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Adipose tissue plays a crucial role in maintaining metabolic
homeostasis by storing lipids and glucose from circulation as
intracellular fat. As peripheral tissues like adipose tissue
become insulin resistant, decompensation of blood glucose
levels occurs causing type 2 diabetes (T2D). Currently, modu-
lating the glycocalyx, a layer of cell-surface glycans, is an
underexplored pharmacological treatment strategy to improve
glucose homeostasis in T2D patients. Here, we show a novel
role for cell-surface heparan sulfate (HS) in establishing
glucose uptake capacity and metabolic utilization in differen-
tiated adipocytes. Using a combination of chemical and genetic
interventions, we identified that HS modulates this metabolic
phenotype by attenuating levels of Wnt signaling during adi-
pogenesis. By engineering, the glycocalyx of pre-adipocytes
with exogenous synthetic HS mimetics, we were able to
enhance glucose clearance capacity after differentiation
through modulation of Wnt ligand availability. These findings
establish the cellular glycocalyx as a possible new target for
therapeutic intervention in T2D patients by enhancing glucose
clearance capacity independent of insulin secretion.

Type 2 diabetes (T2D) is a growing global health problem
caused by excess caloric intake, reduced energy expenditure,
and the resulting onset of obesity (1, 2). The constant nutrient
influx associated with a Western diet results in high frequency
of elevated blood glucose levels. This hyperglycemia demands
a continuous insulin secretion from pancreatic beta cells to
ensure glucose uptake for energy production and storage (3).
The continuous insulin secretion will desensitize its perception
by adipocytes, where glucose is normally stored in the form of
lipids (4, 5). This insulin resistance coincides with the onset of
T2D, leading ultimately to beta cell failure (6, 7). T2D patients
have a high risk to develop neuropathy, retinopathy, cardio-
vascular disease, stroke, and poor outcomes when coping with
infectious disease (8). Overall, this greatly reduces their quality
of life and life expectancy. As a result, T2D has been a
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prominent focus of medical research to find effective treat-
ments. Current treatment strategies focused on increasing
insulin perception, augmenting oxidative tissue activity, or
decreasing excessive food consumption or nutrient absorption
have been limited by poor efficacy or detrimental side-effects
as exemplified by the COVID-19 pandemic (8-10). An alter-
native approach to increase insulin-independent glucose
clearance is to capitalize on adipose tissue expandability and its
functional metabolic flexibility and reprogram adipogenesis to
increase basal glucose clearance capacity in adipose tissue
(11-14).

The cellular glycocalyx has been well-established to play a
regulatory role during adipogenesis and in adipocyte function
and can serve as a potential target for therapeutic intervention
in T2D (15-17). Although, the functions of specific cell-
surface glycans during adipogenic programing and their
impact on glucose clearance capacity of terminally differenti-
ated adipocytes are yet to be fully elucidated. For instance, an
unbiased proteomic screen of human adipose tissues and
plasma identified glypican 4 (GPC4), a heparan sulfate (HS)
proteoglycan, as an adipokine (15, 18). In patients, plasma
GPC4 levels correlate positively with the severity of insulin
resistance, impaired glucose uptake, and high body mass index
(15, 19). Genetic knockout or shedding of GPC4 is associated
with an overall reduction in adipogenesis in vitro, which
manifests in concurrent reduction of glucose uptake, insulin
sensitivity, and lipid accumulation in adipocytes (19). It is not
clear whether the adipokine function of GPC4 stems from the
protein core or its glycosylation modification with HS glycans
(20).

HS are polysaccharide chains comprised of repeating units
of N-acetylglucosamine and glucuronic acid, which are enzy-
matically modified through N-deacetylation, epimerization at
the uronic acid residue, and sulfation (15). These modifications
produce domains with negatively charged residues, which are
selectively recognized by HS-binding proteins (21). Cell sur-
face HS has been extensively studied in the context of pro-
moting lipoprotein uptake and metabolism (22). Accordingly,
defects in lipid accumulation in differentiated adipocytes
lacking Syndecan-1, also an HS proteoglycan, or the HS
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Heparan sulfate programs glucose metabolism during adipogenesis

biosynthetic enzyme, N-acetylglucosamine N-deacetylase-N-
sulfotransferase 1, have been attributed to decreased endocy-
tosis of triglyceride-rich lipoproteins (23, 24). Cognizant of the
regulatory roles of HS in cellular signaling and differentiation
(25), we set to investigate the possible roles of HS during
adipogenic differentiation in defining the metabolic activity of
terminally differentiated adipocytes.

Using a combination of genetic and chemical approaches to
manipulate HS presentation and activity in the glycocalyx of
pre-adipocyte cells (26), we uncovered the contributions of HS
in regulating Wnt signaling to establish metabolic set points
after differentiation. Further, glycocalyx engineering in pre-
adipocytes with HS mimetics attenuated Wnt signaling and
altered their differentiation program to produce adipocytes
with increased glucose uptake and utilization. Chemical engi-
neering of the glycocalyx thus opens a new therapeutic win-
dow for improving glucose clearance in T2D patients
independent of their insulin sensitivity.

Results

HS deficiency prevents lipid accumulation in mature
adipocytes

To define the impact of HS during adipogenic differentia-
tion on establishing the metabolic setpoint of adipocytes, we
utilized immortalized mouse embryonic fibroblasts (MEFs)
with defective HS biosynthesis. As a model, we utilized MEFs
lacking the HS biosynthetic enzyme, N-deacetylase-N-sulfo-
transferase 1 (Ndstl), which is required for the generation of
sulfate domains that modulate interaction of HS with its
binding proteins (27). We observed a significantly diminished
lipid storage in adipocytes after differentiation of these NdstI-
deficient (Ndst1~~) MEFs (Figs. 1, A and B and S1, A-C). The
lack of lipid accumulation was not the result of altered growth
rate (Fig. 1C) nor a consequence of defective adipogenesis
(Fig. 1, D-K). Comparison of several adipogenic markers in
Ndst1™~ MEFs to WT cells indicated that adipogenic genes
are upregulated (such as Fas) and pre-adipocyte marker (i.e.,
DIk) are more repressed. A similar lipid accumulation
phenotype was generated in wildtype MEFs during adipo-
genesis upon treatment with high dose of heparin (100 pg/ml),
which is a highly sulfated form of HS that serves as a
competitive inhibitor for cell surface HS at the concentration
used (Figs. 1, A-C and S1D). Previous studies in pre-
adipocytes indicated that exogenous heparin treatment and
Ndst1 inactivation reduced lipid accumulation by interfering
with HS-mediated endocytosis of triglyceride-rich lipopro-
teins, including very-low density lipoprotein (VLDL) (28, 29).
In contrast, Ndst1 inactivation in MEF-derived adipocytes had
no effect on VLDL binding and uptake (Fig. 1L). Exogenous
heparin or NdstI inactivation resulted in reduced binding of
lipoprotein lipase (LPL), an HS-binding protein responsible for
the release of free fatty acids (FFAs) from VLDL (Fig. 1M). In
our MEF cell model system, however, RNAseq analysis indi-
cated a lack of Lp/ mRNA in MEFs at all stages of
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differentiation. No VLDL-derived FFA uptake above the
background in both undifferentiated and differentiated wild-
type and NdstI-deficient cells could be detected. Accordingly,
it is unlikely that impaired LPL binding contributes to defec-
tive FFA delivery to alter lipid accumulation in HS sulfation
impaired MEFs. Furthermore, genetic or chemical inhibition of
HS did not negatively affect direct FFA uptake (Fig. 1N),
suggesting collectively that altered lipid accumulation upon
HS inactivation was independent of lipid uptake.

HS inactivation in pre-adipocytes alters insulin-independent
glucose uptake after differentiation

Insulin-stimulated glucose clearance is one of the primary
functions of adipocytes (5). We reasoned that the potential
discrepancy between reduced lipid storage and unaltered lipid
uptake could be a consequence of altered cellular glucose
metabolism. To test this hypothesis, we first examined the
impact of HS function in MEFs on glucose uptake in mature
adipocytes. We observed a significant 84% reduction of glucose
uptake in NdstI-deficient adipocytes (Fig. 2A4), which was
paralleled by a 45% reduction in WT cells treated with exog-
enous heparin (Fig. 2B). Treatment of NdstI™~ with exoge-
nous heparin did not have an additive effect on glucose uptake
(Figs. 2C and S2A). We observed a similarly impaired glucose
uptake in adipocytes derived from primary murine white adi-
pose tissue pre-adipocytes differentiated in the presence of
heparin (Figs. 2D and S3). Surprisingly, the same differentials
in glucose uptake between WT and HS sulfation-impaired
cells were maintained after insulin stimulation (-84%
and -44% respectively; Fig. 2, A and B). Both in WT and
Ndst1™~ adipocytes insulin stimulates relative glucose uptake
to the same extend (Fig. S2B). Thus, the relative response to
insulin is identical in WT and NdstI~~ adipocytes. However,
because of the dramatic baseline difference in glucose uptake,
the insulin stimulated Ndst1™~ adipocytes do not reach similar
absolute levels in insulin-stimulated glucose uptake as
compared to WT cells. This observation suggests that HS al-
ters glucose uptake without altering insulin sensitivity. This
was further supported by similar levels of AKT phosphoryla-
tion in WT and HS sulfation-impaired cells upon stimulation
with insulin (Fig. 2E). The observed diminished glucose uptake
could be the result of reduced expression of cell surface
glucose transporters, ie, GLUT1 and GLUT4. However,
Western blot analysis of isolated plasma membrane fractions
indicated unaltered levels of GLUT4 (Fig. 2F) and GLUT1
(Fig. S4) in response to HS inactivation. These observations
collectively indicate a link between cell surface HS levels and
changes in glucose uptake in adipocytes, which is independent
of glucose transporter expression and insulin activity.

HS inactivation induces a switch from glycolysis to oxidative
metabolism

A decrease in glucose uptake without changes in glucose
transporter expression in HS sulfation-impaired adipocytes
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Figure 1. Cell surface heparan sulfate regulates lipid storage in differentiating adipocytes. A, Oil Red O stain of differentiated WT and Ndst

17~

adipocytes treated with or without heparin (100 pg/ml). Nuclei visualized with DAPI. B, quantified Oil red stain performed by elution of stain (two-way
ANOVA, n = 3). C, MTT assay of WT and Ndst17~ adipocytes treated with or without heparin (100 pg/ml) (n = 3). D-K, RNAseq quantification of adipogenesis
markers relative to day 0 expression levels of WT and Ndst7™~ MEFs undergoing adipogenesis (two-way ANOVA, n = 2). L, cell surface binding of very low-
density lipoprotein (VLDL) binding to the WT and Ndst1™~ cells (n = 3). M, Iipo;)rotein lipase (LPL) binding to WT or Ndst1™~ adipocytes treated with or
without heparin (100 pg/ml) (two-way ANOVA, n = 3). N, radiolabeled fatty acid °[H]-Palmitate uptake in WT or Ndst1™/~ adipocytes treated with or without
heparin (100 pg/ml) (two-way ANOVA, n = 3). Data are presented as mean + SD, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Hep, Heparin; MEF,

mouse embryonic fibroblast; Ndst1, N-deacetylase-N-sulfotransferase 1.

can stem from reduced cellular glucose utilization (5). The
attenuated demand for cellular glucose could be the result of a
switch from glycolysis to fatty acid—dependent oxidative
metabolism. We suspected such a metabolic switch based on
the observed reduction in lipid storage (Fig. 1, A and B) and
lactate production (Fig. 3, A and B) in HS sulfation-impaired
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adipocytes. This decreased lactate production was also
mirrored by high glucose levels remaining in the culture me-
dium (Fig. 3C). Typically, reliance on oxidative metabolism
will drive breakdown of intracellular lipids that can be
compensated for by increased fatty acid uptake from external
sources. Accordingly, we observed a significant reduction in
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Figure 2. Loss of cell surface heparan sulfate interactions during adipogenesis reduce glucose uptake. A, Ndst7™~ cells have a significantly reduced

glucose uptake potential relative to WT adipocytes (two-way ANOVA, n = 2; one representative experiment out of 3). B, heparin treatment (100 pg/ml)
reduces glucose uptake potential relative to WT adipocytes (two-way ANOVA, n = 2; one representative experiment out of 3). C, heparin treatment does not
further reduce Ndst1™~ adipocytes ability to access glucose (n = 2, one representative experiment out of 3). D, primary adipocytes derived from murine
subcutaneous white adipose tissue (SWAT) stromal vascular cells presented with reduced glucose uptake when co-incubated with heparin during adi-
pogenesis (two-way ANOVA, n = 2). E, stimulation of mature adipocytes (day 6) with insulin (20 nM) leads to equal signaling transduction via AKT
phosphorylation regardless of HSPG interaction modulation (n = 3). F, glucose transporter 4 protein (GLUT4) is similarly expressed at the cell surface of WT
and HSPG inhibited adipocytes (n = 3). Data are presented as mean * SD, *p < 0.05; #p <0.05 relative to WT with no insulin stimulation. Hep, Heparin;
HSPG, HS proteoglycan; Ndst1, N-deacetylase-N-sulfotransferase 1.

intracellular palmitate levels (Fig. 3D) and increased influx of palmitate is converted into citrate via the citric acid (TCA)
isotopically labeled [U-'?C,¢]palmitate in HS sulfation- cycle. In agreement with enhanced oxidative metabolism in HS
impaired cells (Fig. 3E). Under oxidative metabolism, sulfation-impaired cells, we observed a significant increase in
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Figure 3. Heparan sulfate deficiency during adipogenesis promotes fatty acid oxidation. A, WT cells produce a greater amount of lactate than Ndst1~~
adipocytes or adipocytes treated with heparin (100 pg/ml) during differentiation, as observed by discoloration of the phenol red indicator on day 6 of the
differentiation over a 48-h period. B, YSI measurement of lactate in spent media collected on the final day (day 6) of adipogenesis. Fresh media have a
concentration of 1.5 mmol/L lactate on day 6 of the differentiation over a 48-h period. (two-way ANOVA, n = 2, one representative experiment out of 3). C,
YSI measurement of glucose in spent media collected on the final day (day 6) of adipogenesis over a 48-h period, with fresh media at a concentration of
19 mmol/L glucose (two-way ANOVA, n =2, one representative experiment out of three). D, palmitate abundance relative to control WT cells from
saponified lipids measured using mass spectroscopy, indicating total intracellular palmitate is higher in WT control cells (two-way ANOVA, n = 3). E,
intracellular [U-'3C;¢] palmitate levels indicate that HSPG-inhibited conditions present with increased palmitate uptake compared to control WT adipocytes
(two-way ANOVA, n = 3). F, tracing of [U-'3C;¢] palmitate metabolism indicates that palmitate is being increasingly converted to citrate in HSPG-inhibited
adipocytes compared to control WT controls (Two-way ANOVA, n = 3). Data are presented as mean + SD, ***p < 0.001, ****p <0.0001. HSPG, HS pro-
teoglycan; Ndst1, N-deacetylase-N-sulfotransferase 1.
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isotopically labeled citrate production in our experiment
(Fig. 3F). Collectively, these observations support a switch in
the metabolic program of adipocytes induced by HS.

HS defines metabolic activity of adipocytes during
early adipogenesis

To determine if HS defines the metabolic switch during or
after adipogenesis, we subjected mature WT and Ndstl™~ adi-
pocytes to a [H]-2-deoxyglucose challenge in the presence of
soluble heparin or after cell surface HS removal with heparin
lyases. Neither method of acute HS inhibition resulted in altered
glucose uptake (Fig. 4, A and B), suggesting a role for HS during
adipogenesis. Further support comes from lack of an effect of HS
inhibition on glucose uptake in undifferentiated pre-adipocytes
(MEF) or in terminally differentiated cells of nonadipogenic
origin (Hep3B) (Fig. 4C) (30). To define the time window during
adipogenesis when HS exerts its effect, we added or removed
heparin at different timepoints during differentiation (Fig. 4, D
and E). We observed that treatment with heparin for the first
3 days of differentiation was required to significantly reduce
glucose uptake in mature adipocytes (Fig. 4, D and E). The data
point to the role for HS in defining the glucose uptake capacity
early in the adipogenic program, focusing our search for a pu-
tative mechanism in this 3-day differentiation window.

The HS-Wnt signaling axis defines the metabolic program in
adipocytes

The HS can regulate cellular differentiation by influencing a
number of signaling pathways, including the FGF, SHH,

TGF-3, VEGF, and Wnt superfamilies of signaling proteins
(21, 25). To identify HS-dependent signaling pathways perti-
nent to metabolic programming in adipocytes, we performed
comparative transcriptomic analysis of genetically (Ndstl™")
and chemically (WT + heparin) HS-inhibited MEFs at early
(day 3) and late (day 6) stages of adipogenesis. Overall, both
genetic and chemical inactivation of HS resulted in a signifi-
cant change in gene expression compared to WT controls
(Fig. 5A4). Not surprisingly, the genetic NdstI deletion had a
more profound overall effect on the transcriptome compared
to the heparin-treated MEFs. Nonetheless, both conditions
resulted in a shared set of transcripts that were significantly
altered compared to WT controls (Fig. 5A). Metascape analysis
of the overlapping sets of genes indicated no major differences
in typical adipogenic pathways (Fig. 5B) (31). A closer exam-
ination of enriched transcripts relevant to signaling pathways
regulated by HS revealed a characteristic gene signature
associated with Wnt signaling (Fig. 5, B and C) (11, 21, 25).
The genes most upregulated by HS inhibition in the early stage
of adipogenesis are Wnt readout-effector genes Plpp3, Gli3,
GrkS, and Rnf213, indicating strong activation of the Wnt
pathway (Fig. 5C). In agreement with increased Wnt signaling,
the genes Sox2, Lgr6, and KIf5 were downregulated in HS
inhibited cells compared to WT controls (Fig. 5C). These
observations are consistent with the known role for canonical
Wnt signaling in regulating adipocyte metabolism during
adipogenesis (11). However, how HS influences Wnt activity in
this particular process is unclear and often context dependent
(32, 33). Our data suggest that the functional role of HS is to
attenuate Wnt activity during adipogenesis (25, 34, 35). To
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Figure 4. Heparan sulfate modulates adipocyte glucose clearance capacity early during adipogenesis. A, adipocytes simultaneously treated with
heparin (100 ug/ml) during 3[H]-2-deoxy-glucose administration present with unaltered glucose uptake (n = 3) and independent of cell surface heparan
sulfate presentation (n = 3). B, treatment of adipocytes with heparin lyases I-lll (30 min) prior to [H]-2-deoxy-glucose uptake did not alter glucose uptake
(n = 3). C, undifferentiated Ndst1™~ MEFs and Ndst1™~ Hep3B (human hepatoma) cells have no significant difference in their 3[H]—2—de0xy—g|ucose uptake
capacity (n = 2). D, heparin removal: all conditions except untreated (ctrl.) cells were initially conditioned with heparin (100 pg/ml) in the media. On the
indicated days [day (D) 1 up to D6], heparin was removed from media to allow heparin-free differentiation conditions from that day onward. Glucose uptake
potential was assessed at day 6 for all conditions. Heparin addition significantly reduced glucose uptake if cells were treated up to day 3 and beyond (two-
way ANOVA, n = 3). E, heparin addition: all conditions except untreated (day 0, DO) MEFs begin with no heparin in the media. Glucose uptake potential was
assessed at day 6 for all conditions. Heparin is added at indicated days during differentiation. Addition of heparin after day 4 of differentiation can no longer
impact glucose uptake in mature adipocytes (two-way ANOVA, n = 3). Data are presented as mean =+ SD, *p < 0.05 compared to control (ctrl.). MEF, mouse

embryonic fibroblast; Ndst1, N-deacetylase-N-sulfotransferase 1.
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Figure 5. HS modulation of Wnt signaling during adipogenesis promotes glucose clearance in mature adipocytes. A, Venn diagram showing the
number uniquely upregulated (1.5-fold enhancement relative to WT on that day) and downregulated (1.5-fold reduction relative to WT on that day) genes
on day 3 and day 6 of Ndst1~~ adipocytes and WT adipocytes treated with heparin (100 pg/ml) (n = 4). Overlapping central regions indicate the number of
genes upregulated or downregulated by both Ndst7™”~ and WT cells treated with heparin. B, Metascape gene ontology analysis of genes equally affected by
Ndst1 inactivation or heparin addition during adipogenesis indicate enrichment of Wnt signaling-regulated genes. C, heatmap of RNASeq data of Wnt-
related genes showing fold change in relative to untreated WT MEFs undergoing adipogenesis. D-E, niclosamide, a Wnt inhibitor, treatment during the
first 3 days of adipogenesis is unable to significantly enhance glucose clearance in differentiated WT adipocytes (n = 2-3). Niclosamide is able to enhance
glucose clearance in Ndst1~~ adipocytes at 12.5 nM (one-way ANOVA, n = 2-3). F-G, treatment during the first 3 days of adipogenesis of WT and Ndst1~~
adipocytes with Wnt inhibitor, XAV-939, enhances glucose clearance in differentiated adipocytes (one-way ANOVA, n = 3). H-I, WT cells differentiated in the
presence of Wnt-C59 had no effect on cellular glucose clearance (10 nM was toxic to WT adipocytes). Treatment of Ndst1~”~ cells with Wnt-C59 enhanced
glucose clearance capacity in differentiated Ndst1~/~ adipocytes (one-way ANOVA, n = 2-3). Data are presented as mean + SD, ***p < 0.001, **p < 0.01,
*p < 0.05. HS, heparan sulfate; MEF, mouse embryonic fibroblast; Ndst1, N-deacetylase-N-sulfotransferase 1.

experiments confirm that attenuation of Wnt signaling during
early stages of adipogenesis in Ndst1-deficient cells promoted
glucose uptake in adipocytes after differentiation.

confirm this hypothesis, we performed differentiation experi-
ments in WT and NdstI~~ MEFs in the presence or absence of
small molecule inhibitors of Wnt. We used the canonical Wnt
signaling inhibitors niclosamide and XAV-939, as well as Wnt-
C59, which additionally inhibits the noncanonical arm of the
signaling pathway (Fig. 5, D-I). All three Wnt inhibitors
significantly increased the glucose uptake capacity in NdstI-
deficient adipocytes (Figs. 5, E and G, I and S5) and showed a
modest effect in WT cells (Fig. 5, D, F, and H). These

Chemical remodeling of the pre-adipocyte glycocalyx
enhances glucose uptake after differentiation

Our results point to the role of cell surface HS in inhibiting
Wnt activity, presumably by sequestering the ligand away from
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its receptor Frizzled (Fig. 6A) (33). Targeting the Wnt signaling
pathway has been suggested previously as a therapeutic op-
portunity for increasing glucose uptake capacity in adipose
tissues (11, 36). However, in our experiments, we were able to
observe only marginal benefits (up to 40% increase in glucose
uptake) in WT cells in the presence of chemical Wnt signaling
inhibitors at the maximum tolerated dosage (Fig. 5F). We
employed an alternative strategy to augment the natural ca-
pacity of the pre-adipocyte glycocalyx to inhibit Wnt signaling
in order to enhance glucose clearance. We engineered the cell
surfaces of WT and Ndst1™”~ MEFs to present synthetic mi-
metics of HS (37). The HS mimetics comprise a synthetic
linear polymer backbone decorated with disaccharide motifs
representing the basic structural units of HS (Fig. 6A4). The
disaccharide side chains were differentially sulfated to provide
a range of binding avidity for the Wnt ligands (Fig. 6B). The
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HS mimetics carrying the most sulfated disaccharide (D2S6)
showed Wnt5b and Wntl0a binding characteristics compa-
rable to heparin (Fig. 6C). Additionally, the HS mimetics were
endowed with a hydrophobic lipid (DPPE) anchor, for inser-
tion into the cell membranes, and a flurophore (AF488) for
quantification. Incubation of pre-adipocytes with the HS mi-
metics for 1 h at 37 °C resulted in efficient and dose-dependent
cell membrane incorporation (Fig. S6). We observed higher
incorporation levels for sulfated HS mimetics in Nedstl ™~
MEFs compared to WT controls (Fig. S6). This can be ex-
pected based on the reduced overall negative charge of HS in
the glycocalyx of NdstI”~ MEFs. The remodeled pre-
adipocytes were subjected to differentiation with the polymer
being re-introduced once a day over the previously identified
HS activity window (Day 0-3). On day 6 of differentiation, the
adipocytes were assayed for glucose uptake and lactate
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Figure 6. Membrane-incorporation of synthetic HS glycopolymers during adipogenesis rescues the impaired glucose uptake in HS-deficient
adipocytes. A, synthetic glycopolymers bearing a HS GAG disaccharide repeats were prepared and incorporated into the membranes of differentiating
MEFs. Schematic of Wnt ligand sequestration by cell membrane anchored HS glycopolymers. B, selected HS GAG dlsaccharldes D2A6 (disulfated), D256
(tnsulfated) and DOAO (unsulfated). C, Wnt5a binding activity assessed by ELISA with D2S6 glycopolymer (ECsy = 5.1 nM, r2=0.94,n=23)or heparin (ECso =
28 2 nM, r* = 0.87, n = 3), showing dose- dependent binding activity. D, Wnt10b binding activity assessed by ELISA with D256 glycopolymer (ECso = 5.1 nM,
=097, n=2) or heparin (ECso = 30.1 nM, r2 =095, n = 3), showing dose-dependent binding activity. E, Ndst1 =~ and WT MEFs are treated W|th gly-
copolymer for 1 h at 37 °C on day 0 to 3 of adipocyte differentiation. Sulfated glycopolymers D2A6 and D256 are able to dose-dependently enhance 3[H]-2-

deoxy-glucose uptake in differentiated adipocytes (day 6) (two-way ANOVA, n = 3). F, media of treated Ndst1~

~ adipocytes (day 6) was assessed for glucose

and lactate concentration using YSI. Cells treated with sulfated glycopolymers show a dose-response rescue of glucose utilization (lowered media con-
centration) and increased production of the glycolysis product lactate (two-way ANOVA, n =2). Data are presented as mean + SD, ****p < 0.0001,
***p < 0.001, **p < 0.01. HS, heparan sulfate; MEF, mouse embryonic fibroblast; Ndst1, N-deacetylase-N-sulfotransferase 1.
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production (Fig. 6, E and F). The sulfated Wnt-binding HS
mimetics were able to restore the reduced basal glucose
clearance associated with NdstI inactivation. The membrane
targeting of the HS-mimetics is critical for their activity as
supplementation with soluble heparin had no effect (Fig. 6, E
and F). Similarly, sulfation of the disaccharide is important for
activity, as the nonsulfate control HS-mimetic DOAO showing
only a limited ability to improve glucose uptake. Importantly,
unlike treatment with small molecule Wnt inhibitors, cell
surface engineering with HS mimetics carrying the sulfated
D2A6 and D2S6 disaccharides significantly improved basal
glucose uptake capacity in WT adipocytes by 39% and 47%,
respectively (Fig. 6E). This suggests that engineering the gly-
cocalyx of pre-adipocytes to tune Wnt signaling sensitivity
may provide a new effective approach for controlling the
metabolic status of adipocytes favoring glucose clearance and
utilization.

Discussion

A key challenge in formulating therapeutic approaches for
treatment of diabetes is the management of glucose levels. The
mainstream therapeutic approach is to improve insulin-
mediated glucose clearance or to restrict dietary glucose
intake (9). An alternative approach may involve reprogram-
ming of newly generated fat tissues to increase their overall
cellular metabolism and glucose demand (11-14). Here, we
present evidence that we can steer the adipogenic program to
generate newly matured adipocytes with enhanced oxidative
glucose metabolism to drive an increase in basal insulin-
independent glucose uptake.

Using a combination of genetic and chemical tools to
manipulate the HS composition on the cell surface, we iden-
tified a key role for these glycans in generating this metabolic
phenotype and narrowed down the activity window during the
first 3 days of adipogenesis. Lack of Ndst1 expression did result
in changes in the expression of adipogenic genes. However,
many of those adipogenic genes and pre-adipocyte marker are
more repressed. This is suggesting an increased adipogenic
potential of NdstI-deficient MEFs, but certainly no defective
adipogenesis. Moreover, when we treat wildtype MEFs with
heparin, we observed almost no significant differences in
expression of adipogenic and pre-adipogenic genes, yet similar
metabolic consequences (akin to NDST1 inactivation) are
observed in the heparin-treated cells. This is further supported
by gene ontology and ingenuity pathway analysis of our tran-
scriptomic data. These analyses did not indicate that genes
associated with adipocytes or adipogenesis were over-
represented or underrepresented, supporting the concept that
the adipogenic program was activated equally and potentially
more so in NdstI-deficient cells but certainly equal in heparin-
treated cells compared to the controls. Therefore, the
improved glucose uptake in NdstI-deficient adipocytes after
glycocalyx remodeling cannot be rationalized by their
increased differentiation potential. The disconnect between
differentiation potential and glucose uptake in HS sulfation-
impaired cell models is fascinating and will need to be inves-
tigated to identify the molecular mechanism.
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However, transcriptomic analysis did reveal that Wnt
signaling was most perturbed in response to HS modulation
within a differentiation window. The heparin addition at the
concentration we used will have a stronger inhibitory effect
compared to NDST1 inactivation; some signaling interactions
will still be stimulated by HS despite the NDST1 inactivation.
This discrepancy in potency can explain the transcriptome
differences between the heparin treatment and the Ndstl™~
cells. Nevertheless, the fact that despite these dissimilarities,
we still find a common affected Wnt signaling pathway un-
derscores the robustness of this finding. Wnt signaling is a
well-established HS-dependent modulator of metabolic pro-
gramming during adipogenesis and as such has been consid-
ered as a target for therapeutic intervention (11, 25, 32, 36).
However, Wnt targeting is challenging due to its pleiotropic
effects in numerous other biological systems as well as poorly
defined contribution of HS function during adipogenesis (36).

Cell surface HS can both promote and inhibit cell signaling
events via either promoting signaling complex formation or by
sequestering ligands away from cognate receptors, respectively
(22, 25). In this study, we observed that eliminating cell surface
HS activity pre-adipocytes led to enhanced Wnt signaling,
pointing to an inhibitory role of endogenous cell surface HS in
Wnt regulation. This conclusion was further supported by the
restoration of the wildtype phenotype, upon application of
small molecule inhibitors of Wnt signaling. Recent work
identified that the protein backbone of a subclass of glypicans,
including GPC1 and GPC4, can bind the lipid moiety of pal-
mitoylated Wnt, serving as a ligand sequestering depot before
being handed over to cognate receptors (38). Mutual binding
of the lipid moiety to the GPC4 core protein and the inter-
action of protein moiety with GPC4 HS chains will increase its
Wnt binding affinity and promote sequestration. However,
whether such a dual binding mechanism can occur and sup-
port the central role of GPC4 as a modulator of adipogenesis
remains to be established. Interestingly, we find that both Gpc1
and Gpc4 as well as the 6-O sulfotransferase, Hst6stl, are
upregulated in NdstI-deficient MEFs (Fig. S7, A-F). Hence, it
is possible that by compensating for the loss of N-sulfation
these GPCs and enzymes are upregulated to indirectly
augment Wnt signaling. Given our Wnt signaling data, we do
not believe this compensation can entirely offset the loss of HS
N-sulfation to restore cellular metabolism. Furthermore, the
HS mimetics indicate that reconstitution with functionally
sulfation of HS is essential to fully rescue the metabolic
phenotype. We also did not observe this compensatory HS
gene expression pattern in heparin-treated WT cells.

Although chemical inhibition of Wnt activity during adi-
pogenesis moderately enhanced the metabolic phenotype of
WT adipocytes, it required inhibitor concentrations close to
the maximum tolerated dose. To overcome these limitations,
we instead augmented the cellular glycocalyx with synthetic
HS-mimetics with Wnt sequestering activity. The materials,
based on synthetic poly(acrylamide) chains, had a Wnt binding
domain composed of HS disaccharides carrying N-, 2-O and 6-
O sulfation and a DPPE lipid for membrane targeting. This
approach delivered a more robust enhancement of glucose
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uptake in both HS-deficient and WT adipocytes after differ-
entiation. Interestingly, in Ndsti-deficient pre-adipocytes, the
polymer treatment resulted in a 100% improved glucose
uptake capacity above the basal levels in untreated WT adi-
pocytes. This indicates a comparable or better ability of these
HS-mimetics to attenuate HS-mediated signaling compared to
endogenous HS in WT cells. In WT cells, we observed a
somewhat lower but still robust improvement in glucose up-
take by approximately 50%. This outcome is consistent with
less efficient incorporation of the sulfated HS-mimetics pre-
sumably due to increased electrostatic shielding from endog-
enous HS structures in WT cells. Further investigation should
focus on optimizing the HS-mimetic architecture to further
improve Wnt inhibition as well as plasma membrane targeting
and localization. Our findings also open the possibility for
future efforts to probe if natural variation in HS composition
on adipocytes between individuals can help explain the pre-
disposition of at-risk patients for T2D (39).

In conclusion, we show for the first time that HS engi-
neering can alter adipogenesis to improve glucose metabolism
and clearance in newly differentiated adipocytes. This
approach may open up new therapeutic avenues for the
treatment of diabetes; this is particularly relevant when insulin
signaling is refractory to any other treatment modality.

Experimental procedures
Adipogenic differentiation

Cells were seeded on a 24-well plate at a density of
30,000 cells/cm®. Cells were allowed to grow to confluence for
48 h in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS containing FFA and 1% Pen-Strep
(Sigma). At this point (Day 0), the media were removed, cells
were washed with PBS, and differentiation media with or
without heparin (100 pg/ml) were added. Differentiation me-
dia consisted of 0.1 uM dexamethasone, 450 uM 3-isobutyl-1-
methylxanthine, 2 pM insulin, and 1 pM rosiglitazone in
DMEM supplemented with 10% FBS containing FFA and 1x
Pen-Strep (Sigma). On day 3 of differentiation, cells were
washed with PBS and treated with insulin media, which con-
sisted of 2 uM insulin, and 1 pM rosiglitazone in DMEM with
10% FBS containing FFA and 1x Pen-Strep (Sigma). The
cellular cholesterol and triglyceride content was determined
after lysing cells in 0.1 M NaOH. Total plasma cholesterol and
plasma triglyceride levels (Sekisui Diagnostics) and protein
levels (BCA protein assay) were determined using commer-
cially available kits. All procedures were approved by the
University of California San Diego Institutional Animal Care
and Use Committee.

Gene expression analysis

Total RNA from homogenized tissue and cells was isolated
and purified using E.Z.N.A. HP Total RNA (Omega) or RNeasy
mini (Qiagen) kits according to the manufacturers’ in-
structions. The quality and quantity of the total RNA was
monitored and measured with NanoDrop (NanoDrop Tech-
nologies, Inc). 5 to 10 ng of cDNA was used for quantitative
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real-time PCR with gene-specific primers (Table S1) and TBP
as a house keeping gene on a BioRad CFX96 Real-time PCR
system (Bio Rad).

RNA-seq library preparation

Cells were lysed in Trizol, and total RNA was extracted
using the Direct-zol kit (Zymo Research). On column DNA
digestion was also performed with DNAse treatment. Stranded
RNA-Seq libraries were prepared from polyA-enriched mRNA
using the TruSeq Stranded mRNA library prep kit (Illumina).
Library construction and sequencing was performed by the
University of California San Diego Institute for Genomic
Medicine. Libraries were single-end sequenced for 76 cycles on
a HiSeq 4000 to a depth of 20 to 30 million reads.

RNASeq analysis

The Kallisto/Sleuth differential expression pipeline analysis
was performed for each of the 16 samples. Kallisto was run for
single-end read quantification, using the parameters: kmer
size = 31, fragment length = 280, and sd = 25. For each of the
16 samples, Kallisto quantified transcript abundance with 10
bootstraps. Normalized transcript abundances were further
passed into sleuth, which were then aggregated to gene level.
The data are deposited in the GEO database under
GSE217323.

Oil Red O assay

MEFs differentiated to day 6 into adipocytes in a 24-well
plate are washed twice with PBS, then fixed in 4% para-
formaldehyde for 10 min. The cells are then washed twice with
PBS and once with MilliQ water before being then incubated
for 1 min in 60% isopropanol. Then, the oil red working so-
lution is placed on the cells for 8 min. The working solution is
prepared from an Oil Red O stock solution consisting of 0.5 g
Oil Red O in 100 ml isopropanol which has been heated to 56
°C until the Oil Red O has dissolved. The working solution is
prepared by taking 30 ml of stock solution and adding to 20 ml
distilled water. The mixture must stand for at least 10 min
then be filtered before use. After the 8 min incubation, cells are
incubated in 50% isopropanol for 1 min, followed by another
1 min incubation in 10% isopropanol, then MilliQ water, fol-
lowed by tap water. After each of these 1 min incubations, the
fixed, stained cells are placed in MQ water and imaged. The
water is removed, and the wells are allowed to dry. The stain
can then be eluted in 200 pl 100% isopropanol over a 10
minute incubation period. The eluted stain is then placed into
a 96-well plate, and absorbance is measured at 500 nm.

MTT assay

MEFs differentiated to day 6 into adipocytes in a 24-well
plate, and on day 6, cells are treated with 50 pl of the Cyto-
select MTT assay preformulated reagent, which is added
directly to media. The cells are incubated in this mixture for
4 h as violet precipitates form. The cells are then treated with
500 pl of the supplied detergent solution for 2 h, and wells are
agitated with pipetting to enhance the dissolution of the
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precipitate. The detergent with dissolved precipitate is then
moved to a fresh 24-well plate, and absorbance is measured at
570 nm.

LPL binding assay

Bovine LPL generously provided by Gunilla Olivecrona
(Department of Biomedical Sciences, Umea University) (40).
The LPL binding assays were performed using biotin-labeled
LPL using the EZ-Link NHS-Biotin (ThermoFisher). Molar
ratio of biotin to LPL was determined in a HABA displacement
assay (Pierce Biotin Quantitation Kit). Cells were harvested
using Accutase cell detachment solution (Millipore) and
washed twice with PBS. Cells were incubated for 15 min at 37
°C in serum-free media in the absence or presence of 5 mU/ml
each of recombinant heparin lyases I, II, and III. Treated and
untreated cells were washed twice with PBS, chilled on ice for
20 min, and incubated with 50 nM biotinylated LPL in 1%
FFA-free bovine serum albumine (BSA) supplemented PBS at
4 °C for 1 h. Following the incubation, cells were washed twice
in ice-cold PBS and incubated with 0.4 pg/ml Phycoerythrin-
Cy5-conjugated Streptavidin in 1% FFA-free BSA supple-
mented PBS at 4 °C. A set of cells was exposed only to
Phycoerythrin-Cy5—-conjugated Streptavidin and was used as
background control. Cells were washed twice with PBS and
analyzed by flow cytometry.

VLDL binding to adipocytes

Human VLDL (8§ < 1.006 g/ml) was isolated from plasma by
buoyant density ultracentrifugation and quantified by BCA
protein assay (Pierce) (30). To label the particles, 1 to 2 mg of
VLDL were combined with 100 pl of 3 mg/ml 1,1’-dioctadecyl-
3,3,3/,3'-tetramethylindodicarbocyanine  perchlorate  (Invi-
trogen) in DMSO and then re-isolated by ultracentrifugation.
After incubation with VLDL for 30 min at 4 °C, cells were
rinsed with PBS and lysed by adding 0.1 M NaOH plus 0.1%
SDS for 40 min at room temperature (30). Fluorescence in-
tensity was measured with appropriate excitation and emission
filters in a plate reader (TECAN GENios Pro) and normalized
to total cell protein.

Glucose and lactate quantification

MEFs are differentiated to day 6 into adipocytes in a 24 well
plate, and on day 6, 500 pl of media is collected from each well
in an Eppendorf tube and immediately frozen in liquid nitro-
gen. Once all samples are collected, the frozen samples are
thawed on ice and filtered through an Amicon ultra 3000
molecular weight cut-off centrifugal filter at 4 °C. Then, the
filtrate is analyzed using a YSI 2900, where the sample is
loaded into two wells of a 96-well plate, 200 pl media per well.
The samples are then analyzed for lactate and glucose
concentration.

3[H]-2-deoxy-glucose uptake assay

Cells are washed twice with PBS and placed into DMEM
with 2 mg/ml BSA for 2 hours. Then, if cells are to be insulin
stimulated, they are treated with 200 nM insulin for 30 min at
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37 °C in freshly prepared transport solution (i.e, 137 mM
NadCl, 1.2 mM MgSO,, 1.2 mM KH,POy, 4.7 mM KCl, 2.5 mM
CaCl,, and 20 mM Hepes with a pH of 7.3). The insulin so-
lution is then removed, and the cells are washed twice with
transport solution before radioactive transport solution is
added, which consists of 0.25 pCi/well of *[H]-2-deoxy-glucose
and 0.025 mM 2-deoxy-glucose. After a 10 min incubation in
the radioactive transport solution, it is removed, and the
glucose uptake is halted by addition of ice-cold PBS. The cold
PBS is removed, and each well is washed twice with PBS. Then,
lysis buffer consisting of 0.1 M NaOH and 0.1% w/v sodium
dodecyl sulfate is added to each well. The radioactive lysate
was transferred to a scintillation vial containing 5 ml of Ultima
Gold liquid scintillation fluid and analyzed using a liquid
Scintillation counter.

Palmitate tracer study

MEEF cells on day 8 of adipogenesis were incubated for 6 h in
100uM  [U-'3C,¢]Palmitate-containing media. The media
contained 10% delipidated FBS and 5% (v/v) of an FFA-free
BSA-conjugated [U-'>Cj¢|Palmitate stock. To make the
stock, briefly, 100 mM [U-13C,¢]Palmitic acid was dissolved in
ethanol at 50 °C. A solution of 4.4% essentially FA-free BSA
(Sigma) in PBS was warmed to 37 °C. A 50:1 mixture BSA:-
Palmitate solution was made and incubated at 37 °C for 1 to
2 h before aliquoting and freezing in glass tubes. The stock
contains a 3:1 FA:BSA ratio. After incubation, cells are lysed
on ice and prepared for GC-MS analysis, as previously re-
ported (41).

3[H]-Palmitate uptake assay

Cells are washed twice with PBS and placed into DMEM
with 2 mg/ml BSA for 2 hours. During this time,
119,10-*H(N)]-palmitic acid (PerkinElmer) is complexed with
FFA-free BSA at a molar ratio of 1:1 for 30 min. After the cells
have been starved for 2 h, the cells washed twice with PBS and
incubated in transport solution (137 mM NaCl, 1.2 mM
MgSO,, 1.2 mM KH,POy, 4.7 mM KCl, 2.5 mM CaCl,, and
20 mM Hepes with a pH of 7.3) with 1 pCi/well [9,10-*H(N)]-
palmitic acid:FA-free BSA for 10 min. After a 10 min incu-
bation in the radioactive transport solution, it is removed, and
the glucose uptake is halted by addition of ice-cold PBS. The
cold PBS is removed, and each well is washed twice with PBS.
Then, lysis buffer consisting of 0.1 M NaOH and 0.1% w/v
sodium dodecyl sulfate is added to each well. The radioactive
lysate was transferred to a scintillation vial containing 5 ml of
Ultima Gold liquid scintillation fluid and analyzed using a
liquid Scintillation counter.

Insulin stimulation

MEFs differentiated to day 6 into adipocytes in a 24-well
plate in the presence or absence of exogenous heparin
(100 pg/ml), and on day 6, cells are washed with PBS and
serum starved for 2 h in DMEM with 2 mg/ml BSA. After 2 h,
each well is stimulated with insulin at a final concentration of
10 nM, with the insulin delivered directly to the serum-free
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media as a 10 pl aliquot. The plate is then placed into an
incubator at 37 °C for the indicated amount of time. After
stimulation, the entire 24-well plate is placed on ice, and the
wells are washed with ice-cold PBS twice. Then, 100 ul RIPA
buffer with protease inhibitor and phosphostop is added to
each well. The cell lysate is collected into an Eppendorf, placed
on ice for 30 min, and then centrifuged at 14,000¢ at 4 °C for
15 min. The supernatant is then transferred to a fresh tube,
and protein concentration is determined using a BCA assay.

Determination of Wnt binding to HS-mimetics via
ELISA

Wnt5a and WntlOb proteins (10 nM solution in 1% (w/v)
BSA/DPBS) were immobilized on 96-well tissue culture—
treated plates overnight at 4 °C. The plates were washed
twice with 0.05% (v/v) Tween-20 in DPBS and blocked with 1%
(w/v) BSA/DPBS for 6 h at room temperature. Biotinylated
HS-mimetic glycopolymers (GPs) or heparin were added to the
wells at increasing concentrations in 1% (w/v) BSA/DPBS.
After 1 h incubation, the wells were washed three times with
0.05% Tween-20 in DPBS. Streptavidin-HRP (1:1000 in 1%
BSA/DPBS) was added for 45 min at ambient temperature.
The wells were again washed three times in 0.05% Tween-20 in
DPBS, followed by treatment with 100 ul of TMB substrate for
2 to 5 min before quenching with 100 pl of 2N sulfuric acid.
Absorbance (450 nm) was measured using a Molecular De-
vices SpectraMax plate reader.

Synthesis and characterization of GPs

The GPs prepared by Naticchia et al. (37) were used in the
current study (Figs. S8-S10). Protected poly(acrylamide)
backbone P terminated with DPPE-lipid and a sulthydryl group
(Figs. S8 and S9) (M= 41,562 g/mol, M,,= 53,061 g/mol, DP=
160, and D= 1.28) was used as the precursor for GP assembly.
HS-mimetic GPs were generated from precursor P in a one pot
synthesis through sequential chain-end labeling with AF488-
maleimide reporter, side chain deprotection, and glycan liga-
tion. The efficiency (%) of polymer chain labeling with AF488
and side-chain modification with glycans for each GP were
determined by UV-Vis and 'H NMR analysis (Fig. S10).

MEF surface remodeling with membrane-targeting HS-
mimetics

MEFs were cultured in 12-well plates until confluent. The
cells were washed with DPBS and incubated with 200 pl so-
lution of serum-free media (DMEM) with or without the HS-
mimetic GPs at indicated concentrations for 1 h at 37 °C. After
this time, the cells were washed with DPBS and dissociated
from the plate using 0.25% trypsin. HS-mimetic membrane
incorporation was analyzed by flow cytometry on a BD FACS
Calibur instrument, with a minimum of 10,000 events
collected per condition. Data were analyzed using FlowJo
software, and samples were gated to a polymer untreated
control.
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Adipogenic differentiation of HS mimetic-engineered MEFs

Cells were differentiated for 6 days using the standard adi-
pogenic differentiation protocol described above. Each day on
days O to 3, the cells were washed with PBS and incubated with
200 pl solution of DMEM containing GPs at the indicated
concentrations added for 1 h at 37 °C. After this time, the
media were removed, the cells were washed with PBS, and
fresh differentiation media (0.1 uM dexamethasone, 450 pM 3-
isobutyl-1-methylxanthine, 2 uM insulin, and 1 pM rosiglita-
zone in DMEM supplemented with 10% FBS) were added. On
day 6, the adipocytes were subjected to the 3[H]-2-deoxy-
glucose uptake assay, and the spent media were analyzed for
glucose and lactate content as described above.

Statistical analysis

If not otherwise stated, results are mean values + SEM of at
least three independent experiments or results show one
representative experiment out of three. Statistical analysis was
done on all available data. Statistical significance was deter-
mined using the 2-tailed student’s ¢ test, one-way ANOVA
followed by a Bonferroni post hoc test or two-way ANOVA to
compare time courses. For statistical analysis, GraphPad prism
7 software was used. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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