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To find new genes that influence liver lipid mass, we performed a genetic screen for zebrafish mutants with
hepatic steatosis, a pathological accumulation of fat. The red moon (rmn) mutant develops hepatic steatosis as
maternally deposited yolk is depleted. Conversely, hepatic steatosis is suppressed in rmn mutants by adequate
nutrition. Adult rmn mutants show increased liver neutral lipids and induction of hepatic lipid biosynthetic genes
when fasted. Positional cloning of the rmn locus reveals a loss-of-function mutation in slc16a6a (solute carrier
family 16a, member 6a), a gene that we show encodes a transporter of the major ketone body B-hydroxybutyrate.
Restoring wild-type zebrafish slc16a6a expression or introducing human SLC16A6 in rmn mutant livers rescues
the mutant phenotype. Radiotracer analysis confirms that loss of Slc16a6a function causes diversion of liver-
trapped ketogenic precursors into triacylglycerol. Underscoring the importance of Slc16a6a to normal fasting
physiology, previously fed rmn mutants are more sensitive to death by starvation than are wild-type larvae. Our
unbiased, forward genetic approach has found a heretofore unrecognized critical step in fasting energy metabolism:
hepatic ketone body transport. Since B-hydroxybutyrate is both a major fuel and a signaling molecule in fasting,

the discovery of this transporter provides a new direction for modulating circulating levels of ketone bodies in

metabolic diseases.
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Hepatic steatosis is present in a large fraction of obese
people (Clark 2006). Nonalcoholic fatty liver disease
(NAFLD) encompasses hepatic steatosis and several patho-
logical states that follow it: inflammation (steatohepatitis),
fibrosis (cirrhosis), and cancer (hepatocellular carcinoma)
(Liou and Kowdley 2006). There are limited therapeutic
options for permanently ameliorating hepatic steatosis
(Sanyal et al. 2010), and there are no methods for reversing
hepatic fibrosis or preventing hepatocellular carcinoma
due to NAFLD (Nugent and Younossi 2007). The first step
of NAFLD is the inappropriate accumulation of triacyl-
glycerol in hepatocytes (Browning and Horton 2004). This
accumulation may be due to excessive de novo hepatic
lipid production; decreased hepatic secretion of very low-
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density lipoprotein (VLDL) particles; diminished B-oxidation
of fatty acids in the liver; exaggerated uptake of fatty acids
from the circulation; more subtle defects in regulating
energy homeostasis, including insulin resistance or CNS
nutrient sensing; or a combination of these factors (Hooper
et al. 2011). Since each of these processes could be ex-
ploited therapeutically, understanding their regulation is
paramount. Identifying and characterizing novel genes
that modulate hepatic lipid mass are priorities (Cohen
et al. 2011).

Master transcription factors, metabolic regulators, and
multiple enzymes that control lipid homeostasis are pres-
ent in zebrafish (Babin and Vernier 1989; Ibabe et al. 2002;
Schlombs et al. 2003). This conservation of function and
the absence of fasting steatosis in larvae that have never
been fed (Schlegel and Stainier 2006) allowed us to screen
for mutations causing increased hepatic lipid mass. Per-
forming the screen in animals carrying three transgenes
that encode fluorescent protein labels of the Islet of Lang-
erhans B cells, the liver hepatocytes, and the pancreatic
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acinar cells (Anderson et al. 2009) helped us to avoid mu-
tants that displayed changes in liver or pancreas morphol-
ogy (Sadler et al. 2005; Akimitsu et al. 2008; Matthews
et al. 2009; Thakur et al. 2011). Defects in yolk lipid
transport were avoided by restricting our analysis to only
larvae that consumed all their yolk by 6 d post-fertilization
(dpf) (Schlegel and Stainier 2006; Ralduia et al. 2008; Walters
et al. 2009). Similarly, animals that showed craniofacial
malformations (Schlombs et al. 2003; Sadler et al. 2005) and
overt neuronal defects were excluded because we felt they
would not be amenable to characterization beyond the
early larval period and because they often show residual
yolk lipids at 6 dpf.

Here we report the identification, positional cloning,
and functional characterization of one mutant that re-
veals a heretofore unappreciated bottleneck of hepatic
lipid metabolism: ketone body transport.

Results

Isolation and initial characterization of red moon
(rmn), a zebrafish mutant with hepatic steatosis

The rmn mutant showed hepatic steatosis just as mater-
nally supplied yolk lipids were nearing exhaustion on 5 dpf
(Fig. 1A). Aside from the surfactant-lined swim bladder,
only the rmn mutant liver showed strong Oil Red O (ORO)
staining on 6 and 7 dpf. The accumulation of neutral lipids
in rmn mutant livers was confirmed with both whole-
mount and confocal microscopy of animals stained with
the fluorescent neutral lipid dye 4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/
503) (Fig. 1B,C). Numerous cytoplasmic lipid droplets in
otherwise normal hepatocytes were observed in rmn
mutants examined with transmission electron microscopy
(Fig. 1D). Normal macronutrient recycling was appreciated
in rmn livers viewed at higher magnification (Fig. 1D).
Similarly, histological analysis demonstrated no evidence
of inflammatory cell infiltration or deposition of excessive
extracellular matrix proteins (Supplemental Fig. S1A,B).
Taken together, the histological and ultrastructural char-
acterization indicated that our stringent screening criteria
were met: The fulminant hepatic degeneration seen in
other zebrafish mutants with hepatic steatosis did not
occur in rmn mutants.

The lack of secondary phenotypes in rmn mutants
enabled us to assess whether the steatosis phenotype
would be modulated by prolonged fasting. Hepatic steato-
sis in rmn mutants persisted in the never-fed state to 12
dpf in the absence of other, overt morphological defects
(Supplemental Fig. S1C). This persistence of hepatic
steatosis prompted us to quantify the major neutral lipid
species in whole-larval extracts over the course of a pro-
longed fast. There were increased levels of triacylglycerol,
B-hydroxybutyrate, and free fatty acids in whole-larval
extracts 5 dpf (Fig. 2A). The lipid compositions of wild-type
and rmn mutant larvae changed over the course of the fast.
Cholesterol was the most abundant neutral lipid in whole-
larval extracts and was more abundant in rmn mutant
extracts on 7 and 8 dpf. Similar to B-hydroxybutyrate and
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Figure 1. Identification of the fasting hepatic steatosis mutant
rmn. (A) Whole-mount ORO staining of larvae. The yolk lipid
(arrowhead) is exhausted 5 dpf. Vascular lipid staining (arrows)
ceases by the end of 5 dpf. The surfactant-lined swim bladder
stained with ORO (asterisk). (B) Whole-mount BODIPY 493/503
staining of 6-dpf larvae. This dye also stained the vitreous humor
of the eyes (arrowhead) and the ventricles of the CNS (arrow). (C)
Confocal stacks of livers fixed and stained as in B. A single slice
of a rmn mutant liver is shown in the inset. (D) Transmission
electron microscopy of liver sections showing that the rmn
mutant hepatocytes have cytoplasmic lipid droplets (Id). The
nuclear (n) and mitochondrial (m) morphology appears normal in
rmn mutants. Higher-magnification micrographs also show
multilamellar structures (asterisks) suggestive of multivesicular
bodies and elongated tubular (t) precursors of these structures in
both wild-type (WT) and the rmn mutant livers. Similarly,
autophagosomal structures (arrowheads) were observed in both
wild-type and rmn mutant livers. Bar, 1 pm.

free fatty acids, the triacylglycerol was also higher in 5- and
6-dpf rmn mutant extracts. Cholesteryl esters were more
abundant in rmn mutants between 7 and 10 dpf. There-
after, the whole-larval levels of all three neutral lipids
were not different. In summary, never-fed rmn mutants
showed persisting hepatic steatosis marked by accumula-
tion of different neutral lipid species until death by 13 dpf.

Since rmn mutant larvae showed no obvious morphol-
ogical phenotypes, it was possible that the mutation was
not lethal. We raised an in-cross of heterozygous carriers
under normal feeding conditions and observed that the
rmn mutant was viable (recovered in the anticipated
Mendelian ratio of a fully penetrant and fully expressive
recessive mutation) and fertile. Thus, we were able to
assess the changes in hepatic neutral lipid composition by
subjecting wild-type and rmn mutant adult animals to a

GENES & DEVELOPMENT 283



Hugo et al.

A
08 . 0.225
: Triacylglycerol «  Cholesterol Cholesteryl Ester
*
75 *
aowT 0.175
w 0.6
rmn
c . . 60
R *
3 0.125 *
Ke) 0.4 45 * ok
g .
& 30
! 0.075
0.2
15
I:I [h 0.025
0 0 0
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
Age (dpf)
14 300 *
* Beta-hydroxybutyrate Free Fatty Acids
12
250
*
g 10
200
Q *
% 8
K} *
g 150
S s
1S4
XS] * 100
€ 4
5 50
0 0
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
Age (dpf)
B
Triacylglycerol Cholesterol Cholesteryl Glucose Triacylglycerol
—_ * ester 8 4
=10 . 3 1] . 10 35
2
o i~ 30
= 5 )
S 25 08 2 o
g) , 57% E 25 |
= . £ —
O g 0.6 ~ >
IS 7)) $ 20
(= [ — 4 4
= 1.54 © 5 o
) € € 15
3 4 0.4 c =
- 14 ©
s ° E 10
5] 25 24
22 0.2 o
| 0.57 54
01 04 0 . 0 1
FedFasted Fed Fasted FedFasted Fed Fasted Fed Fasted Fed Fasted

Figure 2.

Increased neutral lipids in rmn mutants. (A) B-Hydroxybutyrate (n = 10 larvae for each genotype), cholesterol (n = 15),

cholesteryl esters (n = 50), free fatty acids (n = 40), and triacylglycerol (n = 50) measured in whole-body extracts of larvae. (*) P < 0.01 for the
age-matched comparator. (B) Neutral lipid levels in fed and fasted adult livers. (*) P < 0.01 for the nutritional status comparator (n = 4). (C)
Adult liver protein mass in fed and fasted animals (n = 4). (D) Blood glucose and triacylglycerol from fed and fasted animals. (*) P < 0.01 for
the age-matched comparator (n = 4). In all panels, wild-type is shown in open bars, and rmn mutant is solid bars.

2-wk fast and analyzing their dissected livers. Reca-
pitulating the larval phenotype, fasted rmn mutants
showed increased levels of triacylglycerol, cholesterol,
and cholesteryl esters (Fig. 2B). Importantly, this experi-
mental approach led to equal protein mass loss in fasted
wild-type and rmn mutant livers (Fig. 2C). Validating our
experimental design, we observed that wild-type and rmn
mutant adults were hypoglycemic and had lower blood
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triacylglycerol concentrations when fasted (Fig. 3D).
The adult rmn livers showed modest microvesicular
steatosis without evidence of inflammation (Supplemental
Fig. S2). Intrahepatic B-hydroxybutyrate was slightly
lower in fasting rmn livers (Supplemental Fig. S3A).
The serum B-hydroxybutyrate did not rise during the
fasting period, even in wild-type animals (Supplemen-
tal Fig. S3B).
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Figure 3. Positional cloning of the rmn locus. (A) The rmn locus was narrowed to a 100-kb critical interval on chromosome 12.
Genetic distance of markers is reported on the radiation hybrid map in centiRays (cR) and on the MGH meiotic map in centiMorgans
(cM) above the individual bacterial artificial chromosome and fosmid clones used to span this region of the genome. The
recombination events (reported as recombinants/meioses) at the labeled polymorphic markers (poly-CA or “CA repeat”) are shown
below individual clones. Clone acronym definitions and the names of the clones between zK29B5 and zC29A20 are in the
Supplemental Material. (B) Fine mapping narrowed the critical interval to the space between two CA repeats within introns of
slc16a6a and calcoco2 on the clone zK106L8 (white region flanked by gray and red portions of the chromosome). Coding exons are
filled red boxes. The 5’ and 3’ untranslated regions (UTRs) are unfilled boxes. (C) Sanger traces of slc16a6a cDNAs prepared with
primers in the 5’ and 3’ UTRs indicating that exon 2 is skipped in rmn mutants. The position of leucine codon 86 and methionine
codon 97 are shown. (D) Cartoons of slc16a6a cDNAs prepared as in C. (E) Sanger traces of genomic DNA spanning exon 2 of
slc16a6a reveal retrotransposon sequences in rmn mutants. An in-frame stop codon is shown. (F) Cartoon of the insertion mutation
destroying exon 2 of slc16aéa. (G, left) The sequenced products shown in E differ in size: Amplification of exon 2 and flanking
intronic sequences of slc16a6a from homozygous wild-type animals (+/+), heterozygous rmn carriers (+/rmn), and homozygous rmn
mutant animals (rmn/rmn) reveals a 450-bp increase in the rmn allele product. (Left panel) Heterozygous carriers proved difficult to
score using this primer pair because the mutant allele amplified less robustly in the presence of the wild-type allele (primers A and B).
(Right panel) Thus, we resorted to a three-primer strategy to amplify either the sequences deleted by the insertion or a small portion
of the insertion. The latter approach led to confident scoring of heterozygous carriers. The molecular mass standards are shown in
kilobase pairs.
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The rmn mutation disrupts an orphan
monocarboxylate transporter (MCT) gene

Positional cloning methods were used to isolate the gene
disrupted by the rmn mutation (Fig. 3A,B). Of the genes
within the critical interval on chromosome 12, sic16a6a
(solute carrier family 16a, member 6a) was a strong can-
didate because it encodes an orphan MCT that may be
required in the transport of nutrients as animals transition
from fed to fasted states (Price et al. 1998). We cloned and
sequenced mature slc16a6a cDNAs from adult liver and
observed aberrant mRNA maturation with skipping of the
initiator ATG codon-containing exon 2 in rmn mutants
(Fig. 3C,D). In rmn mutants, the 3’ 169 base pairs (bp) of
exon 2 and the first 67 bp of intron 2 in the slc16a6a gene
were replaced by a 404-bp sequence that is most similar to
the DrNgaro4 retrotransposon (Fig. 3E-G; Supplemental
Fig. S4; Goodwin and Poulter 2004). Thus, the rmn muta-
tion was not induced by N-ethyl-N-nitrosourea. Rather, it
was carried in some of the mutagenized animals we used
for the screen (Anderson et al. 2009). The rmn mutation
was found in other strains (Supplemental Material), but
not in the one we used in our previous studies (Schlegel
and Stainier 2006).

In contrast to the nearly ubiquitous expression of Slc16al
(MCT1) and Slc16a7 (MCT?2), the expression of Slc16a6 is
limited to liver, pancreas, skin, vas deferens, and testis of
adult rats (Bonen et al. 2006). The expression pattern of
Slc16a6 during development is not known. The zebrafish
slc16a6a transcript was not maternally deposited, but
was detected throughout the embryonic and early larval
period (Fig. 4A). Whole-mount in situ hybridization
revealed expression of slc16a6a in the head and proneph-
ros early in development and increased expression in
the liver, proximal intestine, and swim bladder by 5 dpf
(Fig. 4B).

Slcl6a family proteins have 12 transmembrane do-
mains (Price et al. 1998). By skipping exon 2, the mature
rmn mutant transcript lacks the initiator codon; however,

the mRNA we isolated may still encode an N-terminally
deleted Slcl6a6a protein beginning with methionine co-
don 97 (Figs. 3D,E, 4C), although a Kozak sequence does not
precede this codon. Likewise, leucine codon 86 (CUG)
could serve as a cryptic site of alternative translation
initiation. Antibodies raised against the extreme C ter-
minus of Slcl6a6a protein allowed us to unequivocally
exclude these possibilities (Supplemental Fig. S5): Only
wild-type Slcl6a6a was detected by immunoblotting of
proteins from dissected adult livers (Fig. 4D,E). The rmn
mutation inactivates the slc16a6a gene.

Slc16aé6a is a ketone body transporter required
in the liver during fasting

The activity of Slc16a6 has not been functionally charac-
terized in any organism, yet it is very likely that zebrafish
Slcl6a6a is an active MCT because it shows conservation of
catalytic residues initially identified in rat Slc16al (Supple-
mental Fig S5) . We expressed Slcl6a6a heterologously in
Xenopus oocytes and assessed whether the encoded protein
can transport monocarboxylic acids, focusing on the most
widely reported Slc16a family substrate (lactate) and two
plausible substrates whose abundance increases in the
fasting state: the major ketone body B-hydroxybutrate,
and the branched-chain keto acid isovalerate, which is
liberated from leucine catabolism and serves as a ketogenic
precursor. Inward currents were generated in Slcl6a6a-
expressing oocytes perfused with B-hydroxybutyrate, but
not with isovalerate or lactate (Fig. 4F). The current-to-
voltage relationship indicates that, like all other pre-
viously studied Slcl16a family members, Slcl16a6a is not
voltage-dependent (Fig. 4G). Thus, of the plausible sub-
strates examined, Slcl6a6a appears to be a selective
B-hydroxybutyrate transporter. We were unable to detect
currents in rmn mutant slcl6a6a-expressing oocytes
(data not shown).

Since the liver is the major site of ketone body pro-
duction in vertebrates (Phillips and Hird 1977), we

Figure 4. Slcl6a6a is a B-hydroxybutyrate trans-
porter. (A) RT-PCR of mature slcl16aéa and rpp0
transcripts at the indicated ages. (B) Whole-mount
in situ hybridization with slc16a6a riboprobes. (C)
The topology of the predicted wild-type and hypo-
thetical rmn Slcl6aba proteins. (D) Ponceau S
staining of nitrocellulose membranes following
transfer of proteins resolved by sodium dodecyl
sulfate polyacrylamide electrophoresis. (E) Immu-
noblotting with custom anti-Slc16a6a IgGs of the
membrane in D. The membrane was deliberately
overexposed in order to increase the chance of
detecting a smaller protein band in the rmn mutant.
(F) Current tracings of Xenopus oocytes expressing
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Slcl6a6a (or control-injected oocytes, in black) that
were perfused with monocarboxylic acids (5 mM)
for the indicated time period. Oocytes were voltage-
clamped to a holding potential of —70 mV. (G)
Current-voltage relation of a Slcl6a6a-expressing
oocyte perfused with B-hydroxybutyrate.
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synthase 2 (gray reactions), which arose in birds through gene duplication of the cytosolic HMG-CoA synthase 1 gene (Boukaftane et al.
1994). Amphibians, fish, and other lower vertebrates have only the cytosolic, cholesterol-synthetic HMG-CoA synthase 1 and rely on
increased flux through deamination and oxidation of leucine (which also occurs in higher vertebrates) to make mitochondrial HMG-
CoA for ketogenesis (Phillips and Hird 1977; Leblanc and Ballantyne 2000). Slc16a6a is a B-hydroxybutyrate-transporting MCT that is
expressed in the liver. In rmn mutants, this transporter is inactivated, and the carbon atoms that would otherwise be secreted as fuel
during fasting are diverted back to de novo lipogenesis and storage in lipid droplets. The peripheral ketone body transporters are not
known (“2”), but Slc16al, Slcl6a7, and Slc16a3 are expressed in brain endothelial cells, neurons, and astrocytes, respectively (Pierre and
Pellerin 2005). In zebrafish, there is evidence that Slc5a family members are expressed in muscle and can transport sodium
hydroxybutyrate (Plata et al. 2007). (CoA) Coenzyme A; (Cptl) Carnitine palmitoyl transferase 1; (Bckdh) Branched chain ketoacid
dehydrogenase; (Chyl) chylomicron particle; (FAD) flavine adenine dinucleotide; (FADH,) reduced FAD; (NAD") nicotinamide adenine
dinucleotide; (NADH,) reduced NAD; (VLDL) very low-density lipoprotein particle. (B) Larvae were incubated with L-['*C(U)]-leucine,
and then lipids were analyzed as described in the Materials and Methods to calculate the '*C incorporation ratio. Values greater than
unity reflect increased relative incorporation of ketogenic precursor carbon atoms into neutral lipids in rmn mutants.
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hypothesize that the rmn mutation renders hepatocytes
incapable of secreting ketone bodies (Fig. 5A). We tested
this model by incubating wild-type and rmn mutant
larvae in L-[**C(U)]-leucine, a precursor of ketone bodies,
and assessed for tracer incorporation into neutral lipids. A
striking increase in relative incorporation of tracer into
triacylglycerol, a modest increase into free fatty acids,
and no increases into cholesterol and cholesteryl esters
were seen in extracts of rmn mutants (Fig. 5B). This
finding confirms our hypothesis that loss of hepatic
ketone body transport via Slc16a6a causes diversion of
carbon atoms into neutral storage lipids. This finding also
suggests that the lack of increased serum ketone bodies in
fasting wild-type animals may reflect very rapid clearance
from the serum.

To formally assess whether Slcl6a6a expression is re-
quired in the liver, we restored wild-type slc16a6a expres-
sion in rmn mutants using transgenic tools that allowed
both broad and liver-specific transgene activation. The
rmn phenotype can be rescued by transgenic expression of
wild-type slc16a6a exclusively in the liver (Fig. 6A). This
result indicates that while this MCT is broadly expressed
(Fig. 4B), its major site of action in regulating hepatic lipid
mass during fasting is the liver. We also found that forced
expression of the human ortholog SLC16A6 in rmn mutant
hepatocytes could rescue the rmn phenotype, underscoring
that this evolutionarily conserved gene appears to function
similarly in higher vertebrates.

Consistent with our hypothesis that the rmn mutation
causes diversion of carbon atoms from ketone bodies to

neutral lipids, we found changes in the abundance of select
transcripts encoding enzymes and transcription factors
involved in lipid and ketone body metabolism in adult
livers under fed and fasted states (Table 1). In particular,
there was induction of numerous Ppara targets, as ex-
pected in fasted animals (cptla [carnitine palmitoyl trans-
ferase 1a] and the messages encoding proteins involved in
B-oxidation). Interestingly, the ppara transcript was not
altered, and we found that treatment with four different
Ppara agonists did not rescue the rmn mutant phenotype,
suggesting that this pathway is already maximally induced
in rmn mutants (Supplemental Table S1). In addition,
fasted adult rmn mutant livers had increased abundance
of transcripts encoding “adipogenic” transcription factors
(srebf2 and cebpa), cholesterol biosynthetic enzymes, and
enzymes of triacylglycerol synthesis. Taken together, this
gene expression profile of adult livers suggests that disrupt-
ing hepatic ketone transport induces further expression
of ketogeneic and branched-chain amino acid catabolic
pathways. Also induced in an attempt to store carbon
atoms that cannot be secreted are cholesterol biosyn-
thetic and triacylglycerol biosynthetic genes. Likewise,
fatty acyl oxidative pathways are up-regulated when
ketone body transport is impaired.

As a final demonstration of the requirement of
Slcl6a6a in fasting physiology, we examined the conse-
quences of feeding on the rmn phenotype. Gratifyingly,
rmn mutants were not steatotic when fed from 5 to 12 dpf
(Fig. 6B); however, withdrawal of food from rmn mutants,
but not from wild-type animals, led to hepatic steatosis

Figure 6. Genetic and nutritional rescue of rmn mu-
tants. (A) Single-cell, homozygous rmn mutant embryo
larvae were injected with wild-type zebrafish slc16a6a
or human SLC16A6 cDNAs under the control of either
bactin2 (broadly expressed) or fabp10a (liver-limited)
promoter elements. Larvae were then stained with

Tg(fabp10a:mCherry)

— ‘

—— Fgldabpi0a.sici6aca)

~ rmn

C

fed 5 to 12 dpf

: !m‘ WT 12 dpf, fed 5 to 12 dpf -

14 dpf

——Tg(fabp10a:SLC16A6)

-

M

ORO on 6 dpf. (B) Whole-mount ORO staining of larvae
fed from 5 to 12 dpf. The intestinal lumen contents
were also stained with ORO, reflecting the lipid con-
tent of the larval diet. (C) Whole-mount ORO staining
of larvae fed from 5 to 12 dpf and then removed from
food. (D) In previously fed rmn mutants, hepatic steato-
sis appears after 3 d of fasting. (E) Survival curve for
animals fed from 5 to 12 dpf and then removed from
food (n = 50 larvae of each genotype). The median age at

rmn

EWT not steatotic B rmn not steatotic 1

death was 20 = 2 dpf for wild-type larvae and 18 = 1.7
dpf for rmn mutant larvae (log rank test: x> = 62.3 on
one degree of freedom; P = 2.9 x 1071€).
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Table 1. Quantitative RT-PCR gene expression profiling
Wild type rmn mutant
Gene Protein Fasted Fed Fasted Fed
Transcription factors regulating lipid metabolism
cebpa CCAAT /enhancer-binding protein « 1.0 = 0.01 1.8 = 0.01° 2.6 + 0.03* 7.2 + 0.03*P
pparab Peroxisome proliferator-activated receptor o b 1.0 = 0.02 0.8 = 0.02 0.9 = 0.02 1.0 = 0.03
pparg Peroxisome proliferator-activated receptor vy 1.0 = 0.004 1.0 = 0.007 1.1 = 0.01 2.7 = 0.02*
nr1h3 Liver x receptor « 1.0 = 0.05 0.7 £ 0.01 0.8 = 0.01 0.8 = 0.01
srebf1 Sterol regulatory element-binding transcription factor 1 1.0 = 0.03 1.5 = 0.05 1.2 = 0.04 0.9 = 0.03
srebf2 Sterol regulatory element-binding transcription factor 2 1.0 = 0.1 3.0 =0.1* 2.1 £ 0.01* 6.6 = 0.4%P
mlxip MLX-interacting protein (Chrebp) 1.0 = 0.03 1.3 = 0.03 1.7 = 0.05 0.6 = 0.03
Cholesterol synthesis
hmgcra 3-Hydroxy-3-methylglutaryl-coenzyme A reductase a 1.0 = 0.03 253 = 1.3% 63 = 1% 3050 = 30*P
hmgcs1 3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1 1.0 = 0.01 41.3 = 0.6* 59 * 0.1° 437 * 6P
hmgcl 3-Hydroxy-3-methylglutaryl-coenzyme A lyase 1.0 = 0.06 1.0 = 0.06 1.7 + 0.1%° 1.0 = 0.06
Branched-chain ketoacid and ketone body metabolism
bcat?2 Branched-chain aminotransferase, mitochondrial 1.0 = 0.02 4.14 = 0.06° 8.1 +0.1*P 2.27 + 0.03%
bckdhbl  Branched-chain ketoacid dehydrogenase subunit b, like 1.0 = 0.02 1.92 + 0.03* 2.84 = 0.04*> 134 +0.02*
bdh1 3-Hydroxybutyrate dehydrogenase, mitochondrial 1.0 = 0.06 1.0 = 0.06 2.5 + 0.14*P 0.5 = 0.03*
oxctlb 3-Oxoacid coenzyme A transferase 1b (liver-specific) 1.0 = 0.02 44 = 0.1° 8.5 + 0.2%P 10.6 = 0.4*
De novo fatty acid and triacylglycerol synthesis and
VLDL secretion
accl Acetyl-coenzyme A carboxylase 1 1.0 = 0.07 51.9 = 1.3° 0.7 £ 0.01 16.8 = 0.2%
fasn Fatty acid synthase 1.0 = 0.05 70.5 = 1.0* 1.2 = 0.04 28.0 = 0.4*
scd Steroyl-CoA desaturase (A-9-desaturase) 1.0 = 0.02 8,520 * 90* 58 = 1? 5080 =+ 30°
elovl5 Elongation of long chain fatty acids family member 5 1.0 = 0.15 1.0 = 0.23 0.3 * 0.04*P 0.3 * 0.03*P
fads2 Fatty acid desaturase 2 (A-5- and A-6-desaturase) 1.0 = 0.01 1.58 = 0.01 0.4 + 0.002 0.7 = 0.004
agpat4 1-Acylglycerol-3-phosphate O-acyltransferase 4 1.0 = 0.02 50+ 0.1* 16.8 = 0.4*P 9.9 +0.3%P
ppap2ab  Phosphatidic acid phosphatase 2a b 1.0 = 0.03 2.8 =0.1 1.2 = 0.03 0.7 = 0.02
dgat2 Diacylglycerol O-acyltransferase 2 1.0 = 0.1 0.9 = 0.1 14.9 + 1.9 22.6 + 2.3%P
mtp Microsomal triglyceride transfer protein 1.0 = 0.17 2.2 = 04° 1.7 £ 0.3° 3.4 = 0.6°
Fatty acid oxidation
cptla Carnitine O-palmitoyltransferase I (liver isoform) 1.0 = 0.03 1.3 = 0.04* 1.4 = 0.04* 1.2 = 0.04*
acadl Acyl-coenzyme A dehydrogenase, long chain 1.0 = 0.03 51 = 0.1% 3.2 = 0.04* 3.8 £0.04%
acadm Acyl-coenzyme A dehydrogenase, C-4 to C-12 1.0 = 0.1 2.7 = 0.04* 2.7 + 0.04° 2.3 = 0.2°
straight chain
ehhadh Enoyl-CoA, hydratase/3-hydroxyacyl CoA 1.0 = 0.03 2.6 = 0.08* 1.6 = 0.05% 2.3 = 0.08*
dehydrogenase
mt-nd1 NADH dehydrogenase 1, mitochondrial 1.0 = 0.1 2.1 =0.1° 2.6 * 0.03° 2.0 = 0.05*
mt-col Cytochrome c¢ oxidase 1, mitochondrial 1.0 = 0.02 1.3 £0.01* 1.3 = 0.02* 1.4 = 0.01*
mt-atp6  ATP synthase 6, mitochondrial 1.0 = 0.1 0.9 = 0.03 0.8 = 0.02 1.2 = 0.03
Slc16a6 paralogs
slcl6aba  Solute carrier family 16a, member 6a 1.0 = 0.02 0.8 = 0.02 1.2 = 0.02 0.1 = 0..002
Slc16a6b  Solute carrier family 16a, member 6b 1.0 = 0.02 2.0 = 0.04 2.6 * 0.05 0.4 + 0.01*P

2P < 0.01 versus wild type fasted.
PP < 0.01 versus wild type fed.

(Fig. 6C,D). To assess whether the development of steato-
sis in previously fed animals affected survival, wild-type
and rmn mutant larvae were fed from 5 to 12 dpf and then
scored for death after food was withdrawn. Again, as
expected, wild-type animals survived longer than rmn
mutant animals (Fig. 6E). Thus, rmn mutant larvae develop
hepatic steatosis under nutrient-deficient states and are
rendered sensitive to starvation.

Discussion
In diverse metazoan species from flies (Gutierrez et al. 2007)

to humans (Gibbons et al. 2000), fasting causes mobiliza-
tion of energy substrates from the peripheral organs in the

form of fatty acids from adipose and amino acids from
muscle. Upon return to the liver, these metabolites are
partially oxidized into ketone bodies, a fuel source that can
be used by the brain. These molecules and the glucose
liberated from hepatic glycogenolysis and gluconeogenesis
are used as fuel in peripheral organs during fasting (Cahill
2006). The availability of ketone bodies for use by organs
other than the liver reflects the lower hepatic abundance of
3-oxoacid coenzyme A (CoA) transferase 1, the enzyme
required to break down ketone bodies (Laffel 1999).

In inbred strains of mice, the influx of fatty acids from
adipose tissue during fasting leads to their re-esterifica-
tion and temporary storage in the liver. The extent of this
steatosis varies based on genetic background and reflects
differences in muscle fat oxidation and the degree of
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adipose lipolysis (Lin et al. 2005; Guan et al. 2009). Fur-
thermore, there is an inverse association between hepatic
lipid levels and serum ketone body concentrations in fasted
mice (Lin et al. 2005). Normal humans subjected to fasting
show an increase in hepatic lipid content in response to
a 36-h fast, but there is variation in the extent of lipid
accumulation (Moller et al. 2008).

Here we described the use of a genetic screen to isolate
novel regulators of lipid metabolism. Our approach led to
the identification of a nutritionally suppressible hepatic
steatosis mutant, rmn. In contrast to previously reported,
lethal mutants, the steatosis seen in rmn mutants is
neither preceded nor followed by the development of
degenerative changes in hepatocyte architecture or ful-
minant inflammation. The rmn mutation causes a com-
plete loss of Slcl6aba expression, as revealed by the
absence of mutant protein expression. The mutated gene
encodes a MCT that transports B-hydroxybutyrate
Slcl6a6a. Mutation of this ketone body transporter trig-
gers accumulation of neutral lipids in fasted livers and
renders animals sensitive to starvation. The rmn mutant
phenotype can be rescued by forced expression of wild-
type zebrafish slc16a6a exclusively in the liver. Expres-
sion of the human ortholog SLC16A6 in the liver also
rescues the mutant phenotype. Taken together, our loss-
of-function genetic data, transgenic rescue observations,
transporter characterization, radiotracer study, and nu-
tritional manipulations indicate that Slc16a6a is a hepatic
ketone body transporter required during fasting (Fig. 5).

Placed in a broader context, the rmn mutant phenotype
is reminiscent of that seen when Ppara function is lost.
In Ppara~'~ mice, there is fasting hepatic steatosis and
hypoketonemia (Kersten et al. 1999; Hashimoto et al.
2000). Liver-restricted inactivation of Thll, which en-
codes Transducin B-like 1, a heterodimerization partner
of Ppara, causes phenotypes similar to Ppara inactivation
(Kulozik et al. 2011). Several Ppara targets are induced in
rmn mutants beyond the anticipated increases seen in
fasted wild-type animals (Table 1). This induction is prob-
ably maximal because treatment with synthetic Ppara
ligands did not rescue the rmn mutant phenotype (Supple-
mental Table S1). This lack of pharmacological rescue
contrasts with the complete amelioration of fasting hepatic
steatosis by administration of a single dose of synthetic
Ppara ligand to mice bearing liver-specific inactivation of
Fasn, the gene encoding Fatty acid synthase, whose prod-
uct catalyzes the production of precursors for endogenous
Ppara ligands (Chakravarthy et al. 2005).

The rmn phenotype is also reminiscent of the phenotype
of mice with liver-specific deletion of Pnpla2, in which
there is loss of hepatic expression of Adipose triglyceride
lipase. These mice develop steatohepatitis, marked by a
99% reduction of Ppara transcript levels and a 99% re-
duction in expression of the central Ppara target transcript
Cptla (Wu et al. 2011). Similar to rmn mutant larvae,
Srebf1 and Dgat2 transcripts were appropriately reduced in
this model; however, the fasting serum B-hydroxybutyrate
was not altered. Thus, nutrient trapping through impaired
hepatic lipolysis has some but not all of the hallmarks of
impaired hepatic ketone body secretion.
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In another mouse model with impaired Ppara function,
there are further subtle differences in fasting phenotypes.
Genetic activation of the Target of rapamycin (Tor) signal-
ing pathway by liver-specific deletion of the Tor antagonist
Tscl (LiTsclKO) causes impaired ketogenesis in fasting
adult mice. Furthermore, Tor-dependent suppression of
ketogenesis occurs through suppression of Ppara-induced
gene expression. Puzzlingly, LiTsc1KO mice do not develop
fasting hepatic steatosis, despite impaired induction of
Ppara target genes (Sengupta et al. 2010). Thus, alterations
in ketone body production can be divorced from hepatic
lipid accumulation, even when Ppara signaling is impaired.

Since intrahepatic lipid accumulation varies in healthy
human subjects (Moller et al. 2008) and among inbred strains
of mice (Lin et al. 2005), it would be informative to assess
whether there is an inverse association of fasting ketone
levels and intrahepatic lipid accumulation in normal
humans subjected to prolonged fasting. Whether altered
fasting liver metabolism influences NAFLD development
is also an open question. Likewise, because B-hydroxybuty-
rate is both a major nutrient and a signaling molecule that
coordinates fasting metabolism (Laeger et al. 2010), pharma-
cologic manipulation of ketone body transport in such states
as fasting, uncontrolled type 1 diabetes mellitus, dyslipide-
mia, and obesity holds therapeutic promise (Veech 2004).

Materials and methods

Fish

The rmn*! allele is carried on a [Tg(ins:dsRedf™!%?; Te(fabp10a:
dsRed)¥**; Tg(ela3L:GFP)¥?] X WIK background. Outcrosses to TL
or unrelated AB had no effect on the penetrance or expressivity of
the mutant phenotype. These studies were approved by the
University of Utah Institutional Animal Care and Use Commit-
tee and the Radiation Safety Committee.

ORO staining and screening

Forty to 50 6-dpf animals from individual F2 in-crosses were
fixed and stained as described previously (Schlegel and Stainier
2006). Only fully penetrant (25% of the animals) and fully ex-
pressive (unambiguous, uniform increase in liver staining) mu-
tants were analyzed further.

Transgenic rescue constructs

Tol2 transposase-mediated transgenic expression of wild-type
slc16a6a cDNA was achieved by placing the slc16a6a cDNA
under the control of either a 5.3-kb bactin2 promoter (for broad
expression) or a 2.8-kb fabp10a promoter (for liver-specific
expression) in a Tol2 transposase destination vector that was
coinjected with Tol2 mRNA into single-cell, fertilized embryos
(Her et al. 2003; Kwan et al. 2007). Parallel constructs driving
EGFP under the bactin2 promoter and mCherry under the
fabp10a promoter were injected to confirm that broad or liver-
limited expression was achieved (respectively) with our experi-
mental design. The human SLC16A6 cDNA was placed under
control of the fabp10a promoter.

Electrophysiology

Electrophysiological characterization of Slc16a6a was performed
at Ecocyte Biosciences using a Robocyte automated two-elec-



trode voltage clamp recorder (Schnitzler et al. 2003). Xenopus
oocytes were harvested and injected with either empty pGEMT
vector or pGEMT containing slc16a6a cDNA preceded by
a Kozak translation initiation sequence (5'-GCCACCACC-3’).
The ¢cDNA was cloned in the T7 polymerase reading direction.
Four days after injection, oocytes were clamped to a holding
potential of —70 mV, and currents were recorded at a sampling
rate of 1000 Hz at room temperature. Substrates (5 mM
B-hydroxybutyrate, lactate, or isovalerate) were applied for 10
sec, and the inward current was evaluated.

Metabolite analyses

Following thin-layer chromatographic resolution of individual
species, lipids were visualized by placing the silica plates in
a sealed chamber containing iodide crystals (Schlegel and Stainier
2006). The resolved lipids were scraped off the plates and analyzed
individually. Cholesteryl oleate, glyceryl triolein, oleic acid, and
cholesterol standards were from Sigma. The perchlorate method
(Snyder and Stephens 1959) was used for quantifying triacylgly-
cerol exactly as we described previously (Schlegel and Stainier
2006). Cholesterol and cholesteryl esters were quantified using
the o-phthalaldehyde method (Rudel and Morris 1973). Free fatty
acids were determined using a commercially available (BioVision)
assay involving enzymatic activation of coenzyme A derivatives,
followed by oxidation in the presence of N-ethylmaleimide
(Mizuno et al. 1980). B-Hydroxybutyrate was detected enzymat-
ically (Caymen Chemicals). Capillary glucose was measured
with a Roche glucometer. Serum was diluted in phosphate-
buffered saline (PBS) with 1 mM EDTA prior to lipid extraction
and thin-layer chromatographic analysis of triacylglycerol.

Radiotracer study

Larvae (5 dpf) were incubated with 10 mM L-[**C(U)]-leucine tracer
for 72 h, and then total lipids were extracted, separated by thin-layer
chromatography, and detected by autoradiography using a Molecu-
lar Dynamics Phosphorlmager. Band intensities (signal) were quan-
tified with GelQuantNET. Band intensities were normalized to the
masses of lipid present in the wild-type and rmn samples, and
a ratio of incorporation relative to mass was calculated as follows:
(*C signal/mass lipid),,,/(**C signal/mass lipidjwr.

Ppara agonist treatment

Forty 5-dpf larvae were treated with clofibrate, fenofibrate,
gemfibrozil, or WY 14,643 for 24 h. Animals were then fixed
and stained with ORO and scored for the presence of hepatic
steatosis.

In situ hybridization

A 461-bp riboprobe was prepared from the 3’ untranslated region
(UTR) and final two exons of slc16a6a using the following primers
to amplify the sequence: forward, 5'-GCAGAAGGAGGAAAAA
TGGA-3’; and reverse, 5'-GGAAGAATGGTTAACCCAAA-3'.
The product was cloned into pGEMT, and an antisense probe was
transcribed using T7 RNA polymerase (Promega) and DIG-labeled
nucleotides (Roche). Larvae were digested with proteinase K prior
to hybridization exactly as described (Thisse and Thisse 2008).
Signal was detected with a DIG detection kit (Roche).

Immunoblotting

Six wild-type and rmn mutant livers were sonicated in 300 pL of 50
mM Tris (pH 8.0), 150 mM NaCl, 1.0% IGEPAL CA-630, 0.25%

Liver ketone body transporter

sodium deoxycholate, 0.1% SDS, and 1 mM EDTA supplemented
with protease and phosphatase inhibitor cocktails (Roche Com-
plete MINI and PhosSTOP). Debris was pelleted by centrifugation.
Twenty micrograms of protein (concentration determined with
a BCA kit, Thermo) from each lysate was separated by SDS-PAGE,
transferred to nitrocellulose membranes, and detected with anti-
zebrafish Slc16a6a (21st Century Biochemicals).

Histology

Hematoxylin and eosin sectioning of adult livers was performed
by AML Laboratories.

Confocal microscopy

Larvae (6 dpf) were fixed in PBS containing 4% formaldehyde,
washed in PBS containing 0.1 % saponin (S-PBS), incubated with
S-PBS containing BODIPY 493/503 (10 mg/L), washed with
S-PBS, and mounted in glycerol after partial dissection of the
liver from the body. Confocal images were taken using a Zeiss
510 confocal microscope.

Electron microscopy

Electron microscopy was performed at the University of Utah
Electron Microscopy Facility and the J. David Gladstone In-
stitute’s Electron Microscopy Core Laboratory. Larvae (6 dpf)
were fixed in 2.5% paraformaldehyde and 1% glutaraldehyde in
100 mM sodium cacodylate (pH 7.4), counterstained with OsQy,
and sectioned at the level of the liver.

Statistical analysis

The two-sided Student’s t-test was used to compare relative gene
expression in fasted and fed animals and to compare lipid and
protein levels in whole-larval extracts and dissected adult livers.
For survival analysis, the log rank test was performed using
freeware (http://bioinf.wehi.edu.au/software/russell/logrank).
Other methods are described in Supplemental Material.
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