tissue-specific gene 

expression profiles amongst each of the ten sulfate transporter genes vary considerably 

(Table 2.1).12 

The ratio of sulfated to non-sulfated molecules plays a significant role in many of 

the molecular events that regulate growth and development, thus intracellular levels of 

sulfate, PAPS, sulfotransferase activity, and sulfatase activity must be maintained at 

adequate levels for normal development, metabolism, and physiological processes to 

occur.13 For example, homozygous, loss-of-function mutations in SLC26A2, which 

encodes the predominant sulfate transporter in cartilage and bone,14 cause a spectrum of 

osteochondrodysplasias in humans.15 Mutations in several other genes involved in 

maintaining the physiological ratio of sulfated to non-sulfated molecules have been 

linked to syndromes in humans as well (Table 2.2).13 Furthermore, impaired sulfation has 

been reported in a number of human conditions, including reduced xenobiotic clearance, 

skeletal dysplasias, premature pubarche, polycystic ovary syndrome (PCOS), 

neurological disease, and autism spectrum disorder (ASD).5,16-21 Despite sulfate’s critical 

importance, little is known about sulfate regulation in humans. 
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Figure 2.1. Sulfation reaction.22 Abbreviations: PAP, 3’-phosphoadenosine-

5’phosphate; PAPS, 3’-phosphoadenosine-5’phosphosulfate (PAPS)  
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Figure 2.2. Sulfation contributes to numerous cellular and metabolic functions in 

human physiology.7  
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Table 2.1. Human tissue-specific gene expression enrichment profiles amongst each 

of the ten sulfate transporter genes. a) Conditional formatting by gene. b) Conditional 

formatting by tissue. Data obtained from the TiGER (Tissue-specific Gene Expression 

and Regulation) database.12 The expression level is normalized with tissue-library size. 

Each value for a gene in a tissue is a ratio of observed ESTs to the expected one in this 

tissue. The expected number of ESTs is the product of total ESTs of the gene and the 

fraction of total ESTs in the tissue among all ESTs in 30 tissues. Abbreviations: PNS, 

peripheral nervous system. 

 

a. 

 
  

Bladder Blood Bone
Bone-

marrow
Brain Cervix Colon Eye Heart Kidney Larynx Liver Lung

Lymph 

node

Mammary 

gland

SLC13A1

7q31.32
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.9 0.0 0.0 0.0 0.0 0.0

SLC13A2

17q11.2
7.2 2.7 0.2 7.5 1.9 0.3 0.4 0.6 1.1 2.6 0.4 0.2 0.6 1.0 0.7

SLC26A1

4p16.3
0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 4.1 0.0 0.0 2.0 0.0 0.0

SLC26A2

5q32
1.9 0.0 0.8 0.0 1.2 0.5 1.7 1.2 0.7 1.0 0.0 0.5 1.1 1.1 1.8

SLC26A3

7q22.3-q31.1
0.0 2.0 0.0 0.0 0.0 0.0 11.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4

SLC26A6

3p21.31
1.4 4.4 0.0 0.9 0.7 0.0 2.6 1.3 0.5 0.9 0.0 0.2 0.8 0.0 0.2

SLC26A7

8q23
0.0 0.0 0.0 0.0 0.2 0.0 0.0 1.0 0.0 7.4 3.1 0.0 0.0 0.0 0.0

SLC26A8

6p21.31
0.0 0.0 0.0 0.0 3.0 0.0 0.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

SLC26A9

1q32.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 1.5 4.2 0.0 0.0

SLC26A11

17q25.3
0.0 0.0 0.0 0.0 1.6 4.0 0.6 2.2 0.6 0.2 0.0 0.0 1.7 0.3 0.2

Muscle Ovary Pancreas PNS Placenta Prostate Skin
Small 

intestine

Soft 

tissue
Spleen Stomach Testis Thymus Tongue Uterus

SLC13A1

7q31.32
1.3 0.0 0.0 5.1 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7

SLC13A2

17q11.2
0.8 0.2 0.2 0.4 0.4 0.7 1.1 0.0 0.4 0.0 0.2 1.5 0.0 0.7 0.5

SLC26A1

4p16.3
0.0 0.0 1.4 0.0 0.0 2.1 0.0 0.0 0.0 0.0 10.5 0.0 0.0 0.0 0.0

SLC26A2

5q32
1.0 0.2 0.3 0.0 1.3 1.5 1.0 0.0 0.9 0.0 0.6 0.3 0.0 0.0 1.5

SLC26A3

7q22.3-q31.1
2.0 0.0 0.0 0.0 0.0 3.0 0.0 28.5 0.0 0.0 0.9 0.0 0.0 0.0 0.0

SLC26A6

3p21.31
0.9 4.6 0.2 0.0 0.0 0.9 1.1 2.2 0.0 4.9 2.9 0.9 0.0 3.2 0.7

SLC26A7

8q23
1.7 3.6 0.4 0.0 2.9 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5

SLC26A8

6p21.31
1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 0.0 0.0 10.2 0.0 0.0 0.0

SLC26A9

1q32.1
4.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0

SLC26A11

17q25.3
0.0 1.0 0.5 4.0 2.5 1.0 1.4 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.5

Gene Name

Gene Name

Tissue

Tissue
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Table 2.1 Continued 

 

b.  

 

Bladder Blood Bone
Bone-

marrow
Brain Cervix Colon Eye Heart Kidney Larynx Liver Lung

Lymph 

node

Mammary 

gland

SLC13A1

7q31.32
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.9 0.0 0.0 0.0 0.0 0.0

SLC13A2

17q11.2
7.2 2.7 0.2 7.5 1.9 0.3 0.4 0.6 1.1 2.6 0.4 0.2 0.6 1.0 0.7

SLC26A1

4p16.3
0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 4.1 0.0 0.0 2.0 0.0 0.0

SLC26A2

5q32
1.9 0.0 0.8 0.0 1.2 0.5 1.7 1.2 0.7 1.0 0.0 0.5 1.1 1.1 1.8

SLC26A3

7q22.3-q31.1
0.0 2.0 0.0 0.0 0.0 0.0 11.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4

SLC26A6

3p21.31
1.4 4.4 0.0 0.9 0.7 0.0 2.6 1.3 0.5 0.9 0.0 0.2 0.8 0.0 0.2

SLC26A7

8q23
0.0 0.0 0.0 0.0 0.2 0.0 0.0 1.0 0.0 7.4 3.1 0.0 0.0 0.0 0.0

SLC26A8

6p21.31
0.0 0.0 0.0 0.0 3.0 0.0 0.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

SLC26A9

1q32.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 1.5 4.2 0.0 0.0

SLC26A11

17q25.3
0.0 0.0 0.0 0.0 1.6 4.0 0.6 2.2 0.6 0.2 0.0 0.0 1.7 0.3 0.2

Muscle Ovary Pancreas PNS Placenta Prostate Skin
Small 

intestine

Soft 

tissue
Spleen Stomach Testis Thymus Tongue Uterus

SLC13A1

7q31.32
1.3 0.0 0.0 5.1 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7

SLC13A2

17q11.2
0.8 0.2 0.2 0.4 0.4 0.7 1.1 0.0 0.4 0.0 0.2 1.5 0.0 0.7 0.5

SLC26A1

4p16.3
0.0 0.0 1.4 0.0 0.0 2.1 0.0 0.0 0.0 0.0 10.5 0.0 0.0 0.0 0.0

SLC26A2

5q32
1.0 0.2 0.3 0.0 1.3 1.5 1.0 0.0 0.9 0.0 0.6 0.3 0.0 0.0 1.5

SLC26A3

7q22.3-q31.1
2.0 0.0 0.0 0.0 0.0 3.0 0.0 28.5 0.0 0.0 0.9 0.0 0.0 0.0 0.0

SLC26A6

3p21.31
0.9 4.6 0.2 0.0 0.0 0.9 1.1 2.2 0.0 4.9 2.9 0.9 0.0 3.2 0.7

SLC26A7

8q23
1.7 3.6 0.4 0.0 2.9 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5

SLC26A8

6p21.31
1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 0.0 0.0 10.2 0.0 0.0 0.0

SLC26A9

1q32.1
4.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0

SLC26A11

17q25.3
0.0 1.0 0.5 4.0 2.5 1.0 1.4 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.5

Gene Name

Tissue

Gene Name

Tissue
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Table 2.2. Pathogenetics of perturbed sulfate homeostasis. Modified from Dawson et 

al.13 Abbreviations: MIM, Mendelian Inheritance in Man; AR, autosomal recessive; AD, 

autosomal dominant; XLR, X-linked recessive. 

  

Protein 

Function
Gene Chromosome Phenotype/Syndrome

Phenotype 

MIM 

Number

Inheritance

Achondrogenesis Ib 600972 AR

Atelosteogenesis II 256050 AR

De la Chapelle dysplasia 256050 AR

Diastrophic dysplasia 222600 AR

Diastrophic dysplasia, broad bone-

platyspondylic variant
222600 AR

Epiphyseal dysplasia, multiple, 4 226900 AR

SLC26A3 7q22.3-q31.1
Congenital secretory chloride 

diarrhea 
214700 AR

SLC26A8 6p21.31 Spermatogenic failure 3 606766 AD

PAPS synthase PAPSS2 10q23.2-q23.3
Brachyolmia 4 with mild epiphyseal 

and metaphyseal changes
612847 AR

CHST3 10q22.1
Spondyloepiphyseal dysplasia with 

congenital joint dislocations
143095 AR

CHST8 19q13.11 Peeling skin syndrome 3 616265 AR

CHST14 15q15.1
Ehlers-Danlos syndrome, 

musculocontractural type 1
601776 AR

ARSA 22q13.33 Metachromatic leukodystrophy 250100 AR

ARSB 5q14.1
Mucopolysaccharidosis type VI 

(Maroteaux-Lamy)
253200 AR

ARSE Xp22.33 Chondrodysplasia punctata 302950 XLR

GALNS 16q24.3
Mucopolysaccharidosis IVA 

(Morquio A)
253000 AR

GNS 12q14.3 Mucopolysaccharidosis type IIID 252940 AR

IDS Xq28 Mucopolysaccharidosis II (Hunter) 309900 XLR

SGSH 17q25.3
Mucopolysaccharidisis type IIIA 

(Sanfilippo A)
252900 AR

STS Xp22.31 Ichthyosis, X-linked 308100 XLR

SUMF1 3p26.1 Multiple sulfatase deficiency 272200 AR

Sulfotransferase

Sulfatase

SLC26A2 5q32

Sulfate 

transporter
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Solute Carrier Family 13, Member 1 (SLC13A1) Gene 

Human SLC13A1 is located on chromosome 7q31.32 and contains 15 exons 

spanning approximately 86.4 kilobases.23,24 SLC13A1 encodes the apical membrane, 

sodium-sulfate cotransporter, NaS1, a 595 amino acid protein (~66 kilo Daltons) with 13 

transmembrane domains (Figure 2.3),23,25 The protein sequence of Nas1 is highly 

conserved amongst species, with humans sharing greater than 80%, 70%, and 58% 

protein identity with mammals (R. norvegicus), birds (G. gallus), and fish (D. rerio), 

respectively (Table 2.3).  

SLC13A1 is expressed primarily in the duodenum and colon for sulfate 

absorption, and in the proximal tubule of the kidney for sulfate reabsorption (Figure 

2.4).23,25-27 The cellular distribution of SLC13A1 ultimately results in sulfate transport 

into the blood, making it available for physiological processes. Functional studies 

performed by Lee et al. found that two naturally-occurring variants in SLC13A1 

(rs28364172, c.34G>A, p.R12X and rs2140516, c.521T>C, p.N174S) abolish 100% and 

60% of NaS1 sulfate transport in Xenopus oocytes, respectively.28 Consistent with these 

findings, human studies have demonstrated an association between SLC13A1 R12X and 

N174S, and increased fractional excretion index (FEI) of sulfate in a cohort with ASD.29  
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Figure 2.3. NaS1 protein secondary structure model.30 

  



18 

 

 

Table 2.3. SLC13A1 pairwise alignment scores between H. sapiens and other species. 

Modified from HomoloGene.31  

Gene

Symbol Protein DNA

H.sapiens (Human) SLC13A1 - -

vs. P.troglodytes (Chimpanzee) SLC13A1 99 99

vs. M.mulatta (Rhesus monkey) SLC13A1 96 97

vs. C.lupus (Dog) SLC13A1 87 85

vs. B.taurus (Cattle) SLC13A1 88 88

vs. M.musculus (House mouse) Slc13a1 81 84

vs. R.norvegicus (Norway rat) Slc13a1 83 84

vs. G.gallus (Chicken) SLC13A1 74 73

vs. X.tropicalis (Western clawed frog) slc13a1 70 69

vs. D.rerio (Zebrafish) slc13a1 59 61

Identity (%)
Species
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Figure 2.4. Sulfate transporters in the renal and small intestinal epithelial cell. 

Modified from Markovich et al.30 
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Mammals with Homozygous Slc13a1-Null Alleles  

Dogs and sheep with naturally-occurring, homozygous, loss-of-function 

mutations in Slc13a1 exhibit hyposulfatemia and a form of osteochondrodysplasia 

characterized by dwarfism and angular deformities of the forelimbs.32,33 Given that these 

phenotypes closely resemble those of humans with homozygous loss-of-function 

mutations in SLC26A2, researchers initially considered SLC26A2 a prime candidate gene 

(Table 2.2).32 SLC26A2 encodes the predominant sulfate transporter of cartilage and 

bone,14 as opposed to SLC13A1 which does not appear to be expressed in cartilage nor 

bone.33 The lack of SLC13A1 expression in bone or cartilage indicates that the 

osteochondrodysplasia caused by homozygous loss-of-function mutations in SLC13A1 is 

the result of a sulfate metabolic disorder, likely impacting other systems and resulting in 

additional phenotypes that have not yet been described.33 Consistently, the Slc13a1-

knockout mouse model exhibits hyposulfatemia along with seizures, behavioral 

abnormalities, fetal loss, altered steroid and lipid profiles, impaired gastrointestinal 

function, and increased susceptibility to acetaminophen-induced hepatotoxicity.28,34-40 

The importance of sulfate during development and the abnormalities observed in 

hyposulfatemic, Slc13a1/NaS1-null animals warrant additional studies to better 

understand the importance of sulfate in human physiology, disease, and drug toxicity. 

 

slc13a1 in Zebrafish 

Zebrafish (Danio rerio) slc13a1 is located on chromosome 25 and contains 15 

exons spanning approximately 8.7 kilobases which is significantly smaller than human 

SLC13A1 (86.4 kilobases) as a result of smaller introns.23 Similar to human SLC13A1 
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(595 amino acids, Figure 2.3 and Figure 2.4), zebrafish slc13a1 encodes the apical 

membrane, sodium-sulfate cotransporter, NaS1, a 583 amino acid protein (~64 kilo 

Daltons) with 13 transmembrane domains.23-25 The protein sequence of Nas1 is highly 

conserved amongst species, with humans sharing greater than 58% protein identity with 

zebrafish (Table 2.3). The zebrafish slc13a1 gene and NaS1 protein have been 

functionally and structurally characterized, revealing slc13a1 mRNA expression in 

embryos from 24 hours post-fertilization (hpf), in the intestine, kidney, brain and eye.24 

Zebrafish are an excellent model for studying the genetic basis of 

neurodevelopmental disorders through morpholino (MO)-based gene suppression and 

assessment of embryonic phenotypes such as brain morphology and head size.41-43 This is 

important given that impaired sulfation has been reported in neurological disease and 

ASD.16,19-21 In contrast to mice, zebrafish embryos develop externally and are transparent, 

allowing for ease of observation of normal and abnormal embryonic development. 
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Sulfate Dysregulation and Disease Pathology 

Sulfate biology plays a role in three relatively common conditions – 

acetaminophen toxicity, ASD, and osteoarthritis - as well as others that are less common 

(Table 2.2). Despite sulfate’s significant role in human physiology and drug metabolism, 

sulfate homeostasis is poorly understood and not routinely measured in any clinical 

setting.1,2. By measuring serum sulfate in hundreds of subjects’ samples, we have the 

opportunity to identify novel genetic risk factors associated with altered serum sulfate, 

while also gaining insight into sulfate’s role in human physiology and pathophysiology 

through associations between serum sulfate and/or sulfate-altering variants and clinical 

phenotypes. Identifying or providing additional evidence to strengthen known 

associations between sulfate and disease may improve support for serum sulfate 

concentration as a biomarker of disease, and genetic testing in susceptible individuals.  

 

Pharmacogenetics of Sulfate Homeostasis 

Pharmacogenetics, the study of how genetic differences influence variability in 

drug response and adverse effects, holds great potential for more effective individualized 

and precision medicine44,45. This active area of research can be compartmentalized into 

the study of pharmacodynamic genetic variants, occurring in genes involved in the 

mechanism(s) of drug action, and pharmacokinetic genetic variants, occurring in genes 

involved in drug absorption, distribution, metabolism, and excretion46. More specifically, 

the pharmacokinetic enzymatic reactions involved in the metabolism of pharmaceuticals 

and xenobiotics have traditionally been classified as phase I or phase II (Figure 2.5). 

Phase I reactions include oxidation, reduction and hydrolysis, which introduce or expose 
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a reactive functional group in the drug molecule, often in preparation for a subsequent 

phase II reaction.47,48 The pharmacogenetics of phase I metabolic reactions is exemplified 

by variants in cytochrome P450 (CYP) genes, which encode enzymes involved in 

oxidative metabolism. Extensive research regarding the pharmacogenetics of CYP genes 

has unveiled a variety of genetic variant-drug associations with clinical implications, an 

example of which is the CYP2C19*2- clopidogrel relationship.49,50 Phase II reactions are 

conjugation processes that result in the addition of a sulfate, glucuronide, glutathione, 

amino acid, acetyl or methyl group, resulting in a polar, negatively charged metabolite 

that can be excreted in the urine.48 These reactions require the availability of the specific 

enzyme, co-factor, and respective moiety to occur, thus genetic variants in these 

enzymes, co-factors, or moiety transporters could impart large pharmacogenetic effects; 

however, less is known about the pharmacogenetics of phase II metabolic reactions.47  

Sulfate is a key micronutrient involved in phase II drug metabolism via sulfate 

conjugation (sulfation), catalyzed by sulfotransferase enzymes that require the co-enzyme 

3’-phosphoadenosine-5’phosphosulfate (PAPS) as a sulfate donor (Figure 2.1).4,5 As a 

result, impaired sulfation capacity reduces xenobiotic clearance and alters the metabolic 

fate of xenobiotics and medications metabolized via sulfation.10,16 Such medications 

include albuterol, terbutaline, methyldopa, and of note, the widely-used, over-the-counter 

analgesic and antipyretic, acetaminophen.47 Genetic studies focused on the identification 

of sulfate-regulating variants and their pharmacogenetic role are warranted.  
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Figure 2.5. Phase I and II of xenobiotic metabolism.51 R represents a generic, 

unspecified chemical compound. 
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Acetaminophen Toxicity 

Acetaminophen toxicity is responsible for approximately 56,000 emergency room 

visits and 30,000 hospitalizations each year and is the leading cause of acute liver failure 

in the United States.52-54. Up to half of all acetaminophen overdoses are unintentional, 

largely related to opioid-acetaminophen combinations and attempts to achieve better 

symptom relief.53. Additionally, acetaminophen is found in more than 600 different over-

the-counter and prescription medications55, often unbeknownst to consumers.  

  Acetaminophen is metabolized in the liver via one of three pathways, 

glucuronidation, sulfation, and to a lesser extent, by the cytochrome P-450 system. 

Glucuronidation and sulfation convert acetaminophen into nontoxic metabolites, while 

the less common cytochrome P-450 pathway results in the formation of the hepatotoxic 

intermediate, N-acetyl-p-benzoquinone imine (NAPQI) (Figure 2.6).56 The maximum 

recommended therapeutic dose is 4 g/day in adults and 50-75 mg/kg/day in children, with 

a single dose greater than 7 g in an adult and 150 mg/kg in a child considered potentially 

toxic.57 There is great inter-individual variation in susceptibility to acetaminophen 

toxicity; acetaminophen-induced hepatotoxicity has been reported in adults at doses 

below 4 g/day58,59, a treatment regimen prescribed to approximately 6% of US adults.53 In 

the setting of acetaminophen overdose, glucuronidation typically remains unsaturated60; 

however, stores of sulfhydryl donors are depleted, limiting the nontoxic sulfation 

pathway and driving metabolism towards the creation of toxic NAPQI.56,60 The antidote 

for acetaminophen overdose is oral or intravenous N-acetylcysteine (NAC), which has 

been shown to reduce the extent of liver injury following acetaminophen overdose. NAC 

likely protects the liver through several mechanisms which include, 1) serving as a 
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sulfhydryl donor, promoting nontoxic metabolism via sulfation, 2) conjugating with 

NAPQI, creating a nontoxic metabolite, and 3) maintaining and/or restoring glutathione 

levels.56,61  

Despite acetaminophen’s wide-spread use and known toxicity profile, few 

pharmacogenetic variants that may underlie susceptibility to acetaminophen toxicity have 

been identified.57 Sulfation is a major pathway for acetaminophen metabolism in adults 

and the primary pathway in children until 10-12 years of age.62 Furthermore, 

acetaminophen decreases serum sulfate concentrations in normal adults due to its partial 

metabolism via sulfation.10 SLC13A1 appears to be an obvious pharmacogenetic 

candidate, as disruption of Slc13a1 in mice leads to hyposulfatemia and enhanced 

acetaminophen-induced hepatotoxicity resulting from decreased sulfation capacity to 

metabolize acetaminophen.28 These findings underscore the essential role of sulfate in the 

detoxification of acetaminophen and other xenobiotics metabolized through sulfation, 

warranting pharmacogenetic studies of acetaminophen toxicity in individuals with loss-

of-function variants in SLC13A1 and/or other genetic variants associated with decreased 

serum sulfate. 
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Figure 2.6. Acetaminophen metabolism.63 Abbreviations: G6P, gluose-6-phosphate; 

G1P, glucose-1-phosphate; UDPG, uridine diphosphate glucose; UDPGA, uridine 

diphosphate glucuronic acid; UDP, uridine diphosphate; PAPS, 3’-phosphoadenosine-5’-

phosphosulfate; CYP2E, cytochrome P-450 family 2, subfamily E; NAPQI, N-acetyl-p-

benzoquinone imine. 
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Autism Spectrum Disorder and Sulfate 

ASD is a heterogeneous, neurodevelopmental disorder that affects approximately 

1 in 68 children in the United States, occurring in all racial, ethnic and socioeconomic 

groups, with males affected almost five-times more often than females.64 ASD is a 

permanent condition that begins before the age of 3 with the vast majority of affected 

children exhibiting signs before 24 months of age.65 ASD is defined by diagnostic criteria 

in The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)66 

that include deficits in social communication and social interaction, and restricted, 

repetitive patterns of behavior, interests, or activities (Figure 2.7). The DSM-5 defines 

ASD in terms of two categories: “persistent impairment in reciprocal social 

communication and social interaction” with or without “restricted, repetitive patterns in 

behavior,” both present from early childhood, and requires specifying presence or 

absence of accompanying intellectual disability, language impairment, or associated 

medical or genetic condidtion.66,67 The term “spectrum” in ASD refers to the wide range 

of symptoms and severity amongst individuals diagnosed with ASD (Figure 2.8), which 

now includes several conditions that were previously diagnosed separately (i.e. autistic 

disorder/Kanner’s syndrome, pervasive developmental disorder not otherwise specified 

(PDD-NOS), and Asperger syndrome).67 While the etiology of ASD remains poorly 

understood, the heritability of ASD is estimated to be 50%,68 suggesting that both genetic 

and environmental risk factors contribute significantly to the development of ASD.  

Many of the risk factors associated with ASD have yet to be identified; however, 

previous studies suggest that sulfate deficiency may be an important environmental risk 

factor. In fact, such investigations have shown that blood sulfate concentration is reduced 
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in 92% of children with ASD compared to age-matched controls (0.55 vs. 4.9 nmol/mg 

protein, respectively).20,21 Sulfate is an essential micronutrient integral in the 

biotransformation of multiple compounds including steroids, proteoglycans, medications, 

and other xenobiotics (Figure 2.9).1-3,6 The ratio of sulfated to non-sulfated molecules 

plays a significant role in many of the molecular events that regulate growth and 

development,13 thus decreased blood sulfate levels, resulting in a sulfate metabolic 

disorder, may explain a portion of the underlying mechanism and etiology of ASD.  

Fetal and placental tissues are reliant on maternal sulfate for numerous 

physiological roles.1,7,69 The importance of sulfate during embryonic and fetal 

development is demonstrated by the approximate 2-fold increase in maternal blood 

sulfate concentration during pregnancy to meet the gestational needs of the growing 

fetus.1,7,10,13,40,69,70 This is significant since the plasma concentration of most ions 

decreases slightly during pregnancy due to hemodilution.1,71 Studies suggest that brain 

abnormalities seen in children with ASD develop in utero72-74 and that maternal 

acetaminophen use during pregnancy, which reduces serum sulfate levels,10 increases the 

risk of offspring behavioral disorders.75 Sulfate transporters are expressed in mammalian 

brain tissue, with the highest expression found in cerebellum and hippocampus,76,77 

regions previously implicated in the pathogenesis of autism.78,79 As an integral 

component of the extracellular matrix and deactivator of several neurotransmitters 

including serotonin, dopamine, DHEA, and pregnenolone, sulfate likely plays a key role 

in brain development and neurophysiology.80 Additionally, heparan sulfate proteoglycans 

(HSPGs), one of the many types of sulfated proteoglycans (proteoglycans containing one 

or more sulfated GAGs), have been extensively studied for their role in extracellular 
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signaling and have shown to be essential for neurite outgrowth, neuronal connectivity, 

neurogenesis, axon guidance, and synaptogenesis.81,82 Furthermore, sulfate’s role in the 

inactivation of steroid hormones may help explain the findings by Baron-Cohen et al. 

who observed elevated fetal steroidogenic activity in males later diagnosed with ASD.83  

Interestingly, SLC13A1 resides in the Autism Susceptibility Locus 1 (AUTS1) on 

chromosome 7q in humans.84 Loss-of-function variants in SLC13A1 have been shown to 

cause an increased fractional excretion index (FEI) of sulfate in humans,29 while dogs and 

sheep with naturally-occurring, homozygous mutations in Slc13a1 exhibit 

hyposulfatemia and a form of osteochondrodysplasia characterized by dwarfism and 

angular deformities of the forelimbs.32,33 The lack of SLC13A1 expression in bone or 

cartilage indicates that the osteochondrodysplasia caused by homozygous loss-of-

function mutations in SLC13A1 is the result of a sulfate metabolic disorder, likely 

impacting other systems and resulting in additional phenotypes that have not yet been 

described.33 These animal phenotypes may be analogous to the minor physical 

malformations and anomalies seen in children with ASD which include small feet, large 

hands, reduced interpupillary distance and posterior rotation of the external ears.85 

Behavioral abnormalities in these naturally-occurring animal knock-outs have not been 

reported on. However, the Slc13a1 knockout mouse model exhibits hyposulfatemia along 

with seizures, behavioral abnormalities, fetal loss, altered steroid and lipid profiles, 

impaired gastrointestinal function and increased susceptibility to acetaminophen-induced 

hepatotoxicity.28,34-40 The importance of sulfate during development and the observed 

abnormalities witnessed in hyposulfatemic, NaS1-null animals warrant additional studies 

to better understand the importance of sulfate in human physiology and development. 



31 

 

 

Figure 2.7. Autism spectrum disorders are defined by social, communication, and 

behavioral impairments and are associated with a range of symptoms.86  

  



32 

 

 

Figure 2.8. Autism spectrum severity wedge. Modified from Rosenn.87 The signs and 

symptoms associated with ASD can present in various combinations and in varying 

degrees of severity. Individuals with severe ASD have less variability in their 

presentation than do individuals with moderate or light ASD. The presentation of 

individuals with moderate or light ASD can have an extremely variable presentation. 

Additional abbreviations: Kanner’s, Kanner’s syndrome; HFA, high-functioning 

Asperger; AS, Asperger syndrome. (Note: These subcategories of autistic disorder, 

present in earlier editions of the DSM, have been eliminated from the DSM-5, as ASD 

now includes all of these subcategories.) 
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Figure 2.9. Fetal and placental tissues rely on sulfate supply from maternal stores 

for numerous physiological roles.13  
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Autism Spectrum Disorder in the Old Order Amish 

The prevalence of ASD in the Old Order Amish (Amish) community is unknown. 

Anecdotal and unscientific reporting from 2005 suggested that the prevalence of ASD in 

the Amish community is significantly lower than that of the general population, a 

phenomena referred to as the “Amish anomaly”.88 Initial reporters of the Amish anomaly 

immediately accepted the anecdotes as truth and presented them as evidence to support 

the claim that childhood vaccines cause ASD, purporting that the Amish do not vaccinate 

their children. Since then, reports have surfaced to refute the claims that the Amish do not 

vaccinate89,90 and that the Amish are “immune” to ASD.91,92 No scientific study has 

confirmed or refuted the claim of low ASD prevalence in the Amish community. Indeed 

our colleagues at the Clinic for Special Children confirm that ASD is not uncommon in 

the Amish and Mennonite brethren.93 

 

Behavioral and Neurological Effects of Acetaminophen Use in Pregnant Women and 

Children  

Acetaminophen is one of the most commonly used antipyretic and analgesic 

medications worldwide, particularly in children and pregnant women.94,95 In 1980, 

evidence immerged supporting an association between salicylates and Rye syndrome, a 

severe childhood disorder affecting the liver and brain.96 Warnings were issued, and as a 

result, acetaminophen essentially replaced aspirin as the primary medication for fever and 

pain in children and pregnant women.94,95,97 Due to late development of the glucuronide 

detoxification pathway, sulfation is the primary pathway for acetaminophen metabolism 

until age 10-12,62 suggesting that children, especially those with hyposulfatemia, may be 
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more susceptible to acetaminophen toxicity. In adults, sulfation remains a major pathway 

for acetaminophen metabolism, resulting in the lowering of serum sulfate upon 

acetaminophen administration.10 Alberti et al. reported a sulfation deficit in children with 

ASD, causing them to form less acetaminophen-sulfate compared to control children.16 

Defects in acetaminophen sulfation implies aberrant inactivation of neurotransmitter 

amines, also metabolized via sulfation, which can be toxic to the central nervous system 

and exacerbate autistic behavior.16,98-100  

Today, acetaminophen is routinely given to males at circumcision, yet prior to the 

1990’s, male circumcision was largely performed without pain medication.97 In 1994, a 

study demonstrated that regularly administered, post-operative paracetamol decreased 

infants’ responses to pain,101 leading to the development of circumcision pain 

management guidelines by the American Academy of Pediatrics.102 Country-level 

circumcision rates correlate with ASD rates post-, but not pre-1995, once circumcision 

guidelines began recommending analgesics such as acetaminophen.97 Acetaminophen is 

also routinely given to all children to prevent or treat reaction to the measles-mumps-

rubella (MMR) vaccine. The odds of developing ASD when acetaminophen is used after 

the MMR vaccine are significantly higher compared to the odds of developing ASD 

when ibuprofen or no-drug is used.103 During pregnancy, acetaminophen likely decreases 

blood sulfate levels as it does in normal adults,10 potentially resulting in unmet 

gestational needs and oxidative stress to the fetus. Country-level prenatal acetaminophen 

usage correlates with ASD rates,97 while a recent study demonstrated that maternal 

acetaminophen use during pregnancy increases the risk of offspring behavioral disorders 

in a dose dependent manner.75 Taken together, mechanistic evidence linking a sulfate-
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depleting drug (i.e. acetaminophen) with behavioral and neurological effects suggest the 

need for studies aimed at understanding the consequences of maternal, embryonic, fetal 

and pediatric sulfate depletion through comprehensive examination of humans with 

SLC13A1 loss-of-function variants, or other genetic variants associated with decreased 

serum sulfate, as well as embryonic development in animal models. 

 

Sulfation of Glycosaminoglycans and Glycoproteins 

 Glycosaminoglycans (GAGs), also known as mucopolysaccharides, are 

unbranched polysaccharides consisting of repeating disaccharide units composed of an 

amino sugar (N-acetylated or N-sulfated hexosamine) and either a uronic acid (glucuronic 

acid or iduronic acid) or galactose.104  Sulfated GAGs include chondroitin sulfate, 

dermatan sulfate, keratin sulfate, and heparan sulfate. Proteoglycans consist of a core 

protein and one or more covalently linked glycosaminoglycan chain. Nearly all 

mammalian cells produce proteoglycans, which are then secreted into the extracellular 

matrix (ECM), inserted into the plasma membrane, or stored in secretory granules.104 

Sulfated proteoglycans (proteoglycans containing one or more sulfated GAGs) are a 

critical component of extracellular matrices in cells throughout the body, specifically in 

connective tissues.105 Sulfated proteoglycans and mucins also are key components of the 

mucous barrier in the respiratory, gastrointestinal, and reproductive tracts, where they 

protect the underlying mucosa as well as regulate numerous biological processes.106 

Sulfate, PAPS, and sulfotransferases are necessary for the synthesis of sulfated GAGs 

and proteoglycans, whiles sulfatases are necessary for sulfate hydrolysis.16  
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Mutations in multiple genes involved in maintaining the physiological ratio of 

sulfated to non-sulfated molecules have been linked to syndromes in humans with 

phenotypes consistent with ECM abnormalities, particularly in connective tissues, and/or 

abnormal storage of GAGs. (Table 2.2)13 Specifically, sulfate’s role in skeletal growth 

and development is exemplified by the various abnormal bone and cartilage phenotypes 

exhibited by humans with mutations in such genes. Interestingly, an Old Order Amish 

individual with diastrophic dysplasia was recently found to have a homozygous, loss-of-

function mutation in SLC26A1 discovered through exome-sequencing.107,108  Dogs and 

sheep with osteochondrodysplasia caused by homozygous loss-of-function mutations in 

Slc13a1 further exemplify this point.32,33 Outside of monogenic disorders of sulfate 

homeostasis, glucosamine sulfate is a supplement widely used to treat symptoms of 

osteoarthritis. Glucosamine sulfate’s mechanism of action was thought to be through 

increased glucosamine concentrations in the joint space, leading to stimulation of 

articular cartilage glycosaminoglycan synthesis; however, this is not plausible as even 

large doses of glucosamine sulfate have no effect on serum glucosamine levels.109,110 

Work by Hoffer et. al has shown that oral glucosamine sulfate increases serum sulfate 

concentrations in humans, an effect reversed by concurrent injection of acetaminophen, 

and thus is more likely than glucosamine to mediate the therapeutic effects of 

glucosamine sulfate therapy in osteoarthritis.111 

Loss of sulfated GAGs and reduced intestinal sulfomucin levels are seen in 

human gastrointestinal diseases, such as colon cancer, Crohn’s disease, and ulcerative 

coilitis.112-114 In addition, sulfated GAGs have been shown to be reduced in the colonic 

epithelium and basement membrane of children with autism,115 consistent with the 
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various gastrointestinal symptoms associated with autism, including intestinal 

permeability.116,117 Sulfate’s essential role in maintaining a normal intestinal metabolic 

state is demonstrated by the reduced intestinal sulfomucin content, enhanced 

susceptibility to toxin-induced colitis, and impaired intestinal barrier function to bacteria 

seen in hyposulfatemic, Slc13a1-knockout mice.34 Impaired intestinal barrier function 

may increase susceptibility to bacterial growth20 while abnormally high levels of sulfate 

in the gut, due to poor sulfate absorption, may favor overgrowth of sulfate-utilizing or 

sulfate-reducing bacteria.  
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Genetics of Founder Populations: The Old Order Amish  

Genetic drift is an evolutionary phenomenon in which the allele frequencies 

within a population are altered due to a random sampling of alleles.118 Genetic drift can 

occur slowly over time, or more rapidly due to population bottlenecks, which include 

natural disasters, disease outbreaks, chance events, and founder effect. A founder effect 

results when a relatively small number of individuals, that are not genetically 

representative of the population from which they originated, separate and form a new and 

distinct population. Founder populations are particularly sensitive to genetic drift. 

Because initial founder populations are often small and somewhat isolated, they exhibit 

increased rates of inbreeding and decreased immigration and gene flow.119 Without gene 

flow, inbreeding coefficients will increase over time leading to a loss of genetic diversity 

in the resulting population.119  

While rare variants with large effect sizes are believed to significantly impact 

human health, it has been difficult to identify these variants in outbred populations using 

traditional genetic approaches (Figure 2.10). This is likely the result of many different, 

rare, causal variants and only one or a few carriers of a given variant in a study (i.e. few 

carriers of many variants). Founder populations, while less genetically diverse, are more 

likely to have many individuals who share the same ancestral variant (i.e. many carriers 

of few variants), making them advantageous for this type of disease research. 

The Old Order Amish (Amish) of Lancaster County, PA are a founder population 

of approximately 30,000 individuals, virtually all of whom are descendants of a small 

number of immigrants who traveled from Switzerland to Pennsylvania during the 18th 

century.120 Over time, endogamy paired with conservative traditions and beliefs has 
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resulted in a unique, genetically homogenous, closed, founder population consisting of 

individuals who practice relatively similar lifestyles. These characteristics minimize 

potential confounding variables amongst participants and make the Amish an ideal 

population for genetic studies.  

Dr. Alan Shuldiner has been studying the genetic determinants of complex 

diseases and their risk factors in the Amish population of Lancaster County, PA since 

1993. The Amish Research Clinic (ARC) in Lancaster, PA, has served the Amish 

community continuously since 1995. To date, approximately 6,500 Amish adults have 

been screened for a variety of risk factors related to cardiovascular disease121, diabetes122, 

and osteoporosis.123 Participants of these studies have generally included relatively 

healthy volunteers and their family members. Due to the availability of extensive 

genealogical records,124 we are able to link virtually all of these participants into a single, 

14-generation pedigree.  

This collaboration between the Amish community and the University of Maryland 

School of Medicine allows our multidisciplinary research team to identify 

pharmacogenetic and complex disease variants through the use of state-of-the-art 

molecular genetics, statistical, and epidemiological methods, including candidate gene 

and genome wide approaches. Owning to the unique characteristics of this genetically 

homogenous founder population, investigations conducted at the ARC have unveiled 

several seminal discoveries including identification of the first human null mutations in 

APOC3125 and LIPE126, as well as CYP2C19 loss-of-function variants as major 

determinants of clopidogrel response49. 
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Figure 2.10. Relation of risk allele frequencies, effect sizes (odds ratios) and 

feasibility of identifying risk variants by common genetic tests.127 Generally, linkage 

studies are better in identifying low-frequency alleles with larger effect sizes, whereas 

association studies are more effective in identifying common variants with small to 

moderate effects. Abbreviations: MAF, minor allele frequency. 
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Significance and Rationale  

Using a genotype-to-phenotype approach to glean insights into human biology, 

we systematically identified nonsense single nucleotide variants (SNVs) that are rare in 

the general population but enriched in the Amish population. Filters and bioinformatics 

tools were applied to Illumina Human Exome BeadChip data obtained from 1,725 Amish 

subjects. Through genetic drift, two nonsense SNVs in SLC13A1 (rs28364172, c.34G>A, 

p.R12X and rs138275989, c.144C>T, p.W48X) were discovered to be enriched in this 

Amish cohort compared to outbred populations (1.9-fold (0.43% vs. 0.23%) and 4.4-fold 

(0.87% vs. 0.20%), respectively, compared to Exome Sequencing Project European 

American (ESP-EA) allele frequencies). In addition, two missense SNVs (rs2140516, 

c.521T>C, p.N174S and rs139376972, c.877G>A, p.R237C) in SLC13A1 were also 

found to be enriched 1.2-fold (39% vs. 32%) and 10.7-fold (1.7% vs. 0.16%), 

respectively, compared to ESP-EA allele frequencies. SLC13A1 encodes the apical 

membrane, sodium-sulfate cotransporter, NaS1 (Figure 2.3 and 2.4). An in-depth 

literature review of SLC13A1, NaS1, and sulfate aided in the development of my central 

scientific question: What are the genetic determinants of serum sulfate and what clinical 

impact do they have on human health? The work put forth in this dissertation aimed to: 

1) Estimate serum sulfate heritability and identify genetic contributors of serum 

sulfate using a) an SLC13A1 candidate-gene approach, and b) an exome-wide and 

genome-wide association study (ExWAS/GWAS) approach. 

2) Assess whether quantitative, clinical phenotypes are associated with altered 

serum sulfate concentration and/or sulfate-altering genetic variants in a hypothesis-driven 

manner using a) retrospectively-collected clinical phenotype data from previous studies 
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conducted at the University of Maryland Amish Research Clinic, and b) prospectively-

collected clinical phenotype data obtained from quantitative assays on stored serum 

samples from Amish research participants. 

3) Create an slc13a1-knockdown zebrafish model and evaluate the role of slc13a1 

and sulfate in embryonic development under sulfate deficient, neutral and supplemented 

environmental conditions. 

This innovative approach, made possible by the availability of serum samples and 

clinical phenotype data on approximately 6,500 Amish individuals amassed over the 

years by Dr. Shuldiner’s group, highlights the utility of founder populations for novel 

gene discovery and a deeper understanding of human physiology.  
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Innovation 

The proposed study is a novel examination of humans with SLC13A1 loss-of-

function variants, as well as individuals with other sulfate-altering variants, in order to 

evaluate the impact of these variants on human physiology and disease. We are the first 

to estimate the heritability of serum sulfate and the first to perform an ExWAS and a 

GWAS of serum sulfate. The development of an slc13a1-knockdown zebrafish model for 

in vivo embryonic characterization is also novel and will provide important insights into 

the role of this sulfate transporter in early development. We have a unique opportunity to 

study the biological significance of SLC13A1, NaS1, and sulfate through the utilization of 

deep phenotyping efforts in humans and the zebrafish model. In addition, this work may 

serve as a proof-of-concept regarding the genotype-to-phenotype approach utilized for 

discovery of clinically relevant genetic variants and novel biology within a genetically 

isolated population that are relevant to the population at large. Results from these studies 

will better define the genetic determinants of circulating sulfate levels and may identify 

novel disease and pharmacogenetic risk factors which could potentially inform new 

biology and guide prevention and treatment strategies for disease and adverse drug 

effects in susceptible individuals 
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Chapter 3: From Genotype to Phenotype: Nonsense Variants in 

SLC13A1 are Associated with Decreased Serum Sulfate and Increased 

Serum Aminotransferases  

 

Abstract1 

Using genomic applications to glean insights into human biology, we 

systematically searched for nonsense, single nucleotide variants (SNVs) that are rare in 

the general population but enriched in the Old Order Amish (Amish) due to founder 

effect. We identified two non-linked, nonsense SNVs (R12X and W48X) in SLC13A1 

(allele frequencies 0.29% and 0.74% in the Amish; enriched 1.2-fold and 3.7-fold, 

compared to the outbred Caucasian population, respectively). SLC13A1 encodes the 

apical, sodium-sulfate cotransporter (NaS1) responsible for sulfate (re)absorption in the 

kidneys and intestine. Both SLC13A1 R12X and W48X were independently associated 

with a 27.6% (P=2.7x10-8) and 27.3% (P=6.9x10-14) decrease in serum sulfate, 

respectively (P=8.8x10-20 for carriers of either SLC13A1 nonsense SNV). We further 

performed the first exome- and genome-wide association study (ExWAS/GWAS) of 

serum sulfate and identified a missense variant (L348P) in SLC26A1, which encodes the 

basolateral sulfate-anion transporter (Sat1), that was associated with decreased serum 

sulfate (P=4.4x10-12). Consistent with sulfate’s role in xenobiotic detoxification and 
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protection against acetaminophen-induced hepatotoxicity, SLC13A1 nonsense SNV 

carriers had higher aminotransferase levels compared to non-carriers. Furthermore, 

SLC26A1 L348P was associated with lower whole-body bone mineral density (BMD) 

and higher serum calcium, consistent with the osteochondrodysplasia exhibited by dogs 

and sheep with naturally-occurring, homozygous, loss-of-function mutations in Slc13a1, 

and the nephrocalcinosis and increased calcium oxalate kidney stone formation in 

Slc26a1-knockout mice. This study demonstrates the power and translational potential of 

systematic identification and characterization of rare nonsense variants in founder 

populations, and warrants additional studies to better understand the importance of sulfate 

in human physiology, disease, and drug toxicity.  
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Introduction 

Population isolates have been critical in elucidating the genetic basis of both 

classical Mendelian and complex diseases. While many loss-of-function variants 

associated with disease are rare in the general population, genetic drift in founder 

populations like the Old Order Amish (Amish) increases the probability that many 

individuals will share the same rare, disease-causing variant. Recent advances in genome-

wide genotyping and sequencing technologies have made possible the systematic 

identification of these variants and their subsequent investigation.   

In this study, we systematically interrogated nonsense single nucleotide variants 

(SNVs) from the Illumina Human Exome BeadChip for minor allele frequency (MAF) 

enrichment in the Amish compared to outbred, European-derived populations. Using this 

approach, we observed an enrichment of two nonsense SNVs (c.34G>A, p.R12X and 

c.144C>T, p.W48X) in SLC13A1, which encodes an apical membrane, sodium-sulfate 

cotransporter (NaS1) responsible for sulfate (re)absorption in the intestines and kidneys. 

Inorganic sulfate (SO4
2-) is an important micronutrient vital for numerous cellular 

and metabolic processes in human development and physiology.1-3 Sulfate is critical in 

the biotransformation of multiple compounds via sulfotransferase-mediated sulfate 

conjugation (sulfation).4 These compounds include hormones, neurotransmitters, 

proteoglycans and xenobiotics during phase II metabolism.1,3,5-7 Impaired sulfation 

capacity substantially alters the metabolism and activities of these compounds and has 

been implicated in several human pathologies including reduced xenobiotic clearance, 

skeletal dysplasia, premature pubarche, autism spectrum disorder (ASD), and 

neurological disease.2,8-13 Despite the importance of sulfate in these physiological 
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processes, little is known regarding sulfate homeostasis in humans nor is it routinely 

measured in clinical settings.  

Given the potential importance of sulfate in the development of several disorders, 

we comprehensively characterized serum sulfate in 977 Amish individuals in order to 1) 

determine the heritability of serum sulfate, 2) examine the relationship between SLC13A1 

SNVs and serum sulfate, 3) identify additional novel genetic contributors through 

completion of the first exome-wide association study (ExWAS) and genome-wide 

association study (GWAS) of serum sulfate, and 4) investigate associations between 

sulfate-altering genotypes and relevant, clinical phenotypes including aminotransferase 

levels, bone mineral density (BMD), and serum calcium. 
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Materials and Methods 

Study Population 

 This report is based on the Amish community living in Lancaster County, PA, 

whom our research group has been studying since 1993. This community was founded by 

several hundreds of individuals who immigrated to Lancaster County, PA from central 

Europe during the early 18th century, with the present day Lancaster County Amish 

community comprised of their descendants.14 Cultural and religious beliefs have 

maintained the Amish as distinct from the general population. Due to the availability of 

extensive genealogical records,15 virtually all present-day Amish can be linked into a 

single, 14-generation pedigree. To date, we have screened approximately 6,500 Amish 

adults for a variety of risk factors related to cardiovascular disease,16 diabetes,17 and 

osteoporosis18 as part of the Amish Complex Disease Research Program (ACDRP).  

Subjects included in this report are members of the Amish community in 

Lancaster County, PA who were at least 18 years old and have previously participated in 

one or more Institutional Review Board (IRB)-approved studies conducted at the 

University of Maryland School of Medicine Amish Research Clinic (ARC). Written 

informed consent was obtained from each participant.  

 

Genotyping 

Exome-wide genotyping, including four SLC13A1 SNVs, R12X (rs28364172), 

W48X (rs138275989), N174S (rs2140516) and R237C (rs139376972), was performed on 

1,725 Amish subjects using the Illumina Human Exome BeadChip (Illumina Inc., San 

Diego, California). Genotyping was performed according to the manufacturer’s 



68 

 

instructions and genotypes were assigned using Illumina GenomeStudio software 

(Illumina Inc., San Diego, California).  

Genotyping of SLC13A1 nonsense SNVs, R12X and W48X was performed using 

TaqMan® SNP genotyping assays (Life Technologies, Foster City, California) in 

subsequent follow-up investigations. In total, SLC13A1 R12X and W48X genotypes were 

available in 3,924 and 3,782 unique individuals, respectively. For both SNPs, the 

TaqMan genotype concordance was greater than 99.8% in a subset of duplicate samples, 

and for subjects genotyped using the Illumina Human Exome BeadChip and TaqMan® 

SNP genotyping assays, genotype concordance between platforms was 100% for both 

SLC13A1 R12X and W48X.  

For 917 of the 977 subjects for which serum sulfate was measured, genome-wide 

genotyping was performed using the Affymetrix GeneChip Human Mapping 500K or 1M 

(version 6.0) arrays according to the manufacturer's instructions (Affymetrix Inc., Santa 

Clara, California). Genotype calls were performed using BRLMM (500K array) or 

Birdseed version 2 (1 M array). SNVs present on both arrays with a minor allele 

frequency greater than 1% were included in the analyses.  

 

Serum Sulfate Measurements 

All known Amish carriers of the rare SLC13A1 SNVs, R12X, W48X and R237C, 

for whom fasting, serum aliquots were available, were selected for sulfate measurement. 

Such subjects consisted of participants from the Amish Pharmacogenomics of Anti-

Platelet Intervention (PAPI) Study,19,20 the Amish Heredity and Phenotype Intervention 

(HAPI) Heart Study,16 the Amish Family Calcification Study (AFCS),21 the Amish 
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Family Longevity Study (AFLS),22,23 and the Amish Wellness Study (AWS). All other 

subjects consisted of randomly selected participants of the Amish PAPI19,20 or HAPI 

Heart16 Studies for whom fasting, serum aliquots were available.  

Sulfate measurements were completed on frozen, fasting serum aliquots stored at 

-80◦C. Sulfate concentration was determined by turbidimetry according to Dodgson & 

Price24 using a Quantichrom™ Sulfate Assay Kit (BioAssay Systems, Hayward, CA). In 

order to improve accuracy, a quadratic least squares fit was used instead of a linear fit to 

generate the standard curve.25 All standards and samples were measured in duplicate. For 

each sample, sulfate concentration was calculated as the mean of the duplicate 

measurements. Samples with an absolute difference greater than 20% were considered 

discordant duplicate measurements and were not included in the analysis. Of the 1,003 

samples in which serum sulfate was measured, 26 subjects’ samples were excluded due to 

discordant duplicate measurements, resulting in valid sulfate concentration measurements 

for 977 subjects’ samples.  

 

Serum Alanine Aminotransferase (ALT), Aspartate Aminotransferase (AST), 

Calcium, and Albumin Measurements 

Serum ALT, AST, calcium, and albumin measurements were collected as part of 

the Amish PAPI19,20 and Amish Family Longevity22,23 Studies and completed on fresh, 

fasting serum aliquots by Quest Diagnostics (Horsham, Pennsylvania) at the time of 

subject enrollment.  

 

Bone Mineral Density (BMD) Measurements 
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 BMD was measured as part of the Amish PAPI Study19,20 by dual-energy x-ray 

absorptiometry at the proximal femur, lumbar spine, one-third radius, and whole-body 

using a Hologic 4500W (Hologic). Daily phantom measurements were obtained to detect 

measurement shifts over time. Coefficients of variation for the repeat measures of the 

sites in normal volunteers were between 1.5% and 0.8%. 

 

Statistical analysis 

Association analyses between genotypes and serum sulfate, and other phenotypic 

measures were conducted using a regression-based method that models variation of the 

trait of interest as a function of measured covariates, measured genotypes and a polygenic 

component that accounts for phenotypic correlation due to relatedness. This method was 

implemented using the Mixed Models Analysis for Pedigrees and Populations (MMAP) 

program.26 For each association analysis performed, individuals with a missing covariate, 

genotype and/or trait of interest were excluded from the analysis. All analyses of serum 

sulfate included gender, study, and study-age as covariates. All analyses of clinical 

phenotypes included age and gender as covariates. All analyses of clinical phenotypes 

obtained in Amish PAPI Study19,20 participants containing serum sulfate as a covariate 

were limited to subjects for whom serum sulfate was measured using a serum aliquot 

collected at the time of participation in that study.  
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Results 

SLC13A1 Variants are Enriched in the Amish 

In this Amish cohort (n=1,725), 43,459 of the >240,000 markers on the Illumina 

Human Exome BeadChip were polymorphic, 311 of which were nonsense SNVs. For 91 

of the 311 nonsense SNVs, the MAF was greater in this Amish cohort compared to the 

MAF in the Total European Ancestry population from 1000 Genomes (1000g-EUR) and 

the MAF in the European American population from the National Heart, Lung, and 

Blood Institute (NHLBI) Exome Sequencing Project (ESP) (ESP-EA). With an intent to 

unveil new biology, we filtered out variants in genes with an associated Online 

Mendelian Inheritance in Man (OMIM®)27 phenotype, leaving us with 78 nonsense 

SNVs. Two nonsense SNVs (c.34G>A, p.R12X and c.144C>T, p.W48X) in SLC13A1 

(Figure 3.1) were enriched 1.9-fold (0.43% vs. 0.23%) and 4.4-fold (0.87% vs. 0.20%), 

respectively, compared to ESP-EA allele frequencies. In addition, two missense SNVs 

(c.521T>C, p.N174S and c.877G>A, p.R237C) in SLC13A1 were also present on the 

Illumina Exome BeadChip and enriched 1.2-fold (39% vs. 32%) and 10.7-fold (1.7% vs. 

0.16%), respectively, compared to ESP-EA allele frequencies (Table 3.1).  

Upon further genotyping of SLC13A1 R12X and W48X in additional Amish 

subjects (nR12X=3,924; nW48X=3,782), the allele frequencies were enriched 1.2-fold 

(0.29% vs. 0.023) and 3.7-fold (0.74% vs. 0.20%), respectively (Table 3.1). Amongst all 

subjects genotyped for SLC13A1 R12X and W48X, no R12X homozygotes, W48X 

homozygotes, or R12X/W48X compound heterozygotes were observed. All four 

SLC13A1 SNVs conformed to Hardy-Weinberg expectations (Table 3.1). None of the 
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four SNVs were in significant linkage disequilibrium (LD) with one another with the 

exception of N174S and R237C (r2=0.02 and |D’|=1.00, LOD≥2) (Figure 3.2). 
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Figure 3.1. Sulfate transporters in the renal and small intestinal epithelial cell. 

Modified from Markovich.32 
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Table 3.1. SNV characteristics in relevant cohorts. Abbreviations: 1000g(EUR), Total 

European Ancestry population from 1000 Genomes; ESP(EA), European American 

population from the National Heart, Lung, and Blood Institute (NHLBI) Exome 

Sequencing Project (ESP); Freq., frequency; HWE, Hardy-Weinberg Equilibrium. 
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Figure 3.2. Linkage disequilibrium (LD) plots depicting r2 and D’ amongst SLC13A1 

SNVs within the entire Amish cohort (n=1,725).  The LD plots were created using 

Haploview. The numbers in the squares on the LD plots are the r2 and D’ values (only the 

decimals are shown) - r2 and D’ values of 1 are not listed. The color code on the r2 plot 

follow the r2 color scheme for Haploview: white=(r2=0), shades of grey=(0<r2<1), 

black=(r2=1). The color code on the D’ plot follow the standard color scheme for 

Haploview: white=(|D′|<1, LOD<2), shades of pink/red=(|D′|<1, LOD≥2), blue=(|D′|=1, 

LOD<2), bright red=(|D′|=1, LOD≥ 2). Each SNV is labeled with gene name, amino acid 

change and position, and the reference sequence id (rs-number). The distance between 

each SNV is indicated on the white bar above.  
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SLC13A1 Variants are Associated with Serum Sulfate Levels 

Given the role of SLC13A1 in sulfate (re)absorption, we measured sulfate levels 

in 977 individuals. Amish research subjects selected for sulfate measurement consisted of 

481 males (49.2%) and 496 females (50.8%), with a mean age of 46.0 ± 14.4 years, and a 

mean BMI of 27.1 ± 4.8 kg/m2 (Table 3.2). Serum sulfate was normally distributed in this 

population with an unadjusted mean of 0.36 mM (Figure 3.3). Analysis excluding 

genotype revealed that serum sulfate was associated with increasing age (β=0.0007, 

P=4.9x10-6), but not with gender (β=-0.0049, P=0.36). The total variance in serum 

sulfate explained by age, gender, and study was 13% (Table 3.3a). The residual 

heritability of serum sulfate after adjustment for age, gender, and study was 0.40 

(P=1.8x10-16). 

In our primary model, we assessed associations between each of the four 

SLC13A1 SNVs and serum sulfate, independently (Table 3.3a-b). Specifically, we 

observed strong associations between R12X and W48X, and lower serum sulfate. 

SLC13A1 R12X was associated with a 26.7% lower serum sulfate (β=-0.10 mM, 

P=2.9x10-7) (Figure 3.4) and SLC13A1 W48X was associated with a 26.5% lower serum 

sulfate (β=-0.10 mM, P=1.3x10-12) (Figure 3.5). We evaluated the influence of N174S 

and R237C on serum sulfate levels in 900 of these individuals. In contrast to R12X and 

W48X, N174S was associated with a 3% higher serum sulfate per allele (β=0.01 mM, 

P=1.6x10-4) (Figure 3.6a). No association was observed between R237C and serum 

sulfate (P=0.15) (Figure 3.6b). The estimated heritability after adjustment for each of 

these genotypes, along with the additive and total variance explained by each variant is 

shown in Table 3.3. 
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While LD data suggested the SLC13A1 R12X and W48X variants are not 

correlated with each other, we performed conditional association analyses to evaluate 

whether these variants represent independent association signals (Table 3.3a). Indeed, 

both R12X and W48X were independently associated with a 27.6% (β=-0.10 mM, 

P=2.7x10-8) and 27.3% (β=-0.10 mM, P=6.9x10-14) decrease in serum sulfate, 

respectively (Figure 3.6c). SLC13A1 R12X and W48X together, explained approximately 

31% of the additive variance and 9% of the total variance in serum sulfate. The increased 

significance of these two SNVs, along with the increase in additive and total variance 

explained, compared to our primary models, is consistent with these two loci being 

independent genetic determinants of serum sulfate.  

Finally, we assessed the association between SLC13A1 nonsense carriers and 

serum sulfate by including carrier status of an SLC13A1 nonsense SNV (R12X or W48X) 

as a covariate (Table 3.3a). We observed a 27% decrease in serum sulfate amongst 

SLC13A1 nonsense SNV carriers compared to subjects who do not carry R12X or W48X 

(β=-0.10 mM, P=8.8x10-20) (Figure 3.6c). The estimated residual heritability after 

adjustment for SLC13A1 nonsense SNV carrier status was 0.28 with carrier status of an 

SLC13A1 nonsense SNV explaining 31% of the additive variance and 9% of the total 

variance in serum sulfate.  
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Table 3.2. Characteristics of Old Order Amish research participants by cohort. 
Abbreviations: SD, standard deviation; BMI, body mass index; PAPI, 

Pharmacogenomics of Anti-Platelet Intervention; AFLS, Amish Family Longevity 

Study. 

 

Characteristic 

(Units) 

Sulfate  

Cohort 

PAPI  

Cohort 

AFLS 

Cohort 

Number (n) 977 684 264 

Male (%) 49.2 49.8 47.3 

Age ± SD (years) 46.0 ± 14.4 45.0 ± 13.4 65.5 ± 10.4 

BMI ± SD (kg/m2) 27.1 ± 4.8 27.1 ± 4.7 27.9 ± 5.2 
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Table 3.3a. Associations between serum sulfate and SLC13A1 nonsense SNVs 

(n=977). SLC13A1 R12X and W48X genotyping was performed for all individuals for 

whom serum sulfate was measured. Analyses were adjusted for gender, study, and study-

age. Abbreviations: SE, standard error; h2, heritability; AVE, additive variance explained; 

TVE, total variance explained. 
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Table 3.3b. Associations between serum sulfate, and SLC13A1 and SLC26A1 SNVs 

(n=900). SLC13A1 N174S and R237C, and SLC26A1 L348P genotyping was performed 

on 900 of the 977 individuals for whom serum sulfate was measured. Analyses were 

adjusted for gender, study, and study-age. Abbreviations: SE, standard error; h2, 

heritability; AVE, additive variance explained; TVE, total variance explained. 
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Figure 3.3. Descriptive statistics and distribution of serum sulfate in 977 Old Order 

Amish research participants. 

Mean 0.357

Median 0.358

Mode 0.449

Standard Deviation 0.072

Kurtosis 0.616

Skewness -0.001

Range 0.623

Minimum 0.058

Maximum 0.680

Count 977
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Figure 3.4. Serum sulfate by SLC13A1 R12X genotype. Box and whisker plots: box 

represents 2nd and 3rd quartiles (IQR, interquartile range); horizontal band represents 

median value; whiskers represent 1st and 4th quartiles; ends of whiskers represent 

minimum and maximum values, excluding outliers; open circles represents outliers (data 

point more than 1.5*IQR below the 1st quartile or above the 3rd quartile). 
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Figure 3.5. Serum sulfate by SLC13A1 W48X genotype. Box and whisker plots: box 

represents 2nd and 3rd quartiles (IQR, interquartile range); horizontal band represents 

median value; whiskers represent 1st and 4th quartiles; ends of whiskers represent 

minimum and maximum values, excluding outliers; open circles represents outliers (data 

point more than 1.5*IQR below the 1st quartile or above the 3rd quartile). 
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Figure 3.6. Serum sulfate concentration by SLC13A1 genotype. Box and whisker 

plots: box represents 2nd and 3rd quartiles (IQR, interquartile range); horizontal band 

represents median value; whiskers represent 1st and 4th quartiles; ends of whiskers 

represent minimum and maximum values, excluding outliers; open circles represents 

outliers (data point more than 1.5*IQR below the 1st quartile or above the 3rd quartile) a) 

Serum sulfate by SLC13A1 N174S genotype. b) Serum sulfate by SLC13A1 R237C 

genotype. c) Serum sulfate by SLC13A1 nonsense SNV genotype. The P-values for the 

R12X Heterozygotes and the W48X Heterozygotes result from the model including 

R12X and W48X as covariates. The P-value for the“R12X or W48X Heterozygotes 

results from the model including carrier status of an SLC13A1 nonsense SNV (R12X or 

W48X) as a covariate.  
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SLC26A1 L348P is Associated with Serum Sulfate Levels 

An ExWAS of serum sulfate, performed using genotype data from the Illumina 

Human Exome BeadChip (n=900) (Figure 3.7a), demonstrated genome-wide significance 

(P<5.0x10-8) for W48X (β=-0.08 mM, P=2.7×10-8), and suggestive-significance for 

R12X (β=-0.09 mM, P=7.5×10-6) in SLC13A1 on chromosome 7q31.32 (Figure 3.8 and 

Table 3.3b). The ExWAS also revealed a novel cluster of four SNVs spanning 

approximately 3 megabases on chromosome 4p16.3 demonstrating genome-wide 

significance (Figure 3.8). These SNVs were found to be in strong LD with one another, 

i.e. pairwise r2=0.49 to 0.97 and |D’|=0.79 to 1.00, LOD≥2 (Figure 3.9), with L348P in 

SLC26A1 (rs148386572; MAF=0.06) being the most significant, associated with a 12% 

decrease in serum sulfate per allele (β=0.05 mM, P=4.4x10-12). SLC26A1 encodes the 

basolateral membrane, sulfate-anion transporter 1 (Sat1), consistent with this locus as a 

true determinant of serum sulfate (Figure 1), and indicative of L348P causing decreased 

or loss of function in the Sat1 protein. SLC26A1 L348P explained 3% of the additive 

variance and 5% of the total variance in serum sulfate (Table 3.3b). No other genomic 

region revealed association signals that met or exceeded genome-wide significance 

(Table 3.4).  

A secondary ExWAS of serum sulfate, adjusting for SLC13A1 R12X and W48X, 

and SLC26A1 L348P genotypes, was also performed (n=900) (Figure 3.7b). No genomic 

region revealed association signals that met or exceeded genome-wide significance 

(Figure 3.10 and Table 3.5). 

A GWAS of serum sulfate, performed using genotype data from the Affymetrix 

GeneChip (n=917) (Figure 3.11), demonstrated genome-wide significance for a variant 
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on chromosome 7 (rs17684427) and genome-wide suggestive-significance for a variant 

on chromosome 4 (rs362272) in strong LD with SLC13A1 W48X and SLC26A1 L348P, 

respectively (Figure 3.12-S11 and Table 3.6). A secondary GWAS of serum sulfate, 

adjusting for rs17684427 and rs362272 genotypes was also performed (n=917) (Figure 

3.22). No genomic region revealed association signals that met or exceeded genome-wide 

significance (Figure 3.23). 

A model including all five SNV genotypes (SLC13A1 R12X, W48X, N174S, and 

R237C, and SLC26A1 L348P) into the model were used to further estimate residual 

heritability (Table 3.3b). In this model, SLC13A1 R12X, W48X, and N174S, and 

SLC26A1 L348P were all independently associated with decreased serum sulfate while 

SLC13A1 R237C was not. The estimated residual heritability after adjustment for 

SLC13A1 R12X, W48X, N174S, and R237C, and SLC26A1 L348P genotype was 0.31 

with these variants, together, explaining approximately 29% of the additive variance and 

13% of the total variance in serum sulfate.   
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Figure 3.7. QQ plot for the serum sulfate ExWAS performed using the Illumina 

Human Exome BeadChip platform (n=900). a) Unadjusted ExWAS. b) ExWAS 

adjusted for SLC13A1 R12X, SLC13A1 W48X, and SLC26A1 L348P. Note about 

horizontal line seen at Y=3.4: There are 29 SNVs on chromosome 11 in perfect LD with 

each other and thus all have the same P value. 
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Figure 3.8. ExWAS confirms findings from candidate gene study and enables 

discovery of SLC26A1 L348P a) Manhattan plot depicting results from the serum sulfate 

ExWAS performed using the Illumina Human Exome BeadChip platform. b) Serum 

sulfate by SLC26A1 L348P genotype. Box and whisker plots: box represents 2nd and 3rd 

quartiles (IQR, interquartile range); horizontal band represents median value; whiskers 

represent 1st and 4th quartiles; ends of whiskers represent minimum and maximum 

values, excluding outliers; open circles represents outliers (data point more than 1.5*IQR 

below the 1st quartile or above the 3rd quartile). 

  



89 

 

Figure 3.8 Continued  
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Figure 3.9. Linkage disequilibrium plots depicting r2 and D’ amongst the top serum 

sulfate ExWAS hits on chromosome 4 from the Illumina Human Exome BeadChip 

platform (n=900). The LD plots were created using Haploview. The numbers in the 

squares on the LD plots are the r2 and D’ values (only the decimals are shown) - r2 and D’ 

values of 1 are not listed. The color code on the r2 plot follow the r2 color scheme for 

Haploview: white=(r2=0), shades of grey=(0<r2<1), black=(r2=1). The color code on the 

D’ plot follow the standard color scheme for Haploview: white=(|D′|<1, LOD<2), shades 

of pink/red=(|D′|<1, LOD≥2), blue=(|D′|=1, LOD<2), bright red=(|D′|=1, LOD≥ 2). Each 

SNV is labeled with gene name, amino acid change and position, and the reference 

sequence id (rs-number). The distance between each SNV is indicated on the white bar 

above. 
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Table 3.4. Top 20 serum sulfate exome-wide association study (ExWAS) results 

using the Illumina Human Exome BeadChip platform (n=900). Abbreviations: Freq. 

ExWAS, allele frequency in the 900 Amish subjects included in the ExWAS; Freq. 

1000g(EUR), allele frequency in Total European Ancestry population from 1000 

Genomes; Freq. ESP(EA), allele frequency in European American population from the 

National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project (ESP); 

Enrich. 1000g(EUR), enrichment of allele frequency in the 900 Amish subjects included in 

the ExWAS compared to allele frequency in Total European Ancestry population from 

1000 Genomes (Freq. ExWAS/Freq. 1000g(EUR));  Enrich. ESP(EA), enrichment of allele 

frequency in the 900 Amish subjects included in the ExWAS compared to allele 

frequency in European American population from the NHLBI ESP (Freq. ExWAS/Freq. 

ESP(EA)).  
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Table 3.4 Continued 
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Figure 3.10. Manhattan plot depicting results from the serum sulfate ExWAS 

adjusted for SLC13A1 R12X, SLC13A1 W48X, and SLC26A1 L348P, performed 

using the Illumina Human Exome BeadChip platform. 



94 

 

Table 3.5. Top 20 serum sulfate exome-wide association study (ExWAS) results, 

adjusted for SLC13A1 R12X and W48X, and SLC26A1 L348P, using the Illumina 

Human Exome BeadChip platform (n=900). Abbreviations: Freq. ExWAS, allele 

frequency in the 900 Amish subjects included in the ExWAS; Freq. 1000g(EUR), allele 

frequency in Total European Ancestry population from 1000 Genomes; Freq. ESP(EA), 

allele frequency in European American population from the National Heart, Lung, and 

Blood Institute (NHLBI) Exome Sequencing Project (ESP); Enrich. 1000g(EUR), 

enrichment of allele frequency in the 900 Amish subjects included in the ExWAS 

compared to allele frequency in Total European Ancestry population from 1000 

Genomes (Freq. ExWAS/Freq. 1000g(EUR));  Enrich. ESP(EA), enrichment of allele 

frequency in the 900 Amish subjects included in the ExWAS compared to allele 

frequency in European American population from the NHLBI ESP (Freq. ExWAS/Freq. 

ESP(EA)). 

  



95 

 

Table 3.5 Continued 
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Figure 3.11. QQ plot for serum sulfate GWAS using Affymetrix GeneChip platform 

(n=917).   
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Figure 3.12. Manhattan plot depicting results from the serum sulfate GWAS 

performed using the Affymetrix GeneChip platform. Affymetrix GeneChip does not 

contain SLC13A1 R12X, SLC13A1 W48X, or SLC26A1 L348P.  
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Figure 3.13. Linkage disequilibrium plots depicting r2 and D’ amongst SLC26A1 

L348P (from the Illumina Human Exome BeadChip platform) and the top serum 

sulfate GWAS hits on chromosome 7 from the Affymetrix GeneChip platform 

(n=879, subject overlap between Illumina Human Exome BeadChip and Affymetrix 

GeneChip platforms). The LD plots were created using Haploview. The numbers in the 

squares on the LD plots are the r2 and D’ values (only the decimals are shown) - r2 and D’ 

values of 1 are not listed. The color code on the r2 plot follow the r2 color scheme for 

Haploview: white=(r2=0), shades of grey=(0<r2<1), black=(r2=1). The color code on the 

D’ plot follow the standard color scheme for Haploview: white=(|D′|<1, LOD<2), shades 

of pink/red=(|D′|<1, LOD≥2), blue=(|D′|=1, LOD<2), bright red=(|D′|=1, LOD≥ 2). Each 

SNV is labeled with gene name, amino acid change and position, and the reference 

sequence id (rs-number). The distance between each SNV is indicated on the white bar 

above.   
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Figure 3.14. Linkage disequilibrium plots depicting r2 and D’ amongst SLC13A1 

W48X (from the Illumina Human Exome BeadChip platform) and the top serum 

sulfate GWAS hits on chromosome 4 from the Affymetrix GeneChip platform 

(n=879, subject overlap between Illumina Human Exome BeadChip and Affymetrix 

GeneChip platforms). The LD plots were created using Haploview. The numbers in the 

squares on the LD plots are the r2 and D’ values (only the decimals are shown) - r2 and D’ 

values of 1 are not listed. The color code on the r2 plot follow the r2 color scheme for 

Haploview: white=(r2=0), shades of grey=(0<r2<1), black=(r2=1). The color code on the 

D’ plot follow the standard color scheme for Haploview: white=(|D′|<1, LOD<2), shades 

of pink/red=(|D′|<1, LOD≥2), blue=(|D′|=1, LOD<2), bright red=(|D′|=1, LOD≥ 2). Each 

SNV is labeled with gene name, amino acid change and position, and the reference 

sequence id (rs-number). The distance between each SNV is indicated on the white bar 

above. 
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Table 3.6. Top 20 serum sulfate genome-wide association study (GWAS) results 

using Affymetrix GeneChip platform (n=917). Abbreviations: Freq. GWAS, allele 

frequency in the 917 Amish subjects included in the GWAS; Freq. 1000g(EUR), allele 

frequency in Total European Ancestry population from 1000 Genomes; Freq. ESP(EA), 

allele frequency in European American population from the National Heart, Lung, and 

Blood Institute (NHLBI) Exome Sequencing Project (ESP); Enrich. 1000g(EUR), 

enrichment of allele frequency in the 917 Amish subjects included in the GWAS 

compared to allele frequency in Total European Ancestry population from 1000 

Genomes (Freq. GWAS/Freq. 1000g(EUR));  Enrich. ESP(EA), enrichment of allele 

frequency in the 917 Amish subjects included in the GWAS compared to allele 

frequency in European American population from the NHLBI ESP (Freq. GWAS/Freq. 

ESP(EA)). 

  



101 

 

Table 3.6 Continued 
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Figure 3.15. QQ plot for serum sulfate GWAS adjusted for rs17684427 and 

rs362272 using Affymetrix GeneChip platform (n=917).
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Figure 3.16. Manhattan plot depicting results from the serum sulfate GWAS 

adjusted for rs17684427 and rs362272 performed using the Affymetrix GeneChip 

platform. Affymetrix GeneChip does not contain SLC13A1 R12X, SLC13A1 W48X, or 

SLC26A1 L348P.  

  



104 

 

SLC13A1 Nonsense SNVs are Associated with Increased Aminotransferase Levels 

 Given sulfate’s role in drug metabolism, we assessed the association between 

SLC13A1 nonsense SNV carriers and levels of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) in 684 participants from the Amish PAPI Study19,20 

(Table 3.2). ALT levels were 20% higher in SLC13A1 nonsense SNV carriers compared 

to non-carriers (β=3.7 U/L, P=0.03). Similarly, a trending association was observed 

between SLC13A1 nonsense carriers and increased AST (β=2.1 U/L, P=0.09) (Figure 

3.17a). No association was observed between SLC26A1 L348P, and ALT or AST levels 

(P=0.92 and 0.37, respectively) (Table 3.7a). 

 We were able to replicate these associations in an independent Amish cohort 

consisting of 264 participants from the Amish Family Longevity Study22,23 (AFLS) who 

were, on average, 20.5 years older than the 684 participants from the Amish PAPI 

Study19,20 (Table 3.2). ALT and AST levels were found to be 42% and 55% higher, 

respectively, in SLC13A1 nonsense SNV carriers than in non-carriers (β=7.3 U/L, 

P=2.0x10-3 and β=10.4 U/L, P=1.3x10-7, respectively) (Figure 3.17b). Additionally, an 

association between SLC26A1 L348P and a 13% increase in AST per allele was observed 

in this cohort (β=2.4 U/L, P=6.8x10-3) (Table 3.7b). 
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Figure 3.17. Serum alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) by SLC13A1 nonsense SNV carrier status. Box and whisker plots: box 

represents 2nd and 3rd quartiles (IQR, interquartile range); horizontal band represents 

median value; whiskers represent 1st and 4th quartiles; ends of whiskers represent 

minimum and maximum values, excluding outliers; open circles represents outliers (data 

point more than 1.5*IQR below the 1st quartile or above the 3rd quartile) a) Amish PAPI 

Study subjects. b) Amish Family Longevity Study subjects. 
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Table 3.7. Associations between sulfate-lowering SNVs and clinical phenotypes. 

Adjusted for age and gender. Abbreviations: SE, standard error. a) Serum alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) levels from the Amish 

Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study. b) Serum ALT and AST 

levels from the Amish Family Longevity Study (AFLS). c) Whole-body bone mineral 

density (BMD) and serum calcium from the Amish PAPI Study. d) Additional BMD 

measurements from the Amish PAPI Study. Abbreviations: Het., heterozygotes; Hom., 

homozygotes; WT, wild type. 

 

a. 

Trait 

(PAPI) 
Sulfate-lowering SNV(s) n Het. Hom. 

βSNV ± SE 

(U/L) 

βSNV/ 

MeanWT 
PSNV 

ALT 
SLC13A1 R12X or W48X 684 20 0 3.73 ± 1.74 0.20 0.03 

SLC26A1 L348P 650 71 6 -0.08 ± 0.84 0.00 0.92 

AST 
SLC13A1 R12X or W48X 684 20 0 2.13 ± 1.26 0.11 0.09 

SLC26A1 L348P 650 71 6 0.53 ± 0.59 0.03 0.37 

 

b. 

Trait 

(AFLS) 
SNV covariate(s) n Het. Hom. 

βSNV ± SE 

(U/L) 

βSNV/ 

MeanWT 
PSNV 

ALT 
SLC13A1 R12X or W48X 264 7 0 7.25 ± 2.33 0.42 2.0x10-3 

SLC26A1 L348P 232 21 2 0.81 ± 1.20 0.04 0.50 

AST 
SLC13A1 R12X or W48X 264 7 0 10.42 ± 1.92 0.55 1.3x10-7 

SLC26A1 L348P 232 21 2 2.42 ± 0.89 0.13 6.8x10-3 

 

c. 

Trait Sulfate-lowering SNV(s) n Het. Hom. βSNV ± SE 
βSNV/ 

MeanWT 
PSNV 

Whole-

body BMD 

(g/cm2) 

SLC13A1 R12X or W48X 679 20 0 -0.03 ± 0.02 -0.03 0.19 

SLC26A1 L348P 645 69 6 -0.03 ± 0.01 -0.03 6.8x10-3 

Calcium 

(mg/dL) 

SLC13A1 R12X or W48X 684 20 0 0.00 ± 0.07 0.00 0.98 

SLC26A1 L348P 650 71 6 0.11  ± 0.03 0.01 1.4x10-3 

Corrected 

Calcium 

(mg/dL) 

SLC13A1 R12X or W48X 684 20 0 -0.03 ± 0.06 0.00 0.68 

SLC26A1 L348P 650 71 0 0.06 ± 0.03 0.01 0.06 
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Table 3.7 Continued 

 

d.  

BMD 

Trait 
Sulfate-lowering SNV(s) n Het. Hom. 

βSNV ± SE 

(g/cm2) 

βSNV/ 

MeanWT 
PSNV 

Mid-arm 
SLC13A1 R12X or W48X 680 20 0 -0.02 ± 0.01 -0.04 0.08 

SLC26A1 L348P 646 70 6 -0.01 ± 0.01 -0.02 0.03 

1/3-arm 
SLC13A1 R12X or W48X 680 20 0 -0.03 ± 0.02 -0.04 0.08 

SLC26A1 L348P 646 70 6 -0.02 ± 0.01 -0.02 0.03 

Total-arm 
SLC13A1 R12X or W48X 680 20 0 -0.02 ± 0.01 -0.04 0.06 

SLC26A1 L348P 646 70 6 -0.02 ± 0.01 -0.02 0.01 

Ultra-

distal-arm 

SLC13A1 R12X or W48X 680 20 0 -0.02 ± 0.01 -0.03 0.26 

SLC26A1 L348P 646 70 6 -0.01 ± 0.01 -0.03 0.03 

Femoral 

neck 

SLC13A1 R12X or W48X 681 20 0 -0.02 ± 0.03 -0.02 0.46 

SLC26A1 L348P 647 70 6 -0.02 ± 0.01 -0.02 0.26 

Inter-

trochanter 

SLC13A1 R12X or W48X 680 20 0 -0.04 ± 0.04 -0.03 0.35 

SLC26A1 L348P 646 70 6 -0.05 ± 0.02 -0.04 5.1x10-3 

Total-hip 
SLC13A1 R12X or W48X 681 20 0 -0.03 ± 0.03 -0.03 0.28 

SLC26A1 L348P 647 70 6 -0.04 ± 0.01 -0.04 0.01 

Trochanter 
SLC13A1 R12X or W48X 680 20 0 -0.03 ± 0.03 -0.04 0.23 

SLC26A1 L348P 646 70 6 -0.03 ± 0.01 -0.03 0.04 

Total-spine 
SLC13A1 R12X or W48X 679 20 0 -0.03 ± 0.03 -0.03 0.39 

SLC26A1 L348P 645 70 6 -0.03 ± 0.02 -0.03 0.10 
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SLC26A1 Sulfate-lowering SNVs are Associated with Altered Serum Calcium and 

BMD 

 Given the role of sulfate in cartilage and bone development, we assessed the 

association between SLC13A1 nonsense SNV carriers and whole-body BMD. No 

association was observed between SLC13A1 nonsense carriers and whole-body BMD 

(P=0.19); however, SLC26A1 L348P was significantly associated with decreased whole-

body BMD (β=-0.03 g/cm2, P=6.8x10-3) (Figure 3.5 and Table 3.7c). Upon further 

investigation, SLC26A1 L348P was also associated with several other BMD 

measurements while SLC13A1 nonsense SNV carrier status was not (Table 3.7d and 

3.S7). Furthermore, SLC26A1 L348P was significantly associated with increased serum 

calcium (β=0.11 mg/dL, P=1.4x10-3), and showed a nearly-significant association with 

albumin-adjusted serum calcium (β=0.06, P=0.06) (Figure 3.5 and Table 3.7c). No 

association was observed between SLC13A1 nonsense SNV carriers, and serum calcium 

or albumin-adjusted serum calcium (P=0.98 and 0.68, respectively) (Table 3.7c).  
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Figure 3.18. Whole-body bone mineral density (BMD) and corrected serum calcium 

by SLC26A1 L348P genotype. Box and whisker plots: box represents 2nd and 3rd 

quartiles (IQR, interquartile range); horizontal band represents median value; whiskers 

represent 1st and 4th quartiles; ends of whiskers represent minimum and maximum values, 

excluding outliers; open circles represents outliers (data point more than 1.5*IQR below 

the 1st quartile or above the 3rd quartile). 
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Table 3.8. Associations between sulfate-lowering SNVs, and bone mineral density 

(BMD) measurements. Adjusted for age and gender. Abbreviations: Het., 

heterozygotes; Hom., homozygotes; WT, wild type; SE, standard error. 
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Clinical Phenotypes are Not Associated with Serum Sulfate Concentration 

 Serum sulfate concentration by itself was not associated with any of the 

aforementioned clinical phenotypes with the exception of trochanter and intertrochanter 

BMD. Increased serum sulfate was marginally associated with increased trochanter 

(β=0.13 g/cm2, P=0.03) and increased intertrochanter BMD (β=0.18 g/cm2, P=0.04) 

(Table 3.9). 
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Table 3.9. Associations between serum sulfate, and serum alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) levels and bone mineral density 

(BMD) measurements. Adjusted for age and gender. Abbreviations: SO4, sulfate; SE, 

standard error. 

 

Trait SNV covariate(s) n βSNV ± SE PSNV 

ALT (U/L) SO4 663 -3.71 ± 4.31 0.39 

Mid-arm BMD (g/cm2) SO4 660 0.01 ± 0.03 0.70 

Mid-arm Z-Score SO4 660 -0.12 ± 0.58 0.84 

1/3-arm BMD (g/cm2) SO4 660 0.04 ± 0.04 0.23 

1/3-arm Z-Score SO4 660 0.63 ± 0.60 0.29 

Total-arm BMD (g/cm2) SO4 660 0.02 ± 0.03 0.55 

Total-arm Z-Score SO4 660 0.10 ± 0.57 0.86 

Ultra-distal-arm BMD (g/cm2) SO4 660 0.01 ± 0.03 0.80 

Ultra-distal-arm Z-Score SO4 660 -0.02 ± 0.57 0.98 

AST (U/L) SO4 663 4.29 ± 3.01 0.15 

Calcium (mg/dL) SO4 663 0.01 ± 0.18 0.97 

Corrected calcium (mg/dL) SO4 663 0.08 ± 0.15 0.62 

Femoral neck BMD (g/cm2) SO4 661 0.01 ± 0.07 0.84 

Femoral neck Z-Score SO4 661 -0.04 ± 0.57 0.95 

Intertrochanter BMD (g/cm2) SO4 661 0.18 ± 0.09 0.04 

Intertrochanter Z-Score SO4 661 0.99 ± 0.52 0.06 

Total-hip BMD (g/cm2) SO4 661 0.13 ± 0.07 0.08 

Total-hip Z-Score SO4 661 0.88 ± 0.055 0.11 

Trochanter BMD (g/cm2) SO4 661 0.13 ± 0.06 0.03 

Trochanter Z-Score SO4 661 1.09 ± 0.54 0.04 

Ward’s Triangle BMD (g/cm2) SO4 661 0.04 ± 0.08 0.61 

Total-spine BMD (g/cm2) SO4 659 0.07 ± 0.08 0.39 

Total-spine Z-Score SO4 659 0.50 ± 0.68 0.47 

Whole-body BMD (g/cm2) SO4 659 0.04 ± 0.06 0.46 
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Discussion 

Using genomic approaches to unveil new human biology, we systematically identified 

nonsense SNVs that are rare in the general population but enriched in the Amish due to 

founder effect. Two nonsense SNVs (R12X and W48X), as well as two missense SNVs 

(N174S and R237C), in SLC13A1 were not only enriched in the Amish but likely 

functional, thus we hypothesized that these SNVs would be associated with altered serum 

sulfate due to altered sulfate (re)absorption and perhaps other traits for which sulfate may 

play a role. We further conducted the first ExWAS and GWAS of serum sulfate in an 

attempt to identify other genetic contributors of serum sulfate, a trait not measured 

clinically despite its important physiological role in human development, disease, and 

drug toxicity. To the best of our knowledge, our group is the first to establish that serum 

sulfate is heritable (h2=0.40, P=1.8x10-16). In addition, these studies have identified novel 

associations between R12X, W48X, and N174S in SLC13A1, and L348P in SLC26A1, 

and altered serum sulfate. Further clinical characterization of the three sulfate-lowering 

variants implicates sulfate wasting in liver function, BMD, and calcium homeostasis.  

In regards to SLC13A1 R12X, our findings are consistent with work performed by 

Bowling et al., which demonstrated an association between R12X and increased urinary 

fractional excretion index (FEI) of sulfate in a cohort with autism spectrum disorder 

(ASD).9 Furthermore, the R12X allele has been shown by Lee et al. to abolish 100% of 

NaS1 sulfate transport in Xenopus oocytes28. It is likely that this complete loss of NaS1 

function occurs through a nonsense-mediated decay (NMD) mechanism. While SLC13A1 

W48X has not been described in the literature to date, the similar effect size of R12X and 

W48X on serum sulfate and their lack of LD with one another suggest similar loss-of-
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functionality, justifying the combined genotype model used in our analyses. Interestingly, 

these two SNVs alone explain approximately 31% of the additive variance of serum 

sulfate, validating our approach of systematically identifying and studying nonsense 

SNVs to glean insights into human biology. 

Unexpectedly, we observed an association between SLC13A1 N174S and 

increased serum sulfate, albeit an effect size of approximately 1/10th the magnitude of 

SLC13A1 R12X or W48X, consistent with a gain-of-function. In contrast, Bowling et al. 

found N174S to be associated with increased FEI of sulfate9 in a cohort with ASD while 

Lee et al. found the N174S allele to abolish greater than 60% of NaS1 sulfate transport28. 

With the exception of R12X, other loss-of-function variants, such as W48X, were not 

accounted for by Bowling et al. 

Our ExWAS and GWAS findings support the results of our candidate gene study 

regarding the sulfate-lowering of effect of R12X and W48X in SLC13A1, while also 

identifying L348P in SLC26A1 as an additional genetic contributor of serum sulfate. 

SLC26A1 encodes Sat1, the basolateral membrane, sulfate-anion transporter, consistent 

with this locus as a true determinant of serum sulfate. While SLC26A1 L348P has not 

been described in the literature to our knowledge, at half the effect size of SLC13A1 

R12X or W48X, each copy of the L348P allele results in an additive decrease in serum 

sulfate. This association is suggestive of SLC26A1 L348P causing decreased or loss of 

function in the Sat1 protein; however functional studies are needed to fully understand 

the extent to which this occurs. It should be noted that all three of the sulfate-lowering 

SNVs identified in this report are enriched in the Amish, with SLC13A1 W48X and 

SLC26A1 L348P being markedly enriched. Therefore, our study is likely better powered 
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to detect these variants compared to other ExWAS or GWAS of serum sulfate in outbred 

populations of comparable size.  

Lastly, our results indicate that serum sulfate is a heritable trait, and while our 

results explain a large portion of the genetic component of serum sulfate, there is an 

equally large portion yet to be explained. It is possible that much of this heritability can 

be explained by additional variants in SLC13A1, SLC26A1, and/or other sulfate 

transporters that were missed by the genotyping arrays used in this study. Such variants 

have the potential to be identified through other genotyping arrays, exome sequencing, 

and/or copy number analysis, thus studies aiming to identify additional genetic variants in 

genes associated with serum sulfate in the Amish, as well as outbred populations, are 

warranted.  

 

SLC13A1 and Aminotransferase Levels 

Serum AST and ALT are biomarkers of hepatocyte integrity and thus elevations 

in these serum aminotransferases suggest liver cell injury.29,30 Given sulfate’s role in drug 

metabolism and increased sensitivity to acetaminophen-induced hepatotoxicity exhibited 

by Slc13a1 and Slc26a1 knockout mice,28,31,32 we hypothesized that individuals with 

sulfate-lowering variants would have higher liver aminotransferase levels. The 

association between SLC13A1 nonsense SNV carriers and higher aminotransferase levels 

in participants of the Amish PAPI Study,19,20 support our hypothesis, with even greater 

effects seen in participants of the Amish Family Longevity Study.22,23 The increase in 

aminotransferase levels seen in SLC13A1 nonsense SNV carriers is consistent with 

increased susceptibility to drugs or exogenous substrates metabolized through sulfation. 
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This is potentially due to decreased inward transport of sulfate into cells, independent of 

serum sulfate concentration, resulting in an inability to detoxify xenobiotics. In contrast 

to the Amish PAPI Study19,20, participants of the Amish Family Longevity Study22,23 

were not asked to discontinue prescription medications and/or supplements 7 days prior 

to their initial clinic visit. We attribute the increased effect of sulfate-lowering variants in 

participants of the Amish Family Longevity Study to routine medication/supplement use, 

as well as increased participant age which inevitably provides more time for hepatic 

insults from xenobiotics. This phenomenon may partially explain the lack of an 

association between SLC26A1 L348P and elevated aminotransferase levels in participants 

of the Amish PAPI Study19,20, along with differential tissue expression of SLC13A1 and 

SLC26A1, and/or L348P causing decreased, but sufficient, Sat1 function, as opposed to a 

complete loss of function. If the latter is true, we would expect sensitivity to drug toxicity 

in individuals with SLC26A1 L348P to be higher than that of wild-type individuals, but 

lower than that of SLC13A1 nonsense SNV carriers. Moreover, the associations observed 

between sulfate-lowering SNVs and aminotransferase level in this study may be under-

estimated given the relative drug-naïve lifestyle practice by the Amish community. 

Additional studies are warranted to better understand the importance of sulfate in human 

physiology and its potential role in disease and drug toxicity. 

 

SLC26A1, and BMD and Serum Calcium 

Sulfate’s physiological role in bone and cartilage is well known. Sulfated 

proteoglycans (proteoglycans containing one or more sulfated GAGs) are a critical 

component of extracellular matrices in cells throughout the body, specifically in 
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connective tissues and are required for maintaining normal bone and cartilage 

structure.33,34 The essentiality of sulfate for proper bone and cartilage formation is 

demonstrated by the spectrum of osteochondrodysplasias in humans with homozygous, 

loss-of-function mutations in SLC26A2,35-37 as well as dog and sheep with homozygous 

loss-of-function mutations in Slc13a1.38,39 We thus hypothesized that individuals with 

sulfate-lowering SNVs would have altered BMD. We observed several significant 

associations between SLC26A1 L348P and decreased BMD measurements which were 

not associated with SLC13A1 nonsense carrier status, nor serum sulfate concentration. 

However, compared to SLC26A1 L348P (allele count ~70, 6 homozygotes), there is far 

less power to detect such associations with SLC13A1 nonsense SNVs due to the lower 

allele frequency (allele count=20) and the lack of homozygotes. The lack of an 

association with SLC13A1 nonsense variants may also be explained by differential tissue 

expression of SLC13A1 and SLC26A1.  

The association between increased serum calcium and SLC26A1 L348P may be 

specific to decreased Sat1 (SLC26A1) function and is seemingly independent of serum 

sulfate. These findings are consistent with mouse models, in which hyposulfatemic, 

Slc26a1 knockout mice exhibit nephrocalcinosis and increased calcium oxalate kidney 

stone formation while hyposulfatemic, Slc13a1 knockout mice do not5,7,31,32. 

Additionally, SLC26A1 has been has been suggested to play a role in humans with 

recurrent calcium oxalate kidney stones.40 While the mechanism for nephrocalcinosis, 

calcium oxalate urolithiasis, and increased serum calcium is not totally clear, these 

phenotypes associate with decreased Sat1 function, suggesting they may be specific to 

anion transport rather than sulfate transport. We hypothesize that the SLC26A1 L348P 
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allele decreases Sat1 function, decreasing sulfate transport into the blood as well as 

decreasing anion transport into cells. As a result, serum oxalate concentrations may 

increase resulting in the formation of calcium oxalate crystals which either accumulate to 

form stones and/or increase serum calcium levels. We do not have an adequate number of 

subjects with renal stones to address this hypothesis further. 

 

Conclusion 

Sulfate is an essential micronutrient, as impaired sulfation capacity has been 

reported in a number of human conditions including reduced xenobiotic clearance, 

skeletal dysplasias, premature pubarche, ASD, and neurological disease.2,8-13 Despite 

sulfate’s known role in the biotransformation of hormones, neurotransmitters, 

glycosaminoglycans (GAGs), cerebrosides, and xenobiotics,1,3,5,6 sulfate is not routinely 

measured clinically.1,2 In this study, we measured and comprehensively characterized 

serum sulfate in 977 Amish subjects. We are the first to estimate the heritability of serum 

sulfate and the first to perform an ExWAS and a GWAS of serum sulfate. We identified 

novel associations between serum sulfate and three SNVs in the gene, SLC13A1, 

encoding the apical membrane, sodium-sulfate cotransporter, NaS1. We further identified 

a novel association between L348P in the gene, SLC26A1, encoding the basolateral 

membrane, sulfate-anion transporter, Sat1, and decreased serum sulfate. We also 

investigated associations between sulfate-lowering SNVs, aminotransferase levels, BMD, 

and serum calcium, results of which implicate sulfate and these SNVs in important 

human metabolism, physiology, and disease processes.  
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In conclusion, this study demonstrates the power and translational potential of 

leveraging genetic data in founder populations like the Old Order Amish to unveil and 

better understand the phenotypic consequences of rare, deleterious variants enriched by 

genetic drift. Further, our clinical findings warrant additional studies to better understand 

the importance of sulfate in human physiology, disease, and drug toxicity.  
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Chapter 4: DHEA, DHEA-S, and Testosterone are Independent of 

Serum Sulfate Concentration Despite Association Between DHEA and 

SLC13A1 Nonsense Variants 

 

Abstract2 

Inorganic sulfate (SO4
2-) is an important micronutrient vital for numerous cellular 

and metabolic processes in human development and physiology. Sulfate is critical in the 

biotransformation of multiple compounds via sulfotransferase-mediated sulfate 

conjugation (sulfation) which requires the sulfate donor 3’-phospho-adenosine-5’-

phosphosulfate (PAPS). These compounds include neurotransmitters, proteoglycans, 

xenobiotics, and hormones, specifically dehydroepiandrosterone (DHEA). DHEA and its 

inactive, sulfate ester, dehydroepiandrosterone sulfate (DHEA-S), are endogenous 

hormones secreted by the adrenal gland and serve as precursors for androgenic and 

estrogenic steroids. The concentration of PAPS equilibrates rapidly with that of serum 

sulfate, thus the rate of PAPS synthesis, and consequently the rate of sulfation, are 

dependent on endogenous sulfate concentrations. We previously reported on two rare, 

non-linked, nonsense variants in SLC13A1 (R12X and W48X) that are enriched in the 

Old Order Amish and associated with hyposulfatemia (P=9x10-20). SLC13A1 encodes the 

apical membrane, sodium-sulfate cotransporter NaS1 which is responsible for sulfate 

(re)absorption. The enrichment of these nonsense variants in SLC13A1 provided us the 
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unique opportunity to examine the role of sulfate and these sulfate-lowering variants in 

hormone and androgen homeostasis. We did not observe any associations between serum 

sulfate, and DHEA, DHEA-S, or DHEA/DHEA ratio. Contrary to our hypothesis that 

sulfate-lowering variants would be associated with decreased DHEA-S and DHEA-

S/DHEA ratio, we instead observed a 16% decrease in DHEA amongst carriers of the 

sulfate-lowering nonsense variants, SLC13A1 R12X or W48X, compared to non-carriers 

(P=0.01). Interestingly, when we stratified subjects by gender, the association between 

SLC13A1 nonsense variant carrier status and lower DHEA was only observed in males 

(PFemales=0.29, PMales=0.01). We suspect lower DHEA in SLC13A1 nonsense variant 

carriers may lead to lower testosterone levels as testosterone is a downstream product of 

DHEA; however testosterone measures were only available in women and no association 

was observed with either SLC13A1 nonsense variant carrier status nor serum sulfate in 

that sample. Our results suggest sulfate-lowering variants play a role in hormone and 

androgen homeostasis, with serum sulfate concentration playing less of a role at the 

concentrations examined in this study. 

  



128 

 

Introduction 

 Dehydroepiandrosterone (DHEA) and its inactive, sulfate ester, 

dehydroepiandrosterone sulfate (DHEA-S), are endogenous hormones secreted by the 

adrenal gland and serve as precursors for androgenic and estrogenic steroids.1,2 DHEA 

can be converted into active androgens, or into DHEA-S via the enzyme DHEA 

sulfotransferase, also known as SULT2A1.3 Likewise, DHEA-S can be converted back 

into DHEA via the enzyme steroid sulfatase (STS). DHEA-S is the most abundant 

circulating steroid hormone in humans with levels of DHEA-S far exceeding that of 

DHEA.4  

The interconversion between DHEA and DHEA-S was previously assumed to 

occur continuously under the premise that inactive DHEA-S serves as a circulating 

storage pool for DHEA regeneration, and ultimately sex steroids.5 However, with the 

exception of breast and prostate tissue,6,7 only low levels of STS expression and activity 

are present in adult human tissues,8 suggesting that regeneration of DHEA from DHEA-S 

is uncommon and that DHEA sulfation via SULT2A1 is the predominant reaction.5,9 

Moreover, genetic variants in SULT2A1, but not STS, have been shown to be associated 

with lower DHEA-S in women with polycystic ovary syndrome (PCOS).10  

The sulfate donor 3’-phospho-adenosine-5’-phosphosulfate (PAPS) is required by 

all sulfotransferases including SULT2A1.11,12 PAPS is synthesized from inorganic sulfate 

and adenosine triphosphate (ATP) and is considered the “activated” form of sulfate.11 

The concentration of PAPS equilibrates rapidly with that of serum sulfate, thus the rate of 

PAPS synthesis, and consequently the rate of sulfation, are dependent on endogenous 

sulfate concentrations.13,14 Therefore, it is reasonable to presume that differences in 



129 

 

serum sulfate concentration would impact levels of DHEA and DHEA-S, however this 

has never been examined. 

PAPS is synthesized by one of two isoforms of PAPS synthase (PAPSS): 

PAPSS1 which is the major isoform in brain and skin, and PAPSS2 which predominates 

in the liver, cartilage and adrenal glands.15 Patients with homozygous and compound 

heterozygous loss-of-function mutations in PAPSS2 have been reported, all presenting 

with clinical manifestations and phenotypes consistent with impaired sulfation.3,5,16,17 In 

1998, Ul Haque et al. described a large, inbred Pakistani family with a form of autosomal 

recessive spondyloepimetaphyseal dysplasia (SEMD) caused by a homozygous mutation 

in PAPSS2.16,18 This phenotype is thought to result from impaired proteoglycan sulfation 

in growth-plate chondrocytes.3,16,19,20 While the individuals of this particular family did 

not undergo endocrine investigations, additional individuals with bone dysplasia and 

PAPSS2 deficiency resulting from mutations in PAPSS2 have been described, revealing 

unanimously low DHEA-S but normal active androgen levels in the five subjects for 

which serum androgens were measured.5,17,21,22  In 2009, Noordam et al. reported 

inactivating PAPSS2 mutations in a female who presented with premature pubarche that 

progressed to a PCOS phenotype, DHEA-S levels below the limit of detection, and 

testosterone levels approximately twice the upper limit of normal for her age and gender.3 

Recently, the same group reported a PAPSS2 deficiency in two brothers with compound 

heterozygous mutations in PAPSS2 who presented with overt SEMD, low serum DHEA-

S, but normal androgens.5   

 We previously reported on two rare, non-linked, nonsense variants in SLC13A1 

(rs28364172, c.34C>T, p.R12X and rs138275989, c.144G>A, p.W48X) that are enriched 
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in the Old Order Amish (Amish) and associated with hyposulfatemia (P=9x10-20).23 

SLC13A1 encodes the apical membrane, sodium-sulfate cotransporter NaS1 which is 

responsible for sulfate (re)absorption24; thus decreased serum sulfate in individuals with a 

loss-of-function allele in this gene is consistent. The enrichment of these nonsense 

variants in SLC13A1 provides us the unique opportunity to dissect the role of sulfate and 

these sulfate-lowering variants in hormone and androgen homeostasis.   
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Materials and Methods 

Study Population 

 This report is based on the Old Order Amish community living in Lancaster 

County, PA, whom our research group has been studying since 1993. This community 

was founded by several hundreds of individuals who immigrated to Lancaster County, 

PA from central Europe during the early 18th century, with the present day Lancaster 

County Amish community comprised of their descendants.25 Cultural and religious 

beliefs have maintained the Amish as distinct from the general population. Due to the 

availability of extensive genealogical records,26 virtually all present-day Amish can be 

linked into a single, 14-generation pedigree. To date, we have screened approximately 

6,500 Amish adults for a variety of risk factors related to cardiovascular disease,27 

diabetes,28 and osteoporosis29 as part of the Amish Complex Disease Research Program 

(ACDRP).  

Subjects included in this report are members of the Amish community in 

Lancaster County, PA who were at least 18 years old and have previously participated in 

one or more Institutional Review Board (IRB)-approved studies conducted at the 

University of Maryland Amish Research Center (ARC). Written informed consent was 

obtained from each participant.  

 

Serum Dehydroepiandrosterone (DHEA) and Dehydroepiandrosterone Sulfate 

(DHEA-S) Measurements and Calculations 

DHEA and DHEA-S was measured in 150 participants of the Amish 

Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study,30,31 for whom serum 
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sulfate concentration, SLC13A1 R12X and W48X genotypes, and fasting, serum aliquots 

were available. This included 20 Amish carriers of SLC13A1 R12X or W48X as well as 

130 subjects who were randomly selected. DHEA and DHEA-S measurements were 

completed on frozen, fasting, serum aliquots stored at -80◦C. Serum DHEA and DHEA-S 

concentration was determined by Johns Hopkins Bayview Medical Center’s Advanced 

Biochemistry Laboratory (Baltimore, Maryland) via radioimmunoassay (RIA; Rocky 

Mountain Diagnostics, Inc., Colorado Springs, CO) and enzyme-linked immunosorbent 

assay (ELISA; ALPCO®, Salem, NH), respectively. The ratio of DHEA-S to DHEA 

(Ratio) was calculated by dividing DHEA-S by DHEA.  

 

Genotyping 

Genotyping of SLC13A1 nonsense variants, R12X and W48X (rs28364172, 

c.34G>A, p.R12X and rs138275989, c.144C>T, p.W48X), was performed using 

TaqMan® SNP genotyping assays (Life Technologies, Foster City, California). For both 

SNPs, the TaqMan genotype concordance was greater than 99.8% in a subset of samples 

genotyped in duplicate.  

 

Serum Sulfate Measurements 

Sulfate was measured in participants of the Amish PAPI30,31 Study or the Amish 

Heredity and Phenotype Intervention (HAPI) Heart27 Study for whom fasting, serum 

aliquots were available. Sulfate measurements were completed on frozen, fasting, serum 

aliquots stored at -80◦C. Sulfate concentration was determined by turbidimetry according 

to Dodgson & Price32 using a Quantichrom™ Sulfate Assay Kit (BioAssay Systems, 
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Hayward, CA). In order to improve accuracy, a quadratic least squares fit was used, 

instead of a linear fit, to generate the standard curve.33 All standards and samples were 

measured in duplicate. For each sample, sulfate concentration was calculated as the mean 

of the duplicate measurements. Samples with an absolute difference greater than 20% 

were considered discordant duplicate measurements and were not included in the 

analysis.  

 

Testosterone Measurements and Calculations 

 Total testosterone (TotalT), sex hormone binding globulin (SHBG), and free 

testosterone (FreeT) were previously measured in 640 female participants of the Amish 

PAPI Study,30,31 the Amish HAPI Heart Study,27 and the Amish Family Osteoporosis 

Study (AFOS),34 for whom SLC13A1 R12X and W48X genotypes were available. 

Measurements were completed on frozen, fasting, serum aliquots stored at -80◦C. Total 

testosterone was performed by radioimmunoassay by the University of Virginia Center 

for Research in Reproduction Ligand Assay Core (Charlottesville, VA). SHBG was 

measured by Immulite assay. Free testosterone was calculated according to the method of  

Vermeulen et al.35 

 

Statistical analysis 

Logarithm (base 10) transformations were used to normalize the distributions of 

DHEA, DHEA-S, Ratio, TotalT and FreeT (skewness >|1| in all cases), resulting in 

normal distributions for DHEALog, DHEA-SLog, RatioLog, TotalTLog, and FreeTLog. 

Association analyses between genotypes and serum sulfate, and other phenotypic 
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measures were conducted using a regression-based method that models variation of the 

trait of interest as a function of measured covariates, measured genotypes and a polygenic 

component that accounts for phenotypic correlation due to relatedness. This method was 

implemented using the Mixed Models Analysis for Pedigrees and Populations (MMAP) 

program.36 For each association analysis performed, individuals with a missing covariate, 

genotype and/or trait of interest were excluded from the analysis. All analyses included 

age, age-square, and gender as covariates, with the exception of testosterone traits which 

were not adjusted for gender as these traits were only measured in female subjects. All 

analyses of hormone levels obtained in Amish PAPI Study30,31 or Amish HAPI Study27 

participants containing serum sulfate as a covariate were limited to subjects for whom 

serum sulfate was measured using a serum aliquot collected at the time of participation in 

that study. 
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Results 

Amish research subjects selected for serum DHEA and DHEA-S measurements 

consisted of 68 males (45.3%) and 82 females (54.7%) with a mean age of 44.5 ± 14.2 

years, a mean BMI of 26.7 ± 4.8 kg/m2. Serum sulfate concentration (0.38 ± 0.09 mM) 

and SLC13A1 R12X (MAF: 1.7%) and W48X (MAF: 5.0%) genotypes were available for 

all 150 subjects by design (Tables 4.S1-S2). The average serum sulfate concentration 

amongst SLC13A1 nonsense variant carriers in this cohort was 0.26 ± 0.04 mM (R12X: 

0.25 ± 0.03 mM; W48X: 0.26 ± 0.04 mM), ranging from 0.21-0.36 mM. The average 

sulfate concentration amongst non-carriers in this cohort was 0.40 ± 0.07 mM, ranging 

from 0.21-0.55 mM. 

 

Serum Sulfate Concentration is Not Associated with DHEA, DHEA-S, or DHEA-

S/DHEA Ratio 

No association was observed between serum sulfate concentration, and DHEALog 

(P=0.83), DHEA-SLog (P=0.93), or RatioLog (P=0.63) (Table 4.7).  
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Table 4.1. Characteristics of Amish subjects. *Measured in a subset of samples 

(n=177). Abbreviations: SD, standard deviation; BMI, body mass index.  

 

Characteristic 

(Units) 

DHEA and 

DHEA-S Cohort 

Testosterone 

Cohort 

Number (n) 150 640 

Male (%) 45.3 0.0 

Age ± SD (years) 44.5 ± 14.2 36.6 ± 8.2 

BMI ± SD (kg/m2) 26.7 ± 4.8 27.2 ± 5.7 

[SO4] (mM) 0.38 ± 0.09 0.34 ± 0.07* 
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Table 4.2. SLC13A1 nonsense variant characteristics in Amish subjects by cohort. 

Abbreviations: 1000g(EUR), Total European Ancestry population from 1000 Genomes; 

ESP(EA), European American population from the National Heart, Lung, and Blood 

Institute (NHLBI) Exome Sequencing Project (ESP); Freq., frequency; HWE, Hardy-

Weinberg Equilibrium.  

 

Cohort Alleles 

SLC13A1 SLC13A1 

rs28364172 

(R12X) 

rs138275989 

(W48X) 

G A C T 

D
H

E
A

 a
n

d
 

D
H

E
A

-S
 

Allele Freq. (%) 98.3 1.7 95.0 5.0 

Homozygotes 145 0 135 0 

Heterozygotes, 

(Male:Female) 

5 

(4:1) 

15 

(5:10) 

PHWE 0.84 0.52 

Total 150 150 

T
es

to
st

er
o

n
e 

Allele Freq. (%) 99.5 0.5 99.0 1.0 

Homozygotes 634 0 627 0 

Heterozygotes 

(Male:Female) 

6 

(0:6) 

13 

(0:13) 

PHWE 0.91 0.80 

Total 640 640 
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Table 4.3. Associations between DHEA and DHEA-S phenotypes and serum sulfate 

concentration (n=150). Adjusted for age, age-squared, and gender. Abbreviations: SE, 

standard error; SD, standard deviation. 

 

Trait Covariate 
Trait 

SD 
βSO4 ± SE βSO4/SD PSO4 

DHEALog 

(ng/mL) 
[SO4] 0.32 -0.06 ± 0.30 -0.20 0.83 

DHEA-SLog 

(µg/mL) 
[SO4] 0.28 -0.02 ± 0.22 -0.06 0.93 

RatioLog  

(ng/µg) 
[SO4] 0.26 0.12 ± 0.25 0.46 0.63 
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SLC13A1 Nonsense Variants are Associated with Serum DHEA Levels in Males 

SLC13A1 R12X was found to be associated with decreased DHEALog (β=-0.31 

ng/mL, P=0.03) while a trending association was observed between SLC13A1 W48X and 

decreased DHEALog (β=-0.15 ng/mL, P=0.10) (Table 4.6). We further assessed the 

association between SLC13A1 nonsense carriers and DHEALog by including carrier status 

of an SLC13A1 nonsense variant (R12X or W48X) as a covariate. We observed a 

decrease in DHEALog amongst SLC13A1 nonsense variant carriers compared to non-

carriers (β=-0.20 ng/mL, P=0.01) (Figure 4.1). The decrease in DHEALog observed in 

SLC13A1 nonsense variant carriers is equivalent to a 1.58 ng/mL, or a 16%, decrease in 

DHEA compared to non-carriers. Furthermore, the total variance in DHEALog explained 

increased from 13% to 19% when SLC13A1 nonsense variant carrier status was included 

in the model, suggesting that SLC13A1 nonsense variant carrier status explains 6% of the 

total variance in DHEALog in this cohort. No association was observed between SLC13A1 

R12X, SLC13A1 W48X, nor SLC13A1 nonsense variant carrier status, and DHEA-SLog, 

RatioLog, TotalTLog, or FreeTLog (Table 4.6).  

Subjects were stratified by gender to determine if the association observed 

between SLC13A1 nonsense variant carriers and decreased DHEALog was gender specific. 

Interestingly, the association between SLC13A1 nonsense variant carrier status and 

decreased DHEALog was only present in male SLC13A1 nonsense variant carriers (β=-

0.27 ng/mL, P=0.01), while absent in female SLC13A1 nonsense variant carriers 

(P=0.29) (Table 4.7). The decrease in DHEALog observed in male SLC13A1 nonsense 

variant carriers is equivalent to a 1.84 ng/mL, or an 18%, decrease in DHEA compared to 

non-carriers. Furthermore, the total variance in DHEALog explained increased from 17% 
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to 25% when SLC13A1 nonsense variant carrier status was included in the model, 

suggesting that SLC13A1 nonsense variant carrier status explains 8% of the total variance 

in DHEALog in this male cohort. Stratification by gender did not reveal any association 

between SLC13A1 nonsense variant carrier status, and DHEA-SLog or RatioLog, in either 

males or females (P>0.20 in all cases, data not shown).  
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Table 4.4. Associations between DHEA and DHEA-S phenotypes and SLC13A1 

nonsense variant genotype (n=150). Adjusted for age, age-squared, and gender. 

Abbreviations: SNV, single nucleotide variant; SE, standard error; SD, standard 

deviation; #, number.  

 

Trait SNV Covariate(s) 
Trait 

SD 

# of 

Alleles 
βSNV ± SE βSNV/SD PSNV 

DHEALog 

(ng/mL) 

R12X or W48X 

(Nonsense carrier) 
0.32 20 -0.20 ± 0.08 -0.62 0.01 

R12X 

W48X 
0.32 

5 

15 

-0.31 ± 0.14 

-0.15 ± 0.09 

-0.96 

-0.46 
0.03 

0.10 

DHEA-SLog 

(µg/mL) 

R12X or W48X 

(Nonsense Carrier) 
0.28 20 -0.06 ± 0.62 -0.21 0.34 

R12X 

W48X 
0.28 

5 

15 

-0.15 ± 0.11 

-0.02 ± 0.07 

-0.53 

-0.08 

0.20 

0.77 

RatioLog 

(ng/µg) 

R12X or W48X 

(Nonsense Carrier) 
0.26 20 0.09 ± 0.07 0.37 0.16 

R12X 

W48X 
0.26 

5 

15 

0.15 ± 0.12 

0.07 ± 0.08 

0.60 

-0.27 

0.20 

0.38 
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Figure 4.1. DHEALog by SLC13A1 nonsense SNV genotype.   
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Table 4.5. Association between DHEALog and SLC13A1 nonsense variant genotype, 

stratified by gender. Adjusted for age, age-squared, and gender. Abbreviations: SNV, 

single nucleotide variant; SE, standard error; SD, standard deviation; #, number.  
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Neither Serum Sulfate Concentration nor SLC13A1 Nonsense Variants are 

Associated with Testosterone Levels in Women 

Given that testosterone is a downstream product of DHEA, we suspect lower 

DHEA in male SLC13A1 nonsense variant carriers may lead to lower testosterone levels; 

however testosterone measures were only available in women. No association was 

observed between female SLC13A1 nonsense variant carriers and TotalTLog (P=0.15) or 

FreeTLog (P=0.36) (Table 4.6). Furthermore, no association was observed between serum 

sulfate concentration, and TotalTLog (P=0.73) or FreeTLog (P=0.54) (Table 4.7). 
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Table 4.6. Associations between testosterone phenotypes and SLC13A1 nonsense 

variant genotype in women (n=640). Adjusted for age and age-squared. Abbreviations: 

SNV, single nucleotide variant; SE, standard error; SD, standard deviation; #, number.  

 

Trait SNV Covariate(s) 
Trait 

SD 

# of 

Alleles 
βSNV ± SE βSNV/SD PSNV 

TotalTLog 

(ng/dL) 

R12X or W48X 

(Nonsense Carrier) 
0.21 20 -0.08 ± 0.05 -0.36 0.15 

R12X 

W48X 
0.21 

5 

15 

0.01 ± 0.09 

-0.12 ± 0.06 

0.05 

-0.56 

0.91 

0.06 

FreeTLog 

(ng/dL) 

R12X or W48X 

(Nonsense Carrier) 
0.27 20 -0.06 ± 0.07 -0.23 0.36 

R12X 

W48X 
0.27 

5 

15 

0.01 ± 0.12 

-0.10 ± 0.08 

0.05 

-0.37 

0.91 

0.23 
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Table 4.7. Associations between testosterone phenotypes and serum sulfate in 

women (n=177). Adjusted for age and age-squared. Abbreviations: SE, standard error; 

SD, standard deviation. 

 

Trait Covariate 
Trait 

SD 
βSO4 ± SE βSO4/SD PSO4 

TotalTLog 

(ng/dL) 
[SO4] 0.20 0.07 ± 0.22 0.38 0.73 

FreeTLog 

(ng/dL) 
[SO4] 0.24 0.16 ± 0.27 0.68 0.54 
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Discussion 

 We conducted a study to examine the effect of serum sulfate concentration on 

DHEA, DHEA-S. Despite our research question being straightforward and clinically 

relevant, we are the first to examine this association to the best of our knowledge. This is 

likely due to the fact that serum sulfate is not routinely measured, in either clinical or 

research settings, and therefore association studies between serum sulfate and clinical 

phenotypes have yet to be performed.  

In contrast to our hypothesis that decreased serum sulfate would be associated 

with decreased DHEA-S and DHEA-S/DHEA ratio, we did not observe any associations 

between serum sulfate and these hormones. This in itself is an interesting finding, as it 

suggests sulfation of DHEA is not limited by decreased substrate (sulfate), but can be 

limited by decreased or absent levels of cofactor (PAPS). It is possible that the decreases 

in serum sulfate observed in this cohort (range: 0.21-0.55 mM; 0.30-0.50 mM in normal 

adults24,37) are still sufficient for normal sulfation to occur, requiring greater decreases 

before such reactions are compromised. Alternatively, the findings of this study may be 

limited by its relatively small sample size, possibly resulting in type 2 error.  

Contrary to our hypothesis that sulfate-lowering variants would be associated with 

decreased DHEA-S and DHEA-S/DHEA ratio, we instead observed a decrease in DHEA 

amongst carriers of the sulfate-lowering nonsense variants, SLC13A1 R12X or W48X, 

compared to non-carriers. Interestingly, when we stratified subjects by gender, the 

association between SLC13A1 nonsense variant carrier status and decreased DHEA was 

only present in males. We suspect lower DHEA in SLC13A1 nonsense variant carriers 

may lead to lower testosterone levels as testosterone is a downstream product of DHEA; 
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however testosterone measures were only available in women and no association was 

observed with either SLC13A1 nonsense variant carrier status nor serum sulfate in that 

sample. It is possible that male SLC13A1 nonsense variant carriers exhibit decreased 

DHEA but normal testosterone levels, similar to the normal levels of androgens seen in 

individuals with a PAPSS2 deficiency; however, testosterone measurements in male 

subjects are needed to address this question. 

SLC13A1 nonsense variants cause decreased serum sulfate, likely due to 

decreased sulfate (re)absorption in the intestines and kidneys38; however the mechanism 

by which these variants result in decreased serum DHEA is not as clear. It seems possible 

that while NaS1 in intestinal and kidney epithelia functions to move sulfate into cells, 

NaS1 may actually transport sulfate out of cells depending on tissue-specific expression 

pattern, pH, and electrochemical gradient. The cystic fibrosis transmembrane 

conductance regulator (CFTR) protein, for example, transports chloride out of epithelial 

cells in the lung, liver, pancreas, digestive and tracts, yet reabsorbs sodium chloride in the 

reabsorptive duct.39,40 This results in the paradoxical hypotonic mucus and hypertonic 

sweat seen in patients with cystic fibrosis, a genetic disease caused by mutations in 

CFTR.41 Analogously, one could imagine a scenario where decreased sulfate transport, 

due to loss-of-function variants in SLC13A1, could cause reduced cellular export of 

sulfate. If this was to occur in tissues involved in DHEA production, increased cellular 

sulfate concentration would drive the cellular equilibrium to a state of increased DHEA-S 

and decreased DHEA production. In such a scenario, sulfate supplementation may 

actually be contraindicated as it could possibility result in even lower levels of DHEA.  
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We previously reported on R12X and W48X, two rare, non-linked, nonsense 

variants in SLC13A1 that are enriched in the Amish and associated with a 27% decrease 

in serum sulfate.23 Despite this enrichment, we have yet to identify an Amish individual 

homozygous or compound heterozygous for R12X and/or W48X. Furthermore, no 

individuals have been identified as homozygous for any of the loss-of-function variants 

listed for SLC13A1 on The Exome Aggregation Consortium (ExAC) database,42 with the 

exception of one R12X homozygote. This suggests the possibility of an SLC13A1 R12X 

genotype error and potential lethality for humans homozygous for loss-of-function 

variants in SLC13A1, as a 54% decrease in serum sulfate (27% x 2) may not be sufficient 

for necessary sulfation reactions to occur. Alternatively, if individuals with homozygous 

or compound heterozygous mutations in SLC13A1 exist, they will not only be extremely 

rare, but they may also be severely affected, preventing them from participating in 

research studies such as those included in the ExAC database. 

In conclusion, the phenotypes observed in individuals with loss-of-function 

mutations in PAPSS2 warranted a comprehensive study of the effect of serum sulfate 

concentration, as well as the effect of SLC13A1 nonsense variants, on DHEA, DHEA-S, 

and testosterone. Our results suggest sulfate-lowering variants play a role in hormone and 

androgen homeostasis, with serum sulfate concentration playing less of a role at the 

concentrations examined in this study. Clinicians and researchers should consider 

mutations in genes involved in sulfate homeostasis when treating patients with unknown 

causes of osteochondrodysplasia, premature pubarche, or PCOS. Lastly, through these 

investigations, what has become most clear is that the mechanisms involved in DHEA, 

DHEA-S, and testosterone homeostasis are not well understood, which is surprising 
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given the role of these hormones in the brain1,43,44 and their associations with autism 

spectrum disorder (ASD).45,46 Additional studies are warranted to better characterize the 

phenotypes of individuals with homozygous or compound heterozygous mutations in 

genes involved in sulfate homeostasis to better understand sulfate’s role in human 

physiology, disease, and drug toxicity.   
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Chapter 5: Reeling in the Effect of Decreased Sulfate on Embryonic 

Development and Risk of Autism Spectrum Disorder through 

Disruption of slc13a1 in Zebrafish 

 

Abstract3 

Many of the risk factors contributing to the development of autism spectrum 

disorder (ASD) have yet to be identified; however, previous studies suggest that sulfate 

deficiency may be an important risk factor. Though not routinely measured, sulfate is an 

essential micronutrient integral in the biotransformation of multiple compounds via 

sulfation. Interestingly, the solute carrier family 13, member 1 (SLC13A1) gene, which 

encodes an apical membrane, sodium-sulfate cotransporter (NaS1) that mediates sulfate 

(re)absorption across renal and intestinal epithelia, resides in the Autism Susceptibility 

Locus 1 (AUTS1) on chromosome 7q. We previously reported two rare, non-linked, 

nonsense variants in SLC13A1 that are enriched in the Old Order Amish (Amish) and 

associated with hyposulfatemia. Despite this enrichment, we have yet to identify an 

individual homozygous or compound heterozygous for R12X and/or W48X. With this in 

mind, we developed a model of slc13a1 deficiency to evaluate embryonic growth and 

neurological development. We injected zebrafish embryos with morpholino targeting 

slc13a1, which resulted in a significant decrease in slc13a1 mRNA expression, and 

assessed relevant phenotypes at 2 days post fertilization. Strikingly, slc13a1 morphants 

                                                 

 
3 Christina G. Perry, Beth A. O’Hare, Laura M. Yerges-Armstrong, Alan R. Shuldiner, Norann A. Zaghloul 

In preparation for submission to Genes and Development. 
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display 9- and 7-fold higher frequencies of gross and tail abnormalities, respectively, 

compared to injected controls. Gastrointestinal abnormalities are present in 27% of 

slc13a1 morphants, a phenotype not observed in injected and uninjected controls. 

Furthermore, slc13a1 morphants on average exhibit more heart edema, an 8-10% 

reduction in body length, a 14% reduction in eye area relative to body size, a 9% 

reduction in forebrain:midbrain width, and a 13% increase in forebrain width relative to 

body size, compared to injected controls. These results are analogous to phenotypes 

observed in mammals with homozygous loss-of-function variants in Slc13a1 and are 

consistent with abnormal development in tissues known to require sulfate for proper 

development. Together, these results suggest a role for slc13a1 and/or sulfate in 

embryonic growth and neurological development, offer insight into sulfate’s role in 

human physiology and disease, and provide support for additional phenotyping of human 

R12X and W48X carriers. 
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Introduction 

Autism spectrum disorder (ASD) affects approximately 1 in 68 children in the 

United States.1 The heritability of ASD is estimated to be 50%, suggesting that both 

genetic and environmental risk factors contribute significantly to the development of 

ASD.2 Many of these risk factors have yet to be identified; however, previous studies 

suggest that sulfate deficiency may be an important risk factor. In fact, such 

investigations have shown that blood sulfate concentration is reduced in 92% of children 

with ASD compared to age-matched controls (0.55 vs. 4.90 nmol/mg protein, 

respectively).3,4 Though not routinely measured, sulfate is an essential micronutrient 

integral in the biotransformation of multiple compounds, such as hormones, 

neurotransmitters, glycosaminoglycans (GAGs), cerebrosides, and xenobiotics, via 

sulfation.5-8 The ratio of sulfated to non-sulfated molecules plays a significant role in 

many of the molecular events that regulate growth and development.9 For example, as an 

integral component of the extracellular matrix and deactivator of several 

neurotransmitters including serotonin, dopamine, DHEA, and pregnenolone, sulfate 

likely plays a key role in brain development and neurophysiology.10 Additionally, 

heparan sulfate proteoglycans (HSPGs), one of the many types of sulfated proteoglycans 

(proteoglycans containing one or more sulfated GAGs), have been extensively studied for 

their role in extracellular signaling and have shown to be essential for neurite outgrowth, 

neuronal connectivity, neurogenesis, axon guidance, and synaptogenesis.11,12 Sulfate 

transporters are expressed in mammalian brain tissue, with the highest expression found 

in cerebellum and hippocampus,13,14 regions previously implicated in the pathogenesis of 

autism.15,16 Furthermore, sulfate’s role in the inactivation of steroid hormones may help 
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explain the findings by Baron-Cohen et al. who observed elevated fetal steroidogenic 

activity in males later diagnosed with ASD.17 Thus decreased blood sulfate levels, 

resulting in a sulfate metabolic disorder, may explain a portion of the underlying 

mechanism and etiology of ASD.  

The solute carrier family 13, member 1 (SLC13A1) gene, which encodes an apical 

membrane, sodium-sulfate cotransporter (NaS1) that mediates sulfate (re)absorption 

across renal and intestinal epithelia,6,18 resides in the Autism Susceptibility Locus 1 

(AUTS1) on chromosome 7q in humans.19 We previously reported on two rare, non-

linked, nonsense variants in SLC13A1 (rs28364172, c.34G>A, p.R12X and rs138275989, 

c.144C>T, p.W48X) that are enriched in the Old Order Amish (Amish) and associated 

with hyposulfatemia (Figure 5.1).20 Despite this enrichment of SLC13A1 R12X and 

W48X alleles, we have yet to identify an Amish individual homozygous or compound 

heterozygous for R12X and/or W48X. Furthermore, no individuals have been identified 

as homozygous for any of the loss-of-function (LoF) variants listed for SLC13A1 on The 

Exome Aggregation Consortium (ExAC) database,21 with the exception of one R12X 

homozygote. This suggests the possibility of an SLC13A1 R12X genotype error on the 

ExAC database and potential lethality in humans homozygous for LoF variants in 

SLC13A1.  

The zebrafish slc13a1 gene and NaS1 protein are highly homologous to the 

human SLC13A1/NaS1 and have been functionally and structurally characterized, 

revealing slc13a1 mRNA expression in embryos from 24 hours post-fertilization (hpf), in 

the intestine, kidney, brain and eye.22 Furthermore, the zebrafish is an excellent model for 

studying the genetic basis and neurodevelopmental causes of ASD through morpholino 
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(MO)-based gene suppression and assessment of embryonic phenotypes such as brain 

morphology and head size.23-25 Studies indicate that brain abnormalities seen in children 

with ASD develop in utero,17,26,27 suggesting the presence of potential risk factors at early 

developmental stages. In contrast to mice, zebrafish embryos develop externally and are 

transparent, allowing for ease of observation of normal and abnormal embryonic 

development. With this in mind, we injected zebrafish embryos with morpholino 

targeting slc13a1, in an attempt to establish a reproducible slc13a1-knockdown zebrafish 

model to use for future investigation of slc13a1, sulfate metabolism, and brain 

development. 
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Figure 5.1. Serum sulfate concentration by SLC13A1 nonsense single nucleotide 

variant (SNV) genotype humans. Fasting serum sulfate concentration was measured in 

977 Old Order Amish (Amish) individuals. Serum sulfate was found to be significantly 

decreased in individuals heterozygous for R12X or W48X. Of the 3,924 and 3,782 Amish 

individuals genotyped for R12X and W48X, respectively, none were identified as 

homozygous of compound heterozygous for R12X and/or W48X. 
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Materials and Methods 

Zebrafish Husbandry and Embryonic Gene Expression 

Adult transgenic fish were maintained and bred at 28-30°C. Embryos were raised 

at 28.5°C until harvesting for experimental studies. Staging was carried out according to 

published guidelines.28 RNA was isolated using Isol-RNA (5 PRIME) and cDNA was 

generated using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). 

HotMaster Taq DNA Polymerase (5 PRIME) was used for polymerase chain reaction 

(PCR, Tm: 51°C), followed by agarose gel electrophoresis (1.4% TAE). Primer sequences 

available upon request. 

 

Morpholino Design, Injection, and Validation 

Splice-blocking, antisense morpholino oligonucleotide (MO) was designed (Gene 

Tools, LLC) to target the exon4-intron4 boundary of slc13a1 (slc13a1-MO). Tubingen 

embryos were injected at the 1- to 2-cell stage with slc13a1-MO (8 ng/nL). Untreated 

and/or control MO-treated (4 ng/nL) embryos collected from the same clutch were used 

as controls for all experiments. Morpholino sequences are available upon request.  

For validation of MO efficacy, injected and uninjected embryos were collected at 

1-10 days post fertilization (dpf) and RNAs and cDNAs were isolated and generated, 

respectively. Expression of slc13a1 in injected and uninjected embryos was qualitatively 

examined by PCR analysis at 1-10 dpf using primers spanning exon 1 to exon 6. DNA 

fragments from the agarose gel were extracted using QIAquick Gel Extraction Kit 

(QIAGEN) and sequenced by The Biopolymers/Genomics Core Facility at the University 

of Maryland School of Medicine. To quantify slc13a1 down regulation, qRT-PCR was 
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performed at 1-10 dpf using primers flanking the targeted exon-intron boundary. Samples 

and controls/standards were run in duplicate on a Roche LightCycler 480. Gene 

expression levels were normalized relative to β-actin. Primer sequences available upon 

request.  

Morpholino-induced off-target effects were assessed by quantification of ∆113 

p53 expression, a diagnostic marker of such effects, via qRT-PCR.29 Gene expression 

levels were normalized relative to β-actin. 

 

Embryo Solutions 

 Injected (slc13a1-MO and control-MO) and uninjected embryos were grown in 

one of four solutions: neutral (0.1% ethanol), sulfate (10 mg/L Na2SO4 in 0.1% ethanol, 

Sigma-Aldrich #238597), acetaminophen (APAP) (10 mg/L N-acetyl-p-aminophenol, 

Sigma-Aldrich #A5000), and APAP with sulfate (10 mg/L Na2SO4 + 10 mg/L APAP). 

The APAP concentration of 10 mg/L was chosen based on previous studies of zebrafish 

development in solutions containing various concentrations of APAP.30,31 

 

Image Capture and Trait Analysis 

 Injected (slc13a1-MO and control-MO) and uninjected embryos were imaged 

from lateral and dorsal views at 2 dpf (n≥15 per experiment, repeated 3 times per MO, or 

3 times per solution). Morphological defects including gross abnormality, tail 

abnormality, and gastrointestinal abnormality were assessed for their presence or absence 

from captured images. ImageJ software32 (Bethesda, MD) was used to quantify 

continuous traits including slide length (i.e. body length measured from lateral view), top 
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length (i.e. body length measured from dorsal view), eye area (measured from the lateral 

view using the oval selections tool), forebrain width (measured from the dorsal view)33, 

and midbrain width (measured from the dorsal view)33. Eye area, relative to body size 

(eye area:side length), was calculated by dividing eye area by side length. Forebrain 

width, relative to body size (forebrain width:top length), was calculated by dividing 

forebrain width by top length. Midbrain width, relative to body size (midbrain width:top 

length) was calculated by dividing midbrain width by top length. The forebrain width to 

midbrain width ratio (forebrain:midbrain width) was calculated by dividing forebrain 

width by midbrain width. Heart edema was rated from 0-2 based on severity, with a score 

of 0 for no edema, 1 for overt edema, and 2 for overt and severe edema.  

 

Statistical Analyses 

The data analysis for this paper was generated using SAS software, Version 9.3 of 

the SAS System for Windows. Copyright © 2000-2010 SAS Institute Inc. SAS and all 

other SAS Institute Inc. product or service names are registered trademarks or trademarks 

of SAS Institute Inc., Cary, NC, USA. 
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Results 

slc13a1 Expression and Morpholino Validation 

Qualitative examination of slc13a1 expression by PCR in uninjected embryos 

revealed little slc13a1 expression on day 1 post fertilization, with slc13a1 expression 

beginning on day 2 and continuing through 10 dpf. In contrast, embryos injected with 

spice-blocking slc13a1-MO displayed nearly exclusive expression of an elongated 

slc13a1 mRNA product on day 2 post fertilization, with obvious expression of both 

normal and elongated slc13a1 mRNA products on day 3 through day 7 post fertilization 

(Figure 5.2). Sequencing of the elongated product demonstrated the retention of intron 4 

into the mRNA sequence, indicating the slc13a1-MO blocks splicing at the exon4-intron4 

boundary. Intron 4 of slc13a1 contains 80 base pairs, thus blocked splicing of intron 4 

causes a frameshift in the slc13a1 mRNA which leads to the formation of multiple stop 

codons within intron 4, as well as exon 5 (Figure 5.2 and Figure 5.3).  

We hypothesized that the elongated slc13a1 transcript would be destroyed by 

nonsense-mediated decay (NMD), resulting in the down regulation of slc13a1 in slc13a1-

MO injected embryos compared to uninjected embryos. Quantitative examination of 

slc13a1 expression (i.e. qRT-PCR) in slc13a1-MO embryos compared to uninjected 

controls on day 1 through day 10 post fertilization reinforced the capability of the MO to 

knockdown slc13a1 expression through 8 dpf  (Figure 5.4). These findings are consistent 

with results from RT-PCR, specifically the ability of the MO to completely knockdown 

(functionally knockout) slc13a1 expression at 2 dpf. For this reason, all subsequent 

phenotyping was performed at 2 dpf.   
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 Transcriptional activation of p53 is a widely recognized off-target effect of MOs 

and has been reported as diagnostic signature for off-target, MO-induced toxicity.29 To 

rule out the possibility that MO-induced phenotypes measured at 2 dpf are the result of 

off-target toxicity and widespread cell death, we examined Δ113 p53 expression levels. 

We observed no significant difference between embryos injected with 8 ng of MO and 

uninjected embryos (Figure 5.5).  
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Figure 5.2. Morpholino design and slc13a1 expression. a) Schematic of zebrafish 

slc13a1 (exons 1-6) with relevant primer and morpholino targets. b) Schematic of 

slc13a1 cDNA RT-PCR products, with and without injection of e4i4 splice-blocking 

morpholino (MO), when amplified using primers F1 and R. c) slc13a1 cDNA RT-PCR 

products using primers F1 and R. 
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Normal slc13a1 cDNA & protein sequence (602 base pair band) 

Exon 4 to Exon 5 only 

 
gttgatgctggggttcatggttggctgtgcttttctctctatgtggttgagcaacacctca 

  L  M  L  G  F  M  V  G  C  A  F  L  S  M  W  L  S  N  T  S  

actgtggcaatggttatgccaattgtggaggcagtgatccaacaggttttgagtgcaagt 

 T  V  A  M  V  M  P  I  V  E  A  V  I  Q  Q  V  L  S  A  S  

gaagaggccaataaagaccacaagggggcattaaacggcatctctaacccagctcttcaa 

 E  E  A  N  K  D  H  K  G  A  L  N  G  I  S  N  P  A  L  Q  

cttgaagatatcgaggcccagcatgaccagtcagagaagataaaaag 

 L  E  D  I  E  A  Q  H  D  Q  S  E  K  I  K   

 

Abnormal slc13a1 cDNA & protein sequence (682 base pair band) 

Exon 4 to Exon 5 only, including Intron 4 

 
gttgatgctggggttcatggttggctgtgcttttctctctatgtggttgagcaacacctca 

  L  M  L  G  F  M  V  G  C  A  F  L  S  M  W  L  S  N  T  S  

actgtggcaatggttatgccaattgtggaggcagtgatccaacaggttttgagtgcaagt 

 T  V  A  M  V  M  P  I  V  E  A  V  I  Q  Q  V  L  S  A  S  

gaagaggccaataaagaccacaagggggcattaaacggcatctctaacccagctcttcaa 

 E  E  A  N  K  D  H  K  G  A  L  N  G  I  S  N  P  A  L  Q  

cttgaaggtaagcatagttgtcacttaaaagtataattttgtaaccattaagaattacac 

 L  E  G  K  H  S  C  H  L  K  V  -  F  C  N  H  -  E  L  H  

aattaaatatcgaacatctattctcagatatcgaggcccagcatgaccagtcagagaaga 

 N  -  I  S  N  I  Y  S  Q  I  S  R  P  S  M  T  S  Q  R  R  

taaaaag 

 -  K     

 

Figure 5.3. Sequenced slc13a1 cDNA fragments extracted from agarose gel. 

Translation of cDNA sequence was performed using the Translate Tool from ExPASy 

Bioinformatics Resource Portal.54  
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Figure 5.4. Ratio of slc13a1 expression in slc13a1-MO injected embryos compared 

to uninjected controls. Data was generated through quantitative real-time PCR (qRT-

PCR) analyses on embryos 1-10 dpf using primers F2 and R. 
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Figure 5.5. slc13a1-MO off-target effect analysis at day 2 post fertilization. 

Quantitative real-time PCR (qRT-PCR) results of Δ113p53 expression, a marker of 

morpholino off-target effects. No significant off-target effects were identified compared 

to uninjected controls. (Abbreviations: n.s., not significant). 
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slc13a1-MO Induced Phenotypes at 2 Days Post Fertilization 

Gross Abnormalities 

 Forty-seven percent of slc13a1 morphants exhibited gross abnormalities 

compared to 5% and 0% of injected and uninjected controls, respectively (Figure 5.6). 

The proportion of gross abnormalities seen in slc13a1 morphants was significantly 

different between morphants and injected controls (P<1x10-4), as well as between 

morphants and uninjected controls (P<1x10-4), but was not significantly different 

between injected and uninjected controls (P=0.17) (Table 5.1).  

Other than tail and gastrointestinal defects, there was no single gross-abnormality 

phenotype observed in morphants. Some of the gross abnormalities noted included bent, 

crooked, kinked, or curled tail, gastrointestinal atresia, thin or absent gut tube, heart 

edema, large yolk, and dwarfed and dysmorphic body layout. A more consistent gross-

abnormality phenotype, consisting of a curled tail, severe heart edema, very large yolk, 

absent gut tube or gastrointestinal atresia, and dwarfed and dysmorphic body layout was 

present in morphants that did not survive to 2 dpf. 

 

Tail Abnormalities 

 Thirty-seven percent of slc13a1 morphants exhibited a tail abnormality compared 

to 5% and 0% of injected and uninjected controls, respectively (Figure 5.6). The 

proportion of tail abnormalities seen in slc13a1 morphants was significantly different 

between morphants and injected controls (P=7x10-4), as well as between morphants and 

uninjected controls (P<1x10-4), but was not significantly different between injected and 

uninjected controls (P=0.17) (Table 5.1). Tail abnormalities noted included bent (straight 
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segments, L-shape), crooked (back and forth/up and down, S-shape), kinked (at end of 

tail), or curled (wide or tight C-shape) tails. 

 

Gastrointestinal Abnormalities 

Twenty-seven percent of slc13a1 morphants exhibited gastrointestinal 

abnormalities compared to 0% of controls (Figure 5.6). The proportion of gastrointestinal 

abnormalities seen in slc13a1 morphants was significantly different between morphants 

and injected controls (P=5x10-4), as well as between morphants and uninjected controls 

(P=8x10-4), but was not significantly different between injected and uninjected controls 

(n=0 in both cases) (Table 5.1). Gastrointestinal abnormalities noted included absent gut 

tube, thin gut tube, and gastrointestinal atresia (lack of a connection between yolk and gut 

tube or portions of gut tube). 

 

Body Lengths 

Side length (i.e. body length measured from the lateral view) of slc13a1 

morphants was 10% and 14% shorter, on average, than that of injected and uninjected 

controls, respectively (Figure 5.7a). Side length was significantly different between 

morphants and injected controls (P=6x10-4), as well as between morphants and uninjected 

controls (P<1x10-4), but was not significantly different between injected and uninjected 

controls (P=0.07) (Table 5.2). 

Top length (i.e. body length measured from the dorsal view) of slc13a1 

morphants was 9% and 13% shorter, on average, than that of injected and uninjected 

controls, respectively (Figure 5.7a). Top length was significantly different between 
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morphants and injected controls (P=5x10-3), as well as between morphants and uninjected 

controls (P<1x10-4), but was not significantly different between injected and uninjected 

controls (P=0.05) (Table 5.2). 

 

Eye Area 

Eye area of slc13a1 morphants was 22% and 31% smaller, on average, than that 

of injected and uninjected controls, respectively (Figure 5.7b). Eye area was significantly 

different between morphants and injected controls (P<1x10-4), as well as between 

morphants and uninjected controls (P<1x10-4). However, this difference was also 

significantly different between injected and uninjected controls (P=1x10-3) (Table 5.2). 

In order to compare eye area, relative to body size, the ratio of eye area to side 

length (eye area:side length) was calculated. Eye area:side length of slc13a1 morphants 

was 14% and 19% smaller, on average, than that of injected and uninjected controls, 

respectively (Figure 5.7c). Eye area:side length was significantly different between 

morphants and injected controls (P<1x10-4), as well as between morphants and uninjected 

controls (P<1x10-4). However, this difference was also significantly different between 

injected and uninjected controls (P=0.01) (Table 5.2). 

 

Forebrain Width 

Forebrain width of slc13a1 morphants was 1% wider and 6% narrower, on 

average, than that of injected and uninjected controls, respectively (Figure 5.7b). 

Forebrain width was not significantly different between morphants and injected controls 

(P=0.78), but was significantly different between morphants and uninjected controls 



176 

 

(P=0.01). However, this difference was also significantly different between injected and 

uninjected controls (P=3x10-3) (Table 5.2). 

In order to compare forebrain width, relative to body length, the ratio of forebrain 

width to top length (forebrain width:top length) was calculated. Forebrain width:top 

length of slc13a1 morphants was 13% and 13% wider, on average, than that of injected 

and uninjected controls, respectively (Figure 5.7c). Forebrain width:top length was 

significantly different between morphants and injected controls (P<1x10-4), as well as 

between morphants and uninjected controls (P=2x10-4), but was not significantly 

different between injected and uninjected controls (P=0.89) (Table 5.2). 

 

Midbrain Width 

Midbrain width of slc13a1 morphants was 7% and 13% narrower, on average, 

than that of injected and uninjected controls, respectively (Figure 5.7b). The decrease in 

midbrain width was significantly different between morphants and injected controls 

(P=3x10-4), as well as between morphants and uninjected controls (P<1x10-4). However, 

this difference was also significantly different between injected and uninjected controls 

(P=5x10-4) (Table 5.2). 

In order to compare midbrain width, relative to body length, the ratio of midbrain 

width to top length (midbrain width:top length) was calculated. The midbrain width:top 

length was not significantly different between morphants and injected controls (P=0.22), 

nor between morphants and uninjected controls (P=0.18). Furthermore, midbrain 

width:top length was not significantly different between injected and uninjected controls 

(P=0.88) (Figure 5.7c and Table 5.2). 
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Forebrain:Midbrain Width 

In order to compare forebrain width, relative to midbrain length, amongst 

embryos, the ratio of forebrain width to midbrain width (forebrain:midbrain width) was 

calculated. Forebrain:midbrain width of slc13a1 morphants was 9% and 8% larger, on 

average, than that of injected and uninjected controls, respectively (Figure 5.7b). The 

forebrain:midbrain width was significantly different between morphants and injected 

controls (P=2x10-4), as well as between morphants and uninjected controls (P=4x10-4), 

but was not significantly different between injected and uninjected controls (P=0.85) 

(Table 5.2). 

 

Heart Edema 

Heart edema scores were higher in slc13a1 morphants (mean=0.67), on average, 

compared to injected controls (mean=0.1) and uninjected controls (mean=0.00) (Figure 

5.7b). Heart edema scoring in slc13a1 morphants was significantly different between 

morphants and injected controls (P<1x10-4), as well as between morphants and uninjected 

controls (P<1x10-4), but was not significantly different between injected and uninjected 

controls (P=0.45) (Table 5.2). 
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Table 5.1. Phenotypic differences between slc13a1 morphants, injected controls, and 

uninjected controls. P-values from pairwise comparisons. Abbreviations: MO, 

morpholino; ΔControl-MO, direction of change in phenotype compared to Control-MO; ∞, 

not calculable. 

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - <0.0001 0.1682

slc13a1 -MO ↑ <0.0001 <0.0001

Uninjected Control NC 0.1682 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0007 0.1682

slc13a1 -MO ↑ 0.0007 <0.0001

Uninjected Control NC 0.1682 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0005 ∞

slc13a1 -MO ↑ 0.0005 0.0008

Uninjected Control NC ∞ 0.0008

GI abnormality

Morpholino

Gross abnormality
M

O

Tail abnormality

M
O

M
O
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Table 5.2. Phenotypic differences between slc13a1 morphants, injected controls, and 

uninjected controls. P-values from pairwise comparisons. Abbreviations: MO, 

morpholino; ΔControl-MO, direction of change in phenotype compared to Control-MO; NC, 

no change.   

  

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0006 0.0725

slc13a1 -MO ↓ 0.0006 <0.0001

Uninjected Control NC 0.0725 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0052 0.0519

slc13a1 -MO ↓ 0.0052 <0.0001

Uninjected Control NC 0.0519 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - <0.0001 0.0014

slc13a1 -MO ↓ <0.0001 <0.0001

Uninjected Control ↑ 0.0014 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - <0.0001 0.0121

slc13a1 -MO ↓ <0.0001 <0.0001

Uninjected Control ↑ 0.0121 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.7776 0.0034

slc13a1 -MO NC 0.7776 0.0138

Uninjected Control ↑ 0.0034 0.0138

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - <0.0001 0.8854

slc13a1 -MO ↑ <0.0001 0.0002

Uninjected Control NC 0.8854 0.0002

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0003 0.0005

slc13a1 -MO ↓ 0.0003 <0.0001

Uninjected Control ↑ 0.0005 <0.0001

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.2167 0.8845

slc13a1 -MO NC 0.2167 0.1778

Uninjected Control NC 0.8845 0.1778

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - 0.0002 0.8490

slc13a1 -MO ↑ 0.0002 0.0004

Uninjected Control NC 0.8490 0.0004

ΔControl-MO Control-MO slc13a1 -MO Uninjected Control

Control-MO - <0.0001 0.4467

slc13a1 -MO ↑ <0.0001 <0.0001

Uninjected Control NC 0.4467 <0.0001

Morpholino

Side length

M
O

Top length
M

O

Eye area

M
O

Eye area:Side length

M
O

Forebrain width

M
O

Forebrain width:Top length

Forebrain:Midbrain ratio

M
O

Heart edema

M
O

M
O

Midbrain width

M
O

Midbrain width:Top length

M
O



180 

 

Figure 5.6. Phenotypic differences between slc13a1 morphants, injected controls, 

and uninjected controls. a) Frequencies of gross abnormality, tail abnormality, and 

gastrointestinal (GI) abnormality observed (*** indicates P<0.001). b) Representative 

images of injected controls and uninjected controls. c) Representative images of slc13a1 

morphants with gross, tail (red arrows), and/or gastrointestinal abnormality (black 

arrows). 

 

  



181 

 

Figure 5.6 Continued 
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Figure 5.7. Phenotypic differences between slc13a1 morphants, injected controls, 

and uninjected controls. (* indicates P<0.05, ** indicates P<0.01, *** indicates 

P<0.001). 
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Environment-Induced Phenotype Alterations in slc13a1 Morphants 

 To gain insight as to whether the phenotypes observed in the slc13a1 morphants 

were a direct result of decreased slc13a1 expression or secondary to the morphants’ 

inability to properly (re)absorb sulfate, we phenotyped slc13a1 morphants grown in 

solutions containing sulfate, APAP, and APAP with sulfate. We reasoned that if the latter 

was true, the severity of the aforementioned phenotypes would decrease when morphants 

were gown in sulfate-supplemented solution and worsen when grown in solution 

containing acetaminophen, compared to morphants grown in neutral solution.   

 Comparisons amongst slc13a1 morphants grown in various solutions (Table 5.3 

and Table 5.4) revealed multiple phenotypes that were significantly different between 

embryos grown in neutral solution and embryos grown in APAP with sulfate solution. In 

comparison to slc13a1 morphants grown in neutral solution, slc13a1 morphants grown in 

APAP with sulfate solution exhibited an increased frequency of gastrointestinal 

abnormalities (P=0.04, Figure 5.8), a 15% decrease in top length (P=0.04, Figure 5.9a), a 

8% decrease in forebrain:midbrain width (P=0.01, Figure 5.9b), and a 23% increase in 

midbrain width:top length (P=0.01, Figure 5.9c). Similarly, in comparison to slc13a1 

morphants grown in neutral solution, slc13a1 morphants grown in sulfate-supplemented 

solution also exhibited a 8% decrease in forebrain:midbrain width (P=0.01, Figure 5.9b), 

and a 23% increase in midbrain width:top length (P=0.01, Figure 5.8c). 

 Eye area:side length was 8% larger slc13a1 morphants grown in sulfate-

supplemented solution compared to slc13a1 morphants grown in neutral solution 

(P=0.01, Figure 5.9b). Furthermore, the difference in eye area:side length amongst 

slc13a1 morphants was not significantly different in APAP or APAP with sulfate solution 
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compared to neutral solution, but was however, significantly different between sulfate-

supplemented solution and APAP with sulfate solution (P=0.05, Table 5.4). Additional 

comparisons amongst slc13a1 morphants grown in various solutions revealed no 

additional differences (Table 5.3 and Table 5.4). 
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Table 5.3. Phenotypic differences amongst slc13a1 morphants grown in neutral, 

APAP, APAP and sulfate, and sulfate solutions. P-values from pairwise comparisons. 

Abbreviations: ΔNeutral, direction of change in phenotype compared to neutral solution 

(0.1% ethanol); APAP, acetaminophen; NC, no change.   

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.5027 0.3939 0.4616

APAP NC 0.5027 0.8415 0.9796

APAP + Sulfate NC 0.3939 0.8415 0.8527

Sulfate NC 0.4616 0.9796 0.8527

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.9769 0.3248 0.7121

APAP NC 0.9769 0.3508 0.7424

APAP + Sulfate NC 0.3248 0.3508 0.5057

Sulfate NC 0.7121 0.7424 0.5057

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.1602 0.0394 0.1465

APAP NC 0.1602 0.4882 0.9796

APAP + Sulfate ↑ 0.0394 0.4882 0.4507

Sulfate NC 0.1465 0.9796 0.4507C
o

n
d

it
io

n

Gross abnormality

Condition
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n

Tail abnormality
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Table 5.4. Phenotypic differences amongst slc13a1 morphants grown in neutral, 

APAP, APAP and sulfate, and sulfate solutions. P-values from pairwise comparisons. 

Abbreviations: ΔNeutral, direction of change in phenotype compared to neutral solution 

(0.1% ethanol); APAP, acetaminophen; NC, no change.  

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.6152 0.0766 0.2775

APAP NC 0.6152 0.2073 0.5891

APAP + Sulfate NC 0.0766 0.2073 0.4191

Sulfate NC 0.2775 0.5891 0.4191

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.5259 0.0364 0.1067

APAP NC 0.5259 0.1455 0.3565

APAP + Sulfate ↓ 0.0364 0.1455 0.5189

Sulfate NC 0.1067 0.3565 0.5189

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.7254 0.3781 0.4095

APAP NC 0.7254 0.2339 0.6593

APAP + Sulfate NC 0.3781 0.2339 0.0945

Sulfate NC 0.4095 0.6593 0.0945

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.2854 0.6956 0.0116

APAP NC 0.2854 0.5286 0.1671

APAP + Sulfate NC 0.6956 0.5286 0.0469

Sulfate ↑ 0.0116 0.1671 0.0469

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.3297 0.0511 0.2715

APAP NC 0.3297 0.3198 0.9473

APAP + Sulfate NC 0.0511 0.3198 0.3255

Sulfate NC 0.2715 0.9473 0.3255

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.6490 0.1072 0.0800

APAP NC 0.6490 0.2510 0.2150

APAP + Sulfate NC 0.1072 0.2510 0.9932

Sulfate NC 0.0800 0.2150 0.9932

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.8219 0.8401 0.3445

APAP NC 0.8219 0.6820 0.4915

APAP + Sulfate NC 0.8401 0.6820 0.2738

Sulfate NC 0.3445 0.4915 0.2738

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.3400 0.0143 0.0077

APAP NC 0.3400 0.1305 0.1014

APAP + Sulfate ↑ 0.0143 0.1305 0.9952

Sulfate ↑ 0.0077 0.1014 0.9952

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.0975 0.0126 0.0093

APAP NC 0.0975 0.3728 0.3954

APAP + Sulfate ↓ 0.0126 0.3728 0.9072

Sulfate ↓ 0.0093 0.3954 0.9072

ΔNeutral Neutral APAP APAP + Sulfate Sulfate

Neutral - 0.2997 0.0801 0.1146

APAP NC 0.2997 0.4615 0.6371

APAP + Sulfate NC 0.0801 0.4615 0.7494

Sulfate NC 0.1146 0.6371 0.7494

C
o
n
d

it
io

n

Heart edema

C
o

n
d
it

io
n

C
o
n
d

it
io

n

Midbrain width

C
o
n

d
it

io
n

Midbrain width:Top length

C
o

n
d
it

io
n

Forebrain:Midbrain ratio

Forebrain width: Top length

Side length

C
o

n
d
it

io
n

Top length

C
o

n
d

it
io

n

Eye area

C
o

n
d
it

io
n

Eye area:Side length

C
o
n
d

it
io

n

Forebrain width

C
o

n
d
it

io
n

Condition



187 

 

 

Figure 5.8. Phenotypic differences amongst slc13a1 morphants grown in neutral, 

APAP, APAP and sulfate, and sulfate solutions. (* indicates P<0.05) Abbreviations: 

APAP, acetaminophen; GI, gastrointestinal. 
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Figure 5.9. Phenotypic differences amongst slc13a1 morphants grown in neutral, 

APAP, APAP + sulfate, and sulfate solutions. (* indicates P<0.05, ** indicates 

P<0.01) Abbreviations: APAP, acetaminophen.  
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Discussion 

We have created and validated a novel slc13a1-knockdown zebrafish model, 

resulting in slc13a1 morphants that exhibit the phenotypes characterized here. The 

phenotypes observed in the slc13a1 morphants are astonishingly analogous to the 

phenotypes observed in Slc13a1/NaS1-null mammals, particularly in regard to the gross 

abnormalities, tail abnormalities, gastrointestinal abnormalities, and decreased body 

length, which seemingly mimic the osteochondrodysplasia seen in dogs and sheep.34,35 It 

may not be immediately obvious how decreased expression of a sulfate transporter could 

cause such drastic and seemingly unrelated phenotypes until one revisits sulfate’s role in 

the structure and maintenance of GAGs, proteoglycans, and glycoproteins. Sulfated 

proteoglycans (proteoglycans containing one or more sulfated GAGs) are a critical 

component of extracellular matrices in cells throughout the body, specifically in 

connective tissues.36 Sulfated proteoglycans and mucins also are key components of the 

mucous barrier in the respiratory, gastrointestinal, and reproductive tracts, where they 

protect the underlying mucosa as well as regulate numerous biological processes.37 For 

example, dogs and sheep with naturally occurring, homozygous loss-of-function variants 

in Slc13a1 have been described, both exhibiting hyposulfatemia and a form of 

osteochondrodysplasia characterized by dwarfism and angular deformities of the 

forelimbs.34,35 The lack of SLC13A1 expression in bone or cartilage indicates that the 

osteochondrodysplasia, caused by homozygous loss-of-function mutations in Slc13a1, is 

the result of a sulfate metabolic disorder, likely impacting other systems and resulting in 

additional phenotypes that have not yet been described.34 These animal phenotypes, 

stemming from an underlying sulfate metabolic disorder, may be analogous to the minor 
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physical malformations and anomalies seen in children with ASD which include small 

feet, large hands, reduced interpupillary distance and posterior rotation of the external 

ears.38 Furthermore, the Slc13a1-knockout mouse model exhibits hyposulfatemia and 

impaired gastrointestinal function, along with seizures, behavioral abnormalities, fetal 

loss, altered steroid and lipid profiles, and increased susceptibility to acetaminophen-

induced hepatotoxicity.18,39-46 Sulfated GAGs have been shown to be reduced in the 

colonic epithelium and basement membrane of children with autism,47 consistent with the 

various gastrointestinal symptoms associated with autism, including intestinal 

permeability.48,49 The phenotypes observed in our slc13a1 morphants and other mammals 

with complete loss of slc13a1 expression speak to the critical role of sulfate in the 

regulation of growth and development, warranting additional studies to better understand 

the importance of sulfate in human physiology and its potential role in disease. 

 The zebrafish slc13a1 gene is expressed in embryos from 24 hpf in the intestine, 

kidney, brain and eye.22 In regards to eye development, slc13a1 morphants exhibit 

decreased eye area, as well as decreased eye area relative to body size. This suggests that 

slc13a1 is important for normal eye development, which is not surprising given the 

important functions of tyrosine-sulfated proteins in ocular tissues, specifically the 

retina.50 Since the eye is an outpouching of the brain, the decreased eye size seen in 

slc13a1 morphants may also support a role for slc13a1 in brain development. The 

increased forebrain width relative to body size, and increased forebrain:midbrain width 

observed in slc13a1 morphants also substantiate the proposed role of slc13a1 as 

expansion of the forebrain and midbrain regions have been demonstrated in zebrafish 

models of autism.51 
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Furthermore, we subjected slc13a1 morphants to various conditions and 

performed subsequent phenotyping to determine if the effects of slc13a1 knockdown in 

zebrafish embryos could be rescued or exacerbated with sulfate and acetaminophen, 

respectively. Sulfation is a major pathway for acetaminophen metabolism in adults and 

the primary pathway in children until 10-12 years of age.52 Furthermore, acetaminophen 

decreases serum sulfate concentrations in normal adults due to its partial metabolism via 

sulfation.53 Most interestingly, eye size, relative to body size, was increased slc13a1 

morphants grown in sulfate-supplemented solution compared to morphants grown in 

neutral solution. This increase was not observed in solutions containing acetaminophen, 

perhaps due to acetaminophen’s antagonistic effect on sulfate concentration. As to 

whether the phenotypes observed in the slc13a1 morphants are a direct result of 

decreased slc13a1 expression or secondary to the morphants’ inability to properly 

(re)absorb sulfate, only limited conclusions can be drawn from these experiments, as no 

clear pattern of severity can be observed amongst the various conditions. We believe 

additional experiments aiming to optimize sulfate-supplementation at various times 

during embryonic development will provide further insight regarding the value of sulfate-

supplementation as a therapeutic. 

 To summarize, in comparison to injected controls, slc13a1 morphants exhibit a 9- 

and 7-fold higher frequency of gross abnormalities and tail abnormalities, respectively. In 

addition, 27% of slc13a1 morphants display a gastrointestinal abnormality, a phenotype 

unseen in injected and uninjected controls. The decreased body length and increased 

heart edema seen in slc13a1 morphants, compared to controls, suggest global 

developmental delay, while the decreased eye area relative to body size, increased 
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forebrain:midbrain width, and increased forebrain width relative to body size, suggest 

abnormal eye and brain development, all resulting from the decreased expression of 

slc13a1. Together, these results suggest a role for slc13a1 and/or sulfate in embryonic 

growth and neurological development, offer insight into sulfate’s role in human 

physiology and disease, and provide support for additional phenotyping of human 

SLC13A1 R12X and W48X carriers. 
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Chapter 6: Discussion  

 

Summary 

 The goal of this dissertation was to address the following central, scientific 

question: What are the genetic determinants of serum sulfate and what clinical impact do 

they have on human health? The work put forth in this dissertation begins to provide 

answers to this question which have since evoked further questions. Nevertheless, this 

work has provided new and exciting information through unveiling novel biology that 

further elucidates the genetics of sulfate as well as the physiological role of sulfate in 

human development, disease, and drug toxicity. This dissertation work has been 

accomplished through the development and completion of three specific aims, results of 

which are summarized below. 

 

Specific Aim 1: Estimate serum sulfate heritability and identify genetic contributors 

of serum sulfate using a) an SLC13A1 candidate-gene approach, and b) an exome-

wide and genome-wide association study (ExWAS/GWAS) approach. 

 As described in Chapter 3, to the best of our knowledge, our group is the first to 

establish that serum sulfate has a significant heritable component (h2=0.40, P=1.8x10-16). 

Two nonsense single nucleotide variants (SNVs) (R12X and W48X), as well as two 

missense SNVs (N174S and R237C), in SLC13A1 were not only enriched in the Old 

Order Amish (Amish) but likely functional, thus we hypothesized that these SNVs would 

be associated with altered serum sulfate due to altered sulfate (re)absorption. Serum 

sulfate was measured and comprehensively characterized in 977 Amish subjects. This 
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study identified novel associations between SLC13A1 R12X and W48X, and decreased 

serum sulfate, as well as a novel association between SLC13A1 N174S and increased 

serum sulfate. We further conducted the first ExWAS and GWAS of serum sulfate in an 

attempt to identify other novel genetic contributors of serum sulfate. The ExWAS and 

GWAS identified L348P in SLC26A1 as an additional genetic contributor of serum 

sulfate. SLC26A1 encodes Sat1, the basolateral membrane, sulfate-anion transporter, 

consistent with this locus as a true determinant of serum sulfate. While SLC26A1 L348P 

has not been described in the literature to our knowledge, at half the effect size of 

SLC13A1 R12X or W48X, each copy of the L348P allele results in an additive decrease 

in serum sulfate. In summary, these studies have identified novel associations between 

R12X, W48X, and N174S in SLC13A1, and L348P in SLC26A1, and altered serum 

sulfate. 

 

Specific Aim 2: Assess whether quantitative, clinical phenotypes are associated with 

altered serum sulfate concentration and/or sulfate-altering genetic variants in a 

hypothesis-driven manner using a) retrospectively-collected clinical phenotype data 

from previous studies conducted at the University of Maryland Amish Research 

Clinic, and b) prospectively-collected clinical phenotype data obtained from 

quantitative assays on stored serum samples from Amish research participants. 

As described in Chapter 3, we investigated associations between sulfate-lowering 

SNVs, aminotransferase levels, bone mineral density (BMD), and serum calcium, results 

of which implicate a role for sulfate and these SNVs (SLC13A1 R12X and W48X, and 

SLC26A1 L348P) in important human metabolism, physiology, and disease processes. 
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Consistent with sulfate’s role in xenobiotic detoxification and protection against 

acetaminophen-induced hepatotoxicity, SLC13A1 nonsense SNV carriers had higher 

aminotransferase levels compared to non-carriers. Furthermore, SLC26A1 L348P was 

associated with lower whole-body BMD and higher serum calcium, consistent with the 

osteochondrodysplasia exhibited by dogs and sheep with naturally-occurring, 

homozygous, loss-of-function mutations in Slc13a1,1,2 and the nephrocalcinosis and 

increased calcium oxalate kidney stone formation in Slc26a1-knockout mice.3 

 In contrast to our initial hypothesis that decreased serum sulfate would be 

associated with decreased DHEA-S and DHEA-S/DHEA ratio, we did not observe any 

associations between serum sulfate and these hormones (Chapter 4). Contrary to our 

hypothesis that sulfate-lowering variants would be associated with decreased DHEA-S 

and DHEA-S/DHEA ratio, we instead observed a 16% decrease in DHEA amongst 

carriers of the sulfate-lowering nonsense variants, SLC13A1 R12X or W48X, compared 

to non-carriers. Interestingly, when we stratified subjects by gender, the association 

between SLC13A1 nonsense variant carrier status and decreased DHEA was only 

observed in males. We suspect lower DHEA in SLC13A1 nonsense variant carriers may 

lead to lower testosterone levels as testosterone is a downstream product of DHEA; 

however testosterone measures were only available in women and no association was 

observed in that sample. The phenotypes observed in individuals with loss-of-function 

mutations in PAPSS2 warranted a comprehensive study of the effect of serum sulfate 

concentration, as well as the effect of SLC13A1 nonsense variants, on DHEA, DHEA-S, 

and testosterone. Our results suggest that sulfate-lowering variants play a role in hormone 
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and androgen homeostasis, with serum sulfate concentration playing less of a role at the 

concentrations examined in this study. 

Additional research relevant to this aim is currently ongoing under human 

subjects research IRB protocol #00062217, The Role of Sulfate in Development and 

Disease: A Questionnaire-Based Study (see Ongoing Research). Results of preliminary 

analyses have been included in the appendix.  

 

Specific Aim 3: Create an slc13a1-knockdown zebrafish model and evaluate the role 

of slc13a1 and sulfate in embryonic development under sulfate deficient, neutral and 

supplemented environmental conditions. 

 As discussed in Chapter 5, we developed a model of slc13a1 deficiency to 

evaluate embryonic growth and neurological development. By injecting zebrafish 

embryos with morpholino targeting slc13a1, we established a reproducible slc13a1-

knockdown zebrafish model to use for future investigation of slc13a1, sulfate 

metabolism, and brain development. slc13a1 morphants exhibited a significant decrease 

in slc13a1 mRNA expression, particularly at 2 days post fertilization (dpf), thus relevant 

phenotypes were assessed at this developmental time point. Strikingly, slc13a1 

morphants displayed 7- to 9-fold higher frequencies of gross and tail abnormalities 

compared to injected controls. Gastrointestinal abnormalities were present in 27% of 

slc13a1 morphants, a phenotype not observed in injected and uninjected controls. 

Furthermore, slc13a1 morphants on average exhibited more heart edema, a 8-10% 

reduction in body length, a 14% reduction in eye area relative to body size, a 9% 

reduction in forebrain:midbrain width, and a 13% increase in forebrain width relative to 
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body size, compared to injected controls. The phenotypes observed in the slc13a1 

morphants are astonishingly analogous to the phenotypes observed in Slc13a1/NaS1-null 

mammals, particularly in regard to the gross abnormalities, tail abnormalities, 

gastrointestinal abnormalities, and decreased body length, which seemingly mimic the 

osteochondrodysplasia seen in dogs and sheep.1,2 Furthermore, these results are consistent 

with abnormal development in tissues known to require sulfate for proper development. 

Together, these results suggest a role for slc13a1 and/or sulfate in embryonic growth and 

neurological development, offer insight into sulfate’s role in human physiology and 

disease, and provide support for additional phenotyping of human R12X and W48X 

carriers. 

 

Potential Impact on Public Health  

 Sulfate biology plays a role in three relatively common conditions – 

acetaminophen toxicity, autism spectrum disorder (ASD), and osteoarthritis - as well as 

others that are less common (Table 2.2). Though the impact of improved sulfate 

regulation on each of these conditions is unquantified, even a small influence on disease 

could have a large impact on public health because of the frequency of these conditions. 

ASD affects approximately 1 in 68 children in the United States.4 Acetaminophen 

toxicity is responsible for 30,000 hospitalizations each year and is the leading cause of 

acute liver failure in the United States5,6. Osteoarthritis is a leading cause of chronic 

disability and is one of the most expensive medical conditions to treat.7-9 There is 

currently no cure for ASD or osteoarthritis, with current treatments for both focusing on 

relief of associated symptoms and improved function.10-13 The antidote and standard of 
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care for acetaminophen toxicity is N-acetylcysteine (NAC), which acts as a sulfate 

donor.14,15 Identifying genetic risk factors associated with altered serum sulfate may lend 

insight into possible biomarkers that could be used to identify susceptible individuals and 

may be critical for developing targeted treatment options that could prevent or alleviate 

conditions associated with reduced sulfate. This work will be an important step towards 

demonstrating the use of sulfate as a biomarker for disease and drug toxicity, and may 

provide support for sulfate supplementation through vitamins and fortification processes, 

as well as the inclusion of serum sulfate concentration in routine clinical testing. 

 

Limitations 

 There are some limitations that should be considered when evaluating the results 

of this investigation. First, all participants for whom serum sulfate was measured are 

members of the Amish community. Diet is likely the strongest environmental predictor of 

serum sulfate concentration, as significant amounts of sulfate are found in various foods 

and sources of drinking water.26 As a result, differences in the daily intake of sulfate 

between individuals could modify our primary phenotype of interest, serum sulfate, 

altering heritability estimates and power to identify genetic contributors. However, since 

the Amish are a relatively homogenous population with similar lifestyles and dietary 

habits, potential confounders may be less than in more heterogeneous populations. 

Nonetheless, an attempt to minimize the potential for dietary sulfate intake to confound 

our analyses has been taken by measuring sulfate concentration in fasting serum samples. 

Furthermore, generalizability and ability to replicate our findings in an outbred cohort is 

limited by the enrichment of the identified SNVs in SLC13A1 (R12X, W48X, N174S, 
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and R237C) in the Amish population and the possible enrichment of any additional 

genetic variants identified through GWAS. Replication of this study in a different 

population could potentially identify additional variants in SLC13A1 and other genes 

contributing to serum sulfate that are not present in the Amish but more common and 

thus more generalizable. Lastly, all GWA studies are limited to the variants present on 

the platform used for genotyping, and thus statistically significant associations may not 

identify the causative variant, but instead a variant in high linkage disequilibrium with the 

associated variant. In the case of SLC13A1 R12X and SLC13A1 W48X nonsense variants, 

it is likely that these are the causative variants due to the loss-of-function nature of 

nonsense variants. Yet additional studies to confirm the functionality of any novel 

missense or synonymous variants identified from a GWAS of serum sulfate should be 

performed. 

While impaired sulfation in humans has been associated with a number of 

disorders, and loss-of-function in SLC13A1 has been associated with hyposulfatemia, a 

putative functional link between loss-of-function variants in SLC13A1 and susceptibility 

to disease is unclear. It is possible that only very severe decreases in serum sulfate 

concentration result in an observable phenotype, decreasing our ability to observe such an 

association. Such circumstances may only be present in subjects with multiple serum 

sulfate lowering alleles, or from unidentified gene-gene or gene-environment 

interactions. Adjusting for potentially confounding genetic variants in genes involved in 

sulfate homeostasis is possible due to the substantial amount of available genetic 

information collected from this Amish cohort.  
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Other potential factors that limit our ability to observe an association between 

sulfate-altering variants and/or serum sulfate, and clinically-relevant phenotypes include 

our relatively small sample sizes. For retrospectively-collected phenotype data, the option 

to try to replicate novel associations in another population is a possibility; however, doing 

so would require much larger sample sizes for alleles enriched in the Amish. For 

prospectively-collected phenotype data, data collection remains ongoing, therefore if 

suggestive trends are found, increasing sample size through the use of pedigree 

information and additional genotyping can be considered.  

As always, there are limitations of the phenotyping instruments used, particularly 

the questionnaire assessments, as no questionnaire is perfectly sensitive or specific. 

Furthermore, self-administration and subject return of questionnaires could introduce bias 

in our sampling. However, since these assessments are being used for research purposes, 

our analyses are focused on whether or not differences exist between groups and are not 

focused on whether groups meet or fail to meet screening/diagnostic criteria. In this 

sense, there is no reason to believe biases would not be distributed equally among groups. 

However, if we become concerned that biases between groups exist, for example, in 

regards to enrollment and/or questionnaire-return bias, we will be able to analyze these 

outcomes by group and furthermore by genotype.   

Morpholinos (MOs) remain a valuable tool for individual gene knockdown 

analysis in zebrafish by providing a way to knockdown gene expression during early 

embryonic development but disadvantages do exist. MO’s can have non-specific effects 

thus we have used several different assays to further demonstrate specificity, such as 

measuring p53 expression as in many cases this induction indicates off-target effects.27 
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MO’s knockdown gene expression transiently in comparison to the use of a transgenic 

knockout line which provides permanent loss of gene expression throughout an 

organism’s life. Since we are specifically interested in early embryonic phenotypes 

resulting from decreased slc13a1 expression, these limitations are minimized. Moreover, 

timely research suggests deleterious mutations, such as those created by genome-editing, 

activate a compensatory network to buffer against such mutations, a potentially 

disadvantageous phenomenon not observed after transcriptional or translational 

knockdown.28 If the need arises in the future for permanent loss of slc13a1 expression, 

creation of a transgenic slc13a1 mutant zebrafish line through genome-editing, which is 

established in the Zaghloul laboratory, can be used as an alternative approach. 

 

Ongoing Discovery 

The Amish Associations Database 

 Using a genotype-to-phenotype approach to glean insights into human biology, 

we systematically identified nonsense, single nucleotide variants (SNVs) that are rare in 

the general population but enriched in the Amish due to founder effect. The filtering that 

was applied to the Illumina Human Exome BeadChip data obtained from 1,725 Amish 

subjects (Chapter 2) was performed manually, along with the annotation of each 

nonsense variant through ANNOVAR16, and an in-depth literature search of each 

corresponding gene. From there, hypotheses were generated as to the phenotype that 

would result from each nonsense variant. 

This process was the conceptual basis for the creation of what is now the Amish 

Associations Database,17 which is a web-based tool constructed in 2014 to help users to 
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query the Single Nucleotide Polymorphism (SNP) Annotation Database. It provides 

many user friendly ways to query/filter data from Amish subjects genotyped on a user-

specified platform by gene name, RS ID, amino acid change, SNP function (synonymous, 

non-synonymous, stop-gain, stop-loss), and many more. This utility also provides 

valuable information about SNPs such as association results with traits from Amish 

studies, population frequencies, scores from several variant prediction tools, and much 

more. Results are displayed on the web-based interface but can also be download as a 

".csv" file. 

  

The Role of Sulfate in Development and Disease: A Questionnaire-Based Study 

(IRB #00062217) 

 Results from this dissertation (Chapters 3-5) prompted the design, composition, 

and execution of The Role of Sulfate in Development and Disease: A Questionnaire-

Based Study, an on-going human research study aimed at further assessing the clinical 

consequences of sulfate-lowering variants. The overall goal of this study is to assess the 

clinical consequences of these sulfate-lowering genetic variants. The ratio of sulfated to 

non-sulfated molecules plays a significant role in many of the molecular events that 

regulate growth and development. Thus the hypothesis to be tested is that these variants 

in SLC13A1 (rs28364172, c.34G>A, p.R12X and rs138275989, c.144C>T, p.W48X) and 

SLC26A1 (rs148386572, c.1043A>G, p.L348P) increase susceptibility to disease and 

adverse drug effects by causing a sulfate metabolic disorder defined by decreased blood 

sulfate levels. Through comprehensive examination of humans with rare, large-effect 

variants in SLC13A1 and/or SLC26A1, and their first degree family members, we have an 
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exclusive opportunity to evaluate the effect of sulfate depletion. The questionnaires 

administered in this study include a personal health history, a family health history, a 

medication history, and the Social Responsiveness Scale, Second Edition (SRS-2),18 

which is used to identify the presence and severity of social impairment within the autism 

spectrum (Appendix A). We are uniquely positioned to test this hypothesis due to the 

increased frequency of these rare variants in the Amish population. Results from these 

studies may identify novel disease and pharmacogenetic risk factors which could 

potentially inform new biology, prevention, and treatment strategies for disease and 

adverse drug effects in susceptible individuals. Furthermore, the data that is currently 

being collected will serve as the basis for further investigation of SLC13A1 and SLC26A1 

variants. 

 

Effect of Sulfate-Lowering Variants on Microbiome Composition  

 Results detailed in Chapter 3 support the claim that SLC13A1 R12X and W48X, 

and SLC26A1 L348P are associated with large decreases in serum sulfate in humans. This 

is likely due to reduced sulfate (re)absorption in the intestines and kidneys, thus we 

hypothesize that individuals with these variants have altered gut microbiome 

compositions as a result. Specifically, we hypothesize that individuals with these variants 

have increased proportions of sulfate-utilizing bacteria in their gut microbiome compared 

to individuals without these variants. A collaborative investigation with the Institute for 

Genome Sciences is underway to test hypothesis using 16S ribosomal sequence data 

obtained from fecal samples collected from 325 Amish subjects as part of the National 

Institutes of Health (NIH) Human Microbiome Project.19-21 Data supporting this 
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hypothesis would provide the first evidence of a single genetic variant altering the 

composition of the human microbiome which would suggest that other genetic variants 

could have an equivalent or greater effect as well. Such a finding could impact a wide 

variety of human health and precision medicine topics including nutrient and energy 

balance, gastrointestinal infection, efficacy of orally administrated vaccines, and the 

development of personalized probiotic compositions.   

 

Low Serum Sulfate and SLC13A1 W48X in an Old Order Mennonite Family with 

Osteoporosis-Pseudoglioma Syndrome and Autism Spectrum Disorder 

Three nuclear Old Order Mennonite families, all distantly related, together have 

15 children with osteoporosis-pseudoglioma (OPPG) syndrome (Appendix B), an 

autosomal recessive disease caused by mutations in LRP5 that generally presents with 

congenital blindness and osteoporosis, with fractures in early childhood.22,23 ASD is 

present in all of the OPPG-affected children from Family #1(parents are heterozygous for 

LRP5 W425X allele) while absent in all children from Family #2 (parents are 

heterozygous for LRP5 W425X allele) and Family #3 (mother and father or heterozygous 

for LRP5 W425X and T409A alleles, respectively). Serum sulfate concentration was 

measured in 10 individuals with OPPG (3 have ASD) and 14 unaffected first-degree 

relatives. All analyses were adjusted for age and gender. Serum sulfate was lower in 

individuals with ASD compared to those without ASD (P=0.02) but was not different 

between individuals with and without OPPG (P=0.16). Given that these individuals 

identify as Old Order Mennonite and not Old Order Amish, the likelihood that they carry 

a SLC13A1 R12X or W48X was presumed low; however, genotyping was warranted. 
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Exome-sequencing revealed the SLC13A1 W48X allele in five of nine family members 

tested from Family #1. All children of Family #1 with ASD are carriers of SLC13A1 

W48X, as well as a brother who does not have OPPG. This allele was inherited from the 

father of Family #1 who does not appear to be directly related to Family #2 or #3, 

providing a possible explanation as to why the ASD phenotype is only present in Family 

#1. While SLC13A1 W48X explains the low sulfate levels in the children with both 

OPPG and ASD in Family #1, it is not clear if their low serum sulfate levels are 

contributing to their autism phenotype. Our results are consistent with previous work 

linking decreased serum sulfate to ASD, and provide suggestive evidence that sulfate-

lowering alleles, such as SLC13A1 R12X and W48X may play a role in heritable ASD 

that may require a second metabolic hit, such as OPPG, to cause an overt phenotype. We 

are currently studying the clinical consequences of these sulfate-lowering genetic variants 

in Old Order Amish carriers of SLC13A1 R12X and W48X. In conclusion, our findings 

of low serum sulfate in individuals with ASD and OPPG support the concept of sulfate as 

a biomarker for ASD, and raise the possibility of an oral sulfate supplementation trial. 

Results from these studies may identify novel disease risk factors that inform new 

biology, prevention, and treatment strategies in susceptible individuals.  

 

Future Directions 

This dissertation lays the groundwork for future studies of sulfate biology, as well 

as future studies aimed at elucidating phenotypes associated with other nonsense variants 

present in the Amish population. Specifically, the following are research endeavors 

worthy of further pursuit: 
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1) Functional studies of SLC13A1 (R12X, W48X, and N174S) and SLC26A1 

(L348P) variants to better understand the mechanism by which these genetic 

variants effect protein function. 

2) Acetaminophen Challenge: An Amish cohort study in which subjects are 

chosen by SLC13A1 and SLC26A1 genotype and given the maximum 

recommended daily dose of acetaminophen with and without sulfate 

supplementation. Levels of serum sulfate, urine sulfate, blood glutathione 

(oxidized and reduced), and urine acetaminophen metabolites (e.g. 

acetaminophen-sulfate, acetaminophen-glucuronide, and acetaminophen-

mercapturate) could be measured and compared by genotype. This study 

would provide information as to whether SLC13A1 nonsense carriers 

metabolize acetaminophen differently than non-carriers, if they are increased 

risk of toxicity from acetaminophen or any other xenobiotic metabolized via 

sulfation, and if sulfate supplementation can alleviate any increased risk. 

3) Omics Approaches  

a. Utilize metabolomics to gain insight into the downstream metabolic 

effects of altered serum sulfate in humans. 

b. Utilize transcriptomics to compare genome-wide differences in gene 

expression between slc13a1-knockout fish and controls. 

4) Longitudinal studies to evaluate the effect of sulfate supplementation on  

a. Osteoarthritis progression 

b. Cognitive and behavioral outcomes 

c. Hormone levels 



214 

 

5) Nonsense variants enriched in the Old Order Amish:  

a. CLEC7A Y159X: Mutations in C-type lectin domain family 7, member 

A (CLEC7A) are associated with familial candidiasis and susceptibility 

to aspergillosis.24 

b. PDE11A R307X: Mutations in Phosphodiesterase 11A (PDE11A) are 

associated with primary, pigmented nodular adrenocortical disease.25 

c. SLC5A4 E139X: Loss of solute carrier 5, member 4 (SLC5A4) which 

encodes a sodium-glucose cotransporter (SGLT3) may have a role in 

diabetes and or response to sodium-glucose cotransporter 2 (SGLT2) 

inhibitors, a class of oral anti-diabetic medications. (Pharmacogenetics 

of Sodium-Glucose Linked Transporter-2 (SGLT-2) Inhibitors, IRB 

#00058350, PI: Amber Beitelshees) 
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Chapter 7: Appendix 

Study Populations  

Summaries 

 

The Amish Pharmacogenomics of Antiplatelet Intervention (PAPI) Study1: The 

Amish PAPI Study was initiated in 2006 to identify genetic variants that influence the 

efficacy of oral antiplatelet agents (e.g. aspirin and clopidogrel). In addition to a detailed 

medical exam including blood pressure, anthropometry, and a standard fasting lipid 

panel, subjects underwent an 8-day clopidogrel treatment with platelet aggregation 

studies pre- and posttreatment and 1 hour after ingestion of 324 mg aspirin on day 8. 

 

Amish Family Longevity Study (AFLS)2,3: The AFLS was established in 2001 to 

identify genes that influence longevity and longevity-related traits in humans. Long-lived 

Amish probands (age > 90) were identified using the Amish Genealogical Database and 

through surveys sent to all Amish households listed in the Amish Church Directory 4 and 

recruited to the study along with all willing offspring and spouses of offspring. 

Phenotypic characterization included a detailed medical exam including blood pressure, 

anthropometry, and a standard fasting lipid panel.  

 

The Amish Heredity and Phenotype Intervention (HAPI) Heart Study5: The Amish 

HAPI Heart Study began in 2003 to identify genes that interact with environmental 

exposures to influence risk for cardiovascular disease. Subjects underwent a detailed 

medical examination including blood pressure, anthropometry, a standard fasting lipid 
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panel and four short-term interventions designed to challenge cardiovascular function 

including blood pressure responses to (1) the cold pressor stress test and (2) a high salt 

diet, (3) triglyceride excursion in response to a high fat challenge, and (4) response in 

platelet aggregation to aspirin therapy.  

 

Amish Family Calcification Study (AFCS)6: The AFCS was initiated in 2001 to 

identify the determinants of vascular calcification and to evaluate the relationship 

between calcification of bone and vascular tissue. Subjects underwent a detailed medical 

examination including blood pressure, anthropometry, a standard fasting lipid panel, and 

the measurement of coronary artery calcification (CAC) by electron bean computed 

tomography (EBCT).  

 

Amish Wellness Study (AWS): Through the Amish Research Clinic and the Amish 

Wellness Mobile, recruitment into the Amish Complex Disease and Wellness Biobank is 

ongoing. Accruing at a rate of approximately 1,500 subjects per year, we expect to 

complete total ascertainment of virtually all Amish adults in Lancaster County 

(approximately 12,000 subjects) within the next 4 years. 

 

The above study protocols were approved by the Institutional Review Board at the 

University of Maryland School of Medicine and all subjects gave written informed 

consent. 
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Detailed Descriptions from Cited Articles 

 

The Amish Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study1 

The Amish Pharmacogenomics of Antiplatelet Intervention (PAPI) Study. 

Subjects were recruited between August 2006 and October 2008. Subjects were Old 

Order Amish aged ≥ 20 years who were generally healthy based upon exclusion criteria 

for major illnesses including kidney, liver and symptomatic cardiac disease. Prescription 

medications, vitamins and supplements were discontinued for 1 week prior to the initial 

study visit. Medical and family histories, anthropometry, and physical examinations were 

conducted at the Amish Research Clinic in Lancaster, PA. The 429 Amish PAPI subjects 

comprised a number of relative pairs informative for estimating heritabilities, including 

105 parent-offspring pairs, 175 sib pairs, 1 grandparent-grandchild pairs, 48 avuncular 

pairs, and 12 first cousin pairs. 

Blood samples were obtained following an overnight fast. Complete blood count 

with platelet number and serum lipids (total cholesterol, high-density lipoprotein 

cholesterol (HDL-C) and triglycerides) were assayed by Quest Diagnostics (Horsham, 

PA). All subjects had triglyceride <400 mg/dL and low-density lipoprotein (LDL-C) 

levels were calculated using the Friedewald equation. Hyperlipidemia was defined as an 

LDL-C of greater than 160 mg/dL and/or use of prescription cholesterol-lowering 

medications. Hypertension was defined as systolic blood pressure ≥140 mm Hg, and/or 

diastolic blood pressure ≥90 mm Hg, and/or use of prescription blood pressure lowering 

medications. Diabetes was defined as a self-reported history. Current smoking status 

included self-reported use of cigarette, pipe, or cigar. 
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After baseline platelet aggregation measurements were made, subjects were given 

an oral loading dose of 300 mg clopidogrel followed by 75 mg per day for 6 days. 

Follow-up platelet aggregation studies were repeated one hour following the last dose of 

clopidogrel. A second follow-up platelet aggregation measurement was made on the same 

day one hour after oral ingestion of 324 mg of chewable aspirin (4 x 81 mg). Platelet 

function was assessed by optical aggregometry. Briefly, venous blood was drawn into 

3.2% citrate-anticoagulated tubes (Becton-Dickinson, Franklin Lakes, NJ). Platelet rich 

plasma was prepared from whole blood and platelet counts adjusted to 200,000 

platelets/μL with platelet poor plasma. Platelet aggregation was assessed in a PAP8E 

Aggregometer (Bio/Data Corporation, Horsham, PA) after stimulating samples with ADP 

(2, 5, 10, and 20 μmol/L) or arachidonic acid (1.6 mmol/L).  

 

Amish Family Longevity Study (AFLS)2,3 

The Old Order Amish of Lancaster County, PA is a founder population that our 

group has been studying since 1993. The AFLS was established in 2001 to identify genes 

that influence longevity and longevity-related traits in humans 3. Long-lived Amish 

probands (age > 90) were identified using the Amish Genealogical Database and through 

surveys sent to all Amish households listed in the Amish Church Directory 4, and 

recruited to the study along with all willing offspring and spouses of offspring.  

 

The Amish Heredity and Phenotype Intervention (HAPI) Heart Study5 

 Participants for the HAPI Heart Study were recruited from the Amish community 

of Lancaster County, PA. Only subjects aged 20 years and older were eligible to 
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participate and age-eligible family members of all participating subjects were encouraged 

to enroll. Before enrollment, potential study participants were visited at home by a study 

nurse and Amish liaison team, who performed a screening examination to determine 

eligibility. Although most subjects qualified for all interventions, there were separate 

exclusion criteria for each to enable subjects to participate in only those interventions for 

which they qualified.  

A total of 1003 individuals were identified for recruitment and received home 

visits to establish eligibility. Of these, 78 (7.8%) refused to participate and 45 (4.5%) did 

not meet one or more of the global eligibility criteria. Twelve eligible and consented 

individuals withdrew before completing any of the interventions, leaving a final sample 

size of 868 participants. 

The study protocol required a 4-week period to complete all 4 interventions. After 

obtaining permission from their prescribing physicians, all medications, vitamins, and 

supplements were discontinued for 7 days before Clinic Visit 1 and for the duration of the 

study. As Amish do not drive cars, transportation to the Amish Research Clinic 

(Lancaster, PA) was provided. Subjects were instructed to fast for 12 hours before their 

appointment, to abstain from excessive physical activity on the morning of the visit, and 

to bring a first morning void urine sample. Clinic Visit 1 lasted for 8 to 10 hours, during 

which time the following were performed: physical examination, urine pregnancy test, 

fasting blood sample for pre-aspirin analyses of platelet aggregation and inflammatory 

markers, blood pressure monitoring, CPT, high fat challenge, electrocardiogram, 

ultrasound measurement of carotid intima media thickness, measurement of pulse wave 
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velocity and ankle-brachial index (ABI), and echocardiogram. All blood samples were 

obtained through an indwelling angiocatheter.  

The CPT was conducted by having the subjects immerse their right hand and 

wrist in ice water for a period of 2½ minutes. Before immersion, blood pressure 

measurements were taken every 5 minutes for at least 20 minutes. Nine additional blood 

pressure measurements were taken during and after the cold pressor stimulus at minutes 

1, 2, 3, 4, 5, 7.5, 10, 15, and 20 after immersion. A brachial artery reactivity test was 

performed during the course of the cold pressor stimulus to measure changes in brachial 

artery diameter during and after the CPT stimulus. The high-fat challenge was 

administered 1 hour after completion of the CPT. Before the beginning of the fat 

challenge, blood was drawn to measure fasting lipids and brachial artery flow-mediated 

vasodilation was measured to assess fasting endothelial function.  

The high-fat challenge, prepared in the form of a whipping cream milk shake, was 

standardized to consist of 782 calories per m2 of body surface with 77.6% of calories 

from fat, 19.2% from carbohydrate, and 3.1% from protein. After ingestion, blood was 

drawn at 1, 2, 3, 4, and 6 hours to assess the triglyceride excursion. Brachial artery flow-

mediated vasodilations were also performed at 2, 4, and 6 hours after the fat challenge to 

assess post-prandial effects on endothelial function. The subject rested and remained 

fasting during the 6 hours post-fat challenge.  

The aspirin intervention was begun the day after Clinic Visit 1; for the next 14 

consecutive days the subject took 81 mg aspirin every day. One to 3 days before the 

second clinic visit a nurse and liaison performed a home visit to ensure compliance. On 

the 14th day, the subjects took their aspirin shortly before arriving at the Amish Research 
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Clinic for Clinic Visit 2. Fasting blood was drawn to measure post-aspirin platelet 

aggregation. The subjects also collected and brought their first morning urine sample for 

measurement of 11-dehydrothromboxane B2. To assess compliance, a pill count was 

performed and each subject kept a diary. The subjects were permitted to miss up to 4 

aspirin doses over the 2-week period and still be included in the final analysis, provided 

that they took the aspirin for at least 3 consecutive days before Clinic Visit 2. The aspirin 

intervention could be extended for up to 3 days (17 days total) to meet this criterion.  

The Monday after Clinic Visit 1, subjects began 6 days of a high-salt diet, 

followed by a 6- to 14-day washout period, and then 6 days of a low-salt diet. The 6-day 

course for the high-/lowsalt interventions was chosen so that the special diet would not 

interfere with their Sunday church meal. All meals were culturally appropriate and 

prepared by an Amish caterer and provided to the subjects by home delivery. The high- 

and lowsalt diets contained 280 and 40 meq sodium per day, respectively. Both diets 

contained 140 meq potassium per day. The diets provided approximately 2900 kcal/d 

with 55% from carbohydrates, 15% from protein, and 30% from fats. On the sixth day of 

each diet, the subjects wore an ambulatory blood pressure monitor to assess their blood 

pressure during a 24-hour period. A nurse and Amish liaison visited the subjects on the 

third and fifth days of each diet to ensure that they were not adversely affected by the 

diets and to check their food diary for compliance. In addition, the subjects were 

instructed to collect the first morning urine sample on days 4, 5, and 6 for measurement 

of sodium and creatinine as an independent assessment of compliance to the salt diets. 

The 3-day means of the urine sodium/creatinine ratios were 162.1 ± 60.8 meq/mg (range 

20.4-444.1) and 33.5 ± 18.6 meq/mg (range 6.9-164.9) for the high- and low-salt diets, 
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respectively, indicating a N4-fold decrease in urinary sodium excretion from high- to 

low-salt diets. During the high- and low-salt interventions, subjects also recorded into 

their diaries the times they went to bed and woke up to define active and inactive periods. 

Direct measurements of physical activity were obtained during this period by having 

subjects wear accelerometers (Actical, Mini Mitter/Respironics, Bend, OR) for 6 

consecutive days. 

 

The Family Amish Calcification Study (AFCS)6 

The Amish Family Calcification Study was initiated in 2001 to identify the 

determinants of vascular calcification and to evaluate the relationship between 

calcification of bone and vascular tissue among members of the Old Order Amish 

community in Lancaster County. Subjects were initially recruited into the AFCS on the 

basis of their participation in an earlier family study of bone mineral density, although 

recruitment guidelines were later modified to allow other interested individuals in the 

community to participate. All first- and second-degree relatives of these new participants 

also were invited to participate in the AFCS. Recruitment efforts were made without 

regard to CVD health status.  

In the AFCS coronary artery calcification was measured in men aged 30 years and 

older or women aged 40 years or older. All AFCS participants underwent a detailed clinical 

examination at the Amish Research Clinic in Strasburg, PA, including assessment of 

potential risk factors for CVD and a medical history interview. Examinations were 

conducted after an overnight fast. Height and weight were measured with a stadiometer 

and calibrated scale with shoes removed and in light clothing. Body mass index (kg/m2) 
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was calculated. Systolic (first phase) blood pressure (BP) and diastolic (fifth phase) BP 

were obtained in triplicate with a standard sphygmomanometer with the subject sitting for 

at least 5 minutes. For these analyses, BP was defined as the mean of the second and third 

measurements. Pulse pressure was defined as the difference between the systolic and 

diastolic BPs. Medication lists were obtained at the participant’s home by a study nurse. 

Smoking habits were recorded by questionnaire; subjects were classified as current 

smokers or not. 

Blood samples were obtained for determination of fasting glucose and lipid levels. 

Glucose concentrations were assayed with a Beckman glucose analyzer using the glucose 

oxidase method. Lipid concentrations were assayed by Quest Diagnostics (Baltimore, Md). 

Low-density lipoprotein cholesterol levels were calculated using the Friedewald 

equation. Diabetes mellitus was defined as a fasting glucose ≥126 mg/dL or use of diabetes 

medications; impaired fasting glucose was defined as glucose ≥100 mg/dL. 
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The Role of Sulfate in Development and Disease: A Questionnaire-

Based Study 

 

Figure A.1. Personal Health History, Family Health History, and Medication 

History Questionnaire.   
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Figure A.1 Continued 
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Table A.1. Social Responsiveness Scale™, Second Edition. The Social Responsiveness 

Scale™, Second Edition (SRS-2), Adult Self-Report Form by Western Psychological 

Services (WPS®)7 is used to identify the presence and severity of social impairment 

within the autism spectrum. The SRS-2 is a 65-item, Likert-scale, objective measure of 

symptoms associated with ASD. Through 65 items, the SRS-2 is identifies social 

impairment associated with ASD and quantifies its severity. The SRS-2 is sensitive 

enough to detect subtle symptoms, yet specific enough to differentiate clinical groups, 

both within the autism spectrum and between ASD and other disorders. In addition to a 

total score reflecting severity of social deficits in the autism spectrum, the SRS-2 

generates scores for five treatment and two DSM-5-compatable subscales. All scores are 

expressed as raw scores that reflect the simple sum of individual item responses, as well 

as T-scores based on ratings collected in the nationally representative standardization 

sample. Additional information regarding the SRS-2, Adult Self-Report Form, including 

information about standardization and validation studies, can be found in the SRS-2 

Manual.8 

 
Assessment Age Time (min.) 

Social Responsiveness Scale, Second Edition (SRS-2) 19+ 15-20 

Scale Subscale 
Raw 
Score 

T-
score 

Total -   

Treatment 

Social Awareness (Awr)   
Social Cognition (Cog)   

Social Communication (Com)   
Social Motivation (Mot)   

Restricted Interests and Repetitive Behavior (RRB)   

DSM-5 
Social Communication and Interaction (SCI)   

Restricted Interests and Repetitive Behavior (RRB)   

Total Score Discussion 

≥76T – Severe range: Scores in this range indicate deficiences in reciprocal 
social behavior that are clinically significiant and lead to severe enduring 
interference with everyday social interactions. Such scores are strongly 
associated with clinical diagnosis of an autism spectrum disorder. 
66-75T – Moderate range: Scores in this range indicate deficiencies in 
reciprocal social behavior that are clinically significant and lead to substantial 
interference with everyday social interactions. Such scores are typical for 
individuals with autism spectrum disorders of moderate severity. 
60T-65T – Mild range: Scores in this range indicate deficiencies in reciprocal 
social behavior that are clinically significant and may lead to mild to moderate 
interference with everyday social interactions. 
≤59T – Within normal limits: Scores in this range are generally not associated 
with clinically significant autism spectrum disorders. 
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Figure A.2. SRS-2 Adult Self-Report Form. 
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Figure A.2 Continued 
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Low Serum Sulfate and SLC13A1 W48X in an Old Order Mennonite 

Family with Osteoporosis-Pseudoglioma Syndrome and Autism 

Spectrum Disorder 

 

Figure A.3. Pedigree of Old Order Mennonite Family. 
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