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Abstract

SUMMARY—The common genetic variation at rs8004664 in the FOXN3 gene is independently
and significantly associated with fasting blood glucose, but not insulin, in non-diabetic humans.
Recently, we reported that primary hepatocytes from rs8004664 hyperglycemia risk allele carriers
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have increased FOXN3 transcript and protein levels and liver-limited overexpression of human
FOXNS3, a transcriptional repressor that had not been implicated in metabolic regulation
previously, increases fasting blood glucose in zebrafish. Here, we find that injection of glucagon
into mice and adult zebrafish decreases liver Foxn3 protein and transcript levels. Zebrafish foxn3
loss-of-function mutants have decreased fasting blood glucose, blood glucagon, liver
gluconeogenic gene expression, and a cell mass. Conversely, liver-limited overexpression of foxn3
increases a cell mass. Supporting these genetic findings in model organisms, non-diabetic
rs8004664 risk allele carriers have decreased suppression of glucagon during oral glucose
tolerance testing. By reciprocally regulating each other, liver FOXN3 and glucagon control fasting
glucose.

In Brief—Karanth et al. find that glucagon lowers liver expression of Foxn3. Deletion of the
Foxn3 gene decreases fasting blood glucose and the number of glucagon-producing a cells in the
primary islet of zebrafish. Human carriers of the hyperglycemia risk allele of FOXN3 gene fail to
suppress glucagon during oral glucose challenge.

Graphical Abstract

INTRODUCTION

Type 2 diabetes mellitus (DM2) has reached pandemic proportions (Danaei et al., 2011). The
last decade has witnessed a wealth of human genomics findings that can shed diagnostic,
prognostic, and therapeutic light on this disease. Most of the approximately 100 loci
identified in population-based studies as being associated with DM2 appear to act primarily,
albeit not exclusively, in the development, survival, and function of the insulin-producing p
cell of the endocrine pancreas (Fuchs-berger et al., 2016). Additionally, defects in insulin
action in multiple tissues also have complex physiological effects and contribute to frank
hyperglycemia (Lotta et al., 2017). Beyond several loci that disrupt B cells, an understanding
of the contributions of individual population-genetics-identified DM2 loci is lacking for the
vast majority of polymorphisms (Bonnefond and Froguel, 2015; Sanghera and Blackett,
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2012). This void affords an opportunity to elucidate fundamental mechanisms of immediate
clinical relevance for diagnosis and therapy through human physiological investigations and
animal model studies.

The FOXN3locus merits attention because of the statistically significant and independent
association of the SNP rs8004664, which occurs in the first intron of human FOXN3, with
fasting blood glucose, but not with fasting insulin, in non-diabetic subjects (Manning et al.,
2012). Recently, we found that carriers of the rs8004664 hyperglycemia risk allele show
greater expression of the transcriptional repressor FOXN3 in hepatocytes (Karanth et al.,
2016). Forced overexpression of both human FOXN3and zebrafish foxn3cDNAS in
zebrafish livers is sufficient to increase fasting glucose, in part, by suppressing expression of
the master transcriptional regulator of glucose utilization, My, and by driving
gluconeogenesis (Karanth et al., 2016). Because both the transcripts and proteins encoded by
FOXNS3 orthologs in zebrafish and rat livers are downregulated during fasting (Karanth et
al., 2016), our results suggest the hypothesis that the rs8004664 risk allele drives sustained
expression of FOXN3 during fasting, and this pathological increase in FOXN3 contributes to
increased fasting blood glucose.

Here, we performed glucagon challenge in mice and zebrafish and found Foxn3 protein and
transcript were decreased. These findings and previous reports that Xenopus embryos
injected with anti- foxn3 morpholino oligonucleotides and Foxn3”~ mice die at early stages
from craniofacial defects (Samaan et al., 2010; Schuff et al., 2007) prompted us to prepare a
viable foxn3loss-of-function zebrafish mutant allele to test the hypothesis that Foxn3 is a
critical factor participating in fasting liver metabolism. The foxn3loss-of-function zebrafish
mutants show decreased fasting blood glucose and glucagon on a normal diet and have fewer
a cells in the principal islet. Conversely, animals overexpressing foxn3in the liver show
increased numbers of a cells in the principal islet and higher blood glucagon. Finally, we
performed oral glucose tolerance tests in non-diabetic adult humans genotyped for the
rs8004664 variant and found that the homozygous risk allele carriers have nominally higher
fasting blood glucose and show significantly blunted suppression of glucagon during an oral
glucose tolerance test. These results indicate that hepatic Foxn3 is regulated by glucagon
and, in turn, regulates fasting blood by modulating glucagon.

Glucagon Signaling Regulates Liver Foxn3 Expression in Mice and Zebrafish

Previously, we found that, in fasted zebrafish and rats (Karanth et al., 2016), Foxn3 protein
and transcripts decrease. These findings raised the hypothesis that glucagon signaling in
liver regulates Foxn3 expression. To test this possibility, we performed Glucagon challenge
in mice (Figure 1A; Table S1) and measured Foxn3 protein at the conclusion of the study.
Glucagon injection caused a 30% decrease in mouse Foxn3 protein after 20 min (Figure 1B).
The Foxn3mRNA did not decrease during this period (not shown). We then treated primary
mouse hepatocytes with glucagon. Recapitulating our whole-animal results, glucagon
treatment decreased hepatocyte Foxn3 levels (Figure 1C).
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To test whether glucagon might regulate foxn3transcript abundance hours after
administration, we returned to the zebrafish model. We injected adult zebrafish with human
glucagon and observed a rise in blood glucose in both sexes after two hours (Figure 1D).
Livers were harvested from animals after blood collection, and phos-phoenolpyruvate
carboxykinase 1 (pckI), which is induced in other organisms by glucagon, and foxn3
transcripts were measured (Table S2). The pck transcript was induced by glucagon
administration, and foxn3transcript was decreased in both sexes (Figure 1E). Finally, we
measured foxn3transcripts in zebrafish injected with vehicle or streptozotocin (STZ) to
gauge the rapidity of foxn3 downregulation in response to unopposed endogenous glucagon
action. Twenty-four hours following a single STZ treatment, blood glucose levels were
significantly increased from 67 + 6 mg/dL to 270 + 34 mg/dL (p < 0.01; Safavi-Hemami et
al., 2015); liver foxn3 transcript abundance in these animals was decreased by STZ
treatment (Figure 1F).

Deletion of Foxn3 Decreases Fasting Blood Glucose and Glucagon and Lowers Liver
Gluconeogenic Gene Expression in Zebrafish

We prepared a foxn3in-frame deletion mutant (strain zZ17) using CRISPR/Cas9 to assess
the impact on glucose metabolism (Figure 2A). Homozygous foxn314/Z111 mytants were
never recovered from in-crosses of heterozygous carriers: foxn3#11/2111 mytants died before
the mid-blastula transition (not shown). This death is consistent with the perinatal lethality
seen in homozygous Foxn3 mutant mice and Xenopus embryos injected with anti-Foxn3
morpholinos (Samaan et al., 2010; Schuff et al., 2007). Surviving progeny of a heterozygous
foxn3#H1 1+ mutant in-cross were indistinguishable in terms of developmental staging and
were identified in the expected ratio. Heterozygous foxn3#22/* mutant adults were
morphologically normal (Table S3) and fertile. They also showed strong downregulation of
foxn3transcript abundance in liver, where expression is normally high (Figure 2B; Table
S2). A reciprocal increase in mycb expression was noted in this organ, confirming de-
repression of this direct Foxn3 target (Karanth et al., 2016). These results suggested that we
prepared a null foxn3allele, and heterozygous carriers had strong downregulation of foxn3
expression and function.

When maintained on a standard diet, both female and male fox3?22%* mutant adults had
significantly decreased fasting blood glucose compared to wild-type (WT) siblings (Figure
2C). These results confirm the increased fasting blood glucose we observed in adult animals
overexpressing zebrafish foxn3 or human FOXNZin the liver ( Tg(fabpl10a.foxn3, EGFP)1%6
and Tg(fabp10a:FOXN3,EGFP)?107 respectively; Karanth et al., 2016). To test whether the
decrease in fasting blood glucose seen in foxn3724/* mutants might reflect altered
gluconeogen-esis, we crossed foxn314* mutants to the Tg(pckl:Luc2; cryaa:mCherrn)$9%2
transgenic reporter line, which carries a cDNA encoding Luciferase 2 under the control of
zebrafish pck promoter sequences (Gut et al., 2013), and compared the reporter activity in
WT and foxn312* mutants. The reporter activity in foxn3 11+,

To(pckl -Luc2:cryaa:mCherry)S952 larvae was lower than WT (i.e., foxn3*™*;
To(pckl:Luc2;cryaa:mCherry)S922) larvae (Figure 2D). This decrease in reporter activity
was reversed when liver foxn3expression was restored in foxn3?12/* mutants: foxn314/*;
To(fabp10a:foxn3, EGFP)?19. To(pckl:Luc2:cryaa:mCherry)5%? larvae had higher reporter
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activity. Next, to assess the cell-autonomous role of foxn3in regulating blood glucose, we
measured blood glucose in foxn3*?211 and foxn3*?111 : To( fabp10a:fox3, EGFP)?2% adults
(Figure 2E). Introduction of a liver-limited foxn3transgene increased fasting blood glucose
in foxn3*/Z111 mutants. These results raised the possibility that liver Foxn3 regulates blood
glucagon concentrations. Thus, we measured blood glucagon in fasting WT and foxn3*/#111
adults. Figure 2F shows that foxn3*/2211 animals have lower blood glucagon than WT
animals.

Liver FOXN3 Regulates a Cell Mass in Zebrafish

Next, we assessed a cell mass with imaging of the principal islets in larvae to test the
possibility that liver foxn3 expression reciprocally modulates the abundance of glucagon-
producing cells. To this end, we crossed foxn3#22/* mutants to the Tg(gcga:GFP)! line, a
fluorescent reporter of glucagon-a-expressing cells in the principal islet (Zecchin et al.,
2007). We found that, compared to WT larvae, foxn3?12* mutants had fewer GFP-
expressing cells (Figures 3A, 3B, and S1), but not fewer GFP-ex-pressing cells in the islets
that were proliferating, as assessed by histone H3(Ser10) phosphorylation (Figures 3B and
S1). When we compared 7g(gcga:GFP) 1 larvae to Tg(gega:GFP)aL;
To(fabp10a.FOXN3,EGFP)?197 |arvae, we found that forced overexpression of FOXN3 in
the liver was sufficient to increase the number of glucagon-a-expressing cellsand the number
of proliferating cells in the principal islet (Figures 3C, 3D, and S1).

The rs8004664 Risk Allele Is Associated with Decreased Suppression of Glucagon in an
Oral Glucose Tolerance Test

Finally, we took a human physiological approach to understanding the effect of the
rs8004664 risk allele (A) on glucose metabolism. A cohort of 402 non-diabetic adults (males
= 165) underwent a 2-hr, 7-sample oral glucose tolerance test with measurement of glucose,
insulin, C-peptide, and glucagon (Table 1). The rs8004664 risk allele was nominally
associated with fasting blood glucose (Table 2). Insulin, C-peptide, other glucose
parameters, and indices of insulin secretion and action derived from these measurements
were not associated with the rs8004664 risk allele. Although fasting and nadir glucagon and
the glucagon area under the curve were not associated with the rs8004664 risk allele,
suppression of glucagon (quanti-fled as area below baseline) was impaired in subjects with 2
copies of the risk allele at rs800664 after adjustment for age, sex, and weight (Table 2;
Figure S2). Taken with our animal physiology results, these human observations suggest that
Foxn3 regulates fasting blood glucose by responding to and feeding back on glucagon
signaling (Figure 3E).

DISCUSSION

We previously demonstrated that FOXN3 represses hepatic glucose utilization and promotes
gluconeogenesis. Here, we showed that liver FOXN3 is regulated by and regulates glucagon.
Taken with our previous work in a gain-of-function model (and additional gain-of-function
experiments presented here), we posit that FOXN3 coordinates glucose utilization and
production through cell-autonomous and non-autonomous routes. The mechanism through
which liver FOXN3 directs a cell mass expansion and glucagon secretion will be important
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to establish, because it may reveal aspects of DM2 pathogenesis of diagnostic and
therapeutic relevance. Namely, liver FOXN3 may influence one or more of the many
intrinsic, paracrine, endocrine, and neuronal inputs that control glucagon secretion
(Campbell and Drucker, 2015; Gromada et al., 2007).

Because the rs8004664 risk allele is associated with increased fasting blood glucose in non-
diabetic subjects, but not with hy-perinsulinemia, FOXN3 overexpression might contribute
to the early steps of DM2 pathogenesis that center on prolonged glucagon action. Indeed, in
a large cohort of subjects that includes persons with normal glucose tolerance,
hyperinsulinemic pre-diabetics, and hyperinsulinemic frank diabetics, failure to suppress
glucagon during an oral glucose tolerance test is observed in the latter two groups but is
more severe in frank diabetics (Feech et al., 2016). This observation is consistent with our
findings in non-diabetic subjects carrying two risk alleles at the rs8004664 locus, where
there is blunted suppression of glucagon following oral glucose challenge. Examining
glucagon suppression during oral glucose tolerance testing in additional non-diabetic,
insulin-resistant, or frankly diabetic subjects will help to fully assess the role of the
rs8004664 risk allele in disease progression. We hypothesize that rs8004664 risk allele
carriers will have progressively higher basal glucagon across these three categories (i.e.,
highest in frankly diabetic subjects) and that oral glucose challenge will be progressively
less effective in suppressing glucagon. Assuming similar variation in fasting and nadir
glucagon concentrations as those observed in the current cohort, 800 subjects with the G|G
genotype at rs8004664 and 800 subjects with the A|A genotype at rs8004664 would provide
80% power to detect an ~10% difference in fasting and nadir glucagon concentrations. 1,600
subjects in each group would provide similar power to detect an ~6% difference. Similarly,
we predict that modulating liver Foxn3 gene dose in mice will also allow us to correlate the
suppression of glucagon by glucose to a cell mass.

The role of liver FOXN3 in regulating a. cell mass and proliferation will require further
attention as well. When Gcgris deleted in mouse (Conarello et al., 2007; Gelling et al.,
2003; Longuet et al., 2013; Parker et al., 2002; Sgrensen et al., 2006) or when gcgra and
gegrb are simultaneously deleted in zebrafish (Li et al., 2015), hyperglucagonemia and a
cell proliferation occur. In both animal models of absolute glucagon resistance, a. cell mass
is expanded to compensate for the lack of glucagon signaling, which is marked by improved
glucose tolerance. Somewhat surprisingly, a single homozygous human carrier of a loss-of-
function GCGR mutation developed massive a cell hyperplasia and hyperglucagonemia, but
he did not have decreased fasting blood glucose or show improved glucose tolerance (Larger
et al., 2016). Characterization of additional human carriers of GCGR mutations will give us
a more complete understanding of the life-long role of this signaling pathway in regulating
glucose and nitrogen metabolism (Holst et al., 2017).

The observation that WT pancreatic islets undergo a cell hyperplasia when transplanted into
liver-limited Gegr-deficient mice prompted a search for a factor that regulates a cell mass
(Longuet et al., 2013). The circulating factors released by the liver to promote mTor-directed
a cell proliferation when Gegr is deleted or pharmacologically antagonized in mouse liver
are amino acids that were not used for gluconeogenesis (Bozadjieva et al., 2017; Dean et al.,
2017; Galsgaard et al., 2018; Kim et al., 2017; Solloway et al., 2015). It is possible that
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Foxn3 modulates amino acid metabolism in the liver, alters production of other a cell
trophic factors, or both.

Another possibility is that liver Foxn3 promotes p cell dedifferentiation and subsequent a
cell differentiation (Cinti et al., 2016; Talchai et al., 2012). We hope to test specifically
whether liver Foxn3 promotes conversion of B cells to a cells by driving paracrine glucagon
signaling (Ye et al., 2015). Also, we will test whether liver Foxn3 accelerates an intrinsic
plasticity whose cues are not fully defined (Spijker et al., 2013).

Ultimately, a conditional, liver-limited FOXN3-deletion model will be needed to identify the
mechanisms through which liver Foxn3 modulates glucagon action in fasting and to examine
the effects of dietary challenges on FOXN3 function. Revealing these mechanisms may spur
development of new therapeutics for treating DM2. Similarly, identifying the mechanism(s)
through which glucagon normally suppresses FOXN3 expression and how the rs8004664
risk allele drives sustained FOXN3 expression could shed light on the molecular genetic
cues of fasting glucose metabolism.

EXPERIMENTAL PROCEDURES

Human Subjects and Oral Glucose Tolerance Testing—Human studies were
approved by the Institutional Review Board of the Mayo Clinic College of Medicine.
Subjects were recruited from the Mayo Clinic Biobank and provided informed written
consent. We genotyped subjects at the rs8004664 using a TagMan SNP Genotyping Assay
(Applied Biosystems assay ID C_29386020_10) and performed oral glucose tolerance
testing after obtaining informed written consent (Cobelli et al., 2014; Dalla Man et al.,
2005). A cohort of 402 individuals (males = 165) was recruited for oral glucose tolerance
testing. Results are presented in aggregate by rs8004665 genotype.

Mouse Studies—Mouse studies were approved by the Institutional Animal Care and Use
Committees (IACUC) of the University of Utah School of Medicine.

Mouse Glucagon Challenge—Seventeen-week-old C57B16/J male mice were purchased
from Jackson Laboratory. After a 6-hr fast, animals were injected with glucagon (1 mg/kg)
or normal saline. Blood was collected from the tail vein and measured with a Bayer Contour
glucometer 10 minutes after glucagon injection. Twenty minutes after glucagon injection,
animals were euthanized and livers were harvested.

Mouse Primary Hepatocyte Culture—Primary hepatocytes were isolated exactly as
described previously (Severgnini et al., 2012; Simcox et al., 2017). Cells were treated with
vehicle or 28 uM glucagon for 45 min. Proteins were extracted and subjected to immunoblot
analysis.

Zebrafish Genome Editing—Zebrafish studies were approved by the IACUC of the
University of Utah School of Medicine. Animals were maintained on a 14 hr light:10 hr
darkness cycle. Adult female and male zebrafish were studied. All results are presented
separately for each sex. Transgenic lines were used heterozygously. The CRISPR/Cas9
system was used to generate the foxn3421 allele on the WIK background. CRISPR guide
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RNAs were designed using publicly available online programs, CRISPR design (http://
crispr.mit.edu), and The Genetic Perturbation Platform Web Portal (https://
portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). The CRISPR RNA
(crRNA) sequence having best “on target activity score” and least likelihood of “off target
binding” was selected, synthesized, used as annealed two-part synthetic crRNA and trans-
activating crRNA (tracrRNA) molecules, and delivered to zebrafish embryos as
ribonucleoprotein complexes with Alt-R Streptococcus pyogenes Cas9 Nuclease 3NLS at
the single-cell stage, following the manufacturer’s instructions (Integrated DNA
Technologies, Coralville, 1A). Germline transmission of the mutation was confirmed with
Sanger sequencing of progeny, and subsequent genotyping was done with high-resolution
melt analysis (Hoshijima et al., 2016).

Zebrafish Glucagon Challenge and Fasting Blood Glucose Measurements—
Human glucagon (or glycine vehicle) was injected intraperitoneally into 12 months post-
fertilization (mpf) WT WIK strain animals fasted for 6 hr at a dose of 2 ug/g. Two hours
later, animals were subjected to phlebotomy, glucose measurement, necroscopy, and liver
RNA extraction exactly as we described (Karanth et al., 2016). For fasting measurements
(and harvesting of livers for analyses), background-matched, 3 mpf WT siblings were used
in studies with foxn3?14* or To(fabp10a:foxn3,EGFP)?% animals.

Imaging and Quantification—Background-matched WT siblings carrying
To(gcga:GFP)'a! heterozygously were used in studies with foxn3?24/* or
To(fabp10a:FOXN3,EGFP)?107 animals. Embryos were fixed and permeabilized at the 7-
day post-fertilization stage (when yolk is completely consumed in our facility in Salt Lake
City, UT,; altitude 4,500 m) in 4% paraformaldehyde, PBST (PBS+0.4% Triton X-100), and
blocked in PBST + 5% Goat Serum (Sigma; G9023). Anti-GFP antibody (Torrey Pines
Biolabs; TP401) was diluted 1:100; anti-phospho-S10-Histone H3 antibody (Abcam; 14955)
was diluted 1:500 and incubated in PBST + 1% goat serum. Alexa 488 donkey anti-rabbit
secondary (Thermo Fisher Scientific; A21206) or Alexa 488 goat anti-mouse
immunoglobulin G1 (IgG1) secondary (Thermo Fisher Scientific; A21125) were diluted
1:500 and incubated in PBST + 1% goat serum. After washes in PBST, embryos were
cleared in 80% glycerol for imaging with a Zeiss LSM 880 with Airyscan microscope.
Images were acquired with Zen 2.3 software. Cells were counted with Imaris Image
Analysis Software 9.1; maximum intensity projections were made using Fiji.

Zebrafish Plasma Glucagon Assay—Plasma glucagon was measured using a dot blot
method (Matsuda et al., 2017). Plasma was collected by phlebotomy from 12 mpf animals in
pools from 3 animals at a time, spotted on nitrocellulose membranes, and detected with anti-
human glucagon antibodies. Because the abundance of circulating zebrafish glucagon a and
glucagon b peptides are not known, results are presented as relative concentrations.

qPCR—RNA was extracted with Trizol reagent and converted into cDNA exactly as we
described. Primers for gPC Rare listed inTable S2. PCR reactions were formulated following
the manufacturer’s instructions (PowerUp SYBR Green Master Mix; Thermo Fisher
Scientific; A25742). For thermal cycling and fluorescence detection, an Agilent
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Technologies Stratagene MX 3000P machine was used (Genomics Core Facility, University
of Utah). The threshold (Ct) values of fluorescence for each readout was normalized to
corresponding Ct values from efla (zebrafish liver) or £2f5 (mouse liver), and fold change
was calculated using the AACt method (Pfaffl, 2001).

Statistical Analysis—Data are presented as individual animal measurements (unless
stated otherwise) mean £ SD for mouse and zebrafish experiments. For human experiments,
mean + SEM is shown. Statistical analyses were performed using R Studio and SigmaPlot
14.p values comparing mutant and littermate groups were calculated using one-tailed or two-
tailed Student’s t tests or ANOVA as indicated in the figure legends. p values of less than
0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Glucagon lowers FOXN3 expression in liver
Deletion of FOXN3 lowers fasting blood glucose in zebrafish
Deletion of FOXN3 decreases the number of a cells in the endocrine pancreas

The FOXNS3 hyperglycemia risk allele blunts glucagon suppression during
glucose challenge
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Figure 1. Glucagon Regulates Liver Foxn3 Expression in Mice and Zebrafish
(A) A glucagon challenge test was performed in mice; blood glucose was measured at

baseline and 10 min after injection of glucagon or vehicle (PBS). Mean, SD, n, and
significance groups (p < 0.01 in one-sided ANOVA) are shown.

(B) Foxn3 protein abundance was quantified with immunoblot analysis of liver homogenates
from fed and fasted mouse livers. Mean, SD, n, and p values for a 2-sided Student’s t test are
shown.

(C) Foxn3 protein abundance was quantified with immunoblot analysis of mouse primary
hepatocytes treated with vehicle or glucagon. Mean, SD, n, and p values for a 2-sided
Student’s t test are shown.

(D) Blood glucose in adult zebrafish 2 hr after injection with vehicle or human glucagon.
Mean, SD, n, and p values for a 2-sided Student’s t test are shown.

(E) Liver pckIand foxn3transcript abundance two hours after injection of human glucagon.
Mean, SD, n, and p values for a 2-sided Student’s t test are shown. See also Table S1.
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(F) Liver foxn3transcript in zebrafish rendered hyperglycemic with STZ; 1-sided Student’s t
test.
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Figure 2. Mutation of Zebrafish foxn3 Decreases Fasting Blood Glucose and Glucagon and Liver
Gluconeogenic Gene Expression

(A) CRISPR/Cas9-generated foxn3 mutant with an in-frame 7-codon deletion, removing
residues 81-87 from the Forkhead Box (strain zZ11). The CRISPR guide RNA sequence is
underlined; the protospacer adjacent motif is in bold font.

(B) Decreased foxn3transcript and increased /mych transcript abundance in fon3z22/+
livers.

(C) Decreased fasting blood glucose in both female and male 3 months post-fertilization
adult foxn3 mutants maintained on regular diets. Two-tailed t test is shown.

(D) Decreased pckI luciferase gene reporter activity in foxn3 mutants, which is rescued by
the liver-specific overexpression of foxn3. Mean, SD, n, and p values for a 1-sided Student’s
t test are shown.

(E) Liver-specific overexpression of foxn3increases blood glucose in male foxn3?211/*
mutants; 2-sided Student’s t test.

(F) Decreased plasma glucagon in foxn3 mutants; 1-sided Student’s t test.

Mean, SD, n, and p values are shown in (B)-(E). For (F), each dot reflects plasma pooled
from 3 animals per dot blot sample (i.e., n = 15 for each group); mean, SD, and p are shown.
See also Table S1 and Figure S1.
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Figure 3. Liver Foxn3 Regulates a Cell Mass
(A) Representative whole-mount images and quantification of a cells (GFP) and

proliferating a cells (stained with anti-phospho-Ser10-histone H3 antibody [H3-pS10]) in
WT (Tg(gcga:GFP)) and foxn3mutant (foxn311*; To(gega:GFP)) larvae. (B)
Quantification of (A). Mean, SD, n, and p values in a 2-sided Student’s t test are shown. The
scale bars represent 20 um. (C) Representative whole-mount images and quantification of a
cells (GFP) and proliferating a cells (stained with pS10-H3 antibody) in WT
(79(gecga:GFP)) and Tg (fabpl0a.FOXN3I,EGFP);(Tg(gcga.GFP)) transgenic larvae. (D)
Quantification of (C). Mean, SD, n, and p values in a 2-sided Student’s t test are shown. The
scale bars represent 25 um. See also Figure S1. (E) Model of how FOXN3 is regulated by
and regulates glucagon. Hypoglycemia triggers physiological release of glucagon from
pancreatic a cells (middle panel). Glucagon acts on liver to promote gluconeogenesis and
protein catabolism (liberating gluconeogenic amino acids). Glycogen synthesis is suppressed
by glucagon as well (not shown). Finally, glucagon signaling normally suppresses
expression of the transcriptional regulator FOXN3. Glucagon-directed glucose production in
liver leads to export of glucose into the circulation; the increased blood glucose suppresses
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further glucagon release from pancreatic a cells, closing the feedback loop. In human
carriers of the hyperglycemia risk allele of the rs8004664 variation (and transgenic zebrafish
overexpressing Foxn3 in the liver), FOXN3 expression is increased (lower panel) and
suppression of further glucagon secretion is blunted (thin red line). This causes blood
glucose to increase in fasting because gluconeogenesis is increased (Karanthet al., 2016).
Conversely, deletion of Foxn3 decreased blood glucose (upper panel), and less feedback to a
cells is needed to suppress glucagon secretion (dashed green line). Whether Foxn3 regulates
amino acid catabolism is not known. Similarly, the role of liver Foxn3 in regulating
pancreatic a cell specification, differentiation, proliferation, and survival needs to be
elucidated. This model is inspired by the model of Holst et al. (2017).
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Table 1.

Anthropometric Data of Human Subjects Studied

Mean + SEM  Range (Min-Max)

Age (years)
Height(centimeters)
Mass (kg)

BMI (kg/m?)

Lean mass (kg)

% body fat

51+1 12-84
168.4+0.5 77.5-192.4

80.3+0.9 48.4-177.8
27.9+0.2 19.0-44.9
45.3+0.6 28.5-77.2
40.9+0.7 15.6-62.0
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Table 2.
Oral Glucose Tolerance Test Parameters
rs8004664 Genotype G|IG(n=76) GJA(n=195) AJA(n=131) p Value (Univariate, Multivariate)
Fasting glucose (mg/dL) 97+1 9+1 101+1 0.05 0.10
Peak glucose 187+4 188+ 2 190+3 0.46 0.61
Glucose 120 min 145+ 4 145+ 3 148 +3 0.70 0.51
AUC glucose 19,500+ 800 19,200 + 300 19,200 +300  0.89 0.89
AAB glucose 7,800 + 800 7,300 + 300 7,000 + 200 0.57 0.65
Fasting insulin (uIU/mL) 6.5+ 0.6 7.7+0.6 7.0+0.5 0.40 0.32
Peak insulin 76.9+54 86.1+5.2 815+51 0.54 0.55
AUC insulin 6,000 + 400 6,300 + 300 6,200 + 400 0.80 0.84
AAB insulin 5,200 + 400 5,400 + 300 5,300 + 300 0.88 0.91
Fasting C-peptide (ng/mL) 0.7+0.1 08+0.1 08+0.1 0.42 0.46
Peak C-peptide 3.7+0.1 38+0.1 3.8+0.1 0.76 0.82
AUC C-peptide 320+ 10 338+9 328+9 0.55 0.58
AAB C-peptide 234+ 10 241 +6 235+7 0.73 0.74
Insulin sensitivity 15+1 14+1 14+1 0.85 0.94
Basal ¢7 7.8+0.4 85+03 81+03 0.46 0.41
First phase ¢ 640 + 50 690 + 30 730 £ 40 0.35 0.44
Second phase ¢ 48+3 49+2 51+2 0.59 0.68
Total ¢ 55+3 54+3 58+3 0.88 0.63
Disposition index 1,240 + 150 1,150 £ 70 1,230 £ 120 0.75 0.63
Fasting glucagon (pg/mL) 782 77+2 78+2 0.86 0.66
Nadir glucagon 56 +2 53+1 57+2 0.09 0.09
AUC glucagon 7,900 + 300 7,600 + 200 8,200 + 300 0.17 0.18
ABB glucagon -1570+170 -1590+120 -1,170+190 0.11 0.04
Creatinine (mg/dL) 0.90 +0.03 0.86 +0.02 0.92 +0.02 0.11 0.23

Page 19

Univariateand multivariate (adjusting for age, weight, and sex) results are present. Data are presented as mean + SEM; n and p values are shown.

AAB, area above baseline; ABB, area below baseline; AUC, area under the curve.

a[& cell responsivity to glucose (Phi).
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