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targets for controlling liver cancer progression.

Introduction
Hepatocellular carcinoma (HCC) is the fourth most common
cause of cancer-related mortality worldwide and one of the can-
cers with still-increasing incidence rates (1). Major risk factors are
chronic infection with hepatitis B and C viruses and alcohol abuse
(1). However, nonalcoholic fatty liver disease (NAFLD), which
is associated with obesity, insulin resistance, and type 2 diabe-
tes, also represents an increasingly recognized trigger for HCC
development, especially in developed countries (1, 2). In this
context, advanced age has been reported to predispose to HCC,
and indeed, HCC is mainly affecting those of age 65 years and
older (3). Likewise, aging is recognized as a significant and inde-
pendent risk factor for cancer (4, 5). Hallmarks of cancer develop-
ment and progression resemble hallmarks of aging, including cel-
lular stress, autophagy, and deregulated nutrient sensing, which
is correlated with metabolic disorders such as obesity, insulin
resistance, and NAFLD (6, 7).

Human aging is tightly linked to activation of the stress-
induced sympathoadrenergic system (8, 9). Moreover, sympatho-
adrenergic signaling has emerged as a strong promoter of several
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Hepatocellular carcinoma (HCC) is clearly age-related and represents one of the deadliest cancer types worldwide. As a
result of globally increasing risk factors including metabolic disorders, the incidence rates of HCC are still rising. However,
the molecular hallmarks of HCC remain poorly understood. Neuropeptide Y (NPY) and NPY receptors represent a highly
conserved, stress-activated system involved in diverse cancer-related hallmarks including aging and metabolic alterations,
but its impact on liver cancer had been unclear. Here, we observed increased expression of NPY5 receptor (Y5R) in HCC,
which correlated with tumor growth and survival. Furthermore, we found that its ligand NPY was secreted by peritumorous
hepatocytes. Hepatocyte-derived NPY promoted HCC progression by Y5R activation. TGF-p1was identified as a regulator of
NPY in hepatocytes and induced Y5R in invasive cancer cells. Moreover, NPY conversion by dipeptidylpeptidase 4 (DPP4)
augmented Y5R activation and function in liver cancer. The TGF-/NPY/Y5R axis and DPP4 represent attractive therapeutic

cancer types (10-13). Sympathoadrenergic effects are mediated by
catecholamines and the highly conserved neuropeptide Y (NPY).
NPY is one of the most widely expressed neurotransmitters in the
central and peripheral nervous systems (14). NPY signals via bind-
ing and activation of the G protein-coupled receptors Y1R, Y2R,
and Y5R (15). Thus, NPY plays a crucial role in various biological
processes, including cortical excitability, stress response, food
intake, circadian rhythms, and cardiovascular function (16). Sev-
eral milestone studies also suggested key roles of the NPY system
in the regulation of diverse common hallmarks of aging, metabol-
ic disorders, and cancer (17), including autophagy (18), nutrient
sensing, caloric restriction, appetite regulation (19-21), mitochon-
drial dysfunction (22), cell proliferation (23), and hematopoietic
stem and progenitor cell properties like migration and intra-/
extravasation (24).

With regard to the liver, systemic NPY levels have been
described as potent modulators of chronic liver disease (25-28).
NPY affects hepatic lipid and glucose metabolism in a way that
favors the development of hepatic steatosis, and knockdown of
NPY in the hypothalamus promotes hepatic insulin sensitivity
in rats (29). Accordingly, transgenic overexpression of NPY in
noradrenergic neurons increased hepatic levels of triglycerides
and cholesterol in mice (30). Furthermore, NPY controls hepatic
VLDL-triglyceride secretion via the sympathetic nervous system
(31). Moreover, an in vitro study revealed that NPY promoted the
proliferation of activated hepatic stellate cells, which could impact
hepatic fibrosis (28). Further studies demonstrated pronounced
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Figure 1. Upregulation of NPY5 receptor in HCC. (A) Explanted,
tumor-bearing liver (representative image) derived from an aged C3H/HeN
mouse, and bar graph (below) depicting percentages of tumor-bearing
mice, age 18 months (n = 12). (B) Representative H&E staining (20-fold
original magnification; n = 12) depicting histological heterogeneity of HCC
derived from aged C3H mice. (C) Normalized mRNA levels of NPY, Y1R,
Y2R, and Y5R in nontumorous livers comparing young (n = 11) with aged
(n = 22) mice. (D) Representative images (10-fold original magnification;
H&E and Y5R staining) and IHC analysis of Y5R levels in nontumorous
livers comparing young (n = 6) and aged (n = 6) mice. (E) Normalized NPY,
Y1R, Y2R, and Y5R mRNA levels in HCC compared with corresponding
nontumorous liver tissues derived from aged C3H mice (n = 8) (box-and-

whisker plots [minimum to maximum]; “+" indicates mean values). (F)

Representative images (H&E and Y5R staining; 20-fold original magnifica-
tion) of age-related HCC and peritumorous tissues derived from C3H mice
(n =12). (G) Representative images (H&E and Y5R staining; 40-fold original
magnification); Y5R protein expression (IHC) in nontumorous liver tissues
of younger (<65 years) (n = 57) compared with older (>65 years) (n = 51) HCC
patients. (H) YSR mRNA levels in paired HCC and corresponding peritumor-
ous tissues (n = 31 pairs). (I) Representative images (H&E and Y5R stain-
ing; 40-fold original magnification) and IHC analysis of Y5R protein levels
in HCC compared with corresponding peritumorous tissues (n = 231). Data
are presented as mean + SEM. Statistical significance was determined by
2-tailed, unpaired t test (C and D), 2-tailed, paired t test (E and H), 2-sided
Fisher's exact test and Spearman’s correlation (G and ), and uni- and
multivariate analysis (ordinal regression analysis, link function: logit) (G).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

vasoactive effects of NPY in portal hypertension, which represents
a life-threatening complication of advanced liver cirrhosis (25-
27). However, the role of the NPY system in liver cancer remained
elusive, and has now been addressed in this study.

Results

Enhanced NPY5 receptor expression in a spontaneous mouse model
of liver cancer and in patients with HCC. Although spontaneous
hepatocarcinogenesis in aged C3H/HeN mice was first described
in 1960, the underlying mechanisms are still unknown (32-38).
Since the NPY system was linked to hallmarks of aging, C3H/
HeN mice were chosen as a model system to explore age-related
gene expression patterns of the NPY system in hepatocarcinogen-
esis. Eighty percent of aged (>18 months) male C3H/HeN mice
exhibited macroscopic liver tumors (Figure 1A). Histological anal-
ysis revealed diverse HCC-related growth patterns representing
inter- and intratumorous heterogeneity as frequently observed
in murine and human HCC (Figure 1B and refs. 39-41). Analysis
of surrounding nontumorous liver tissue revealed that as com-
pared with young mice, significantly higher NPY5 receptor (Y5R)
mRNA expression was detected in aged mice, while Y1R, Y2R,
and NPY expression levels showed no age-dependent differences
(Figure 1C). Age-dependent upregulation of hepatic Y5R (but not
Y1R and Y2R) mRNA levels was also found in Gene Expression
Omnibus (GEO) data sets derived from mouse and rat models
(Supplemental Figure 1, A and B; supplemental material available
online with this article; https://doi.org/10.1172/JCI131919DS];
supplemental material available online with this article; https://
doi.org/10.1172/JCI131919DS1). On the protein level, immuno-
histochemical (IHC) analysis confirmed higher Y5R expression in
livers of aged as compared with young C3H/HeN mice (Figure 1D
and Supplemental Figure 1C).
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Strikingly, in HCC tissues of aged C3H/HeN mice, YSR mRNA
and protein levels were even further upregulated as compared
with corresponding nontumorous liver tissues (Figure 1, E and F,
and Supplemental Figure 1D), while no cancer-related upregula-
tion was found for NPY, Y1R, and Y2R (Figure 1E).

Applying patient-derived samples, YSR mRNA and protein
expression levels were confirmed to be low in nontumorous liver
tissues but also increased with age (Figure 1G; Supplemental Fig-
ure 1, E-G; and Supplemental Table 3). Moreover, Y5SR mRNA lev-
els were further upregulated in human HCC tissues (Figure 1H).
Immunohistological analysis of a tissue microarray comprising
paired samples of human HCC tissues and corresponding non-
tumorous liver samples of the same patient (42-44) confirmed
strong expression and marked upregulation of Y5R protein expres-
sion in HCC (Figure 1I; Supplemental Figure 1, H and I; and Sup-
plemental Table 1).

Overexpression of both mRNA and protein levels of YS5R
pointed to transcriptional upregulation in HCC. Screening of the
Catalogue of Somatic Mutations in Cancer (COSMIC) database
revealed age-associated hypomethylation of a CpG island within
the Y5R gene applying human HCC samples derived from The Can-
cer Genome Atlas (TCGA) (Supplemental Figure 1]). Further anal-
ysis (applying the MethHC database, ref. 45; and the same TCGA
cohort) revealed age-related hypomethylation of 4 additional
CpG sites within the Y5R promoter region, which was inversely
correlated with Y5R expression (Supplemental Figure 1, K and L).
These findings link age-dependent differential methylation of YSR
with enhanced gene expression in HCC. Alterations in DNA meth-
ylation have been described as a molecular link between aging
and caner (46), were shown to occur in most cancer types, and can
induce genomic instability and liver cancer formation (47-49).

According to these findings, the upregulation of Y5R expres-
sion in liver cancer prompted us to ask whether this NPY receptor
might have functional impact in HCC.

Y5R enhances tumorigenicity of HCC and correlates with
tumor progression and poor survival. YSR was also strongly over-
expressed in human HCC cell lines as compared with primary
human hepatocytes (Figure 2, A and B). Its ligand NPY was abun-
dantly detected in the serum that had been added to the cell cul-
ture medium for functional in vitro analysis (Supplemental Fig-
ure 2A). siRNA pool-mediated knockdown of Y5R (Supplemental
Figure 2B) induced strong reduction of Ki-67 expression and
proliferation in HCC cells (Figure 2, C and D, and Supplemental
Figure 2C). Fitting with these in vitro findings, Y5R expression
levels correlated with cyclin D1 and Ki-67 expression in HCC tis-
sues (Figure 2E and Supplemental Figure 2D). Furthermore, YSR
knockdown markedly reduced both number and size of colonies
formed by HCC cells according to clonogenicity assays (Figure
2F and Supplemental Figure 2E). Stem cell properties including
enhanced clonogenicity are well known to contribute to HCC
development and progression (50).

Analysis of several different TCGA data sets revealed
enhanced Y5R expression in high-risk compared with low-risk
(based on prognostic index) HCC patient groups. Furthermore,
high Y5R expression was also associated with poor overall and
recurrence-free survival (Figure 2G and Supplemental Figure 2F)
as well as with advanced tumor stages (Supplemental Figure 2G)
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Figure 2. Y5R enhances tumorigenicity of HCC and correlates with poor survival. (A) YSR mRNA levels in primary human hepatocytes (PHH) (n =

5) compared with human HCC cells Hep3B (n = 3), HepG2 (n = 3), Huh-7 (n = 4), and PLC (n = 3). (B) Y5R Western blot analysis: representative image
(PHHs from 2 donors [d#1, d#2]) and quantification of protein levels (PHHs [n = 4] compared with Hep3B [n = 3], HepG2 [n = 3], Huh-7 [n = 3], PLC

[n =5]). (Cand D) HCC cells transfected with siRNA pools against Y5R (si-Y5R) or a control siRNA pool (Control). (€) Coimmunofluorescence (Y5R,
Ki-67) images (20-fold original magnification; n = 2). (D) Representative proliferation curves and quantification (n = 3) (box-and-whisker plots [min
to max]). (E) Correlated Y5R and cyclin D1 mRNA (human HCC tissues; n = 17). (F) Clonogenicity (colony numbers, sizes, representative images) of PLC
cells after RNAi-mediated Y5R knockdown (n = 3). (G) SurvExpress analysis of Y5R expression and overall survival (TCGA data; n = 381). Computa-
tional stratification (low-risk and high-risk groups) based on prognostic index. (H and 1) Comparison of survival of patients with low (n = 17) and high
(n =39) Y5SR expression (H) and tumor stages of patients with low (n = 25) and high (n = 92) Y5R expression (I) based on IHC analysis of HCC tissue
microarray samples. Data are presented as mean + SEM. Statistical significance was determined by ordinary 1-way ANOVA and Dunnett’s multi-
ple-comparisons test (A and B); 2-tailed, unpaired t test (D and F); Pearson correlation (E); 2-sided Fisher’s exact test, Spearman’s correlation, and
uni- and multivariate analysis (ordinal regression analysis, link function: logit) (H and 1); and log-rank testing and hazard ratio estimates (G). *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. Y5R inhibition impairs tumorigenicity and growth of HCC. (A) Chemical formula of the specific, high-affinity Y5R inhibitor CGP71683 (YSR-Inh).
(B-D) Y5R-Inh-treated as compared with control-treated (i.e., solvent [DMSQ]) HCC cells with application of different functional in vitro assays. (B) FACS
analysis (representative images and quantification) after propidium iodide (PI) staining; quantification of sub-G,/G,, G,, S, and G, cell cycle fractions (n = 3)
(data are shown as box-and-whisker plots [min to max]). (C) Real-time proliferation analysis applying different doses of Y5R-Inh (n = 3) (data are shown

as box-and-whisker plots [min to max]). (D) Quantification of colony numbers and sizes and representative images with application of clonogenicity
assays (n = 4). (E and F) Murine HCC models of orthotopic syngeneic HCC cell implantation (Hepa129 cells) in C3H mice. (E) After HCC cell implantation,
mice were randomized into 2 groups and were treated with Y5R-Inh (15 mg/kg body weight, daily i.p. injection for 7 days) or received the solvent only. (F)
For RNAi-mediated Y5R knockout, transfection of HCC cells was performed for 48 hours before injection into livers, and tumor onset was assessed after 7
days. Data are presented as mean + SEM. Statistical significance was determined by ordinary 1-way ANOVA together with Dunnett’s multiple-comparisons
test (C and D) or 2-tailed, unpaired t test (B and E), or by 2-sided Fisher's exact test together with Spearman’s correlation analysis (F). *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001.

in HCC patients. In line with this, IHC analysis of human HCC
tissues derived from a further patient cohort (tissue microarray)
confirmed that high Y5R expression was correlated with poor
patient survival (Figure 2H, Supplemental Figure 2H, and Sup-
plemental Table 2) and advanced tumor stages (Figure 2I and
Supplemental Table 2).

In summary, these data indicated enhanced Y5R expression in
HCC as a promoter of tumor progression and suggested this NPY
receptor as a prognostic and potential therapeutic target.

Y5R inhibition impairs tumorigenicity and growth of HCC. The
emerging role of the Y5R/NPY axis in obesity (51) has inspired the
development of several small molecules for pharmacologic Y5R
inhibition. CGP71683 (Y5R-Inh) (Figure 3A) inhibits Y5R with
high affinity and selectivity toward other NPY receptors (Supple-

mental Figure 3A and ref. 52). In vitro, this YS5R inhibitor dose-de-
pendently reduced proliferation and induced G /G, cell cycle
arrest in human HCC cells (Figure 3, B and C, and Supplemental
Figure 3, B and C). Clonogenicity assays revealed marked reduc-
tion of colony numbers and sizes after treatment with this inhib-
itor (Figure 3D). These effects of pharmacologic Y5R inhibition
on proliferation and clonogenicity were confirmed using 3 further
specific small-molecule Y5R inhibitors (Supplemental Figure 3, A
and D-F, and refs. 53, 54).

Also in murine HCC cells (including Hepal29, which originate
from C3H mice; ref. 55), YSR was overexpressed in comparison with
murine hepatocytes (Supplemental Figure 3, G and H), and phar-
macologic Y5R inhibition showed strong antitumorigenic effects
in vitro (Supplemental Figure 3I). Hepal29 cells are widely used
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Figure 4. NPY is secreted by peritumorous hepatocytes and correlates with survival and Y5R expression in HCC. (A and B) Immunohistochemical/immu-
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variate analysis applying ordinal regression analysis (link function: logit) (F). *P < 0.05, **P < 0.01, ****P < 0.0001.

to establish orthotopic HCCs after injection into the liver of syn-
geneic C3H mice (42, 55). In this model, Y5R was confirmed to be
strongly expressed by HCC cells also in vivo (Supplemental Figure
3]), and pharmacologic Y5R inhibition almost completely blocked
in vivo tumor formation (Figure 3E and Supplemental Figure 3K).
In contrast, no toxic effects of pharmacologic Y5R inhibition were
detected in vivo and in vitro (Supplemental Figure 3, L and M).
According to pharmacologic inhibition, RNAi-mediated specific
Y5R knockdown in Hepal29 cells (Supplemental Figure 3, N and
O) confirmed marked reduction of in vivo tumor formation (Figure

2514
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3F) and growth (Supplemental Figure 3, P-S). Together, along with
RNAi-mediated Y5R suppression, application of pharmacologic
small-molecule inhibitors identified this NPY receptor as a critical
driver of HCC progression and as an attractive therapeutic target.
NPY is secreted by peritumorous hepatocytes and crosstalks with
Y5R in HCC. The strong effects of Y5R in HCC prompted us to
further assess the role of its ligand NPY. We had hypothesized so
far that serum-derived NPY (Supplemental Figure 2A) is the major
inducer of Y5R activation. Unexpectedly, IHC analysis revealed
marked NPY expression by hepatocytes surrounding tumor but
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Figure 5. NPY crosstalks with Y5R in HCC. (A) Real-time cell proliferation analysis of HCC cells (PLC) in serum-containing (i.e., NPY-containing) culture medi-
um applying an NPY-neutralizing antibody (Anti-NPY Ab) (n = 2; 2 replicates per independent experiment). (B) Clonogenicity assay (representative images
and quantification of colony sizes) of NPY-treated (500 nM) and control-treated HCC cells (PLC) applying serum-free medium (n = 4). (C and D) Western blot
analysis of phospho-ERK (p-ERK) and ERK levels (representative images and densitometric quantification) of HCC cells (PLC) treated with recombinant
NPY with or without combined treatment applying the specific Y5R inhibitor CGP71683 (Y5R-Inh) (n = 3) (C) (data are shown as box-and-whisker plots [min
to max]), or treated with the specific Y5R agonist (BWX46) (the representative image shows duplicates for Y5R agonist treatment) (n = 3) (D). (E) Real-
time cell proliferation analysis of cocultured HCC cells and PHHs applying the Y5R inhibitor or a neutralizing NPY antibody (Anti-NPY Ab) as compared with
control treatment (n = 8). (F) Western blot analysis (and representative image) of p-ERK and ERK levels in HCC cells incubated with cell culture supernatant
of PHHs (containing NPY as quantified by ELISA) with or without combined treatment applying Y5R-Inh or anti-NPY Ab (n = 3) (data are shown as box-and-
whisker plots [min to max]). Data are presented as mean + SEM. Statistical significance was determined by ordinary 1-way ANOVA together with Dunnett's
multiple-comparisons test (C, D, and F), or by 2-tailed, unpaired t test (A, B, and E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

only a weak-staining signal in the majority of tumor cellsinhuman  thermore, we now applied recombinant NPY to HCC cells in
HCC specimens (Figure 4A and Supplemental Figure 4, A-C). In  serum-free medium. Previous studies showed that NPY recep-
line with this, cultured human hepatocytes expressed and secret-  tors depend on G, , proteins and RAS signaling, thereby inducing
ed NPY in approximately 10-fold higher amounts compared with ~ MAPK/ERK and PI3K/AKT pathway activation (56, 57). Here, we
HCC cells (Figure 4, B and C). Also applying in vitro cocultures  found that even high NPY doses (up to 1 uM) did not affect AKT
and in the orthotopic HCC mouse model, we observed a striking  activation in HCC cells (data not shown). However, recombinant
contrast between pronounced NPY expression in hepatocytesand ~ NPY induced clonogenicity (Figure 5B) as well as ERK activation
absence of NPY staining in HCC cells, while the receptor Y5SRwas  in HCC cells with application of low-nanomolar concentrations
exclusively and strongly expressed by HCC cells (Figure 4, D and  (Figure 5C). Moreover, NPY-induced ERK activation was com-
E, and Supplemental Figure 4, D and E). Importantly, high peri-  pletely blocked by cotreatment with a specific Y5R inhibitor (Fig-
tumorous NPY expression in human liver tissues correlated with  ure 5C). Likewise, the synthetic high-affinity YSR-specific agonist
poor patient survival (Figure 4F and Supplemental Table 4) and ~ BWX46 (Y5R-Ago) (Supplemental Figure 4G) strongly induced
was associated with strong Y5R expression by HCC cells (Figure ~ ERK activation in HCC cells (Figure 5D). Following an additional
4G and Supplemental Table 2). These data suggested that nextto  approach, we performed coculture experiments with (NPY-pro-
activation by serum-derived NPY, Y5R could drive liver cancervia ~ ducing) hepatocytes and HCC cells (Supplemental Figure 4H).
direct crosstalk with hepatocyte-derived peritumorous NPY (Sup- ~ Here, we observed significant inhibition of tumor cell prolifera-
plemental Figure 4F). tion after treatment with a Y5R inhibitor or with an NPY-neutral-

Thus, we aimed to functionally verify this potential NPY-  izing antibody (Figure 5E). Furthermore, HCC cells treated with
Y5R interaction. In the previous functional in vitro experiments,  hepatocyte-derived (i.e., NPY-containing) supernatant (Supple-
NPY-containing serum had been added to the cell culture medi-  mental Figure 4I) showed strong Ki-67 expression and ERK acti-
um, and here, applying an NPY-neutralizing antibody signifi-  vation, which was significantly blocked by Y5R inhibition (Figure
cantly reduced the proliferation of HCC cells (Figure 5A). Fur-  5F and Supplemental Figure 4]).
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Figure 6. Peritumorous NPY expression by hepatocytes correlates with hepatic fibrosis. (A and B) Immunohistochemical/immunofluorescence analysis of
NPY staining (representative images, 40-fold original magnification in A, 20-fold original magnification in B) of peritumorous liver tissues applying a tissue
microarray (TMA) (n = 231). (C) Paired NPY and collagen type | (Collla) mRNA expression, by quantitative reverse transcriptase PCR (gRT-PCR) analysis, in
human peritumorous liver tissues (n = 24). (D) IHC analysis (representative images [10- and 40-fold original magnification, respectively] and quantification)
of fibrosis (applying the Desmet score system) in peritumorous liver tissues with high (n = 64) as compared with low (1 = 33) NPY expression levels applying
a human tissue microarray. (E) IHC analysis (representative images and quantification) of a-smooth muscle actin (a-SMA) expression in peritumorous liver
tissues with high (n = 58) as compared with low (n = 33) NPY expression levels applying a human TMA; the representative images (40-fold original magnifi-
cation) display the same loci derived from paired (i.e., serial) tissue sections from 1 patient. Data are presented as mean + SEM. Statistical significance was
determined by Pearson correlation (C) or by 2-sided Fisher’s exact test together with Spearman'’s correlation analysis (D and E). ****P < 0.0001.

Together, these data indicated peritumorous hepatocytes
as a so-far unknown source of NPY and demonstrated that
hepatocyte-derived NPY can drive liver cancer via crosstalk
with Y5R on HCC cells.

Peritumorous NPY expression is induced by hepatic fibrosis and
TGF-fsignaling. Next, we sought insight into the underlying mech-
anisms that induce peritumorous NPY expression in liver cancer,
which usually develops in chronic liver disease (2, 58). Immuno-
histological analysis of patient-derived tissues revealed that next
to peritumorous hepatocytes, the strongest NPY expression was
detected around portal fields and fibrotic septa (Figure 6, A and B,
and Supplemental Figure 5, A and B).

The activation of hepatic stellate cells (HSCs) is the key event
of hepatic fibrosis, with activated HSCs being the major source of
extracellular matrix expression and deposition (59, 60). Activa-
tion of HSCs is characterized by expression of a-smooth muscle
actin (0-SMA) and collagen type I expression (60). Quantitative
reverse transcriptase PCR analysis revealed a significant correla-
tion between NPY and collagen expression in peritumorous liver tis-
sues of HCC patients (Figure 6C). Moreover, next to its localization
around portal fields and septa, expression of NPY strongly correlat-
ed with liver fibrosis/cirrhosis (Figure 6D and Supplemental Table
4). We observed that NPY-positive hepatocytes were closely local-
ized to areas of HSC activation (indicated by, e.g., a-SMA expres-
sion) in peritumorous liver tissues (Figure 6E; Supplemental Figure
Number 5

Volume 130 May 2020
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5, C-E; and Supplemental Table 4). Therefore, we excluded that
NPY could also be derived directly from HSCs by applying ELISA
and immunofluorescence analysis, revealing that NPY is exclusive-
ly expressed by hepatocytes both in vitro and in vivo (Figure 7, A and
B). Considering the striking colocalization of HSC activation and
NPY-immunopositive hepatocytes, we hypothesized that activated
HSCs may induce NPY expression in hepatocytes. In support of this,
conditioned cell culture media from activated HSCs induced NPY
expression and protein secretion by hepatocytes (Figure 7, C and D).

Activated HSCs are a major cellular source of hepatic TGF-B,
which is known as one of the most important mediators of tissue
fibrosis (60). Therefore, we used 2 model systems to investigate
whether TGF- could induce NPY expression in hepatocytes: (a)
cultured primary human hepatocytes (PHHs) and (b) a hepatoblast-
derived liver organoid model representing differentiated hepato-
cytes in a 3D, in vivo-like system (Supplemental Figure 6A and ref.
61). In both of these models, TGF-B treatment was confirmed to
induce a dose-dependent upregulation of mesenchymal markers
(Supplemental Figure 6, B and C, and ref. 62). Moreover, in both
model systems, TGF-p treatment strongly induced NPY expres-
sion in hepatocytes (Figure 7, E and F). In vivo, immunohistological
TGF-p staining of human peritumorous liver tissues revealed strong
expression in fibrotic septa (Figure 7G). Also, hepatocytes localized
close to the fibrotic septa revealed a positive TGF-f immunosignal
(Figure 7G). Thus, TGF-B staining strongly resembled the NPY
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Figure 7. Peritumorous, hepatocyte-derived NPY expression is induced by TGF-p. (A) ELISA analysis of NPY protein levels in cell culture medium with FCS (n

= 3), serum-free medium (Control; n = 3), and cell culture supernatants of primary human hepatocytes (PHH; n = 6), human fibroblasts (HF; n = 2), and hepatic
stellate cells (HSC; n = 3). (B) Representative images of (co)immunofluorescence staining (NPY and a-SMA; 20-fold original magnification) of peritumorous

liver tissues of C3H mice (left, n = 3) and cultures of PHHs or HSCs (n = 3; right). (C) NPY mRNA of PHHSs treated or not treated with conditioned culture medium
derived from HSCs (HSC-CM; r1 = 6). (D) NPY protein levels in cell culture supernatants treated or not treated with HSC-CM (n1 = 3). (E) NPY mRNA in PHHs treated
for 48 hours with different doses of TGF-B (n = 3). (F) NPY mRNA in hepatocyte-derived liver organoids treated for 48 hours (n = 10) or 96 hours (1 = 4) with
TGF-B (left). Representative images of qRT-PCR gel electrophoresis (n = 3) and confocal immunofluorescence (60-fold original magnification; n = 2) (right). (G)
Representative IHC TGF-B staining of (human) peritumorous liver (40-fold original magnification). (H-]) IHC analysis of TGF-B and NPY in peritumorous liver and
corresponding HCC tissues. (H) Representative images (40-fold original magnification). (I) Comparison of TGF-f3 expression in HCC and corresponding peritu-
morous liver tissues (n = 219). (J) Comparison of NPY expression in peritumorous liver tissues with low (n = 38) and high (n = 63) TGF-f expression. Data are pre-
sented as mean + SEM. Statistical significance was determined by ordinary 1-way ANOVA together with Dunnett’s multiple-comparisons test (D-F) or 2-tailed,
unpaired t test (C), or by 2-sided Fisher’s exact test and Spearman’s correlation analysis (1 and ). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

expression pattern in peritumorous liver tissue. Accordingly, TGF-$
expression was higher in peritumorous as compared with HCC
tissues (Figure 7, H and I) and significantly correlated with NPY
expression in peritumorous liver tissue (Figure 4, H and J, Supple-
mental Figure 6, D and E, and Supplemental Table 4).

Aiming to address this TGF-B/NPY/Y5R crosstalk function-
ally, we established a hybrid-organoid model consisting of HCC
cells and surrounding hepatocytes (Supplemental Figure 6, F-H).

In this system, TGF-p induced (peritumorous) NPY expression by
hepatocytes and enhanced HCC growth, which was blocked by
Y5R inhibition (Supplemental Figure 6, I and J).

In addition to HSC activation, chronic liver damage is also
associated with chronic inflammation (59, 60). Accordingly, we
observed that — besides HSC activation — the NPY expression of
hepatocytes correlated with the number of infiltrating CD3-pos-
itive immune cells (Supplemental Figure 7, A and B, and Supple-
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Figure 8. Hepatocyte-derived NPY mediates chemotaxis via activation
of Y5R. (A) Cartoon hypothesis that an NPY gradient (downregulation

of NPY in HCC cells and NPY expression by peritumorous hepatocytes)
impacts chemotaxis of HCC cells via Y5R activation. (B-G) Real-time cell
migration (B) and Boyden chamber (C-G) analysis (upper chamber [UC]
and lower chamber [LC]) of chemotaxis of HCC cells toward recombinant
NPY (B [n = 6] and C [nn = 8]), Y5R agonist BWX46 (Y5R-Ago) (n = 3) (D),
and NPY with or without Y5R inhibition by CGP71683 (Y5R-Inh) (n = 3)

(E) or by NPY-mediated and/or siRNA pool-mediated Y5R knockdown

(n = 3; box-and-whisker plots [min to max]) (F). (G) NPY or supernatants
of primary human hepatocytes (PHH) with or without Y5R-Inh or an
NPY-neutralizing antibody (anti-NPY Ab) (n = 3; box-and-whisker plots
[min to max]). (H) Representative IHC (H&E, Y5R, cyclin D1, p-AKT, p-ERK)
and coimmunofluorescence (Y5R and NPY) analysis (serial sections) of
HCC and peritumorous tissue applying the orthotopic murine HCC model
(20-fold original magnification; n = 6). Arrowheads: tumor-parenchyma
edge. (I and J) cCAMP signaling (analyzed by bioluminescence resonance
energy transfer technique) of PLC cells treated with NPY and/or Y5R-Inh
(1) or different doses of Y5R-Ago (box-and-whisker plots [min to max]; n =
3) ()). (K) Boyden chamber analysis of migration of HCC cells toward NPY
or BWX46 with or without cotreatment with the cAMP inducer forskolin
(Forsk.) (n = 4; box-and-whisker plots [min to max]). (L) Boyden chamber
analysis of invasion of HCC cells toward NPY in the lower compartment
(n = 4; box-and-whisker plots [min to max]). Data are presented as mean
+ SEM. Statistical significance was determined by ordinary 1-way ANOVA
and Dunnett’s multiple-comparisons test (B-G and I-L). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

mental Tables 4 and 5). High CD3-positive immune cell infiltration
also correlated with enhanced fibrosis and high a-SMA expression
in peritumorous liver tissues and was also associated with reduced
survival (Supplemental Figure 7B and Supplemental Table 5). We
hypothesized that although activated HSCs are considered to be
a major cellular source of hepatic TGF-B (60), immune cells fur-
ther contribute to (NPY-inducing) TGF-B production in the HCC
microenvironment. Moreover, further cytokines could affect NPY
expression. Screening of several inflammatory cytokines that are
known key drivers of chronic liver injury revealed strong correla-
tion of IL-1B and IL-6 with NPY expression in peritumorous liver
tissues (Supplemental Figure 7C), while other cytokines, includ-
ing, e.g., TNF-a (data not shown), showed no correlation with NPY
expression. Treatment with recombinant IL-1B caused a moderate
but significant increase of NPY expression by hepatocytes (Supple-
mental Figure 7, D and E). In chronic liver disease, IL-1B is secreted
by both activated HSCs (63) and immune cells (64). In contrast to
IL-1B, IL-6 treatment did not directly affect NPY expression (Sup-
plemental Figure 7, D and E). However, IL-6 might indirectly pro-
mote NPY expression by induction of HSC activation (65).

In summary, we found that hepatic fibrosis and inflammation
induced hepatic NPY induction and identified TGF-B as a novel
major mediator of (hepatic) NPY expression. Our data further
supported that TGF-B-induced NPY derived from (peritumorous)
hepatocytes can drive liver cancer via crosstalk with Y5R.

Hepatocyte-derived NPY mediates chemotaxis via activation of
Y5R. Besides the observed NPY effects on proliferation and clo-
nogenicity of HCC cells, Y5R has also been described to have
chemoattractive characteristics in bone marrow stem cells (66).
Therefore, we hypothesized that the NPY gradient induced by (a)
downregulation of NPY in HCC cells and (b) marked NPY expres-
sion by peritumorous hepatocytes could impact chemotaxis of

RESEARCH ARTICLE

HCC cells (Figure 8A). According to this hypothesis, high peritu-
morous NPY expression was shown to correlate with poor patient
survival (Figure 4F), and TCGA data analysis revealed that low
NPY expression in HCC was associated with high-risk patient
cohorts and poor overall survival (Supplemental Figure 8A).
When we applied real-time cell migration (xCELLigence; Roche)
and Boyden chamber assays, recombinant NPY revealed strong
dose-dependent chemoattractive features on HCC cells (Figure
8, B and C, and Supplemental Figure 8, B and C). Similarly, the
specific Y5R agonist (BWX46) acted as a strong chemoattractant
for HCC cells (Figure 8D). In contrast, small molecule- and siR-
NA-mediated Y5R inhibition abrogated the chemotactic effects of
NPY on HCC cells (Figure 8, E and F, and Supplemental Figure 8D).
Also, hepatocyte-derived (i.e., NPY-containing) cell culture super-
natants strongly induced chemotaxis of HCC cells (Figure 8G), and
this inducing effect was markedly inhibited by cotreatment with a
pharmacologic Y5R inhibitor or by application of NPY-neutralizing
antibodies (Figure 8G). The molecular link between MAPK/ERK
activation and chemotaxis is well known in cancer (67). In line with
this, we had found marked induction of ERK signaling by NPY/Y5R
crosstalk between hepatocytes and HCC cells (Figure 5, C, D, and
F). Moreover, strong ERK activation of HCC cells was exclusively
detected at the border of tumors in the orthotopic HCC model (i.e.,
the site of strong NPY expression by tumor-surrounding hepato-
cytes) (Figure 8H).

In addition to ERK activation, NPY receptors can inhibit cAMP
via activation of G, proteins (68). In contrast, induction of cAMP
signaling was shown to reduce HCC cell migration (69). There-
fore, we hypothesized that NPY could also mediate its promigra-
tory/prochemotactic effects via Y5R-mediated cAMP inhibition
(in addition to ERK induction). Bioluminescence resonance enet-
gy transfer (BRET) analysis revealed significant and dose-depen-
dent inhibition of forskolin-induced cAMP activation in HCC cells
by NPY, which was reduced by Y5R inhibition (Figure 8I). BRET
analysis also revealed inhibition of forskolin-induced cAMP acti-
vation by YS5R agonist treatment (Figure 8]). Functionally, the
cAMP inducer forskolin reduced migration of HCC cells, which
was (partly) rescued by both NPY and the Y5R agonist BWX46
(Figure 8K). These data suggested that both NPY/Y5R-induced
ERK activation and cAMP reduction promote chemotactic migra-
tion of HCC cells at tumor-parenchyma borders. Moreover, IHC
analysis of human HCC tissues revealed that enhanced peritu-
moral NPY expression by hepatocytes was significantly associated
with stromal invasion (Fisher’s exact: P = 0.001). In line with this,
in addition to migration, NPY also induced chemotactic invasion
of HCC cells (Figure 8L).

Together, these findings indicated that in addition to its effect
on tumor growth, (peritumorous) NPY crosstalks with Y5R to
induce chemotactic migration and might thereby drive invasion
and dissemination of HCC cells.

TGF-p induces Y5R expression in HCC cells at sites of stromal
invasion. The strong effects of NPY on chemotaxis and invasion
prompted us to further explore Y5R expression at sites of stro-
mal invasion. At the invasive front, YSR was even more strongly
expressed in HCC cells than in central tumor areas (Figure 9A).
Moreover, IHC analysis revealed that enhanced Y5R expression
significantly correlated with stromal invasion in human HCC
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Figure 9. Y5R expression in HCC cells at sites of stromal invasion and TGF-B-mediated effects on Y5R expression in HCC cells. (A) Representative imag-
es of Y5R (and H&E) immunostaining (10- and 40-fold original magnification, respectively) of human HCC tissues at sites of stromal infiltration (n = 122).
(B) YSR mRNA expression levels (qQRT-PCR analysis) in HCC cells (PLC) treated with different doses of recombinant TGF-B (n = 3). (C and D) mRNA expres-
sion levels (QRT-PCR analysis) of epithelial-mesenchymal transition (EMT) markers (vimentin, ST00A4, SNAIL, and N-cadherin) (C) and Y5R (D) in HCC cells
(PLC) after 96 hours of treatment with recombinant TGF-B with or without cotreatment with the specific TGF-B receptor 1 (TGFBR1) inhibitor galunisertib
(10 uM) (n = 3). (E) Western blot analysis (representative images, n = 3) of YSR protein levels in HCC cells after treatment with different doses of TGF-3 (96
hours), with or without cotreatment with galunisertib (10 uM). (F) Paired Y5R and TGF-B mRNA expression analysis (qQRT-PCR analysis, relative to B-actin)
in HCC patient tissues (1 = 64). (G) Real-time cell migration (xCELLigence) analysis of HCC cells (PLC) treated with low-dose recombinant NPY (10 nM)

to induce nondirected migration (i.e., chemokinesis) (n = 6). (H) Boyden chamber analysis of chemokinesis of HCC cells (PLC) treated or not treated with
recombinant TGF-B (5 ng/mL) and/or the specific Y5R inhibitor CGP71683 (Y5R-Inh) (n = 3). Data are presented as mean + SEM. Statistical significance was
determined by ordinary 1-way ANOVA together with Dunnett’s multiple-comparisons test (B-D and H), 2-tailed, unpaired t test (G), or Pearson correlation
(F). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 10. DPP4 is overexpressed in HCC. (A) DPP4 mRNA expression (qRT-PCR) in human HCC cell lines (PLC [n = 3], Hep3B [n = 3], HepG2 [n = 3])
compared with primary human hepatocytes (PHH; n = 5); below, representative Western blot images depicting DPP4 protein expression in HCC cells

(n = 2). (B) DPP4 RNA expression levels in HCC compared with nontumorous liver tissues (Non-HCC) in different patient data sets from the Oncomine
database (Mas liver, non-HCC: n =19, HCC: n = 38; Roessler liver 2, non-HCC: n = 220, HCC: n = 225; Wurmbach liver, non-HCC: n = 10, HCC: n = 35; Archer
liver, non-HCC: n = 47, HCC: n = 16) (box-and-whisker plots [min to max]). (C) Y5R expression in TCGA-derived HCC tissues (n = 369) compared with
matched nontumorous liver tissues (non-HCC) (n = 160) applying the Gene Expression Profiling Interactive Analysis (GEPIA) database. The expression
data were first log,(TPM+1) transformed for differential analysis. (D) DPP4 mRNA expression (quantified by gqRT-PCR analysis) in paired human HCC and
corresponding peritumorous liver tissues (Non-tumor) (n = 31). (E) Representative IHC DPP4 staining (and H&E staining) (40-fold original magnifica-
tion) in HCC and corresponding peritumorous liver tissues of the same patients (n = 213). Blue arrows show the typical bile canalicular staining pattern
of DPP4 in nontumorous hepatocytes. (F) Quantification of IHC DPP4 expression in HCC compared with corresponding peritumorous liver tissues of the
same patients (n = 213). Data are presented as mean + SEM. Statistical significance was determined by ordinary 1-way ANOVA together with Dunnett’s
multiple-comparisons test (A and C), 2-tailed, unpaired t test (B), or 2-tailed, paired t test (D), or by 2-sided Fisher's exact test together with Spearman’s

correlation analysis (F). **P < 0.01, ***P < 0.001, ****P < 0.0001.

(Fisher’s exact: P = 0.041; Spearman’s correlation: R = 0.24; P =
0.007). In search of the underlying mechanisms, we considered
TGF-B, which was found to be highly expressed in the peritumor-
ous regions (Figure 7, G-I) and also in the invasive front together
with Y5R (Supplemental Figure 9A). In addition, TGF-f is well
known to play a critical role in the orchestration of invasion and
the multistep epithelial-mesenchymal transition (EMT) process
in different types of cancer, including HCC (70, 71). Treatment
of human HCC cells with recombinant TGF-f dose-dependent-
ly upregulated the expression of Y5R (Figure 9B) together with
established EMT markers (Supplemental Figure 9B and ref. 71).

Preliminary results from phase I/II clinical trials applying the
specific TGF-p receptor 1 (TGFBR1) inhibitor LY2157299 (galuni-
sertib) (Supplemental Figure 9C) in HCC patients (ClinicalTrials.
gov identifiers: NCT01246986, NCT02906397, NCT02240433,
NCT02178358, NCT02423343) have shown improved outcome
and changes consistent with a reduction of EMT (72, 73). Here, we
confirmed that galunisertib as well as a further specific TGFBR1
inhibitor (SB43152) (Supplemental Figure 9D and ref. 74) inhibit-
ed the TGF-B-induced expression of EMT markers in human HCC
cells (Figure 9C and Supplemental Figure 9E). Importantly, both
specific TGFBRI inhibitors also completely prevented the TGF-p-
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2522

esis that DPP4-mediated NPY conversion to (more Y5R-specific) truncated NPY

5.3 esults in augmented Y5R activation. Data are presented as mean +

SEM. Statistical significance was determined by ordinary 1-way ANOVA together with Dunnett’s multiple-comparisons test (C-F) or 2-tailed, unpaired t

test (A and B). *P < 0.05, **P < 0.01, ****P < 0.0001.

mediated upregulation of Y5R in HCC cells as well as in HCC-
HSC cocultures (Figure 9, D and E, and Supplemental Figure 9, F
and G), indicating that TGF-p effects on Y5R expression of HCC
cells are mediated via canonical and not via noncanonical TGF-f
signaling. Moreover, Y5R mRNA levels strongly correlated with
TGF-B expression in HCC patient-derived tissue samples (Figure
9F), further supporting the impact of TGF-B/TGFBR1 signaling on
Y5R expression of HCC cells.

Conversely, treatment with recombinant NPY or the specific
Y5R agonist induced SNAIL expression in HCC cells (Supplemen-
tal Figure 9H). Moreover, we found that incubation with NPY or
the specific Y5R agonist also induced chemokinetic (i.e., non-
directed) migration of HCC cells via Y5R activation (Figure 9G
and Supplemental Figure 91) in addition to the above-described
chemoattractive effects. Therefore, considering the strong local
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coexpression of TGF-B, YS5R, and NPY at sites of stromal invasion,
TGF-B might promote HCC cell dissemination (75) by activation
of the Y5R/NPY axis. Accordingly, Boyden chamber assays con-
firmed that pretreatment with TGF-p induced the migratory activ-
ity of HCC cells, which was completely blocked by Y5R inhibition
(Figure 9H). Considering these findings, we hypothesized that
TGF-B might also (co)regulate the age-dependent Y5R expression
that we had observed in the experimental C3H mouse model and
in liver tissues of HCC patients (Figure 1 and Supplemental Figure
1). However, we found that in neither C3H mice nor human tissues
did TGF-p correlate (positively) with age or with age-associated
Y5R expression (Supplemental Figure 9, J-L).

In summary, these findings indicated that TGF- is not only a
so-far unknown inducer of (hepatic) NPY expression but also pro-
motes the expression of the NPY receptor Y5R in cancer cells at
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the site of stromal invasion via activation of the canonical TGF-B/
TGFBR1/2-dependent pathway. Moreover, our data suggest that
at least part of the TGF-B/TGFBR1/2 signaling-mediated effect
on EMT and stromal invasion is mediated via Y5R activation.

Y5R activation is augmented by dipeptidylpeptidase 4 overex-
pression in HCC. In contrast to Y5R, the Y1 and Y2 receptor sub-
types (YIR and Y2R) were not regulated by TGF-p signaling (data
not shown). Furthermore, Y1R and Y2R were not overexpressed
in murine and human HCC and revealed no oncogenic functions
in liver cancer (Supplemental Figure 10, A-S). Therefore, Y5R was
identified as the only NPY receptor that serves as a potent candi-
date oncogenic target in liver cancer.

The so-called NPY-converting enzyme dipeptidylpepti-
dase 4 (DPP4) is a cell surface enzyme that has also a soluble
form. DPP4 terminates the YIR activity of NPY by cleaving Tyr,
and Pro, from NPY __ to form NPY,_, which more specifically
activates Y5R (76, 77). Just recently, it has been described that
hepatocytes secrete DPP4 and thereby promote insulin resis-
tance and adipose tissue inflammation in obese patients (78).
We therefore asked whether DPP4-induced NPY conversion to
Y5R-specific NPY, . might contribute to Y5R-mediated HCC
progression. We found that DPP4 expression levels were mark-
edly increased in human HCC cell lines compared with poor
expression in hepatocytes (Figure 10A). Also applying several
patient-derived data sets, including TCGA data, as well as in our
patient-derived samples, we detected a strong overexpression of
DPP4 levels in HCC tissues as compared with (corresponding)
nontumorous liver tissue (Figure 10, B-D). In hepatocytes, DPP4
was described to be mainly localized on the bile canalicular sur-
face (79). We detected a similar distribution of DPP4 immunore-
activity in peritumorous patient tissues and strong expression in
most HCC tissues. In some tumor tissues (but not in nontumor-
ous liver tissues), the HCC cells revealed strong DPP4 expression
on the entire cell membrane, which could be explained by a loss
of polarity of cancer cells (Figure 10E and Supplemental Figure
11A). Confirming in vitro, in silico, and in vivo analysis of DPP4
(mRNA) expression levels, DPP4 immunoreactivity revealed
strongly enhanced protein expression in most HCC tissues as
compared with nontumorous liver tissue (Figure 10, E and F,
and Supplemental Figure 11A). In line with these data, potential
interaction of DPP4 with the NPY/Y5R axis in HCC was support-
ed by strong correlation of DPP4 and Y5R expression levels in
HCC patient-derived tissue samples (Supplemental Figure 11,
A and B) as well as by co-upregulation of DPP4 and Y5R mRNA
expression in HCC compared with corresponding nontumorous
tissues (Supplemental Figure 11C). High DPP4 protein expres-
sion in HCC cells also correlated with peritumorous NPY expres-
sion (Supplemental Table 6). Analysis of a TCGA-derived HCC
patient cohort revealed that high expression of DPP4 by itself
showed a (nonsignificant) trend toward correlation with poor
survival (Supplemental Figure 11D). However, combined elevat-
ed tumorous DPP4 and Y5R expression together with enhanced
peritumorous NPY expression was significantly correlated with
poor HCC patient survival (Supplemental Figure 11E). Togeth-
er, these data supported that NPY derived from peritumorous
hepatocytes could be locally converted by DPP4 to enhance Y5R
activation and receptor-subtype specificity to drive liver cancer.

RESEARCH ARTICLE

Based on these findings and hypotheses, we aimed to func-
tionally analyze the impact of DPP4 inhibition on the pro-tu-
morigenic action of Y5R in HCC cells. Therefore, RNAi-medi-
ated specific knockdown of DPP4 was performed in HCC cells
(Supplemental Figure 11F). Applying serum-supplemented (i.e.,
NPY-containing) culture media, subsequent analysis revealed
strong reduction of both clonogenicity (Figure 11A) and prolifer-
ation (Figure 11B) of HCC cells after DPP4 knockdown. In con-
trast, Boyden chamber analysis of migration applying serum-free
(i.e., without NPY) culture media as a chemoattractant showed
no effect of DPP4 knockout, while enhanced chemotaxis medi-
ated by recombinant NPY was prevented by combined DPP4
knockout (Figure 11C).

Besides NPY, DPP4 cleaves glucagon-like peptide 1 (GLP-1),
which is strongly involved in glucose metabolism. Therefore, oral-
ly administered specific DPP4 inhibitors like sitagliptin (Supple-
mental Figure 11G) have become clinically successful standard
therapeutic agents for type 2 diabetes (80). Here, we used sita-
gliptin to confirm the effects of DPP4 knockout on NPY-medi-
ated Y5R activation as well as to analyze the use of gliptins as a
potential pharmacologic application to target the DPP4/NPY/Y5R
axis in HCC. Sitagliptin dose-dependently reduced proliferation
of HCC cells in serum-containing (i.e., NPY-containing) culture
medium (Supplemental Figure 11H), and this inhibitory effect was
rescued by the specific Y5R agonist BWX46 (Figure 11D). More-
over, NPY-induced chemotaxis of HCC cells was significantly
reduced by sitagliptin (Figure 11E). In contrast, sitagliptin did not
affect chemotaxis induction by the specific Y5R agonist (BWX46),
which has no DPP4 cleavage site (Figure 11F).

Together, these data indicated that Y5R stimulation in HCC is
promoted by DPP4-induced NPY conversion to truncated NPY,
which terminates Y1R specificity and augments Y5R specificity
(Figure 11G). Our findings suggest DPP4 inhibition using clinical-
ly established drugs as a further promising therapeutic strategy to
target the newly identified NPY/Y5R axis in HCC.

Discussion

Numerous studies suggested that the NPY system might play a
critical role in aging and lifespan as well as in further cancer-relat-
ed hallmarks (17, 19-24, 51). Hypothalamic NPY levels decrease in
aged animals (18), and a reduced cerebral NPY production could
contribute to altered reproductive function and food intake in
aged subjects (81). In contrast, activation of the NPY system was
shown in several human disorders, including chronic liver disease
(25, 26, 82) as well as hepatic glucose (29) and lipid (30) metabo-
lism, but its potential role in liver cancer was unknown.

In this study, we found that the expression of the NPY5 recep-
tor (YS5R) in peritumorous liver tissues increased with age both in
a mouse model and in patients. This might reflect a compensa-
tory upregulation of YS5R due to low systemic levels of its ligand
NPY in aged humans (83). Furthermore, it might result from
age-related alterations of methylation of the YS5R promoter. After
malignant transformation, HCC cells take advantage of a further
upregulation of Y5R expression, which is induced by microenvi-
ronment-derived factors including TGF-B. Moreover, in addition
to systemic serum-derived NPY, Y5R gets activated via crosstalk
with local NPY derived from peritumorous hepatocytes.
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Deciphering the underlying mechanisms of peritumorous
NPY secretion by hepatocytes, we revealed that hepatic fibrosis
contributes to NPY induction and identified TGF-B/TGFBRI sig-
naling as a major novel mediator of NPY expression by hepato-
cytes. Strikingly, TGF- is considered to be a potent modulator of
fibrosis and HCC development (84-86).

Conversely, we found that non-Y5 NPY receptors (YIR and
Y2R) were downregulated and did not have tumor-promoting
functions in HCC. Actually, YR even revealed suppressive effects
on tumor cell migration, which is in accordance with the only study
that investigated the potential function of an NPY receptor in liv-
er cancer so far (87). In line with our findings, Lv et al. observed
that Y1R is downregulated in HCC and that forced overexpression
of YIR mediates tumor suppressor functions in HCC cells (87). In
contrast to this single study on Y1R function, the potential roles
of NPY, Y2R, and Y5R in HCC had been entirely unknown. Here
we show, for the first time to our knowledge, that the NPY/Y5R
axis mediates proliferation, stemness-associated properties, che-
motactic migration, and invasion in liver cancer. A previous study
found that stimulation of YIR could induce TGF-B secretion by
macrophages and thereby affected neuroprotection and hemato-
poietic stem cell survival in the bone marrow (88). However, to the
best of our knowledge, a (converse) regulation of the NPY system
by TGF- has not yet been described.

Here, we revealed that NPY expression in hepatocytes and YSR
expression in HCC cells are regulated via TGF-B/TGFBRI1 signal-
ing. Furthermore, our study indicated that TGF-B-mediated effects
on HCC tumorigenicity are at least in part mediated by Y5R activa-
tion. Besides canonical (TGFBR1-dependent) signaling, TGF-f can
also activate Smad1/5/8 (i.e., BMP-associated) pathways through
activin receptor-like kinase 1 (ALK1) together with TGFBR2 (89).
Indeed, ALK1-dependent signaling represents a potential alterna-
tive mechanism of TGF-p signaling in HCC, and the ALK1 inhib-
itor dalantercept is currently investigated in clinical trials in HCC
patients (90). However, our study provides mechanistic evidence
that the effects of TGF-f signaling on the NPY/Y5R axisin HCC are
mediated via the canonical, TGFBR1-related pathway. Therefore,
pharmacologic inhibition of the TGF-B/TGFBRI1 axis might repre-
sent a potential strategy to target the NPY/Y5R axis in HCC.

We further found that the NPY-converting enzyme DPP4
is upregulated in HCC and augments Y5R function. DPP4 was
recently linked to aging and has been shown to be involved in
age-dependent dysfunction of bone and hematopoietic regen-
eration (91). Moreover, a recent study reported that hepatocyte-
secreted DPP4 in obesity promotes adipose inflammation and
insulin resistance (78), further promoting the value of clinically
established DPP4 inhibition for the treatment of (different compo-
nents of) the metabolic syndrome and its complications. Here, we
found that Y5R stimulation in HCC is promoted by DPP4-induced
NPY conversion, which terminates Y1R specificity and augments
Y5R specificity. Thus, our study suggests that in addition to direct
targeting of Y5R or the TGF-B/TGFBR1/NPY/Y5R axis, DPP4
inhibition might represent a further attractive therapeutic strategy
for controlling liver cancer.

Regarding potential further therapeutic applications, we
revealed that the NPY/Y5R axis activates MAPK/ERK signaling.
Therefore, future studies could examine whether YS5R might con-
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tribute to efficacy and/or therapy resistance of current first-line
therapeutic options for advanced HCC (e.g., sorafenib) that are
known to target the RAF/ERK axis.

In summary, targeting the TGF-B/NPY/DPP4/Y5R axis could
represent a novel therapeutic avenue in HCC and also other types
of cancer.

Methods

Animal models. Eighteen-month-old male C3H/HeN mice were used
as a model system of age-related spontaneous hepatocarcinogenesis
as previously described (32-38). A murine orthotopic HCC allograft
model (42) was used to analyze the therapeutic effect of the specific
small-molecule Y5R inhibitor CGP71683 (52) as well as the effect of
RNAi-mediated Y5R knockout. Animals were obtained from Charles
River Laboratories and housed under specific pathogen-free and con-
trolled conditions.

Human cells and tissues. Pairs of human HCC tissues and corre-
sponding nontumorous liver tissues were obtained from patients after
partial hepatectomy. Informed consent was obtained through the
Human Tissue and Cell Research (HTCR) Foundation (92). The sam-
ples were immediately snap-frozen and stored at -80°C.

The tissue microarray (Supplemental Tables 1-8) consisted of
paired HCC and corresponding non-neoplastic liver tissues obtained
from HCC patients undergoing surgical resection and was previously
described (42).

Statistics. Results were expressed as mean * SEM. Comparison
between groups was made using the 2-tailed Student’s ¢ test or 1-way
ANOVA together with Dunnett’s multiple-comparisons test if appro-
priate. Spearman and Pearson correlation coefficients, respectively,
were used for correlation analysis. Analysis of tissue microarrays was
performed using Fisher’s exact test, Spearman correlation analysis,
and uni- and multivariate analysis applying the SPSS ordinal regres-
sion procedure (Polytomous Universal Model [PLUM]; link function:
logit) (Supplemental Table 9). In silico survival analysis was performed
computationally applying log-rank testing and hazard ratio estimates.
A Pvalue less than 0.05 was considered significant. The level of signif-
icance is depicted in figures as *P < 0.05, **P < 0.01, ***P < 0.001, and
P < 0.0001. The number of experiments is given in the figure leg-
ends. Calculations were performed using Prism software (GraphPad
Software Inc.) and SPSS (SPSS Statistics 23, IBM Corp.).

Study approval. The animal studies were approved by the Commit-
tee for Animal Health and Care of the local government (Regierung von
Mittelfranken, Bavaria, Germany) (RUF-55.2.2-2532-2-566-11), and
conformed to international guidelines on the ethical use of animals.

Patients signed an informed consent in accordance with the Hel-
sinki Declaration before being enrolled in the study. The Biobank at
the Hospital of the Ludwig-Maximilian University of Munich (HTCR)
is under the administration of the nonprofit state-controlled HTCR
Foundation, following ethical approval (LMU Munich, no. 25-12).

More detailed procedures can be found in Supplemental Methods.
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