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As a physiological regulator of bile acid homeostasis, FGF19 is also
a potent insulin sensitizer capable of normalizing plasma glucose
concentration, improving lipid profile, ameliorating fatty liver
disease, and causing weight loss in both diabetic and diet-
induced obesity mice. There is therefore a major interest in devel-
oping FGF19 as a therapeutic agent for treating type 2 diabetes
and cholestatic liver disease. However, the known tumorigenic risk
associated with prolonged FGF19 administration is a major hurdle
in realizing its clinical potential. Here, we show that nonmitogenic
FGF19 variants that retain the full beneficial glucose-lowering and
bile acid regulatory activities of WT FGF19 (FGF19*'") can be engi-
neered by diminishing FGF19’s ability to induce dimerization of its
cognate FGF receptors (FGFR). As proof of principle, we generated
three such variants, each with a partial defect in binding affinity to
FGFR (FGF19°F%™®) and its coreceptors, i.e., pklotho (FGF19*X'®) or
heparan sulfate (FGF194"85), Pharmacological assays in WT and db/
db mice confirmed that these variants incur a dramatic loss in mi-
togenic activity, yet are indistinguishable from FGF19"T in eliciting
glycemic control and regulating bile acid synthesis. This approach
provides a robust framework for the development of safer and
more efficacious FGF19 analogs.

FGF19 | FGFR4 dimerization | structure-based drug design | tumorigenic
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GF19, FGF21, and FGF23 comprise the endocrine acting

FGF19 subfamily within the FGF family of ligands (1).
FGF19 is a postprandial hormone that is expressed and released
from enterocytes in response to bile acid (BA), then enters the
portal venous circulation (2). Upon reaching the liver and gall-
bladder, FGF19 inhibits new hepatic BA biosynthesis by sup-
pressing transcription of Cyp7Al (the rate-limiting enzyme in
cholesterol catabolism) and stimulating gallbladder filling, thus
providing negative feedback (2-5). Recent studies have extended
the metabolic functions of FGF19 to stimulation of hepatic
protein and glycogen synthesis and to inhibition of gluconeo-
genesis (6, 7).

FGF19 exerts its physiological effects by binding, dimerizing,
and thereby activating FGF receptor 4 (FGFR4), its principal
cognate FGF receptor and the most abundantly expressed FGFR
isoform in liver (8). FGF19-FGFR4 signaling requires an oblig-
atory interaction with pKlotho (KLB), a single-pass transmem-
brane protein that is predominantly expressed in liver, fat, and
hypothalamus (9-11). Mechanistically, KLB promotes FGF19-
FGFR4 binding by simultaneously grasping FGF19 by its C tail
and FGFR4 by its Ig domain 3 (D3); in so doing, KLB enforces
FGF19-FGFR4 proximity and confers complex stability (11-14).
However, dimerization of the endocrine FGF19-FGFR4 com-
plex and, hence, signaling also requires heparan sulfate (HS), the
glycan moiety of ubiquitously expressed HS proteoglycans, as an
additional coreceptor (9). The precise nature of the FGF19-
FGFR4-KLB-HS quaternary dimer is currently unknown. How-
ever, by analogy to paracrine FGF-FGFR signaling, we recently
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proposed that HS induces formation of a symmetric 2:2:2:2
FGF19-FGFR4-KLB-HS quaternary dimer (9, 14).

Fgf15 (the murine ortholog of Fgf19), Fegfr4, or KLB-knockout
mice all present with an elevated BA pool, revealing an intimate
functional linkage between FGF19, FGFR4, and KLB in the
physiological regulation of BA homeostasis (15, 16). However,
pharmacological studies in type 2 diabetic (T2D) mice have
shown that—similar to FGF21—FGF19 can also improve glu-
cose, cholesterol, and lipid triglycerides, as well as enhance en-
ergy expenditure and reduce body weight via insulin-dependent
(acute treatment) and independent (chronic treatment) mecha-
nisms (6, 7, 17, 18). Like FGF21, FGF19 exerts its beneficial
pharmacological effects by binding and activating the “c” splice
isoform of FGFR1 (FGFR1c) in adipose tissue and hypothala-
mus in a KL.B-dependent fashion (8, 19, 20). Unlike FGF19,
FGF21 shows exclusive specificity for FGFR1c and is completely
devoid of mitogenic activity (8, 21-23).

The striking pharmacological properties of FGF19 have
brought this ligand to the forefront as a promising target for the
potential treatment of diabetes, nonalcoholic steatohepatitis
(NASH), cholestatic liver disease, and BA metabolism disorders.
However, a major safety concern has emerged from the fact that
prolonged treatment with FGF19 induces hepatocellular carci-
noma (24-27). For this reason, there has been an intensive
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search for nonmitogenic FGF19 variants that preserve its bene-
ficial metabolic activities (26, 28-32).

We recently proposed that FGF signaling specificity is regu-
lated by different thresholds in FGF-induced FGFR dimer sta-
bility and longevity (33, 34). Specifically, via the use of
engineered FGF1 variants with weakened HS or receptor bind-
ing abilities, we showed that a proliferative FGF response re-
quires strong FGFR dimerization and a correspondingly
persistent intracellular signal, whereas a metabolic response can
be evoked by relatively weak dimerization and transient signals
(33). Given these observations, we hypothesized that non-
mitogenic FGF19 molecules might be engineered by weakening
FGF19’s ability to dimerize its cognate FGFRs. Here, we de-
scribe the generation of a series of three FGF19 Igartial agonists,
termed FGF19°""R FGF19*"""5, and FGF19**"", each with a
progressively reduced dimerization potential We show that the
mitogenic activity of these mutants is progressively lost, while their
metabolic activities remain unchanged. Notably, RNA-sequencing
(RNA-seq) analysis of mice treated with FGF19*¥™®, which ex-
hibits the weakest dimerizing potential, reveals that intracellular
signals involved in hepatocellular carcinogenesis are dramati-
cally attenuated, while pathways mediating BA biosynthesis
remain fully intact. Thus, fine tuning of receptor dimerization

and downstream signaling thresholds is a practical approach
toward engineering safer agonists of FGF19—or any other
FGF—for the treatment of a range of metabolic diseases.

Results

Engineering FGF19 Variants with Reduced FGFR Dimerization Capacity.
We recently showed that endocrine FGFs require both Klotho
and HS as coreceptors to dimerize and activate their cognate
FGFRs (14). Based on our structural and biochemical data, we
constructed a 2:2:2:2 FGF19-FGFR1c-KLB-HS dimer model
(Fig. 14) and used this as a guide to design three FGF19 mutants
(termed FGF194FSFR  EGF192HBS  and FGF192KMB, respec-
tively) with anticipated diminished cagacities to induce FGFR
dimerization. FGF19*"°™®, FGF19"""5, and FGF19**"® have
partial defects in FGFR, HS, or KLB binding, respectively.
FGF19FS™® carries a Tyr-115-Ala mutation predicted to
eliminate hydrophobic interactions between Tyr-115 of FGF19
and Val-316, located within the D3 domain of FGFRIc
(Fig. 1 B, Left); FGF19*"BS harbors a Lys-149-Ala mutation,
which maps to the atypical HS binding site of FGF19 and is
predicted to impair HS binding (Fig. 1 B, Center); and
FGF19*¥"® harbors an Asp-198-Ala mutation, which affects
KLB binding by abrogating intramolecular hydrogen bonds within
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Design and characterization of FGF19 variants. (A) A hypothetical 2:2:2:2 FGF19-FGFR1c-KLB-HS dimeric complex was constructed by superimposing

structures of FGF19 alone (PDB ID code: 2P23) and of KLB in complex with the C-terminal tail of FGF19 (FGF19<") (PDB ID code: 6NFJ) onto a dimeric model of a
FGF23-FGFR1c-aKlotho-HS dimer (PDB ID code: 5W21). FGF19, FGFR1c, and KLB are shown as cyan, light blue, and purple cartoons, respectively; HS is shown as
sticks with carbon, nitrogen, oxygen, and sulfur colored in green, blue, red, and yellow, respectively. (B) Close-up view of interfaces between FGF19 and FGFR
(Left), FGF19 and HS (Center), and FGF19 and KLB (Right). In Left, Tyr-115 of FGF19 and Val-316 of FGFR1c are shown as surfaces to highlight their hydro-
phobic interaction. At Center, the side chain of Lys-149 of FGF19 which engages in hydrogen bonds with HS is shown as sticks. Right shows multiple intra-
molecular hydrogen bonds mediated by Asp-198 that facilitate FGF19<T conformation, thereby contributing to KLB binding. In Center and Right, black dashed
lines denote hydrogen bonds. (C-F) Representative SPR sensorgrams of binding of FGF19"YT and FGF19 variants to the ligand-binding domains of FGFR4 (C)
and FGFR1 (D), and to HS (E) and KLB (F). Equilibrium dissociation constants (K4 values) were derived from saturation binding curves.
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the FGF19 C tail (Fig. 1 B, Right) (13). As a negative control, we
generated a C-terminally truncated FGF19 (FGF19*<" Jacking
the very last 25 amino acids of FGF19™", which is predicted to
be completely incapable of KLB binding and, hence, FGFR
dimerization.

We first assessed the binding affinities of these mutants with
respect to FGFR, HS, or KLB via surface plasmon resonance
(SPR) spectroscopy, using FGF19WT as a positive control.
Consistent with our predictions, the binding affinities of
FGF192FSFR with either FGFR1 or FGFR4 were much weaker
than the other mutants (Fig. 1 C and D and SI Appendix, Fig.
S1A and B). However, FGF19*1B5 exhibited a major loss in HS
binding capacity but was fully caApable of binding KLB and
FGFR4 (Fig. 1E). Finally, FGF19**"® had a markedly dimin-
ished KLB binding affinity, but its binding to HS and FGFR4
was preserved (Fig. 1F and ST Appendix, Fig. S1C). As expected,
FGF194<*! completely failed to bind KLB (SI Appendix,
Fig. S1D).

We next devised a proximity ligation assay (PLA) to measure
the abilities of FGF19*"°"R, FGF19*""%5, or FGF19**"® to
promote FGFR4 dimerization in situ (Fig. 24). Human HepG2 hep-
atoma cells (which naturally express KLB and FGFR4) were ex-
posed to increasing concentrations of FGF192F°FR FGF194HBS or
FGF19°XB followed by incubation with primary mouse anti-FGFR4
and rabbit anti-FGFR4 antibodies and then oli%onucleotide-labeled
secondary antibodies (PLA probes). FGF19%" and FGF194<!
served as positive and negative controls, respectively; FGFR4 di-
merization was visualized by confocal microscopy. Qualitative and
semiquantitative analyses of images showed that the three variants
incurred successively greater reductions in their ability to promote
FGFR4 dimerization, in the order FGF19%" > FGF19°"9® >
FGF19°P85 > FGF19*%'® (Fig. 2 B and C). FGF19*“*! com-
pletely failed to induce FGFR4 dimerization, reflecting the man-
datory role of KLB in supporting FGF19-FGFR4 binding and
dimerization.

To corroborate these findings functionally, we measured the
activation levels of PLCy and ERK signaling pathways in HepG2
cells as readouts for FGFR dimerization in response to in-
creasing concentrations of WT or mutant ligands. Consistent
with our PLA data, all three FGF19 mutants were impaired in
their ability to induce PLCy and ERKI1/2 phosphorylation
(Fig. 2 D and E). The extent of impairment correlated with the
observed graded reduction in dimerization abilities seen in PLA
assays (Fig. 2B). As a further measure of receptor dimerization
capacity, we examined the time course of ERK1/2 activation by
FGF19™T and FGF19**B (the least dimerizing mutant) in
HepG2 cells. As shown in SI Appendix, Fig. S2 A and B, stimu-
lation with FGF19™" led to activation of ERK1/2 as early as
2 min, and the signal continued to intensify until 15 min. By
30 min, the signal intensity waned but still remained above that
observed in buffer-treated cells. In contrast, in FGF192KME.
treated cells, a weaker activation of ERK1/2 was observed at all
time points tested compared to FGF19% -treated cells, and the
signal completely dissipated by 30 min (SI Appendix, Fig. S2 A
and B). These data were recapitulated using a rat hepatoma cell
line (H4IIE). Specifically, Western blotting and quantitative
homogeneous time-resolved fluorescence (HTRF) assays
measuring ERK phosphorylation showed a successive decrease
in signaling capacities of FGF19 variants in the order
FGF194FCtR 5 FGF19418S > FGF194KM® (ST Appendix, Fig.
S2 C and D).

Dramatically Reduced Proliferative Activity of FGF19"8S and
FGF19**'®, The extent of impairment in the abilities of
FGF19*"C"™ FGF19°"S, and FGF19**"" to induce FGFR4
dimerization/activation resulted in corresponding reductions in
the ability of these variants to promote HepG?2 cell proliferation
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(Fig. 2F). A similar trend in the proliferative activity of these
variants was observed using H4IIE cells (SI Appendix, Fig. S2F).
Notably, these proliferative activities were not significantly im-
pacted by the tyrosine kinase inhibitor AZD4547 (SI Appendix,
Fig. S2F), which primarily inhibits FGFR1-FGFR3 and, to a
much lesser extent, FGFR4 (35), implying that FGFR4 mediates
the proliferative activity of FGF19.

We corroborated these cell-based data via an in vivo BrdU
labeling experiment in which we measured the proliferative ac-
tivity of FGF19WT and its variants in C57BL/6J mouse liver tis-
sue following one week of administration. Consistent with our
cell-based data, the BrdU signal was successively diminished in
blots from livers of animals treated with FGF194FCFR
FGF19*"85 and FGF19°K"B (Fig. 2 G and H). FGF194<i!
failed to elicit any proliferative activity in cultured cells or in
mice, implying that the mitogenic activity of FGF19 is also
pKlotho-dependent (Fig. 2 F-H). This finding was further vali-
dated by the inability of FGF19%T and all its variants to induce
mitogenic activity in kidney tissue, which is fKlotho-deficient (S/
Appendix, Fig. S3).

FGF192FS"R FGF19*"8S, and FGF19*"'® Are Indistinguishable from
FGF19"" in Suppressing BA Synthesis. To establish whether
FGF19%FSFR FGF19*"®5, and FGF194X"™® retain the BA reg-
ulatory activity of FGF19™', we administered a single dose of
each these proteins into normal C57BL/6J mice and measured
hepatic expression of Cyp741 (a key readout for BA synthesis)
4 h postinjection. In all cases, reductions in hepatic expression of
Cyp7A1 were indistinguishable from mice treated with FGF19WT
(Fig. 34 and SI Appendix, Fig. S44). The results from this short-
term treatment were recapitulated in a T2D mouse model
(db/db) in which mice were chronically treated with the identical
engineered ligands. Hepatic expression of Cyp741 (Fig. 3 B
and C) and BA levels (Fig. 3 D-G) in liver tissues were re-
duced to the same extent as in mice treated with FGF19V™. As
expected, the negative control (FGF194'*") lacked any ability
to regulate BA synthesis (SI Appendix, Fig. S44). We conclude
that the BA reﬁulatory activities of FGF192FCFR FGF194HBS,
and FGF19**® are unimpaired with respect to their WT
counterpart.

FGF19%FS*R, FGF19*"85, and FGF19*"'® Are Indistinguishable from
FGF19"" in Exerting Glycemic Control. We next compared the
glucose-lowering activities of FGF19*FC™R FGF1918S and
FGF19“*™® in db/db mice treated daily with the corresg,c_)rnding
ligands for 1 mo; db/db mice treated with FGF19 and
FGF194¢ %! served as positive and negative controls, respec-
tively. All three variants were comparable to FGF19V" in
normalizing blood glucose levels, with no significant effect on
food intake or body weight (Fig. 3 H-J and SI Appendix, Fig.
S4 B and C). Additionally, blood glucose levels of db/db mice
chronically treated with any of the three variants remained
low throughout a glucose tolerance test (GTT) (Fig. 3 Kand L
and SI Appendix, Fig. S4 D and E). These data show that
despite their loss of mitogenic activity, FGF19 variants retain
their capacity to exert glycemic control. As expected, admin-
istration of FGF194<%! Jacked any ability to lower glucose
levels (SI Appendix, Fig. S4 B-E). Consistent with the results
obtained in chronically treated healthy CS7BL/6J mice, chronic
treatment of db/db mice with FGF19*¥B did not cause any
overt signs of proliferation in liver (Fig. 4). However, consistent
with our in vivo BrdU labeling results obtained from C57BL/6J
mouse livers, chronic administration of FGF194FCFR jnduced a
substantial increase in the number of hyperproliferating hepa-
tocytes, albeit to a lesser extent than FGF19WV" (SI Appendix,
Fig. S5).
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Fig. 2.

FGFR4 dimerization and downstream signaling activation induced by FGF19"T and its variants. (A) Schematic illustration of the PLA. (B) PLA analysis

of FGFR4 dimerization strength induced by FGF19"T and its variants at 0, 1.6, 16, and 160 nM. (Scale bar, 10 pm.) (C) Quantification of PLA (B) by counting the
number of positive dots per nucleus. (D) Immunoblots showing dose-dependent activation of PLCy and the MAPK pathway (ERK1/2) by FGF19%T, FGF19418S,
FGF194FSFR and FGF192K'® in the human hepatoma cell line HepG2. (E) Quantification of Western blot in D by densitometric analysis. Data from three in-
dependent measurements are presented as mean + SEM; ***P < 0.001 vs. FGF19". (F) In vitro proliferative activity determined by a MTT assay using HepG2
cells. Data from three independent measurements are presented as mean + SEM; ***P < 0.001 vs. FGF19"". (G) Representative images of BrdU immuno-
stained livers from C57BL/6J mice after 7 d of treatment with PBS, FGF19"", or FGF19 variants; (Scale bar, 100 pum.) (H) Semiquantitative analysis of BrdU-
positive hepatocytes was performed on three images of randomly selected areas from four different mice for each treatment group. Data are presented as
mean values + SEM (n = 12); a value of P < 0.05 was considered to be statistically significant.

We also compared the glucose-lowering activity of FGF194K!8
with that of M70 (NGM282), a nonmitogenic FGF19 variant
that is currently undergoing a phase II clinical trial for the
treatment of NASH (36). M70 has a five amino acid
(24PLAF828) truncation and a A30S/G31S/H33L triple substi-
tution in its N terminus (31). These modifications are thought
to abolish M70’s mitogenic activity by further skewing its
specificity toward FGFR4. However, our structural data suggest
that in addition to participating in FGFR binding specificity,
the N termini of endocrine FGFs are also directly involved in
FGFR dimerization (14). Indeed, analysis of M70 via PLA
showed that M70 has a dramatically diminished ability to pro-
mote FGFR4 dimerization (SI Appendix, Fig. S6 A and B).
These data imply that the nonmitogenic character of M70 is
also attributable to its reduced FGFR dimerization capacity. As
previously reported (31), we found that M70 possess BA reg-
ulatory activity comparable to that of FGF19"™ " when injected
intraperitoneally (i.p.) into C57BL/6J mlce (S1 Appendlx Flg
S6C). However, in contrast to FGF19%T and FGF194X-
jection ip. of M70 (at the same dosage as FGF19AKLB 21
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nmol/kg of body weight) did not reduce blood glucose or food
intake in db/db mice (SI Appendix, Fig. S6 D and E). Moreover,
in a GTT, M70 failed to exert any glycemic control (SI Ap-
pendix, Fig. S6 F and G). We surmise that the combination of
an N-terminal truncation and a triple substitution dispropor-
tionately affects M70’s ability to induce FGFR1c dimerization
relative to FGFR4 dimerization. Consequently, activation of
the adipose-tissue resident FGFR1c pathway is below the re-
quired “signaling threshold” for the glucose-lowering effect.

FGF19*'® has Reduced Ability to Up-Regulate Genes/Pathways
Involved in Hepatocarcinogenesis. Consistent with previous re-
ports (25, 28), we did not observe any increase in the expression
of known hepatocellular carcinoma biomarkers such as AFP,
EGFR, and CCNA2 following a 4-wk treatment of db/db mice
with FGF19%" or FGF194%™8 (ST Appendix, Fig. S7). To better
assess the mitogenic risk of FGF19W' and FGF19**B, we ex-
tended the duration of this treatment to 12 wk. Under these
conditions, FGF19™T did lead to an up-regulation of AFP,
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Fig. 3. FGF19°M5S and FGF19%X'® have FGF19"-like BA and glucose regulatory activities. C57BL/6) or db/db mice were injected with either FGF19"VT or its
variants (all at 21 nmol/kg of body weight), or with PBS as a control. (A) Real-time PCR analysis of Cyp7AT mRNA levels in C57BL/6J liver extracts 4 h after
injection. Data are presented as mean values + SEM (n = 4); a value of P < 0.05 was considered to be statistically significant. (B and C) Protein expression
(Upper) and quantification (Lower) of Cyp7A1 determined by Western blotting in extracts from livers of db/db mice after chronic administration for 1 mo.
Data are presented as mean values + SEM (n = 3); a value of P < 0.05 was considered to be statistically significant. (D-G) Tissue levels of CA (D), UDCA (E), DCA
(F), and CDCA (@) in livers of db/db mice treated for 1 mo. Data are presented as mean values + SEM (n = 6); a value of P < 0.05 was considered to be
statistically significant. (H-J) Blood glucose (H), body weight (/), and food intake (J) in ad libitum-fed db/db mice after chronic daily treatment with FGF19'VT,
FGF194MB% or FGF19°K'8, (K and L) A GTT done after chronic treatment of db/db mice (K) and the accompanying integrated AUC (L) for changes in blood

glucose. Data are presented as mean values + SEM (n = 6); a value of P < 0.05 was considered to be statistically significant.

CCNA2, and EGFR, whereas FGF19**'"" had no such effect
(Fig. 5 A-C). To corroborate these data, at the conclusion of the
12-wk treatment period, we excised the db/db mouse livers and
subjected extracts to RNA-seq analysis. Volcano plots of RNA-
seq data revealed a conspicuous difference in the number of dif-
ferentially up-regulated genes between mice receiving FGF19*K1B
and those receiving FGF19™" (Fig. 5 D-F). Specifically, compared
to a buffer-treated control, both FGF19%" (Fig. 5E) and
FGF19*K'B (Fig. 5F) inhibited expression of a comparable
number of genes, most notably those involved in BA synthesis
such as Cyp7A41, Cyp27A1, and Cyp8BI. In contrast, the number
of up-regulated genes—in particular those involved in cancer-
related pathways—was significantly less in the FGF194K'BE.
treated group relative to the FGF19% -treated group (Fig. 5 E
and F). This differential gene expression pattern was confirmed by
gene ontology (GO) pathway analysis (Fig. 5G). Notably,
FGF19™T caused up-regulation of multiple genes belonging to
EGFR/TGFoa and Wnt/Axin2/TCF7 signaling pathways that are
involved in hepatocarcinogenesis (Fig. 5H) and transcriptional
misregulation in cancer (Fig. 5), whereas FGF19**"® did not. In
contrast, principal BA biosynthesis genes were down-regulated to
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a similar extent after treatment with either FGF19%7T or

FGF19*K"B (Fig. 5J). Differential expression of genes identified
via RNA-seq was confirmed by RT-PCR analyses (Fig. 5 K-M).
Finally, to functionally validate the RNA-seq and RT-PCR data,
we measured the levels of phosphorylated EGFR (pEGFR), total
EGFR, and total p-Catenin—a key downstream effector of Wnt
signaling pathway—in livers of db/db mice after 12 wk of treat-
ment with FGF19%" or FGF194X!, Relative to a buffer-treated
control group, we observed increased levels of pPEGFR, EGFR,
and p-Catenin in the livers of FGF19%T-treated mice, but not in
FGF19%*B_treated mice (Fig. 5N). These data corroborate the
RNA-seq data and collectively show that FGF19™" enhances
EGFR and Wnt signaling pathways, whereas FGF194XLB
does not.

The interleukin-6 (IL-6)/signal transducer and activator of
transcription 3 (STAT3) signaling pathway has been shown to
mediate FGF19-driven hepatocarcinogenesis (27). Accordingly,
we measured IL-6 expression and STAT3 activation in liver tis-
sues of db/db mice following administration of FGF19™" and
FGF19%%"B, Indeed, hepatic mRNA levels of IL-6 in FGF19%W™-
treated db/db mice were significantly up-regulated, as reflected in
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Fig. 4. Long-term treatment of db/db mice with FGF19*'® does not promote hepatic cell proliferation. Ad libitum-fed db/db mice were i.p. administrated
with FGF19VT, FGF19218S, FGF192X'E (all at 21 nmol/kg of body weight), or a buffer (PBS) control daily for 1 mo. (A-C) Protein expression of PCNA and Ki67 in
liver tissues as determined by Western blotting (A) and data quantitated using ImageJ software (B and C). Data are presented as mean values + SEM (n = 6); a
value of P < 0.05 was considered to be statistically significant. (D) Representative immunohistochemical staining of PCNA and Ki67 in the livers of db/db mice.
(Scale bars, 100 pm.) (E and F) Semiquantitation of PCNA and Ki67-positive hepatocytes was performed on 2-3 images of randomly selected areas from six
different mice for each treatment group. Data are presented as mean values + SEM (n = 15); a value of P < 0.05 was considered to be statistically significant.

an increase in STAT3 activation (Fig. 5 O and P). In contrast,
FGF194%B failed to enhance IL-6 expression and STAT3 acti-
vation (Fig. 5 O and P), implying that the inability of FGF19*¥B
to activate the IL-6/STATS3 signaling pathway may account for its
noncarcinogenic property. Importantly, the BA synthesis inhibi-
tory, glucose lowering, and insulin sensitizing activities of
FGF194%™® persisted throughout the 12-wk treatment period (SI
Appendix, Fig. S8). We conclude that FGF19*¥™® carries little
risk of hepatic proliferation and, hence, holds significant po-
tential as a safer and more efficacious molecule compared to its
parent (FGF19™") for use in the treatment of cholestatic liver
disease and T2D.

Discussion

In this study, we harnessed our insights into the mechanism of
the FGF19-FGFR-KLB-HS quaternary complex to engineer
three FGF19 mutants that have diminished FGFR dimerization
abilities and, hence, a reduced propensity to cause unwanted
carcinogenesis (Figs. 1 and 2). We found that the three mutant
FGF19 proteins we produced lay on a declining gradient in
their ability to induce hepatocellular proliferation while
retaining the full metabolic effects of the parent molecule (Figs.
2-5). These data validate our working model that the pleio-
tropic effects of FGFs can be dissected by tuning FGFR di-
merization strength (33).

Besides M70 (NGM282), there is a significant list of non-
mitogenic FGF19 variants in the literature (26, 29, 30). However,
the molecular basis of the nonmitogenic properties of these
variants has not been defined. Notably, Li and coworkers engi-
neered another nonmitogenic FGF19 chimera by replacing the
N-terminal **WGDPI** motif and HS binding regions in
FGF19™T with the corresponding residues of FGF21 (26, 29).
These modifications were introduced to restrict the specificity of
the chimera to FGFRIlc, thereby eliminating the chimera’s
ability to engage and activate liver resident FGFR4 and, hence,
its hepatocarcinogenic activity but retaining glucose lowering
effects via adipose tissue resident FGFR1c (26, 29). It is also
highly plausible that just as with M70, these modifications within
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the N terminus and HS binding regions of the chimera diminish
its receptor dimerization potential and that this is the underlying
cause for the nonmitogenic character of this chimera.

Preclinical and clinical studies have consistently validated ro-
bust effects of nonmitogenic FGF19 and FGF21 molecules for
the alleviation of dyslipidemia and NAFLD in mice, monkeys,
and humans. However, the antidiabetic effects of FGF19 and
FGF21 variants seen in mice have not been extended to humans
(30, 36-38). The reason for this is unclear, but it may be related
to species differences in the molecular pathways or target organs
that regulate lipid and glucose metabolism.

A number of other studies have reported ligands engineered
so as to modulate receptor-ligand complex stability or geometry
with a view to exerting control over the extent of receptor di-
merization regulating the strength of downstream signals
(39-42). Notably, Ho et al. recently described a mechanism-
based stem cell factor (SCF) partial agonist that impaired c-Kit
receptor dimerization, thus truncating downstream signaling
amplitude (39). This SCF partial agonist retained therapeutic
efficacy while exhibiting no anaphylactic off-target effects. The
engineered mutations reduced the c-Kit binding affinity of this
SCF variant below the threshold necessary for the activation of
mast cells that give rise to an allergic and/or anaphylactic re-
sponse. However, the remaining c-Kit binding affinity of these
variants still enabled it to activate hematopoietic progenitors
and, hence, to exert radioprotective effects (39).

Taken together, the experiments described here reinforce the
emerging concept put forth by us and others that proteins with
pleiotropic functions can be modified to retain one or more in-
dividual and desirable functions while eliminating those that are
adverse. In the case of FGFs, this involves changing their binding
affinity with their cognate-binding partners (i.e., receptor and
coreceptor). Such relatively straightforward manipulations pro-
vide an unprecedented opportunity to engineer a repertoire of
biologics with unique properties for use in both basic and
translational research.

Niu et al.
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Fig. 5. Heterogeneous signals in the dissected functions of FGF194X'8, Ad libitum-fed db/db mice were i.p. administered with FGF19"/" or FGF19*'® (both at
21 nmol/kg of body weight) daily for 12 wk; mice treated with PBS buffer served as controls. (A-C) Real-time PCR analysis of hepatic expression levels of AFP
(A), CCNA2 (B), and EGFR (C). Data are presented as mean values + SEM (n = 6); a value of P < 0.05 was considered to be statistically significant. (D-J)
Transcriptome analyses of liver tissues. (D) Numbers of differentially expressed genes (red column: numbers of up-regulated genes; green column: numbers of
down-regulated genes). (E and F) Volcano plot of genes in livers of FGF19"T (E) or FGF19%X'8 (F) treated animals (red: genes up-regulated >twofold; green:
genes down-regulated >twofold [P < 0.05]; blue: unchanged genes); (G) GO pathway analysis of the differentially expressed genes between vehicle, FGF19""T,
and FGF194K*8 obtained by edgeR analysis. (H-J) FPKM of selected gene expression in cancer-related pathways (H and /) and in primary BA biosynthesis (J).
Data are presented as mean values + SEM (n = 3); P values were obtained by edgeR analysis, and a value of P < 0.05 was considered to be statistically
significant. (K-M) Real-time PCR analysis of gene expression levels in pathways involved in hepatocellular carcinoma (K), transcriptional misregulation in
cancer (L) and primary BA biosynthesis (M). Data are presented as mean values + SEM (n = 6). A value of P < 0.05 was considered to be statistically significant.
(N) Representative Western blot analysis (Upper) and densitometric quantification (Lower) of phosphorylated EGFR (pEGFR), total EGFR, and p-Catenin ex-
pression in liver tissues from db/db mice. Data are presented as mean values + SEM (n = 6); a value of P < 0.05 was considered to be statistically significant.
(O and P) db/db mice received a single i.p. injection of 42 nmol/kg FGF19"T or FGF192K'B; mice treated with PBS buffer served as controls. (O) Real-time PCR
analysis of hepatic expression levels of IL-6. (P) Representative Western blot analysis of pSTAT3/STAT3 expression in livers (Upper) and their densitometric
quantification (Lower). Data are presented as mean values + SEM (n = 5); a value of P < 0.05 was considered to be statistically significant.

Materials and Methods

Expression and Purification of Recombinant FGF19"", FGF19 Variants, and
FGFRs. A DNA fragment encoding the mature form of the WT human
FGF19 gene (Arg23-Lys216, termed FGF19"T) was subcloned into the bac-
terial expression vector pET28a. A Fast Mutagenesis System Kit (TRANS) was
used to introduce single mutations (Y115A, K149A, or D198A) into the
FGF19"VT expression vector, resulting in FGF194F¢"R, FGF194"8% and FGF194K'8,
A C-terminally truncated FGF19 (FGF19°" Arg23-Pro191) construct, which
lacked 25 amino acids (8Klotho binding region) at the C terminus of FGF19WT,
was generated by PCR. Complementary DNA (cDNA) fragments encoding
the ligand binding regions (D2-D3 domains) of human FGFR1c (residues
142-365) and human FGFR4 (residues 144-355) were subcloned into pET-
28a. Constructs were transformed into Escherichia coli BL21 (DE3). Protein
expression was induced with 1 mM isopropyl #-p-1-thiogalactopyranoside at
37 °C for 4 h and the cells were collected by centrifugation. FGF19"VT, FGF19
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variants, and ligand-binding regions of FGFR1c and FGFR4 were refolded
in vitro from isolated bacterial inclusion bodies using published protocols
(11, 43). Briefly, refolded FGF19"T and its variants containing an N-terminal
histidine tag were purified by nickel affinity column (HisTrap HP) and size
exclusion chromatography (HiLoad 16/600 Superdex 75 column) with an
AKTA purifier (GE Healthcare). Refolded FGFR1c and FGFR4 were purified
using a heparin affinity column, followed by size exclusion chromatography
(HiLoad 16/600 Superdex 75). Protein concentrations were determined
by Nanodrop.

SPR Spectroscopy. SPR experiments were performed on a BIAcore T200 system
(GE Healthcare) in HBS-EP buffer (10 mM Hepes-NaOH, pH 7.4, 150 mM Nadcl,
3 mM EDTA, 0.005% Surfactant P20). FGFR and pklotho chips were prepared
by immobilizing ligand-binding regions of FGFR1c, FGFR4, or recombinant
human gklotho (R&D Systems) onto CM5 biosensor chips using an amine
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coupling kit (GE Healthcare) as previously described (43). Briefly, purified
FGFR1c, FGFR4, or Bklotho samples were passed over the activated chip in Na
acetate buffer, pH 5.5 and immobilized to 200-480 response units (RU). Chip
surfaces were blocked using 1 M ethanolamine-HCl, pH 8.5. Heparin chips
were prepared by immobilizing biotinylated heparin (Sigma-Aldrich) on
flow channels of a research grade streptavidin chip (GE Healthcare). The
control flow channel was left blank.

After chip preparation, increasing concentrations of FGF1 or its vari-
ants in HBS-EP buffer were injected over the chip at 50 pl/min for 180 s.
After each injection, HBS-EP buffer was passed over the chip for 180 s to
monitor dissociation. Sensor chip surfaces were regenerated with 1.5 M NaCl
in 10 mM Hepes-NaOH, pH 7.5 or 2.0 M NaCl in 10 mM sodium acetate, pH
4.5. For each injection, nonspecific responses from the control flow channel
were subtracted from responses recorded for the FGF19 mutant flow
channel. Data were processed with BIAEvaluation software, and equilib-
rium dissociation constants (Ky) were calculated from fitted saturation
binding curves.

9WT

PLA. HepG2 cells cultured in 12-well plates (1.5 x 10° per well) were starved in
Dulbecco’s Modified Eagle Medium (DMEM) without fetal bovine serum
(FBS) for 8 h and stimulated with 1.6, 16, or 160 nM FGF19" or its variants
for 15 min. After treatment, samples were rinsed three times with PBS and
fixed with precooled 4% paraformaldehyde for 30 min. Samples were de-
posited on glass slides, blocked with 5% BSA for 1 h in a 37 °C incubator and
incubated with a mixture of anti-FGFR4 primary antibody (Abcam, ab41948
and Santa Cruz Biotechnology, sc-136988) in a humidity chamber at 4 °C
overnight. PLA reactions were completed according to the manufacturer’s
instructions (DUO92101, Sigma). Briefly, slides were incubated with diluted
PLUS and MINUS PLA probes in a preheated humidity chamber for 1 h at
37 °C, ligase was added to ligate the two probes for 30 min, and the slides
were incubated with amplification solution for 100 min. Finally, slides were
mounted with a coverslip using Duolink PLA Mounting Medium containing
DAPI for 15 min and viewed in a confocal microscope. The resulting data
were analyzed to determine the total number of PLA signals per cell.

Comparison of In Vitro Signaling Capacity of FGF19"" and Its Variants. For
analysis of in vitro signaling induced by FGF19™T and its variants, HepG2 or
H4IIE cells were cultured in six-well plates, starved in DMEM without FBS
overnight, and stimulated with different doses (1.6, 16, or 160 nM) of
FGF19"T or its variants for 15 min. The cells were snap-frozen in liquid ni-
trogen, lysed in a buffer containing phosphatase and protease inhibitors,
and processed for Western blot analysis using antibodies against phos-
phorylated PLCy, total PLGy, phospho-44/42 mitogen-activated protein ki-
nase (ERK1/2), and total ERK1/2.

HTRF. HTRF assays were performed as reported previously (44). Briefly, H4IIE
cells cultured in 96-well tissue culture plates were starved in DMEM without
FBS overnight and stimulated with different concentrations of FGF19"VT or
its variants for 15 min. Cell culture media were removed and the cells in-
cubated in 50 pL of lysis buffer for at least 30 min at room temperature with
shaking. Following homogenization by pipetting up and down, 16 pL of
each cell lysate was transferred to a 384-well small volume assay plate. Four
microliters of premixed antibody solutions contained in detection buffer was
added to each well, the plate sealed with a plate sealer and incubated for
4 h at room temperature with shaking. A plate reader (TECAN Spark 10M)
was set up for Eu3+ Cryptate and fluorescence emission read at two dif-
ferent wavelengths (665 nm and 620 nm). Curves were constructed by
plotting the HTRF ratio versus log [protein] concentrations. The fluorescence
signal intensity is directly proportional to the phospho-ERK1/2 (Thr202/
Tyr204) content of the sample.

MTT Assays. For in vitro mitogenicity assays, HepG2 or H4IIE cells (5 x 10° per
well) were cultured in 96-well plates in a 5% CO, incubator at 37 °C. Cells
were starved for 12 h in DMEM without FBS, stimulated with 0, 4, 40, and
400 nM FGF19"WT or its variants for 48 h, and treated with MTT (5.0 mg/mL)
for 4 h. Culture medium was carefully aspirated, and 150 uL of DMSO was
added to each well to fully dissolve MTT. Viable cells were quantitated by
measuring the Azgo uUsing a microplate reader. To identify potential FGFRs
isoforms mediating mitogenic activity of FGF19"", HepG2 cell were pre-
treated with AZD4547 (40 nM, Selleckchem, $2801) before stimulation with
FGF19 or its variants; the MTT assay was then performed using the protocol
described above.
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Animals and Animal Welfare. Male db/db (C57BLKS/J-lepr®/lepr®®) mice and
male C57BL/6J mice were purchased from the Model Animal Research Center
of Nanjing University. All animals were acclimatized to our laboratory en-
vironment before use and housed in a specific pathogen-free animal facility
in a controlled environment (22 + 2 °C, 50-60% humidity, 12-h light/dark
cycle) and given free access to food and water. All protocols used in our
studies were approved by the Animal Care and Use Committee of Wenzhou
Medical University, China.

In Vivo Hepatocyte BrdU Labeling. Six- to eight-week-old male C57BL/6J mice
were randomized and injected i.p. with 25 mg/kg 5-bromo-2-deoxyuridine
(BrdU, Sigma) twice daily for six consecutive days. During this period, mice
were treated with either PBS alone or with 21 nmol/kg FGF19VT or its var-
iants. Liver tissues were collected and fixed in 4% paraformaldehyde prior to
paraffin embedding, sectioning, and evaluation by light microscopy. Sec-
tions of all collected tissues were stained to visualize BrdU incorporation as a
marker of proliferation activity as previous described (26).

Measurement of BA Regulatory Activity of FGF19 and Its Variants in Mice. To
evaluate the acute effects of FGF19"T and its variants on BA, 8-wk-old male
C57BL/6J mice received a single i.p. injection of PBS, FGF19"VT, or its variants
at a dose of 21 nmol/kg. Four hours after administration, Cyp7A1 mRNA
levels in liver tissues were determined via a qRT-PCR. To analyze chronic
effects of FGF19"" and its variants on BA biosynthesis, liver tissues were
collected from db/db mice treated for 1 mo with either PBS, FGF19"",
FGF194HBS or FGF19%K® (21 nmol/kg) (n = 6). Hepatic Cyp7A1 expression
levels were determined by Western blot analysis using an anti-Cyp7A1 an-
tibody. Hepatic bile acid concentrations, including cholic acid (CA), urso-
deoxycholic acid (UDCA), deoxycholic acid (DCA), and chenodeoxycholic acid
(CDCA), were determined by mass spectrometry as described previously (45).

Glucose Regulatory Activity of FGF19 and Its Variants in db/db Mice.
Twelve-week-old db/db mice were randomized and injected i.p. with PBS,
FGF19"T, or its variants (21 nmol/kg body weight daily). Glucose levels were
measured on alternate days using a glucose meter (Roche Diagnostics).
Db/db mice treated with PBS served controls. Body weight and food intake
were monitored during chronic administration experiments. After treatment
for 4-12 wk, a GTT was performed. Briefly, after overnight fasting, db/db
mice were challenged with a glucose solution (2.0 g/kg body weight), blood
samples were collected at 0, 15, 30, 60, 120, and 180 min, and blood glucose
levels were determined as described above. The area under the curve (AUC)
was calculated by the trapezoid rule for the glucose tolerance curve using
GraphPad Prism 7 software (GraphPad Software).

In Vivo Activation of IL-6/STAT3 Signaling Pathway. Twelve-week-old db/db
mice were injected i.p. with 42 nmol/kg FGF19"" or FGF19*'. Two hours
later, liver tissues were excised and hepatic IL-6 mRNA levels were deter-
mined via a qRT-PCR. To analyze the effects of FGF19"" and FGF19%K'8 on
STAT3 activation, phosphorylated STAT3 (pSTAT3) and total STAT3 expres-
sion levels in the liver tissues were determined by Western blot analysis using
anti-pSTAT3 and anti-STAT3 antibodies.

RNA Extraction, cDNA Synthesis, and gRT-PCR. Total RNA samples were
extracted from liver tissues with TRIzol reagent (Thermo Fisher Scientific) and
purified using an RNAeasy Mini Kit (Qiagen). Total RNA was reverse-
transcribed into ¢cDNA with the One-Step gDNA Removal Kit (TransGen
Biotech). qRT-PCRs were done using the ChamQ Universal SYBR qPCR
Master Mix (Vazyme) with specific primers (listed in S/ Appendix, Table S1)
using a Step One Plus Real-Time PCR system (Applied Biosystems Quant
Studio 3). Expression levels of the p-actin gene were used as endogenous
controls to normalize for differences in the amount of total RNA added to
each reaction.

Western Blot Analysis. HepG2 cells, H4IIE cells, or liver tissues were homog-
enized in RIPA lysis buffer (25 mM Tris, pH 7.6, 150 mM NacCl, 1% Nonidet P-
40, 1% sodium deoxycholate, 0.1% SDS) supplemented with protease and
phosphatase inhibitors (all from Thermo Fisher Scientific). Protein concen-
trations were determined using a BCA Kit (Protein Assay Kit, Beyotime
Biotechnology). Equal quantities of soluble protein (40 pg) were separated
using 8-12% SDS/PAGE and electro-transferred onto a nitrocellulose mem-
brane. Blots were probed with antibodies against phosphorylated PLCy (Cell
Signaling Technology, 14008), total PLGy (Cell Signaling Technology, 5690),
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phospho-44/42 mitogen-activated protein kinase (ERK1/2) (Cell Signaling
Technology, 4370S), total ERK1/2 (Cell Signaling Technology, 4695S), PCNA
(Santa Cruz Biotechnology, sc25280), Ki67 (Abcam, ab15580), Cyp7A1
(Abcam, ab65596), phosphorylated EGFR (Cell Signaling Technology, 2231),
total EGFR (Cell Signaling Technology, 9561), and p-Catenin (Cell Signaling
Technology, 8480). Immunereactive bands were detected by incubation with
secondary antibody (Santa Cruz Biotechnology) conjugated with horseradish
peroxidase and visualized using enhanced chemiluminescence (ECL) re-
agents (Bio-Rad). Densitometric analyses of immunoblots were done using
ImagelJ software (version 1.38e, NIH).

Immunohistochemical Analyses. After deparaffinization and rehydration,
paraffin sections (5.0 mm) were subjected to immunohistochemical staining
with primary antibodies against BrdU (Abcam, ab8152), PCNA (Santa Cruz
Biotechnology, sc-25280), or Ki67 (Abcam, ab15580) overnight at 4 °C. After
washing, sections were incubated with horseradish peroxidase conjugated
secondary antibody against mouse or rabbit and developed using a 3,3-
diaminobenzidine developing system (Vector Laboratories), counterstained
with hematoxylin, and observed under light microscopy.

RNA-seq Analysis. RNA-seq analysis was performed as previous described (46).
Three independent RNA samples per treatment group were subjected to
RNA-seq. Briefly, liver tissues of db/db mice treated with PBS, FGF19"V", or
FGF194KE for 12 wk were collected. Total RNA was extracted using the
TRIzol reagent (Invitrogen) and analyzed using a Bio-analyzer 2100 and an
RNA 6000 Nano Lab Chip Kit (Agilent) with application of an RNA integrity
number >7.0. Cleaved RNA fragments were reverse-transcribed to create a
cDNA library in accordance with the protocol for the mRNA Seq sample
preparation kit (Illumina), with a resulting average insert size for paired-end
libraries of 200 bp (+50 bp). Samples were subjected to paired-end se-
quencing on an Illumina HiSeq 4000 (LC Sciences) following the vendor’s
recommended protocol.
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