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Serum-starved, growth-arrested, near confluent rat mesan-
gial cell cultures were stimulated to divide in medium with low
(5.6 mM) or high (25.6 mM) glucose. In high glucose cultures
Western blots showed large increases in cyclin D3 and CCAAT/
enhancer-binding protein � (C/EBP�) at 48–72 h, concurrent
with the production of amonocyte-adhesive hyaluronanmatrix,
whereas low glucose and mannitol osmotic control cultures did
not. Cyclin D3 small interfering RNA inhibited both the synthe-
sis of this matrix and the up-regulation of C/EBP� in cultures
exposed to high glucose, indicating that cyclin D3 is a keymedi-
ator in regulating responses of dividingmesangial cells to hyper-
glycemia. A complex with cyclin D3, cyclin-dependent kinase 4,
and C/EBP� was observed at 48–72 h in the hyperglycemic cul-
tures, and cyclin D3 and C/EBP� were spatially co-localized in
coalesced perinuclear honeycomb-like structures with embed-
ded hyaluronan. Furthermore, microtubule-associated protein
1 light chain 3, a marker for autophagy, colocalizes with these
structures. These results suggest that cyclinD3 is a central coor-
dinator that controls the organization of a complex set of pro-
teins that regulate autophagy, formation of themonocyte-adhe-
sive hyaluronan matrix, and C/EBP�-mediated lipogenesis.
Abnormal deposits of hyaluronan, cyclin D3, and C/EBP� were
present in glomeruli of kidney sections from hyperglycemic rats
4 weeks after streptozotocin treatment, indicating that similar
processes likely occur in vivo. Mesangial cell cultures treated
with poly(I:C) or tunicamycin in normal glucose media synthe-
sizedmonocyte-adhesive hyaluronanmatrices but with concur-
rent down-regulation of cyclinD3. This indicates that the cyclin
D3mechanism is induced by hyperglycemia and is distinct from
those involved in these cell stress responses.

One of the abnormalities detected after the onset of hyper-
glycemic diabetes in the streptozotocin rat model is an early
(already by 3 days) and self-limited proliferation of glomerular
mesangial cells that is associated with de novo expression of
�-smooth muscle actin, an activation marker of the prolifera-
tive mesangial cell phenotype (1–3). After this early transient
proliferation and phenotypic activation, there is a prominent

glomerular infiltration ofmonocytes andmacrophages (3). Our
previous study showed that abnormal hyaluronanmatrices also
form in the hyperglycemic glomeruli within 1 week (4).We also
showed that quiescent, growth-arrested rat mesangial cells,
stimulated to divide in a hyperglycemic level of glucose (25.6
mM), formahyaluronanmatrix that is adhesive forU937mono-
cytic cells. These results suggest that there is an important link
in vivo betweenmesangial cell division in response to hypergly-
cemia, glomerular hyaluronan matrix synthesis, and the accu-
mulation of monocytes/macrophages in glomerular diabetic
nephritis.
Previous studies have shown that smooth muscle cell cul-

tures exposed to tunicamycin (endoplasmic reticulum stress)
or poly(I:C) (viral mimetic) synthesize hyaluronan cable-like
structures that are adhesive for monocytes (5, 6). The experi-
ments described in this report indicate that growth-arrested
mesangial cells stimulated to divide in hyperglycemic medium
synthesize similar structures by a distinctly different mecha-
nism that requires protein kinase C up-regulation at the initia-
tion of cell division and subsequent up-regulation of cyclin D3
after completion of cell division. The up-regulation of cyclinD3
in turn appears to control an autophagic response and is coor-
dinate with up-regulation of C/EBP�, a factor that controls
lipogenic responses. Evidence is also provided that cyclin D3
and C/EBP� also contribute to glomerular responses to hyper-
glycemia in vivo.

EXPERIMENTAL PROCEDURES

Reagents—Streptomyces hyaluronidase, Streptococcal hyalu-
ronidase, and chondroitinase ABCwere from SeikagakuAmer-
ica, Inc. (Rockville, MD). Antibodies against cyclin D3 and
CDK2 were from BD Biosciences. Anti-CDK4 (clone DCS-31)
and anti-CDK6 antibodies (clone DCS-90) were from Sigma-
Aldrich. Antibodies against C/EBP� and -� and microtubule-
associated protein 1 light chain 3 (LC3)2 were from Santa Cruz
Biotechnologies (Santa Cruz, CA). Control RNA, siRNA, and
siRNA transfection reagent, siPORT NeoFX, were from
Ambion (Austin, TX). The siRNA sequence targeting for rat
cyclin D3 is GGGUUUAAUAGGGAUGGAUtt. Cell lysis
buffer for immunoprecipitation was from Pierce (catalog no.
78501).
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Establishment of RMC Cultures and Induction of Diabetes in
Rats—RMC cultures were established from isolated glomeruli
and characterized as described previously (7, 8). RMCs were
used between passages 5 and 15, when they still contract in
response to angiotensin II and endothelin, and they exhibit
growth suppression in the presence of heparin (1�g/ml), which
are additional characteristics of mesangial cells (9–11). RMCs
were cultured in RPMI 1640 medium containing 10% fetal
bovine serum (FBS) and passaged at confluence by trypsiniza-
tion for 5 min with a solution of 0.025% trypsin, 0.5 mM EDTA.
To render cells quiescent (11), cultures at 40% confluence (2 �
104 cells/cm2) were washed with RPMI 1640 medium and
placed in fresh medium containing 0.4% FBS for 48 h (yielding
70–80% confluent cultures).
Hyperglycemic diabetes was induced in �175-g male Spra-

gue-Dawley rats using tail vein injections of 55 mg/kg strepto-
zotocin (3, 12). All animals were fed standard laboratory diet.
Bloodwas collected by tail-bleeding at day 3 after injection, and
the blood glucose concentration was determined by using flu-
orophore-assisted carbohydrate electrophoresis analyses to
confirm the onset of diabetes. After 4 weeks the kidneys were
collected from both control and diabetic rats and fixed in 4%
paraformaldehyde in phosphate-buffered saline at 4 °C over-
night for subsequent cryo-embedding and sectioning for histo-
logical analyses (Histology Core Facility, Department of Bio-
medical Engineering, Cleveland Clinic).
Cell Transfection of siRNAs—RMCs were transfected with

siRNA using siPORT NeoFX as the transfection reagent
(SilencerTM siRNA transfection kit) according to the protocol
provided by Ambion. Cells were incubated with cyclin D3
siRNA (50 pmol), siRNA containing scrambled sequences (50
pmol), or no siRNA for 16 h inmediumwith 5.6mMglucose and
20% FBS and then starved for 48 h in the same medium with
0.5% FBS. Medium containing 10% FBS and either 5.6 or 25.6
mM glucose or 20 mM mannitol with 5.6 mM glucose was then
applied on RMCs for an additional time up to 72 h. Biochemical
experiments and/or monocyte adhesion assays were done as
described below.
Immunohistochemistry—Cryosections of kidneys and meth-

anol-fixed RMC cultures on coverslips were stained for hyalu-
ronanwith a hyaluronan-binding protein (SeikagakuAmerica),
for cyclin D3, C/EBP�, and LC3 with antibodies, and for nuclei
with 4,6-diamidino-2-phenylindole, as described previously (5,
13) or according to the manufacturer’s instruction. Samples
were treated with biotinylated hyaluronan-binding protein at a
1:100 dilution andwith anti-cyclinD3 and/or anti C/EBP� anti-
serum at a 1:75 dilution, washed, and treated with fluorescein
isothiocyanate-streptavidin at 1:500 dilution and/or with anti-
mouse IgG TRITC and anti-rabbit IgG Cy5 antibodies at 1:200
dilution. Stained samples were mounted in VectaShield con-
taining 4,6-diamidino-2-phenylindole (Vector Laboratories)
for staining the nuclei of cells. Confocal images of the samples
were obtained with a Leica TCS-NT laser-scanning confocal
microscope equipped with four lasers for excitation at 351-,
488-, 561-, and 633-nmwavelengths. The same settings of con-
focalmicroscope and laser-scanningwere used for both control
and treated samples. The magenta signal of Cy5 was converted

to green for data presentation using Adobe Photoshop CS2
software from Adobe System (San Jose, CA).
In some experiments mesangial cell cultures were fixed with

4% paraformaldehyde in phosphate-buffered saline for 30 min
at room temperature and then permeabilized by treating them
with 0.4% Triton X-100 for 10 min at room temperature (14).
Permeabilized and control non-permeabilized cultures were
then stained for hyaluronan, cyclin D3, and LC3 as described
above.
Assay for Monocyte Adhesion (4, 5)—RMCs in 6-well plates

were treated up to 72 h with 5–20% FBS and concentrations of
5.6 and 25.6 mM D-glucose. Mannitol at 20 mM with 5.6 mM
D-glucose was used as an osmotic control. U937 cells were cul-
tured in suspension inRPMI1640mediumcontaining5%FBSand
passaged at a 1:5 ratio (2� 105 cells/ml) every 48 h (5). Assays for
monocyte adhesionwere done as describedpreviously (4, 5). After
washing, thecell cultureswere imagedbymicroscopywithaPolar-
oid digital camera (4), and the numbers of monocytes per culture
area were counted using Image-Pro software. Each culture was
equally divided into four regions, and a culture area for imaging
was randomly picked in each region. Streptomyces hyaluronidase
(1 turbidity unit/ml at 37 °C for 15min) treatment ofRMCsbefore
monocyte incubationwas used todetermine the extent of the hya-
luronan-mediated adhesion.
Fluorophore-assisted Carbohydrate Electrophoresis Analysis

of Reducing Saccharides (15, 16)—Cell cultures were incubated
with proteinase K at 250�g/ml in 0.1 M ammonium acetate, pH
7.0, for 3 h at 60 °C (4). The reaction was terminated by heating
the samples at 95 °C for 3–5 min. Glycosaminoglycans were
recovered by 75% ethanol precipitation at �20 °C overnight
and centrifugation. The dissolved pellets were incubated with
streptococcal hyaluronidase (50 milliunit/ml) and chondroiti-
nase ABC at 2 units/ml in 0.1 M ammonium acetate, pH 7.0,
overnight at 37 °C to generate disaccharides from hyaluronan
and chondroitin/dermatan sulfate. The reaction was termi-
nated by heating the samples at 95 °C for 3–5 min. The sample
digestswere dried by centrifugal evaporation inmicrotubes and
then subjected to reductive aminationwith 2-aminoacridone as
described previously (4). At the end of the incubation, the sam-
ples were each mixed with glycerol to 20%, and 5-�l aliquots
were then subjected to electrophoresis on Glyko Mono Com-
position gels with Mono Running buffer from ProZyme Inc.
(San Leandro, CA). Running conditions were 500 V at 4 °C in a
cold room for 1 h. Gels were imaged on an Ultra Lum transil-
luminator (365 nm). Images were captured and analyzed by
using a Quantix cooled charge-coupled device camera from
Roper Scientific/Photometrics and the Gel-Pro Analyzer pro-
gram, Version 3.0 (Media Cybernetics), respectively. The hya-
luronan contents were quantified according to the integrated
intensity of signal bands and then normalized with DNA con-
tents in the samples.
Western Blotting and Immunoprecipitation Techniques—For

Western analysis, RMCs were lysed with the Laemmli sample
buffer. For immunoprecipitation, cells were rinsed with ice-
cold phosphate-buffered saline and lysed for 10min in cell lysis
buffer (Pierce). Lysates (�600 �l each containing an equivalent
amount of total proteins) were cleared of cellular debris by cen-
trifugation and precleared with protein-G-Sepharose beads
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(Sigma-Aldrich) according to the manufacturer’s instruction.
The cleared cellular lysates were then subjected to immunopre-
cipitation with anti-cyclin D3 or anti C/EBP� antibodies, and
the immune complexes were collected by incubationwith 75�l
of protein-G-Sepharose beads. Total cell extracts or immuno-
precipitated complexes were separated by 4–20% gradient
SDS-PAGE gels and transferred to polyvinylidene difluoride
membranes (Bio-Rad). After blocking overnight with 5% milk
in phosphate-buffered saline containing 0.1% Tween 20 at 4 °C,
the membranes were probed with the indicated antibodies and
corresponding secondary antibodies and developed using
enhanced chemiluminescence (ECL) reagent (Amersham
Biosciences).
Statistical Analysis—The means and standard deviations

were calculated in sample groups, and then one-way analysis of
variance was used to compare the means of all three groups
using SigmaStat software (Version 3.5, Systat Software, Chi-
cago, IL). The unpaired Student’s t test was used to compare the
means of two groups.

RESULTS

Effect of Serum Concentration—Growth-arrested mesangial
cells that are stimulated to divide in the presence 10% FBS and
25.6 mM (hyperglycemic) glucose for 72 h synthesized a hyalu-
ronan matrix that is adhesive for U937 monocytic cells (4). To
identify a minimal serum concentration that gives the maxi-
mum response for hyaluronan-mediated monocyte adhesion,
growth-arrestedmesangial cells were treated with high glucose
in medium containing 5, 7.5, 10, 15, and 20% FBS for 72 h. Fig.
1 shows that the presence of 10% FBS increased hyaluronan
content in the cell layer 50% (lower panel, black bar) relative to
both the 5.6mM glucose control cultures (white bar) and the 5.6
mM glucose plus 20 mM mannitol osmotic control cultures
(cross-hatched bar). This increase in the hyaluronan matrix
correlated with a specific �2-fold increase in U937 cell adhe-
sion compared with the control cultures (upper panel). FBS
concentrations higher than 10% showed the same responses,
whereas the responses to 25.6 mM glucose at FBS concentra-
tions below 10% showed no significant differences from the
control cultures. Because 10%FBS is required for themaximum
mitogenic response of growth-arrested cells (11), the results
indicate that a close association exists between mesangial cell
proliferation and high glucose-induced production of the hya-
luronanmatrix. The following experiments used 10%FBS in the
media.
Time Course of High Glucose Responses—Low serum starva-

tion for 48 h arrests �75% of mesangial cells at G0/G1 phase,
and by 18 h after serum stimulation �72% of growth-arrested
cells progress to S-phase (17). To determine the correlation
between cell cycle progression and the high glucose-induced
responses, high glucose-induced monocyte adhesion and hya-
luronanmatrix production were analyzed at various times after
adding 10%FBS to quiescent cultures. Fig. 2 shows the results of
a time course experiment inwhich cultureswere analyzed at 24,
48, and 72 h after stimulating growth-arrested mesangial cells
in media with 10% FBS. The results at 72 h are similar to the
results in Fig. 1 for media with 10% FBS, an �50% increase in
hyaluronan (lower panel) and in this case an�3-fold increase in

U937 cell adhesion in the presence of 25.6 mM glucose relative
to the controls (upper panel). Statistical analysis (one-way anal-
ysis of variance) indicates that significant increases in mono-
cyte adhesion by high glucose treatmentswere observed at both
48 and 72 h, compared with those of other treatments in the
three test groups. Hyaluronidase digestion of mesangial cell
cultures exposed to high glucose abolished the ability of the
monocytes to adhere, confirming that they primarily bind
directly to hyaluronan-based structures (striped bars). The
increase in cell layer hyaluronan content in response to hyper-
glycemic medium is already apparent at both 24 and 48 h, but
increasedU937monocyte adhesion is not apparent at 24 h. The
medium containing 5.6 mM glucose with 20 mMmannitol as an
osmotic control gave responses similar to ones with 5.6 mM
glucose alone.
The increased hyaluronan at 24 h without monocyte adhe-

sion suggested that the hyaluronan may be intracellular. This
was demonstrated by culturing growth-arrested, preconfluent
mesangial cells for 18 h in either low or high glucosemedia. The
cultures were then stained for hyaluronan before and after
exposure to 0.4% Triton X-100 to permeabilize the cells. Fig. 3
shows that the mesangial cells stimulated to divide in the high
glucosemedium stain extensively for hyaluronan only after Tri-

FIGURE 1. Serum dependence of high glucose-induced monocyte adhe-
sion and hyaluronan synthesis in cultured mesangial cells. Serum-starved
mesangial cells were stimulated with 5–20% FBS in the presence of 5.6 mM

(white bars), or 25.6 mM (black bars) glucose, or 20 mM mannitol plus 5.6 mM

glucose (cross-hatch bars) for 72 h. Monocyte adhesion (upper panel) and the
changes in cell layer hyaluronan content (lower panel) were measured as
described under “Experimental Procedures.” The mean and S.D. were calcu-
lated from those of three duplicate experiments, and the significance of data
was determined by Student’s t test (*, p � 0.01, n � 3).
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ton X-100 permeabilization. In contrast, mesangial cells stim-
ulated to divide in low glucose medium showed little or no
hyaluronan after treatment with Triton X-100.
Role of Cyclin D3 in High Glucose Responses—The results of

the previous experiments indicate that re-entry into cell cycle
and subsequent cell cycle progression are required for the high
glucose-induced responses. To identify any cell cycle regulatory
molecules involved in the high glucose-mediated responses,
growth-arrested cultures were treated with 10% FBS in normal
glucose, high glucose, or mannitol media. Fig. 4 shows the
results of a time course in which Western blots were prepared
to compare synthesis of cyclin D3 (a regulator of cell cycle pro-
gression), C/EBP� (a transcription factor that can interact with
cyclin D3), C/EBP� (a related transcription factor that does not
interact with cyclin D3), and �-actin as a control. The cultures
exposed to 25.6mM glucose showed large increases in cyclinD3
and C/EBP� at 48 and 72 h compared with the low glucose and

mannitol control cultures (Fig. 4B). In contrast, the 5.6 mM
glucose control cultures and the mannitol osmotic control cul-
tures showed no increases in C/EBP� and only modest
increases in cyclin D3. None of the cultures showed significant
changes in C/EBP�. Neither cyclin D1 nor cyclin D2 showed
any significant differences between cultures exposed to high
and low glucose (data not shown).
Cyclin D3 forms complexes with CDK4 and/or C/EBP� to

regulate cell cycle progression (18). Fig. 5 shows the results of
immunoprecipitates of cyclin D3 that were then probed by
Western blots for CDK4, C/EBP�, and C/EBP� during a time
course experiment. CDK4 was present at all times and for all
treatments at similar levels. C/EBP� was also present in all
cases but at significantly higher amounts for the 25.6 mM glu-
cose cultures at each of the time points (boxes, upper blots). No
C/EBP� bands were observed. A reciprocal immunoprecipita-
tion of C/EBP� was probed for cyclin D3 and also showed sig-
nificantly higher amounts for the hyperglycemic cultures at all
time points (boxes, lower blots). The results indicate that a high
concentration of a complex with cyclin D3, CDK4, andC/EBP�
is already apparent by 24 h in the hyperglycemic cultures.
To confirm the role of cyclin D3 in mediating the high glu-

cose induced responses, cyclin D3 siRNA was used to block its
synthesis. Fig. 6 shows the results of an experiment to deter-
mine the effect of cyclin D3 siRNA on the production of the
hyaluronan matrix and U937 cell adhesion. Preconfluent mes-
angial cell cultures were treated for 16 h with reagents only, or
a scramble RNA, or cyclin D3 siRNA as described under
“Experimental Procedures.” The cultures were then growth-
arrested for 48 h in medium with 0.4% FBS. They were then
stimulated to divide inmediumwith 10%FBS and either 5.6mM
glucose, 25.6mM glucose, or themannitol osmotic control. The

FIGURE 2. Time course of high glucose-induced monocyte adhesion and
hyaluronan synthesis in cultured mesangial cells. Serum-starved mesan-
gial cells were stimulated with 10% FBS in the presence of 5.6 mM (white bars)
or 25.6 mM (black bars) glucose or 20 mM mannitol plus 5.6 mM glucose (cross-
hatch bars) for 24, 48, and 72 h. Upper panel, the changes in monocyte adhe-
sion by treatments of high glucose were compared with normal glucose or
mannitol cultures within three groups using one-way analysis of variance test
(*, p � 0.01, n � 3). The digestion of high glucose cultures with Streptomyces
hyaluronidase (HA’ase, striped bars) confirmed the hyaluronan-mediated
monocyte adhesion. Lower panel, the cell layer hyaluronan contents
(nmol/�g DNA) in samples were quantified using the integrated intensity of
hyaluronan disaccharide bands, comparing with those of hyaluronan disac-
charide standard and then normalized with DNA contents. The mean values
and S.D. were calculated from those of three duplicate experiments (*, p �
0.01, n � 3).

FIGURE 3. Intracellular hyaluronan in mesangial cells stimulated to divide
in hyperglycemic medium. Serum-starved mesangial cells were stimulated
with 10% FBS in the presence of 5.6 mM (lower panels) or 25.6 mM (upper
panels) glucose for 18 h. Cultures were stained for hyaluronan (green) and
nuclei (blue) before (right panels) or after (left panels) exposure to 0.4% Triton
X-100 as described under “Experimental Procedures.”
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reagent and scramble siRNA showed significant increases in
hyaluronan (lower panel) and U937 cell adhesion (upper panel)
at 72 h relative to the 5.6 mM glucose and mannitol control
cultures. In contrast, neither hyaluronan nor U937 cell adhe-
sion was increased in the cyclin D3 siRNA-treated cultures rel-
ative to the control cultures. Furthermore, the Western blots
show significant increases in cyclin D3 and C/EBP� in cultures
exposed to 25.6mM glucose relative to those exposed to 5.6mM
glucose for both reagent and scramble RNA treatments. In con-
trast, both cyclin D3 and C/EBP� were inhibited to the control
level in cultures exposed to 25.6 mM glucose and treated with

cyclin D3 siRNA (Fig. 6B). These results indicate that cyclin D3
is required to induce the formation of the hyaluronan matrix
that is adhesive for the U937 cells.
Fig. 7,A–D, shows bright-fieldmicrographs ofmesangial cell

cultures analyzed for U937 cell adhesion. Monocyte adhesion
to mesangial cell cultures incubated with 25.6 mM glucose was
greatly increased (Fig. 7B) compared with cultures treated with
5.6mM glucose or with 20mMmannitol in 5.6mM glucose as an
osmotic control (Fig. 7, A and C). The role of cyclin D3 in the
high glucose-induced hyaluronanmatrix formation was under-
scored by showing that cyclinD3 siRNA-treatedmesangial cells
cultured in high glucose medium have greatly diminished
monocyte adhesion (Fig. 7D). Fig. 7, E–H, shows confocal
micrographs of parallel cultures stained for hyaluronan (green),
cyclin D3 (red), and nuclei (blue). High glucose induced
increases in both hyaluronan and cyclin D3 in mesangial cell
cultures (Fig. 7F). These increases were not observed in 5.6 mM
glucose- ormannitol-treated cultures (Fig. 7, E andG) andwere
blocked by the treatment of high glucose cultures previously
treated with cyclin D3 siRNA (Fig. 7H), consistent with data
from monocyte adhesion, fluorophore-assisted carbohydrate
electrophoresis and Western analyses (Fig. 6).
Spatial Localization of Cyclin D3 and Hyaluronan Cable

Structures—U937 monocytes adhere to the high glucose-in-
duced hyaluronan structures synthesized by mesangial cells in
both cluster and bead-like strand patterns (4), similar to ones
observed in colon smoothmuscle cells in response to viral stim-
uli (5). To determine spatial relationships between cyclin D3
and high glucose induced hyaluronan cable structures, mesan-
gial cells were stained for hyaluronan, cyclin D3, C/EBP�, and
nuclei 48 h after stimulating them to divide in the presence of
hyperglycemic glucose. Remarkable continuous hyaluronan
cable structures (green) were observed with closely associated,
coalesced, and intertwined spots of cyclin D3 (red) distributed
along them (Fig. 8A). Furthermore, Fig. 8B shows that C/EBP�
and cyclin D3 are spatially co-localized in the coalesced struc-
tures. Note also the magnified pictures of two cells adjacent to

FIGURE 4. Induction of cyclin D3 and C/EBP� by high glucose in cultured
mesangial cells. Serum-starved mesangial cells were stimulated with 10%
FBS in the presence of 5.6 mM (white bars) or 25.6 mM (black bars) glucose or 20
mM mannitol plus 5.6 mM glucose (cross-hatch bars) for 0 –72 h. Western blots
were done with total cellular lysates using antibodies against cyclin D3,
C/EBP�, C/EBP�, and �-actin as described under “Experimental Procedures”
(panel A). Protein levels of cyclin D3 and C/EBP� were calculated as ratios to
�-actin and are shown in the bar graph (panel B). The data are representative
of three independent experiments.

FIGURE 5. Induction of cyclin D3 and C/EBP� complexes by high glu-
cose in cultured mesangial cells. Serum-starved mesangial cells were
stimulated with 10% FBS in the presence of 5.6 mM (L) or 25.6 mM (H)
glucose or 20 mM mannitol plus 5.6 mM glucose (M) for 24, 48, and 72 h. The
cells were lysed, and immunoprecipitates (IP) of the cellular lysates with
equal amounts of total proteins were done as described under “Experi-
mental Procedures” with anti-cyclin D3 (top panel) or anti C/EBP� (lower
panel) antibodies. The immunoprecipitated complexes were analyzed by
Western blots with antibodies for cyclin D3, CDK4, C/EBP�, and C/EBP�.
The boxes highlight the responses to high glucose. The data are represent-
ative of three independent experiments.
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the hyaluronan cable (arrows) and two closely associatedwith it
(asterisks) in Fig. 8C. The one on the left shows clustering of
cyclin D3 adjacent to the nucleus and is typical of several cells.
The adjacent panel shows an example of clustered cyclin D3
with integrated localized hyaluronan in a “honeycomb-like”
configuration. This is likely a cell that is initiating the synthesis

of the hyaluronanmatrix, consistent with hyaluronan synthesis
initiated inside the cells (Fig. 3). The right two panels show cells
with coalesced cyclin D3 attached to the cable structure. The
far right panel is saturated for the hyaluronan (green) in the
cable structure to show what appears to be vesicular structures
distributed around the cyclin D3-coalesced structures and in
the cell cytoplasm, similar to the patterns observed in dividing
smooth muscle cells (14) and in cells undergoing autophagy

FIGURE 6. Effect of cyclin D3 siRNA on high glucose-induced monocyte
adhesion and hyaluronan synthesis. Mesangial cells were treated for 16 h
with transfect reagent alone or scramble siRNA or cyclin D3 siRNA as
described under “Experimental Procedures.” They were then growth-ar-
rested for 48 h in 0.4% FBS followed by 10% FBS stimulation for 72 h in the
presence of 5.6 mM (white bars) or 25.6 mM (black bars) glucose or 20 mM

mannitol plus 5.6 mM glucose (cross-hatch bars). The changes in monocyte
adhesion (A, upper panel) and cell layer hyaluronan contents (A, lower panel)
by treatments of high glucose and mannitol were measured as described
under “Experimental Procedures.” The mean values and S.D. were calculated
from those of three duplicate experiments (*, p � 0.01, n � 3). Panel B shows
Western blots for cyclin D3 and C/EBP� from duplicate cultures.

FIGURE 7. Microscopic analyses of hyaluronan, cyclin D3 expression, and
monocyte adhesion. Panels A–D show bright-field images of monocyte
adhesion to mesangial cell cultures prepared as described in the Fig. 5 legend
with the addition of a mannitol control culture. Panels E–H show confocal
microscopic analysis of hyaluronan and cyclin D3 in mesangial cell cultures
prepared on coverslips in the same protocols as for panels A–D. They were
then stained for hyaluronan (green), cyclin D3 (red), and nuclei (blue) as
described under “Experimental Procedures.”
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(see below). These results suggest that cyclin D3 is associated
with, or organizes a complex set of proteins that likely includes
an activated hyaluronan synthase and C/EBP�.

Fig. 9 shows enlargements of two hyaluronan structures clus-
tered with mesangial cells and cyclin D3. Their overall projec-
tions were dissected into the consecutive 5-�m z axis stacks
from confocal micrographs. Clearly, hyaluronan cables were
continuously extended through and between adjacent cells in a
three-dimensional fashion and intertwined with cyclin D3
structures. Note that the stacks of the coalesced cyclin D3
structure indicated by the arrow in Fig. 9A do not appear to be
closely associatedwith the adjacent cell nucleus andmay, there-
fore, be extracellular (see Fig. 10). The sequence S-1 to S-3 in
Fig. 9A also shows the close association of the cyclin D3-hyalu-
ronan structure with the nucleus of cells with coalesced hyalu-
ronan and cyclin D3. Fig. 9B shows the progression of the con-
tinuous hyaluronan matrix going from the lower left cell
(indicated by 1) through what appear to be honeycomb-like
arrangements that appear in three consecutive cells (indicated
by 2–4) as the stack moves vertically from the culture plate
surface. This is particularly apparent in panel S-4 where the
honeycomb-like structures in cells 1 and 3 are in the same
plane. This lends further support for the observation with
the isolated cell that shows initial hyaluronan in the perinu-
clear cyclin D3 structure (Fig. 8). Three-dimensional videos
of Fig. 9, A and B, are shown in supplemental material, SM1
and SM2, respectively.

Cyclin D3 and Autophagy—The cyclin D3 structures in sev-
eral of the cells appear to have morphological processes similar
to those that occur during autophagy, a response that cells ini-
tiate when undergoing stress, notably endoplasmic reticulum
(ER) stress, when unfolded proteins over-accumulate in the ER
(19, 20). This process involves early formation of small aggre-
gates of unfolded protein that are extruded from the ER and
then transferred to large aggresomes located near the nucleus.
The aggresomes can fuse with lysosomes that can introduce
enzymes to degrade the unfolded proteins. Microtubule-asso-
ciated protein 1 light chain 3 is a marker for autophagy and is
characteristic of the small aggregates and aggresomes.
The experiments in Fig. 10 indicate that LC3 co-localizes

with cyclin D3 in most if not all of the coalesced cyclin D3
structures. Pre-confluent, growth-arrested mesangial cell cul-
tures were stimulated to divide in high glucose medium for
36 h. Cultures were stained for hyaluronan (green), cyclin D3
(red), and LC3 (magenta) before or after permeabilization with
0.4% Triton X-100 cells as described under “Experimental Pro-
cedures.” Hyaluronan staining in non-permeabilized cells (Fig.
10B) shows extracellular hyaluronan cables between several
cells, whereas cyclin D3 staining is only prominent in large
extracellular structures on two cells (arrowheads). An enlarge-
ment of a few cells in Fig. 10J shows one of these structures as
well as the emerging hyaluronan cables. These extracellular

FIGURE 8. Confocal microscopic analysis of hyaluronan cable structures,
cyclin D3, and C/EBP� in high glucose-treated mesangial cells. A mesan-
gial cell culture on a coverslip was treated with the high glucose protocol for
48 h and then stained for hyaluronan (HA, green) for cyclin D3 (red), C/EBP�
(magenta), and nuclei (blue) as described under “Experimental Procedures.”
Specificity of each antibody was confirmed by the absence of fluorescent
signal when the primary antibody was omitted (not shown). Hyaluronan
structures and the proteins were visualized under confocal microscopy. Panel
A shows confocal microscopic images of hyaluronan structures (green), cyclin
D3 (red), and nuclei (blue). Panel B shows confocal microscopic images of
C/EBP� (magenta converted to green), cyclin D3 (red), and nuclei (blue) stain-
ing in the same region as in panel A. C/EBP� and cyclin D3 are spatially co-
localized in the coalesced structures attached to the hyaluronan cables. Panel
C shows enlarged images of two cells (left panels) adjacent to the hyaluronan
cable structure (arrowheads in panel A) and two cells (right panels) closely
engaged with the hyaluronan cable structure (asterisks in panel A).

FIGURE 9. Confocal microscopic analysis of hyaluronan cable structures
and cyclin D3 in high glucose-treated RMC cultures. Panels A and B show
two enlargements of the hyaluronan cable structure and their consecutive
z-stacks of confocal microscopic analysis from Fig. 8A. Note the hyaluronan
structures (green) with closely associated, coalesced, and intertwined spots of
cyclin D3 (red) distributed along the hyaluronan cables. See the SM1 and SM2
videos of 3-D reconstructions in the supplemental material.
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cyclin D3 structures appear similar to those described in a
review of aggresomes (19). Hyaluronan staining in permeabi-
lized cells (Fig. 10A) shows the continuous cable structures
between and through a number of cells as observed in Fig. 8. In
this case the coalesced cyclinD3 structures are now apparent in
many cells, indicating that they remain intracellular closely
associated with nuclei typical of aggresomes (19, 21). The dif-
ference in cyclin D3 staining before and after permeabilization
ismore apparent in Fig. 10,C andD, showing cyclinD3 staining
alone. LC3 staining (Figs. 10, E and F, magenta converted to
green) shows diffuse staining on the surface of the non-perme-

abilized cells with prominent staining of the same large struc-
tures that stained for cyclin D3 (Fig. 10F, arrowheads). After
permeabilization (Fig. 10E), LC3 staining shows prominent
localization above the cell nuclei in most, if not all cells, which
masks the underlying nuclei. The overlay of cyclin D3 with LC3
(Fig. 10G) shows that they colocalize in these structures in dif-
ferent proportions in these cells. Furthermore, the pattern of
these structures shows the same honeycomb-like organization
that was observed for the cell in Fig. 8 and the hyaluronan pat-
terns in Fig. 9. This is more apparent in the enlargement featur-
ing several cells (Fig. 10I). The diffuse LC3 staining is more
prominent and punctuate after permeabilization. An enlarge-
ment of a region adjacent to the honeycomb-like structure of
the cell with an asterisk shows this pattern more prominently
(Fig. 10K). The LC3 stain shows small spheres, sometimes in
strands (arrow) and attached to the periphery of the honey-
comb-like structure, a pattern typical of autophagic aggregates
(21). Furthermore, the cyclin D3 stain shows interspersed
spheres of similar size (red) and often colocalized with LC3
(yellow). The large cell (Fig. 10I, arrowhead) shows a cyclin D3
structure with interspersed LC3 staining that is similar in
appearance and size to the extruded cyclin D3 structure in Fig.
10J (arrowhead) and likely represents extracellular material.
Similarly, the large crescent-shaped structure in Fig. 10G
(arrow) appears to be extracellular and resembles a similar
structure in the non-permeabilized cell in Fig. 10H (arrow).
Parallel cultures treated for 36 h in low glucose did not show
significant cyclin D3 nor LC3 responses (data not shown).
Induction of Hyaluronan-mediated Monocyte Adhesion by

Poly(I:C) and Tunicamycin—Previous studies have shown that
treatment of smoothmuscle cells with poly(I:C), which initiates
responses similar to viral infection, or with tunicamycin, which
initiates endoplasmic reticulum stress (also referred to as
unfolded protein response), induces synthesis of the hyaluro-
nan matrix (5, 6). Fig. 11A shows that preconfluent mesangial
cells stimulated to divide in medium with normal, 5.6 mM glu-
cose respond to both of these reagents by synthesis of a hyalu-
ronan matrix (lower panel) that is adhesive for U937 cells
(upper panel, black bars). Pretreatment of cultures with Strep-
tomyces hyaluronidase before adding the U937 cells demon-
strates that most of the U937 cells were bound to the hyaluro-
nan matrices. As expected, pretreatment of poly(I:C)-treated
cultures with hyaluronidase exposes vascular cell adhesion
molecule cell surface receptors that are up-regulated in
response to poly(I:C) and that are adherent for U937 cells (5)
(compare cross-hatched bars for control and poly(I:C)). As
expected, inhibition of protein synthesis by tunicamycin shows
no increase in U937 adhesion after hyaluronidase treatment.
Furthermore, in contrast to the response of dividing mesangial
cells to hyperglycemic medium, cyclin D3 is decreased signifi-
cantly from the control level in both the poly(I:C) and tunica-
mycin-treated cultures as indicated by the Western blots (Fig.
11B). These results indicate that the pathways that respond to
poly(I:C) and tunicamycin in medium with low glucose are
independent of cyclin D3 and, therefore, are distinct from that
which initiates synthesis of the hyaluronan matrix by dividing
mesangial cells in response to hyperglycemia.

FIGURE 10. Colocalization of cyclin D3 and LC3 in mesangial cells stimu-
lated to divide in hyperglycemic medium. Serum-starved mesangial cells
were stimulated with 10% FBS in the presence of 25.6 mM glucose for 36 h.
Cultures were treated with (left panels) or without (right panels) 0.4% Triton
X-100 and stained with antisera for cyclin D3 (red), LC3 (magenta converted to
green), hyaluronan (HA, green), and nuclei (blue) as described under “Experi-
mental Procedures.”
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Expression of Cyclin D3 and C/EBP� in Diabetic Kidney—In
separate experiments we have shown that glomeruli isolated
from diabetic rats 4 weeks after treatment with streptozotocin
have 3–4 times as much hyaluronan as glomeruli from control
rats using fluorophore-assisted carbohydrate electrophoresis
procedures (data not shown). Fig. 12 showsmicrographs of sec-
tions of control and 4-week diabetic kidneys. Glomeruli in sec-
tions from kidneys of control (left panels) and 4 week diabetic
(right panels) animals were stained for hyaluronan (green) and
cyclin D3 (red) (Fig. 12A) and for hyaluronan (green) and
C/EBP� (red) (Fig. 12B). In contrast to the controls, the sections
from the diabetic kidney show significant cyclin D3 and
C/EBP� responses associated with a hyaluronan matrix
response in the glomeruli. There are also major cyclin D3 and
C/EBP� responses in the adjacent renal tubules as well as hya-

luronan responses in adjacent and underlying matrices. The
green in control sections is autofluorescence from extracellular
matrices around the renal tubules (upper left panels). The cyclin
D3 and C/EBP� responses in the surrounding tubular areas are
striking.

DISCUSSION

Exposure of various cells, includingmesangial cells, to hyper-
glycemia can stimulate hyaluronan synthesis (4, 22–24), but the
molecular mechanisms that mediate these responses are
unknown. Our previous studies have shown that quiescent,
growth-arrested rat mesangial cells, stimulated to divide in a
hyperglycemic level of glucose (25.6 mM), form a hyaluronan
matrix that is adhesive for U937 monocytic cells. In contrast,
when confluent RMC cultures were treated identically, the
number of adherent monocytes in cultures treated with 25.6
mM glucose did not increase significantly beyond the number
adhering to preconfluent cultures in response to 5.6 mM glu-
cose (4). This result suggests that the response is likely to be cell
growth state-dependent. In this report we investigated the
effect of growth stimulation of quiescentmesangial cells in high
glucose medium to identify the molecules that are essential for
the hyperglycemia-induced hyaluronan synthesis. The quies-
cent mesangial cells require 10% FBS to re-enter the cell cycle,
and they complete one mitotic cycle by �24 h after the stimu-
lation (11, 17). We have here shown that this concentration of
serum is sufficient to reach a plateau value for induction of cell
layer hyaluronan content and U937 monocyte adhesion. This
confirms our previous observation that serum-stimulated cell
division of quiescent cells is critical for the formation of mono-
cyte adhesive hyaluronan matrix response to high glucose. It
also suggests that the transient proliferation of mesangial cells
in glomeruli in vivo after inducing hyperglycemia is accompa-
nied by the synthesis of the hyaluronanmatrix with subsequent
recruitment of monocytes and macrophages (3, 4). The time
course studies demonstrate that significant intracellular syn-
thesis of hyaluronan is induced by the high glucose and is
already apparent at 18 h, whereas significant monocyte adhe-
sion only takes place sometime between 24 and 48 h after cells
have completed a cell cycle. Therefore, the hyaluronan synthe-
sis response actually precedes the large cyclin D3 response that
also occurs between 24 and 48 h. Nevertheless, the cyclin D3
response controls the formation of the monocyte adhesive
extracellular matrix because silencing cyclin D3 prevents its
formation. Paradoxically, mesangial cells cultured for 72 h after
silencing cyclin D3 did not show significant accumulation of
hyaluronan in response to hyperglycemia, which suggests that
any hyaluronan synthesized during the first cell division stage
may have been degraded by the cells during the subsequent
time in culture.
After completing cell division in hyperglycemic medium,

mesangial cells become hypertrophic, characterized as an
increase in protein content without DNA replication (25).
However, the role of cell cycle progression in the high glucose
induced hyaluronan synthesis response is unclear. Previous
studies have shown that the activation of the CDK-cyclin com-
plex has a pivotal role in regulating cell growth (26). Among the
cyclins, the major function of cyclin D1 and cyclin D2 is to

FIGURE 11. Induction of monocyte adhesion and hyaluronan synthesis by
poly(I:C) and tunicamycin independent of cyclin D3. Serum-starved mes-
angial cells were stimulated with 10% FBS in 5.6 mM glucose for 48 h and then
treated with or without poly(I:C) or tunicamycin for 24 h as described under
“Experimental Procedures.” Monocyte adhesion (A, upper panel) was meas-
ured before (black bars) and after (gray bars) digestion with Streptomyces hya-
luronidase (HAase). Changes in hyaluronan contents were also determined (A,
lower panel). The mean values and S.D. were calculated for three independent
experiments (*, p � 0.01, n � 3). Panel B shows Western blots for both treat-
ments compared with a control that was cultured in medium with 5.6 mM

glucose.
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activate CDK4/CDK6 to promote proliferation (26–28). In
contrast, cyclin D3 is found in the growth arrest cells and func-
tions in cell growth arrest and differentiation (18, 29–35). This
is consistent with the modest increase in cyclin D3 observed at
48 and 72 h in mesangial cell cultures stimulated to divide in
low glucose medium (Fig. 4). In contrast, the large cyclin D3
increase in the mesangial cell cultures stimulated to divide in
hyperglycemicmediumparticipates in, and potentially controls
an autophagic process that includes a mechanism to extrude
hyaluronan into the extracellular space in cable-like structures
that are adhesive for monocytes.
Our previous study (4) showed that inhibitors of protein

kinase C (bisindolylmaleimide I and Gö 6976) added to hyper-
glycemic mesangial cell cultures at time 0, when cell division is
initiated, prevent the formation of the monocyte adhesive hya-
luronanmatrix asmeasured at 72 h. A recent paper by Sakaki et
al. (21) showed that stimulation of an immortalized hepatocyte
cell line with protein kinase � in cells subjected to ER stress
initiated autophagy and that the Gö 6976 inhibitor prevented
the autophagic response. Furthermore, electron micrographs
in Fig. 1, e and f, of their paper showed cells with large “auto-
phagosomes” (aggresomes) that contained fragments of ER sur-
rounded by unstained matrix that resembles the honeycomb-

like structures observed in Figs.
8–10. Hyaluronan matrices do not
stain well in sections prepared for
electron microscopy. This suggests
that the unstained matrix observed
throughout the “autophagosome” in
this paper is quite possibly hyaluro-
nan. An emerging model consistent
with our data would be that a pro-
tein kinase C (PKC; likely PKC�) is
up-regulated rapidly (within the
first 2 h (36) after initiating mesan-
gial cell division in hyperglycemic
medium. This in turn can activate
pathways that initiate hyaluronan
synthesis. Intracellular accumula-
tion of hyaluronan could then lead
to ER stress, which is considered to
be central to autophagy, which then
could initiate the later cyclin
D3-mediated autophagic response
and the formation of the monocyte
adhesive hyaluronan matrix.
The growth inhibitory role of

cyclin D3 has been well established
in other cell systems through inter-
action with C/EBP� (18, 35).
C/EBP� is the first protein to be
identified in the family of CCAAT/
enhancer-binding proteins and
binds to the CCAATmotif found in
several gene promoters as well as in
“core homology” sequences present
in certain viral enhancers (37). In
young liver, cyclin D3 supports qui-

escence by stabilizing growth inhibitory complexes of C/EBP�
with CDK2 and with Brahma protein (Brm), a transcriptional
activator. In older liver, cyclin D3 and C/EBP� form complexes
with Brm, Rb, and E2F4 to inhibit cell proliferation (18). Our
data show that high glucose induces the formation of a complex
that contains both cyclin D3 and C/EBP� between 24 and 48 h
in mesangial cells after the serum stimulation in high glucose
medium. This complex could have a role in inhibiting further
cell growth after completion of a mitotic cycle under hypergly-
cemia. Indeed, high glucose inhibits cell proliferation in several
cell culture models, including mesangial cells (25, 38–40).
Increased expression of C/EBP� could also have an impor-

tant impact on glucose uptake by mesangial cells and its subse-
quentmetabolism. C/EBP� is a pleiotropic transcriptional acti-
vator of adipocyte-specific genes. Overexpression of this
activator in 3T3-L1 preadipocytes alone is sufficient to stimu-
late adipogenesis and the expression of genes responsible for
insulin sensitivity, including insulin receptor (IRS-1) andGlut4,
a high affinity glucose transporter, as well as the accumulation
of cytoplasmic triglycerides (41, 42). Interestingly, the conver-
sion of 3T3-L1 cells to adipocytes involves stimulating the pre-
cursor cells to divide in hyperglycemic medium. This is accom-
panied by the synthesis of a highly viscous hyaluronan matrix

FIGURE 12. Confocal microscopic analysis of hyaluronan, cyclin D3, and C/EBP� in sections with glomer-
uli and associated renal tubules. The sections of kidneys from 4-week control and 4-week diabetic rats were
stained for hyaluronan (HA, green), nuclei (blue), and either cyclin D3 (red) in panel A or C/EBP� (red) in panel B
as described under “Experimental Procedures.”
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(43). Glut4 is the major insulin-responsive glucose transporter
and is primarily retained in the intracellular compartment in
basal conditions. Previous studies have shown that C/EBP� has
the potential tomaintain the ability of insulin-stimulated Glut4
translocation to the plasmamembrane (44). Thus, our observa-
tions suggest that high glucose-induced complexes with cyclin
D3 and C/EBP� may have a role in influx of glucose into the
cells as well as in promoting hyaluronan synthesis.
In addition, studies from Hanson and co-workers (45) show

that C/EBP� is required for expression of glucokinase, an
enzyme that facilitates phosphorylation of glucose to glucose
6-phosphate, the first step of glycolysis. On the other hand,
excessive intracellular glucose would increase mitochondria
reactive oxygen species formation, which impedes the glyco-
lytic pathway by inhibiting glyceraldehyde-3-phosphate dehy-
drogenase (46). Taken together, these events would result in an
overabundance of intracellular glucose and itsmetabolites, glu-
cose 6-phosphate, fructose 6-phosphate, and glyceraldehyde
3-phosphate. The accumulation of these molecules inside of
cells would divert the glucose into polyol, hexosamine, protein
kinase C, and advanced glycation end product pathways that
mediate diabetic complications in various tissues.
Immunostaining showed that cyclin D3 coalesces into large

perinuclear honeycomb-like structures that are integrated with
the hyaluronan matrix. These structures also contain LC3,
indicative of activation of an autophagic response. The close
early association of hyaluronan with these structures (Fig. 8)
and the imprint of these structures in the resulting hyaluronan
matrix (Fig. 9) suggest that cyclin D3 may be involved in orga-
nizing the intracellular hyaluronan synthases involved. Hyalu-
ronan can be synthesized either on the inner side of the plasma
membrane or in perinuclear locations by hyaluronan synthase
enzymes that alternately add the substrates UDP-glucuronic
acid and UDP-N-acetylglucosamine to the reducing end of the
growing chain (47, 48). There are three hyaluronan synthase
genes identified inmammalian cells: Has1,Has2, andHas3 (49).
Serine phosphorylation by protein kinase can activate all three
hyaluronan synthase isoforms, leading to increased hyaluronan
production (50). One of the major functions of cyclin D3 is to
activate cyclin-dependent kinases CDK4 and CDK6 (26–28).
Both of these kinases belong to a large family of heterodimeric
serine/threonine protein kinases. Hyperglycemia induced
cyclin D3 association with both CDK4 (Fig. 4) and CDK6 (data
not shown) in immunoprecipitation experiments. Thus, these
results suggest that cyclin D3 could promote activation of
latent, intracellular hyaluronan synthase enzymes by phospho-
rylation through associated CDKs, thereby initiating hyaluro-
nan production.
We also observed increased hyaluronan matrix and expres-

sion of cyclin D3 and C/EBP� in sections of 4-week diabetic
glomeruli and adjacent renal tubular cells. Indeed, the exposure
to high glucose concentrations also increases hyaluronan syn-
thesis in renal tubular cells, in renal interstitial fibroblasts, and
in vascular smoothmuscle cells (22–24). The primary response
of cells or tissues to hyperglycemia could be to lower glucose
levels by an effective mechanism through synthesis of hyaluro-
nan. The energy cost for synthesis of a disaccharide of hyaluro-
nan is minimal. It requires a single enzyme, and some of the

metabolic cost of synthesizing the UDP-sugar precursors is
recovered by the production of NADPH from the oxidation of
UDP-glucose to UDP-glucuronic acid, which can be re-oxi-
dized toNADP to yield ATP. However, themechanism for syn-
thesis of the hyaluronan chosen by many cells (mesangial cells,
smooth muscle cells, epithelial cells) is one that produces a
hyaluronan-enriched matrix, but this matrix has a structure
that is recognized by inflammatory cells and has a major role in
most, if not all inflammatory processes. Thus, the broader
implications of cyclin D3-mediated responses may begin to
clarify mechanisms involved in many diabetic pathologies.
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