Heparin interaction with a receptor
on hyperglycemic dividing cells
prevents intracellular hyaluronan
synthesis and autophagy responses
in models of type 1 diabetes
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Abstract

Previous studies and ongoing research indicate the importance of an interaction between a putative receptor
on dividing cells in hyperglycemia and the non-reducing end motifs of heparin stored in mast cell secretory
granules and how this interaction prevents activation of hyaluronan synthesis in intracellular compartments
and subsequent autophagy. This suggests a new role for endosomal heparanase in exposing this cryptic motif
present in the initial large heparin chains on serglycin and in the highly sulfated (NS) domains of heparan

sulfate.

© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Inactive hyaluronan synthases normally migrate to
the plasma membrane where they are inserted and
activated. Then they alternately add cytosolic
substrates, UDP-glucuronate (UDP-GIcUA) and
UDP-N-acetyl-D-glucosamine (UDP-GIcNAc), onto
the reducing end of the elongating hyaluronan chain
that is being extruded into the extracellular matrix
[1,2]. Hyperglycemic mesangial cells stimulated to
divide from G0/G1 to S phase activate hyaluronan
synthases by a PKC pathway in intracellular
membrane compartments — endoplasmic reticulum
(ER), Golgi and transport vesicles — in response to
the elevated cytosolic UDP-substrate concentrations
due to glucose stress. The abnormal deposition of
the polyanionic hyaluronan macromolecules into the
ER induces ER stress, autophagy and subsequent
extrusion of an extracellular monocyte-adhesive
hyaluronan matrix after completing cell division
[1,3,4].

This mechanism occurs in kidneys of streptozoto-
cin-induced type 1 diabetic rats. Mesangial cells in
the hyperglycemic kidney glomeruli initiate cell
division within the first week with subsequent autoph-
agy and continuous accumulation of an extracellular
hyaluronan matrix, Fig. 1. This is accompanied by an
influx of monocytes/macrophages that initiate
pro-inflammatory and fibrotic responses that lead to
nephropathy, proteinuria, weight loss and kidney
failure by 6 weeks [4,5].

Previous studies showed that daily IP injection of a
small amount of heparin in this diabetic rat model
prevented the pathological responses and sustained
kidney function for at least 8 weeks [6,7]. To address
the mechanisms involved, hyperglycemic mesangial
cells were treated with a low concentration (2 pg/ml)
of heparin after initiating progression from G0/G1 to
S phase of cell division [5]. This prevented the
activation of the hyaluronan synthases in the

0022-2836/© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Matrix Biol. (2015) 48, 36—41


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matbio.2015.04.003&domain=pdf
mailto:hascalv@ccf.org
http://dx.doi.org/AiminWang1Nehru VijiSankaranarayanan2MasakiYanagishita3Douglas M.Templeton4Umesh R.Desai2KazuyukiSugahara5Christina P.Wang1Vincent C.Hascall1Nhascalv@ccf.org1Biomedical Engineering, Cleveland Clinic, Cleveland, OH, United StatesBiomedical EngineeringCleveland ClinicClevelandOHUnited States2Department of Medicinal Chemistry and Institute for Structural Biology, Virginia Commonwealth University, Richmond, VA, United StatesDepartment of Medicinal Chemistry and Institute for Structural BiologyVirginia Commonwealth UniversityRichmondVAUnited States3Division of Biochemistry, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University, Tokyo, JapanDivision of BiochemistryGraduate School of Medical and Dental SciencesTokyo Medical and Dental UniversityTokyoJapan4Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, CanadaDepartment of Laboratory Medicine and PathobiologyUniversity of TorontoTorontoCanada5Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Nagoya, JapanDepartment of PathobiochemistryFaculty of PharmacyMeijo UniversityNagoyaJapanNCorresponding author.
http://dx.doi.org/

Heparin interaction with a receptor on hyperglycem

37

—O— Control
—®— Diabetic
—&— Diabetic + heparin

Hyaluronan Content
(ng per ng CS)

Autophagy Hyaluronan - Macrophages

s - E %
L - ] J
437 \

Diabetic B Diabetic+Hean

Fig. 1. HA concentrations in glomeruli isolated from
kidneys 1-6 weeks after initiating diabetes in rats treated
without or with heparin (IP) are shown in the upper panel.
Sections of glomeruli from 1 and 6 week kidneys of
diabetic rats (A—C) and diabetic rats treated with heparin
(D-F) were stained for hyaluronan (green) and macro-
phages (red) (A, B, D, E), and for markers of autophagy,
LC3 (green) and cyclin D3 (red) (C, F). Modified from
figures in reference [5].

intracellular membrane compartments and allowed
the cells to complete cell division without the ER
stress and autophagy responses. However, it also
re-programmed the cells to address the high glucose
stress after completing cell division by inducing a

large hyaluronan synthesis response at the plasma
membrane with subsequent extracellular extrusion
of an extensive monocyte-adhesive hyaluronan
matrix.

This mechanism appears central to the glomerular
responses in kidneys in heparin-treated diabetic rats
[5], Fig. 1. Mesangial cells in glomeruli showed no
autophagy responses over the 6-week period
studied. Within the first week, the glomeruli
accumulated an extensive extracellular hyaluronan
matrix around the mesangial cells at which time
there were few macrophages present in the glomer-
uli. By 6 weeks there were extensive numbers of
macrophages in the glomeruli, and the hyaluronan
matrix was reduced to near control levels. This
provides evidence that the mesangial cells in the
heparin-treated diabetic rats initiate and sustain a
large synthesis of extracellular hyaluronan matrix to
address the glucose stress while maintaining kidney
function, and that the recruited macrophages in the
glomeruli effectively remove the hyaluronan matrix
without inducing mesangial cell inflammatory and
fibrotic responses.

Fluorotagged heparin was used to track the
binding and subsequent entry of the heparin into
the dividing hyperglycemic cells [5]. It bound onto the
cell surface within 1 h after initiating cell division,
was intracellular by 2 h, and localized in the ER,
Golgi and nuclei by 4 h. Exposure of the cells to
heparin for only 4 h was sufficient to prevent the
intracellular hyaluronan and autophagy responses,
and to reprogram the cells to synthesize the
extracellular monocyte-adhesive hyaluronan matrix
after completing division. These results provide
strong evidence that a cell surface receptor is
involved in order to bind, internalize and transport
the large (~15 kDa), highly polyanionic heparin to
these intracellular compartments. Further, heparin
interaction with this receptor would initiate activation
of the intracellular pathways that: 1) inhibit the PKC
activation of the hyaluronan synthases in the
intracellular compartment membranes, and 2) initi-
ate the mechanism that induces the synthesis of the
extensive extracellular hyaluronan matrix after com-
pleting cell division.

How does heparin do this? Heparin is synthesized
by mast cells as the proteoglycan serglycin, which
contains ~ 15 long heparin chains (~100 kDa) on a
repetitive serine—glycine stretch in the core protein,
Fig. 2 [8]. However, during or after its progression to
the storage granules, the heparin chains are
hydrolyzed into much smaller fragments (~ 15 kDa)
by heparanase. This is the anti-coagulant form of
heparin that is in extensive clinical use. There is only
one heparanase in our genome, and it hydrolyzes
the original intact heparin chain in regions that
expose non-reducing terminal, GIcNS,-O-S residues
on many of the fragments, Fig. 2, which is in good
agreement with a previous report (see Table 1 in ref.
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