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ABSTRACT Hyaluronan (HA) in the endothelial glycocalyx serves as a mechanotransducer for
high-shear-stress-stimulated endothelial nitric oxide synthase (eNOS) phosphorylation and
nitric oxide (NO) production. Low shear stress (LSS) has been shown to contribute to endo-
thelial inflammation and atherosclerosis by impairing the barrier and mechanotransduction
properties of the glycocalyx. Here we focus on the possible role of hyaluronidase 2 (HYAL2)
in LSS-induced glycocalyx impairment and the resulting alterations in eNOS phosphorylation
and NO production in human umbilical vein endothelial cells (HUVECs). We show that LSS
strongly activates HYAL2 to degrade HA in the glycocalyx. The dephosphorylation of eNOS-
Ser-633 under LSS was triggered after HA degradation by hyaluronidase and prevented by
repairing the glycocalyx with high-molecular weight hyaluronan. Knocking down HYAL2 in
HUVECs protected against HA degradation in the glycocalyx by inhibiting the expression and
activity of HYAL2 and further blocked the dephosphorylation of eNOS-Ser-633 and the de-
crease in NO production in response to LSS. The LSS-induced dephosphorylation of PKA was
completely abrogated in HYAL2 siRNA-transfected HUVECs. The LSS-induced dephosphory-
lation of eNOS-Ser-633 was also reversed by the PKA activator 8-Br-cAMP. We thus suggest
that LSS inhibits eNOS-Ser-633 phosphorylation and, at least partially, NO production by
activating HYAL2 to degrade HA in the glycocalyx.
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INTRODUCTION

The glycocalyx on the apical surface of endothelial cells forms a
protective barrier between the endothelium and flowing blood by
promoting the endothelial permeability barrier (Vink and Duling,
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2000), binding anticoagulation factors (Rosenberg, 2001), modulat-
ing the adhesion of leukocytes to the endothelium (Mulivor and
Lipowsky, 2002; Constantinescu et al., 2003), and inhibiting myocar-
dial edema (van den Berg et al.,, 2003). The glycocalyx consists
of acidic oligosaccharides and proteoglycans with glycosaminogly-
can side chains (Zeng et al., 2013). Although high shear stress (12—
15 dyn/cm?) has been confirmed to maintain endothelial glycocalyx
integrity and resistance to the development of early atherosclerotic
lesions (Dai et al., 2004; Gouverneur et al., 2005; van den Berg
et al., 2006), low shear stress (LSS; <5 dyn/cm?) is correlated with the
generation and development of endothelial inflammation and ath-
erosclerosis by reducing the size of the glycocalyx, particularly
through the degradation of hyaluronan (HA) in the glycocalyx
(Florian et al., 2003; Koo et al., 2013). As a common constituent of
the endothelial glycocalyx, HA is crucial to endothelial function
(Reitsma et al., 2007). In endothelial cells, HA is catabolized by
hyaluronidases, such as hyaluronidase 1, hyaluronidase 2 (HYAL2),
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hyaluronidase 4, and PH-20, under physiological and pathological
conditions or by reactive oxygen species under stress conditions
(Hrabarova et al., 2011; QOsterholt et al., 2012; Dicker et al., 2014).
HYALZ is a glycosylphosphatidylinositol-anchored enzyme attached
to the external surface of the plasma membrane and is mainly
responsible for clearing extracellular high-molecular weight HA
(HMWHA). Thus LSS may reduce the size of the endothelial glycoca-
lyx by increasing HYAL2, which degrades HA on the apical surface
of endothelial cells.

Some studies suggested that HA in the glycocalyx can trans-
duce shear stress into endothelial cells and promote nitric oxide
(NO) release at high-shear regions (Mochizuki et al., 2003; Thi
et al., 2004; Pahakis et al., 2007). Shear stress—induced endothelial
NO production is abrogated when endothelial cells are pretreated
with hyaluronidase, indicating that HA may contribute to the
mechanotransduction of extracellular shear forces to the intracel-
lular compartment. High-shear-stress—stimulated NO production is
well known to require the multisite phosphorylation of endothelial
nitric oxide synthase (eNOS) by Akt, protein kinase A (PKA), or
protein kinase C (Boo et al., 2002a,b; Barauna et al., 2013; Yang
and Rizzo, 2013). Although LSS has been proven to impair the en-
dothelial glycocalyx (Gouverneur et al., 2005; van den Berg et al.,
2006; Koo et al., 2013), however, little is known regarding changes
in eNOS multisite phosphorylation and related mechanisms in
response to LSS.

In the present study, we hypothesized that LSS activates HYAL2
to degrade HA within the endothelial glycocalyx in human umbilical
vein endothelial cells (HUVECs). Then we examined how LSS re-
duced NO production after HA degradation in the glycocalyx by
LSS-activated HYAL2. Our results confirmed that LSS strongly acti-
vates HYAL2, which leads to HA injury within the endothelial glyco-
calyx and the dephosphorylation of eNOS at Ser-633. Knocking
down HYAL2 inhibited HA degradation in the glycocalyx, resulting
in the restoration of eNOS-Ser-633 phosphorylation and the partial
recovery of NO production under LSS. Similar results were also
observed with exogenous HMWHA. The deactivation of eNOS-Ser-
633 by LSS in HA-deficient HUVECs was due to the dephosphoryla-
tion of PKA. These findings provide important new insights and
suggest that HYAL2 inhibition can protect the endothelial glycoca-
lyx and restore NO production to some degree under LSS.

RESULTS

HA levels in HUVECs are down-regulated by LSS

To test the hypothesis that LSS reduces HA in the glycocalyx, we
measured HA by immunostaining HUVECs exposed to LSS for 5, 15,
30, and 60 min; cells without LSS treatment served as a control.
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LSS decreases HA expression in HUVECs. Confluent monolayers of HUVECs were
exposed to LSS for 0, 5, 15, 30, and 60 min. HA was visualized with a monoclonal sheep
anti-hyaluronan antibody followed by an Alexa Fluor 647—conjugated secondary antibody (red),
and nuclei were visualized with DAPI (blue). Bar, 10 pm. HA expression exhibited a remarkable
time-dependent decrease starting after 15 min in response to LSS in three independent

experiments.
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Figure 1 shows that the down-regulation of HA was apparent not
only in the glycocalyx but also in the cytoplasm as early as 15 min
after LSS onset and persisted for at least 60 min. Our result agrees
with those of previous experiments (van den Berg et al., 2006; Pot-
ter and Damiano, 2008; Koo et al., 2013).

LSS-stimulated HA impairment occurs via HYAL2

Numerous studies have led to a tentative model for HA degradation
in which HYALZ2 cleaves extracellular matrix HA into small fragments
that are then endocytosed and degraded in lysosomes by hyaluroni-
dase 1 (Stern, 2003, 2004). To explore whether HA in the glycocalyx
was degraded by activated HYAL2 in response to LSS, we first ex-
amined cell membrane HYAL2 protein expression after the cells
were subjected to LSS for 0, 5, 15, 30, and 60 min. As shown in
Figure 2A, surface HYAL2 protein expression was markedly elevated
after 15 min of LSS exposure and reached a maximum by 30 min.

Next HUVECs were transiently transfected with HYAL2-siRNA us-
ing Lipofectamine RNAIMAX. After the HUVECs were fully differenti-
ated, quantitative real-time PCR (PCR) and Western blot experiments
showed that HYAL2 mRNA and membrane protein expression de-
creased to ~45.0 and 41.6%, respectively. HYAL2-silenced cells were
then exposed to LSS for 30 min. HYAL2-siRNA significantly sup-
pressed the LSS-induced increase in HYAL2 mRNA (Figure 2B) and
protein expression (Figure 2C). Optimum pH for HYAL2 activity is 6.8
(range, 6.0-7.0). HYAL2 activity was also up-regulated in HUVECs in
response to LSS treatment for 30 min. HYAL2-siRNA significantly in-
hibited LSS-induced HYAL2 activation (Figure 2D).

Because endothelial HA expression is affected by several factors,
such as hyaluronidases, HA synthases, CD44, superoxide, and per-
oxynitrite (Monzon et al., 2010; Hrabarova et al., 2011; Dicker et al.,
2014), we further investigated whether HA degradation in the glyco-
calyx under LSS was mediated by HYAL2. HA expression was
assessed by immunostaining. To locate HA in the glycocalyx, we
labeled the cell membrane with 3,3’-dioctadecyloxacarbocyanine
perchlorate (Dio). HA in the glycocalyx layer was present in the cell
membrane and extracellular matrix and was quantified according to
the mean fluorescence intensity (MFI) and thickness. Figure 2E indi-
cates that HYAL2 silencing partially reversed the LSS-stimulated
reduction in the MFI of HA in the glycocalyx. To determine the pre-
cise change in the thickness of the glycocalyx, we compared XY- to
XZ- or YZslices in a three-dimensional reconstruction of a single
image. The maximum thickness of HA in the glycocalyx layer was
measured as 1.47 pm. LSS led to thinning of the glycocalyx via
HYAL2 activation (Figure 2E). The results show that HYAL2 small in-
terfering RNA (siRNA) inhibited LSS-induced HA degradation in the
glycocalyx but not in the cytoplasm.

HYAL2 is involved in the LSS-mediated
dephosphorylation of eNOS at Ser-633
To explore the effect of LSS on the muiltisite
phosphorylation of eNOS, we first tested
the phosphorylation of eNOS at Ser-1177,
Thr-495, and Ser-633 in HUVECs exposed to
LSS of 2 dyn/cm? for 5, 15, 30, and 60 min.
Figure 3A shows that eNOS-Ser-1177 was
activated in a time-independent manner
starting at 5 min of LSS exposure, whereas
eNOS-Thr-495 phosphorylation showed a
time-dependent increase starting at 15 min
of LSS exposure. A 15-min LSS exposure
was required to observe a marked decrease
in eNOS-Ser-633 phosphorylation, which
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HA in the glycocalyx is degraded by LSS-activated HYAL2. Confluent monolayers of HUVECs were exposed
to LSS for 0, 5, 15, 30, and 60 min. Western blotting was used to analyze HYAL2 protein levels on the cell membrane.
HYAL2-siRNA (Si-HYAL2) was stably transfected into HUVECs, followed by a 30-min LSS exposure. HYAL2 mRNA levels
were evaluated via gPCR. Numerical data were standardized to GAPDH. The results are averages from three
independent experiments (mean + SEM). (A) HYAL2 protein expression on the cell membrane was significantly elevated
as early as 15 min after shear onset and reached a maximum by 30 min. (B) Cells without LSS or HYAL2-siRNA were
used as controls. HYAL2 mRNA expression was reduced to ~45.0% in HUVECs transfected with HYAL2-siRNA; *p < 0.01
vs. control, **p < 0.01 vs. LSS 30 min. (C) HYAL2 protein levels on the cell membrane were down-regulated to ~41.6%
and were not significantly restored by LSS in HUVECs transfected with HYAL2-siRNA; *p < 0.05 vs. control, **p < 0.05
vs. LSS 30 min. (D) An HA zymogram was used to explore HYAL2 activity. Band intensities were analyzed using Quantity
One software, and HYAL2 activity was expressed as percentage change in band intensity per square millimeter
compared with control. Each bar represents the mean £ SEM of three separate experiments. HYAL2 activity was
attenuated in HUVECs transfected with HYAL2-siRNA. LSS greatly increased HYAL2 activity within 30 min in control
HUVECs but did not stimulate HYAL2 activity in HYAL2-siRNA-transfected HUVECs; *p < 0.01 vs. control, **p < 0.01 vs.
LSS 30 min. (E) Stably transfected cells were exposed to LSS for 30 min. Samples were analyzed via indirect
immunofluorescence and confocal microscopy. HA was visualized with an anti-HA antibody followed by an Alexa Fluor
647-conjugated secondary antibody (red), and nuclei were visualized with DAPI (blue). The cell membrane was
identified with Dio (green). Bar, 10 pm. HA MFI and thickness in the glycocalyx layer were measured to reveal changes in
the glycocalyx under LSS. LSS-induced down-regulation of HA MFI in the glycocalyx was significantly inhibited by
HYAL2 siRNA. Similar alterations were observed in HA thickness. Each bar represents mean + SEM of three or four

separate experiments; *p < 0.05 vs. LSS 30 min.

persisted for at least 60 min. In HYAL2-silenced HUVECs, only the
dephosphorylation of eNOS-Ser-633 was reversed in response to
LSS (Figure 3B). HYAL2 did not participate in the altered eNOS
phosphorylation at Ser-1177 and Thr-495 induced by LSS.

The dephosphorylation of eNOS-Ser-633 depends on HA deg-
radation in the glycocalyx by activated HYAL2 under LSS.

To examine how LSS-activated HYAL2 attenuated the phosphor-
ylation of eNOS-Ser-633, we exposed HUVECs to LSS in the
presence of 25 pg/ml HMWHA, which binds specifically to the cell
membrane to repair glycocalyx injured by LSS. Low-molecular
weight hyaluronan (LMWHA) (5 pg/l) was used to exclude the effect
of LMWHA produced by activated HYAL2 on glycocalyx thickness
and the phosphorylation of eNOS-Ser-633. Immunofluorescence
staining suggested that exogenous HMWHA effectively restored
HA levels in the endothelial glycocalyx to 82 + 15.5% of control
levels within 30 min of LSS exposure. Figure 4A shows that the de-
phosphorylation of eNOS-Ser-633 in response to LSS was signifi-
cantly blocked by HMWHA. Despite having been described as a
type of “danger signal” in many studies, LMWHA had no effect
on HA thickness in the glycocalyx layer or on the level of eNOS-
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Ser-633 phosphorylation. To further confirm the role of diminished
glycocalyx protection in contributing to lower eNOS-Ser-633
phosphorylation levels, we incubated HUVECs with 1.5 IU/ml hyal-
uronidase for 3 h before a 5-min LSS exposure. Figure 4B demon-
strates that eNOS-Ser-633 was dephosphorylated by LSS within
5 min in HA-degraded endothelial cells.

LSS-induced dephosphorylation of eNOS-Ser-633 is
regulated by PKA signaling linked to glycocalyx injury

To clarify whether the LSS-mediated reduction in eNOS-Ser-633
phosphorylation was mediated by PKA in glycocalyx-deficient HU-
VECs, we first investigated the effect of LSS on the phosphorylation
of PKA. PKA phosphorylation underwent a time-dependent de-
crease starting at 15 min of LSS exposure (Figure 5A). Next we veri-
fied that LSS did not stimulate the dephosphorylation of PKA in
HYAL2 siRNA-transfected cells (Figure 5B). Repairing the LSS-
injured glycocalyx with HMWHA also blocked PKA inactivity
(Figure 5C). Furthermore, the PKA activator 8-Br-cAMP (1 mM) was
used to treat the cells before initiation of LSS for 30 min. Figure 6D
shows that 8-Br-cAMP significantly induced PKA activity compared
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FIGURE 3: HYAL2 participates in the LSS-mediated dephosphorylation of eNOS-Ser-633.
Western blotting of eNOS using antibodies specific for total proteins, eNOS phosphorylated at
Ser1-177 (P-eNOS-Ser-1177), Thr-495 (P-eNOS-Th-r495), and Ser-633 (p-eNOS-Ser-633) and
total eNOS (t-eNOS). Numerical data averaged from at least three independent experiments
after normalization to t-eNOS. Statistically significant increases in eNOS-Ser-1177 and -Thr-495
phosphorylation were detected after 5 and 15 min of LSS exposure, respectively. eNOS-Ser-633
phosphorylation decreased markedly after 15 min of LSS exposure. However, only the alteration
in eNOS-Ser-633 phosphorylation due to LSS was abolished in HYAL2 siRNA-transfected
HUVECs. Intensity of each band was quantified as described in Materials and Methods. Line
graphs represent mean = SEM of three or four separate experiments; *p < 0.05 vs. LSS 30 min.
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FIGURE 4: Glycocalyx injury by activated HYAL2 plays a key role in the dephosphorylation of
eNOS at Ser-633 under LSS. (A) Confluent monolayers of HUVECs were exposed to LSS in the
presence of 25 pg/ml HMWHA or 5 pg/l LMWHA for 30 min. Total protein extracts from
HUVECs were separated by SDS-PAGE and analyzed by Western blotting using anti-eNOS,
anti-eNOS-Ser-633, or anti-GAPDH antibodies. t-eNOS expression was used for normalization.
Each bar represents mean + SEM of three or four separate experiments. HMWHA inhibited the
LSS-induced dephosphorylation of eNOS-Ser-633; *p < 0.05 vs. LSS 30 min. (B) HUVECs were
pretreated with vehicle (0.9% sodium chloride) or 1.5 IU/ml hyaluronidase for 3 h before
exposure to LSS for 5 min. Western blotting of eNOS, eNOS-Ser-633, and GAPDH using
specific antibodies. Western blotting showed eNOS-Ser-633 was dephosphorylated by LSS
within 5 min in HA-degraded HUVECs. Numerical data were normalized to t-eNOS. Each bar
represents mean + SEM of three or four separate experiments; *p < 0.01 vs. LSS 5 min.
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with that of the control group. Treating cells
with 8-Br-cAMP for 30 min significantly pre-
vented LSS-trigged eNOS-Ser-633 dephos-
phorylation. However, 8-Br-cAMP did not
affect LSS-induced HYAL2 activity and HA
impairment.

Protecting the glycocalyx partly
reverses the LSS-mediated decrease in
NO production via the PKA/eNOS-Ser-
633 pathway

To clarify the effect of LSS-induced HA deg-
radation on NO production in HUVECs, we
exposed HYAL2 siRNA-transfected cells to
LSS for 30 min. HYAL2 siRNA-transfected
cells and control cells were treated with LSS
for 30 min in the presence or absence of
25 pg/ml HMWHA or 1 mM 8-Br-cAMP. NO
production was measured via flow cytometry
(FACS) using the NO-specific fluorescent dye
3-amino, 4-aminomethyl-2,7’-difluorescein
diacetate (DAF-FM DA). As shown in Figure
7, HYAL2 knockdown markedly blocked the
negative effect of LSS on NO production.
Restoring the glycocalyx with exogenous
HMWHA or activating PKA with 8-Br-cAMP
also reversed NO release.

DISCUSSION
High shear stress has been shown to thicken
the endothelial glycocalyx by increasing
endothelial HA synthase 2-mediated HA
synthesis and stimulating the incorporation
of HA into the endothelial cell glycocalyx
(Gouverneur et al.,, 2006; Maroski et al.,
2011). However, many studies suggest that
LSS promotes atherosclerosis by thinning
the glycocalyx layer, especially by degrading
HA in the glycocalyx (van den Berg et al.,
2006; Maroski et al., 2011; Koo et al., 2013).
Although LSS is well known to induce glyco-
calyx injury, little is known about the mecha-
nisms and consequences of glycocalyx injury
due to LSS. In the present work, we explored
LSS-induced HA degradation in the glycoca-
lyx via the hyaluronidase pathway in HU-
VECs and its possible role in regulating
eNOS phosphorylation and NO production.
We primarily found that exposure to LSS
increased HYAL2 activity and accelerated HA
catabolism in HUVECs. The cells displayed a
3.4-fold increase in HYAL2 activity after ex-
posure to LSS for 30 min. Exposure to LSS for
>15 min down-regulated HA expression not
only in the glycocalyx but also in the cyto-
plasm. Silencing HYAL2 inhibited LSS-
induced HA degradation in the glycocalyx
but not in the cytoplasm. These results dem-
onstrate that activated HYALZ is responsible
for glycocalyx impairment under LSS. We do
not know how LSS activates HYAL2. Some
studies showed that reactive oxygen species
(ROI) increase HYAL2 expression and activity
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FIGURE 5: Glycocalyx injury contributes to PKA-regulated eNOS-Ser-633 dephosphorylation under LSS. (A) Confluent
monolayers of HUVECs were exposed to LSS for 0, 5, 15, 30, and 60 min. Western blotting of total PKA (t-PKA),
phosphorylated PKA (p-PKA), and GAPDH using specific antibodies. Numerical data were normalized to t-PKA. PKA
phosphorylation significantly decreased after 15 min of LSS exposure. The line graphs represent mean + SEM of three or
four separate experiments. (B) HYAL2-siRNA was stably transfected into HUVECs, followed by exposure to LSS for 30 min.
Western blotting of t-PKA, p-PKA, and GAPDH using specific antibodies. Numerical data were normalized to t-PKA. HYAL2
siRNA prevented the LSS-induced deactivation of PKA. Each bar represents the mean + SEM of three or four separate
experiments; *p < 0.05 vs. LSS 30 min. (C) HUVECs were exposed to LSS in the presence of 25 pg/ml HMWHA for 30 min.
Western blotting of eNOS, eNOS-Ser-633, and GAPDH using specific antibodies. The LSS-induced dephosphorylation of
PKA was reversed by HMWHA,; *p < 0.05 vs. LSS 30 min. (D) HUVECs were pretreated with vehicle (dimethyl sulfoxide) or
the PKA activator 8-Br-cAMP (1 mmol/l) for 30 min before exposure to LSS for 30 min. Western blotting of eNOS, eNOS-
Ser-633, and GAPDH using specific antibodies. eNOS-Ser-633 phosphorylation was markedly increased by 8-Br-cAMP. The
attenuation of eNOS-Ser-633 phosphorylation in response to LSS was abrogated by 1 mmol/I 8-Br-cAMP. Each bar
represents the mean = SEM of three or four separate experiments; *p < 0.01 vs. control, **p < 0.05 vs. LSS 30 min.

in normal human bronchial epithelial cells via p38 mitogen-activated
protein kinase signaling (Monzon et al., 2010). Our laboratory previ-
ously reported increased ROS levels in HUVECs in response to LSS
(Wang et al., 2014). Therefore HA impairment in the glycocalyx due to
LSS-induced HYALZ is perhaps mediated by ROS. However, HA can
also be fragmented directly by the ROS generated by many types of
cells under stress conditions (Soltes et al., 2006). These results sug-
gest that ROS probably participate in LSS-stimulated HYAL2 activity
and HA degradation. HYAL2 is a well-known acid-active enzyme. Per-
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haps LSS activates Na*-H* exchanger activity, which creates an acidic
extracellular matrix environment and leads to HYAL2-mediated HA
catabolism.

We further explored how LSS promoted altered eNOS phos-
phorylation and NO production in glycocalyx-deficient HUVECs.
First, we found that LSS stimulated changes in eNOS multisite phos-
phorylation and NO release. Then we confirmed that activated
HYAL2 contributes to the eNOS-Ser-633-mediated decrease in NO
production in HYAL2 siRNA-transfected HUVECs in response to

Molecular Biology of the Cell
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LSS-induced reduction in NO production is partly reversed by restoring the glycocalyx or activating PKA.
HYAL2-siRNA was stably transfected into HUVECs, followed by LSS exposure for 30 min. Other cells were exposed to
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Both HMWHA and 8-Br-cAMP reversed NO production under LSS. Each bar represents the mean + SEM of three or four
separate experiments; *p < 0.05 vs. control; **p < 0.05 vs. LSS 30 min; ***p < 0.01 vs. LSS 30 min.

LSS. Finally, the finding that repairing the glycocalyx with HMWHA
reversed LSS-induced endothelial injury confirmed that HYAL2 was
not directly involved in this adverse effect and instead degraded the
glycocalyx and left the endothelial cells without glycocalyx protec-
tion against LSS, leading to the down-regulation of eNOS-Ser-633
phosphorylation and NO production. This result demonstrated that
HA in the glycocalyx protects endothelial cells from LSS injury. Previ-
ous studies suggested that hyaluronidase-mediated HA impairment
in the glycocalyx layer significantly decreased flow-induced endo-
thelial NO production (Mochizuki et al., 2003; Pahakis et al., 2007).
These studies only indicated that HA plays a specific role in the
mechanotransduction of endothelial shear stress. Another charac-
teristic of the glycocalyx is to confer barrier properties to endothelial
cells by forming the first protective “sieve” (Constantinescu et al.,

Control LMWHA

Exogenous HMWHA can bind specifically to the cell membrane. HUVECs were
treated with 25 ug/ml HMWHA or 5 pg/| LMWHA for 3 h. HA was visualized with an anti-HA
antibody followed by an Alexa Fluor 647-conjugated secondary antibody (red), and nuclei were
visualized with DAPI (blue). The cell membrane was identified with Dio (green). Bar, 10 pm.
HMWHA significantly increased not only the fluorescence intensity of cell surface HA but also
glycocalyx thickness in three independent experiments. However, LMWHA had no effect on HA

3D reconstruction

/

MFI and glycocalyx thickness.
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2003; VanTeeffelen et al., 2007). This hypothesis was confirmed in
our present studly.

Moreover, immunofluorescence confirmed that exogenous
HMWHA significantly increased the fluorescence intensity of cell sur-
face HA and increased glycocalyx thickness before LSS disruption.
However, LMWHA treatment did not have a similar effect (Figure 7).
These findings suggested that HMWHA binds effectively to the cell
surface and are consistent with a previous report (Fieber et al., 2004).

The mechanisms underlying shear stress-mediated eNOS
phosphorylation and NO production are complicated. Work by
Boo et al. (2002b) supports the idea that high-shear-stress—de-
pendent phosphorylation of eNOS-Ser-635, which is a major PKA
site in bovine eNOS and is homologous to eNOS-Ser-633 in hu-
man cells, is regulated in a PKA-dependent manner in bovine
aortic endothelial cells. Our results show
that eNOS-Ser-633 phosphorylation and
NO levels were significantly decreased af-
ter the dephosphorylation of PKA by LSS
in HUVECs, which was prevented by PKA
activation using 8-Br-cAMP. Thus we sug-
gest that PKA is an upstream mediator of
eNOS phosphorylation at Ser-633 in re-
sponse to LSS. From this evidence, we
might also infer that the effect of shear
stress on eNOS-Ser-633 and PKA phos-
phorylation depends on the magnitude of
the shear stress. A few studies showed
that eNOS and PKA colocalize in cell junc-
tions (Heijnen et al., 2004). This colocaliza-
tion provides favorable conditions for PKA
to phosphorylate eNOS. However, HA
degradation in the glycocalyx layer de-
stroys the cell junctions and increases en-
dothelial permeability (van den Berg et al.,
2003). Therefore we hypothesize that LSS
inhibits the colocalization of PKA and
eNOS in cell-to-cell contact sites by weak-
ening the endothelial glycocalyx to pre-
vent PKA from activating eNOS. Cheng
et al. (2005) reported that shear stress
affected the intracellular distribution of
eNOS, which might have an effect on in-
teractions between PKA and eNOS.

HMWHA
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Overall our findings indicate that the LSS-induced degradation
of HA in the glycocalyx of HUVECs depends on HYAL2 activity. The
LSS-induced dephosphorylation of eNOS-Ser-633 mediated by
PKA s attributed to the lack of barrier properties but not the reduced
mechanotransduction ability of the glycocalyx. Our conclusions not
only demonstrate the mechanism of glycocalyx injury under LSS but
also confirm that LSS-induced endothelial impairment is partly
based on the loss of the glycocalyx barrier. Furthermore, HYAL2 is
revealed as a possible target for preventing LSS-induced glycocalyx

injury.

MATERIALS AND METHODS

Cell culture

HUVECs were obtained from the American Type Culture Collection.
Cells were maintained in DMEM (Life Technologies, Waltham, MA)
supplemented with 10% fetal bovine serum (FBS; Life Technolo-
gies), 100 pg/ml streptomycin, and 100 U/ml penicillin at 37°C un-
der 5% COs,.

LSS studies

The parallel flow chamber designed by the Shanghai Medical Instru-
ment School was previously described (Zhang et al., 2014). Briefly,
cells were grown to confluence on a coverslip and placed in the
chamber, which was established by sandwiching a silicon gasket be-
tween two stainless steel plates with a coverslip sink in the base
plate. A heart pump simulator was connected to the chamber, and
different levels of shear stress were obtained by modulating the pro-
portion of fluid volume passing through the flow chamber. The
shear stress in our experiments was 2 dyn/cm?.

Western blotting
HUVECs were lysed, and total protein was extracted on ice with RIPA
buffer containing a protease inhibitor (Sigma-Aldrich, St. Louis, MO)
and a phosphatase inhibitor. Membrane proteins were extracted us-
ing the Cellytic MEM Protein Extraction Kit (Sigma-Aldrich) accord-
ing to the manufacturer’s protocol. Homogenates were centrifuged
at 12,000 x g for 20 min at 4°C. The protein concentration was de-
termined using a bicinchoninic acid protein assay according to man-
ufacturer’s instructions (KeyGen Biotech, Nanjing, China). Equal
amounts of protein were resolved via 10% SDS-PAGE and electro-
phoretically transferred to polyvinylidene difluoride membranes.
Membranes were blocked for 2 h with 5% FBS in Tris-buffered
saline/Tween-20 (TBST) or phosphate-buffered saline/Tween-20
(PBST) buffer at room temperature and then incubated overnight
with 1:1000 dilutions of primary antibodies at 4°C. The following pri-
mary antibodies were used: monoclonal rabbit antibodies against
phospho-eNOS-Thr-495/Ser-1177, total eNOS, phospho-PKA, and
total PKA from Cell Signaling Technology (Beverly, MA); a monoclo-
nal mouse antibody against phospho-eNOS (Ser-633) from BD Bio-
sciences; and a monoclonal rabbit antibody against HYAL2 from Ab-
cam (Cambridge, United Kingdom). Hyaluronic acid sodium salt from
Streptococcus equi (HMWHA, 500-750 kDa; LMWHA, 8-15 kDa)
was obtained from Sigma-Aldrich. The membranes were washed
three times with TBST or PBST and then incubated with alkaline
phosphatase—conjugated secondary antibodies (1 h at room tem-
perature); bands were visualized using chemiluminescence. The in-
tensities of the immunoreactive bands in Western blots were analyzed
with ImageJ software (National Institutes of Health, Bethesda, MD).

HYAL2 silencing
HUVECs were transfected at ~50% confluence. The cells were
starved in DMEM containing 5% FBS for 2 h. Specific HYAL2 Stealth
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siRNA, which was used at 100 nM siRNA per 1.5 x 10° cells, was
designed and synthesized by Invitrogen (Carlsbad, CA; sense,
5-AAUAUUGGGUGGCCCAGGACACAUU-3’; antisense, 5-AAU-
GUGUCCUGGGCCACCCAAUAUU-3) and transfected using Lipo-
fectamine RNAIMAX. Noncoding Stealth RNA was used as control.
Transfection efficiency and degree of HYAL2 silencing were evalu-
ated using gPCR and Western blotting 48 h after transfection.

Enzyme treatment using hyaluronidase

We used hyaluronidase from Streptomyces hyalurolyticus (Sigma-Al-
drich). This enzyme cleaves HA at the B-D-GalNAc-(1—4)-3-D-GIcA
bond and specifically targets the HA component of the endothelial
glycocalyx. PBS was used to wash the sample gently three times be-
fore the cells were incubated in DMEM supplemented with 10% FBS
and 1.5 IU/ml hyaluronidase for 3 h at 37°C. At the end of the incuba-
tion, HUVECs were immediately subjected to LSS or stained. The
removal of HA was verified with an enzyme-linked immunosorbent
assay kit from R&D as previously described (Pahakis et al., 2007).

Immunofluorescence staining

HUVECs were fixed briefly with 4% paraformaldehyde for 20 min and
washed with phosphate buffer at room temperature. The cells were
incubated overnight with a sheep monoclonal antibody against HA
(1:100; Abcam) at 4°C. Then HA was visualized using the appropriate
Alexa Fluor 647-conjugated donkey anti-sheep immunoglobulin
G (H + L) secondary antibody, (Life Technologies) for 2 h. The cell
membrane was visualized with 10 pM Dio (Beyotime, Shanghai,
China) for 20 min at room temperature. Nuclei were stained with
1 uM 4’ ,6-diamidino-2-phenylindole (DAPI; Invitrogen) for 10 min.

HA zymography

Hyaluronidase activity was assayed via HA zymography as previously
described (Monzon et al., 2010). Briefly, the samples were electro-
phoresed in 10% polyacrylamide gels containing 0.17 mg/ml HA
from Streptococcus zooepidemicus (Sigma-Aldrich) followed by a 2-h
incubation in 0.3% Triton X-100 at room temperature. The gels were
subsequently incubated overnight in 0.15 M NaCl containing 0.1 M
sodium formate, pH 3.7, at 37°C and then stained with 0.5% Alcian
blue containing 3% acetic acid for 16 h. HYAL2 activity was visualized
as clear bands on the blue background. Band intensities were re-
corded with a GelDoc XRS system (Bio-Rad) and analyzed using
Quantity One software (Bio-Rad). The results were expressed as per-
centage change in intensity (INT) per square millimeter of surface.

RNA extraction and qPCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. To generate cDNA, the
following primer pairs were used: HYAL2 (accession number
NM_003773): forward primer, 5-GGCCCCACCGTTACATTGG-3’,
and reverse primer, 5-ATTCTGGTTCACAAAACCCTCAT-3" (207
base pairs); and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH,; accession number NM_002046): forward primer, 5-CCT-
GACCTGCCGTCTAGAAA-3’, and reverse primer, 5-TACTCCTTG-
GAGGCCATGTG-3" (276 base pairs). All RNA sequences were
designed and produced by Invitrogen. Total RNA was reverse
transcribed into cDNA using a PrimeScript first-strand cDNA Syn-
thesis Kit (Takara, Dalian, China), and amplification was performed
using SYBR Premix Ex Taq (Takara). HYAL2 mRNA expression was
measured via qPCR, starting with 600 s at 95°C and followed by 40
cycles of denaturation (95°C for 15 s), annealing (60°C, 60 s), and
elongation (72°C, 75 s). Relative quantification was calculated by
normalizing the 2-24Ct values to those of GAPDH.
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Flow cytometry analysis

Intracellular NO was analyzed using the NO-specific fluorescent dye
DAF-FM DA (Life Technologies; Garczorz et al., 2015). Briefly, cells
were loaded with 5 uM DAF-FM DA at 37°C for 30 min in the dark.
Cells were then rinsed three times with PBS and kept in the dark. We
assessed NO levels by examining the fluorescence intensity of the
DAF-FM DA-stained cells. The X-mean values of DAF-FM DA from
FACS were used to assess cellular NO levels.

Statistical analysis

Statistical analysis was performed using one-way analysis of variance
followed by the least significant difference (L) test. p < 0.05 based
on at least three or more independent experiments was considered
statistically significant.
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