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Metabolic flexibility is the capacity of cells to alter fuel
metabolism in response to changes in metabolic demand or
nutrient availability. It is critical for maintaining cellular bio-
energetics and is involved in the pathogenesis of cardiovascular
disease and metabolic disorders. However, the regulation and
function of metabolic flexibility in lymphatic endothelial cells
(LECs) remain unclear. We have previously shown that
glycolysis is the predominant metabolic pathway to generate
ATP in LECs and that fibroblast growth factor receptor (FGFR)
signaling controls lymphatic vessel formation by promoting
glycolysis. Here, we found that chemical inhibition of FGFR
activity or knockdown of FGFR1 induces substantial upregu-
lation of fatty acid β-oxidation (FAO) while reducing glycolysis
and cellular ATP generation in LECs. Interestingly, such
compensatory elevation was not observed in glucose oxidation
and glutamine oxidation. Mechanistic studies show that FGFR
blockade promotes the expression of carnitine palmitoyl-
transferase 1A (CPT1A), a rate-limiting enzyme of FAO; this is
achieved by dampened extracellular signal–regulated protein
kinase activation, which in turn upregulates the expression of
the peroxisome proliferator–activated receptor alpha. Meta-
bolic analysis further demonstrates that CPT1A depletion de-
creases total cellular ATP levels in FGFR1-deficient rather than
wildtype LECs. This result suggests that FAO, which makes a
negligible contribution to cellular energy under normal con-
ditions, can partially compensate for energy deficiency caused
by FGFR inhibition. Consequently, CPT1A silencing potenti-
ates the effect of FGFR1 knockdown on impeding LEC prolif-
eration and migration. Collectively, our study identified a key
role of metabolic flexibility in modulating the effect of FGFR
signaling on LEC growth.

To maintain energy homeostasis, cells need to switch sub-
strates for energy generation according to changes in meta-
bolic demand or nutrient availability (1). This phenomenon,
termed metabolic flexibility, was initially found in skeletal
muscle, which can efficiently alter fuel preference in response
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to fasting and insulin infusions (2). In addition to skeletal
muscle, metabolic flexibility also occurs in a few other tissues
(e.g., adipose tissue) and cell types (e.g., pancreatic β-cells,
cardiomyocytes) to help ensure proper cellular and physio-
logical functions (3, 4). Notably, the impairment of metabolic
flexibility is strongly associated with obesity, type 2 diabetes
mellitus, and heart failure and impacts the pathophysiological
processes underlying these diseases (1, 3, 5, 6).

Lymphatic endothelial cells (LECs) are building blocks of
lymphatic vessels, which maintain tissue fluid homeostasis and
act as essential conduits for trafficking of immune cells and
tumor cells (7, 8). Excessive lymphangiogenesis (i.e., lymphatic
vessel formation) is involved in inflammatory disease and tu-
mor metastasis, while insufficient lymphatic vessel growth may
cause lymphedema, a medical condition that is characterized
by swelling because of abnormal accumulation of interstitial
fluid in tissues (9–11). Because of its importance, lym-
phangiogenesis has been extensively studied in order to
identify novel strategies for treating diseases that are associated
with lymphatic abnormalities.

Lymphangiogenesis, which involves active LEC proliferation
and migration, is driven by growth factor signaling (12).
Vascular endothelial growth factor C has been shown by
numerous studies to play an indispensable role in this process
through vascular endothelial growth factor receptors (13). In
contrast, the role of fibroblast growth factor (FGF) signaling in
lymphatic vessel formation is much less understood. The FGF
family of growth factors is composed of 22 members, with
FGF2 as a robust mitogen to stimulate lymphangiogenesis
both in vitro and in vivo (14, 15). The effects of FGFs are
mediated by four types of FGF receptors (FGFRs; FGFR1–
FGFR4) (16). FGFR1 is the predominant FGFR in LECs, and
knockdown of FGFR1 is sufficient to impair LEC proliferation,
migration, and tube formation induced by FGF2 in vitro (15).
However, during lymphatic vessel formation in vivo, the effect
caused by loss of FGFR1 can be compensated by FGFR3, which
is upregulated in LECs during lymphatic differentiation and is
also required for lymphangiogenesis (17–19). As such, we
found that while genetic deletion of Fgfr1 in LECs has no
impact, double knockout of both Fgfr1 and Fgfr3 leads to
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Role of metabolic flexibility in lymphatic endothelial cells
profound defects of lymphatic vascular development in mice
(20). Collectively, these results demonstrate an important but
complex role of FGFR signaling in lymphangiogenesis.

Recent advances have identified endothelial cell (EC)
metabolism as a key process regulating lymphatic vessel for-
mation (21–25). We and others found that glycolysis provides
more than 70% of ATP in LECs (20, 26). Our studies further
show that the effect of FGFR signaling on lymphangiogenesis is
mediated by glycolysis (20). Knockdown of FGFR1—the most
abundant member of the FGFR family—in LECs selectively
reduces the expression of the glycolytic enzyme hexokinase 2
(HK2), and consequently suppresses glycolysis and ATP pro-
duction, which are required for active angiogenic behavior of
LECs (20). Functionally, lymphatic-specific deletion of Hk2 in
mice impairs lymphatic vascular development and abolishes
the ability of FGF2 to promote lymphangiogenesis (20). In
addition to glycolysis, fatty acid β-oxidation (FAO) also has
been shown to play a critical role in lymphatic vessel formation
(27). Carnitine palmitoyltransferase 1 (CPT1) is a group of
rate-limiting enzymes of FAO, with CPT1A as the most
abundant isoform in LECs (27). CPT1A depletion does not
reduce ATP levels in ECs, suggesting that FAO makes a
negligible contribution to endothelial energy production under
normal conditions (28). Interestingly, CPT1A knockdown
impairs endothelial proliferation by reducing the generation of
acetyl-CoA, which can contribute to nucleotide synthesis for
DNA replication (28). Recent studies further demonstrate that
glutamine metabolism is crucial for EC proliferation and
angiogenesis by maintaining tricarboxylic acid cycle anaple-
rosis, asparagine synthesis, and redox balance (29, 30). Despite
the importance of glucose, glutamine, and fatty acids, how
metabolism of these different substrates is coordinated to
support LEC growth is unknown.

In our current study, we sought to determine the impact of
FGFR signaling on utilization of glucose, glutamine, and fatty
acids in LECs. During this process, we unexpectedly discov-
ered a balance between glycolysis and FAO, which plays an
important role in regulating FGFR-mediated energy genera-
tion and angiogenic behavior of cultured LECs.
Results

FGFR inhibition upregulates FAO while reducing glycolysis in
LECs

To assess the potential impact of FGFR signaling on glucose
oxidation, glutamine oxidation, and FAO, we treated prolif-
erating human dermal LECs (HDLECs) with ASP5878, a highly
specific FGFR inhibitor (31, 32), for 2 days. HDLECs were
cultured in EC growth medium and kept at subconfluency
throughout the experiments to maintain them in a prolifera-
tive state. At the end of ASP5878 treatment, we incorporated
5-3H-glucose, 6-14C-glucose, 14C(U)-glutamine, 9,10-3H-pal-
mitic acid, or 1-14C-oleic acid into the culture medium and
calculated flux of glycolysis, glucose oxidation, glutamine
oxidation, and FAO through the measurement of 3H2O or
14CO2 generation. Consistent with our previous report (20),
ASP5878 treatment drastically reduced glycolytic flux
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(Fig. 1A). FGFR inhibition also impaired glucose oxidation but
did not affect glutamine oxidation (Fig. 1, B and C). In
contrast, FAO in HDLECs was significantly enhanced after
ASP5878 treatment (Fig. 1, D and E). To further confirm these
observations that were generated with the FGFR chemical
inhibitor, we transfected HDLECs with nontargeting or
FGFR1-specific siRNA. Three days following siRNA trans-
fection, we trypsinized control or FGFR1 siRNA-transfected
HDLECs and replated them into new culture dishes to
obtain subconfluent cells for analyses the next day. Western
blotting showed that FGFR1 proteins were effectively depleted
by siRNA treatment (Fig. 1, F and G). We further used 5-3H-
glucose, 9,10-3H-palmitic acid, and 1-14C-oleic acid to
examine the effect of FGFR1 knockdown on flux of glycolysis
and FAO. Our data showed that FGFR1 siRNA treatment
significantly upregulated FAO while reducing glycolysis (Fig. 1,
H–J). Together, our findings suggest the existence of a balance
between glycolysis and FAO in LECs and reveal the impor-
tance of FGFR signaling in maintaining this balance.

FGFR blockade increases CPT1A expression for promoting
FAO in LECs

Next, we sought to elucidate the molecular mechanism by
which FGFR signaling inhibition enhanced FAO. Because
CPT1A promotes FAO as a rate-limiting step in LECs and
plays a critical role in lymphatic vessel formation (27), we
examined whether FGFR activity regulates CPT1A expression.
Treatment of HDLECs with ASP5878 for 2 days increased
CPT1A protein levels while reducing the expression of HK2
(Fig. 2, A–C), which is consistent with our previous report (20).
FGFR1 knockdown also led to reduction of HK2 and upre-
gulation of CPT1A expression, albeit to a lesser extent than
with the FGFR inhibitor (Fig. 2, D–G). We further confirmed
these observations with a second siRNA, which targets a
different region in FGFR1 mRNA (Fig. S1, A–C). We then
assessed whether CPT1A elevation was required for the effect
of FGFR inhibition on FAO. Our data showed that depletion of
CPT1A expression by siRNAs prevented ASP5878 or FGFR1
siRNA treatment from increasing FAO flux in HDLECs (Fig. 2,
H–J). Collectively, our findings suggest that FGFR signaling
regulates FAO by controlling CPT1A expression.

FAO inhibition enhances the effect of FGFR1 knockdown on
suppressing energy generation, proliferation, and migration
of LECs

We next explored the functional significance of FGFR
inhibition–induced FAO upregulation for LECs. Previous
studies show that FAO inhibition does not cause energy stress
in ECs (27, 28). Consistently, we also found that CPT1A
knockdown in HDLECs did not affect total ATP levels
(Fig. 3A). However, CPT1A deficiency significantly potentiated
the effect of FGFR1 siRNA on suppressing ATP production
(Fig. 3A). We then examined the impact of FAO inhibition on
LEC proliferation and migration, which are critically involved
in lymphatic vessel formation. Our data demonstrated that
although knockdown of CPT1A or FGFR1 alone reduced LEC



Figure 1. FGFR inhibition upregulates FAO while suppressing glycolysis in HDLECs. A–E, HDLECs were treated with vehicle or the FGFR inhibitor
ASP5878 for 2 days and then analyzed for glycolytic flux with 5-3H-glucose, glucose oxidation flux with 6-14C-glucose, glutamine oxidation flux with 14C(U)-
glutamine, and FAO flux with 9,10-3H-palmitic acid and 1-14C-oleic acid (representative of two independent experiments). n = 6 biological replicates for (A),
n = 4 biological replicates for (B), n = 4 biological replicates for (C), n = 6 biological replicates for (D), and n = 3 to 4 biological replicates for (E). F and G,
Western blot analysis (F) and densitometric quantification (n = 3 independent experiments) (G) of FGFR1 proteins in HDLECs transfected with nontargeting
(control) or FGFR1 siRNA. α-Tubulin served as a loading control. H–J, HDLECs transfected with nontargeting (control) or FGFR1 siRNA were analyzed for
glycolytic flux with 5-3H-glucose and for FAO flux with 9,10-3H-palmitic acid and 1-14C-oleic acid (representative of two independent experiments). n = 6
biological replicates for (H), n = 6 biological replicates for (I), and n = 4 biological replicates for (J). Data represent mean ± SD; p values were calculated by
unpaired t test. FAO, fatty acid β-oxidation; FGFR, fibroblast growth factor receptor; HDLEC, human dermal lymphatic endothelial cell.
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proliferation, their combined depletion resulted in more dra-
matic impairment (Fig. 3B). We further used an in vitro
scratch assay to determine the role of FAO in LEC migration.
We found that CPT1A knockdown did not affect migration in
wildtype LECs (Fig. 3, C and D), which was consistent with a
previous report (28). However, CPT1A depletion aggravated
LEC migration defects caused by FGFR1 knockdown (Fig. 3, C
and D).

Suppression of glycolysis per se does not lead to upregulation
of CPT1A expression in LECs

To test whether CPT1A upregulation was secondary to an
impairment of glycolysis caused by FGFR inhibition, we
treated HDLECs with 2-deoxy-D-glucose (2DG), a potent in-
hibitor of glycolysis. Our data showed that 2DG failed to in-
crease CPT1A levels (Fig. S2, A and B). These data suggest that
FGFR signaling controls CPT1A expression independent of
glycolysis.

FGFR1 depletion upregulates CPT1A expression in LECs
through extracellular signal–regulated protein kinase
signaling

One major pathway downstream of FGFR activation is
RAF–MEK–extracellular signal–regulated protein kinase
(ERK) signaling (33). Previous studies have shown that this
pathway plays key roles in FGF-dependent control of
angiogenesis and LEC differentiation (34, 35). Therefore, we
sought to determine whether ERK signaling is involved in
FGFR inhibition–induced CPT1A upregulation in LECs. We
first examined ERK phosphorylation (Thr202/Tyr204) in
HDLECs transfected with control or FGFR1 siRNA. We found
that FGFR1 knockdown reduced levels of phosphorylated ERK
while elevating CPT1A expression (Fig. 4A and Fig. S3A).
Next, to investigate whether FGFR1 deficiency–caused CPT1A
increase was due to impaired ERK signaling, we took advan-
tage of RAF1S259A, an RAF1 gain-of-function mutation that
can activate ERK in ECs (36, 37). Consistent with the previous
studies, transduction of HDLECs with a lentiviral vector
expressing RAF1S259A increased ERK phosphorylation
(Fig. 4B). Importantly, we found that CPT1A levels were
reduced concurrently with ERK activation in these cells
(Fig. 4B). Moreover, RAF1S259A expression was sufficient to
normalize CPT1A expression in FGFR1 siRNA-transfected
HDLECs (Fig. 4C). We also treated HDLECs with 20 μM of
U0126, a highly specific MEK inhibitor, for 2 days. We found
that inhibition of ERK activation led to CPT1A upregulation,
similar to the effect of FGFR1 knockdown (Fig. 4, D and E).
Collectively, these data suggest that FGFR-dependent regula-
tion of CPT1A is mediated by ERK signaling.

To understand how FGFR–ERK signaling controls CPT1A
expression, we performed quantitative PCR (qPCR) to examine
CPT1A mRNA levels. Our data showed that FGFR inhibition
by knocking down FGFR1 significantly increased CPT1A
J. Biol. Chem. (2021) 297(4) 101149 3



Figure 2. FGFR blockade increases CPT1A expression for promoting FAO in HDLECs. A, Western blot analysis of HK2 and GAPDH (loading control) in
HDLECs treated with vehicle or the FGFR inhibitor ASP5878 for 2 days (representative of three independent experiments). B and C, Western blot analysis (B)
and densitometric quantification (n = 3 independent experiments) (C) of CPT1A proteins in HDLECs treated with vehicle or the FGFR inhibitor ASP5878 for
2 days, nd α-tubulin served as a loading control. D and E, Western blot analysis (D) and densitometric quantification (n = 4 independent experiments) of HK2
proteins in HDLECs treated with nontargeting (control) or FGFR1 siRNA. F and G, Western blot analysis (F) and densitometric quantification (n = 3 inde-
pendent experiments) (G) of CPT1A proteins in HDLECs treated with nontargeting (control) or FGFR1 siRNA. FGFR1 proteins were examined to confirm
knockdown efficiency, and α-tubulin served as a loading control. H, Western blot analysis of CPT1A and α-tubulin (loading control) in HDLECs treated with
nontargeting (control) or CPT1A siRNA (representative of two independent experiments). I and J, 9,10-3H-palmitic acid–based measurement of FAO flux in
HDLECs with the indicated treatments (n = 4 biological replicates). Note that CPT1A silencing normalized FAO flux increase caused by FGFR inhibition (I) or
FGFR1 knockdown (J). Data represent mean ± SD; p values were calculated by unpaired t test (C, E, and G) or one-way ANOVA with Sidak’s multiple
comparisons test (I and J). CPT1A, carnitine palmitoyltransferase 1A; FAO, fatty acid β-oxidation; FGFR, fibroblast growth factor receptor; HDLEC, human
dermal lymphatic endothelial cell; HK2, hexokinase 2.
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mRNA (Fig. 4F and Fig. S3B). Moreover, FGFR1 depletion–
induced CPT1A increase could be rescued by RAF1S259A

expression in HDLECs (Fig. 4G). Collectively, these results
suggest that FGFR–ERK signaling regulates CPT1A expression
at the transcriptional level.
FGFR–ERK signaling regulates CPT1A expression and FAO
through the peroxisome proliferator–activated receptor alpha

Because our data suggest that FGFR–ERK signaling controls
CPT1A transcription, we sought to identify transcriptional
regulators that mediate this process. Peroxisome proliferator–
activated receptors (PPARs) are a family of nuclear receptor
proteins that regulate transcription of genes involved in a va-
riety of cellular processes, including those involved in lipid
metabolism (38). Recent studies have shown that PPARα and
PPARγ, two PPAR isoforms, promote CPT1A transcription in
hepatocytes and pulmonary arterial ECs, respectively (39, 40).
These data led us to hypothesize that PPARα and PPARγ may
mediate the effect of FGFR–ERK signaling on CPT1A
expression. To test this idea, we first used GW6471, a well-
characterized PPARα inhibitor (41, 42). We found that treat-
ment of HDLECs with GW6471 suppressed CPT1A upregu-
lation caused by the FGFR inhibitor ASP5878 (Fig. 5, A and B).
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Similarly, inhibition of PPARα also reduced FGFR1
knockdown–induced elevation of CPT1A expression in
HDLECs (Fig. 5, C and D). To exclude potential nonspecific
effects of GW6471, we confirmed these observations by using
two different PPARα siRNAs. We found that PPARα knock-
down in FGFR1-deficient HDLECs normalized CPT1A
expression at both mRNA and protein levels (Fig. 5, E and F
and Fig. S3C). Consistent with CPT1A expression, FAO in-
crease caused by ASP5878 treatment or FGFR1 knockdown
was also rescued by PPARα inhibition (Fig. 5, G and H). In
contrast to PPARα, suppression of PPARγ by a specific in-
hibitor GW9662 (43, 44) failed to prevent FGFR blockade–
induced upregulation of CPT1A (Fig. 5I). These data collec-
tively suggest that PPARα, but not PPARγ, mediates FGFR-
dependent regulation of CPT1A.

We further examined whether FGFR signaling controls
PPARα. We found that FGFR1 knockdown significantly
increased mRNA levels of PPARA, which encodes PPARα
(Fig. 5J and Fig. S3D). Moreover, FGFR1 depletion–induced
PPARA upregulation could be normalized by RAF1S259A

expression in HDLECs (Fig. 5K), indicating that PPARα
functions downstream of ERK activation. Taken together, our
data suggest that FGFR–ERK signaling regulates CPT1A
expression and FAO in LECs through PPARα.



Figure 3. FAO inhibition potentiates the impact of FGFR1 knockdown on suppressing ATP generation, proliferation, and migration of HDLECs.
A, ATP levels of HDLECs transfected with nontargeting (control) siRNA, CPT1A siRNA, FGFR1 siRNA, or a combination of both CPT1A and FGFR1 siRNAs
(n = 4–5 technical replicates; representative of three independent experiments). B, proliferation of HDLECs transfected with nontargeting (control) siRNA,
CPT1A siRNA, FGFR1 siRNA, or a combination of both CPT1A and FGFR1 siRNAs (n = 3 technical replicates; representative of three independent experi-
ments). C and D, representative images (C) and quantification (D) of a wound-healing assay to assess the migration of HDLECs transfected with nontargeting
(control) siRNA, CPT1A siRNA, FGFR1 siRNA, or a combination of both CPT1A and FGFR1 siRNAs (n = 8 imaging fields; representative of two independent
experiments). Red dotted lines outline wound area at the last time points. Data represent mean ± SD; p values were calculated by one-way ANOVA with
Sidak’s multiple comparisons test. CPT1A, carnitine palmitoyltransferase 1A; FAO, fatty acid β-oxidation; FGFR1, fibroblast growth factor receptor 1;
HDLEC, human dermal lymphatic endothelial cell.
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Discussion

In the current study, we discovered that a balance between
glycolysis and FAO exists in LECs and plays an important role
in FGFR-mediated energy generation, LEC proliferation, and
migration. While FGFR inhibition impairs glycolysis by
reducing HK2 expression, it enhances FAO by upregulating
CPT1A expression through ERK–PPARα signaling (Fig. 6).
Such metabolic flexibility allows FAO to partially compensate
for energy deficiency caused by FGFR1 knockdown. Func-
tionally, suppression of FAO can exacerbate impaired LEC
proliferation and migration caused by FGFR1 depletion. Our
findings are reminiscent of the AMP-activated protein kinase
(AMPK), which is an extensively studied energy sensor linking
glycolysis with FAO. Energy stress because of defective
glycolysis activates AMPK, which in turn enhances CPT1 ac-
tivity and FAO by reducing the generation of a CPT1 inhibitor,
malonyl-CoA (45). However, we found that glycolytic inhibi-
tion caused by 2DG treatment, which activates AMPK in ECs
(46), does not increase CPT1A levels (Fig. S2), indicating that
FGFR-mediated regulation of CPT1A expression is indepen-
dent of AMPK. Therefore, our study reveals a new mechanism
(promoting CPT1A expression) that functions in parallel with
AMPK (enhancing CPT1 activity). These two mechanisms
might collectively contribute to FGFR inhibition–induced
FAO upregulation. Our results are also consistent with a
recent study, which shows that compared with blood ECs
(BECs) in the proliferative state, quiescent BECs, which were
obtained through contact inhibition or activating Notch
signaling, reduce glycolytic flux but potentiate FAO by
increasing CPT1A (47). In turn, the higher level of FAO sus-
tains redox homeostasis but does not support energy pro-
duction in quiescent BECs (47). However, the mechanism
through which CPT1A is induced in quiescent BECs remains
to be determined.

Previous studies show that glycolysis generates most ATP in
ECs, whereas FAO makes a negligible contribution (20, 26).
Consistently, CPT1A knockdown in ECs does not impair ATP
production and migration, which is a highly energy-
demanding process (28). Although we obtained similar re-
sults in wildtype LECs, our data showed that CPT1A silencing
decreases ATP levels and migration in FGFR1-deficient LECs
(Fig. 3, A, C, and D), suggesting that FGFR suppression makes
LECs rely on FAO for acquiring energy. FAO has been
demonstrated to regulate EC proliferation by contributing
carbons for nucleotide synthesis (27, 28). As such, we found
that knockdown of CPT1A is sufficient to impede LEC
J. Biol. Chem. (2021) 297(4) 101149 5



Figure 4. FGFR1 deficiency upregulates CPT1A expression in LECs through ERK signaling. A, Western blot analysis of phosphorylated ERK1/2 (Thr202/
Tyr204), total ERK1/2, CPT1A, FGFR1, and β-actin (loading control) in HDLECs treated with nontargeting (control) or FGFR1 siRNA (representative of three
independent experiments). B, Western blot analysis of phosphorylated ERK1/2 (Thr202/Tyr204), total ERK1/2, CPT1A, and β-actin (loading control) in HDLECs
transduced with lentiviral vectors encoding mCherry or RAF1S259A (representative of three independent experiments). C, Western blot analysis of CPT1A,
FGFR1, and β-actin (loading control) in HDLECs under the indicated conditions (representative of three independent experiments). Note that while FGFR1
knockdown promoted CPT1A expression, this effect was rescued by lentivirus-mediated expression of RAF1S259A. D and E, Western blot analysis (D) and
densitometric quantification (n = 3 independent experiments) (E) of CPT1A proteins in HDLECs treated with vehicle or the MEK inhibitor U0126 for 2 days,
and β-actin served as a loading control. F, quantitative PCR analysis of CPT1AmRNA in HDLECs transfected with nontargeting (control) or FGFR1 siRNA (n = 3
independent experiments). G, quantitative PCR analysis of CPT1A mRNA in HDLECs showing that lentivirus-mediated expression of RAF1S259A normalized
FGFR1 knockdown-induced upregulation of CPT1A mRNA (n = 3 independent experiments). Data represent mean ± SD; p values were calculated by un-
paired t test (E and F) or one-way ANOVA with Sidak’s multiple comparisons test (G). CPT1A, carnitine palmitoyltransferase 1A; ERK, extracellular signal–
regulated protein kinase; FGFR1, fibroblast growth factor receptor 1; LEC, lymphatic endothelial cell.
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proliferation, but depletion of both CPT1A and FGFR1 caused
a more dramatic effect (Fig. 3B), which likely reflects the
outcome of dual inhibition of ATP generation and nucleotide
synthesis.

Our data show that ERK activation by RAF1S259A expression
can normalize PPARα and CPT1A expression in LECs with
FGFR inhibition (Figs. 4, C and G and 5K and Fig. S3C), sug-
gesting that ERK mediates the effect of FGFRs on PPARα and
CPT1A expression. These observations are consistent with
previous studies on tumor and liver metabolism. For example,
using the BRAF inhibitor PLX to suppress mitogen-activated
protein kinase in BRAFV600E-driven melanoma upregulates
PPARA and CPT1A mRNA (48). In the mouse liver, ERK
activation by expressing a constitutively active MEK reduces
mRNA levels of Ppara and Cpt1b (49). However, ERK plays an
opposite role in this process in livers of leptin receptor-deficient
(db/db) mice: ERK activation increases, whereas ERK inhibition
reduces Ppara and Cpt1a mRNA levels (50). These results
indicate that the mechanisms by which ERK controls PPARα
and CPT1 vary in different biological contexts.

FGFR inhibitors are actively tested in clinical trials to treat
various types of tumors (51). Our previous work also dem-
onstrates that chemical inhibition of FGFR activity reduces
tumor lymphangiogenesis (20), which is critical for tumor
metastasis (52). Given our findings in the current study,
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targeting both FGFR signaling and FAO may offer a more
effective means of suppressing the formation of tumor-
associated lymphatic vessels and therefore may improve cur-
rent cancer therapies that use FGFR inhibitors.
Experimental procedures

Cell culture and transfection

HDLECs (HMVEC-dLyNeo-Der Lym Endo EGM-2MV)were
purchased from Lonza and cultured in EBM2 basal mediumwith
EGM-2 MV BulletKit. HDLECs were tested negative for myco-
plasma by Lonza. Culture medium was changed every other day.
Tissue culture plates were coated with 0.1% gelatin (Sigma) for
30min at 37 �C and washed with Dulbecco’s phosphate-buffered
saline (Life Technologies) before cell plating. FGFR1 siRNA
(Dharmacon; SMARTpool siRNAs with four target sequences:
GCCACACUCUGCACCGCUA, CCACAGAAUUGGAGGCU
AC, CAAAUGCCCUUCCAGUGGG, and GAAAUUGCAUG-
CAGUGCCG), FGFR1 siRNA #2 (Qiagen; target sequence:
CAGAGATTTACCCATCGGGTA), CPT1A siRNA (Qiagen;
target sequence: CTGGATGGGTATGGTCAAGAT), CPT1A
siRNA #2 (Qiagen; target sequence: AACGATGTACGCCAA
GATCGA), PPARα siRNA (Qiagen; target sequence: CAAGAG
AATCTACGAGGCCTA), PPARα siRNA #2 (Qiagen; target
sequence: AAGCTTTGGCTTTACGGAATA), and



Figure 5. FGFR–ERK signaling regulates CPT1A expression and FAO through PPARα. A and B, Western blot analysis (A) and densitometric quantification
(n = 4 biological replicates from three independent experiments) (B) of CPT1A proteins in HDLECs treated with vehicle, the FGFR inhibitor ASP5878, or a
combination of ASP5878 and the PPARα antagonist GW6471. α-Tubulin served as a loading control. C and D, Western blot analysis (C) and densitometric
quantification (n = 3 replicates from two independent experiments) (D) of CPT1A proteins in HDLECs treated with nontargeting (control) siRNA, FGFR1 siRNA, or
both FGFR1 siRNA and the PPARα inhibitor GW6471. α-Tubulin was examined as a loading control. E and F, quantitative PCR (qPCR) analysis (n = 3 technical
replicates; representative of two independent experiments) (E) and Western blotting (representative of two independent experiments) (F) of CPT1A expression
in HDLECs transfected nontargeting (control) siRNA, FGFR1 siRNA, or a combination of FGFR1 siRNA and PPARα siRNA. β-actin was examined as a loading
control. G, 9,10-3H-palmitic acid–based measurement of FAO flux in HDLECs treated with vehicle, the FGFR inhibitor ASP5878, or a combination of ASP5878 and
the PPARα antagonist GW6471 (n = 4 biological replicates; representative of two independent experiments). H, 9,10-3H-palmitic acid–based measurement of
FAO flux in HDLECs treated with nontargeting (control) siRNA, FGFR1 siRNA, or both FGFR1 siRNA and the PPARα inhibitor GW6471 (n = 4 biological replicates).
I, Western blot analysis of CPT1A proteins in HDLECs treated with vehicle, the FGFR inhibitor ASP5878, or both ASP5878 and the PPARγ antagonist GW9662
(representative of three independent experiments). α-Tubulin served as a loading control. J, qPCR analysis of PPARA mRNA (encoding PPARα) in HDLECs
transfected with nontargeting (control) or FGFR1 siRNA (n = 3 independent experiments). K, qPCR analysis of PPARA mRNA in HDLECs showing that lentivirus-
mediated expression of RAF1S259A-normalized FGFR1 knockdown-induced upregulation of PPARA mRNA (n = 3 independent experiments). Data represent
mean ± SD; p values were calculated by unpaired t test (J) or one-way ANOVA with Sidak’s multiple comparisons test (B, D, E, G, H, and K). CPT1A, carnitine
palmitoyltransferase 1A; ERK, extracellular signal–regulated protein kinase; FAO, fatty acid β-oxidation; FGFR, fibroblast growth factor receptor; HDLEC, human
dermal lymphatic endothelial cell; PPARα, peroxisome proliferator–activated receptor alpha.
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nontargeting siRNA were commercially purchased and trans-
fected by Lipofectamine RNAiMAX (Life Technologies). To
assess the effect of FGFR1, CPT1A, and/or PPARα knockdown
on metabolic processes and protein expression, HDLECs,
transfected with relevant siRNA 2 or 3 days in advance, were
replated and collected for indicated analysis approximately 16 h
later when the cell confluency reached�80%. To assay the effect
of PPARα inhibitor on FAO and protein expression after FGFR1
knockdown, HDLECs were transfected with indicated siRNAs
2 days in advance and then treated with GW6471 (10 μM) or
GW9662 (20 μM) for another 2 days. HDLECs were treated with
ASP5878 (200–400 nM) for 2 days and then assayed the resulting
effect on metabolic processes and protein expression. To assay
the effect of GW6471 and ASP5878 on FAO and CPT1A
expression, HDLECs were treated with both ASP5878 and
GW6471 for 2 days before the analyses.

Reagents

The FGFR inhibitor ASP5878 was purchased from Sell-
eckchem (#S6539). The PPARα antagonist GW6471 was
J. Biol. Chem. (2021) 297(4) 101149 7



Figure 6. Schematic of the balance between glycolysis and FAO in LECs.
In LECs, FGFR signaling promotes glycolysis while repressing FAO. When
FGFR activity is inhibited, glycolysis is suppressed, resulting in reduction of
ATP levels in LECs. In the meantime, FGFR-deficient LECs, through damp-
ened ERK signaling, upregulate PPARα and CPT1A expression, consequently
enhancing FAO. Upregulated FAO can partially compensate for energy
deficiency caused by FGFR inhibition. CPT1A, carnitine palmitoyltransferase
1A; ERK, extracellular signal–regulated protein kinase; FAO, fatty acid β-
oxidation; FGFR, fibroblast growth factor receptor; LEC, lymphatic endo-
thelial cell; PPARα, peroxisome proliferator–activated receptor alpha.
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purchased from Cayman Chemical (#11697). The PPARγ
antagonist GW9662 was purchased from Sigma (#M6191). 2-
DG was ordered from Sigma (#D8375). The MEK inhibitor
U0126 was purchased from Sigma (#U120). Luminescence
ATP detection assay system (ATPlite) was purchased from
PerkinElmer. For Western blot analysis, the following anti-
bodies were used: HK2 (Cell Signaling Technology; #2867,
1:1000), FGFR1 (Cell Signaling Technology; #9740, 1:1000),
phospho-ERK (Cell Signaling Technology; #4370, 1:1000),
ERK1/2 (Cell Signaling Technology; #4695, 1:2000), CPT1A
(Abcam; #128568, 1:5000), GAPDH (Cell Signaling Technol-
ogy, #5174; 1:5000), α-tubulin (Cell Signaling Technology,
#2144; 1:5000), β-actin (Sigma, #A5316; 1:10,000). ImageJ
(NIH) was used for densitometry quantification of Western
blot bands.
Lentivirus generation

Lentiviral transfer plasmids encoding CMV promoter-
driven RAF1S259A (available at addgene) or mCherry (pLVX-
mCherry-N1) were cotransfected with psPAX2 and VSV-G
into 293T cells. Virus-containing media were collected 1 or
2 days after transfection and used to infect HDLECs in the
presence of polybrene (2–4 μg/ml).
Measurement of glycolysis with [5-3H]-glucose

Glycolytic flux was measured as previously described (53).
Briefly, subconfluent HDLECs cultured in 12-well plates were
incubated with 1 ml per well EBM2 medium (containing
appropriate amounts of serum and supplement) with [5-3H]-
glucose (PerkinElmer) for 2 to 3 h. Then 0.8 ml per well me-
dium was transferred into glass vials with hanging wells and
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filter papers soaked with water. After incubation in a cell
culture incubator for at least 2 days to reach saturation, filter
papers were taken out and the amount of evaporated 3H2O
was measured in a scintillation counter.

Measurement of FAO with [9,10-3H]-palmitic acid

FAO flux was measured using [9,10-3H]-palmitic acid
essentially as reported (53). Briefly, subconfluent HDLECs
cultured in 12-well plates were incubated with 1 ml per well
EBM2 medium (containing appropriate amounts of fatty acid–
free bovine serum albumin, carnitine, and cold palmitic acid)
with [9,10-3H]-palmitic acid (PerkinElmer) for 6 h. Then,
0.8 ml per well medium was transferred into glass vials with
hanging wells and filter papers soaked with water. After in-
cubation in a cell culture incubator for at least 2 days to reach
saturation, filter papers were taken out, and the amount of
evaporated 3H2O was measured in a scintillation counter.

Measurement of FAO with [1-14C]-oleic acid

FAO flux was measured using [1-14C]-oleic acid as reported
(54). Briefly, subconfluent HDLECs cultured in 12-well plates
were incubated with 1 ml per well EBM2 medium (containing
appropriate amounts of fatty acid–free bovine serum albumin
and carnitine) with [1-14C]-oleic acid (PerkinElmer) for 6 h.
Then, the cells were lysed using 12% perchloric acid (Sigma–
Aldrich; #244252), and the wells were covered immediately
using filter papers soaked with hyamine hydroxide (Perki-
nElmer). After incubation in a fume hood for at least 12 h to
reach saturation, filter papers were taken out, and the amount
of evaporated 14CO2 was measured in a scintillation counter.

Measurement of glucose oxidation with [6-14C]-glucose

Glucose oxidation flux was measured as previously
described (53). Briefly, subconfluent HDLECs cultured in 12-
well plates were incubated with 1 ml per well EBM2 me-
dium (containing appropriate amounts of serum and supple-
ment) with [6-14C]-glucose (PerkinElmer) for 6 h. Then, the
cells were lysed using 12% perchloric acid, and the wells were
covered immediately using filter papers soaked with hyamine
hydroxide (PerkinElmer). After incubation in a fume hood for
at least 12 h to reach saturation, filter papers were taken out,
and the amount of evaporated 14CO2 was measured in a
scintillation counter.

Measurement of glutamine oxidation with [14C(U)]-glutamine

Glutamine oxidation flux was measured as previously
described (53). Briefly, subconfluent HDLECs cultured in 6-
well plates were incubated with 2 ml per well EBM2 me-
dium (containing appropriate amounts of serum and supple-
ment) with [14C(U)]-glutamine (PerkinElmer) for 6 h. Then,
the cells were lysed using 12% perchloric acid, and the wells
were covered immediately using filter papers soaked with
hyamine hydroxide (PerkinElmer). After incubation in a fume
hood for at least 12 h to reach saturation, filter papers were
taken out, and the amount of evaporated 14CO2 was measured
in a scintillation counter.
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Western blotting

Cells were lysed using radioimmunoprecipitation buffer,
and protein concentrations were measured using the bicin-
choninic acid assay. Proteins were first loaded and separated
by SDS-PAGE and then transferred to a polyvinylidene
difluoride membrane. The membrane was blocked with 5%
nonfat milk for 45 min at room temperature and then incu-
bated with relevant primary antibodies overnight at 4�. After
incubating with horseradish peroxidase–conjugated secondary
antibodies, the membrane was visualized with the SuperSignal
West Pico PLUS Chemiluminescent Substrate (Thermo Fisher
Scientific) using the ChemiDoc MP imaging system (Bio-Rad).

Cell proliferation

About 80,000 HDLECs were seeded into each well of a 6-
well plate and incubated overnight. Cells were transfected
with control, FGFR1, CPT1A, or combined FGFR and CPT1A
siRNA and cultured for 4 days. Then, cell numbers were
counted using a hemocytometer (Hausser Scientific Horsham).

ATP production

ATP levels were measured according to the manufacturer’s
instruction (PerkinElmer; 6016943). Briefly, HDLECs, which
were transfected with control, FGFR1, CPT1A, or combined
FGFR and CPT1A siRNA 3 days in advance, were replated to a
96-well plate, and ATP production analysis was performed
approximately 12 h later. About 50 μl of mammalian cell lysis
solution was added to each well, and the plate was shaken for
5 min at 700 rpm. Then, 50 μl of the substrate solution was
added to the cells, and the plate was shaken for another 5 min at
700 rpm. After adapting the plate for 10 min, the luminescence
was measured using FLUOstar Omega (BMG LABTECH).

Wound-healing migration assay

HDLEC migration was measured in a wound-healing assay,
which used ibidi Culture-Inserts (ibidi) to generate the wound.
An ibidi Culture-Insert has dimensions 9 × 9 × 5 mm
(width × length × height) and is composed of two wells. One or
two inserts were placed into one well of 6-well plates. HDLECs,
which were transfected with control, FGFR1, CPT1A, or com-
bined FGFR and CPT1A siRNA 3 days in advance, were
replated to the wells of the inserts. When cells became fully
confluent after attachment, Culture-Inserts were carefully
removed by sterile tweezers to start cell migration. For studying
the effect of FGFR1 and CPT1A siRNA on migration, the
wound-healing process was monitored for approximately 11 h.
A Nikon ECLIPSE Ti microscope with an ANDOR camera was
used to image cells at the first time point (T0) and the last time
point (Tend point). For data analysis, ImageJ was used to measure
the wound area at T0 and Tend point. Migration area was ob-
tained by subtracting area at Tend point from area at T0.

qPCR analysis

Total RNA was extracted from HDLECs using the TRIzol
reagent (Thermo Fisher Scientific) or the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. The
concentrations and quality of RNA were analyzed by Nano-
photometer (IMPLEN). Complementary DNA synthesis was
performed using the iScript cDNA synthesis kit (Bio-Rad).
qPCR was performed with EvaGreen qPCR Master Mix
(Bullseye) using the CFX96 Real-Time system (Bio-Rad).
Statistical analysis

Data represent mean ± SD. The number of biological and
technical replicates and independent experiments is indicated
in the legends to the figures. Statistical significance between
two groups was determined by two-tailed unpaired t test, and
statistical significance between multiple groups was calculated
using one-way ANOVA with Sidak’s multiple comparisons
test. p Values are reported to four decimal places. Difference
between experimental groups is considered statistically sig-
nificant if p < 0.05.
Data availability

All data are contained in the article.
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