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The adipokine leptin is a central regulator of energy metabolism. We pre-
viously showed that HDAC6 inhibitors enhance central leptin sensitivity. Using
integrative analyses of leptin-responsive hypothalamic gene expression sig-
natures, we identified focal adhesion kinases (FAK and PYK2) as essential for
the anorectic effect of leptin and the anti-obesity action of HDAC6 inhibitors in
male mice. The effect of tubastatin A, an HDAC6 inhibitor, is compromised in
Pyk2 knockout mice, and central inhibition of focal adhesion kinases blocks
tubastatin-induced weight loss. Focal adhesion kinases phosphorylate and
activate the transcription factor STAT3 downstream of leptin receptor, and
leptin signaling is attenuated when these kinases are knocked down or inhib-
ited. Finally, hypothalamic knockdown of focal adhesion kinases blunts leptin
action, leads to hyperphagic obesity, and attenuates the anti-obesity effect of
HDACS6 inhibitors. These findings suggest that FAK and PYK2 are previously
uncharacterized members of the leptin receptor signaling and critical media-

tors of central leptin sensitization.

The adipose-derived hormone leptin is secreted in amounts propor-
tional to adiposity. In mammals, leptin exerts an anorectic effect and
suppresses food intake upon peripheral or central administration'?. In
humans and rodents, mutations in the gene encoding leptin or its
receptor result in profound hyperphagia, severe obesity, hyperglyce-
mia, and impaired endocrine functions, emphasizing the critical con-
tribution of leptin to the maintenance of energy balance®*.

The effect of leptin on energy homeostasis is predominantly
mediated through neurons expressing the long isoform of the leptin
receptor (LepRb) within the central nervous system>®. Binding of leptin
to LepRb stimulates several intracellular signal transduction mechan-
isms including the janus kinase 2 (JAK2)/signal transducer and

activator of transcription 3 (STAT3) pathway. Upon LepRb activation,
JAK2 is recruited and phosphorylates the intracellular tyrosine resi-
dues of LepRb, leading to the recruitment of STAT3. JAK2 phosphor-
ylation of STAT3 tyrosine residue 705 (pSTAT3'"%) promotes
dimerization of STAT3 and its subsequent nuclear translocation.
STAT3 expression in LepRb neurons is required for the leptin-
dependent regulation of energy balance, emphasizing the dominant
contribution of STAT3-dependent signal transduction over other
pathways activated by leptin’’. JAK2, however, is not required for the
activation of STAT3 in response to leptin in vitro'®, suggesting that
other tyrosine kinases may be involved in mediating this action.
Notably, STAT3 is an established target of focal adhesion kinases" ™",
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however whether focal adhesion kinase (FAK) and protein tyrosine
kinase 2b (PYK2) regulate leptin action is unknown.

FAK and PYK2 comprise the focal adhesion kinase family, a subset
of non-receptor tyrosine kinases with 46% sequence identity and 65%
amino acid similarity. The focal adhesion kinases play a key role in
several cell activities due to their interaction with the cytoskeleton and
activation by integrins and G-protein coupled receptors™'. While FAK
is ubiquitously expressed, PYK2 expression is primarily limited to the
CNS and cells of hematopoietic lineage, although PYK2 is also
expressed in other cell types””"®. Pyk2 knockout (KO) mice are viable
and fertile’’, however Fak ablation leads to early embryonic lethality
because of defects in vasculogenesis?®*, although the knockdown of
Fak expression in some tissues (e.g., endothelium) is compensated
with elevated PYK2 expression” %, While both proteins regulate cell
motility  and migration, polarization, adhesion, and
proliferation'®*?*!, PYK2 is also involved in spatial memory and
synaptic plasticity, synaptic remodeling®>, and signal transduction in
response to cytokine and growth factor receptor activation®°.

The focal adhesion kinases have also been implicated in meta-
bolism. Modest knockdown of Fak in the muscle and liver of lean wild-
type mice results in increased food intake and body weight and
impaired insulin sensitivity*°. Furthermore, adipocyte FAK is necessary
for cell survival and insulin sensitivity in the obese state. Consequently,
HFD-induced obese mice with an adipose tissue-specific deletion of
Fak exhibit greater impairments in obesity-induced insulin
sensitivity*’. Pyk2 KO mice were reported to be more prone to obesity
and exhibit exacerbated obesity-associated impairments in glucose
homeostasis*>. The metabolic deficits associated with the tissue spe-
cific Fak and whole-body Pyk2 KO mouse models suggest a role for the
focal adhesion kinases in the regulation of energy homeostasis. The
precise pathway(s) and mechanism(s) by which the focal adhesion
kinases regulate energy homeostasis, especially in the context of their
central action, remains largely unknown. Furthermore, their potential
role in hypothalamic leptin receptor signaling has not been studied.

In diet-induced obese (DIO) rodents and humans, circulating
leptin concentrations rise in proportion to adiposity. This hyperlepti-
nemic state is causally linked to the development of leptin resistance*.
Our group has recently identified that peripheral, but not central,
inhibition of HDAC6 activity leads to central leptin sensitization
through a systemic factor**. Furthermore, inhibition of endogenous
HDACS6 in LepRb-expressing cells does not alter leptin action*’. Small
molecule HDAC6 inhibitors act as a potent leptin-sensitizers and anti-
obesity agents, however the central mediators of these actions are
unknown.

Here, we show that focal adhesion kinases are required for the
anorectic action of leptin and the anti-obesity effect of HDAC6 inhi-
bitors. FAK and PYK2 physically interact with and phosphorylate
STAT3 in response to leptin. Accordingly, pharmacological or genetic
inhibition of focal adhesion kinases attenuate leptin signaling. AAV-
mediated knockdown of these kinases in the hypothalamus of lean
mice results in hyperphagic obesity and resistance to the weight
reducing effect of HDAC6 inhibitors. Our results suggest focal adhe-
sion kinases as new regulators of leptin receptor signaling and thus
critical components of the homeostatic body weight regulation.

Results

DIO mice treated systemically with HDAC6 inhibitors, including
Tubastatin A (TubA), regain their hypothalamic leptin sensitivity and
lose weight**. However the central mechanism of action of this leptin
sensitization is unclear***. To discover genetic and/or pharmacologi-
cal interventions with effects on gene expression resembling the
hypothalamic transcriptomic signatures of leptin sensitization, we
utilized Connectivity Map (CMap, clue.io), a database of tran-
scriptomic profiles of human cells subjected to thousands of pertur-
bagens; small molecule compounds or genetic manipulations

(overexpression and/or knock-down). To this end, we first used the
hypothalamic transcriptome in response to systemic TubA adminis-
tration in obese mice, as this represents a leptin sensitized state (Fig. 1a
and Supplementary Data 1), to query the Connectivity Map (CMap)
database (detailed in the “Methods”). Since leptin receptor expressing
neurons constitute a small percentage of the total hypothalamic cell
pool, we also gathered the leptin regulated and LepR" neuron-enriched
gene lists*® (Fig. 1c), and conducted an independent CMap search with
the differentially expressed gene set representing leptin’s signature
(differentially expressed genes in LepR+ neurons), Fig. 1d). CMap
queries with either input resulted in a set of compounds and genetic
perturbations that partially overlapped (Fig. 1b, d and Supplementary
Data 2). To narrow down candidate factors that mediate central leptin
sensitization conferred by HDAC6 inhibition, we combined the two
lists by averaging their connectivity scores (Fig. 1e, f). Based on sub-
sequent analysis of the final candidate list (see “Methods”), we prior-
itized focal adhesion kinases for further investigation for the following
reasons: The compound, PF-562271, which is a dual focal adhesion
kinase inhibitor, was the second most significantly and negatively
correlated perturbagen when the TubA and leptin signatures were co-
analyzed (Fig. 1f). Pyk2, one of the two focal adhesion kinases, was
highly upregulated in the hypothalamic of TubA-treated mice (Fig. 1a),
and TubA treatment also increased the hypothalamic Fak expression in
DIO animals (1.00 + 0.06 vs. 1.34 + 0.09 for vehicle vs. TubA, respec-
tively, p=0.018). Furthermore, Pyk2 is significantly associated with
body mass index (BMI) and weight in human genome-wide association
studies with a Human Genetic Evidence*"** score of 45 (very strong)
(Supplementary Fig. 1a, b). Likewise, Fak, the other focal adhesion
kinase, is linked to waist-hip ratio and cardiovascular traits such as
blood pressure and elevated cholesterol (Supplementary Fig. 1c, d),
collectively suggesting that focal adhesion kinases could be involved in
the central regulation of energy balance.

FAK and PYK2 mediate the weight reducing effect of TubA

We next set to determine if focal adhesion kinases are required for
TubA-induced weight loss. We first tested the effect of dual central
inhibition of the focal adhesion kinases on TubA action using PF-
431396 (PF), an ATP-mimetic highly selective dual inhibitor of FAK and
PYK2*. Following daily central infusion of vehicle or PF to DIO wild-
type mice, we treated mice with peripheral injection of vehicle or TubA
(15mg/kg) for five consecutive days. Of note, at this dose, TubA
reduces obesity in DIO wild-type mice but not in HDAC6 KO animals**.
TubA treatment led to a steady weight loss in DIO mice during the
treatment period (Fig. 2a, b and Supplementary Fig. 2a). However,
central PF infusion conferred significant resistance to TubA-induced
weight loss (Fig. 2a, b).

The PF compound is a dual inhibitor of both FAK and PYK2. Since
whole body Fak deletion leads to embryonic lethality, but Pyk2 KO
mice develop normally, we tested if Pyk2 KO mice exhibited resistance
to TubA. We induced obesity by feeding Pyk2 KO mice and their wild-
type littermates HFD for 24 weeks. In contrast to a previous study*?,
Pyk2 KOs displayed similar weight gain and food intake on HFD when
compared to wild-type counterparts (Fig. 2c, d), suggesting that
embryonic Pyk2 ablation alone does not alter the long term energy
metabolism of the animals. Following vehicle acclimation, we treated
mice with TubA by daily ip injections. While both groups initially
started losing weight, Pyk2 KO mice displayed resistance to TubA
treatment and their body weight plateaued after the fifth day of the
drug administration (Fig. 2e and Supplementary Fig. 2b). During the
approximately 2-week treatment period, the TubA-induced weight loss
in DIO mice was almost twice as much as that observed in the Pyk2 KO
mice (9.98% + 0.78 vs. 5.40% +1.43, mean = SEM in wild-type vs. Pyk2
KO mice, respectively, p=0.0018) (Fig. 2f). The food intake of the
cohorts was comparable during the acclimation phase (Fig. 2g). How-
ever, DIO Pyk2 KO mice displayed resistance to the food intake
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Fig. 1| Identification of focal adhesion kinases as potential mediators of leptin
action and TubA’s obesity reducing effect. a Heat map of differentially regulated
transcripts obtained by bulk RNA sequencing of the hypothalamic from the DIO

wild-type mice treated with vehicle or TubA for four consecutive days (n=3 Veh/
TubA mice). b Connectivity Map (CMap) similarity scores of the perturbagens for
the up- and down-regulated hypothalamic transcripts from TubA-treated mice used
as query. Top 20 positively (left) and negatively (right) associated perturbagens are

shown. ¢ Heat maps of the differentially regulated genes from LepR+ cells obtained
from lean wild-type mice after PBS or leptin treatment*®. d CMap scores of the
perturbagens and the top associations for the leptin gene expression signature
from (c). Individual (e) and averaged-combined (f) CMap similarity scores of TubA
and leptin plotted. Top two positively associated and top two negatively associated
perturbagens are marked.

suppressing effect of TubA, and the wild-type mice consumed less
food under TubA treatment (Fig. 2h, i). While the blood glucose of
either group decreased following TubA treatments (Fig. 2j), the
decrease in the wild-type mice was more pronounced and significantly
more than observed in the Pyk2 KO animals (Fig. 2k). Since Pyk2
deletion conferred a partial resistance to TubA-induced weight loss
compared to the more robust resistance by dual inhibition of FAK and
PYK2, these results collectively suggest that the central action of focal
adhesion kinases is required for the anti-obesity effect of TubA.

FAK and PYK2 are required for leptin-induced STAT3 activation
Because TubA action requires leptin signaling, we next tested if focal
adhesion kinases act downstream of leptin receptor. FAK and PYK2
are tyrosine kinases. While JAK2 is the canonical kinase that phos-
phorylates and activates STAT3, JAK2-independent leptin-
STAT3 signaling routes have been reported. To first confirm that
JAK2 is not required for the activation of STAT3 by leptin, we
assessed STAT3 phosphorylation (pSTAT3Y%) in response to leptin
in two independent JAK2-deficient and stably LepRb expressing cell
lines, mouse embryonic fibroblasts derived from JAK2 KO mice (MEF
JAK27")** and a human fibroblast cell line genetically deficient of JAK2
(y2a)***. Stimulation of LepRb-expressing JAK27~ MEFs or y2a cells
resulted in the activation of STAT3 in a dose and time-dependent
manner (Supplementary Fig. 3a-d). In both cell lines we observed

acute activation of STAT3 within 5min of leptin stimulation (Sup-
plementary Fig. 3¢, d). We also observed a second phase of STAT3
activation after 90 min following the initial leptin stimulation in the
y2a cells (Supplementary Fig. 3d). While such a biphasic activation of
STAT3 in response to leptin was previously reported®, our results
demonstrate that this effect is JAK2 independent. Collectively, these
results suggest, consistent with previous reports', that JAK2-inde-
pendent, STAT3-dependent leptin signaling mechanisms exist
in vitro, implicating the role of other tyrosine kinases in leptin
receptor signaling.

Since both FAK and PYK2 have previously been shown to interact
with STAT3%*°¢ we tested the focal adhesion kinase family as candidate
tyrosine kinases involved in STAT3-dependent leptin action. To
determine if either of the focal adhesion kinases activate STAT3, we co-
overexpressed STAT3 with either FAK or PYK2 in HEK-293T cells. Both
FAK and PYK2 stimulated STAT3 phosphorylation (Fig. 3a, b). Over-
expression of the kinase dead (KD) Fak or Pyk2 constructs substantially
reduced this effect, suggesting that the catalytic activity of the kinases
is necessary for STAT3 activation (Fig. 3a, b). STAT3 co-
immunoprecipitated with both PYK2 and FAK in vitro (Fig. 3¢) and in
the hypothalamic lysates from lean wild-type mice (Fig. 3d). Notably,
this interaction was stimulated by leptin in vivo (Fig. 3d), collectively
suggesting that both kinases directly interact with STAT3 to promote
its activation.
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Fig. 2 | PYK2 is required for the anti-obesity effect of TubA. a, b DIO wild-type
mice that have been on HFD diet were implanted a guide cannula into the lateral
ventricle. Mice were treated with vehicle or PF centrally (icv), and vehicle or TubA
(15 mg/kg) was administered peripherally once daily. The daily weight change
curves (a) and cumulative weight change at the end of the treatment (b) (n =4 Veh/
PF mice; n=7 Veh/PF + TubA mice). ¢ Growth curves and d average food intake of
wild-type or Pyk2 KO mice on HFD. Body weight change of wild-type and Pyk2 KO
DIO mice during (e) and at the end of (f) daily TubA treatments. Average food intake

of the animals during vehicle acclimation (g) and TubA treatments (h). i Cumulative
food intake of the wild-type and Pyk2 KO mice at the end of TubA treatments.

j Blood glucose of the mice before and after TubA treatments. k Difference in the
blood glucose of the mice following TubA treatment (n=6 WT mice; n=5 Pyk2 KO
mice). Data shown are representative of experiments conducted once (a-d) or
twice (e-k) in separate cohorts of animals with similar results. Data are represented
as mean + SEM and analyzed by t-test (d, f-i, k), mixed effect analysis (a), one-way
ANOVA (b), two-way ANOVA (c, e, j).

We next evaluated if the focal adhesion kinases were required for
leptin-induced activation of STAT3. To this end, we used the immor-
talized mouse hypothalamic NI-LepRb cells, which endogenously
express both focal adhesion kinases*’. Knockdown of either Fak or
Pyk2 (Fig. 3e-h and Supplementary Fig. 3e-h), or their dual knockdown
(Fig. 3i) resulted in a significant attenuation of leptin-induced STAT3
phosphorylation. Knockdown of either kinase was sufficient to
attenuate, but not completely impair, the duration and fold induction

of STAT3 activation in response to leptin, and a more robust inhibition
of leptin signaling was achieved by dual knockdown of Fak and Pyk2.

To see if the results from the knockdown studies can be mimicked
by the pharmacological inhibition of FAK and PYK2, we tested if PF also
impairs STAT3-dependent transcriptional activation. We used a luci-
ferase construct under the transcriptional control of a STAT3 response
element such that expression of luciferase is proportional to the
transcriptional activity of STAT3*!. Stimulation of Ni-LepRb cells
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expressing the STAT3-dependent luciferase construct (N1Stat3Luc-
LepRb) with leptin for 24 h dose-dependently increased the lumines-
cence (Fig. 3j, k). Treatment of N1Stat3Luc-LepRb cells with PF, how-
ever, dose dependently attenuated leptin induced luciferase
expression (Fig. 3j, k). We next utilized the y2a and MEF JAK27 cell
lines to examine if the result we observed in N1 cells was restricted to a
single cell line, and to control for the potential off-target effects of the

Leptin concentration (ng/mL)

Leptin (ng/mL)

PF compound on JAK2. Pre-treatment of stably LepRb-expressing
JAK2™~ MEFs or y2a cells (Supplementary Fig. 3i, j) with PF resulted in
reduced phosphorylation of the autophosphorylation site of PYK2
required for its activation (PYK2"%?) (Supplementary Fig. 3i) accom-
panied by attenuated leptin induced STAT3 phosphorylation (Sup-
plementary Fig. 3i, j) suggesting that the effect of PF is not cell line
specific and is independent of JAK2. Results from these studies
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Fig. 3 | FAK and PYK2 interact with and activate STAT3. HEK-293T cells were
transiently transfected with 0.25 ug Stat3 (lanes 2-10) and increasing amounts
(0.25-1.75 pg) of wild-type or mutant Fak (FAKY*™) (a) or wild-type or kinase-dead
(KD) Pyk2 (b). The FAK'*”F mutation prevents phosphorylation at Tyr*”’, abolishing
kinase activity (a, lanes 7-10). Total cell lysates (TCL) were immunoblotted with the
indicated antibodies. The migration difference between wild-type and Pyk2 KD
reflects the GFP tag in the KD construct. ¢ STAT3, PYK2, or FAK were transiently
overexpressed in HEK-293T cells as indicated. PYK2 or FAK was immunoprecipi-
tated, and TCL or the immunoprecipitated fractions were analyzed by western blot
using the indicated antibodies. d Leptin enhances the interaction of hypothalamic
focal adhesion kinases with STAT3. Lean wild-type mice received vehicle or leptin
(5 mg/kg). Hypothalamic were collected 30 min later, crosslinked (10% formalin),
homogenized, and immunoprecipitated with STAT3 or IgG control antibodies.
Immunoprecipitates were analyzed for the indicated proteins. Fak and Pyk2 mRNA

(e) and protein (f) expression in N1 cells stably expressing shScr, shFak, or shPyk2
constructs. g LepRb-expressing N1 cells with shScr, shFak, or shPyk2 were stimu-
lated with leptin (40 ng/mL), and pSTAT3 and total STAT3 were analyzed at the
indicated times. h Quantification of pSTAT3/STAT3 signals; inset shows the area
under the curve. i N1 cells transfected with LepRb and either shScr or shRNAs
targeting both Fak and Pyk2 were stimulated with 40 ng/mL leptin. Total lysates
were analyzed by immunoblot for pSTAT3 and total STAT3. j N1 cells stably
expressing LepRb and a STAT3-driven luciferase reporter were treated with PF and
leptin. Luminescence was measured 24 h later. k Relative leptin-induced lumines-
cence at 0, 2, and 128 ng/mL leptin with PF concentrations of O (Veh), 330 nM, 1uM,
or 3.3 uM. Blots are visualized with a Bio-Rad ChemiDoc Touch Imaging System.
Data shown are representative of an experiment conducted once (a-f) or twice
(g-k) with similar results. Data are represented as mean + SEM and analyzed by one-
way (h) or two-way ANOVA (e, k).

strongly suggest that FAK and PYK2 are critical regulators of leptin
receptor signaling.

FAK and PYK2 mediate leptin action in vivo

Central inhibition of focal adhesion kinases attenuated the weight
reducing effect of TubA in DIO mice (Fig. 2a, b), and we showed pre-
viously that TubA action is leptin dependent*‘. Hence, we decided to
test if FAK and/or PYK2 regulated leptin action in vivo. To this end, we
first analyzed the central expression profile of the focal adhesion
kinases, which had not been previously characterized. We conducted
RNAscope in situ hybridization to analyze the expression profile of Fak
and Pyk2 and their co-localization with LepR in the arcuate nucleus
(ARC), ventromedial hypothalamus (VMH), and dorsomedial hypo-
thalamus (DMH), three well-characterized sites of leptin action and
TubA-induced leptin sensitivity**. Throughout the hypothalamus, a
majority of the LepR" neurons expressed at least one of the focal
adhesion kinases with more LepR" cells colocalizing with Fak than with
Pyk2 (Fig. 4a and Supplementary Figs. 4, 5). Fak has a uniform hypo-
thalamic expression which is higher than Pyk2 expression in the ARC,
whereas Pyk2 expression is higher in the DMH compared to the ARC
and VMH (Fig. 4b and Supplementary Figs. 4 and 6a-d). We corrobo-
rated these findings by reanalyzing a publicly available hypothalamic
single cell sequencing dataset”, which corroborated that Fak was
ubiquitously expressed and Pyk2 expression was restricted to neurons
and microglia (Supplementary Fig. 7).

To assess whether the expression of the focal adhesion kinases
responds to nutritional need states or leptin, we conducted a similar
study in mice subjected to fasting with or without leptin treatment,
and also analyzed the published datasets for the hypothalamic
expression profile of the two transcripts. We did not detect a sig-
nificant effect of fasting on the expression of either gene in the ARC,
VMH, or DMH, despite a tendency for increased Pyk2 expression in the
ARC (Fig. 4c-k). RNA sequencing of distinct hypothalamic nuclei ARC,
VMH, DMH or PVN (paraventricular nucleus of the hypothalamus) did
not display a significant regulation of Fak or Pyk2 by fasting (Supple-
mentary Fig. 7a-d). Analyzing two distinct datasets on the transcrip-
tional profile of AgRP neurons, which are critical mediators of leptin
action located exclusively in the ARC, revealed that fasting significantly
increased the expression of Fak and Pyk2 in the AgRP neurons but not
in the POMC neurons®™*° (Supplementary Fig. 7e-g). In agreement with
this finding, our LepR-specific expression analysis revealed that fasting
increased the expression of Pyk2 specifically in the ARC LepR popula-
tion (Fig. 4k).

The hypothalamic expression profiling results collectively sug-
gested that a majority (88-94%) of LepR" neurons expressed at least
one of the focal adhesion kinases. We next assessed the physiological
relevance of the focal adhesion kinases in mediating leptin dependent
feeding and body weight regulation in vivo. To this end, we implanted
cannulas into the lateral ventricle of lean wild-type mice for direct

intracerebroventricular (icv) infusion of PF. We first confirmed that icv
administration of PF did not affect fasting-induced re-feeding (Fig. 5a).
Intraperitoneal (ip) administration of leptin prior to the onset of the
dark cycle suppressed fasting-induced food intake (Fig. 5a). Central
administration of PF, however, was sufficient to suppress leptin-
induced anorexia (6.09 g +1.14 Veh (icv)/Leptin (ip) vs. 7.22 g +1.58 PF
(icv)/Leptin (ip) food consumed at 24 h, p = 0.0116) (Fig. 5a). Since the
hypothalamus is a major site of leptin action, we first analyzed if PF
attenuated leptin induced STAT3 phosphorylation in total hypotha-
lamic lysates obtained from lean wild-type mice. Icv PF infusion fol-
lowed by ip leptin administration impaired the leptin-induced
activation of hypothalamic STAT3 (Fig. 5b, ¢). PF infusion did not block
the leptin induced STAT3 phosphorylation completely, presumably
due to the involvement of other kinases, including JAK2. Because the
extent of leptin action varies across hypothalamic nuclei, we con-
ducted a similar experiment with vehicle or PF infusion into lateral
ventricle of lean mice and subsequently analyzed the kinetics of STAT3
phosphorylation in the ARC, VMH and DHM following ip PBS or leptin
injections. PF-treated mice had a significantly attenuated leptin
response in all three nuclei analyzed (Fig. 5c). Taken together, these
results suggest that central inhibition of focal adhesion kinases inhibit
leptin signaling.

We next tested the leptin response of the Pyk2 KO mice compared
to their wild-type littermates. Pyk2 KO mice exhibited reduced leptin-
induced food intake suppression such that they tended to eat more
than the wild-type mice even in the presence of peripheral leptin
administration (4.38 g +1.38 wild-type/Leptin, vs. 5.25 +1.21 Pyk2 KO/
Leptin food consumed at 24 h) (Fig. 6a, b). While leptin significantly
blunted the body weight gain in wild-type mice after 6 and 18 h of re-
feeding, this effect was not observed in the Pyk2 KO mice (Fig. 6¢).
Finally, leptin-induced STAT3 phosphorylation was diminished in the
KO cohort (Fig. 6d, e), in line with our previous findings. Altogether,
these results suggest that focal adhesion kinases are required for the
full anorectic effect of leptin.

To directly determine the role of hypothalamic focal adhesion
kinases in the regulation of energy metabolism, we first designed AAV
particles encoding a scrambled shRNA sequence or two tandem shRNA
sequences targeting Pyk2 and Fak (shPyk2/Fak). We aimed for dual
knockdown due to the redundant function of the two kinases and to
avoid potential compensatory expression in response to a single focal
adhesion kinase gene knock down** (Fig. 3e). We injected these AAV
particles into the mediobasal hypothalamus (covering ARC and VMH)
and DMH of adult lean mice (Supplementary Fig. 8a). Two weeks after
viral injection, we placed half of the mice in either AAV group (shScr
versus shPyk2/Fak) on HFD. Mice in the shPyk2/Fak groups developed
obesity on both regular chow and HFD (Fig. 7a-c). On either diet,
shPyk2/Fak cohorts consumed more food (Fig. 7d), accounting for
their rapid weight gains, which was reflected in significant accumula-
tion of fat mass (Fig. 7e-h) and elevated fasting blood glucose (Fig. 7i).
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Before the development of any significant weight difference, we also
tested the leptin response of the mice on chow diet. While leptin
suppressed the food intake and weight gain of the shScr group, dual
knockdown of the kinases in the hypothalamus (shPyk2/Fak group)
impaired the anorectic action of leptin (Fig. 7j, k), confirming our
previous findings that focal adhesion kinases are indispensable for
leptin action in vivo. Taken together, these findings strongly suggest

Pyk2

Transcripts in
ARC LepR* cells
o =~ N W s o

Transcripts in
ARC LepR* cells

that hypothalamic action of focal adhesion kinases is required for
leptin receptor signaling and the maintenance of energy homeostasis.

HDAC6 inhibitors induce weight loss in a leptin dependent
manner***°°, Therefore, we finally tested the weight reducing effect of
HDACS6 inhibitors on DIO shPyk2/Fak cohort and their control group.
Following an acclimation period, where mice maintained stable body
weights, we treated the DIO cohorts with TubA. Animals in the shScr
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Fig. 4 | Hypothalamic expression profile of the focal adhesion kinases.

a-k Hypothalamic sections from lean wild-type mice, ad libitum fed, overnight
fasted, or overnight fasted and leptin (3 h) treated (ip) were stained with fluor-
escent RNAscope probes targeting LepR, Fak or Pyk2 transcripts. a The percent of
LepR® cells with Fak and Pyk2 in the ARC, VMH, and DMH. b Representative images
of hypothalamic sections covering ARC, VMH, and DMH for LepR, Fak, Pyk2
expressions. The scale bar represents 100 pm. Representative RNAscope images
and region specific and LepR" specific transcript quantification in the VMH (c-e),

DMH (f-h), and ARC (i-k) (n =5 mice per group). Red: LepR, yellow: Pyk2, green:
Fak, blue: DAPI. Arrowheads indicate triple colocalization of LepR, Pyk2, and Fak.
The scale bar represents 50 pm (c). The transcripts in the LepR" cells were
expressed as the counted pixels within the LepR® cells, except for Pyk2 signal in the
DMH, which is expressed as the total fluorescence due to high signal intensity. Data
shown are representative of an experiment conducted once. Data are represented
as mean + SEM and are analyzed by one-way ANOVA (d, e, g, h, j, k).

group displayed decreased food intake and weight loss following TubA
administration (Fig. 7I-n). However, dual knockdown of the kinases led
to resistance to the anti-obesity effect of TubA (Fig. 7I-n). Loss of
response to TubA was not due to excess obesity of the shPyk2/Fak
cohort as we observed a similar effect in a sub-cohort of mice selected
for matched pre-treatment body weights (Fig. 70). Notably, these
results were not restricted to TubA. Mice in the DIO shPyk2/Fak group
maintained their body weight during treatment with the brain pene-
trant HDAC6 inhibitor ACY775, which induced weight loss in DIO shScr
mice (Supplementary Fig. 8b-f), collectively suggesting that central
action of focal adhesion kinases is required for the anti-obesity effect
of HDACG inhibitors.

Discussion

In this work, we utilized the gene expression signatures representing
activated leptin receptor signaling and identified the focal adhesion
kinases as central regulators of energy metabolism and leptin sensiti-
zation. Our previous findings indicated that HDAC6 inhibitors induce
central leptin sensitization primarily through their peripheral action
(Fig. 7 and discussed in more detail below). While DIO mice display
central leptin resistance, the hypothalamic gene expression profile of
TubA-treated DIO mice reflects a leptin sensitized state. We combined
this TubA-induced DIO gene expression signature with the hypotha-
lamic profile obtained from leptin-treated lean mice. These gene
expression signatures representing leptin re-sensitized and leptin-
induced states negatively correlated with the transcriptomics profile
induced by focal adhesion kinase inhibition, thereby motivating us to
study the role of FAK and PYK2 in leptin receptor signaling and
HDACé6-inhibition-induced weight loss.

Leptin stimulates multiple downstream signaling pathways,
however leptin-induced activation of STAT3 is the predominant
branch leading to the homeostatic control of feeding and body
weight’. While JAK2 is the canonical STAT3 kinase in response to leptin
stimulation, existence of in vitro JAK2-independent but STAT3-
dependent leptin signaling mechanisms'® further prompted our
investigation into the involvement of the focal adhesion kinase family
in leptin signaling. We identified that FAK and PYK2 act as STAT3
kinases downstream of LepRb, their interaction with STAT3 was pro-
moted upon leptin stimulation, and their activity is required for the full
activation of STAT3 by leptin and the weight reducing effect of HDAC6
inhibitors. In this regard, it is worth investigating whether focal adhe-
sion kinases are utilized by other leptin sensitization or weight loss
pathways.

While most LepR" neurons in the ARC, VMH and DMH are positive
for Fak (84-91%), Pyk2 has a more restricted expression profile,
representing between 30-50% of LepR" cells in the hypothalamus. The
functional redundancy between the two kinases™*' and the relatively
lower expression of Pyk2 potentially explains why the DIO Pyk2 KO
mice have compromised but not completely blunted response to
TubA-induced weight loss and normal body weight gain on HFD. When
the two kinases are pharmacologically inhibited in the brain or
genetically targeted in the hypothalamus, we observed a more potent
attenuation of leptin action in lean mice and the TubA/ACY775 action
in DIO mice. An outstanding question remains regarding how periph-
eral HDACG6 inhibition is linked to the central action of the focal

adhesion kinases. Following TubA administration, the hypothalamic
expression of Fak and Pyk2 increases, suggesting a potential tran-
scriptional regulation. Furthermore, this regulation appeared to be
leptin dependent as TubA failed to increase the hypothalamic
expression of either kinase in db/db mice (Fak: 1.00 + 0.045 Veh vs.
1.00£0.027 TubA, p=0.92; Pyk2: 1.00£0.049 Veh vs. 1.16 £ 0.117
TubA, p=0.26 by t-test), which helps explain why HDAC6 inhibition
does not exert weight loss in db/db mice. It is possible that the per-
ipherally derived factor(s) that mediate the leptin sensitizing effect of
HDACS6 inhibition (graphical abstract) is responsible for such a tran-
scriptional regulation. Among the hypothalamic nuclei and neuronal
populations, we investigated, Pyk2 and Fak expression in the ARC and
AgRP neurons, which mediate majority of leptin action, were most
sensitive to nutritional state. Fasting selectively increases the expres-
sion of focal adhesion kinases and leptin receptor in this orexigenic cell
population as opposed to the anorexigenic POMC neurons. Whether
such a response to fasting is important for the acute regulation of
feeding or energy expenditure—beyond fasting induced leptin sensi-
tivity—is unknown.

The findings presented here on the role of focal adhesion kinases
in energy metabolism could likely extend beyond the regulation of
leptin signaling. The role of FAK and PYK2 in the regulation of STAT3
downstream of secreted factors other than leptin in a myriad of bio-
logical processes is worth investigating. Furthermore, focal adhesion
kinases are involved in several cellular processes developmentally
critical for energy homeostasis including neuronal growth and
synaptic plasticity®. Since leptin also acts a neurotrophic factor®, the
focal adhesion kinases could conceivably play a critical role in the
leptin-induced neuronal remodeling and related central functions
beyond energy metabolism such as learning and memory. Likewise,
leptin action is critical for the regulation of glucose homeostasis and
fertility. While our study demonstrated the role of the focal adhesion
kinases in the regulation of energy balance, the potential contribution
of the focal adhesion kinases to other leptin-regulated physiological
parameters are worth investigating.

During the revision of our manuscript, another group also showed
that HDAC6 inhibitors reduce obesity by improving central leptin
sensitivity but proposed a cell-autonomous mechanism of leptin
sensitization®®. The authors suggested that leptin receptor is a sub-
strate of HDAC6 and that acetylation of leptin receptor increased
leptin-induced STAT3 phosphorylation. We repeated some of the key
experiments proposed by this group. In direct contrast to the authors’
findings, we did not detect an effect of HDAC6 overexpression in
leptin-induced STAT3 phosphorylation. In accordance with our pre-
vious findings**, none of the three different HDAC6 inhibitors we tes-
ted increased leptin receptor signaling in a controlled in vitro system
(Supplementary Fig. 9), suggesting that HDAC6 does not regulate
leptin receptor signaling cell autonomously. Notably, in recapitulating
the authors’ system, we noticed that the acetyltransferase p300 aug-
mented the leptin receptor signaling due to an artifact of the over-
expression system such that p300 overexpression led to increased
expression of LepRb from the co-transfected plasmid (Supplementary
Fig. 10). This effect was not restricted to LepRb as p300 over-
expression also increased GFP and LacZ gene expressions (Supple-
mentary Fig. 10), suggesting that the effect of p300 overexpression on
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seemingly elevated leptin signaling is an artifact of this in vitro system
and is independent of the promoter the transgenes were expressed
from (Supplementary Fig. 10). We observed that the p300-related
acetyltransferase CBP (CREB Binding Lysine Acetyltransferase) also
had a similar effect on the expression of genes that are co-transfected
with it (Supplementary Fig. 10), suggesting that this effect might be
common for acetyltransferases. In agreement with the cell

nonautonomous effect of HDAC6 inhibition on leptin sensitization and
weight loss, we previously showed that central infusion of HDAC6
inhibitors to DIO mice strongly inhibited central HDAC6 activity but
did not reduce body weight. These results combined with the obser-
vations that neuronal** or AgRP-specific’® HDAC6 deletion does not
prevent obesity whereas adipose specific HDAC6 KOs are resistant to
weight gain and hyperglycemia**, and that TubA-treated mice secrete a
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Fig. 5 | Focal adhesion kinases regulate leptin action in vivo. a Fasted lean wild-
type mice implanted with a cannula into the lateral ventricle were administered
DMSO (Vehicle) or PF (2.5 pg) by intracerebroventricular (icv) route. One hour later,
mice were administered either saline or leptin ip and food was provided. Food
intake was measured at 3, 6, 16, and 2 h (n =20 DMSO + Vehicle mice; n=21
DMSO + Leptin mice; n = 21 PF + Vehicle mice; n =20 PF + Leptin mice). b Lean wild-
type mice fasted overnight were administered vehicle or PF icv 15 min later, mice
received an ip injection of either saline or leptin. 30 min later, hypothalamic pun-
ches were collected and snap frozen in liquid nitrogen for analysis by immunoblot.
Blots are visualized with a Bio-Rad ChemiDoc Touch Imaging System.

Quantification of the western blot is shown on the right (n =3 mice per group).

¢ pSTAT3Y7% [HC staining of the hypothalamic sections of lean wild-type mice.
Animals were centrally infused with vehicle or PF, and treated with saline or leptin
15 min later. Brains were removed and prepared for IHC staining 30, 60 or 120 min
after leptin injections. pSTAT3 positive cell number across the ARC, VMH, and DMH
are quantified. The scale bar represents 100 um. Data shown are representative of
an experiment conducted once (c), twice (b) or three times (a) in separate cohorts
of animals with similar results. Data are represented as mean + SEM and analyzed by
one-way (b) or two-way ANOVA (a, c).
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Fig. 6 | Pyk2 KO mice have impaired leptin sensitivity. a-c Fasted lean wild-type
and Pyk2 KO mice were treated (ip) with vehicle or leptin, and food intake and body
weights were followed for 24 h. a Time course of food intake, b food intake pre-

sented as normalized to the respective vehicle groups, and ¢ weight change of the
animals (a-c, n = 6 mice per group). d, e Hypothalamic STAT3 phosphorylation was

Time (min) after leptin

analyzed 30, 60, and 120 min post leptin injection in lean wild-type and Pyk2 KO
mice (n=1 Vehicle mouse; n =3 Leptin mice, per timepoint). Blots are visualized
with a Bio-Rad ChemiDoc Touch Imaging System. Data shown are representative of
experiments conducted twice in separate cohorts of animals with similar results.
Data are represented as mean + SEM and are analyzed by two-way ANOVA.

protein-based factor that can directly induce leptin sensitization,
strongly supports our two-site-of-action model where peripheral
HDAC6 inhibition is coupled to central leptin sensitization though a
yet unidentified factor (Fig. 8).

Our study has utilized male mice for all the experiments and is
therefore has the limitation of not directly addressing the role of sex as
a biological factor. Fak or Pyk2 do not display a significant expression
difference in male versus female human hypothalamus samples in the
Genotype-Tissue Expression (GTEx) Portal (p = 0.091 and 0.59, for Pyk2
and Fak, respectively by Wilcoxon test), and we previously showed that
HDACS6 inhibition induces weight loss also in female DIO mice*, sug-
gesting that the role for focal adhesion kinases in leptin signaling is
independent of sex. However, future research will reveal the potential

expression difference and role of Fak or Pyk2 in LepR positive neurons
of male and female animals.

Leptin action is mediated by multiple sites in the central nervous
system with the leptin receptor expressing neurons in the hypotha-
lamic arcuate nucleus and the DMH playing the predominant role®.
In our study we targeted the focal adhesion kinases in these two
regions to demonstrate their indispensable role in leptin action.
Future studies will demonstrate the contribution of each enzyme in
genetically defined leptin receptor positive cell populations, includ-
ing the AgRP, POMC and the recently identified GABAergic BNC2
positive cells®* 8, to the anorectic effect of leptin. In this regard, it is
important to note that the several factors including neuronal plas-
ticity, redundancy between the proteins at the cell autonomous level
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Fig. 7 | Hypothalamic focal adhesion kinases regulate energy metabolism. Lean
wild type mice were bilaterally injected with AAV particles encoding shScr or
shPyk2/Fak in the mediobasal hypothalamus and DMH. Two weeks later mice were
either maintained on regular chow or switched to HFD. a-c Growth curves of the
cohorts on the indicated diets expressed either as absolute body weight or percent
weight gain. Week O indicates 2 weeks post viral injection. d Food intake of the
cohorts measured over 24 h around week 3. Body composition of the cohort
measured around week 2 using NMR and plotted as absolute tissue mass (e, g) or
normalized to body weight (f, h). i Blood glucose of the mice measured during the
daytime after a 4 h fast (a-i, n=6 shScr Chow mice; n=7 shScr HFD mice;

n=9 shFak/Pyk2 mice). Cohorts on chow diet (group caged) were treated with
either vehicle or leptin (5 mg/kg, ip) prior to dark cycle and their food intake (j)
(n =8 mice per group) and body weight (k) was followed for 24 h (n = 25 shScr mice;
n =24 shFak/Pyk2 mice). I-o0 DIO cohorts were treated with vehicle or TubA (15 mg/
kg, ip, daily). Absolute weight change (I), percent weight change (m), average food
intake (n), and body weights (0) are measured daily (I-0, n=19 shScr mice;

n =16 shFak/Pyk2 mice). Data shown are representative of experiments conducted
twice in separate cohorts of animals with similar results. Data are represented as
mean = SEM and are analyzed by one-way (d, i) or two-way ANOVA (a-c, e-h, j-o0).
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Fig. 8 | HDAC6 inhibition regulates central leptin signaling through focal
adhesion kinases. Peripheral HDAC6 inhibition induces a systemic signal(s) of
unknown nature (depicted as purple triangle) that act as leptin sensitizers leading
to weight loss in diet-induced obese mice. Central inhibition or genetic ablation of
HDAC6 does not induce weight loss. This cell non-autonomous mechanism
involves increased expression of the focal adhesion kinases, FAK and PYK2, which
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can directly phosphorylate the transcription factor STAT3 acting downstream of
leptin receptor. STAT3 is also phosphorylated by its canonical kinase, JAK2, in
response to leptin. Phosphorylated STAT3 translocates to the nucleus and induces
a transcriptional program leading to suppression of food intake and increased
energy expenditure. Created in BioRender. Cakir, I. (2026) https://BioRender.com/
jd9puvs.

and their effect at acute versus chronic level should be accounted for
while evaluating the relative importance of factors acting down-
stream of the leptin receptor. For example, phosphoinositide
3-kinase (PI3K) signaling regulates acute but not chronic responses
to leptin action®. In our studies, Pyk2 KO mice displayed normal
body weights also on HFD compared to the wild type littermates, in
contrast to a previous report on Pyk2 KO mice being more obesity
prone*’. While the reason for this discrepancy is not clear, we pro-
pose that the embryonic ablation of Pyk2 is compensated by FAK or
other kinases, including JAK2 and Src'®’°7, leading to a normal
phenotype. The predominantly DMH-localized expression of Pyk2 is
also in agreement with the phenotype we report here for the global
Pyk2 KO mice. Considering the redundancy between the two kinases
for various cellular activities, the difference in their hypothalamic
expression profile, and the fact that both genes are also expressed
outside the central nervous system, we targeted both kinases in the
DMH and the mediobasal hypothalamus to specifically study their
central action. Our results collectively document the indispensable
role of focal adhesion kinases in the regulation of feeding primarily
through leptin receptor signaling and provide key evidence for the
focal adhesion kinases acting as key mediators of leptin re-
sensitization secondary to peripheral HDAC6 inhibition (Fig. 8).

We have previously shown that peripheral HDAC6 inhibition,
primarily through the adipose tissue sends a systemic signal to the
brain to confer leptin sensitization**. Hence, an inter-tissue signaling
molecule integrates the function of HDAC6 and focal adhesion kinases
acting at distant tissues to the regulation of energy metabolism at the
level of leptin receptor signaling.

Methods

Mice

All animal studies were performed following procedures approved by
the Institutional Animal Care and Use Committees (IACUC) at the
University of Michigan and University of Pittsburgh, and by the Com-
mittees on Ethics of Animal Experiments of the University of Pavia.
Mice were fed either regular chow (SLOD from Lab Diet, Purina, St.
Louis, MO) or high-fat diet (HFD, 60 kcal% fat, Research Diets, cat. no.
D12492) and had free access to food and water unless noted otherwise

and kept on a 12 h light/dark cycle in a temperature and humidity-
controlled environment. Mice had ad libitum access to food and water
unless otherwise indicated. Wild-type male C57BL/6) mice (The Jack-
son Laboratory, Bar Harbor, ME) were used. Pyk2 KO mice generation
was previously reported® and colonies were maintained as
described®. Only male mice were included in this study.

Cannulation surgery

Mice were anesthetized with isoflurane, and a stainless-steel guide
cannula (Plastics One, Roanoke, VA) was implanted into the lateral
ventricle using the following stereotaxic coordinates: AP: -0.46 mm,
ML: -1.00 mm, DV: -2.20 mm. All intracerebroventricular (icv) injec-
tions were performed using a 2-uL Hamilton syringe (Plastics One,
Roanoke, VA). Following recovery from the surgery, accurate place-
ment of the cannula was confirmed by central angiotensin Il adminis-
tration. Animals that did not exhibit an elevation in water intake in
response to central angiotensin Il were excluded from the study. PF
was dissolved in DMSO and infused at 500 nL per mouse into the right
lateral ventricle at the indicated doses.

Stereotaxic viral injections

Mouse Pyk2- and Fak-targeting shRNA sequences described above
were cloned into an AAV vector in tandem reading frames (Vector-
Builder). AAV2-CMV-Pyk2/Fak shRNA and AAV2-CMV-scramble shRNA
viruses were generated by the University of Michigan Vector Core. For
stereotaxic surgical procedures, 8 to 10-week-old wild-type mice were
anesthetized with isoflurane and positioned in a stereotaxic frame
(Kopf). A micro-precision drill was used to create a small burr hole
directly above the site of viral injection, followed by the careful
removal of the dura. A total of 500 nL of AAV was injected bilaterally
into the arcuate nucleus and dorsomedial hypothalamus using a
micromanipulator (Narishige) attached to a pulled glass pipette. The
coordinates from bregma for the arcuate nucleus: anterior/posterior:
-1.40 mm, medial/lateral: +0.25mm, dorsal/ventral: 5.95mm; for
DMH: anterior/posterior: -1.70 mm, lateral: +0.30 mm, dorsal/ventral:
-5.60 mm. The virus was administered at a rate of 50 nL/min. After the
injection, the glass pipette was left in place for an additional 10 min to
prevent the viral solution from leaking outside the targeted brain
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region. A recovery period of 3 weeks was allowed post-surgery to
ensure viral expression and healing from the surgical procedures. Viral
expression was verified post hoc in all animals. Data from animals in
which the viral expression was located outside the targeted area were
excluded from analysis.

Fasting and re-feeding studies

For experiments involving wild-type lean mice, food was removed
from the cages of cannulated mice prior to the beginning of the dark
cycle (6:00 p.m.). After 23 h of fasting, mice were infused with PF
(2.5 ug as indicated in Fig. 5 legend) or DMSO vehicle of equal volume
(500 nL per mouse) icv 30 min later, mice were injected with 5 or
10 mg/kg leptin or PBS as vehicle intraperitoneally (ip). Food intake
was monitored 3, 6, 16, and 24 h. Body weight was measured 6, 16, and
24 h post re-feeding. This experiment was conducted on two separate
cohorts of mice with both cohorts exhibiting similar results. For each
cohort of mice, the fasting-induced re-feeding experiment was per-
formed 2-3 times, each time rotating the mice in the experimental
groups. Each trial was separated by a minimum of 5 days. Following the
final trial, mice were fasted overnight for 16 h (6:00 p.m. to 10:00 a.m.).
After the fast, PF or DMSO was injected icv, followed by leptin or PBS ip
injection 15 min later. Thirty minutes after administration of leptin or
PBS, hypothalamic tissue punches were collected and snap frozen in
liquid nitrogen, and stored at =80 °C until further analysis. To test the
effect of PF on TubA-induced weight loss (Fig. 2a, b), wild-type DIO
mice on HFD were cannulated in the lateral ventricle, and treated with
PF or DMSO icv and TubA or Vehicle ip once daily. For experiments
involving Pyk2 KO mice, food was removed from the cages for the last
6 h prior to the onset of dark cycle. Fifteen minutes prior to the onset
of the dark cycle, Pyk2 KO or littermate control mice were injected with
PBS or leptin (5 mg/kg) followed by returning food to the mice. Body
weight and food intake were measured 3, 6, 18, and 24 h following re-
administration of food.

Antibodies and plasmids

Anti-phosphoSTAT3Y% (#9145 and #9131, 1:1000), anti-STAT3 (#9139,
1:1000), anti-phosphoPYK2"9? (#3291, 1:1000), anti-PYK2 (#3480,
1:1000), anti- GAPDH HRP conjugate (#8884, 1:10,000), anti-
phosphoFAKY*” (#8556, 1:1000), and anti-FAK (#13009, 1:1000), anti-
alpha Tubulin (#3873, 1:5000), anti-acetyl alpha tubulin (#5335,
1:2000), anti-FLAG tag (#14793, 1:5000), anti-myc tag (#2278, 1:2000)
HRP-conjugated anti-rabbit IgG (#7074, 1:2000), HRP-conjugated anti-
mouse IgG (#7076, 1:2000), DyLight 800-conjugated anti-rabbit 1gG
(#5151, 1:10,000), DyLight 680-conjugated anti-mouse IgG (#5470,
1:10,000) antibodies were purchased from Cell Signaling Technology
Inc. (Danvers, MA) and were diluted as indicated. The anti-a-FLAG
(#SAB4301135, 1:10,000) antibody was purchased from Sigma-Aldrich
(St. Louis, MO).

The FLAG-tagged human leptin receptor ORF was purchased from
Sino Biologicals (Beijing, China). The wild-type human Pyk2 ORF was
purchased from OriGene (Rockville, MD). The GFP-tagged kinase-dead
PYK2 mutant (PYK2 KD) was kindly provided by Dr. Kristiina Vuori
(Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA).
The wild-type Fak (#50515), autophosphorylation-site mutant FAK"**7
(#50516), FLAG-tagged Stat3, and LacZ constructs were obtained from
Addgene (Cambridge, MA).

In silico connectivity map (CMap) analysis

Bulk RNA sequencing was conducted using hypothalamic RNA
obtained from male wild-type DIO mice treated with vehicle (dimethyl
sulfoxide, DMSO) or TubA for four consecutive days. The leptin-
induced gene expression changes in LepR neurons was previously
published*¢, and in our analysis we used the results obtained 10 h after
leptin treatment. Upregulated (fold change >1.50) and downregulated
(fold change <0.70) transcripts were entered into the 1.0 query version

of CMap (clue.io). TubA and leptin gene expression signatures were
analyzed as individual queries. The arithmetic mean of CMap derived
connectivity scores for these two queries is used as the TubA/Leptin
combined score. The top four perturbagens that best correlated with
the combined scores were Serpinld knockdown and kinetin-riboside
(apoptosis/mitophagy inducer) as positively associated factors
(changing the gene expression in the same direction as input), and ZG-
10 (JNK inhibitor) and PF-562271 (PF, focal adhesion kinase inhibitor) as
negatively associated factors, i.e., changing the gene expression in the
opposite direction compared to the input query (Fig. 1e, f). This final
list was manually sorted and some of the factors were eliminated as
non-likely candidates. For example, Serpindl is a serine protease
inhibitor that is a predominantly liver-specific gene with a restricted
expression to the vascular leptomeningeal cells in the brain (http://
mousebrain.org/). We further ruled out Serpindl because its over-
expression had a very low similarity score (-3.125) in contrast to the
relatively high score of its knockdown (85.08, with CMap similarity
scores ranging between -100 to +100). Some factors in either list
appeared as both negative and positive correlators, e.g., JNK inhibitors
and topoisomerase inhibitors appeared with combined connectivity
scores ranging from —97.49 to +35.63. We reasoned those factors were
random associations due to lack of a uniform direction in their scores.

Generation of Ni1Stat3Luc stable cell line and experimentation
Lentivirus encoding a luciferase reporter construct under a minimal
CMV promoter and a STAT3 transcriptional response element was
purchased from Cellomics Technology (Halethorpe, MD). For gen-
erating the NiStat3Luc cell line, 10 pg/mL polybrene (Santa Cruz Bio-
technology, Dallas, TX) was added to the viral particles prior to
addition of lentiviral medium to N1 cells. Cells were supplemented with
equal volume of 10% fetal bovine serum (FBS) in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) approximately 4 h
after lentiviral medium addition. Two days after infection, the medium
was removed and replaced with DMEM supplemented with 10% FBS
and 10 ug/mL puromycin antibiotic selection (Thermo Fisher Scientific,
Waltham, MA). Surviving cells which had stably integrated the con-
struct (denoted as NiIStat3Luc) were used for experiments. For
experiments using the N1Stat3Luc cells, cells were plated in 384 well
plates. On the following day, cells were transfected with 80 ng LepRb
and 0.12 pL Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in reduced
serum medium (Opti-MEM, Invitrogen, Carlsbad, CA). The following
day, the indicated concentration of PF and leptin was added. The fol-
lowing day, 1x D-luciferin substrate was added to each well. Within
10 min of D-luciferin addition, fluorescence was measured using an
EnSpier plate reader (PerkinElmer, Waltham, MA).

Cell culture and transfection

All cell lines were maintained at 37 °C in 5% CO, in DMEM supple-
mented with 10% heat-inactivated FBS and 100 units/mL penicillin,
100 pg/mL streptomycin or selection antibiotic. The embryonic mouse
hypothalamus cell line (N1) was purchased from Cedarlane Labs
(Burlington, Canada). The JAK2”~ mouse embryonic fibroblasts and
y2a human fibroblasts, which were both kindly provided by Dr. Lian-
gyou Rui (University of Michigan, Ann Arbor, MI), stably express LepRb
as previously described”® and were maintained in 100 pg/mL hygro-
mycin B (Invitrogen, Carlsbad, CA) selection. Upon transfection,
medium containing antibiotics was removed and replaced with DMEM
with 10% FBS. Plasmids were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) in accordance with the manufacturer’s
protocol.

Generation of Fak and Pyk2 stable knockdown cell lines

Fak (CCGGGCCTTAACAATGCGTCAGTTTCTCGAGAAACTGACGCATT
GTTAAGGCTTTTTG) and Pyk2 (CCGGATTGAGGACGAAGACTATT
ACCTCGAGGTAATAGTCTTCGTCCTCAATTTTTTG) shRNA constructs
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were purchased from Sigma (St. Louis, MO). Scramble shRNA (plasmid
#1864) was purchased from Addgene. Scramble shRNA construct in
pLKO.1 vectors was subcloned into pLL3.7 (#11795, Addgene), which
also encodes GFP. Lentivirus was generated by transfecting 293 T cells
plated in 15 cm dishes with the following plasmids: 6.3 ug each of pRSV-
Rev, pVSVG, and pMDLp/g (gift of Dr. Roger Colbran, Vanderbilt Uni-
versity) and 12.6 pg of the shRNA construct. Ninety-six hours following
transfection, the medium was collected, briefly centrifuged, and fil-
tered through a 0.45 um filter. Lentiviral medium with 10 ug/mL poly-
brene (Santa Cruz Biotechnology, Dallas, TX) was added to N1 cells
which were supplemented with equal volume of 10% FBS DMEM
approximately 4 h after lentiviral medium addition. Two days after
infection, the medium was removed and replaced with DMEM sup-
plemented with 10% FBS and 10 ug/mL puromycin antibiotic selection
(Thermo Fisher Scientific, Waltham, MA). Surviving cells which had
stably integrated the construct were used for experiments as
indicated.

RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). Iso-
lated RNA was converted to cDNA using a cDNA Reverse Transcription
Kit (Invitrogen, Carlsbad, CA). Using the generated cDNA, gene
expression was analyzed by qPCR using forward and reverse primers
(listed below) for the indicated genes and SYBR Green qPCR Master
Mix (Invitrogen, Carlsbad, CA). All primers used for qPCR were pur-
chased from Sigma-Aldrich (St. Louis, MO). An ABI Prism 7500 FAST
sequence detector (Applied Biosystems) was used to run the gPCR
reaction. The AACT method was used to determine the expression
level of a given transcript which was normalized to a housekeeping
gene (TATA-binding protein, TBP). The primers used are as follows: Fak
(Fwd 5-CCATGCCCTCGAAAAGCTATG; Rev 5-TCCAATACAGCGT
CCAAGTTCTA), Pyk2 (Fwd 5-CAGCAGAAGCAGATGGTGGA; Rev 5-CC
CTGTGAACTCCGTGTAGC), and TBP (Fwd 5-GAAGCTGCGGTACAA
TTCCAG; Rev 5-CCCCTTGTACCCTTCACCAAT).

Drugs and peptides

The dual FAK/PYK2 inhibitor, PF-431396 (PF, Tocris Bioscience, Bristol,
UK), was dissolved in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich,
St. Louis, MO). Recombinant mouse leptin was from A. F. Parlow
(National Hormone and Peptide Program, Torrance, CA) and Sigma-
Aldrich (#L3772, St. Louis, MO) and was dissolved in sterile phosphate-
buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA) or sterile
20 mM Tris/HCI, pH 8.0. The angiotensin II (Sigma-Aldrich, St. Louis,
MO) was dissolved in PBS. Tubastatin A Hydrochloride (MCE, Med-
chem Express) was dissolved in 20% DMSO/30% PBS/50% polyethylene
glycol (PEG)-400 (Sigma-Aldrich).

Immunoprecipitation and immunoblotting

Cell plates for immunoblot analysis were removed from -80 °C and
briefly thawed on ice prior to addition of RIPA buffer (50 mM TRIS pH:
7.50,25 mM NaF, 100 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% TritonX-100)
supplemented with protease (complete EDTA-free protease inhibitor
tablets, Roche, Basel, Switzerland) and phosphatase inhibitors (Phos-
STOP phosphatase inhibitor tablets, Roche, Basel, Switzerland). For
immunoprecipitation experiments, cells were washed one time with
ice-cold PBS prior to addition of RIPA buffer without SDS (50 mM TRIS
pH:7.50, 25mM NaF, 100 mM NaCl, 5mM EDTA, 1% TritonX-100)
supplemented with protease and phosphatase inhibitors. Cells lysates
were gently agitated for 15min at 4°C prior to centrifugation at
17,000 x g for 10 min at 4°C. Total protein concentration of the
cleared lysates were quantified using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA) according to the manu-
facturer’s protocol. Immunoprecipitation was carried out overnight at
4 °C using 1pg antibody per mg protein in the lysate. The immuno-
precipitation experiments using hypothalamic lysates were carried out

after crosslinking freshly dissected tissues in 10% formalin for 30 min
at 4 °C. Tissues were next treated with glycine for 30 min, and then
homogenized in RIPA buffer as described above. Cleared lysates were
incubated with STAT3 or IgG antibodies for immunoprecipitation.
Protein A/G beads were added for another 2 h, and the beads were
washed 3 times with RIPA buffer and bound proteins were eluted in 2x
laemmli buffer. Lysates were briefly boiled for 3-4 min, except for
when blotting for LepRb, prior to being loaded on an SDS-PAGE gel
(BioRad, Hercules, CA). Electrophoresed proteins were transferred to a
PVDF membrane (Millipore, Burlington, MA). After transfer, mem-
branes were blocked in a solution of bovine serum albumin (Research
Products International, Mount Prospect, IL) in PBS prior to incubation
with indicated primary antibodies for 1h at room temperature or
overnight at 4 °C. Blots were washed with PBST (PBS with 0.1% Tween-
20) for 30 min. Blots were then incubated with an HRP- or a
fluorophore-conjugated secondary antibody for 1h at room tempera-
ture followed by washing for 30 min with PBST. Blots were developed
immediately following the first 30 min wash. Blots incubated with an
HRP-conjugated secondary antibody were developed using West
Femto ECL Substrate (Thermo Fisher Scientific, Waltham, MA) and
visualized using a Bio-Rad ChemiDoc Touch Imaging System (BioRad,
Hercules, CA). Blots incubated with a fluorophore-conjugated sec-
ondary antibody were visualized using an Odyssey CLx imager (LI-COR
Biosciences, Lincoln, NE). Some membranes were incubated at 37 °C in
stripping buffer (Thermo Fisher Scientific, Waltham, MA) for 1 h prior
to re-blocking and re-probing the membrane with another antibody. A
relevant molecular weight marker is labeled in each immunoblot.

Immunoblot quantification

Image) (https://imagej.nih.gov/) was used for all immunoblot quanti-
fications. To calculate the relative leptin induced pSTAT3/STAT3
values, each quantified pSTAT3 band was normalized to the quantified
total STAT3 band. Then, each sample was normalized to the average of
the unstimulated control sample(s).

RNAScope and microscopy

RNAScope fluorescent in situ hybridization. To quantify Ptk2, Ptk2b
and Lepr mRNA abundance in the hypothalamus, RNAScope fluor-
escent multiplex v2 assay (Advanced Cell Diagnostics) was used.
Fresh brain samples were collected from ad lib fed, overnight fasted,
and leptin-treated fasted mice. Following dissection, brain samples
were embedded in OCT and immediately frozen on dry ice and
stored at —80 °C until further processing. A total of 16 um-thick fro-
zen sections covering the hypothalamus were cryostat sectioned and
mounted onto Super Frost Plus slides (Fisher Scientific). In situ
hybridization was performed according to the RNAscope fluorescent
v2 multiplex kit user manual for fresh frozen tissue (Advanced Cell
Diagnostics), using RNAscope Probe-Mm-Ptk2-C1(#511721), RNA-
scope Probe-Mm-Ob-r-C2(#402731-C2), and RNAscope Probe-Mm-
Ptk2b-C3 (#506861-C3).

Image capture. Confocal Z-stacks comprised of 1.0-um optical sec-
tions through triple-labeled sections were captured at x20 magnifica-
tion using a Leica SP8 confocal laser scanning system attached to a
motorized inverted microscope (Leica Microsystems). Fluorophores
were detected by four lasers at wavelengths of 405, 488, 561,
and 640 nm.

Analysis of mRNA transcripts. Cells in each area (DMH, VMH, and
ARH) were analyzed using Leica LAS X Life Science Microscope
Software (Leica Microsystems). A fixed threshold and uniform roi was
applied to all images, but separately for each channel and for each
nucleus. Pixels above background were measured in optical sections
through the entirety of each cell (indicated by a defined nucleus) and
averaged per cell, to calculate animal averages and group means.
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Co-localization analysis of transcripts. To examine whether there
was a difference in the percentage of co-expression of LepR/Pyk2/Fak
transcripts within a nucleus, images were taken on a Leica SP8 confocal
laser scanning system at x20 magnification. The total number of cells
expressing either LepR, Pyk2 and/or Fak was counted in sections of the
DMH, VMH and ARH for each group, and the mean percentage of
triple-labeled (LepR+Pyk2+Fak), double-labeled (LepR+Pyk2, LepR+Fak,
or Pyk2+Fak), or single-labeled (LepR, Pyk2, or Fak) cells was calculated.

Single-cell RNA sequencing analysis

Processed single-cell RNA sequencing data of the hypothalamus®” was
downloaded from GEO (GSE87544). All analyses were conducted using
the R package Seurat (v.4.3.0)"*”. The raw reads from 14,437 hypo-
thalamic single cells were normalized and scaled. Top 2000 highly
variable genes were identified and used as input for principal com-
ponent analysis. Top 15 principal components (PCs) were determined
to capture the greatest variance using the ElbowPlot function, and
were used as input for the clustering analysis (resolution of 0.1) which
was visualized with UMAP. Robustness of the clustering was evaluated
by varying the PC and resolution parameters. The expression pattern
of features of interest was evaluated using the FeaturePlot function.
The scripts used to perform the scRNA sequencing analysis are avail-
able in Supplementary Note 1.

Statistics and reproducibility

All data are presented as the mean + standard error of the mean
(SEM) with a p value<0.05 considered statistically significant.
Unpaired and two-tailed t-test and one- and two-way ANOVA fol-
lowed by Tukey’s or Sidak multiple comparison test were applied. For
N1Stat3Luc analysis (Fig. 3j, k), following transformation of the data,
a nonlinear regression was used. All statistical analyses were con-
ducted using GraphPad Prism (GraphPad, La Jolla, CA). p values are
indicated in the figures. Sample sizes are indicated in figure legends.
No statistical method was used to predetermine sample size. For the
studies that involve stereotaxic surgeries into the lateral ventricle,
the animals that tested negative during the water intake test
(Angiotensin II test) were excluded from the study. Mice that were
transduced with AAV particles were analyzed after the completion of
the experiments and negatively targeted animals were excluded from
the post hoc analysis. Allocation of samples or animals were random.
The Investigators were not blinded to allocation during experiments
and outcome assessment except for the experiments presented in
Figs. 4, 5¢c and Supplementary Figs. 4, 5.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are contained within this article and in the Supporting Infor-
mation. GSE966277°, GSE68177°%, GSE124693°°, and GSE87544% are
publicly available and used for re-analysis in our study. The hypotha-
lamic RNAseq results of vehicle versus TubA-treated mice using in
Fig. 1 is available at the sequence read archive with the BioProject ID:
PRJNA1392032. Source data are provided with this paper.
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