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Summary

Hyaluronan and proteoglycan link protein | (HAPLNI) stabilizes interactions between two important extracellular matrix
(ECM) macromolecules, versican and hyaluronan, which facilitate proliferation of fibroblasts and their conversion to
myofibroblasts. However, the role of HAPLN in these events has not been studied. Using immunocytochemistry, cellular
and ECM locations of HAPLN| were evaluated in cultured human lung fibroblasts during proliferation and conversion to
myofibroblasts. HAPLN | localized to pericellular matrices, associating with both versican and hyaluronan in the ECM and on
the cell surface. Nuclear and total HAPLN | immunostaining increased after myofibroblast induction. Confocal microscopy
showed HAPLN| predominant in the ECM under cells while versican predominated above cells. Versican and HAPLN
were also juxtaposed in columnar inclusions in the cytoplasm and nucleus. Nuclear HAPLN staining in interphase cells
redistributed to the cytosol during mitosis. In the absence of TGF-f1, addition of exogenous bovine HAPLNI (together
with aggrecan G|) facilitated myofibroblast formation, as seen by significant upregulation of a-smooth muscle actin (SMA)
staining, while adding full-length bovine versican had no effect. Increased compaction of hyaluronan-rich ECM suggests that
HAPLNI plus GI addition affects hyaluronan networks and myofibroblast formation. These observations demonstrate
changes in both extracellular and intracellular localization of HAPLN| during fibroblast proliferation and myofibroblast
conversion suggesting a possible role in fibrotic remodeling. (J Histochem Cytochem 68: 797-81 I, 2020)
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binding to hyaluronan with Kd in the range of 108 M
and occupy about 67 disaccharides,® but, unlike the
proteoglycan monomers, their binding to hyaluronan
is not decreased at pH 5.7 Link protein deletion in

Introduction

Hyaluronan and proteoglycan link protein 1 (HAPLN1),
is a hyaluronan-binding protein (hyaladherin) that

was originally characterized in cartilage proteogly-
can preparations, and was shown to stabilize the
interaction of aggrecan and hyaluronan in large
multi-molecular aggregates that form the chondro-
cyte pericellular matrix.? HAPLN1 also stabilizes
the interaction of other aggregating chondroitin sul-
fate (CS) proteoglycans, such as versican and neu-
rocan with hyaluronan.3®> HAPLN1 shares about
95% sequence homology with aggrecan and versi-
can G1 domains. These molecules exhibit tight

transgenic animals resulted in chondrodyplasia and
perinatal lethality, while overexpression had no
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discernable phenotype.8 HAPLN1 also stabilizes the
perineuronal nets (PNNs) in neurons as evidenced
by HAPLN1 deletion in the brain leading to attenu-
ated PNNs.® HAPLN1 was recently shown to impact
collagen organization in dermal fibroblasts and
immune cell infiltration,’® promoting tumor metasta-
sis.” Such observations suggest a role for HAPLN1
in events leading to fibrosis. Modulation of myofibro-
blast formation is a potential target for treating lung
fibrosis. Hyaluronan and its binding partners have
been shown to be important and play complex roles
in the fibroblast/myofibroblast transition.’>'* Lung
fibrosis is primarily regulated by TGF-B1, which is
known to increase hyaluronan, versican, and other
extracellular matrix (ECM) molecules such as colla-
gen, fibronectin, and tenascin, in addition to the
characteristic increased expression of a-smooth
muscle actin (a-SMA),'®~'® but the role of HAPLN1 in
lung fibroblast-to-myofibroblast conversion has not
been explored.

Our earlier studies have shown also that hyaluro-
nan- and versican-dependent pericellular matrix for-
mation was required for proliferation and migration of
smooth muscle cells (SMCs)'® and that intracellular
hyaluronan was associated with proliferation of fibro-
blasts and SMCs.2%2" In addition, stimulation of pro-
liferation with platelet-derived growth factor (PDGF)
also increased production of both versican and
HAPLN1, and the amount of link-stabilized aggre-
gates in the ECM of SMCs,?? but it was unclear
whether HAPLN1 interacted with both of these two
components not only outside of cells, but also inside
cells as well. The unusual intracellular localization of
hyaluronan during cellular proliferation led us to
wonder whether other hyaladherins such as HAPLN1
are present inside cells and associate with the prolif-
erative cell phenotype.

This study used immunocytochemistry to probe
the location of HAPLN1 in cultures of lung fibroblasts
and TGF-B1-induced myofibroblasts. HAPLN1 local-
ized with hyaluronan and versican in the pericellular
matrix and was enriched underneath cells in adhe-
sive structures. HAPLN1 was also enriched with ver-
sican in the nuclei of myofibroblasts and interphase
cells, and transitioned to the cytosol during mitosis.
We also found that a purified hyaluronan binding
preparation containing HAPLN1 and aggrecan G1,
dramatically altered ECM compaction, and potently
stimulates myofibroblast formation, while full-length
versican had no effect. Collectively, these observa-
tions suggest that both intracellular and ECM-
associated HAPLN1 and its binding partners
participate in fibroblast proliferation and transforma-
tion into myofibroblasts.

Methods

Antibodies and Reagents

Monoclonal mouse Anti-HAPLN1 (Crtl1), clone 8-A-4
(MilliporeSigma, Burlington, MA; cat # MABT85, lot #
3071955) was used at 1:200. Monoclonal antibody
8A5, also specific for human link protein, was the gen-
erous gift of Dr. Duncan Hiscock (University of Wales,
Cardiff) and was used at 1/500. Monoclonal mouse
anti-human SMA, clone 1A4, (Dako, Carpinteria, CA;
Cat # MO0851, lot # 20011631) was used at 1:200.
Polyclonal rabbit anti-Vc, anti-human versican, a kind
gift from Dr. Richard LeBaron®® was used at 1:2000.
Rabbit anti-alpha tubulin antibody was purchased from
Abcam (Cambridge, UK; # ab4074) and mouse anti-
TGF-B1,2,3 pan-specific antibody was purchased from
R&D Systems (Minneapolis, MN; MAB1835). Non-
biotinylated hyaluronan binding protein (HABP) and
biotinylated HABP (b-HABP) were prepared from
bovine nasal septum cartilage by a hyaluronan affinity
column as previously described.?*

Assessment of the HABP by SDS PAGE revealed a
single prominent protein band at ~45 kDa and small
amounts of CS-containing fragments of aggrecan
(data not shown) and the preparation was endotoxin-
free (<1.0 EU/ug) as assessed using a ToxinSensorTM
LAL Endotoxin Assay Kit (GenScript Corp., Piscataway,
NJ). Versican was purified from bovine aorta by a com-
bination of 4 M guanidinium HCL extraction, ion
exchange, and size exclusion chromatography, as
described previously.?52¢ The versican preparation
was free of contaminants as assessed by SDS-PAGE
and Coomassie blue and Alcian blue staining, and was
also endotoxin-free (<1.0 EU/ug) as assessed using
the ToxinSensorTM LAL Endotoxin Assay Kit. The ver-
sican specifically bound to b-HABP on ligand blots and
to versican-specific antibodies on western blots and
comprised the VO and V1 isoforms (data not shown).

Cell Culture

Adult normal human lung fibroblasts (HLFs) were
obtained from Lonza Biosciences (Bend, OR). A sec-
ond isolate of HLFs was a generous gift from Professor
Ganesh Raghu, Division of Pulmonary and Critical
Care Medicine, University of Washington, Seattle.
The cells were isolated as described previously in
accordance with approval from the institution’s human
subjects review committee.?” The HLFs were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM)
high-glucose medium supplemented with 10% fetal
bovine serum (FBS; HyClone, Logan, UT), 1 mM
sodium pyruvate, 0.1 mM non-essential amino acids,
0.43 mg/ml GIutMAX-1, and penicillin-streptomycin
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(penicillin G sodium, 100 U/ml, and streptomycin
sulfate, 0.10 mg/ml; Invitrogen Life Technologies,
Carlsbad, CA) at 37C in 5% CO,. Cells were pas-
saged with trypsin-EDTA (0.05% trypsin and 0.53 mM
tetrasodium EDTA) and were used for experiments
between passages 8 and 15.

Myofibroblast Induction and HABP and Versican
Treatment

Cells were seeded on 22 mm glass coverslips
(Corning) at 3.5 x 10%well in 6-well plates in 10% FBS
in DMEM. After 24 hr, cells were growth arrested in
0.1% FBS/DMEM for 48 hr, at which point the cells
were about 80%—-90% confluent. Cells were stimulated
with TGF-B1 (10 ng/ml, R&D Systems) for 24 hr. In
other experiments, HLF were plated more sparsely
at 1.5 x 10%well and a non-biotinylated preparation
of HABP containing HAPLN1 or purified full-length
bovine versican was added to cells at 10 pg/ml, either
1 hr after plating in DMEM containing 10% FBS or after
4 days of growth in 10% FBS. Cells were processed for
immunocytochemistry after 4 days.

Immunocytochemistry

Cells on coverslips were fixed for 10 min at 22C in
10% formalin. Where appropriate (a-SMA, HAPLN1
staining), cells were also permeabilized in 0.5%
Triton X-100 in PBS for 10 min. Following rinsing
in PBS, cells were stained for hyaluronan using
b-HABP (4 pg/ml) or appropriate primary antibody
followed by rinsing and streptavidin AF-388 or
AF-546 anti-mouse and AF-388 anti-rabbit antibod-
ies (all from Molecular Probes, Eugene, OR, now
part of ThermoFisher) (1:500) in PBS containing 1%
bovine serum albumin as previously described.??
For HAPLN1 and hyaluronan co-staining, cells were
first incubated with anti-HAPLN1 antibody followed
by the b-HABP. Nuclei were stained during mounting
with 4’,6-diamidino-2-phenylindole (DAPI) at 1 ng/ml
in Fluorogel mounting medium (Electron Microscopy
Sciences, Hatfield, PA). As controls, cells were incu-
bated with normal IgG or predigested with hyaluronan-
specific Streptomyces hyaluronidase, which abolished
staining with the b-HABP.

Image Acquisition and Analysis

Cells were examined using a Leica DMIRB micro-
scope under epifluorescence optics using a 63 x 0.70
numerical aperture objective, and images were
acquired using a Spot cooled-charge-coupled device
(CCD) camera and imaging program.

Digital images of immunofluorescence (IF)-labeled
specimens were also obtained with a Leica TCS-SP5
Il confocal microscope (Leica Microsystems, Wetzlar,
Germany). A computer module containing Leica
Application Suite, Advanced Fluorescence v. 3.3.0.
10134.1 imaging software was used to render images
in 3-dimensions.

o-SMA staining was quantitated in NIH Image J
using thresholded fluorescent images at 20x magnifi-
cation. In the same field, DAPI-stained nuclei were
counted, and staining expressed as a-SMA-positive
pixels per cell (n equals at least 10 fields per condition,
approximately 100-200 cells per field). Nuclear
HAPLN1 staining was quantitated using Image J by
outlining individual nuclei as a region of interest and
expressing pixel density per nucleus (n=100 cells per
condition). The density of stained pixels using b-HABP
was used as a measure of hyaluronan in the ECM and
was assessed using Image J in untreated cells, cells
treated with unlabeled HABP, or with full-length bovine
versican. Regions of interest were defined specifically
and only in the immediate pericellular matrix in thresh-
olded images, and hyaluronan staining intensity was
expressed as pixels per area (n=100 cells per condi-
tion). Data are representative of at least three individ-
ual experiments.

Statistical Analysis

Data were analyzed by one-way ANOVA with a Tukey’s
multiple comparison test using GraphPad Prism ver-
sion 7.00 for Windows, GraphPad Software, San Diego,
CA, www.graphpad.com. p values less than 0.05 were
considered statistically significant.

Results
HAPLN | Localization

HAPLN1 was detected in the pericellular matrix and
in cytoplasmic and nuclear locations of the HLFs (Fig.
1A and B). Weak to no staining was seen with control
mouse IgG (Fig. 1C). Strong staining for HAPLN1
was seen in concentrated deposits located near a
nucleus or under lamellipodia. Interestingly, with for-
malin fixation alone (no distinct permeabilization
step) there was a greater proportion of positively
stained nuclei in cells arrested in low serum, com-
pared to cells growing in high serum, where most of
the staining appeared to be in the pericellular matrix.
A nearly identical nuclear and cytoplasmic staining
pattern was seen with another monoclonal antibody
to HAPLN1, 8A5, further supporting that the staining
is specific (data not shown). Quantitation of the
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Figure |I. HAPLNI staining (red) in HLFs under (A) quiescent low serum conditions (0.1% FBS) or (B) growing in 10% FBS. The cells
were not specifically permeabilized. (C), percentage of positively-stained nuclei in each condition. N=10 fields per condition. Bar equals
25 pm. Abbreviations: FBS, fetal bovine serum; HAPLNI, hyaluronan and proteoglycan link protein .

proportion of positive nuclei showed that 35% to 40%
of the nuclei in quiescent cells were positive for
HAPLN1, whereas less fewer than 10% were positive
in actively cycling cells (Fig. 1D). These results sug-
gest that changes in HAPLN1 location are associated
with cell proliferation.

HLFs induced to become myofibroblasts by TGF-
B1 treatment had slightly higher total HAPLN1 staining
(p<0.05) compared to controls in hon-permeabilized
samples (Fig. 2A to C). When cells were permeabi-
lized before staining, essentially all nuclei were posi-
tive in both conditions, except for mitotic cells, and
there was significantly increased nuclear staining
intensity in TGF-B1-induced myofibroblast nuclei
compared to controls (p<0.001) (Fig. 2D to F). This
suggests that myofibroblast formation is accompa-
nied by increased amounts of HAPLN1 and its asso-
ciation with nuclei.

In addition to the nuclear staining, co-staining
revealed a close association between HAPLN1 and
hyaluronan (using b-HABP) in the pericellular matrix
around cells in both low- and high-serum conditions
(Fig. 3A and B). Staining required sequential incuba-
tion, first with the HAPLN1 antibody, then with the
b-HABP, so the HAPLN1 in the HABP preparation
was not recognized by the monoclonal antibody.
Under these conditions, there were very few long
coalesced cables of hyaluronan. As seen with digital
magnification, the signal for HAPLN1 in the ECM
was generally present in two sizes: larger globular
deposits ~ 45 nm in diameter (Fig. 3C and D, arrow-
heads) and also smaller puncta ~ 30 nm, closely
aligned along individual strands of hyaluronan (Fig.
3D). These observations are similar to those
reported for recombinant versican G1.28 The larger
diameter globules suggest that some aggregation of
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Figure 2. (A and B) Non-permeabilized cells, (C), total HAPLNI staining intensity expressed as pixels per cell. N=10 fields per condi-
tion. In (D and E), HLFs were permeabilized before staining. F, nuclear staining intensity expressed as pixels per nucleus. N=100 nuclei
per condition. HAPLNI staining in quiescent control cells (A and D) and TGF-1-induced myofibroblasts (B and E). Bar equals 25 pm.
Abbreviation: HAPLN I, hyaluronan and proteoglycan link protein |I; TGF-B1, tumor growth factor 1.

HAPLN1 or binding to globular forms of hyaluronan
may occur. There was a consistent spacing ~120 nm
between the smallest HAPLN1 signals along the
hyaluronan strands, also consistent with the previ-
ous report.?® There is clearly ample space between
existing HAPLN1 molecules along the hyaluronan
strands to allow the HABP access. In addition to
nuclear staining, there was also cytoplasmic stain-
ing for HAPLN1, usually in the perinuclear region
and also on broad lamellipodia (Fig. 3C, arrow).
Thus, HAPLN1 resides in the ECM, within the cyto-
plasm, and inside the nucleus.

Mitotic cells stained intensely for HAPLN1 in a
fashion similar to that previously reported for intracel-
lular hyaluronan.” Fig. 4 shows co-staining for
HAPLN1 and tubulin in cells growing in medium con-
taining 10% FBS. HAPLN1 was present in the nucleus,
which, as noted above, was most pronounced in inter-
phase cells with clearly defined nucleoli (Fig. 4A).
During prophase and nuclear membrane breakdown,
the nuclear signal diminished and shifted into the

cytoplasm (Fig. 4B and C) and surrounded the chro-
mosomes at metaphase and anaphase (Fig. 4D and
E). After telophase, HAPLN1 deposits were observed
around the nucleus again (Fig. 4F).

HAPLN1 and versican colocalized with alternating
red and green signals, closely juxtaposed along puta-
tive individual hyaluronan strands in the pericelluar
matrix and at the cell surface (Fig. 5). There was also
pronounced colocalization of link protein and versican
in deposits at membrane adhesive sites, often located
near the nucleus of a cell. In many cases, these depos-
its were oval shaped like the nucleus, and gave the
impression that the cell and nucleus had moved, leav-
ing the deposit behind (see also Fig. 8, below). This is
suggestive for a role in stabilizing nuclear-ECM con-
nections. In the pericellular matrix, there was a greater
abundance of signal for versican compared to
HAPLN1, suggesting that not every molecule of versi-
can is associated with HAPLN1.

Confocal microscopy and 3D reconstructions of
stacked images with digital processing confirmed
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Figure 3. HAPLNI (red) and hyaluronan (green) in HLFs in (A, C), 0.1% FBS or B, D in 10% FBS. HAPLNI partially localizes to hyal-
uronan in the pericellular matrix. Boxed areas in (A and B) are enlarged in (C and D). Arrowheads indicate globular deposits of HAPLN |
on hyaluronan in the pericellular matrix. Arrow in C points to HAPLN in a broad lamellipodium. Nuclei were stained with DAPI. Bar
equals 25 um. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; FBS, fetal bovine serum; HAPLN, hyaluronan and proteoglycan link

protein |; HLF, human lung fibroblasts.

that both versican and HAPLN1 are present in the
pericellular matrix, cytoplasm, and within the
nucleus (Fig. 6). In an en face optical slice, midway
through the nucleus (Fig. 6A), signal for both
HAPLN1 and versican can be seen in the plane of
the nucleus and in cytoplasmic vesicles. In a section
in the transverse plane (Fig. 6B and C), HAPLN1
and versican were closely juxtaposed in columnar
vesicles in the perinuclear cytoplasm, with some
vesicles appearing to extend through the entire
thickness of the cell. Fig. 6D shows a maximum pro-
jection image of the lateral view to include pericel-
lular matrix from the entire stack of images, but with
the cell removed. This revealed that there was a
greater abundance of versican in the ECM above
the cells relative to HAPLN1, and a higher propor-
tion of HAPLN1 underneath the cells.

Confocal microscopy of mitotic cells in late telo-
phase is shown in Fig. 7, and indicated that versican
and HAPLN1 were both abundant in cytoplasmic vesi-
cles, and were present within the connecting mid-body
in the area of the cleavage furrow during telophase

(Fig. 7).

HAPLN | —Cytoskeleton Relationship

We previously reported that hyaluronan and CD44
played an adhesive role, primarily in association with
the cortical actin network between stress fibers in
fioroblasts and myofibroblasts.™ In the present study,
the relationship of HAPLN1 to the actin cytoskeleton
was examined using phalloidin and revealed no or
only occasional colocalization with f-actin stress fibers
(Fig. 8A). However, remnants of f-actin often were seen
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Figure 4. HAPLNI redistributes from nucleus to cytosol during mitosis. HAPLN| (red) and alpha tubulin (green). (A), interphase cells
have strong nuclear staining. (B), in prophase, mitotic spindles begin forming and nuclear staining is diminished. In prometaphase through
anaphase HAPLNI is abundant in the cytosol (C, D) and in the midbody during telophase (E, F). Nuclei were stained with DAPI. Bar
equals approximately 10 pm. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; HAPLN I, hyaluronan and proteoglycan link protein 1.

within heavy plaque-like deposits of HAPLN1 left on
the substrate (Fig. 8B). Fig. 8B also shows an example
of a deposit of HAPLN1 that is similar in size and
shape to the nearby nucleus. Punctuate deposits of
HAPLN1 were usually seen underneath lamellipodia
(Fig. 8C). Fig. 8D shows HAPLN1 colocalizing with
connecting nodes under a mature actin network in a
broad lamellipodium of a quiescent fibroblast, sug-
gesting it may play a role in adhesion in these cells.
Co-staining with tubulin revealed no particular colocal-
ization or juxtapositional relationship of HAPLN1 with
microtubules in the cytoplasm (see below).

Addition of Exogenous HABP Induces
Myofibroblast Formation

We previously found that culturing dermal fibroblasts
with recombinant versican G1 domain resulted in reor-
ganization of the hyaluronan into cables.?® Given the
role of HAPLN1 in stabilizing the ECM and protecting
hyaluronan from degradation, we wondered if it would
affect pericellular matrix organization when added
exogenously. We also wanted to know if cells would

take up exogenous HAPLNT1 into their cytoplasm and
nucleus.

A convenient source of exogenous HAPLNT1 is the
hyaluronan binding preparation HABP produced from
bovine cartilage and used to localize hyaluronan. The
preparation contains HAPLN1, together with the tryp-
sin-resistant G1 domain fragment from aggrecan in
approximately equal ratios. We used a non-biotinylated
preparation to add to cells, and then the biotinylated
preparation to look at subsequent effects on hyaluro-
nan organization in the matrix. The monoclonal anti-
body to HAPLN1 was used to localize where the added
HAPLN1 in the mixture was bound.

In HLFs incubated with HABP for 48 hr, cytoplasmic
and nuclear staining for HAPLN1 was qualitatively
similar to control cells and there did not appear to be
any uptake of additional HAPLN1 by the cells, either
into the cytoplasm or the nucleus, and no difference
was seen cells in 0.1% FBS vs. 10% FBS (data not
shown). In addition, the intracellular HAPLN1 showed
no apparent relationship to microtubules (Fig. 9).
Instead the added HAPLN1 was deposited on the sub-
strate and gathered into clumps in the ECM and cell
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Figure 5. HAPLNI colocalizes with versican along hyaluronan strands and in adhesive structures. HLFs growing in 10% FBS were
stained for HAPLNI (red) and versican (green). (A, B, and D) larger arrows indicate colocalization in deposits, some near and shaped
like the nucleus. (C) Small arrows indicate the close juxtaposition of signals interspersed along a putative strand of hyaluronan. Nuclei
were stained with DAPI. Bars equal 25 um in (A, B, and D), and | pm in (C). Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; FBS,
fetal bovine serum; HAPLNI, hyaluronan and proteoglycan link protein |; HLF, human lung fibroblasts.

surface (Fig. 9A). However, by phase contrast micros-
copy, pronounced stress fibers were observed in the
cells that were incubated with HABP (Fig. 9B and D,
arrowheads).

This prompted subsequent staining for a-SMA
(Fig. 10), which revealed that HABP treatment
induced myofibroblast formation, whereas treatment
with purified full-length versican had no effect.
Quantitation of staining intensity, normalized as pix-
els per cell, indicated a dramatic and significant
upregulation of a-SMA in the cells treated with the
HABP mixture of HAPLN1 and aggrecan G1 for 4
days. Similar results were seen in cells that had been
plated for 4 days before addition of HABP (data not
shown), although there tended to be higher a-SMA
staining in the control cells when they had been cul-
tured for longer periods.

As mentioned, there were few, if any, ECM cables
present in these cultures. Therefore, as a measure of
the organization of the pericellular matrix, we quantified

ECM staining by measuring the pixel density of the
hyaluronan-rich ECM within circumscribed regions of
interest outside the cell as shown in Fig. 11. A lower pixel
density indicates less hyaluronan or less compaction
of the ECM. The ECM staining density was signifi-
cantly greater in the HABP-treated cells. The addition
of versican on the other hand, resulted in less hyaluro-
nan staining in the pericellular matrix. This suggests
there could be either increased amounts of the hyal-
uronan or a stiffening effect on the hyaluronan network
in the ECM when globular hyaluronan binding proteins
such as HAPLN1 and aggrecan G1 are added to grow-
ing fibroblasts.

Discussion

We found that HAPLN1 is present on hyaluronan and
alongside versican in the pericellular matrix, suggest-
ing it plays a similar role in stabilizing the interaction of
versican with hyaluronan of HLFs, as it does with
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Figure 6. Versican and HAPLNI distribution. Confocal micros-
copy and 3D image analysis of HLFs in 10% FBS stained for
HAPLNI (red) and versican (green). (A) en face view in an opti-
cal section midway through the plane of the nucleus, showing
HAPLNI and versican are present in the nucleus (arrow). (B)
oblique view indicating the plane of the image stack for the hori-
zontal slice shown in (C). Arrows indicate the closely juxtaposed
cytoplasmic deposits that are positive for versican and HAPLNI.
(D) a maximum side view projection of the entire field with the
cell removed to show apical and basal pericellular matrix. Note
how versican dominates in the matrix above the cells (arrow-
head), while HAPLN has relatively more signal underneath the
cells (arrow). Nuclei were stained with DAPI. Scale is indicated.
Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; FBS, fetal
bovine serum; HAPLNI, hyaluronan and proteoglycan link pro-
tein |; HLF, human lung fibroblasts.

Figure 7. HAPLNI (red) and versican (green) in mitotic cells.
(A\) oblique view of a confocal image stack of mitotic cells in telo-
phase. (B) top view of the connecting midbody. (C) side view of
the midbody. Nuclei were stained with DAPI. Scale is indicated.
Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; HAPLNI,
hyaluronan and proteoglycan link protein |.

aggrecan in the chondrocyte pericellular matrix and in
PNNs in the brain.'5

HAPLN1 deposits were found above cells in the
versican-rich ECM with alternating punctate signals
along strands of hyaluronan. These deposits were
similar in size and spacing as those we reported for
exogenous versican G1.228 HAPLN1 also colocalized
with fragments of f-actin and with versican at
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Figure 8. HLFs stained for HAPLNI (red) and f-actin (green). (A to C), HLFs growing in 10% FBS. The arrows point to areas of partial
colocalization. The arrowheads in (B) indicate an oval-shaped deposit of HAPLNI that resembles the nucleus in the lower left of the
image. The arrowhead in (C) points to a few HAPLNI signals under a lamellipodium. (D) TGF-B-induced myofibroblast. Note the
co-localization of HAPLN| under the connecting nodes of a mature actin network. Nuclei were stained with DAPI. Bars equal 25 pm.
Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; FBS, fetal bovine serum; HAPLNI, hyaluronan and proteoglycan link protein |; HLF,

human lung fibroblasts; TGF-f1, tumor growth factor 1.

plague-like deposits which were frequently near and
shaped like a nucleus and gave a distinct impression
that the cell had moved, leaving behind a concen-
trated deposit. The staining did not resemble focal
adhesions, however. We previously found that hyal-
uronidase digestion of the ECM caused retraction
specifically of cortical actin between stress fibers and
CD44 in the membrane,™ and in the present study
found HAPLN1 under actin networks rather that at the
tips of stress fibers. The association of hyaluronan
and CD44 with cortical actin,™ the presence of hyal-
uronan and versican between stress fibers,?® and the
relative abundance of HAPLN1 under cell lamellipo-
dia suggests HAPLN1 may play a role in stabilizing
cell adhesion in some fashion.

All three members of the complex between
hyaluronan,® versican,*® and HAPLN1 (present study)
have now been localized to the nucleus in fibroblasts,
suggesting that the presence of HAPLN1 may be

important for nuclear structure or function. In addition,
HAPLN1 was juxtaposed with versican in cytoplasmic
vesicles inside the cell, indicating that link-stabilization
may be important for any potential intracellular func-
tion of this complex. This is a novel finding, as there
are very little data on HAPLN1 in fibroblasts. This is
another example of these related ECM components
being found in an intracellular location in fibroblasts,
raising the possibility that there may be roles for these
components both outside and inside cells.

Previous studies have shown that hyaluronan318:31
and versican®? can impact myofibroblast formation,
but the effect of HAPLN1 has not been examined. A
higher proportion of nuclei were positive for HAPLN1
staining in quiescent cells and TGF-B-induced myofi-
broblasts compared to cells rapidly dividing in 10%
FBS, and versican was closely associated with
HAPLN1. HAPLN1 and versican were clearly present
in deposits found within the plane of the nucleus,
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Figure 9. Exogenous HAPLNI is reorganized and does not colocalize with tubulin. HABP was added to HLFs in the presence of 10%
FBS and HAPLNI (red) and alpha tubulin (green) detected by immunostaining after 4 days (A and C). No increased HAPLNI signal
was seen inside cells, suggesting not much is taken up by the cells. Instead, the HAPLN| was gathered into clumps in the pericellular
matrix (arrows). (B and D), phase contrast images of the same fields (merged with the link protein image). Note the large stress fibers
inside the cells by phase contrast (arrowheads). Nuclei were stained with DAPI. Bars equal 25 pm. Abbreviations: DAPI, 4’,6-diamidino-
2-phenylindole; FBS, fetal bovine serum; HABP, hyaluronan binding protein; HAPLN, hyaluronan and proteoglycan link protein I; HLF,

human lung fibroblasts.

possibly invaginations or clefts, as was previously
reported for intracellular hyaluronan'® and versican.3°
In addition to PNNs,® HAPLN1 and hyaluronan were
previously reported to be in the nucleus of neuronal
cells.3® However, the significance of nuclear and
intracellular hyaladherins and an increase in nuclear
HAPLN1 in myofibroblasts is not clear. Previous stud-
ies have suggested potential roles for intracellular
hyaluronan, possibly through other intracellular bind-
ing partners.’®21:34-3¢ Qther studies have noted the
presence of hyaluronan at the cleavage furrow in
mitotic cells and the mitotic spindle décor)ated with
hyaluronan and its receptor, receptor for hyaluronic

acid-mediated motility (RHAMM)."®2%%7  [arge
amounts of cell membrane (and probably ECM mol-
ecule bound to it) are rapidly retracted during mitotic
cell rounding. The redistribution of HAPLN1 from
nucleus to cytosol and strong cytoplasmic staining
during mitosis may reflect, in part, the drawing in of
membrane and any associated ECM as part of the
cell rounding and chromatin condensation process.
Another study found that disruption of versican
expression interfered with mitosis in embryonic der-
mal fibroblasts.®® However, more work will need to be
done to determine if HAPLN1 disruption affects myo-
fibroblast formation or cell proliferation.
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Figure 10. Alpha-SMA is increased by HABP treatment. (A),
HLFs in 10% FBS alone; (B), cells treated with bovine HABP
(HAPLNI and Gl), and (C), full length bovine versican were
immunostained for a-SMA (green). (D), shows quantitation of
a-SMA staining intensity per cell. N=10 fields per condition. Bars
equal 50 um. Abbreviations: HABP, hyaluronan binding protein;
HAPLNI, hyaluronan and proteoglycan link protein |; HLF,
human lung fibroblasts; a-SMA, a-smooth muscle actin.

Both hyaluronan and versican are important
contributors to the development of lung diseases,
including fibrosis.'?'4383% The role of hyaluronan
and its binding partners in myofibroblast conversion
and lung fibrosis is complex because they are part
of the fibrotic ECM, and also directly impact the
activation and trafficking of leukocytes during the
inflammatory response.*%=*% |t should be noted that
our experiments were conducted in medium con-
taining high (25 mM) glucose, which tends to pro-
mote formation of leukocyte adhesive hyaluronan
matrices and intracellular hyaluronan during inflam-
matory processes.*® This could potentially result in
abnormally high intracellular levels of HAPLN1. We
do yet not know if the intracellular and nuclear
HAPLN1 distribution reported here or synthesis will
change with altered glucose concentrations. It will

also be important to determine if HAPLN1 plays a
direct or indirect role in mediating the effects of both
versican and hyaluronan in the fibrotic response
and other processes.

The HABP we used here (10 ug/ml) contains tryp-
sin-resistant HAPLN1 and aggrecan G1. We noted
an induction of a-SMA and stress fiber formation
upon treatment with the HABP and apparent com-
paction of the pericellular matrix. This effect is simi-
lar to previous results following addition of similar
concentrations of versican G1 to dermal fibroblasts,
i.e., altered organization of the hyaluronan-rich ECM
(by coalescing hyaluronan cables) and increased a-
SMA protein expression.?® However, actual local
cellular level concentrations of HAPLN1 at different
regions on the cell membrane or perinuclear inclu-
sions are difficult to estimate. We cannot rule out
that this just represents more hyaluronan in the peri-
cellular matrix. Another study used a similar HABP
preparation (which they termed metastatin) to stop
cancer cells from growing.*” Given their high homol-
ogy, adding any one of these globular domains
should result in similar physical effects on hyaluro-
nan. For example, it was shown previously by elec-
tron microscopy that addition of either HAPLN1 or
aggrecan G1 caused shortening and, potentially
stiffening of hyaluronan chains,*® or disruption of the
hyaluronan network.4®

ECM stiffness is a known regulator of myofibro-
blast formation.®® Chen and Thibeault showed that
2D and 3D hyaluronan-rich ECMs inhibited a-SMA
production in response to TGF-B1 due to reduced
stiffness.®" A distinction should be made between
overall ECM stiffness, in which collagen fibers tend
to dominate and stiffness of the hyaluronan network
itself. Hyaladherins, such as HAPLN1 and others,
may play roles in modifying material properties of
hyaluronan-rich ECMs. In the present study, addi-
tion of HAPLN1 and G1 caused apparent ECM



HAPLN | Localization in Fibroblasts

809

©
2
s 151
o
[
=
o 10+
<
(7]
2
£ 5
X
oL mmmm N
o L E©
§ Q0
000 ’38' x
Figure |1. Pericellular matrix compaction is increased by

HAPLNI. Hyaluronan staining in (A) control; (B) HABP-treated;
and (C) versican-treated cells. The outlines indicate examples of
regions of interest selected for quantitation of staining density of
the pericellular matrix. (D) percent of the area stained for hyal-
uronan in each treatment as a measure of matrix compaction. Bar
equals 25 pm. Abbreviations: HABP, hyaluronan binding protein;
HAPLNI, hyaluronan and proteoglycan link protein I.

compaction and increased a-SMA staining, while
full-length versican did not have the compaction
effect and did not promote myofibroblast formation
in HLFs. Another study reported that an overabun-
dance of cell-derived versican in the ECM, due to
lack of metalloprotease cleavage, promoted myofi-
broblast formation in mouse dermal fibroblasts.®?
The hyaladherin TNFa-stimulated gene-6 (TSG-6)
was shown to crosslink hyaluronan and rigidify hyal-
uronan films.53 Interestingly, CD44, the receptor for
hyaluronan, is more fluid in the membrane of fibro-
blasts versus myofibroblasts®* raising the question
of whether increased cell-associated HAPLN1 fol-
lowing TGF-B1 induction stabilizes the ECM and
could affect CD44 fluidity and cortical actin from out-
side the cell. Our results suggest that altering ratios
of full-length versican to HAPLN1 (or other proteo-
glycan fragments that bind to hyaluronan) may be a

way for cells to fine-tune ECM density and stiffness,
and thus regulate myofibroblast formation. Future
studies will focus on these possibilities.
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