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Abstract

Leptin, a hormone mainly secreted by adipocytes, has attracted significant attention since its discovery in
1994. Initially known for its role in appetite suppression and energy regulation, leptin is now recognized
for its influence on various physiological processes, including immune response, bone formation, and
reproduction. It exerts its effects by binding to receptors and initiating an intracellular signaling cascade.
Heparan sulfate (HS) is known to regulate the intracellular signaling of various ligands. HS is present as
the glycan portion of HSPGs on cell surfaces and in intercellular spaces, with diverse structures due to
extensive sulfation and epimerization. Although HS chains on HSPGs are involved in many physiological
processes, the detailed effects of HS chains on leptin signaling are not well understood.

This study examined the role of HS chains on HSPGs in leptin signaling using Neuro2A cells
expressing the full-length leptin receptor (LepR). We showed that cell surface HS was essential for
efficient leptin signaling. Enzymatic degradation of HS significantly reduced leptin-induced
phosphorylation of downstream molecules, such as signal transducer and activator of transcription 3 and
p44/p42 Mitogen-activated protein kinase. In addition, HS regulated LepR expression and internalization,
as treatment with HS-degrading enzymes decreased cell surface LepR. HS was also found to exhibit a
weak interaction with LepR. Enzymatic removal of HS enhanced the interaction between LepR and low-
density lipoprotein receptor-related protein 1, suggesting that HS negatively regulates this interaction. In
conclusion, HS plays a significant role in modulating LepR availability on the cell surface, thereby
influencing leptin signaling. These findings provide new insights into the complex regulation of leptin

signaling and highlight potential therapeutic targets for metabolic disorders and obesity.

Keywords: Leptin signaling, leptin receptor, heparan sulfate, endocytosis, low-density lipoprotein

receptor-related protein 1

Abbreviations

The abbreviations used are as follows: CHase, chondroitinase; DAPI, 4',6-Diamidino-2-phenylindole
Dihydrochloride n-Hydrate; ERK, Extracellular signal-related kinase; FACS, fluorescence-activated cell
sorting; FGF, Fibroblast growth factor; HS, Heparan sulfate; HSPG, Heparan sulfate proteoglycan;
HS6ST, Heparan sulfate 6-O-sulfotransferase; HSases, HS-degrading enzymes; JAK, Janus kinase; LepR,
Leptin receptor; Lrp, Low-density lipoprotein receptor-related protein; MAPK, Mitogen-activated protein
kinase; Ob-R, Ob receptor (LepR); PBS, phosphate-buffered saline; pERK1/2, phosphorylated ERK1/2;
pSHP2, phosphorylated SHP2; pSTAT3, phosphorylated STAT3; SHP2, Src homolog domain-containing

phosphatase 2; STAT, Signal transducer and activator of transcription.

1. Introduction
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Leptin, a hormone primarily secreted by fat cells, has been extensively studied since its discovery in 1994
[1]. Beyond its well-known effects on body weight and appetite, leptin also influences various
physiological processes, including immune response, bone formation, and the reproductive system,
highlighting its multifaceted role in human biology[2—4]. Although leptin was initially identified as an
appetite-suppressing hormone, recent studies have underscored its role in energy expenditure [5-7].
When leptin binds to its receptor on the surface of hypothalamic neurons, it triggers a cascade of
intracellular signaling events that result in the transcriptional activation of genes like Pro-
opiomelanocortin and Suppressor of cytokine signaling 3, while repressing genes such as Neuropeptide Y
and Agouti-related peptide [8,9].

Among the six isoforms of the leptin receptor (LepR), only the longest variant possesses a
cytoplasmic domain crucial for mediating physiological leptin signaling. Leptin signaling is intricate,
involving diverse pathways, primarily the Janus kinase (JAK) / Signal transducer and activator of
transcription (STAT) pathway. Upon leptin binding to LepR, JAK2 is activated, initiating subsequent
phosphorylation of LepR at Tyr1138. This phosphorylation site serves as a docking site for the Src
homology 2 domain of STAT3. After phosphorylation by JAK2, STAT3 translocates to the nucleus,
where it regulates target genes as a transcription factor. [10]. In addition, leptin induces phosphorylation
of Y985 in LepR, creating a binding site for Src homolog domain-containing phosphatase 2 (SHP2),
which activates the Mitogen-activated Protein Kinase (MAPK) pathway [11]. Leptin also activates other
regulatory proteins such as Insulin Receptor Substrate 1, Insulin Receptor Substrate 2, AMP-activated
Protein Kinase, and the mammalian Target of Rapamycin [12].

LepR is a short-lived membrane protein that undergoes continuous endocytosis independent of
ligands [13]. As a result, LepR is constantly internalized and recycled, regardless of the presence of
leptin. Recent research has highlighted the critical role of LepR endocytosis in leptin signaling.

Clusterin/Apolipoprotein J enhances leptin signaling by facilitating endocytosis mediated by low-density
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lipoprotein receptor-related protein (Lrp) 2. This enhancement promotes leptin’s appetite suppression and
facilitates leptin-induced activation of hypothalamic STAT3 [14]. Blocking hypothalamic Lrp and its
endocytosis disrupts leptin-induced anorexia and phosphorylation of hypothalamic STAT3. Thus, Lrp-
mediated endocytosis of the leptin—-LepR complex appears indispensable for the effective activation of
STAT3 signaling by leptin [15]. Moreover, endospanin-1 and endospanin-2 act as negative regulators of
cell surface expression of the longest LepR form and are involved in regulating membrane transport
following LepR internalization through the endocytosis pathway [16]. These findings underscore the
crucial role of LepR endocytosis in mediating leptin signaling that underlies appetite suppression in the
brain.

Heparan Sulfate (HS) is a glycosaminoglycan chain that is covalently linked to serine residues
in the protein core of Heparan Sulfate Proteoglycans (HSPGs), which are widely distributed on cell
surfaces throughout the body [17,18]. These membrane-bound HSPGs play a crucial role in cell signaling
and interactions. Comprising linear polysaccharides chains, HS consists of repeating disaccharide units of
hexuronic acid and D-glucosamine residues that undergo various enzymatic modifications [19,20]. These
include epimerization of glucuronic acids to iduronic acids, N-deacetylation and N-sulfation of N-
acetylglucosamine, and addition of sulfate groups to the C6 and C2 positions of glucosamine residues.
These modifications allow HS to participate in numerous signaling pathways by interacting with a diverse
array of ligands and receptors [21,22]. Studies of genetic mutations in enzymes responsible for HS
synthesis have revealed that alterations in HS structure can impact brain function [23-27]. In addition,
HS-modifying enzymes such as Heparan sulfate 6-O-sulfotransferase 2 (HS6ST2) and an HS
proteoglycan (HSPG) Syndecan-3 are expressed in the dorsal medial hypothalamus together with LepR
[28]. Nevertheless, research into the specific involvement of HS in leptin signaling remains limited, its

function is not completely understood and requires further investigation.
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Recent studies underscore the pivotal role of HSPG in the endocytosis process. HS chains on
HSPGs regulate endocytosis by binding to various ligands such as fibroblast growth factor (FGF) 2,
DNA-peptide polyplexes, and very-low-density lipoprotein on the cell surface, facilitating their
internalization into cells [29-32]. In addition, cell surface HSPGs facilitate the internalization of
recombinant human bone morphogenetic protein [33]. HSPG also serves as a receptor for coronaviruses,
including SARS-CoV-2, during their entry into host cells [34]. Furthermore, studies have demonstrated
that HSPGs regulate the endocytosis of specific morphogens like Drosophila Decapentaplegic [35,36].
Glypican, a member of the HSPG family, plays a crucial role in the Decapentaplegic signaling pathway
and endocytosis mechanisms independent of dynamin-mediated processes. Thus, HSPGs mediate
endocytosis through various pathways, including caveolin-dependent and clathrin-dependent mechanisms
and macropinocytosis [37].

This study explores the role of HS in leptin signaling. We demonstrated that cell surface HS
modulates leptin signaling in Neuro2A cells expressing full-length LepR. In addition, we observed that
cell surface HS regulates LepR expression after leptin exposure. Importantly, we found that cell surface
HS inhibits the interaction between LepR and Lrpl. Our findings suggest that cell surface HS restricts the
interaction between LepR and Lrpl, influencing LepR pool dynamics by affecting its endocytosis,

recycling and thereby impacting leptin signaling.

2. Material and methods

2.1. Materials

Three clones of Neuro2A cells expressing full-length human LepR (Neuro2A-ObRb) were generated
through transfection of Halo-tag-conjugated full-length human LepR into Neuro2A cells. All clones were
utilized for the experiments presented in Figures 1 and 2, and consistent results were obtained.

Subsequently, one representative clone was selected for the remaining experiments. The 293T cells were
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obtained from the RIKEN-BRC. Recombinant human leptin was purchased from Peprotech, and heparin
was supplied by Seikagaku Corporation. The antibodies employed in this study included: mouse
monoclonal (IgM) anti-heparan sulfate F58-10E4 antibody (Seikagaku Corporation); rabbit monoclonal
anti-phospho-STAT3 (pSTAT3) antibody (D3A7); mouse monoclonal anti-STAT3 antibody (124H6);
rabbit polyclonal anti-phospho-SHP2 (Tyr542); rabbit monoclonal anti-SHP2 (D50F2); rabbit
monoclonal anti-phospho-p44/42 MAPK(Erk1/2) (Thr202/Tyr204) (D13.14.4E); rabbit monoclonal anti-
syntaxin6 antibody (C34B2); rabbit monoclonal anti-EEAL antibody (C45B10); rabbit monoclonal anti-
clathrin antibody (D3C6); rabbit monoclonal anti-APPL1 antibody (D83H4) (Cell Signaling
Technologies); mouse monoclonal anti-Lrpl antibody (11H4) (BioLegend); three types of antibodies
against the LepR: rabbit polyclonal antibodies (Proteintech and Genetex) and a mouse monoclonal
antibody (Santa Cruz Biotechnology); HRP-conjugated anti-mouse and anti-rabbit IgG (MP
Biomedicals); Alexa 488-conjugated goat anti-mouse IgM antibody, Alexa 594-conjugated goat anti-
rabbit 1gG antibody, and Alexa 594-conjugated streptavidin (ThermoFisher Scientific). Heparinase,
heparitinase |, and heparitinase Il from Flavobacterium heparinum, as well as an unsaturated heparan

sulfate disaccharide kit, were purchased from Seikagaku Corporation.

2.2. Western blotting

Cells were lysed directly in Leammli’s sample buffer supplemented with 10 mM dithiothreitol. Protein
concentrations were determined using a micro BCA™ protein assay kit (ThermoFisher Scientific). Equal
amounts of protein (20-40 pg) were separated by SDS-PAGE on 8% polyacrylamide gels and transferred
onto Immobilon-P PVVDF membranes (Millipore) using a wet tank transfer apparatus (NIHON EIDO
Corp.) with transfer buffer (25 mM Tris, 100 mM glycine, and 20% (v/v) methanol) at 10 V/gel
overnight. Following transfer, membranes were blocked with 5% nonfat dry milk in TBST (20 mM Tris-

HCI, 150 mM NaCl, 0.1% Tween-20, pH 7.5) for 1 h at room temperature. Primary antibodies were
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applied at the recommended dilution ratio provided by the manufacturer in Can Get Signal® solution 1
(TOYOBO) and incubated overnight at 4°C. After three washes with TBST, membranes were incubated
with HRP-conjugated secondary antibodies (diluted 1:2000 in Can Get Signal® solution 2 (TOYOBO))
for 1 h at room temperature. Following three additional washes with TBST, signals were detected using
Western Lightning® ECL Pro detection reagent (PerkinElmer) and visualized with a chemiluminescence
imaging system, ImageQuant™ LAS4000 mini (Cytiva). Band intensities were quantified using ImageJ

BandPeak Quantification [38].

2.3. Immunocytochemistry

Cells were seeded on coverslips and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 15 min at room temperature. After fixation, cells were washed three times with PBS, permeabilized
with 0.2% Triton X-100 in PBS for 3 min, and then blocked with blocking buffer (1% Bovine Serum
Albumin (Sigma) in PBS) for 1 h at room temperature to minimize non-specific antibody binding.
Subsequently, cells were incubated overnight at 4°C with primary antibodies diluted in blocking buffer
(following the manufacturer’s recommended dilution ratio). After incubation, cells were washed three
times with PBS and then incubated with fluorescently labeled secondary antibodies (diluted 1:1000 in
blocking buffer) for 1 h at room temperature. After three washes with PBS, cells were counterstained with
4'.6-diamidino-2-phenylindole (DAPI, 1 pg/mL) for 5 min at room temperature. Coverslips were

mounted onto glass slides using Fluoromount Aqueous Mounting Medium (Sigma) and allowed to air-
dry. Imaging was performed using the FVV3000 confocal microscope (EVIDENT) and subsequent analysis

was conducted using ImageJ software.

2.4. Flow Cytometry (FACS)



O©CoO~NOOTA~AWNE

10

11

12

13

15

16

17

18

19

20

21

22

23

24

Cells treated with HS-degrading enzymes (HSases) and/or leptin were detached using Accutase (Nacalai
Tesque), washed twice with PBS, and fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature. To minimize non-specific binding, cells were then incubated with 1% BSA for 1 h at 4°C.
Next, cells were exposed to anti-LepR antibodies (Genetex) for 1 h at 4°C, followed by two washes with
PBS and subsequent incubation with Alexa 488-conjugated secondary antibodies for 1 h at 4°C. Then,
cells underwent three washes with PBS to remove unbound antibodies. The cells were resuspended in
PBS and analyzed using a NovoCyte flow cytometer (Agilent). Each sample collected a minimum of
10,000 events for analysis, and flow cytometry data were processed using the software supplied by the

manufacturer.

2.5. Immunoprecipitation

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, pH 8.0), supplemented with cOmplete™ Protease Inhibitor
Cocktail (Merck) at the manufacturer-recommended concentration. Lysates were incubated on ice for 30
min and then clarified by centrifugation at 12,000 x g for 20 min at 4°C. The resulting supernatants were
collected for further analysis. Equal amounts of protein (500 pg) from the supernatants were incubated
overnight at 4°C with gentle rotation with primary antibodies specific to LepR (anti-LepR (Proteintech)
or anti-Ob-R (Santa Cruz Biotechnology). Subsequently, 20 pL of Dynabeads™ protein G (Invitrogen)
was added to the mixture, followed by an additional 1 h incubation at room temperature under gentle
rotation. The beads were washed three times with TBST to remove non-specifically bound proteins. After
the final wash, the beads were resuspended in an SDS sample buffer containing 50 mM dithiothreitol and
then boiled. The proteins were separated by SDS-PAGE on an 8% polyacrylamide gel, transferred onto a

PVDF membrane, and subjected to Western blotting.
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2.6. Interaction analysis between HS and LepR

Cell lysates were prepared as described previously. A mixture of heparin solution (100 pL of 10 mg/mL
in PBS) and 1 mg of Sulfo-SBED Biotin Label Transfer Reagent (ThermoFisher Scientific) was
incubated at room temperature 1 h to facilitate labeling. Excess Sulfo-SBED was removed by
ultrafiltration using a device with a molecular weight cut-off of 10,000. The reaction mixture was washed
twice with 300 pL of PBS during ultrafiltration. The resulting heparin (100 ug of Hep-SBED) was
combined with 1 mg of cell lysate (1 mg/mL). Proteins interacting with Hep-SBED were crosslinked
using a UV transilluminator set at 365 nm wavelength for 5 min. The lysates were then incubated
overnight at 4°C with 20 pL of anti-FLAG M2 affinity agarose gel. After incubation, the agarose beads
were washed three times with PBS and stained with Alexa-594 conjugated streptavidin in PBS (1/1000
dilution). The beads were resuspended in 300 uL of PBS and transferred to a 48-well plate. Images were
captured using the BZ-X800 fluorescence microscope (KEYENCE) and analyzed using the software

supplied by the manufacturer.

3. Results

3.1. Decreased leptin signaling in HS-depleted cells

HS plays an important role in regulating various signaling pathways by interacting with ligands and
receptors as a glycosaminoglycan chain of HSPG on the cell surface. In this study, we investigated the
influence of cell surface HS on leptin signaling using a mouse neuroblastoma cell line (Neuro2A) as a
model system. These cells naturally express HSPGs with HS chains, but lack LepR, making them
unresponsive to leptin. To explore leptin signal transduction, we introduced the full-length LepR into
Neuro2A cells (designated as Neuro2A-ObRb) and assessed their response to leptin stimulation. We

focused on the role of HS chains on HSPGs in regulating leptin signaling pathways by examining
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changes in downstream signaling molecules. Western blotting analysis revealed activation of downstream
molecules such as STAT3, SHP2, and ERK1/2 upon leptin treatment, indicating that Neuro2A cells
possess the machinery for leptin signaling (Fig. 1C). To investigate the role of cell surface HS in
regulating leptin signaling, HS was removed enzymatically from the cell surface using a mixture of
enzymes, including Heparinase (1 mU/mL), heparitinase | (1 mU/mL), and heparitinase Il (0.5 mU/mL)
from Flavobacterium heparinum, as shown in Figure 1B. Immunostaining with the 10E4 antibody
showed robust fluorescence in untreated cells, confirming the presence of HS chains on HSPGs.
However, fluorescence was notably reduced in cells treated with HSases, indicating a substantial decrease
in cell surface HS (Fig. 1A). FACS analysis further quantified this reduction, showing a significant
decrease in 10E4 staining intensity in treated cells compared to untreated ones (Supplementary Fig. 2).
Under these conditions, Western blotting analysis revealed decreased levels of phosphorylated STAT3,
SHP2, and pERK in HSases-treated cells compared to untreated cells (Fig. 1C, D). This reduction in
phosphorylated proteins suggests impaired leptin signal transduction in the absence of cell surface HS. To
further investigate, we generated a pool of cells with Ext1 knocked out via genome editing
(Supplementary Fig. 3). Immunostaining with the 10E4 antibody showed reduced fluorescence in Extl
knocked out cells, indicating a substantial decrease in cell surface HS (Supplementary Fig. 3A).
Disaccharide analysis showed that HS was reduced from 346.45 to 159.53 pmol/mg protein in these cells.
Due to the limitations in expanding the mixture of Ext1 knockdown cells, an insufficient number of cells
was available for triplicate experiments, and thus the experiment was conducted only once. We analyzed
the phosphorylation of STAT3, ERK1/2, and SHP-2. Interestingly, in Ext1 knockout cells, the basal
phosphorylation level of STAT3 was 7.2 times higher than normal, even without leptin treatment, and it
increased further with leptin treatment. However, the fold increase from the basal state was significantly
lower in Ext1 knockout cells (90.2, 70.0, 55.4, 30.1 for parental cells; 9.1, 5.7, 5.9, 4.3 for Ext1 knockout

cells, p < 0.05, Welch’s t-test). ERK1/2 phosphorylation was comparable to levels observed with leptin

10
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treatment, even in the absence of leptin. A significant decrease in phosphorylated SHP-2 was observed in
the knockout cells compared with parental cells. The findings further confirm that the absence of HS
impairs leptin signaling.

To explore the impact of cell surface chondroitin sulfate (CS) on leptin signaling, we first
quantified the levels of CS using disaccharide analysis (Supplementary Fig. 1). Disaccharide analysis
showed minimal accumulation of chondroitin sulfate (CS) (~0.5 pmol/ug protein) under our experimental
conditions, compared to approximately 20 pmol/ug protein observed in mesenchymal stem cells (data not
shown). Cells were treated with chondroitinase ABC (CHase ABC) to further reduce CS levels, achieving
approximately a 50% reduction. Despite this reduction, the induction of phosphorylated STAT3
(pSTATS3) upon leptin stimulation showed no significant difference between CHase ABC-treated and
untreated cells. These findings suggest that under our experimental conditions, where cell surface CS
accumulation is minimal, CS does not play a critical role in modulating the STAT3 activation pathway in

response to leptin.

3.2. Effect of HS chains on LepR cell surface expression

To evaluate the impact of HS chains on HSPGs on LepR expression, we performed FACS analysis. In
cells untreated with HSases, LepR expression on the cell surface remained unchanged at both 0 and 90
min following leptin addition (Fig. 2A). Conversely, cells treated with HSases exhibited a significant
reduction in fluorescence at 90 min post-leptin addition, indicating a decrease in cell surface LepR
expression (Fig. 2A). Moreover, immunostaining of intracellular LepR showed a gradual decline in LepR
levels over time in cells without HSases treatment, whereas no significant change was observed from 0 to
90 min in cells treated with HSases (Fig. 2B). These findings suggest that cell surface HS is involved in
regulating both cell surface and intracellular LepR expression. Next, we investigated whether the addition

of leptin affected HS localization. In cells untreated with HSases, HS was transiently observed around the

11
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nucleus 15 min after leptin treatment and diminished after 90 min of treatment (Fig. 3A, upper panels).
Conversely, cells pre-treated with HSases showed no detectable changes in nuclear peripheral HS (Fig.
3A, lower panels). Intracellular HS partially co-localized with the Golgi marker Syntaxin6 and the
endosomal markers EEA1 and Clathrin, indicating the presence of HS in the Golgi apparatus and
endosomes (Fig. 3B, arrowheads). HS and LepR displayed slight co-localization both intracellularly (Fig.
3C) and extracellularly (Fig. 3D). These findings suggest that leptin induces changes in intracellular HS

localization without a significant interaction between HS and LepR.

3.3. Interaction between LepR and Heparin

We identified several potential heparin-binding motifs in mouse LepR, including RSKR at positions 306-
310, KATRPRGK at positions 394-402, RCRR at positions 609-613, and RMKK at positions 863-867.
However, these interactions were not detectable using standard enzyme-linked immunosorbent assays
(ELISA), likely because they were not sufficiently robust to withstand the washing steps and other
manipulations typical of ELISA. To address this limitation, we employed a combination of visible
immunoprecipitation and interaction analysis using a photoreactive crosslinker, which allowed us to
analyze conditions more closely resembling those in living cells [39]. The extracellular domain of LepR
or HS6ST3, tagged with FLAG, was expressed in 293T cells (Fig. 4A). To test the potential interaction of
heparin with these proteins, cell lysates were incubated with Hep-SBED. For specificity testing, an equal
amount of free heparin was added as a competitor. After photo-crosslinking the proteins that interact with
heparin, the FLAG fusion proteins were bound to M2 agarose beads. The beads were then washed,
stained, and observed for fluorescence. We used HS6ST3 as a positive control because HS6ST was
purified based on its ability to bind heparin [40]. The beads coupled with FLAG-HS6ST3 and FLAG-
LepRAC showed a significant increase in fluorescence intensity, indicating that Hep-SBED specifically

bound to and crosslinked HS6ST3 and LepRAC (Fig. 4B, C). When cold heparin was added as a

12
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competitor during the interaction, there was no increase in fluorescence intensity. These results suggest

that LepR interacts with heparin.

3.4. HS-dependent interaction between LepR and Lrpl
Given the role of Lrp proteins in regulating LepR endocytosis, we next investigated whether the
interaction between LepR and Lrp1 is dependent on HS. In Neuro2A-ObRb cells, both LepR and Lrpl
were expressed at similar levels regardless of HSases treatment or leptin addition (Fig. 5A, C).
Immunoprecipitation with two different antibodies targeting LepR, followed by immunoblotting for LepR
and Lrpl, showed that LepR levels in the immunoprecipitates were comparable across all treatments (Fig.
5B, E). Interestingly, when cells were treated with leptin after removal of HS from the cell surface, a
greater amount of Lrpl was detected in the immunoprecipitates than in cells untreated with HSases (Fig.
5D, E). These results suggest that the interaction between LepR and Lrpl increases when the cell surface
HS is removed, indicating that HS serves as a negative regulator of this interaction.

To further investigate the potential functional relationship between Lrpl and cell surface HS in
leptin signaling, we conducted Lrpl siRNA knockdown experiments (Supplemental Figures 4 and 5).
Following siRNA treatment, we observed a significant reduction in both Lrpl mRNA (Supplemental
Figures 4A and 5A) and protein levels. Upon leptin treatment, the parental cells exhibited an increase in
cell surface LepR expression 30 minutes post-treatment. In contrast, this increase was not observed in
Lrpl knockdown cells (Supplemental Figures 4B). Additionally, the induction of phosphorylated STATS3,
a downstream marker of leptin signaling, was decreased in Lrp1l knockdown cells compared to parental
cells (Supplemental Figures 5B). The lack of increased cell surface LepR expression and reduced
phosphorylated STAT3 induction in Lrpl knockdown cells suggest that both Lrp1 and cell surface HS

share a similar role in regulating LepR-mediated leptin signaling.

13
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4. Discussion

Leptin signaling is crucial for maintaining energy homeostasis and regulating body weight. However, the
potential role of HS in leptin signaling has not been explored. In the present study, we show that cell
surface HS is involved in leptin signaling by modulating the number of cell surface leptin receptors. This
study is significant given the similar expression patterns of LepR, HS-modifying enzymes such as
HS6ST2, and one of the HSPGs, Syndecan-3, in the hypothalamus [28]. In addition, we observed weaker
STATS3 activation in Hs6st2 knockout mice compared to wild-type mice after leptin administration
(manuscript in preparation), indicating a vital role for HS in the leptin signaling pathway [27,41].
Therefore, the results of this study could provide new insights into the mechanisms underlying metabolic
abnormalities and the treatment of obesity.
We demonstrated that cell surface HS regulates leptin signaling in cell-based experiments.

Leptin activates key signaling pathways, such as JAK-STAT, MAPK, and PI3K-Akt signaling pathways,
which are essential for maintaining the energy balance. Our data show that removing cell surface HS
attenuates the JAK-STAT pathway (Fig. 1) and reduces the amount of cell surface LepR (Fig. 2). These
findings suggest that cell surface HS enhances leptin signaling by retaining LepR on the cell surface. In
comparison, Extl knockout cells showed decreased phosphorylation of SHP-2, although STAT3 and
ERK phosphorylation were elevated even in the absence of leptin, indicating altered cellular states that
complicate interpretation (Supplementary Fig. 3). Nonetheless, the lower induction ratio of STAT3, along
with the SHP-2 results, suggests that leptin signaling is weakened as is observed in enzymatic digestion.

There are known examples of HS interacting with ligands and receptors to stabilize complex
formation. For instance, HS chains on HSPGs have been shown to stabilize FGF receptors by interacting
with both FGF receptor 1 and FGF2, forming a ternary complex that enhances receptor dimerization and
facilitates efficient signal transduction [42] [43]. Similarly, in the Wnt signaling pathway, HSPG helps

retain Frizzled receptors on the cell surface, promoting Wnt ligand binding and downstream signaling
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[44]. However, since there appears to be no interaction between leptin and HS [45], and the interaction
with LepR is likely very weak (Fig. 4), a different mechanism is likely involved. Unlike in the cases of
FGF and Wnt, where interaction with HS chains on HSPGs stabilize the complex and enhances signal
transduction, the role of HS in leptin signaling seems to follow a distinct pathway.

Our findings indicated that removing HS from the cell surface increased the amount of Lrpl in
the LepR immunoprecipitates (Fig. 5), suggesting that HS inhibits the binding between LepR and Lrp1.
Lrpl is known to regulate the endocytosis and recycling of various large molecules, including integrin
[46]. It interacts with the glycan chains of HSPGs, and HS chains play a role in the regulation of Lrpl-
mediated endocytosis [47,48]. This interaction likely plays a crucial role in modulating the availability
and function of Lrpl on the cell surface. Lrp2, a family member of Lrp1, has been implicated in
controlling LepR endocytosis and leptin-induced hypothalamic Stat3 activation [14]. Considering the
established role of Lrpl in endocytosis and its potential interaction with HSPGs, HS chains on HSPG
may function as regulatory molecules, modulating the binding between Lrpl and LepR. This interaction
may affect the internalization of LepR and its subsequent signaling pathways. Considering that Lrpl
knockdown does not lead to an increase in cell surface LepR 30 minutes after leptin addition
(Supplementary Figure 4), we propose a hypothesis (Graphical Abstract) that Lrp1, in coordination with
HSPG, may play a role in presenting LepR on the cell surface. In the absence of HS chains on HSPGs,
the internalized Lrpl-LepR complex may be unable to transition to more acidic compartments and
dissociate, preventing its recycling back to the cell surface. As a result, the Lrp1-LepR complex is likely
to accumulate within the cell. This could result in a decrease in cell surface leptin receptors, potentially
impacting leptin signaling. Such a mechanism suggests that HS chains on HSPG might play a critical role
in the trafficking and recycling of LepR, influencing the receptor’s availability and responsiveness to

leptin.
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Our findings further revealed that leptin treatment triggers a transient increase in perinuclear
HS after 15 minutes, which diminishes by 90 minutes. Conversely, cells treated with HSases show no
significant changes in perinuclear HS. The partial co-localization with intracellular markers (Fig. 3)
suggests that HS is present in the Golgi apparatus and endosomes, implying a potential role in
intracellular trafficking. There are other instances where HSPGs are internalized upon ligand addition
[37]. For example, the anti-DNA autoantibody 3D8 scFv binds to cell surface HSPGs and internalizes
into cells, co-localizing with HS and caveolin-1 [49]. Mandarini et al. demonstrated that HSPGs undergo
endocytosis with NT4 (a peptide mimicking heparin-binding ligand) and translocated to endosomes [50].
Considering that intracellular LepR levels gradually decrease in control cells but remain stable in HSases-
treated cells, intracellular HS may influence the recycling of LepR to the plasma membrane or its
intracellular degradation processes. We hypothesize that HS chains, internalized along with LepR, is
crucial for the sorting of internalized LepR back to the cell surface in conjunction with Lrpl. This
mechanism could ensure the efficient return of LepR to the cell surface, maintaining receptor availability
and thus regulating leptin signaling. However, due to the difficulty in directly proving the interaction
between HS and Lrpl, further research is needed to fully elucidate how this interaction impacts the
dynamics and signaling of LepR. Future studies should focus on identifying the precise molecular
mechanisms by which HS chains on HSPGs modulate Lrpl and LepR interactions and their implications
for leptin signaling pathways. Additionally, our data do not yet elucidate the precise role of intracellular
HS in leptin signaling, and further research is needed to confirm these mechanistic insights.

Our study provides strong evidence for the involvement of cell surface HS in leptin signaling;
however, several limitations remain. First, we did not fully analyze the direct interaction between HS and
LepR. While our modified visual immunoprecipitation assay using Hep-SBED showed an interaction
between heparin and LepR, a more detailed investigation between HS and LepR using techniques like

surface plasmon resonance or isothermal titration calorimetry is warranted. In addition, since LepR forms
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multimeric complexes at the cell surface, binding assays with HS should incorporate the LepR complex.
Second, the significance of HS modification and core proteins remains unclear. Identifying HS-modifying
enzymes and core proteins involved in leptin signaling is crucial for a more comprehensive understanding

of HS’s role in this process.

5. Conclusion

In conclusion, our findings suggest that cell surface HS plays a critical role in regulating LepR signaling.
Cell surface HS affects the amount of LepR expressed on the cell surface by influencing its endocytosis
or recycling through inhibition of its interaction with Lrp1. Our results underscore the importance of HS
chains on HSPGs in leptin function and contribute to a deeper understanding of leptin signaling
mechanisms. Future studies will further enrich our understanding of leptin signaling and may unveil new

therapeutic targets for metabolic disorders and obesity.
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Figure legend

Figure 1. Impact of HS depletion on leptin signaling in N2A-ObRb cells. A: HSase-treated (+) and

untreated (—) N2A-ODbRDb cells were stained with 10E4 antibody to visualize HS (green). Panels show
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11 phase-contrast (left), DAPI staining (middle), and 10E4 staining (right). Scale bar, 50 um. HS was

13 substantially reduced in HSase-treated cells. B: Time course of treatment with HS-degrading enzymes

16 (HSase) and leptin. HSase was added 30 min before leptin treatment. During the 270-min leptin

18 treatment, HSase was added again at 135 min. Open triangle indicates HSase treatment; closed triangle
indicates leptin treatment. C: Activation status of STAT3, SHP2, and ERK1/2 in response to leptin

23 stimulation in both untreated (—HSase) and HSase-treated (+HSase) cells. Cells were either untreated or
25 treated with HSase before leptin stimulation over, as shown in B. Immunoblotting was performed to
detect pSTATS3, total STAT3 (STAT3), phospho-SHP2 (pSHP2), total SHP2 (SHP2), phospho-ERK1/2
30 (PERK1/2), and total ERK1/2 (ERK1/2). Equal amounts of protein extract (23 pg) were used. Molecular
32 weight markers are shown on the right side of the panels. D: Time course of phosphoprotein/total protein
35 is presented as a line graph, normalized to a value of 1 for samples without HSase treatment at t = 0. Data
37 for STATS represent the averaged results of three independent experiments with error bars, while data for
SHP2 and ERK represent results from two independent experiments, with each measurement indicated by
42 circles (—HSase) and crosses (+HSase). Blue and red lines indicate the results for -HSase and +HSase,
44 respectively. Bars represent the mean + S.E.M. Statistical significance was determined using Student’s t-

47 test between —HSase and +HSase. * p < 0.05; ** p < 0.01.

51 Figure 2. Cell surface and intracellular expression of LepR in cells treated with and without HSase. A:
53 Flow cytometry analysis of cell surface LepR expression in cells treated with and without HSase. Cells
were either untreated (—HSase) or treated with HSase (+HSase), stimulated with leptin and collected at 0

58 and 90 min post-stimulation. They were then stained with an anti-LepR antibody to assess cell surface
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expression. Fluorescence intensity was measured by flow cytometry and compared. The histogram
overlays depicts the changes in fluorescence intensity, indicating LepR expression levels on the cell
surface at different time points in both —~HSase and +HSase cells. Blue line: Negative control. Red line: 0
min after leptin stimulation. Green line: 90 min after leptin stimulation. B: Immunostaining of
intracellular LepR in —HSase and +HSase cells. Cells were either untreated or treated with HSase, then
stimulated with leptin. At 0, 30, and 90 min post-stimulation, cells were fixed, treated with 0.05% trypsin
for 2 min at 37°C to remove cell surface protein, permeabilized, and stained with an anti-LepR antibody
to visualize intracellular LepR. Left panels show immunofluorescence images depicting intracellular
localization of LepR at different time points. The right panel displays a boxplot of fluorescence intensity
per cell. Red represents fluorescence intensity at 0 min post-leptin stimulation (n = 34), blue represents
fluorescence intensity at 30 min post-leptin stimulation (n = 65), green represents fluorescence intensity
at 90 min post-leptin stimulation (n = 172). Scale bar, 40 um. Statistical significance was determined
using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc comparison tests. ** p

< 0.01 between 0 min and 90 min, as well as between 30 min and 90 min.

Figure 3. Immunostaining of intracellular HS and LepR in cells treated with and without HSase. A: Cells
were either untreated or treated with HSase for 30 min and then stimulated with leptin. At 0, 15, and 90
min post-stimulation, cells were stained with antibodies to visualize the localization of HS (green) and
LepR (red). B: Co-staining of HS with various intracellular markers (Syntaxin6, Clathrin, EEAL, and
APPL1). Intracellular markers are shown in red, HS in green, and DAPI in cyan. Arrowheads indicate the
co-localization with intracellular markers. C: Co-localization analysis of HS and LepR was performed
using ImageJ software. Figure 3C is an enlarged view of the area outlined by a white square in Figure 3A
(middle). Areas where HS and LepR colocalize after 15 minutes of leptin treatment are highlighted in

white. —HSase denotes cells untreated with HSase; +HSase denotes cells treated with HSase. D: Co-
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localization of HS and LepR at the top, middle, and basal regions of the cell. Upper panels show HS is
presented in green, and LepR in red. Lower panels display co-localization analysis using ImageJ, with co-
localization sites depicted in white. A, C, and D: —HSase denotes cells untreated with HSase; +HSase

denotes cells treated with HSase. A-D: Scale bar, 20 um.

Figure 4. Analysis of heparin interaction with FLAG-LepRAC using the photoreactive crosslinker
SBED-heparin. A: Western blotting of FLAG-tagged proteins from cell lysates transfected with FLAG-
CMV14 (negative control vector), FLAG-m6ST3, and FLAG-LepRAC. B: Cell lysates were incubated
with SBED-heparin and subjected to crosslinking. Immunoprecipitation of FLAG-tagged proteins using
M2 beads was followed by detection of crosslinked biotin using Alexa594-streptavidin staining. Images
depict beads with (+Hep) and without (—Hep) free heparin as a competitor. Scale bar, 500 um. C: Boxplot
showing fluorescence intensity. Results from cell lysates transfected with FLAG-CMV14, FLAG-m6ST3,
and FLAG-LepRAC are presented. Statistical significance was determined using Welch’s t-test between —

Hep and +Hep for each cell lysate. ***, p < 0.001.

Figure 5. Interaction between LepR and Lrpl in cells treated with HSase and leptin. A: Western blot
depicting LepR expression in cells subjected to combined HSase and leptin treatments. Cells were
untreated or treated with HSase for 30 min, followed by stimulation with or without leptin for another 30
min. Equal amounts of protein extract (35 pg) were loaded. B: Immunoblot analysis of LepR precipitation
using two different antibodies. The amount of LepR in the precipitates was detected. LepR and Ob-R
denote the two antibodies used against LepR. C: Western blot showing Lrpl expression in cells treated
with HSase and leptin. Equal amounts of protein extract (35 ug) were loaded. D: Immunoblot analysis of
LepR precipitation using two different antibodies after Lrp1 precipitation. The positions of the molecular
weight markers are indicated on the left side (A and C) or both sides (B and D) of the figure. E: Top and

middle graphs display the amounts of LepR and Lrpl in the immunoprecipitates, respectively. The
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bottom graph presents relative levels of LepR and Lrp1, normalized to a value of 1 for untreated samples.
Data represent averaged results from three independent experiments with error bars. Statistical
significance was determined between conditions without and with HSase in the presence of leptin, using

Student’s t-test. ** p < 0.01.
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Supplementary Materials and Methods

Analysis of HS disaccharide composition. Cells cultured in 6 cm dishes (CS) or 10 cm dishes (HS) at
confluency were used for analysis. The cells were treated with 0.2 M NaOH solution overnight at room
temperature. After neutralization with 4 M acetic acid, the solution was incubated with 100 pg/mL DNase
I'and 100 pg/mL RNase A at 37°C for 2 hours. Phenol/CIAA extraction was performed twice, and the
supernatant was processed for ethanol precipitation by adding three volumes of cold ethanol containing
1.3% (w/v) potassium acetate. After incubation overnight at -20°C, the glycosaminoglycans were
precipitated by centrifugation at 12,000 g for 30 minutes at 4°C. The precipitates were washed once with
70% ethanol and dissolved in water. For CS, the samples were digested with 10 mU Chondroitinase ABC
at 37°C for 1 hour. For HS, the samples were analyzed under the same conditions as previously
described. The disaccharide compositions of HS were analyzed according to the method described in the

previous paper (41).

Genome editing. The 5' and 3' gRNA sequences for Ext/ are 5'-GAAGAAAGGGCGCAGAGCGTC-3'
and 5'-GACGCTCTGCGCCCTTTCTTC-3', respectively. These gRNA sequences were cloned into the
pX459 vector obtained from Addgene. Neuro2A-ObRb cells were seeded in a 6-well plate at a density of
2 x 103 cells per well, and transfection was performed when the cells reached 70-80% confluency. The
vector was mixed with Lipofectamine 3000 according to the manufacturer’s protocol and then added to
the cells. After 48 hours, puromycin was added to the culture medium at a concentration of 2 pg/mL.

Following a 4-day selection period, viable cells were pooled and expanded for further experiments.

Quantitative RT-PCR. Total RNA was extracted from cells transfected with siRNA using the RNeasy
Plus Mini Kit (QIAGEN). Reverse transcription was performed with 1 ug of each RNA sample using the

ReverTra Ace® qPCR RT Master Mix (TOYOBO) according to the manufacturer’s instructions.



Quantitative PCR was then conducted using iTaq Universal SYBR Green Supermix (Bio-Rad) and the
QuantStudio® 3 Real-Time PCR System (Applied Biosystems), following the protocols provided by the
manufacturers. The primers used for qRT-PCR were as follows: 36B4 forward, 5'-
CGACCTGGAAGTCCAACTAC-3"; 36B4 reverse, 5'-ATCTGCTGCATCTGCTTG-3'; Lip1 forward 5'-

GGACCACCATCGTGGAAA-3'"; Lip1 reverse 5-TCCCAGCCACGGTGATAG-3'.

Flow Cytometry (FACS). Cells were harvested using Accutase (Nacalai Tesque) and washed twice
with PBS. To minimize non-specific binding, they were incubated with 1% BSA for 1 h at 4°C. The cells
were then stained with either mouse monoclonal anti-HS antibody 10E4 or rabbit polyclonal anti-LepR
antibody (961-R, BIOSS) for 1 h at 4°C. After washing twice with PBS, Alexa 488-conjugated secondary
antibodies were applied for 1 h at 4°C. Following three additional PBS washes to remove unbound

antibodies, the cells were resuspended in PBS and analyzed using a NovoCyte flow cytometer (Agilent).



A

pmol/ug protein | \

CHase ABC pretreat 30 min

Leptin 0, 5, 30, 90 min
—CHase ABC +CHase ABC

0.6 — ‘. Leptin o 5 30 90 0 5 30 90 (min)
0-5 | — e — —
" AS pPSTAT3 75 kDa
0.4 = SD
0.3 m SE STAT3 ———— e —— - e — | 75 kDa
6S
0.2
® 4S 16
0.1 . 0S 14
2 12
0 = 10
0 30 120 (min) g 8 — CHase ABC
" p<0.05 2 6 + CHase ABC
4
0
e 2
0

Supplementary Figure 1

0 5 30 90 (min)



10° 10° 108 107
FITC-A

Supplementary Figure 2



(mv)
E 1
9 200-
8 E
S
control 100 23 45 6
E ¥
o - ._,_,M,,_f_ e ,,J:f-\'*[\'r"—h
0 5 10 15 20 25 30(min)
Retention time
(mV);
% 2007 .
3
AEXxt1 > 1007 Jk 23 45 g
O_ZA,A_/\ L
0 5 10 15 20 25 30(min)
Retention time
C N2a-ObRb AExt1(mix) control AExt1 control AEXxt1
Leptn - - + + - - + + Leptin - - + + - - + + Lepin - - + + - - + + (kDa)
(kDa) (kDa) — 75
pSTAT-3 ot — — 75 PERK1/2 e —_ pSHP-2 ——

) — 75
STAT-3 “_ 75 ERKI/Z  se———————— SHP-2 S ——————

25

80

60

. I

20

1.5

pSTST3/STAT3

0.5

Relative expression of

Relative expression of
pERK1/2/ERK1/2
[ ]
Relative expression of
pSHP-2/SHP-2

_ + _ + Leptin _ + - +  Leptin - + - +  Leptin

control AExt1 control AExt1 control AExt1

Supplementary Figure 3



1.4 "

. 1 .
1o r 100 00
1 80 7 80
0.8 =60 1 260
0.6 E €

-] >

0.4 340 340
0.2 . 20 1 20 -
0 A

0 AT 0 i ——

No treat control Lrpl 108 10% 105 108 107 108 103 10* 105 108 107 108

FITC-A FITC-A

Supplementary Figure 4



Lrp1

nega Lrp1
*

nega

.
No
treat
.
=

No
treat

o O O O O © O O O O

m m 0 ©O© <
uoissaidxa | diT uoljeAijoe
€1VLS SAje[aY

(%)
120
100
8
6
4
2
(%)

S A8
< X (4y] ®
o O
N 0 2 2 .
tp) 0
\,\Q\@\ n b, .
(04
7 Mo, |47
b, i Q
%&w\@ b, 7
N _
L)y 7
b Y 78 o
4N ()
@A 0 (¥
€6y _
(¥
2 | o o, | T _
4, ||| " \
1
™
T
5 =
5 (dp)

Leptin —
pSTAT3

Supplementary Figure 5



Figure legend

Supplementary Figure 1. Impact of CS depletion on leptin signaling in N2A-ObRb cells. A: GAGs were
extracted from CHase ABC-treated (+) and untreated (-) N2A-ObRb cells and digested with CHase ABC
for disaccharide analysis. The results are shown in the bar graph. The 0S, 4S, 6S, SD, SE and triS shown
on the right side of the graph indicates the CS disaccharide unit AUA-GalNAc, AUA-GalNAc4S, AUA-
GalNAc6S, AUA2S-GalNAc6S, AUA-GalNAc4S6S and AUA2S-GalNAc4S6S, respectively. CS was
reduced by about half in CHase ABC-treated cells. B: Activation status of STAT3 in response to leptin
stimulation in both untreated (—-CHase ABC) and CHase ABC-treated (+CHase ABC) cells. Cells were
either untreated or treated with CHase ABC 30 min before leptin stimulation. Immunoblotting was
performed to detect pSTAT3, total STAT3 (STATS3). Equal amounts of protein extract (20 pg) were used.
Molecular weight markers are shown on the right side of the panels. Time course of phosphoprotein/total
protein is presented as a line graph, normalized to a value of 1 for samples without CHase ABC treatment
at t = 0. Data represent the averaged results of three independent experiments with error bars. Blue and
red lines indicate the results for -CHase ABC and +CHase ABC, respectively. Bars represent the mean +
S.E.M. Statistical significance was determined using Student’s t-test between -CHase ABC and +CHase

ABC.

Supplementary Figure 2. The decrease in cell surface HS was confirmed by FACS analysis. Flow
cytometry analysis of cell surface HS expression in cells treated with and without HSase. Cells were
either untreated (red) or treated with HSase (green). They were then stained with an 10E4 antibody to

assess cell surface expression.

Supplementary Figure 3. Impact of knockdown of Exz/ on leptin signaling in N2A-ObRb cells. A:

N2A-ObRD cells (control) and cells with Ext/ knocked out by genome editing (AExt1) were stained with



10E4 antibody to visualize HS (green). Panels show phase-contrast (left), DAPI staining (middle), and
10E4 staining (right). Scale bar, 50 um. B: Chromatograms of HS disaccharide analysis performed with
GAGs extracted from control and AExt] cells. The peaks from 1 to 6 indicate the HS disaccharide unit
AUA-GIcNAc, AUA-GIcNS, AUA-GIcNAc6S, AUA-GICNS6S, AUA2S-GIeNS and AUA2S-
GIcNS6S, respectively. HS was reduced by about half in AExtl cells. C: Activation status of STATS3,
ERK1/2 and SHP-2 in response to leptin stimulation in both control and AExt1cells. (Upper panels) Cells
were treated with leptin for 30 min, and immunoblotting was performed to detect pPSTAT3, total STAT3
(STAT3), pERK1/2, ERK1/2, pSHP-2 and SHP-2. Molecular weight markers are shown on the right side
of the panels. (Lower panels) Time course of phosphoprotein/total protein is presented as a bar graph,
normalized to a value of 1 for control cells without leptin treatment. For STAT3, data represent the
averaged results (n = 4) with error bars, while data for ERK and SHP-2 represent results f of n=2, with
each measurement indicated by circles. Bars represent the mean + S.E.M. For STAT3, the Mann-Whitney
U test showed a significance level of p<0.05 for all combinations except the control with leptin addition

versus AExt1 with leptin addition.

Supplementary Figure 4. A: The bar graph shows the relative expression levels of Lrp/ in Neuro2A-
ODbRD cells, Neuro2A-ObRb cells transfected with negative control siRNA, and Neuro2A-ObRb cells
transfected with Lrpl siRNA. The expression levels were normalized to 3684 and are presented as fold
change relative to untransfected cells. Data are shown as mean = SD from three independent experiments.
Statistical significance was determined using one-way ANOVA followed by the Mann-Whitney U test.
*P < 0.05. B: The histograms depict the cell surface expression levels of LepR in Neuro2A-ObRb cells
treated with Lrpl siRNA. Cells without leptin treatment are shown in red, and cells treated with leptin for
30 minutes are shown in green. Blue represents cells stained with normal serum as a negative control. The

x-axis represents fluorescence intensity, indicating the level of LepR expression, and the y-axis represents



the relative number of cells, with the highest peak set to 100%. Data are representative of two

independent experiments.

Supplementary Figure 5. A: (Left) The Western blot shows the expression levels of Lrp1 in Neuro2A-
ODbRD cells without transfection, Neuro2 A-ObRb cells transfected with negative control siRNA, and
Neuro2A-ObRb cells transfected with Lrp/ siRNA. Data are representative of three independent
experiments. (Right) The relative expression levels were quantified by densitometry and normalized.

B: (Left) The Western blot shows the activation status of STAT3 in response to leptin stimulation in
Neuro2 A-ObRb cells without transfection, transfected with negative control siRNA, or with Lrpl siRNA.
Molecular weight markers are shown on the right side of the panels. (Right) The relative expression of
pSTAT3/total STAT3 is presented as a bar graph, normalized to a value of 1 for Neuro2A-ObRb cells
without transfection. Data are representative of three independent experiments. Bars represent the mean +
S.E.M. Statistical significance was determined using one-way ANOVA followed by Tukey’s t-test. *P <

0.05. Nega, negative control siRNA transfected cells; Lrp1, Lrp/ siRNA transfected cells.
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