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The Monocarboxylate Transporter SLC16A6 Regulates Adult Length in Zebrafish and Is Associated With Height in Humans
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When fasted as larvae or fed ketogenic diets as adults, homozygous zebrafish slc16a6a mutants develop hepatic steatosis because their livers cannot export the major ketone body β-hydroxybutyrate, diverting liver-trapped ketogenic carbon atoms to triacylglycerol. Here, we find that slc16a6a mutants are longer than their wild-type siblings. This effect is largely not sexually dimorphic, nor is it affected by dietary fat content on a pure genetic background. A mixed genetic background alters the proportionality of mass to length modestly. We also observe that non-coding variations in the 5′-untranslated region and first intron, and coding variations within the fifth exon of the orthologous human gene locus SLC16A6 are highly significantly associated with human height. Since both zebrafish and human orthologs of SLC16A6 are expressed in multiple locations, this gene likely regulates height through modulating transport of monocarboxylic acids in several tissues.
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INTRODUCTION

Previously, we isolated a zebrafish mutant with nutritionally suppressible hepatic steatosis, revealing that the liver has a dedicated β-hydroxybutyrate transporter required during fasting, Slc16a6a (Hugo et al., 2012). The molecular lesion within the encoding gene causes a complete loss of protein expression (hereafter slc16a6-/-). The hepatic steatosis phenotype in slc16a6-/- larvae could be rescued by forced expression of both the wild-type (WT) zebrafish slc16a6a and the orthologous human SLC16A6 cDNAs in the livers of mutants.

In adult slc16a6-/- animals, we revealed a molecular mechanism for this selective diversion of carbon atoms to fatty acyl chains (and into triacylglycerol) but not into cholesterol (Karanth et al., 2013). By feeding isocaloric ketogenic diets (of both low and high fat composition) to slc16a6-/- animals, we caused massive hepatic steatosis to occur, with a lipid composition similar to that seen in fasted larvae (i.e., high triacylglycerol accumulation and low cholesterol accumulation). Furthermore, we detected an accumulation of polyunsaturated fatty acyl-Coenzyme A thioesters (PUFA-CoAs), activated intermediates of neutral and phospholipid synthesis. We demonstrated that PUFA-CoAs are competitive inhibitors of the rate limiting enzyme of cholesterol biosynthesis, 3-methyl-3-hydroxyglutaryl-CoA reductase (Hmgcr), providing in vivo confirmation of a previously long-standing in vitro observation (Karanth et al., 2013).

In our morphometric analyses of slc16a6-/- adults, we observed an increase in length and proportionate increase in mass. Here, we confirm this finding in a more detailed study showing that sex, dietary fat content, and (at least 2) genetic background(s) do not modulate this increase in length. Additionally, we find that in human population genetic studies, the SLC16A6 locus is strongly associated with human height. We present 5′-untranslated region (UTR), first intronic, and missense fifth-exonic variations in the SLC16A6 gene that are associated with human adult height. The SLC16A6 transporter may be a determinant of adult height.

MATERIALS AND METHODS

Experimental Animals

This study was carried out in accordance with the recommendations of the Institutional Animal Care and Use Committee of the University of Utah. The protocol was approved the Institutional Animal Care and Use Committee of the University of Utah.

Zebrafish

The red moons951 null allele of slc16a6 was as we reported (Hugo et al., 2012). It was identified in a mixed-background, multiple-transgenic line used in a genetic screen (Anderson et al., 2009). This allele is carried on the WIK background (Rauch et al., 1997), having been subjected to over 10 back-crosses in our facility. Homozygous WT WIK siblings of slc16a6-/- animals were used as a comparators in one cohort of animals that were genotyped at 3 months post-fertilization and sorted into equal density housing tanks as we described previously (Karanth et al., 2013). In a second cohort, WIK background slc16a6-/- animals were crossed to AB and heterozygous progeny carrying the slc16a6a mutation were crossed to generate homozygous carriers and homozygous non-carrier siblings for study. This second cohort of animals were genotype, housed, and fed exactly as the first cohort, as we described previously (Karanth et al., 2013); animals are fed at 0900, 1400, and 1800 in our facility.

Diets

Two isoproteic and isocaloric diets differing in lipid content were formulated and prepared exactly as described; 3-month post-fertilization adults were fed these diets for 45 days (Karanth et al., 2009, 2013).

Morphometric Analysis and Body Composition

At the conclusion of the dietary study, animal length and mass were measured, and condition factor was calculated. Length is defined as the distance between the tip of the snout and the caudal peduncle, and was recorded using a Vernier caliper.

Human Genetic Data

Human genetic data was retrieved from the open-access Accelerating Medicines Partnership (AMP) Type 2 Diabetes Knowledge Portal, http://www.type2diabetesgenetics.org/, and is based on GIANT Consortium data deposited from Locke et al. (2015).

Statistics

Microsoft Excel 2016 and Sigmaplot 14.0 used for statistical analysis. The significance level was set at P < 0.05. The differences between the means were analyzed by two-tailed t-test. The number of animals examined per cohort is shown.

RESULTS

Adult slc16a6-/- Zebrafish Are Proportionately Longer

We measured length and mass, and calculated the condition factor (Nash et al., 2006) of female and male WT and slc16a6-/- adults fed both low- and high-fat diets (Figures 1A–C). On both the WIK strain and a mixed WIK × AB backgrounds, slc16a6-/- animals of both sexes were longer and had higher masses, except for males on the WIK background, whose condition factors did not differ by genotype. The condition factor of females on the WIK background was not different, nor was the condition factor of males on the mixed genetic background fed high fat diets. The only additional factor that covaried was the effect of diet on WT WIK animals was diet (P = 0.013).
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FIGURE 1. Adult slc16a6-/- animals are longer. Adult WT and slc16a6-/- animals (age 3 mpf; no difference in length or weight) of the indicated genetic backgrounds were fed low- and high-fat diets. After 45 days of feeding, length (A) and mass (B) were measured, and (C) condition factor was calculated. On both genetic backgrounds (WIK and WIK × AB), slc16a6-/- animals were longer and had higher mass, but had similar condition factors. Individual animal results are shown in tailed box plots marking median, 5, 25, 75, and 95th percentiles are shown.



Variations in the Human SLC16A6 Gene Are Associated With Height

We were surprised to see that slc16a6-/- animals were longer in adulthood when fed ketogenic (i.e., inducing hepatic steatosis in the dietary study) diets, since these animals were faced with a metabolic challenge of being unable to export liver-derived ketone bodies (Hugo et al., 2012). Thus, we interrogated the GIANT UK Biobank genome-wide analysis (GWAS) for associations between the orthologous human gene SLC16A6 and adult height (Locke et al., 2015). This multi-ethnic study included over 300,000 subjects. We observed multiple associations between single nucleotide variations within the 5′-UTR, first intron, and fifth codon of SLC16A6 and adult height (Figures 2A,B). Linkage dysequilibrium information is not available for the variations identified (Figure 2B). The two coding variations associated with human height are mis-sense mutations in residues within the intracellular loop between transmembrane domains 4 and 5 of this plasma membrane-localized polytopic protein (Figure 2C).
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FIGURE 2. The human SLC16A6 locus is associated with height. (A) In a cohort of over 300,000 human subjects, multiple variations in the 5′-UTR, first intron, and fifth exon of SLC16A6 are significantly associated with height; there is a low rate of recombination across the SLC16A6 gene. (B) The human SLC16A6 gene is on the reverse strand of chromosome 17, with 2 non-coding initial exons followed by 5 coding exons. (C) Human SLC16A6 is an 8-pass plasma membrane protein, its catalytic residues are shown in blue and assigned these positions base on similarity to SLC16A1 (Manoharan et al., 2006). The dileucyl and acidic cluster motifs necessary for proper sorting are also indicated. The positions of the two missense variations associated with human height are within the large intracellular loop between the fourth and fifth transmembrane domains of this 12-pass transmembrane protein. The Glu217 residue is conserved residues among human, mouse and zebrafish orthologs; in mice and zebrafish the residues corresponding to Phe204 is an Ile residue (Hugo et al., 2012). Panels (A,B) from the open-access Accelerating Medicines Partnership (AMP) Type 2 Diabetes Knowledge Portal.



DISCUSSION

Here, we find that the homozygous-viable zebrafish slc16a6-/- mutant strain, which develops steatosis either when fasting or when fed ketogenic diets, is proportionately longer than WT. In contrast, mass (and, hence, condition factor) is modified by genetic background and the fat content of the diet. These findings are paralleled by human population genetic observations that multiple variations (including two potentially deleterious coding mutations) within the orthologous human SLC16A6 are associated with height, but not with body mass index (Locke et al., 2015). Our animal model data suggest that loss of SLC16A6 function promotes linear growth predominantly.

Since height is easily measured and does not change from young adulthood through middle age, it is an ideal trait for population genetics study of progressively sophisticated design (Guo et al., 2018). Large cohorts in which height and mass have been measured have identified hundreds of loci that contribute to these two continuous variables of human morphology (Locke et al., 2015; Marouli et al., 2017; Turcot et al., 2018). The molecular mechanisms for these associations are revealing new determinants of height, as well as confirming previously identified physiological mechanisms governing skeletal growth.

Since both zebrafish and human SLC16A6 orthologs are expressed widely, future studies will address where and possibly when this gene acts to limit vertical growth. While slc16a6-/- late larvae and early juveniles are sensitive to death by starvation (Hugo et al., 2012), the molecular lesion was found to be spontaneously present in the reference laboratory strain Tübingen (Howe et al., 2013). This inactivation likely confers more rapid growth in the aquarium, where food is deliberately abundant, and rapid physical and sexual maturation are under constant selection. Using cell- and developmental stage-limited rescue strategies, it may be feasible to establish when and where loss of slc16a6a expression drives increased linear growth. More generally, serial measurements of length and mass over a longer developmental window may reveal differences in growth rate; given the ease and cost of zebrafish husbandry, adequately powered and informative study with appropriate statistical analyses of covariates will be feasible (Tschop et al., 2012).

The available human population genetics data suggest that liver, brain, and endocrine pancreas are the primary sites of SLC16A6 expression in humans. While all three sites of SLC16A6 function might be important determinants of height, the association of loss-of-function coding variations within the pyruvate transporter SLC16A11 gene and type 2 diabetes mellitus appears to be due to loss of SLC16A11 function in liver exclusively (Rusu et al., 2017). Indeed, the coding variants in SLC16A11 set a precedent for examining the roles of SLC16A6 F204I and E217D variants in altering substrate specificity, intracellular trafficking of the transporter, or both. Alternatively, since both of these substitutions are conservative, they might be proxies for causal variants that are nearby (Guo et al., 2018).

AUTHOR CONTRIBUTIONS

SK and AS designed the study, analyzed the data, wrote the manuscript, and performed the experiments. All authors discussed the results and commented on the manuscript.

FUNDING

This project was supported by NIH grant R01DK096710 and by funds from the University of Utah Molecular Medicine Program (to AS).

REFERENCES

Anderson, R. M., Bosch, J. A., Goll, M., Hesselson, D., Duc, P. D., Shin, D., et al. (2009). Loss of dnmt1 catalytic acitivity reveals multiple roles for DNA methylation during pancreas development and regeneration. Dev. Biol. 334, 213–223. doi: 10.1016/j.ydbio.2009.07.017

Guo, M. H., Hirschhorn, J. N., and Dauber, A. (2018). Insights and implications of genome wide association studies of height. J. Clin. Endocrinol. Metab. 103, 3155–3168. doi: 10.1210/jc.2018-01126

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., et al. (2013). The zebrafish reference genome sequence and its relationship to the human genome. Nature 496, 498–503. doi: 10.1038/nature12111

Hugo, S. E., Cruz-Garcia, L., Karanth, S., Anderson, R. M., Stainier, D. Y., and Schlegel, A. (2012). A monocarboxylate transporter required for hepatocyte secretion of ketone bodies during fasting. Genes Dev. 26, 282–293. doi: 10.1101/gad.180968.111

Karanth, S., Lall, S., Denovan-Wright, E., and Wright, J. (2009). Differential transcriptional modulation of duplicated fatty acid-binding protein genes by dietary fatty acids in zebrafish (Danio rerio): evidence for subfunctionalization or neofunctionalization of duplicated genes. BMC Evol. Biol. 9:219. doi: 10.1186/1471-2148-9-219

Karanth, S., Tran, V. M., Balagurunathan, K., and Schlegel, A. (2013). Polyunsaturated fatty acyl-Coenzyme as are inhibitors of cholesterol biosynthesis. Dis. Model. Mech. 6, 1365–1377. doi: 10.1242/dmm.013425

Locke, A. E., Kahali, B., Berndt, S. I., Justice, A. E., Pers, T. H., Day, F. R., et al. (2015). Genetic studies of body mass index yield new insights for obesity biology. Nature 518, 197–206. doi: 10.1038/nature14177

Manoharan, C., Wilson, M. C., Sessions, R. B., and Halestrap, A. P. (2006). The role of charged residues in the transmembrane helices of monocarboxylate transporter 1 and its ancillary protein basigin in determining plasma membrane expression and catalytic activity. Mol. Membr. Biol. 23, 486–498. doi: 10.1080/09687860600841967

Marouli, E., Graff, M., Medina-Gomez, C., Lo, K. S., Wood, A. R., Kjaer, T. R., et al. (2017). Rare and low-frequency coding variants alter human adult height. Nature 542, 186–190. doi: 10.1038/nature21039

Nash, R. D. M., Valencia, A. H., and Geffen, A. J. (2006). The origin of fulton’s condition factor- setting the record straight. Fisheries 31, 236–238.

Rauch, G.-J., Granato, M., and Haffter, P. (1997). A polymorphic zebrafish line for genetic mapping using SSLPs on high-percentage agarose gels. Tech. Tips Online 2, 148–150. doi: 10.1016/S1366-2120(08)70068-0

Rusu, V., Hoch, E., Mercader, J. M., Tenen, D. E., Gymrek, M., Hartigan, C. R., et al. (2017). Type 2 diabetes variants disrupt function of SLC16A11 through two distinct mechanisms. Cell 170, 199.e20–212.e20. doi: 10.1016/j.cell.2017.06.011

Tschop, M. H., Speakman, J. R., Arch, J. R. S., Auwerx, J., Bruning, J. C., Chan, L., et al. (2012). A guide to analysis of mouse energy metabolism. Nat. Meth. 9, 57–63. doi: 10.1038/nmeth.1806

Turcot, V., Lu, Y., Highland, H. M., Schurmann, C., Justice, A. E., Fine, R. S., et al. (2018). Protein-altering variants associated with body mass index implicate pathways that control energy intake and expenditure underpinning obesity. Nat. Genet. 50, 26–41. doi: 10.1038/s41588-017-0011-x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Karanth and Schlegel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Physiology

The Monocarboxylate Transporter
SLC16A6 Regulates Adult Length
in Zebrafish and Is Associated
With Height in Humans






OPS/images/fphys-09-01936-g001.jpg
Length (mm)

Mass (9)

Condition Factor (100x g/cm?)

32

30 A

28 -

26

24

22 -

0.6

0.5 A

0.4

0.3 1

0.2 4

0.1 -

22

2.0

WIK

Background

P=0.02 P =0.003 P =0.0001 P=0.03
hd °
°
°
P=0.03 P=0.02 P =0.001 P=03
8=
° o
°
°
P=03 P=0.04
°
o
°
Low Fat ‘ High Fat \ Low Fat High Fat
Female Male

OWT

es/c16a6a™’”

Mass (g) Length (mm)

Condition Factor (100x g/cm?)

36

34

32

30 -

28 A

26 A

24 -

0.8 4

0.7 4

0.6

0.5 4

0.4 -

0.3 A

02 -

224

2.0

WIK x AB

Background
P=0.04 P=04 P=0.01 P=0.01
. o
.
o (@
P=0.03 P=0.1 P =0.001 P=0.03
)
o
o
P=0.04 P=0.05 P=0.07 P=0.9
o
°
o
0o
o
Low Fat ] High Fat Low Fat High Fat
Female Male







OPS/images/fphys-09-01936-g002.jpg
y -
g

w
?

antilog (P)
g

=
?

¢ LD RefVar § 1965991
® 10>r2208
© 08>r2206
® rs2072268

©®06>r2204 13888626 rs12937332
©®04>r2202
©02>r200 rs3760269

no r? data 183744307 rs11869470

rs2302095
rs7222013
I ~ @
— T N\ Be 0% T |I_\-‘ _ - T — e
66.20 66.25 66.30 66.35

Chromosome 17 (Mb)

RP11-147L13.8— —RP11-147L132 _ —SLC16A6
LOC440461— AMZ2— ARSG—
HHH | i 1 H 1

1
-
(=]
(=)
b

Recombination Rate (cM/Mb)

80

60

- 40

20

rs7222013
(p.F2041)

CYTOPLASMIC

rs3744307
(p.E217D)

O LL motif
O acidic cluster motif







OPS/images/logo.jpg
, frontiers
in Physiology





