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Hepsin is a transmembrane serine protease primarily expressed
in the liver. To date, the physiological function of hepsin
remains poorly defined. Here we report that hepsin-deficient
mice have low levels of blood glucose and lipids and liver gly-
cogen, but increased adipose tissue browning and basal meta-
bolic rates. The phenotype is caused by reduced hepatocyte
growth factor activation and impaired Met signaling, resulting
in decreased liver glucose and lipid metabolism and enhanced
adipocyte browning. Hepsin-deficient mice exhibit marked re-
sistance to high-fat diet-induced obesity, hyperglycemia, and
hyperlipidemia. In db/db mice, hepsin deficiency ameliorates
obesity and diabetes. These data indicate that hepsin is a key
regulator in liver metabolism and energy homeostasis, suggest-
ing that hepsin could be a therapeutic target for treating obesity
and diabetes.
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he liver is a major organ in metabolic homeostasis. Liver
dysfunction is associated with common metabolic diseases
such as obesity and type II diabetes that are major risk factors for
leading health problems including stroke, myocardial infarction,
and peripheral vascular disease (1-5). Hepsin is a serine protease
discovered in human hepatocytes (6). It consists of an N-terminal
cytoplasmic tail, a single-spanning transmembrane domain, and
an extracellular region with a scavenger receptor-like domain
and a C-terminal serine protease domain of the trypsin fold (7).
Such an overall structural arrangement is similar to those in
other type II transmembrane serine proteases (8, 9), which
function in diverse tissues to regulate physiological homeostasis,
ranging from food digestion to salt-water balance to epithelial
integrity to iron metabolism to vascular remodeling (10-15).
Hepsin is expressed predominantly in the liver (6, 16). To date,
its physiological function remains unclear. Previous studies sug-
gest that hepsin may play a role in the regulation of hepatocyte
growth and morphology (17, 18). In mice, however, hepsin is
dispensable for embryonic development, postnatal survival, and
liver regeneration (19, 20). In addition to the liver, hepsin is
expressed, at lower levels, in the kidney and inner ears, where
hepsin is implicated in uromodulin processing and auditory
nerve development, respectively (21-23). Moreover, hepsin up-
regulation has been found in many human cancers, including
prostate, kidney, breast, and ovarian cancers (15, 24), suggesting
a role of hepsin in promoting tumor invasion and metastasis.
Given the importance of the liver in metabolic homeostasis
and the fact that hepsin is most abundantly expressed in the
liver, we hypothesize that hepsin may have a regulatory func-
tion in liver and energy metabolism. In this study, we tested
this hypothesis by analyzing hepsin-deficient (Hpn~'~) mice.
Our results show that hepsin plays an important role in pro-
moting liver metabolism and inhibiting adipocyte browning in
a hepatocyte growth factor (HGF) and Met signaling-mediated
mechanism.

www.pnas.org/cgi/doi/10.1073/pnas.1918445117

Results

Hpn~'~ Mice Have Decreased Levels of Blood Glucose and Lipids and
Liver Glycogen. To examine the function of hepsin, we measured
blood glucose in Hpn™'~ and wild-type (WT) mice. At 6 wk of
age, Hpn™'~ and WT mice had similar blood glucose levels
(Fig. 14 and SI Appendix, Fig. S14). At 4 mo of age or older,
blood glucose levels in Hpn ™'~ mice decreased (Fig. 14 and SI
Appendix, Fig. S14). There were, however, no apparent differ-
ences in plasma insulin and glucagon levels between Hpn™~ and
WT mice (Fig. 1 B and C and SI Appendix, Fig. S1 B and C). In
glucose and insulin tolerance tests, Hpn™'~ mice responded to
glucose and insulin challenges, although their blood glucose
levels were consistently lower than those in WT mice, making
Hpn™~ mice more susceptible to insulin-induced hypoglycemia
(Fig. 1D and SI Appendix, Fig. S1 D and E). Moreover, Hpn ™'~
mice had reduced glycogen levels in the liver (measured at 3 wk
and 4 mo of age; Fig. 1E and SI Appendix, Fig. S1 F and G), but
not in skeletal muscles (Fig. 1F and SI Appendix, Fig. S1H), and
had reduced levels of serum triglyceride, free fatty acid (FFA),
and cholesterols (Fig. 1G and SI Appendix, Fig. S1I). Hepatic
triglyceride levels and liver mass were lower in Hpn™'~ males
(Fig. 1 H and 1), but not Hpn™'~ females, whereas hepatic FFA
and cholesterol levels were similar between Hpn™'~ and WT
mice. These results suggest a role of hepsin in promoting liver
glucose and lipid metabolism.

Significance

Hepsin is a cell membrane-bound enzyme discovered in the
human liver. To date, the function of hepsin in the body re-
mains unclear. Here we show that hepsin increases glycogen
and lipid production in the liver and lowers metabolic rates and
adipose tissue browning in mice. This function is medicated by
the activation of hepatocyte growth factor and downstream
Met signaling in both hepatocytes and adipocytes. Hepsin-
deficient mice are resistant to obesity, hyperglycemia, and
hyperlipidemia caused by a high-fat diet or leptin receptor
deficiency. Our findings identify hepsin as a key regulator in
the liver and energy metabolism, suggesting that hepsin may
be a novel therapeutic target for obesity, dyslipidemia, and
diabetes.
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Fig. 1. Levels of blood glucose, liver glycogen, serum lipids, and liver triglyceride and mass. (A) Nonfasting blood glucose levels in male WT and Hpn™~ (KO)

mice at indicated ages (n = 9-10). (B and C) Plasma levels of insulin (n = 6; B) and glucagon (n = 3; C) in 12-wk-old male mice. (D) Glucose tolerance test in
14-wk-old male mice (*P < 0.01 vs. time 0 of the same genotype; *P < 0.05, **P < 0.01 vs. WT; n = 7-9). (E) Hepatic glycogen levels in 4-mo-old male mice (n =
10-11). (F) Muscle glycogen levels in 4-mo-old male mice (n = 7-9). (G) Serum triglyceride (TG; n = 12-14), free fatty acid (FFA; n = 6-7), and total cholesterol
(n = 11-14) levels in 4-mo-old male mice. (H) Hepatic TG levels in 4-mo-old male mice (n = 10-11). (/) Liver mass in 6-mo-old male mice (n = 13). Data are

presented as mean + SEM (*P < 0.05, **P < 0.01). ns, not significant.

Hpn~'~ Mice Have Increased Metabolic Rates. Hpn~'~ and WT mice

had similar body weights (Fig. 24 and SI Appendix, Fig. S24). In
metabolic studies, Hpn_/ ~ mice had increased O, consumption,
CO, production, respiratory exchange ratio, heat generation, and
core body temperature compared to those in WT mice (Fig. 2B-F
and SI Appendix, Fig. S2B), although their motor activities were
similar to those in WT mice (SI Appendix, Fig. S2 C and D). Food
and water intakes were also higher in Hpn ™~ mice (Fig. 2G and SI
Appendix, Fig. SZE) whereas fecal lipid levels were similar
between Hpn~'~ and WT mice (Fig. 2H and SI Appendix, Fig.
S2F). Increased energy expenditures often are associated
with changes in adipose tissues. Indeed, Hpn~ =/~ mice had
reduced adipose weights and smaller adipocyte sizes in all
fat deposits examined (Fig. 2 I-K and SI Appendix, Fig. S3 A
and B). When assayed in culture with insulin, interscapular
brown adipose tissues (1BATs) and 1ngu1na1 white adipose
tissues (mgWATs) from Hpn~'~ mice had approximately
twofold increases in glucose uptake compared to those in WT
controls (Fig. 2L). These results indicate that hepsin de-
ficiency increases metabolic rates and decreases adiposity
in mice.

Hpn~'~ Mice Have Impaired HGF Activation and Met Signaling in the
Liver. We 1nvest1gated the mechanism underlying the phenotype
in Hpn™'~ mice. As a protease, hepsin was shown to cleave several
protein substrates in vitro (24-26). The physiological significance
of such activities, however, remains unclear. We and others
reported that hepsin converted pro-HGF to HGF (25-27), a po-
tent ligand for Met (28, 29). It has been shown that pro-HGF
binds to but does not activate Met (30, 31). Subsequent pro-
teolytic conversion of pro-HGF to two-chain HGF triggers Met
activation and signaling (31, 32). Hpn (encoding hepsin), Hgf
(encoding pro-HGF), and Met genes are all expressed in the liver.
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Possibly, the membrane-anchored hepsin activates Met-bound
pro-HGF, thereby promoting Met signaling and hver metabo-
lism (Fig. 34). In supporting this hypothesis, Hpn™'~ mice had
reduced serum HGEF levels, as analyzed by ELISA and Western
blotting (Fig. 3B and S/ Appendl.x Fig. S4 A—C) In the liver, Hgf
mRNA levels were comparable in Hpn™'~ and WT mice (SI Ap-
pende Flg S4D), whereas pro-HGF protein levels were higher in
Hpn™'~ mice (SI Appendix, Fig. S4E), indicating that pro-HGF
convers10n to HGF, but not Hgf expression, is impaired in
Hpn mice.

By Western blottlng, we found decreased Met and Akt
phosphorylation in Hpn™'~ livers (Fig. 3C), an indication of
reduced Met activation and signaling. Reduced phosphoryla-
tion also was observed in Gsk3a/p that are Akt downstream
effectors (Fig. 3D). Phosphorylation of Gsk3 prevents the in-
hibition of glycogen synthase and thus increases glycogen syn-
thesis. Conversely, reduced Gsk3 phosphorylation decreases
glycogen synthesis, consistent with the reduced blood glucose
and hepatic glycogen levels in Hpn™'~ mice. These data support
a role of hepsin in HGF activation and Met signaling, thereby
promoting liver glycogen synthesis.

Mammalian target of rapamycin (mTOR) is another AKT
effector that promotes lipid and protein synthesis (29, 33, 34)
In Western blotting, mTOR phosphorylation decreased in
Hpn™"~ livers (Fig. 3E). Moreover, reduced levels of peroxisome
proliferator-activated receptor gamma (Ppar-y) and sterol reg-
ulatory element-binding protein 1 (Srebp-1), two mTOR down-
stream effectors, also were observed (S Appendix, Fig. S5 A and
B). In qRT-PCR, Srebp-1 downstream genes in glycolysis and
lipid synthesis, including glucose transport 2 (Glut2), glycerol
kinase (Gk), pyruvate kinase (Pklr), ATP citrate lyase (Acly),
acetyl-CoA carboxylase alpha (Acaca), fatty acid synthase (Fasn),
and stearoyl-CoA desaturase 1 (Scdl), were all down-regulated
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Fig. 2. Metabolic rates, adipose tissue weights, and adipocyte sizes. (A) Body weights in 3-22-wk-old male WT and Hpn™~ (KO) mice (n = 6). (B-F) O,
consumption (VO,; B), CO, production (VCO,; C), respiratory exchange ratio (RER; D), heat generation (E), and rectal temperature (temp; F) in 4-5-mo-old
male mice on a chow diet in light and dark cycles (n = 10-12). (G and H) Food and water (G) intakes and percentages of fecal lipids (H) in 4-5-mo-old male
mice (n = 6-12). (I-K) Adipose tissue weights (/) and adipocyte morphology (J) and sizes (K) of interscapular brown adipose tissue (iBAT), inguinal white
adipose tissue (ingWAT), and epididymal (“E"”) WAT from 27-wk-old male mice. In /, n > 9. (Scale bar: J, 50 um.) In K, sizes of >100 adipocytes in randomly
selected fields were measured by imaging software in H&E-stained ingWAT and eWAT sections. (L) Glucose uptakes by iBAT and ingWAT from fasted
4-5-mo-old male mice, assayed after 1 and 2 h (H) of incubation in vitro (n = 5). Data are presented as mean + SEM (*P < 0.05, **P < 0.01). ns, not

significant.

in Hpn™'~ livers (SI Appendix, Fig. S5C). These results are
consistent with the reduced serum triglyceride levels in Hpn ™/~
mice, supporting a role of hepsin in promoting liver lipid
mechanism. The liver is a primary producer for plasma pro-
teins. Given the role of mTOR in protein synthesis, reduced
Met-Akt-mTOR signaling is expected to decrease protein syn-
thesis in the liver. Indeed, total serum protein levels in Hpn™'~
mice (72.26 + 0.89 mg/mL) were ~22% lower than in WT mice
(92.04 + 2.27 mg/mL; n = 6; P < 0.001).

To verify these results, we cultured hepatocytes with
recombinant (r) HGF and examined Met activation and signal-
ing. Western blotting showed increased Met, Akt, Gsk3o/p, and
mTOR phosphorylation in rHGF-treated mouse primary hepa-
tocytes (Fig. 3F) and human hepatoma HepG2 cells (SI Appen-
dix, Fig. S6A4). In both of the cell types, glycogen levels were
increased upon rHGF stimulation (SI Appendix, Fig. S6 B-E).
Similar results were found in insulin-treated HepG2 cells (S
Appendix, Fig. S6E). We verified these results in Hpn™'~ mice by
i.v. THGF bolus injection. After the treatment, Met, Akt, Gsk3a/p,
and mTOR phosphorylation increased in Hpn ™'~ livers (Fig. 3G
and SI Appendix, Fig. SOF). Liver glycogen levels also increased
in Hpn™'~ mice (Fig. 3H). In WT mice, similar rHGF treatment
increased Met, Akt, Gsk3a/p, and mTOR phosphorylation
(Fig. 3G and SI Appendix, Fig. S6F). However, liver glycogen
levels were unchanged (Fig. 3H). These results indicate that
impaired pro-HGF processing and hence low HGF levels are
likely responsible for the reduced Met signaling and associated
phenotypes in Hpn™'~ mice. In rHGF-treated Hpn~'~ and WT
mice, we did not detect significant changes in blood glucose and

Li et al.

lipid levels, indicating that a single injection of rHGF is in-
sufficient to alter systemic glucose and lipid levels in mice.
Adipose Tissues in Hpn™'~ Mice Exhibit a Browning Phenotype. To
understand the morphological changes in Hpn~'~ adipocytes,
we immune-stained Ucpl (uncoupling protein 1), a brown ad-
ipocyte marker (35, 36), in adipose tissues. High levels of Ucpl
staining were found in iBAT and all WAT examined, except
epididymal WAT (eWAT), in Hpn~~ mice (Fig. 44 and
SI Appendix, Fig. S7TA). In qRT-PCR and Western blotting,
increased Ucpl mRNA (Fig. 4B) and protein (Fig. 4C and
SI Appendix, Fig. STB) levels were confirmed in Hpn~'~ iBAT.
Moreover, high mRNA levels of Cidea (Cell Death-Inducing
DFFA-Like Effector A, another brown adipocyte marker)
(36) (Fig. 4B); mitochondrial genes Cptlb, Cpt2, and Cox7al
(Fig. 4D); and the hormone-sensitive lipase gene (Hs/; Fig. 4E)
were found in Hpn™~ iBAT. Similar results of increased
Ucpl, Cidea, Cptlb, Cpt2, Cox7al, and Hsl expression were
detected in Hpn™'~ ingWAT (Fig. 4 F-I and SI Appendix, Fig.
S7C). In addition, levels of Cd137 and ThxI mRNA (two beige
adipocyte markers) (36) were also higher in Hpn™'~ ingWAT
(Fig. 4/). These results indicate a browning phenotype in Hpn ™'~
adipose tissues.

Hepsin Deficiency Enhances Browning of Cultured Adipocytes from
IBAT and IngWAT. To understand if the observed browning phe-
notype in Hpn™'~ mice is due to a lack of direct hepsin function
in adipose tissues or indirect systemic effects, we examined Hpn
expression in adipose tissues by RT-PCR and Western blotting.
Hpn, Hgf, and Met mRNA were expressed in all adipose tissues
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Fig. 3. Pro-HGF activation and Met signaling in livers and cultured hepatocytes. (A) A proposed model. Hepsin activates Met-bound pro-HGF on the cell
surface, allowing HGF B-chain (brown) binding to Met and causing Met phosphorylation (“P”) and dimerization. Met signaling activates downstream Akt,
Gsk3, and mTOR, promoting glycogen, lipid, and protein synthesis in hepatocytes. (B) Serum HGF levels in 4-mo-old male mice by ELISA (n = 11-12). (C-E)
Western blotting of Met, Akt (C), Gsk3a/p (D), and mTOR (E) phosphorylation in livers from 6-mo-old male mice. Phosphorylated vs. unphosphorylated protein
ratios were analyzed by densitometry (n = 3). (F) Western blotting of Met, Akt, Gsk3a/f, and mTOR phosphorylation in mouse primary hepatocytes cultured
with rHGF (20 ng/mL). Numbers below Western blots are fold changes of phosphorylated protein levels vs. corresponding controls at time 0. (G) Western
blotting of Met, Akt, Gsk3o/p, and mTOR phosphorylation in livers from 5-6-mo-old male mice with i.v. injection of rHGF (+) or buffer (-). Phosphorylated vs.
unphosphorylated protein ratios were calculated by densitometry (n = 4). The other three sets of Western blots are shown in S/ Appendix, Fig. S5F. (H) Liver
glycogen levels in 5-6-mo-old male mice with i.v. injection of rHGF (+) or buffer (—; n = 6-13). Data are presented as mean + SEM (*P < 0.05, **P < 0.01). ns,
not significant.

analyzed in WT mice (Fig. 54). Hepsin protein levels in adipose
tissues were lower than that in the liver but comparable to that in
the kidney, which is known for hepsin expression (Fig. 5B).
These data support a direct role of hepsin in adipose tissues. Akt
is known to inhibit Ucpl expression in brown adipocytes in a
Pgcla-dependent mechanism (37). Possibly, hepsin enhances this
mechanism via HGF activation and Met signaling (Fig. 5C). In
supporting this hypothesis, Met and Akt phosphorylation de-
creased in Hpn™'~ iBAT (Fig. 5D), consistent with increased
Ucpl expression in Hpn™'~ iBAT.

To verify if hepsin regulates adipocyte browning, we isolated
stromal vascular fraction (SVF) cells from WT and Hpn ™'~ iBAT
and differentiated them into adipocytes in culture with rosigli-
tazone. Differentiated adipocytes from WT and Hpn~'~ iBAT
contained lipid droplets, as shown by Oil Red O (ORO) staining
(Fig. 5E), and had similar expression levels of the Adn gene

and Ucpl protein levels were all higher in the differentiated
Hpn™'~ adipocytes than in WT controls (Fig. 5 G-J). Hpn™'~
adipocytes also had higher O, consumption rate (OCR) values
than those in WT adipocytes under basal and palmitate- or
norepinephrine-induced conditions (SI Appendix, Fig. S7 E and
F). When WT and Hpn™'~ brown adipocytes were treated with
crizotinib, a Met inhibitor, Pgcla and Ucpl up-regulation was
observed, supporting a role of Met signaling in Ucpl expression
(Fig. 5 K and L). In parallel experiments, decreased Met and Akt
phosphorylation was found in Hpn™~ ingWAT (81 Appendix, Fig.
S84), whereas Ucpl and Cd137 mRNA and Ucpl protein levels
were higher in differentiated Hpn™~ ingWAT adipocytes, com-
pared to those in WT controls (SI Appendix, Fig. S8 B-F).
Hpn™~ ingWAT adipocytes also had higher OCR values under
basal and palmitate-induced conditions (SI Appendix, Fig. S7G).

(encoding adipsin, an adipocyte marker; SI Appendix, Fig. STD).
In RT-PCR (Fig. 5F), Hpn, Hgf, and Met expression was detected
in SVF cells from WT mice before and after the differentiation.
In Hpn~'~ iBAT-derived cells, Hgf and Met, but not Hpn, ex-
pression was detected (Fig. 5F). Pgcla, Ucpl, and Cidea mRNA
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Additionally, crizotinib increased, whereas rHGF decreased,
Ucpl expression in WT and Hpn ™'~ ingWAT adipocytes in cul-
ture (SI Appendix, Fig. S8 H and I). Together, these data indicate
that hepsin plays a role in regulating adipose tissue phenotype in
a tissue-specific manner.
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Fig. 4. Expression of brown and beige adipocyte markers in iBAT and ingWAT. (A) Uncoupling protein 1 (Ucp1) staining in iBAT and ingWAT from
4-5-mo-old male WT and Hpn"‘ (KO) mice. (Scale bar, 50 pm.) Ucp1 staining intensities in arbitrary units (a.u.) were calculated with Image Pro software (n =
6). (B) Relative Ucp1 and Cidea mRNA levels in iBAT from WT and KO mice, as analyzed by qRT-PCR (n = 7-8). (C) Western blotting of Ucp1 protein in iBAT
from WT and KO mice (n = 4). Gapdh was a loading control. Quantitative data from four Western blots are shown in the bar graph. The other three sets of
blots are shown in SI Appendix, Fig. S6B. (D-G) gRT-PCR analysis of Cpt1b, Cpt2, and Cox7al (D) and Hsl (E) mRNA levels in iBAT from WT and KO mice (n =
7-8). (F) gRT-PCR analysis of Ucp1 and Cidea mRNA levels in ingWAT from WT and KO mice (n = 7-8). (G) Western blotting of Ucp1 protein in ingWAT from
WT and KO mice (n = 4). Quantitative data from four Western blots are shown in the bar graph. The other three blots are shown in S/ Appendix, Fig. S6C. (H-J)
qRT-PCR analysis of Cpt1b, Cpt2, and Cox7al (H); Hsl (I); and Cd137 and Thx1 (J) mRNA levels in ingWAT from WT and KO mice (n = 7-8). Data are presented as
mean + SEM (*P < 0.05, **P < 0.01).

Hpn™'~ Mice Are Resistant to High-Fat Diet-Induced Obesity and  starting at 4 wk of age (Fig. 74). DKO mice also had lower
Diabetes. If hepsin deficiency reduces liver metabolism, en-  blood glucose and lipid levels (Fig. 7 B-E), despite elevated
hances adipocyte browning, and increases metabolic rates, such  serum leptin levels (Fig. 7F). In liver sections, lipid accumula-
a phenotype may lower the risk of diabetes and obesity. To test  tion was ~24% less in DKO mice than db/db mice (Fig. 7G). A
this hypothesis, we fed WT and Hpn™~ mice a high-fat diet similar reduction in hepatic triglyceride levels was observed
(HFD), which caused substantial body weight gains in WT mice  in DKO mice (Fig. 7H). Hepatic glycogen and FFA levels
but much less in Hpn™'~ mice (Fig. 64 and SI Appendix, Fig. —appeared lower, although not statistically significantly, in DKO
SQA) Levels of blood glucose’ trig]yceride’ FFA, and choles- than db/db mice (Flg 71 and J) These results show that hepsin
terol were all lower in Hpn™'~ than WT mice on HFD (Fig. 6 B deficiency reduces the severity of obesity and diabetes in
and C and SI Appendix, Fig. S9B). Lipid accumulation was db/db/ micp, which is consistent with the findings in HFD-fed
found in liver sections from WT, but barely in Hpn™'~, mice on ~ Hpn™~ mice.

HFD (Fig. 6D). Hepatic glycogen, triglyceride, FFA, and cho-
lesterol levels were also lower in HFD-fed Hpn™~ mice
(Fig. 6 E and F). These results indicate that hepsin deficiency
prevents HFD-induced obesity, hyperglycemia, and hyperlipidemia
in mice.

Hepsin Expression in Mice That Are Obese or Subjected to Fasting or
Cold Exposure. To understand if hepsin expression is regulated
under pathophysiological conditions, we analyzed hpn expression
in db/db mice on normal chow diet and in WT mice on HFD or

; : ; = i ; subjected to fasting/refeeding or cold exposure (4 °C). By qRT-
Ofl%rjegig;llﬁ;i?:;es’géi]) pfri:li[t)ﬁ) 0 gﬁge ﬁggt h:gget;eerr;zt:z PCR, we found that db/db mice had lower levels of hpn expres-

. . sion in the liver and adipose tissues (ingWAT and eWAT)
(Fig. 6 G and H and SI Appendix, Fig. S9 C and D) compared . . . i
with those in HFD-fed WT mice, despite similar motor activities gﬁrlrﬁarf d\:/vifh 'those ;_II1F<I:)orf1tr051 VIZT ml? (1 dAp Iieznﬁufc, Fig.
between Hpn™'~ and WT mice (SI Appendix, Fig. S9E). Food 114). In WT mice on for 5 wk or subjected to 12-h fasting
intakes were higher in HFD-fed Hpn™™ mice ;Vher.eas fec.al lipid without or with 24-h refeeding, hpn expression in the liver and
levels were similar between Hpn~- and WT’mice (SI Appendix adipose tissues did not change significantly (SI Appendix, Fig.

. . . . A S11 B and C). In contrast, ipn mRNA levels in the liver and
Fig. SOF). Consistently, less adipose weights and smaller adipo- ingWAT were increased in WT mice exposed to cold (SI Ap-

cyte sizes were found in HFD-fed Hpn ™'~ mice (Fig. 6 I and J and pendix, Fig. S11D). The levels in iBAT and eWAT were also
SI Appendix, Fig. S9 F-H). In contrast, WT and Hpn ™'~ mice had ; isti ionifi i

[ App > g L WL higher, although not statistically significantly, in the cold-exposed
similar levels of serum adrenocorticotropic hormone (ACTH),  WT mice (SI Appendix, Fig. S11D). These results suggest that

a-melanocyte-stimulating hormone (a-MSH), p-endorphin, and  hepsin may be regulated in response to genetic and environmental
agouti-related peptide (AGRP), which are known to regulate changes.

energy metabolism (SI Appendix, Fig. S10 A-D). These results

indicate that increased metabolic rates and hence energy con-  Discussion

sumption are likely responsible for the observed phenotype in  Proteolytic enzymes are essential in many biological processes

HFD-fed Hpn™~ mice. (39, 40). Hepsin was identified three decades ago (6), but its
We next examined the effect of hepsin deficiency on db/db  function remains poorly defined. Previous studies indicated a

mice that are obese and diabetic due to leptin receptor de-  role of hepsin in embryonic development (41), blood coagulation

ficiency (38). We generated Hpn™'~ and db/db double knockout ~ (42), and hepatocyte growth (18). Hpn ™'~ mice, however, are

(DKO) mice. Compared with db/db mice on a chow diet, DKO  viable and exhibit no detectable defects in hemostasis and liver

mice had ~14 to 24% less body weights (P values < 0.001), regeneration (19, 20). In this study, we uncovered an important
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Fig. 5. Hepsin expression and function in adipocytes. (A) RT-PCR analysis of Hpn (encoding hepsin), Hgf (encoding pro-HGF), and Met expression in adipose

tissues from WT and Hpn ™'~

(KO) mice. Ctrl, no cDNA template; i, interscapular; ing, inguinal; m, mesenteric; rp, retroperitoneal; as, anterior subcutaneous; e,

epididymal. (B) Western blotting of mouse hepsin in the liver, kidney, iBAT, ingWAT, and eWAT. (C) A proposed role of hepsin in brown adipocytes. Hepsin
activates HGF, which in turn activates Met and Akt, thereby inhibiting PgcTa and Ucp1 expression. (D) Western blotting of Met and Akt phosphorylation in
iBAT from WT and KO mice. Phosphorylated vs. unphosphorylated protein ratios were calculated on the basis of densitometry (n = 4). (E) Phase-contrast (Left)
and ORO-stained (Right) images of adipocytes from iBAT-derived stromal vascular fraction (SVF) cells. (Scale bar, 100 pm.) (F) RT-PCR analysis of Hpn, Hgf, and
Met expression in iBAT-derived SVF cells before and after differentiation with rosiglitazone (Rosi). (G and H) gRT-PCR analysis of PgcTa (G) and Ucp1 (H) mRNA
levels in iBAT-derived cells (n = 3-6). (/) Western blotting of Ucp1 protein expression in iBAT-derived cells. (J) qRT-PCR analysis of Cidea mRNA levels in iBAT-
derived cells (n = 3-5). (K and L) qRT-PCR analysis of PgcTa (K) and Ucp7 (L) mRNA levels in brown adipocytes treated with buffer (=) or crizotinib (+; n = 5).

Data are presented as mean + SEM (*P < 0.05, **P < 0.01). ns, not significa

function of hepsin in promoting liver metabolism, as indicated
by low levels of blood glucose, triglyceride, FFA, and choles-
terol (both HDL and LDL/VLDL cholesterols) and low levels
of liver glycogen and triglyceride in Hpn ™'~ mice. In a previous
study, reduced serum HDL cholesterol levels were reported in
a mutant mouse line, in which random chemical mutagenesis
reduced Hpn expression in the liver (43). In another genome-
wide association study, the human HPN gene was identified as
a major locus for serum albumin levels in European and
Japanese populations (44). Albumin is produced by the liver
and accounts for ~50% of total plasma proteins. These data
are consistent with our findings, supporting a critical role of
hepsin in promoting glycogen, lipid, and protein synthesis in
the liver.

Unexpectedly, Hpn™'~ mice were found to have a high basal
metabolic rate, as indicated by increased O, consumption, CO,
production, respiratory exchange ratio, and heat generation in
both light and dark cycles, which is independent of motor ac-
tivities. This phenotype is likely due to increased brown adi-
pocytes that are rich in mitochondria, metabolically active, and
thermogenic (45, 46). We show that Hpn_/ TiBAT and ingWAT
had higher rates of glucose 1ntakes when assayed in vitro.
Cultured adipocytes from Hpn™'~ iBAT and ingWAT also
exhibited higher O, consumption rates. Moreover, Hpn ™'~ ad-
ipocytes in iBAT and WATSs were smaller in size and had higher
levels of Ucpl and Cidea; mitochondrial Cptlb, Cpt2, and
Cox7al; and lipase Hsl expression. These data indicate that
hepsin has a regulatory function in adipose tissues by inhibiting
adipocyte browning.

Met and its downstream molecules, including AKT, GSK3,
and mTOR, play a key role in glucose, lipid, and protein synthesis
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nt.

in many cell types (29, 33, 34). In our study, decreased Met
Akt, Gsk3o/p, and mTOR phosphorylatlon was found in Hpn™
livers, indicating that reduced Met signaling is responsible for
low levels of hepatic glycogen lipid, and protein synthesis in
these mice. This defect is likely caused by reduced generatlon
of HGF, which activates Met (28, 29). We show that Hpn™'
mice had high levels of pro-HGF in the liver but low levels of
serum HGF, 1ndlcat1ng that pro-HGF- to—HGF conversion, but
not Hgf expression, is impaired in Hpn™'~ livers. The reduced
level, but not the absence, of serum HGF in Hpn™ =/~ mice in-
dicates that other protease(s) likely contribute to pro-HGF
processing in vivo. Among them, HGF activator (47), matrip-
tase (48, 49), and plasma kallikrein and blood clotting factors
(25, 50), which were shown to activate HGF in vitro, are possible
candidates.

Hepsin has a transmembrane domain that anchors the protein
on the cell surface (6, 16). Thus, hepsin is expected to function
in the tissues where it is expressed. By RT-PCR and Western
blotting, we detected Hpn, Hgf, and Met expression in all adi-
pose tissues examined in WT mice, suggesting a local mecha-
nism by which hepsin mediates HGF activation and Met
signaling. Previously, Akt signaling was shown to block Ucpl
expression in adipocytes in a Pgcla-dependent mechanism (37).
In this study, we found decreased Met and Akt phosphorylation
in Hpn ~ iBAT and increased Pgcla, Ucpl, and Cldea ex-
pression and respiration rates in differentiated Hpn™~ brown
adipocytes, where the Met inhibitor crizotinib increased Pgcla
and Ucpl expression. Moreover, we found increased Ucpl and
CDZ37 mRNA expression and respiration rates in differentiated
Hpn™'~ ingWAT adipocytes, where crizotinib increased, whereas
rHGF decreased, Ucp! expression. These data are consistent,
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Fig. 6. Analysis of Hpn™'~ mice on high-fat diet. () Body weights of male WT and Hpn™'~ (KO) mice on a high-fat diet (HFD; n = 5-6), starting at 12 wk of age
(*P < 0.05, **P < 0.01, WT vs. KO at the same time points). (B and C) Nonfasting blood glucose (n = 11; B) and serum triglyceride (TG), free fatty acid (FFA), and
cholesterol (n = 7-8; C) levels after 14 wk of chow diet (CD) or HFD. (D) H&E- and ORO-stained liver sections from male mice on HFD. High-magnification
(x200) images are shown in upper right corners. (Scale bar, 30 pm.) Quantitative data of ORO staining by ImageJ analysis from three mice per group are shown
in the bar graph. a.u., arbitrary unit. (E and F) Hepatic glycogen (E) and TG, FFA, and cholesterol (F) levels in mice on CD and HFD (n = 6-8). (G and H) O,
consumption (VO,), CO, production (VCO,; G), and heat generation (“H") in 4-5-mo-old male mice on HFD in light and dark cycles (n = 12; *P < 0.05, **P <
0.01 vs. WT at the same time point for VO, and VCO,) (/) Adipose weights in 7-mo-old male mice on HFD for 12 wk (n = 7). (J) H&E-stained adipose sections.
(Scale bar, 50 pm.) Adipocyte sizes were measured with ImageJ software in randomly selected fields. Data are presented as mean + SEM (*P < 0.05, **P <

0.01). ns, not significant.

indicating that hepsin acts in adipose tissues in a cell-
autonomous manner to enhance Met/Akt signaling, thereby
inhibiting adipocyte browning. Together, these data show that
hepsin functions separately in the liver and adipose tissues to
regulate metabolic and energy homeostasis. In this regard,
hepsin is similar to corin, another type II transmembrane serine
protease, which has been shown to function separately in the
heart and the pregnant uterus to regulate cardiovascular ho-
meostasis (12, 51). Further tissue-specific knockout and rescue
experiments in animal models are important to define the role
of hepsin in separate tissues.

In humans, high plasma HGF levels have been associated
with diabetes, obesity, metabolic syndrome, and heart disease
(52-54), suggesting that increased HGF expression and/or
activation may be detrimental to metabolic and cardiovascular
homeostasis. In this study, we show that hepsin-mediated
HGF activation and subsequent Met signaling enhance liver
glucose and lipid metabolism, inhibit adipocyte browning, and
lower metabolic rates. In principle, when energy supply is
abundant, enhanced hepsin activity could increase HGF pro-
duction and the risk of diabetes and obesity, whereas reduced
hepsin activity may decrease HGF production and lower
the risk of metabolic disease. In supporting this idea, we show
that Hpn™'~ mice are remarkably resistant to HFD-induced
hyperglycemia, hyperlipidemia, and obesity. Moreover, hep-
sin deficiency reduces the severity of obesity and diabetes
in db/db mice. Interestingly, hepsin expression in the liver
and adipocytes may be regulated by genetic and environ-
mental factors, as suggested in studies with db/db mice and
cold-exposed WT mice. At this time, it is unclear if the ob-
served changes reflect a specific mechanism in controlling
hepsin expression in individual tissues or an indirect systemic
response to disturbed metabolic and thermal homeostasis.

Li et al.

Additional studies are required to understand the mechanism
and significance of hepsin regulation in liver metabolism and
thermogenesis.

In summary, hepsin is a transmembrane serine protease
highly expressed in the liver, but its physiological function
remained elusive for three decades. Our results show that
hepsin promotes liver metabolism by enhancing HGF gener-
ation and Met signaling in mice. This hepsin- and HGF-
mediated mechanism also acts in adipose tissues to inhibit
adipocyte browning, thereby reducing basic metabolic rates.
These findings indicate that hepsin is an important regulator
in liver and energy metabolism. Proteases are well-known
therapeutic targets (55). Our findings suggest that inhibition
of hepsin may be exploited to treat metabolic diseases such
diabetes and obesity.

Materials and Methods

All animal studies were approved by the Cleveland Clinic Institutional
Animal Care and Use Committee. All of the methods, including those in-
volving mice; HepG2 cells and primary hepatocytes and adipocytes; blood
glucose; glucose tolerance test and insulin tolerance test; plasma insulin
and glucagon; tissue glycogen; serum lipids and proteins; hepatic tri-
glyceride; FFA and cholesterols; metabolic studies; fecal lipids; histology
and immune staining; glucose uptake by iBAT and ingWAT; serum HGF;
Western blotting; RNA extraction; cDNA synthesis and qRT-PCR; glycogen
levels in hepatocytes; rHGF injection in mice; adipocyte OCR measurement;
high-fat diet treatment; serum ACTH, a-MSH, B-endorphin, and AGRP
levels; hepsin deficiency in db/db mice; and statistical analysis, are de-
scribed in the S/ Appendix.

Data Availability Statement. All data for the paper are presented in the main

text or S/ Appendix. Additional information for associated protocols and
materials in the paper is available upon request.
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Effects of hepsin deficiency on db/db mice. (A) Body weights of male WT, Hpn"‘ (KO), db/db, and double knockout (DKO) mice on a chow diet (n =

11-26). (B-E) Nonfasting blood glucose (n = 12-14; B) and serum TG (n = 7-12; C), FFA (n = 8-11; D), and cholesterol (n = 9-14; E) levels in 17-wk-old mice on a
chow diet. (F) Serum leptin levels in WT, KO, db/db, and DKO mice (n = 3). (G) H&E- and ORO-stained liver sections from 12-wk-old male db/db and DKO mice
on a chow diet. High-magnification (x200) images are shown in upper right corners. (Scale bar, 30 pm.) Quantitative data of ORO staining from Image)
analysis of sections from three mice per group are presented in the bar graph. a.u., arbitrary unit. (H-J) Hepatic TG (n = 7-11; H), glycogen (n = 9-19; /), and
FFA (n = 8-12; J) levels in 17-wk-old male mice on a chow diet. Data are presented as mean + SD (A) or mean + SEM (B-J). In A, **P < 0.01 db/db vs. DKO at the
same time points during the period indicated; in B-J, *P < 0.05, **P < 0.01. ns, not significant.
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