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Famsin, a novel gut-secreted hormone, contributes to
metabolic adaptations to fasting via binding to its
receptor OLFR796
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The intestine is responsible for nutrient absorption and orchestrates metabolism in different organs during feeding, a process which
is partly controlled by intestine-derived hormones. However, it is unclear whether the intestine plays an important role in
metabolism during fasting. Here we have identified a novel hormone, famsin, which is secreted from the intestine and promotes
metabolic adaptations to fasting. Mechanistically, famsin is shed from a single-pass transmembrane protein, Gm11437, during
fasting and then binds OLFR796, an olfactory receptor, to activate intracellular calcium mobilization. This famsin-OLFR796 signaling
axis promotes gluconeogenesis and ketogenesis for energy mobilization, and torpor for energy conservation during fasting. In
addition, neutralization of famsin by an antibody improves blood glucose profiles in diabetic models, which identifies famsin as a
potential therapeutic target for treating diabetes. Therefore, our results demonstrate that communication between the intestine
and other organs by a famsin-OLFR796 signaling axis is critical for metabolic adaptations to fasting.
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INTRODUCTION
Mammals have evolved complex metabolic adaptations to survive
in response to food deprivation. During prolonged fasting, the
liver generates glucose via gluconeogenesis and ketone bodies via
ketogenesis as major metabolic fuels for extrahepatic tissues.1,2

Mobilization of these energy sources is critical for metabolic
adaptations to fasting and animal survival.1,2 In addition to energy
mobilization, many mammals adopt adaptive energy-conserving
survival strategies, such as torpor, to decrease core body
temperature (Tb) and locomotor activity.3 Hormones derived from
different organs, such as ghrelin secreted from the stomach and
fibroblast growth factor 21 (FGF21) derived from the liver,
orchestrate these energy conservation and mobilization processes
to protect animal survival.4–9

The intestine is an important site for nutrient absorption and
communication with microbiota and other organs. These processes
are at least partially controlled by intestine-derived hormones.10–13

During feeding, the absorption of nutrients is associated with the
release of a set of hormones that promote gastric emptying and
insulin secretion, such as glucose-dependent insulinotropic poly-
peptide (GIP) and glucagon-like peptide 1 (GLP1).11–15 However, it is
still unclear whether the intestine modulates metabolism in other
organs during fasting.
Here, we have identified an intestine-derived hormone, famsin,

which has a protective effect during famine by promoting
metabolic adaptations to fasting. Famsin is shed from Gm11437,

a highly expressed single-pass transmembrane protein (sTMP) in
the proximal intestine. Famsin is secreted from the intestine and
binds its receptor, OLFR796, to promote glucose and ketone body
production for energy mobilization, and torpor for energy
conservation to balance the energy budget during fasting. In
addition, deficiency of famsin signaling, either by knockout or
antibody neutralization, attenuates blood glucose levels, which
suggests that famsin signaling is a potential therapeutic target for
treating diabetes.

RESULTS
Famsin is a secreted protein
sTMPs on the cell surface are involved in a wide variety of cellular
signaling pathways in response to environmental cues and control
various biological processes ranging from metabolism, proliferation
and apoptosis to immune responses.16,17 They serve as enzymes,
adapters, receptors, co-receptors and ligands to fulfill their
biological function.16–18 To identify which sTMP-coding genes
modulate glucose production in hepatocytes, we created a HepG2
cell line that stably expresses G6pc-Luc, which consists of a
luciferase reporter gene linked to the promoter of G6pc, a gene
encoding a rate-limiting enzyme in gluconeogenesis.19 The cells
were transfected with a siRNA library targeting 941 human sTMP-
coding genes and a control vector, RSV-Luc, to monitor transfection
efficiency and cell viability (Supplementary information, Fig. S1a).
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To monitor the screening process, we chose forkhead box protein
O1 (FOXO1) and CREB-regulated transcriptional coactivator 2
(CRTC2) as positive regulators of G6pc-Luc activity, and AKT1 and
insulin receptor (INSR) as negative regulators19–21 (Supplementary
information, Fig. S1b and Table S1). We performed this screen twice
with very good reproducibility (Spearman r= 0.96) and identified
four genes that either increased G6pc-Luc activity by more than 1.6-
fold or decreased it by at least 40% (Supplementary information,
Fig. S1b and Table S1).
In order to test whether the encoded proteins affect G6pc-Luc

activity via secretion, we performed transwell assays by over-
expressing the candidate genes in HEK293T cells and measuring
G6pc-Luc activity in mouse primary hepatocytes (Supplementary
information, Fig. S1a). Overexpression of C17orf78, but not the
other three genes, increased G6pc-Luc activity (Supplementary
information, Fig. S1c, d), which suggests that C17ORF78 may affect
G6pc-Luc activity via secretion. Similar results were obtained by
using Gm11437, a mouse ortholog of C17orf78 (Supplementary
information, Fig. S1e–g). In addition, immunostaining results
showed that the N-terminus of Gm11437 has an extracellular
orientation (Fig. 1a).
To characterize the amino acid sequence of secreted Gm11437,

we overexpressed Gm11437 in insect cells (Sf9) by a baculovirus
expression system and purified the secreted Gm11437 from cell
medium (Supplementary information, Fig. S1h–j). The secreted
Gm11437, named famsin because of its protective effect during
famine conditions, was highly glycosylated (Supplementary
information, Fig. S1j). Next, we identified the amino acid sequence
of famsin by mass spectrometry (MS) analysis and found that it
corresponds to the extracellular 1–191 aa of Gm11437 (Supple-
mentary information, Fig. S1k, l and Table S2). Similarly, highly
glycosylated famsin was detected in medium after overexpression
of Gm11437 in HEK293T cells (Fig. 1b). To examine whether the
cleavage of Gm11437 occurs at the plasma membrane, we labeled
the cell surface proteins by biotin and successfully detected
biotin-labeled famsin in the medium (Fig. 1c). In addition, the
cellular Gm11437 was able to produce famsin (Fig. 1d). These
results indicate that famsin can be cleaved from both the plasma
membrane-bound and cellular Gm11437.
Secretion of famsin was abrogated by inhibition of proprotein

convertases (Fig. 1e). Overexpression of furin, but not other
proprotein convertases, dramatically enhanced the level of famsin
(Fig. 1f). In fact, furin can cleave wild-type (WT) Gm11437 but not a
mutant of Gm11437 (K190A/R191A, AA) (Fig. 1g), which is consistent
with the cleavage site of furin.22 Compared to WT Gm11437, the
Gm11437/AA mutant lost its stimulating effect on G6pc-Luc activity
in the transwell assay, whereas famsin had a stronger effect on
G6pc-Luc activity than WT Gm11437 (Supplementary information,
Fig. S1f, g). Similar results were also obtained by using C17ORF78
(Supplementary information, Fig. S1c, d). Taken together, these
results indicate that famsin is a secreted protein and is released
from Gm11437 after cleavage by furin.

Famsin is a fasting-induced hormone
To determine the physiological function of famsin, we performed
ELISA analysis and found that the plasma famsin level displays
circadian oscillation, with an acute drop coinciding with the onset
of feeding23 (Supplementary information, Fig. S2a). Conversely,
plasma famsin levels were increased after fasting (Fig. 2a). They
reached maximal levels (~700 pM) after 18-h fasting and then
dropped following continuous fasting or refeeding, in contrast to
glucagon, insulin or ghrelin (Fig. 2a; Supplementary information,
Fig. S2b–f). Together, these results indicate that famsin is a fasting-
induced hormone.
Gm11437 is highly expressed in the intestine, especially in the

proximal intestine (duodenum) (Fig. 2b). It is slightly expressed
in the liver and has no detectable expression in other tissues.
Similar to the tissue distribution of Gm11437, C17orf78 is highly

expressed in the intestine (Supplementary information, Fig. S2g).
To determine which tissue is the major source of circulating
famsin, we generated mice with tissue-specific knockout of
Gm11437 in the intestine (IKO) or in the liver (LKO) (Supplementary
information, Fig. S2h). Plasma famsin levels were increased from
~100 pM to ~600 pM after overnight fasting in both WT mice and
LKO mice, while the fasting-induced increase of plasma famsin
levels was dramatically decreased in IKO mice (Fig. 2c, d;
Supplementary information, Fig. S2i–l). Interestingly, a coincident
increase of plasma furin activity during fasting was observed
(Supplementary information, Fig. S2m). Strikingly, low glucose
levels can increase famsin secretion and furin activity in intestinal
organoids (Supplementary information, Fig. S2n–p), which indi-
cates that glucose is a regulator of Gm11437 shedding. Together,
these results indicate that circulating famsin is mainly secreted
from the intestine during fasting.
To identify which kinds of cells produce famsin, we investigated

the distribution of Gm11437 in the intestine by immunostaining.
Gm11437 was localized to the basolateral membrane of enter-
ocytes and enteroendocrine cells (EECs) (Supplementary informa-
tion, Fig. S2q–u). These conclusions were further confirmed by the
results from Gm11437-GFP knock-in mice (Supplementary infor-
mation, Fig. S2t). Gm11437-GFP has a much higher expression
in the intestine than in the liver, and no expression in the kidney
(Supplementary information, Fig. S2v). These findings are con-
sistent with the Gm11437 tissue distribution evaluated by qPCR
(Fig. 2b). In addition, the residual C-terminal fragment of Gm11437
after cleavage was observed in the intestinal extracts by
immunoblot (Supplementary information, Fig. S2v), which further
confirmed that famsin can be produced by cleavage in mice.
To characterize the exact cell types that produce famsin, we used
flow cytometry to sort intestinal cells into enterocytes and EECs
expressing Gm11437-GFP, and then we used immunoblot analysis
to test which of the sorted cell types produce famsin (Supple-
mentary information, Fig. S2w, x). If famsin is produced from the
plasma membrane-bound Gm11437, we should observe the
residual C-terminal fragment of Gm11437 after cleavage, but not
famsin, since famsin will be released out of the cells. Likewise, if
famsin is produced within the cells, we should detect both the
residual C-terminal fragment of Gm11437 and famsin. We
observed robust signals from famsin (detected with anti-famsin
antibody) and the residual C-terminal fragment of Gm11437
(detected with anti-GFP antibody) in the lysates of EECs, while a
weaker signal from the residual C-terminal fragment of Gm11437
was detected in the lysates of enterocytes (Supplementary
information, Fig. S2x). These results indicate that famsin is mainly
produced by EECs and can be generated from both the plasma
membrane-bound and cellular Gm11437, which is consistent with
those results from overexpression of Gm11437 in HEK293T cells
(Fig. 1c, d). Taken together, our results indicate that famsin is a
fasting-induced hormone mainly derived from the intestine.

Famsin promotes fasting-induced metabolism
In response to prolonged fasting, the liver produces glucose via
gluconeogenesis and ketone bodies as major fuels to fight famine.
Mobilization of these energy sources is critical for metabolic
adaptations to fasting and animal survival.1,2 Therefore, we
investigated glucose and lipid metabolism in the liver to
investigate how famsin affects mouse response to fasting.
Although similar body weight, food intake, water intake, fat mass,
movement, energy expenditure and respiratory exchange ratio
(RER) were observed in WT mice and IKO mice during ad libitum
(ad lib) feeding, Gm11437 IKO mice showed decreased blood
glucose and plasma β-hydroxybutyrate levels after overnight
fasting (Fig. 2e, f; Supplementary information, Fig. S3a–d),
suggesting that famsin promotes glucose and ketone body
production in fasting conditions. In addition, hepatic acetyl-CoA
levels in IKO mice were dramatically attenuated (Fig. 2g), which
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indicates that famsin promotes hepatic lipid oxidation. In contrast
to these results, IKO mice had similar blood glucose and hepatic
glycogen levels in ad lib feeding conditions (Supplementary
information, Fig. S3a). Furthermore, plasma triglyceride levels,
hepatic triglyceride content, plasma cholesterol levels, hepatic
cholesterol content, plasma free fatty acid levels and plasma
glycerol levels were comparable in WT mice and IKO mice
(Supplementary information, Fig. S3a). This suggests that IKO
affects fasting-induced energy mobilization in the liver but has no
obvious effect in adipose tissues.
The decreased expression of gluconeogenic genes (G6pc and

Pck1), lipolytic genes (Pnlip, Pnliprp2, Clps, Cel), a ketogenic gene
(Hmgcs2) and a gene involved in lipid oxidation (Cpt1a), and the
activity of adipose triglyceride lipase (ATGL) measured by phospho-
ATGL (pATGL) in the liver further confirmed that IKO resulted in the
attenuation of gluconeogenesis, lipolysis, lipid oxidation and
ketogenesis (Fig. 2h, i). Decreased glucose production was further
confirmed by pyruvate tolerance test (Fig. 2j). This was accompanied
by improved insulin sensitivity, measured by glucose tolerance test
and insulin tolerance test, in IKO mice (Fig. 2k, l; Supplementary
information, Fig. S3a). Together, these results demonstrate that

famsin promotes glucose and ketone body production in the liver
during fasting.

Famsin promotes torpor and starvation resistance in mice
When challenged by food deprivation or harsh environmental
conditions, many mammals adopt adaptive energy-conserving
survival strategies, such as torpor, to decrease core Tb and locomotor
activity for energy conservation.2,3 Since famsin is induced during
fasting, we tested its role in fasting-induced torpor, which is
characterized by periods of deep hypothermia (Tb of 25–35 °C) for
several hours, along with decreases in movement and metabolic
rate.3 IKO mice experienced fewer bouts of torpor, shorter duration
of Tb < 35 °C and slower entry into torpor (Fig. 3a–d). Theminimal Tb
was comparable in WT and IKO mice (Fig. 3e). During the periods of
hypothermia, the locomotor activity in WT mice was much weaker
than that in IKO mice (Fig. 3f, g). Consistent with these results, the
expression of lipolytic genes (Pnlip, Pnliprp2, Clps, Cel), which are
normally induced by torpor,7,24 was decreased in IKO mice (Fig. 2h).
In addition, IKO mice were more susceptible to starvation during
fasting than WT mice (Fig. 3h). Together, these results indicate that
Gm11437 promotes torpor during fasting.

Fig. 1 Famsin is secreted after cleavage from Gm11437 by furin. a Immunostaining showing the orientation of FLAG-tagged Gm11437 on
the cell membrane in Cos7 cells. The signals from anti-Famsin antibody were observed in both unpermeabilized and permeabilized cells, while
the signals from anti-FLAG were only detected in permeabilized cells. These results indicate that the N-terminus of Gm11437 has an
extracellular orientation. DAPI, 4,6-diamidino-2-phenylindole; TM, transmembrane. Scale bars, 10 μm. b Immunoblots showing the
glycosylation status of famsin in HEK293T cells. The protein extracts from culture medium or whole cell lysate were treated with or
without deglycosylation enzymes. The blue arrowheads indicate full-length Gm11437-FLAG and the red arrowheads indicate famsin. Deglyco,
deglycosylation. c Left panel, schematic overview showing the biotin labeling of Gm11437 located at the plasma membrane and its
subsequent detection by anti-Famsin antibody. O/N, overnight; IP, immunoprecipitation; IB, immunoblotting. Right panel, immunoblots
showing cleavage of famsin from plasma membrane-localized Gm11437 in HEK293T cells. The blue arrowheads indicate full-length Gm11437-
FLAG and the red arrowheads indicate famsin. d Left panel, schematic diagram showing the subcellular fractionation of HEK293T cells and
subsequent detection of famsin by anti-Famsin antibody. Right panel, immunoblots showing cleavage of famsin from cytoplasm-localized
Gm11437 in HEK293T cells. The proteins were treated by the deglycosylation mix. The blue arrowheads indicate full-length Gm11437-FLAG
and the red arrowheads indicate famsin. TCL, total cell lysate; L, light fraction that includes plasma membranes; P, pellet that includes cellular
vesicles. ATP1A1 (Na+/K+-ATPase) is a marker of the plasma membrane fraction. e–g Effect of proprotein convertase inhibitors (5 μM, e) or
overexpression of different proprotein convertases (f) on Gm11437 cleavage, and effect of furin on cleavage of WT Gm11437 or Gm11437/AA
(g) in HEK293T cells. The blue arrowheads indicate full-length Gm11437-FLAG and the red arrowheads indicate famsin. AA, K190A/R191A.
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To test whether famsin affects torpor, we purified famsin from Hi-
5 cells and tested its effect on glucose production (Supplementary
information, Fig. S3e–k). Famsin enhanced G6pc mRNA levels and
elevated fasted blood glucose levels in a dose-dependent manner
(Supplementary information, Fig. S3h–k). Compared to ghrelin,
which is secreted from the stomach and deepens torpor,4–6 famsin
enhances torpor frequency (torpor bouts) without affecting minimal
Tb, although both hormones protect mouse resistance to fasting

(Supplementary information, Fig. S3l–r). Strikingly, famsin adminis-
tration by intraperitoneal injection in IKO mice restored the torpor
response, starvation resistance, blood glucose levels and the
expression of genes involved in gluconeogenesis and ketogenesis
(Fig. 3a–h; Supplementary information, Fig. S3s, t). Furthermore,
adenoviral-mediated expression of WT Gm11437 but not the
Gm11437/AA mutant in the liver restored plasma famsin
levels, torpor, starvation resistance, blood glucose and plasma

Fig. 2 Famsin is secreted from the intestine and promotes fasting-induced metabolism. a Effect of ad lib feeding, fasting, and refeeding
1.5 h after fasting on plasma famsin levels. Fasting was started at Zeitgeber time 0 (ZT0). At each indicated time point, plasma famsin was
measured by sandwich ELISA assay in six 12-week-old male mice. Data are shown as means ± SEM. b qPCR results showing relative mRNA
levels of Gm11437 in different tissues from 8–10-week-old male mice. BAT, brown adipose tissue; WAT, white adipose tissue. Data are shown as
means ± SEM. n= 6 mice. c Plasma famsin levels measured by sandwich ELISA assay in WT and Gm11437 IKO 8–10-week-old male mice with ad
lib feeding or overnight fasting. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way analysis of
variance (ANOVA) followed by Tukey’s test. **P < 0.01, ***P < 0.001. n= 6 mice. d Immunoblots (top panel) and quantification of serum famsin
from immunoblots (bottom panel) showing the effect of ad lib feeding or overnight fasting on plasma famsin and intestine Gm11437 levels of
8–10-week-old male mice. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed
by Tukey’s test. **P < 0.01. NS no statistical significance. n= 3. e–g Blood glucose (e), plasma β-hydroxybutyrate (f) and hepatic acetyl-CoA (g)
levels from overnight fasted 8-10-week-old WT male mice and Gm11437 IKO male mice. Data are shown as means ± SEM. Comparison of
different groups was carried out using unpaired two-tailed Student’s t-test. **P < 0.01, ***P < 0.001. n= 12 mice (e), n= 10 mice (f, g). h qPCR
results showing relative mRNA levels of genes involved in lipolysis (Pnlip, Pnliprp2, Clps, Cel), lipid oxidation (Cpt1a), ketogenesis (Hmgcs2) and
gluconeogenesis (G6pc, Pck1) from liver extracts of overnight fasted 8–10-week-old WT and IKO male mice. Data are shown as means ± SEM.
Comparison of different groups was carried out using unpaired two-tailed Student’s t-test. **P < 0.01, ***P < 0.001. n= 7 mice. i Immunoblots
showing the effect of Gm11437 deficiency on hepatic lipolysis and gluconeogenesis from liver extracts of 8–10-week-old male mice.
j–l Pyruvate tolerance test (j), glucose tolerance test (k) and insulin tolerance test (l) results from 8–10-week-old WT and Gm11437 IKO male
mice. For each test, the relative area under the curve (AUC) is shown in the inset of each panel. Data are shown as means ± SEM. Comparison
of different groups was carried out using two-way ANOVA followed by Tukey’s test (curve data, ##P < 0.01, ###P < 0.001) or unpaired two-tailed
Student’s t-test (AUC data, ***P < 0.001). n= 8 mice.
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β-hydroxybutyrate levels in IKO mice (Fig. 3i–p; Supplementary
information, Fig. S3u–ab). In addition, plasma levels of torpor-
inducing hormones (ghrelin, leptin and FGF21)4,6,7,25 or intestine-
derived hormones (FGF15 and GLP1)9,12,14 were comparable in WT
and IKO mice (Supplementary information, Fig. S3a). These results
indicate that circulating famsin, but not the transmembrane protein
Gm11437, is critical for fasting-induced torpor and metabolism in
mice. Together, our data indicate that famsin promotes mouse
adaptations to fasting.

OLFR796 is a receptor of famsin
To identify the target tissue of famsin, we performed binding
assays on frozen tissue sections by incubating purified GST-famsin
with different mouse tissues. GST-famsin gave stronger binding
signals in the liver and kidney (Fig. 4a; Supplementary information,
Fig. S4a). The binding was specific because competitive pre-
incubation of the sections with His-ProS2-famsin completely
abolished the signal in the liver and in mouse primary hepatocytes
(Fig. 4a, b; Supplementary information, Fig. S4a). These results

Fig. 3 Famsin promotes torpor and starvation resistance. a–h Effect of Gm11437 IKO and famsin on torpor evaluated by Tb (a), torpor
frequency (number of torpor bouts, b), time for Tb < 35 °C (c), torpor entry time (d), minimum Tb (e), locomotor activity (f), relative total
locomotor activity (g) and starvation resistance (h) of fasted 8-week-old male mice. Failure of starvation resistance was judged as Tb < 28 °C
following a quick decrease in Tb below the environmental temperature. 400 μg/kg famsin was intraperitoneally injected after 4 h fasting. The
gray and white backgrounds (a, f) indicate 12-h periods of darkness and light, respectively. Data are shown as means ± SEM. Comparison of
different groups was carried out using one-way ANOVA followed by Tukey’s test (b–e, g) or log-rank test (h). *P < 0.05, **P < 0.01. NS no
statistical significance. n= 7 mice. i–p Effect of adenoviral-expressed WT Gm11437 or Gm11437/AA on torpor evaluated by plasma famsin
level (i), Tb (j), torpor frequency (k), time for Tb < 35 °C (l), torpor entry time (m), locomotor activity (n), relative total locomotor activity (o) and
starvation resistance (p) of fasted 8-week-old male mice. Failure of starvation resistance was judged as Tb < 28 °C following a quick decrease in
Tb below the environmental temperature. The gray and white backgrounds (j, n) indicate 12-h periods of darkness and light, respectively. Data
are shown as means ± SEM. Comparison of different groups was carried out using one-way ANOVA followed by Tukey’s test (i, k–m, o) or log-
rank test (p). *P < 0.05, **P < 0.01, ***P < 0.001. n= 7 mice.
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were further confirmed by saturation binding studies in mouse
primary hepatocytes (Fig. 4c).
Interestingly, pretreatment of mouse primary hepatocytes with

SCH-202676, an inhibitor of G protein-coupled receptors (GPCRs),
abolished the effect of famsin on G6pc expression (Supplementary
information, Fig. S4b). This indicates that the receptor of famsin is a

GPCR. To identify the receptor of famsin, we performed a siRNA
screen in HEK293T cells, a human embryonic kidney cell line with
strong famsin binding (Supplementary information, Fig. S4c, d). The
siRNA library targeting 791 human GPCR-coding genes was used
and famsin binding was measured by flow cytometry (Supplemen-
tary information, Fig. S4e, f and Table S3). This led us to identify

Fig. 4 OLFR796 is a receptor of famsin. a Binding assay on frozen tissue sections from 8–10-week-old Olfr796+/+ and Olfr796–/– male mice.
100 nM GST or GST-famsin was incubated with frozen tissue slices. For competition binding, tissues were pretreated with 5 μM His-ProS2 or
His-ProS2-famsin for 30 min. Scale bars, 20 μm. b Binding assay on mouse primary hepatocytes. 100 nM GST or GST-famsin was incubated with
hepatocytes. For competition binding, cells were pretreated with 5 μM His-ProS2 or His-ProS2-famsin for 30min. Scale bars, 10 μm. c Effect of
WT OLFR796 or its mutant (Mut, R187D/R195D/E197A) on famsin binding in mouse primary hepatocytes. Data are shown as means ± SEM.
Comparison of different groups was carried out using two-way ANOVA followed by Tukey’s test. ###P < 0.001. n= 3. d, e qPCR results (d) and
in situ hybridization (e) showing relative mRNA levels of Olfr796 in different tissues from 8–10-week-old male mice. In the pancreas sections,
the islets are outlined in red. OE, olfactory epithelium; OB, olfactory bulb. Data are shown as means ± SEM. n= 6 mice (d). f GST pull-down
assay showing the interaction between GST-famsin and OLFR796-Flag or its mutant (Mut, R187D/R195D/E197A) in Hi-5 cells. g Quantification
of the binding affinity between famsin and WT OLFR796 or its mutant (Mut, R187D/R195D/E197A) by MST. ΔFnorm indicates the change in the
normalized fluorescence. Data are shown as means ± SEM. n= 3.
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OR10P1 as a candidate receptor of famsin, since knockdown of
OR10P1 almost abolished famsin binding in HEK293T cells (Supple-
mentary information, Fig. S4f–h and Table S3).
To investigate whether OLFR796 (mouse ortholog of OR10P1)

is a receptor of famsin, we examined the expression of Olfr796
mRNA in different tissues by qPCR and in situ hybridization (ISH).
Similar results obtained from qPCR and ISH showed that Olfr796
is highly expressed in olfactory epithelium (OE) and olfactory
bulb (OB), and moderately expressed in the liver, kidney and
muscle (Fig. 4d, e; Supplementary information, Fig. S4i), which is
consistent with the results of ligand binding (Fig. 4a). Interest-
ingly, Olfr796 is also highly expressed in intestinal crypts and
islets (Fig. 4e), indicating that OLFR796 may have a special role
in those tissues. In support of the conclusion that OLFR796 is a
famsin receptor, famsin binding was abolished in Olfr796–/– mice
and hepatocytes (Fig. 4a, c, e; Supplementary information,
Fig. S4j–m).
A GST pull-down assay showed that GST-famsin purified from E.

coli can interact with OLFR796 in Hi-5 cells (Fig. 4f). Further results
from microscale thermophoresis (MST) showed that famsin bound
to OLFR796 with high affinity (Kd= 4.29 ± 0.45 nM) (Fig. 4g;
Supplementary information, Fig. S4n, o). To confirm this interac-
tion, we introduced three mutations (R187D, R195D and E197A)
into the extracellular domain of OLFR796 between transmem-
brane domains 4 and 5, a region previously thought to potentially
harbor the ligand-binding activity of olfactory receptors.26,27

Compared to WT OLFR796, the mutant of OLFR796 (Mut) showed
a dramatically reduced affinity for famsin (Fig. 4f, g; Supplemen-
tary information, Fig. S4n, o), which indicates that these
three amino acids are critical for binding of OLFR796 to famsin.
Addition of WT OLFR796 but not the famsin-binding-defective
mutant of OLFR796 (Mut) restored dose-dependent binding of
famsin in Olfr796–/– primary hepatocytes (Fig. 4c; Supplementary

information, Fig. S4p, q). Together, all these in vitro and in vivo
binding assays identify OLFR796 as a receptor of famsin.

Famsin activates OLFR796-coupled calcium mobilization
Since famsin interacts with OLFR796, we examined the signaling
events downstream of OLFR796 by treating hepatocytes with
different inhibitors (Fig. 5a). Famsin had no effect on Gαs-coupled
cAMP levels; however, it activated Gαq/11-coupled calciummobiliza-
tion, since YM-254890, an inhibitor of Gαq/11, abolished its effect
(Fig. 5a, b; Supplementary information, Fig. S4r–t). These results
were further supported by pretreatment with U73122, an inhibitor
of phospholipase C (PLC), and Xestospongin C, an inhibitor of
inositol-1,4,5-trisphosphate receptor (InsP3R) (Fig. 5a, b). Since
previous results showed that InsP3R-mobilized calcium promotes
gluconeogenesis via FoxO1 and CREB-mediated transcription of
gluconeogenic genes,28–30 we tested the expression of the
gluconeogenic gene G6pc in primary hepatocytes. In consistent
with the result of calcium mobilization, famsin enhanced G6pc
expression in an InsP3R-dependent manner (Fig. 5c).
It was reported that olfactory receptors usually bind to Golf

(GNAL), which is specifically expressed in olfactory sensory neurons
and other neural tissues, to activate adenylate cyclase and induce
cAMP production.31,32 In fact, no detectable GNAL is observed in the
liver (Supplementary information, Fig. S4u, v). Since GNAL is not
present in the liver, it is possible that OLFR796 binds GNAQ (Gαq)
and mobilizes calcium. In support of this notion, OLFR796 can
interact with both overexpressed GNAL and GNAQ in HEK293T cells,
though GNAL has a stronger association with OLFR796 than GNAQ
(Supplementary information, Fig. S4w). Famsin treatment almost
abolished the interaction of GNAL and GNAQ with OLFR796
(Supplementary information, Fig. S4w). In addition, famsin
decreased the interaction of GNAQ with WT OLFR796 but not the
famsin-binding-defective mutant of OLFR796 (Mut) (Fig. 5d). These

Fig. 5 Famsin activates OLFR796-coupled calcium signaling. a Schematic diagram showing the activation of OLFR796-coupled calcium
signaling by famsin, and the targets of different chemicals used in this study. b, c Effect of famsin (30 nM) on calcium mobilization (b) and
relative mRNA levels of G6pc (c) in the presence or absence of YM-254890 (YM, 2 μM), U73122 (10 μM) or Xestospongin C (XC, 2 μM) in mouse
primary hepatocytes. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed by
Tukey’s test. ###P < 0.001 (b), ***P < 0.001 (c). n= 24–48 cells (b), n= 6 (c). d Co-IP showing the association of GNAQ-Myc with OLFR796-Flag or
its mutant (Mut, R187D/R195D/E197A) in HEK293T cells treated with or without famsin (30 nM) for 10 min. e, f Effect of WT OLFR796 or its
mutant (Mut, R187D/R195D/E197A) on calcium mobilization (e) and relative mRNA levels of G6pc (f) in mouse primary hepatocytes in the
presence or absence of famsin (30 nM). Data are shown as means ± SEM. Comparison of different groups was carried out using two-way
ANOVA followed by Tukey’s test. ###P < 0.001 (e), ***P < 0.001 (f). n= 18–48 cells (e), n= 6 (f).
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results were further supported by similar data from famsin-induced
calciummobilization and G6pc expression (Fig. 5e, f; Supplementary
information, Fig. S4q). Compared to Olfr796–/– mice, famsin
enhanced cAMP levels in the olfactory bulbs but not in the liver
ofOlfr796+/+mice (Supplementary information, Fig. S4x, y), which is
consistent with the expression profile of GNAL (Supplementary
information, Fig. S4u, v). Taken together, all these results
demonstrate that famsin activates calcium signaling in hepatocytes
in an OLFR796-dependent manner.

OLFR796 mediates famsin-induced metabolic adaptations to
fasting
Since OLFR796 is a receptor of famsin, we asked whether Olfr796–/–

mice had similar fasting-inducedmetabolic dysregulation to famsin-
deficient mice. Similar to Gm11437 IKO mice, Olfr796–/– mice also
showed decreased blood glucose, plasma β-hydroxybutyrate and
hepatic acetyl-CoA levels after overnight fasting, and had similar
blood glucose and hepatic glycogen levels to Olfr796+/+ mice in ad
lib feeding conditions (Fig. 6a–c; Supplementary information,
Fig. S5a). Furthermore, Olfr796 knockout had no effect on body
weight, food intake, water intake, fat mass, energy expenditure, RER,
movement, triglyceride levels, cholesterol levels, plasma free fatty
acid levels and plasma glycerol levels (Supplementary information,
Fig. S5a–d). The attenuated gluconeogenic capacity, the decreased
expression of genes involved in metabolic adaptations to fasting,
and the enhanced insulin sensitivity were also manifested in
Olfr796–/– mice (Fig. 6d–h; Supplementary information, Fig. S5a).
Olfr796 knockout resulted in fewer bouts of torpor, decreased
starvation resistance and increased locomotor activity (Fig. 6i–o;
Supplementary information, Fig. S5e). In addition, famsin-enhanced
effects in WT mice were abolished in Olfr796–/– mice (Fig. 6i–o).
These results were supported by the blunted expression of critical
genes involved in gluconeogenesis, lipolysis, lipid oxidation and
ketogenesis in Olfr796–/– mice (Fig. 6h).
Torpor is controlled by populations of neurons in the preoptic

area (POA), anteroventral periventricular nucleus (AVPe) and
suprachiasmatic nucleus (SCN).33–38 Therefore, we tested whether
famsin can cross the blood–brain barrier into the cerebrospinal
fluid (CSF), and whether OLFR796 is expressed in these neurons.
Similar to plasma famsin levels, CSF famsin levels were increased
to ~500 pM after fasting, and the increase was even greater after
administration of famsin (Supplementary information, Fig. S5f).
Olfr796 was expressed in neurons of POA, AVPe and SCN, with the
strongest signal in SCN (Supplementary information, Fig. S5g). In
addition, famsin enhanced neuronal activation of POA, AVPe and
SCN in an OLFR796-dependent manner (Supplementary informa-
tion, Fig. S5h, i). Taken together, all these results show that
Olfr796–/– mice almost phenocopy famsin-deficient mice and
OLFR796 is indispensable for famsin-induced metabolic adapta-
tions during fasting.
To evaluate the specific metabolic function of Olfr796 in the

liver and avoid any effects from other tissues, we generated mice
with tissue-specific knockout of Olfr796 in the liver (LKO)
(Supplementary information, Fig. S6a, b). Similar to Olfr796–/–

mice, Olfr796 LKO mice also showed decreased blood glucose,
plasma β-hydroxybutyrate and hepatic acetyl-CoA levels and
enhanced insulin sensitivity after fasting treatment, although
other metabolic parameters were similar (Supplementary informa-
tion, Fig. S6c–j). Olfr796 LKO did not affect torpor, but still slightly
decreased mouse starvation resistance (Supplementary informa-
tion, Fig. S6k–q). These results indicate that modulation of energy
mobilization in the liver by a famsin-OLFR796 signaling axis is
important for mouse metabolic adaptations to fasting. Further-
more, famsin-enhanced effects in WT mice were abolished in
Olfr796 LKO mice, and addition of WT OLFR796 but not the famsin-
binding-defective mutant of OLFR796 (Mut) restored the famsin-
induced effects (Supplementary information, Fig. S6r–v). Together,
these results indicate that both torpor controlled by populations

of POA, AVPe and SCN neurons in the hypothalamus and energy
mobilization controlled by the liver are essential for metabolic
adaptations to fasting.

Neutralization of famsin improves blood glucose homeostasis
Considering the significant effect of the famsin-OLFR796 signaling
axis on fasting-induced glucose metabolism and the role of
hepatic gluconeogenesis in the pathogenesis of type 2 diabetes,19

we checked whether this axis contributes to hyperglycemia in
obese and/or diabetic models. Although the expression levels of
Gm11437 or Olfr796 in lean mice, ob/obmice, db/db mice and high
fat diet (HFD)-induced obese mice are comparable, plasma famsin
levels and furin activity were dramatically increased in obese and
diabetic ad lib-fed mice (Fig. 7a–d; Supplementary information,
Fig. S7a–d). In addition, the fasting-induced increase of plasma
famsin levels and furin activity was blunted in obese and diabetic
mice (Fig. 7a–d). Similar to these results in mice, diabetic patients
had higher plasma famsin levels and furin activity at 2 h after
eating and produced less famsin in response to fasting than
normal people (Fig. 7e, f; Supplementary information, Fig. S7e–g).
Thus, these results suggest that reducing the effect of famsin may
improve blood glucose levels in obese and/or diabetic models.
To investigate whether neutralization of famsin by an antibody

can decrease blood glucose levels, we tested the ability of the
antibody to block famsin activity in primary hepatocytes. In fact,
10 μg/mL antibody abolished G6pc expression induced by 30 nM
famsin (Supplementary information, Fig. S7h). We then intraper-
itoneally injected 200 μg/kg antibody into WT and Olfr796–/– mice
fed a HFD for 16 weeks. Neutralization of famsin reduced blood
glucose and plasma insulin levels in WT mice but not in Olfr796–/–

mice and had no effect on body weight and inflammation
evaluated by plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels (Fig. 7g; Supplementary information,
Fig. S7i–l). Together, these results indicate that the famsin-
OLFR796 axis is a potential target for the treatment of type 2
diabetes.

DISCUSSION
Although it is well known that the intestine, as a major organ of
nutrient absorption, modulates metabolism in different organs
during feeding, the role of the intestine in fasting-induced
metabolic adaptations remains largely unknown. Here, we identi-
fied that the fasting-induced hormone famsin is secreted from the
intestine and binds its receptor, OLFR796, to promote torpor for
energy conservation and fasting-induced enhancement of energy
mobilization in mice, thus enhancing mouse metabolic adaptations
to fasting (Fig. 7h).
Our results demonstrate the critical roles of the intestine during

fasting via famsin-mediated organ–organ communication, although
the secretory cells and the cellular site of endogenous famsin
production in the intestine remain to be fully characterized. Our
results show that famsin can be cleaved from both the cellular-
localized and plasma membrane-bound Gm11437 (Fig. 1c, d;
Supplementary information, Fig. S2w). The more dispersed cellular
distribution of famsin in enterocytes compared to Gm11437 in EECs
(Supplementary information, Fig. S2q–u) suggests that some famsin
is produced prior to fasting and stored in the intracellular vesicles of
EECs. It seems that Gm11437-positive EECs do not belong to the
known subtypes of EECs (data not shown). The presence of the
cleaved C-terminal fragment of Gm11437 in intestinal extracts
indicates that a proportion of famsin is derived from the plasma
membrane-bound Gm11437 of EECs and/or enterocytes (Supple-
mentary information, Fig. S2v–x). Although low glucose can
promote famsin production in intestinal organoids, it remains
unclear which kinds of nutrients or stresses affect famsin release
in vivo. It is possible that the identity of the secretory cells and the
cellular site of endogenous famsin production may depend on the
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different environmental cues during the different phases of fasting.
Further characterization of famsin production will provide more
insight into its physiological regulation and significance. In addition,
our study adds to the growing list of olfactory receptors that
modulate various metabolic processes.39–47 Future elucidation of
the structure of the famsin–OLFR796 complex will provide more
insight into how olfactory receptors can recognize both protein and
odorant ligands. Considering the wide expression pattern of Olfr796
and the potential contributions of other tissues, such as the kidney
and the intestine, to gluconeogenesis during prolonged fasting,48 it

will be necessary to generate tissue-specific knockouts of Olfr796 to
further investigate the physiological function of this signaling axis.
Previous studies showed that ghrelin in the central nervous

system controls torpor.3,4,6 Our results show that the famsin-
OLFR796 signaling axis induces neuronal activation and torpor.
Notably, famsin and ghrelin affect different aspects of torpor, such
as minimal Tb, torpor frequency or torpor entry time (Supplemen-
tary information, Fig. S3l–q and Reference4). Although both
ghrelin5,8 and famsin are secreted during fasting, the dynamic
fluctuation of plasma levels during fasting and the source organs of

Fig. 6 Olfr796 knockout attenuates metabolic adaptations to fasting. a–c Blood glucose (a), plasma β-hydroxybutyrate (b) and hepatic
acetyl-CoA (c) levels from overnight fasted 8–10-week-old Olfr796+/+ and Olfr796–/– male mice. Data are shown as means ± SEM. Comparison
of different groups was carried out using unpaired two-tailed Student’s t-test (a–c). n= 8 mice. d Immunoblots showing the effect of Olfr796
knockout on hepatic lipolysis and gluconeogenesis from liver extracts of 8–10-week-old male mice. e–g Pyruvate tolerance test (e), glucose
tolerance test (f) and insulin tolerance test (g) results from 8–10-week-old Olfr796+/+ and Olfr796–/– male mice. The relative AUC is shown in the
inset of each panel. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed by
Tukey’s test (curve data, #P < 0.05, ##P < 0.01) or unpaired two-tailed Student’s t-test (AUC data, ***P < 0.001). n= 8 mice. h qPCR results
showing relative mRNA levels of genes involved in lipolysis (Pnlip, Pnliprp2, Clps, Cel), lipid oxidation (Cpt1a), ketogenesis (Hmgcs2) and
gluconeogenesis (G6pc, Pck1) from liver extracts of overnight fasted 8–10-week-old Olfr796+/+ and Olfr796–/– male mice treated with or
without famsin. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed by Tukey’s
test. *P < 0.05, **P < 0.01, ***P < 0.001. NS no statistical significance. n= 6 mice. i–o Effect of Olfr796 knockout on torpor evaluated by Tb (i),
torpor frequency (j), time for Tb < 35 °C (k), torpor entry time (l), locomotor activity (m), relative total locomotor activity (n) and starvation
resistance (o) of fasted 8-week-old male mice. Failure of starvation resistance was judged as Tb < 28 °C following a quick decrease in Tb below
the environmental temperature. 400 μg/kg famsin was intraperitoneally injected after 4 h fasting. The gray and white backgrounds (i, m)
indicate 12-h periods of darkness and light, respectively. Data are shown as means ± SEM. Comparison of different groups was carried out
using two-way ANOVA followed by Tukey’s test (j–l, n) or log-rank test (o). *P < 0.05, **P < 0.01. NS no statistical significance. n= 6–8 mice.
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these hormones are different. This suggests that ghrelin and famsin
may have divergent time-dependent roles in energy conservation.
Interestingly, both ghrelin and famsin modulate GPCR-coupled
calcium signaling.49 A difference is that ghrelin modulates
metabolism in peripheral organs indirectly via increasing the
release of growth hormone.50 Famsin induces calcium mobilization
and glucose production via InsP3R, which is consistent with the
reported roles of InsP3R.28–30 It is possible that the famsin-OLFR796
signaling axis may regulate neuronal activation via cAMP signaling
but not calcium mobilization because of higher GNAL expression in
these neurons.31,32 Of course, it is important to determine how
famsin synergizes with other hormones to modulate fasting-
induced metabolism.
The hormones in the gut, especially in the duodenum, are critical

for weight-independent glucose control by bariatric surgery,
though the specific hormones have not yet been identified.51–53

Based on the higher expression of Gm11437 in the proximal
intestine and the roles of famsin in energymobilization, it is possible
that famsin is one of the proximal intestine hormones that accounts
for improved glucose homeostasis after metabolic surgery. It was
previously reported that individuals with higher plasma furin
activity have elevated risk of hyperglycemia,54 which is consistent
with our observation that plasma famsin levels and furin activity are
elevated during fasting. In addition, improvement of blood glucose
profiles by blockage of famsin signaling in diabetic models supports
the critical role of famsin in modulating glucose homeostasis
and identifies famsin as a potential therapeutic target for treating
diabetes.

MATERIALS AND METHODS
Human studies
The participants were 15 healthy people and 15 type 2 diabetic patients;
each group included 8 females and 7 males aged from 26- to 51-years old.
They were recruited at the Second Affiliated Hospital of Zhejiang Chinese
Medical University. All participants provided written informed consent.
Blood samples from healthy people and type 2 diabetic patients were
centrifuged at 4 °C soon after sampling, then separated and stored at
–80 °C. The study was approved by the Institution Review Board of
Tsinghua University and the Institution Review Board of The Second
Affiliated Hospital of Zhejiang Chinese Medical University. Blood glucose
was measured using AU5000 (Beckman Coulter). Serum famsin levels were
measured using a Sandwich ELISA assay.

Mouse strains and experiments
Mice were housed in a temperature-controlled environment at ~21 °C
using a 12-h light/12-h dark cycle (lights on at 7:00 am as ZT0, lights off at
7:00 pm as ZT12) with free access to food and water. Animals had ad lib
access to water at all times, and food was only withdrawn if required for an
experiment. For high-fat diet feeding experiments, the regular diet
(D12450J, Research Diets) was replaced with a diet containing 60 kcal%
fat (D12492, Research Diets). For antibody neutralization experiments, an
in vitro assay to test the potential of a rat IgG antibody to neutralize famsin
was performed. Mice were intraperitoneally injected with anti-famsin
antibody (200 μg/kg) or isotype-matched immunoglobulin G (IgG). Animals
were maintained with all relevant ethical regulations for animal testing and
research. All animal experiments were approved by the Animal Care and
Use Committee at Tsinghua University.
B6/JGpt-Lepem1Cd25/Gpt (T001461) and BKS-Leprem2Cd479/Gpt (T002407)

mice were purchased from GemPharmatech. Gm11437-EGFP knock-in

Fig. 7 Neutralization of famsin reduces blood glucose levels in mice. a, b Plasma famsin levels (a) and plasma furin activity (b) in 8–10-week-
old lean, db/db and ob/ob male mice with ad lib feeding or overnight fasting. Data are shown as means ± SEM. Comparison of different groups
was carried out using two-way ANOVA followed by Tukey’s test. **P < 0.01, ***P < 0.001. NS no statistical significance. n= 5 mice (a), n= 6 mice
(b). c, d Plasma famsin levels (c) and plasma furin activity (d) in regular diet (RD) or HFD-fed 16-week-old male mice with ad lib feeding or
overnight fasting. Data are shown as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed by Tukey’s
test. **P < 0.01, ***P < 0.001. NS no statistical significance. n= 6 mice. e, f Plasma famsin levels (e) and plasma furin activity (f) in normal people
or patients with type 2 diabetes after overnight fasting or 2 h after eating (postprandial). Data are shown as means ± SEM. Comparison of
different groups was carried out using two-way ANOVA followed by Tukey’s test. ***P < 0.001. NS no statistical significance. n= 15 humans.
g Effect of anti-Famsin antibody (200 μg/kg) on blood glucose in Olfr796+/+ and Olfr796–/– male mice fed a HFD for 16 weeks. Data are shown
as means ± SEM. Comparison of different groups was carried out using two-way ANOVA followed by Tukey’s test. ***P < 0.001. NS no statistical
significance. n= 8 mice. h Famsin, an intestine-derived hormone, binds OLFR796 and promotes energy mobilization via gluconeogenesis and
ketogenesis in the liver, and energy conservation via torpor in the hypothalamus during fasting. Famsin activates calcium mobilization in the
liver, but the downstream signaling of famsin in the hypothalamus is unclear (indicated with a question mark). Thus, a famsin-OLFR796
signaling axis promotes energy mobilization and conservation, and thereby enhances mouse metabolic adaptations to fasting.
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mice were obtained from Cyagen. Genotypes were confirmed by PCR by
using the following primers: forward, 5′-CTCATAAGCACGGTGTTCACATAG-
3′; reverse, 5′-GAATGTGCAAAGTGAATTGCAGAG-3′. Ablation of Gm11437 or
Olfr796 in zygotes was achieved by injection of a mixture of Cas9 mRNA
(100 ng/μL) and two sgRNAs (Gm11437: 5′-ATCAGCCGATAGCTACCCTG-3′
and 5′-GGCTCTGAGGTGACATCTTG-3′; Olfr796: 5′-ACCACCTCGAAGAGAT
GTGG-3′ and 5′-GGCGTTCCAGAAGAGATGGA-3′; 50 ng/μL each). Cleaved
embryos with high quality at the two-cell to blastocyst stage were
transferred into the oviduct of matched recipient mice. Heterozygous mice
with deleted Gm11437 or Olfr796 were crossed to each other to generate
knockout mice. Genotypes were confirmed by PCR by using the following
primers: Gm11437: 5′-TCCTCAGGAGGTTGTCTGGA-3′ and 5′-GAGACTAG
GGCTAAAAGGGGT-3′; Olfr796: 5′-GTGCTGCACTCCCCCATGTATTT-3′ and 5′-
TGCTGGCCGTTCCGAAGAAGAG-3′.
Mice carrying a floxed allele of Gm11437 were obtained from Viewsolid

Biotech. For generation of liver-specific or intestine-specific Gm11437
knockout mice, Gm11437fl/fl mice were crossed with mice expressing the
Cre-recombinase transgene from the liver-specific albumin promoter (Alb-
Cre) or the intestine-specific villin 1 promoter (Vil1-Cre) to delete exon 1.
PCR genotyping of Gm11437 knockout mice was performed with primers
that detect the following: 3′ LoxP site of the targeted Gm11437 allele:
forward, 5′-GTTCTCATTGTTGGCATCAT-3′; reverse, 5′-AGCCTACTGTCACTC
TGT-3′. Cre: forward, 5′-GCCTGCATTACCGGTCGATGC-3′; reverse, 5′-CAGG
GTGTTATAAGCAATCCC-3′. Internal control for Cre: forward, 5′-CTAGGCCA
CAGAATTGAAAGATCT-3′; reverse, 5′-GTAGGTGGAAATTCTAGCATCATCC-3′.
Mice carrying a floxed allele of Olfr796 were obtained from GemPharma-

tech. For generation of liver-specific Olfr796 knockout mice, Olfr796fl/fl mice
were crossed with mice expressing the Cre-recombinase transgene from the
liver-specific albumin promoter (Alb-Cre) to delete exon 2. PCR genotyping of
Olfr796 knockout mice was performed with primers that detect the following:
5′ LoxP site of the targeted Olfr796 allele: forward, 5′-CTTAGCATGTAG-
CAATCTCAAATTG-3′; reverse, 5′-CAGAAGCTAATTCAACTAAGGCA G-3′. 3′ LoxP
site of the targeted Olfr796 allele: forward, 5′-ATCCAAGGTGATATTTCTGGGTC-
3′; reverse, 5′-GTTAAAGCAGGAAGTGGGATTG-3′. Cre: forward, 5′-GCCTGCAT
TACCGGTCGATGC-3′; reverse, 5′-CAGGGTGTTATAAGCAATCCC-3′. All mice
were maintained on a C57BL/6J background.

Temperature recording and fasting-induced torpor
Mice were singly housed and implanted abdominally with telemetric
temperature and activity probes (G2 E-MITTER, Starr Life Science). After at
least five days of recovery, mice were recorded in standard cages placed
onto a radiofrequency receiver platform (ER4000, Starr Life Science). Gross
movement and core body temperature were measured by using VitalView
Telemetry Data Acquisition Software (Starr Life Sciences). Mice were
housed in a temperature-controlled environment at ~18 °C with free
access to food and water. Following baseline measurements (food and
water ad lib), mice were placed in new cages and food was removed at
ZT12 to induce torpor. Initial bouts of torpor were observed after ~7 h of
fasting. Mouse starvation resistance was defined as a Tb ≥ 28 °C, and failure
of starvation resistance was defined as Tb < 28 °C following a quick
decrease in Tb below the environmental temperature.55

Indirect calorimetry, physical activity and food intake
Energy expenditure, RER, physical activity, food intake and water intake were
simultaneously measured for individually housed mice with a PhenoMaster
system (TSE Systems). Mice were allowed to acclimatize in the chambers for
at least 24 h. Food and water were provided ad lib in the appropriate devices
and measured by the built-in automated instruments. Relative fat mass was
measured with an EchoMRI analyzer.

Metabolic studies
Blood glucose values were determined using a LifeScan automatic
glucometer. Glucose tolerance tests were performed by intraperitoneal
administration of glucose (1 g/kg) after overnight fasting. Insulin tolerance
tests were performed by intraperitoneal injection of human regular insulin
(1 U/kg) after 5-h fasting. For pyruvate challenge experiments, mice were
fasted overnight and injected intraperitoneally with pyruvate (1 g/kg).
Triglyceride (TR0100, Sigma) and cholesterol (ab65390, Abcam) levels in
the liver and plasma, hepatic glycogen (MAK016, Sigma), hepatic acetyl-
CoA (MAK039, Sigma), plasma insulin (10-1247-01, Mercodia), plasma
leptin (MOB00B, R&D Systems), plasma glucagon (DGCG0, R&D systems),
plasma β-hydroxybutyrate (K632, BioVision), plasma total ghrelin (EZRGRT-
91K, EMD Millipore), plasma acyl-ghrelin (EZRGRA-90K, EMD Millipore),

plasma FGF21 (MF2100, R&D Systems), plasma FGF15 (HEL154Mu, Cloud-
Clone), plasma active GLP1 (EGLP-35K, EMD Millipore), plasma growth
hormone (DL-GH-Mu-96T, DLDEVELOP), plasma glycerol (TR0100, Sigma)
and plasma free fatty acid levels (294-63601, Wako) were measured
according to the manufacturer’s instructions. Plasma ALT and AST levels
were measured by the Disposable Veterinary Reagent Dis (AW00869,
Seamaty Technology., Ltd.).

Measurement of furin activity
Plasma and intestines were collected from ad lib fed or overnight fasted
mice. Isolated mouse intestinal crypts were incubated in the presence of
4 mM or 20mM glucose for 24 h. The medium was centrifuged at 300× g
for 3 min and then concentrated. Furin activity was measured from plasma,
intestine lysates, organoid culture medium and organoid lysates using the
SensoLyte® Rh110 Furin Activity Assay Kit (AS-72256, AnaSpec Inc.).

Sandwich ELISA
Sandwich ELISA was performed as described previously.43 5 μL plasma
(mouse or human) or mouse cerebrospinal fluid (CSF) was used to measure
famsin levels. To exclude any potential nonspecific binding of the famsin
antibody in ELISA, plasma or CSF from Gm11437 knockout mice was used
as an internal blank control. The purified famsin-Flag-His was quantified by
BCA protein assay kit and used to generate a standard curve. The
calibrated standard curve was then used to quantify plasma or CSF famsin
levels in this study. For the mouse famsin sandwich ELISA, a rat monoclonal
anti-famsin antibody (1:1000) against mouse Gm11437 amino acids 12–95
was used as the capture antibody, and a rabbit anti-famsin polyclonal
antibody (1:2000) against mouse Gm11437 amino acids 14–185 was used
as the detection antibody. For the human famsin sandwich ELISA, a mouse
polyclonal anti-famsin antibody (1:1000) against human famsin amino
acids 15–96 was used as the capture antibody, and a rabbit anti-famsin
polyclonal antibody (1:1000) against human famsin amino acids 15–129
was used as the detection antibody. An anti-rabbit secondary antibody
linked to HRP (1706515, Bio-Rad) was used to generate a signal. The rat
anti-famsin monoclonal antibody and rabbit anti-famsin polyclonal anti-
body were generated by Beijing Prorevo Biotech Co., Ltd. The mouse anti-
famsin polyclonal antibody was generated in the Animal Facility at
Tsinghua University.

ISH
Digoxigenin-11-UTP-labeled RNA probes were prepared according to the
DIG RNA Labeling Kit instructions (Roche) using SP6 and T7 RNA
polymerase. A gene fragment of Olfr796 was amplified using the following
primers (forward: CCTAAAACACATGAA, reverse: GTCTTCCCTTTACAGGAA)
and cloned into pSPT19.
ISH was performed as previously described.43 Briefly, frozen sections

(8 μm) were permeabilized by 20 μg/mL RNase-free Proteinase K and fixed in
4% paraformaldehyde in PBS. Sections were then dehydrated by washing in
25%, 50%, 75% and 100%methanol. Pre-hybridization in hybridization buffer
(40% deionized formamide, 4× SSC, 10% dextran sulfate, 1× Denhardt’s
solution, 10mM DTT, 1mg/mL fragmented salmon testes DNA) for 1 h at
55 °C was followed by overnight hybridization at 55 °C in hybridization buffer
containing RNA probes. Unhybridized RNA probes were removed by
washing twice with 2× SSC containing 50% formamide at 55 °C for 30min.
The digoxigenin-labeled probe was visualized with DIG Nucleic Acid
Detection Kit (Roche).

Intestinal crypt isolation and culture
Intestinal crypts were isolated and cultured as previously described.56

Briefly, the small intestine from 10-week-old male mice was isolated, cut
longitudinally and washed twice with cold PBS. Villi were carefully scraped
away. The remaining intestine was sliced into small pieces roughly 5mm in
length and incubated in 20mM EDTA in PBS for 30min on ice. The pieces
were then suspended vigorously in cold PBS. The supernatant was passed
through a 70-μm cell strainer (Biologix), and the crypts were enriched by
centrifugation at 300× g for 3 min. Then the isolated crypts were
embedded in Matrigel (352434, Corning) and seeded into 24-well plates.
After polymerization of Matrigel, advanced DMEM/F12 medium (12634028,
Thermo Scientific) containing 100 ng/mL penicillin-streptomycin, 1 mM N-
acetylcysteine (A9165 Sigma), 1% GlutaMAX-I (35050061, Thermo Scien-
tific), 1% N2 (17502048, Thermo Scientific) and 2% B27 (17504044 Thermo
Scientific), 50 ng/mL EGF (CH28, Novoprotein), 100 ng/mL Noggin (C028,
Novoprotein) and 500 ng/mL R-spondin 1 (CD83, Novoprotein) was added
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for crypt culture. The culture medium was replaced by DMEM containing
the indicated concentration of glucose on the second day for the famsin
secretion assay.

Isolation of intestinal epithelial cells
Cell dissociation and cell sorting were performed as previously described57

with modification. In brief, the small intestine of Gm11437-GFP or
Gm11437 IKO mice was isolated and washed in cold PBS. The tissue was
sliced into fragments and incubated with 20mM EDTA in PBS for 30min on
ice. Then, the tissue was mechanically disrupted by pipetting and passed
through a 70-μm cell strainer (Biologix). The supernatant was centrifuged
at 300× g for 3 min, and dissociated with TrypLE express (Invitrogen) for
1 min at 37 °C. The single-cell suspensions were then passed through a 40-
μm filter and resuspended in cold FACS buffer (Advanced DMEM/F12
Invitrogen, 1 mM EDTA, 1% BSA). Cells were stained with anti-ALPI (A6226,
Abclonal) antibody and applied to FACSAria™ III (BD Biosciences). Cells
were gated on ALPI-high (enterocytes) or ALPI-low, and subsequently
sorted into Advanced DMEM/F12.

Cell culture
HEK293T, Cos7 and HepG2 (ATCC) cells were maintained at 37 °C and 5%
CO2 in DMEM, containing 10% FBS (HyClone) and 100mg/mL penicillin-
streptomycin. Hi-5 and Sf9 cells were cultured in SIM HF Medium (Sino
Biological) and SIM SF Medium (Sino Biological), respectively, at 27 °C.
Mouse primary hepatocytes were isolated as previously described43,58 and
cultured in M199 medium containing 2% FBS and 0.2% BSA until attached,
then continuously cultured in M199 medium without FBS. All cell lines
were routinely tested for mycoplasma using a PCR detection kit (Sigma,
MP0035).

Biotinylation of cell surface proteins
The assay was performed as previously described.59 HEK293 cells were
grown on 6-well plates for 48 h after transient transfection with the
appropriate expression plasmid. Prior to biotinylation, cells were washed
three times with ice-cold PBS containing 1mM CaCl2 and 1mM MgCl2,
then biotinylated in the presence of 1 mg/mL sulfo-NHS-LC-Biotin (A39257,
Thermo) in the same buffer for 30min on ice. Biotinylation was stopped by
incubating cells for 10min at 4 °C in the presence of 100mM glycine in PBS
and washing once with PBS. Following biotinylation, cells were cultured at
37 °C in DMEM without FBS for 16 h. Conditioned medium and cell lysates
were immunoprecipitated with Streptavidin Agarose (20349, Thermo).

Subcellular fractionation
To obtain the plasma membrane and cytosolic fractions, subcellular
fractionation was performed as previously reported60 with modification.
Cells were harvested and homogenized in a buffer (20mM HEPES-KOH, pH
7.2, 400mM sucrose and 1mM EDTA) by passing through a 30 G needle
until lysis reached ∼90%, as judged by Trypan Blue staining. Homogenates
were centrifuged at 25,000× g for 20 min to collect the pellet, which was
suspended in 0.75mL 1.25 M sucrose buffer and overlayed with 0.5 mL
1.1 M and 0.5 mL 0.25 M sucrose buffer. Centrifugation was performed at
120,000× g for 2 h. Two fractions, one at the interface between 0.25 M and
1.1 M sucrose (L fraction) and the pellet on the bottom (P fraction), were
collected for the subsequent analysis.

Calcium imaging
Mouse primary hepatocytes were plated on glass coverslips and loaded with
5 μM Fura-2 (F1221, Thermo Fisher) in the presence of 0.025% (w/v) pluronic
F127 (P2443, Sigma-Aldrich) in Medium 199 (Gibco) for 30min. Coverslips
were mounted on a laminar flow perfusion chamber (Warner Instruments).
Images of Fura-2-loaded cells were collected with a cooled CCD camera
while the excitation wavelength was alternated between 340 nm and
380 nm. The ratio of fluorescence intensity at the two excitation wavelengths
was calculated after subtracting the background fluorescence. Images were
collected and analyzed using the MetaFluor software package. Graphs
present average responses from groups of 18–49 individual cells from
representative single experiments. All experiments were repeated at least
three times with similar results.

Reagents
Glucagon (HY-P0082, 100 nM, MedChemExpress), ghrelin (GC-11583,
GlpBio), proprotein convertase inhibitor 1 (537076, 5 μM, Calbiochem),

proprotein convertase inhibitor 2 (ALX-260-022, 5 μM, Enzo), SCH-202676
(1400, 10 μM, Tocris), U73122 (S8011, 5 μM, Selleck), YM-254890 (257-
00631, 2 μM, Wako), and Xestospongin C (64950, 2 μM, Cayman Chemical)
were used in this study.

Plasmids and adenoviruses
Myc-FLAG-tagged CD80 (MR227446), EPHB2 (MR225676), INSRR (MR217196)
PCSK2 (MR226625), PCSK6 (MR215393), PCSK7 (MR210558), GNAQ
(MR205488) and GNAL (MR207159) were purchased from OriGene Technol-
ogies, Inc. V5-tagged PCSK1, Furin and PCSK5 were purchased from GE
healthcare. Olfr796 was synthesized by TsingKe Biological Technology, Inc.
C17ORF78 and Gm11437were amplified from a human liver cDNA library and
a mouse liver cDNA library, respectively. G6pc-Luc has been described
previously.61 Adenoviruses (2 × 108 plaque forming units carrying GFP, WT
Gm11437 and Gm11437/AA, WT OLFR796 and mutant) were delivered to 10-
week-old male WT and Olfr796 LKO mice by tail vein injection. Mice were
injected with adenovirus on day 0 and sacrificed on day 7. All expressed
constructs used in this study were confirmed by sequencing.

Luciferase assay and siRNA screening
To test whether overexpressed genes in HEK293T modulate G6pc-Luc in
primary hepatocytes via protein secretion, HEK293T cells were plated in
the lower chamber and transfected with the candidate genes. Mouse
primary hepatocytes were plated in the upper chamber and infected with
adenoviral G6pc-Luc and β-gal. 36 h after transfection, hepatocytes in the
upper chamber were co-cultured with HEK293T for another 6 h. Luciferase
assays were then performed using the Luciferase Reporter Assay System
(E1980, Promega) and normalized to the activity of co-infected β-gal.
To identify which sTMPs at the cell membrane affect G6pc-Luc, HepG2

cells with stable expression of G6pc-Luc were transfected with RSV-Luc and
siRNAs for human sTMP-coding genes selected from ON-TARGET plus
genome-wide siRNA libraries (Dharmacon). 48 h after addition of siRNA,
luciferase assays were performed using the Dual Luciferase Reporter Assay
System (E1980, Promega) and normalized to co-transfected RSV-Luc
activity. To confirm which GPCR is a receptor of famsin, HEK293T cells
were transfected with siRNAs for human GPCR-coding genes selected from
ON-TARGET plus genome-wide siRNA libraries (Dharmacon). 48 h after
addition of siRNA, cells were incubated with GST-famsin (100 nM) for
30min. The cells were stained with anti-GST (WH117206, Abclonal)
antibody and analyzed by FACSCalibur Cytometer (BD Biosciences).

Protein expression and purification
To purify the cleaved products of Gm11437 from medium, Gm11437 was
first expressed using the pFastBac baculovirus system (Invitrogen) in Sf9
insect cells. Conditioned medium was collected after 48-h viral infection,
diluted with buffer I (20mM Tris-HCl, pH 6.0) twice and then applied to a
cation-exchange column (HiTrap SP FF, Cytiva). The column was washed
with 10 column volumes of buffer II (20 mM Tris-HCl, pH 6.0, 50 mM NaCl)
and eluted with 20 column volumes of a linear NaCl gradient (from 0.05 M
to 0.5 M). The fractions containing secreted Gm11437 fragments were
pooled, 6-times diluted with buffer I and reloaded onto the HiTrap SP FF
column equilibrated with buffer II. The column was washed with 10
column volumes of buffer III (20 mM Tris-HCl, pH 6.0, 150 mM NaCl) and
eluted with 20 column volumes of a linear NaCl gradient (from 0.15 M to
0.3 M). The fractions were pooled, concentrated and further purified by
size-exclusion chromatography (Superdex 200 Increase 10/300 GL, Cytiva)
in PBS buffer. The peak fractions were pooled and concentrated for
subsequent analysis.
To purify famsin expressed and secreted by insect cells, famsin with

C-terminal 3× Flag and 6× His tags was expressed using the pFastBac
baculovirus system in Hi-5 cells. Conditionedmediumwas collected after 48-h
viral infection and applied to a nickel affinity column (HisTrap excel, Cytiva)
equilibrated with equilibration buffer (20mMNaH2PO4, pH 7.4, 500mMNaCl).
The column was washed with 20 column volumes of wash buffer (20mM
NaH2PO4, pH 7.4, 500mM NaCl, 10mM imidazole) and eluted with 15 column
volumes of a linear imidazole gradient (from 0.01M to 0.5M). The peak
fractions were pooled, 10-times diluted with buffer containing 20mM Tris-
HCl, pH 6.0 and then applied to a HiTrap SP FF column. The column was
washed with 5 column volumes of buffer containing 20mM Tris-HCl, pH 6.0,
50mM NaCl and eluted with 20 column volumes of a linear NaCl gradient
(from 0.05 to 0.5 M). The fractions containing famsin were pooled,
concentrated and further purified by Superdex 200 Increase 10/300 GL
column in PBS buffer. The peak fractions were pooled and concentrated for

A. Long et al.

284

Cell Research (2023) 33:273 – 287



subsequent experiments. The purified famsin-Flag-His protein was > 90%
pure with endotoxin concentration equal to or below 2 EU/mL and was used
to perform functional assays in this study.
To purify GST- or His-tagged famsin in bacteria, mouse Famsin was

cloned into a pGEX-4T-1 vector or pCold-ProS2 for expression in E. coli.
Bacteria expressing GST, GST-famsin, His-ProS2 or His-ProS2-famsin were
centrifuged at 7000× g and lysed by homogenization in lysis buffer
containing 50mM Tris-HCl, pH 7.4, 150 mM NaCl and 1mM PMSF. The
lysate was centrifuged at 47,850× g for 20min and the GST or GST-famsin
supernatant was incubated with Glutathione Agarose (Pierce Biotechnol-
ogy) for 2 h at 4 °C. His-ProS2 and His-ProS2-famsin supernatants contain-
ing 5mM imidazole were incubated with cobalt affinity resin for 2 h at 4 °C.
GST or GST-famsin was eluted with buffer containing 10mM reduced
glutathione, 150 mM NaCl and 50mM Tris-HCl, pH 7.4 at 4 °C. His-ProS2 or
His-ProS2-famsin was eluted with buffer containing 200mM imidazole,
150mM NaCl and 50mM Tris-HCl, pH 7.4 at 4 °C. Protein solutions were
concentrated and further purified by Superdex 200 Increase 10/300 GL
column in PBS buffer. The purified proteins were > 90% pure with
endotoxin concentration equal to or below 2 EU/mL and were stored for
subsequent analysis.
To purify OLFR796 expressed in insect cells, OLFR796 and the famsin-

binding-defective OLFR796 mutant (R187D, R195D and E197A) with
C-terminal 3× Flag and 6× His tags were expressed using the pFastBac
baculovirus system in Hi-5 insect cells. Cells were collected after 72-h viral
infection, lysed by homogenization in buffer containing 20mM Tris-HCl, pH
7.5, 50 mM NaCl and protease inhibitor and centrifuged at 20,216× g for
10min. The supernatant was then centrifuged at 68,905× g for 60 min and
the precipitated membrane fraction was solubilized at 4 °C for 2 h with 2%
n-dodecyl-β-D-maltoside and 0.4% sodium cholate. After centrifugation at
68,905× g for 30 min, the supernatant was then applied to cobalt affinity
resin (TALON, Takara). The resin was rinsed with wash buffer 1 (W1)
containing 20mM Tris, pH 7.5, 300 mM NaCl, 0.4% n-dodecyl-β-D-malto-
side, 0.08% sodium cholate, 10 mM imidazole and protease inhibitors, and
rinsed again with wash buffer 2 (W2) containing 20mM Tris, pH 7.5,
150mM NaCl, 0.2% n-dodecyl-β-D-maltoside, 0.04% sodium cholate and
protease inhibitors. The eluent was collected and applied to anti-Flag M2
affinity resin (Sigma). The resin was rinsed with W2 buffer and the protein
was eluted with W2 buffer plus 200 μg/mL FLAG peptide, concentrated
and further purified by size-exclusion chromatography (Superdex 200
Increase 5/150 GL, Cytiva) in PBS buffer containing 0.2% n-dodecyl-β-D-
maltoside and 0.04% sodium cholate. The peak fractions were pooled and
concentrated for subsequent analysis.

GST pull-down assay
Hi-5 cells infected with Flag-OLFR796 for 2 days were collected and lysed in
cell lysis buffer (50mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100)
supplemented with a protease inhibitor cocktail. Post-centrifuged super-
natants were mixed with 20 μL glutathione agarose (16101, Thermo) and
200 ng GST or GST-famsin recombinant protein purified from bacteria, and
the binding reactions were incubated overnight at 4 °C with rotation.
Precipitates were washed extensively with cell lysis buffer. Proteins bound
to glutathione beads were eluted, separated on a 12% SDS-PAGE gel and
assayed by immunoblotting.

MST assay
The MST assay was performed as previously described.43 The affinity of the
purified famsin-Flag-His for OLFR796 or its mutant was measured using the
Monolith NT.115 from NanoTemper Technologies. OLFR796 and its mutant
were fluorescently labeled according to the manufacturer’s protocol and
about 100 nM of labeled protein was used for each assay. A solution of
unlabeled famsin-Flag-His was diluted to create an appropriate serial
concentration gradient. The samples were loaded into the NanoTemper
glass capillaries after incubation at room temperature for 30min. Measure-
ments were carried out using 20% LED power and 40% MST power. The
assays were repeated three times for each affinity measurement. Kd values
were calculated using the mass action equation via the NanoTemper Analysis
software. For analysis, the change in thermophoresis is expressed as the
change in the normalized fluorescence (ΔFnorm), which is defined as Fhot/Fcold.

Saturation binding assay
Famsin-Flag-His, purified from Hi-5 cells, was conjugated with biotin using
the EZ-link micro Sulfo-NHS-LC-Biotinylation Kit (21925, Thermo Fisher
Scientific). Different doses of famsin-Flag-His labeled with biotin were

incubated with wildtype or Olfr796–/– primary hepatocytes with or without
overexpression of OLFR796 for 30min at room temperature. Nonspecific
binding was determined using 50-fold excess unconjugated famsin-Flag-
His. The cells were washed three times with PBS, followed by addition of
streptavidin-HRP (21130, Thermo Fisher Scientific). The absorbance was
measured colorimetrically, and the results were normalized to protein
content.

cAMP levels
Mouse primary hepatocytes were incubated in the presence or absence of
famsin-Flag-His (30 nM) or glucagon (100 nM) for 10min. cAMP levels were
measured from cell lysates or tissue lysates using the Cyclic AMP ELISA Kit
(581001, Cayman).

Immunoprecipitation, immunoblotting and immunostaining
Assays were performed as previously described.43,58 For co-
immunoprecipitation (co-IP) experiments, the indicated plasmids were
transfected into HEK293T cells. After 48 h of transfection, cells were
incubated in the presence or absence of 30 nM famsin-Flag-His for 10min
and collected in cell lysis buffer (150mM NaCl, 50 mM HEPES, pH 7.4, 1%
Triton X-100). Flag-tagged OLFR796 and HA-tagged OLFR796 were
immunoprecipitated with anti-FLAG® M2 affinity gel (A2220, Sigma) and
anti-HA agarose (26181, Thermo Fisher), respectively. All immunoprecipi-
tated samples were washed at least three times with lysis buffer.
For immunoblotting, cells or mouse tissues were homogenized in cell

lysis buffer. To analyze the glycosylation status of famsin or Gm11437,
protein extracts were treated by Protein Deglycosylation Mix II (P6044S,
NEB). To analyze serum famsin levels, plasma proteins were obtained using
ProteoMiner Protein Enrichment Kit (1633006, Bio-Rad). Protein concentra-
tions were determined using the BCA Protein Assay Kit (Thermo Fisher,
23227). Samples were loaded on SDS-PAGE gels and then transferred to
nitrocellulose membranes. Immunoblotting was done in gelatin buffer
(50mM Tris HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% Tween-20) with
the corresponding antibodies. Antibodies were purchased and diluted as
follows: anti-pATGL (ab135093, 1:1000), anti-GFP (ab6673, 1:1000) and anti-
ATP1A1 (ab7674, 1:1000), Abcam; anti-ATGL (2138S, 1:1000), anti-pAKT
(9275S, 1:1000), anti-AKT (4691S, 1:1000), anti-GNAQ (14373, 1:1000) and
anti-HSP90 (4874, 1:1000), Cell Signaling Technology; anti-TUBA1A (T6199,
1:10000), anti-Myc (05-419, 1:1000) and anti-FLAG (F1804, 1:5000), Sigma-
Aldrich; anti-furin (18413-1-AP, 1:1000), Proteintech; anti-G6PC (A20193,
1:2000), anti-PCK1 (A2036, 1:1000), ant-GNAL (A12804, 1:1000), anti-HA
(AE013, 1:1000) and anti-GST (WH117206, 1:2000), Abclonal. The rat
monoclonal anti-famsin (1:2500) antibody was generated and purified by
Beijing Prorevo Biotech Co., Ltd.
For immunostaining assays, cells or tissue sections (8 μm) were fixed in 4%

paraformaldehyde (PFA) solution. Unpermeabilized cells were blocked in PBS
with 5% BSA, while permeabilized cells were blocked in PBS with 0.2% Triton
X-100 and 5% BSA. Samples were stained overnight with specific primary
antibodies in blocking solution at 4 °C, washed three times in PBS and then
incubated at room temperature with fluorescent dyes in blocking solution
for 1 h. Antibodies were diluted as follows: anti-Famsin (1:1000); anti-FLAG
(F1804, 1:5000), Sigma-Aldrich; anti-Fos (ab190289, 1:1000), anti-DCLK1
(ab31704, 1:500) and anti-LYZ (ab108508, 1:500), Abcam; anti-ALPI (A6226,
1:1000) and anti-CLCA1 (A15041, 1:500), Abclonal; anti-CHGB (14968-1-AP,
1:500), Proteintech. A mouse polyclonal anti-famsin antibody against mouse
Gm11437 amino acids 1–191 was generated in Tsinghua Animal Facility for
immunostaining assay. Samples were incubated in DAPI solution for 10min
to stain the DNA, and then coverslipped. Tiled images were obtained using an
epifluorescence microscope (Zeiss) and the exposure time for each channel
was kept constant for all slides. Signal intensity was quantified using ImageJ.
To assay famsin binding on cells, 293T cells and primary hepatocytes

were plated on glass coverslips. Cells were incubated with 100 nM GST or
GST-famsin at 37 °C for 30min, washed twice with cold PBS, and fixed
immediately with buffered 4% PFA. For tissue binding assays, mouse
tissues were dissected, fixed with buffered 4% PFA overnight at 4 °C,
cryoprotected in 30% sucrose solution overnight, and finally embedded in
OCT (Sakura). Frozen tissue slices (8 μm) were incubated with 100 nM GST
or GST-famsin for 2 h at room temperature. For competition binding, cells
and frozen tissue slices were incubated with 100 nM GST-famsin in the
presence of 5 μM His-ProS2 or His-ProS2-famsin for 2 h at room
temperature. The fixed cells and frozen tissue slices were stained with
anti-GST antibody (WH117206, Abclonal) and Alexa Fluor® 488-conjugated
antibodies.
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Quantitative PCR
Total RNA from cells or mouse tissues was extracted using a Total RNA
Purification kit (Omega). cDNA was obtained using the RevertAid First
Strand cDNA Synthesis kit (Thermo). cDNA arrays of human tissues were
purchased from Origene (HMRT504). RNA levels were measured with the
LightCycler 480 II (Roche) as previously described.43,58 The following
primers were used for qPCR: Actb-forward: 5′-GTCCACCCCGGGGAAGGTGA-
3′, Actb-reverse: 5′-AGGCCTCAGACCTGGGCCATT-3′; C17orf78-forward: 5′-A
ACAGCTGCCTGGGATCTTCC-3′, C17orf78-reverse: 5′-TGCTTGACCTTTGGCC
TTCTC-3′; Cel-forward: 5′-CTGGCCCAGCACAAAGC-3′, Cel-reverse: 5′-GGGA
AAACAGGTAAGAATAGGTCTTG-3′; Clps-forward: 5′-ACCAACACCAACTATGG
CATCT-3′, Clps-reverse: 5′-CCAGCTAACTGCGTGATCTCA-3′; Cpt1a-forward:
5′-CAAAGATCAATCGGACCCTAGAC-3′, Cpt1a-reverse: 5′-CGCCACTCACGA
TGTTCTTC-3′; G6pc-forward: 5′-GTGAATTACCAAGACTCCCAGGACTG-3′,
G6pc-reverse: 5′-GATGGAACCAGATGGGAAAGAGGAC-3′; Gm11437-forward:
5′-TTGGCTCTGGAAGGAGAGTGA-3′, Gm11437-reverse: 5′-TAGGAAGATCAG
TAATGACTGGCA-3′; Gnal-forward: 5′-CTGAGAACCAGTTCCGGTCA-3′, Gnal-
reverse: 5′-CCTTCATCGTCCCACAGCTT-3′; Hmgcs2-forward: 5′-CCGTATGG
GCTTCTGTTCAG-3′, Hmgcs2-reverse: 5′-AGCTTTGTGCGTTCCATCAG-3′;
Olfr796-forward: 5′-GCCGCAAGGTCTTCTCTACC-3′, Olfr796-reverse: 5′-TATG
TGATGCTGGCCGTTCC-3′; Pck1-forward: 5′-ATGTGGCCAGGATCGAAAGCAA
GAC-3′, Pck1-reverse: 5′-CTTTCATGCACCCTGGGAACCTGG-3′; Pnlip-forward:
5′-ACAAACAGAAAAACCCGTATCATTAT-3′, Pnlip-reverse: 5′-TGCACATGTCA
GATAGCCAGTT-3′; Pnliprp-forward: 5′-CCCCTGTTCCTCCTATGAGAAG-3′,
Pnliprp-reverse: 5′-CCATTTTGGGACACCCTTGT-3′; Rpl32-forward: 5′-TCTGGT
GAAGCCCAAGATCG-3′, Rpl32-reverse: 5′-CTCTGGGTTTCCGCCAGTT-3′.

MS
To identify the cleavage site of Gm11437, the purified Gm11437 N-terminal
products were analyzed by electrospray ionization tandem MS on a
Thermo LTQ Orbitrap instrument as previously described.43,58 The MS
proteomics data have been deposited in the ProteomeXchange database
via the PRIDE partner repository with the dataset identifier PXD024577.

Statistical methods
Age- and weight-matched male mice were randomly assigned for the
experiments. No animals were excluded from statistical analyses, and the
investigators were not blinded in the studies. All studies were performed
on at least three independent occasions. Results are reported as
means ± SEM. Comparison of different groups was carried out using two-
tailed unpaired Student’s t-test, two-way ANOVA or log-rank test.
Differences were considered statistically significant at P < 0.05.
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