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Abstract

Reactive oxygen species (ROS) including superoxide (O,™y play an important role in a variety of
diseases, including Alzheimer’s Disease, cancer, and atherosclerosis. Early reports showed that
0O, is a stimulant for collagen synthesis. However, the mechanism remains incompletely
understood. Here we showed that LY83583 (6-anilinoquinoline-5,8-quinone), a substance known
to induce O™ production by smooth muscle cell (SMC), increases Type | collagen secretion. This
effect could be blocked by treating the cells with Tiron, a scavenger for O,*~. LY83583-induced
Type I collagen secretion required PAHAL and P4HA2. Knockout of either P4hal or P4ha2 greatly
reduced LY83583-stimulated Type | collagen maturation whereas silencing of both P4ha1 and
P4ha2 completely blocked LY83583-induced Type | collagen maturation. Although significantly
more hydroxyproline on purified Type | collagen was detected from LY 83583 treated mouse
embryonic fibroblast (MEF) cells by mass spectrometry, the level of prolyl 4-hydroxylases was not
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altered. Thus, LY83583 might increase the enzymatic activity of prolyl 4-hydroxylases to increase
Type | collagen maturation. In addition, we found that LY83583 activated prolyl 4-hydrolases
differed from ascorbate-activated prolyl 4-hydroxylase in two aspects: (1) LY83583 activated both
P4HAL and PAHAZ involved in collagen maturation whereas ascorbate mainly stimulated PAHA1
in collagen maturation; (2) LY 83583 did not induce N259 glycosylation on P4HA1 as ascorbate
did. The mechanisms remain to be investigated.
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1.1 Introduction

Reactive oxygen species (ROS) including superoxide (O, hydrogen peroxide (H205),
hydroxyl anions ("OH) and nitric oxide (NO) have emerged as important molecules in a
variety of diseases, including Alzheimer’s Disease, cancer, and atherosclerosis. ROS act as
intracellular secondary messengers to regulate signal transduction pathways that ultimately
control gene expression and post-translational modification of proteins [1].

Vascular endothelium is a major source of O, generation [2-4], but vascular smooth
muscle cell (SMC) and fibroblasts also can generate ROS [5-7]. Several superoxide
producing enzyme systems such as NAD(P)H oxidase [8, 9], xanthine oxidase [10],
lipoxygenase, mitochondrial oxidases and NO synthases [11] are found in the vascular wall.
NAD(P)H oxidase has been implicated as an important source for superoxide production in
cell and animal models of hypercholesterolemia and hypertension [12, 13].

Intimal hyperplasia is a common cause of late vascular graft failure and is characterized by
SMC accumulation and extracellular matrix deposition. Collagen is the major extracellular
matrix protein in arterial wall and 70% of all collagen present in arteries is Type | collagen.
Type | collagen protein is the product of two genes, COL1AIand COL1AZ, which are
located on two different chromosomes. Two chains of Type I collagen a1 (col 1 a1) and one
chain of Type I collagen a2 (col 1 a2) form a triple-stranded helix. There are some early
reports to show that O, is a stimulant for collagen synthesis [14—16], but the mechanism of
O,*-induced collagen production has not been fully explored.

In the present study, the effect O,*" on Type | collagen secretion was assessed. LY83583 (6-
anilinoguinoline-5,8-quinone), a benzoquinone derivative a substance known to induce O,™
production by SMC [17] and inhibit soluble guanylate cyclase and modulate cGMP [18, 19],
was used to generate O,™ in mouse embryonic fibroblast (MEF) cells and primary aortic
SMC. LY83583 induced Type | collagen secretion that required prolyl 4-
hydroxylasess(P4HSs). Silencing either P4hal or P4haZ greatly reduced LY83583-induced
Type | collagen secretion in the culture media whereas silencing both P4hal and P4ha2
blocked LY83583-induced Type | collagen secretion in the culture media. Most importantly,
LY83583 addition resulted in significantly more proline hydroxylation on Type I collagen.
However, unlike ascorbate-induced Type I collagen secretion, LY83583 stimulation did not
induce N259 glycosylation on P4HA1 and amount of secreted Type | collagen was
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obviously less than that stimulated by ascorbate. The mechanism warrants further
investigation.

1.2 Materials and Methods

The primers used in the paper were listed in Supplemental Table 1 and Table 2. The
materials and methods were described in detail in supplemental information.

1.3 Results

1.3.1 Collagen secretion increased by LY83583 in aortic SMC and MEF cells is
independent of Collal/la2 transcription

LY83583 has been shown to stimulate O, in aortic SMC to produce Type | collagen [20];
however, the mechanism remains incompletely understood. Therefore, we investigated the
mechanisms of LY83583-induced Type I collagen production in MEF cells as well as in
mouse aortic SMC. When MEF cells were treated with LY83583, O, production was
increased, which was blocked by Tiron (2.5 uM) (Fig. 1a). In addition, Type | collagen
secretion by MEF cells and SMC was increased by 3 hrs after LY83583 treatment
(Supplemental Fig. 1), similar to a previous report [21]. Immunoblotting with Type |
collagen specific antibody confirmed that more Type | collagen could be detected in the
culture medium 6 hrs post treatment (Fig. 1b). These results suggested that LY 83583
modulated Type I collagen production, maturation, or secretion.

To differentiate the process responsible for the observed increase in collagen in the culture
medium, pepsin was added to the culture medium to determine if the collagen present was
mature collagen, which is relatively resistant to pepsin treatment. The collagen induced by
LY 83583 was resistant to pepsin treatment (Fig. 1c), suggesting that LY 83583 stimulated
collagen maturation.

To investigate if the enhanced secretion of mature collagen was due to increased production
of O,™, MEF cells were incubated with LY83583 and Tiron. Tiron totally blocked the
production of pepsin-resistant collagen (Fig. 1d), suggesting that LY83583-induced O,
production modulated collagen maturation and secretion.

If LY83583 addition simply increased Type | collagen secretion, more Type | collagen
would be seen entering Golgi apparatus to be secreted and less would be retained
intracellularly. Indeed, we detected more Type | collagen entry into Golgi apparatus after
LY83583 addition (Supplemental Fig. 2). By immunoblotting, less Type | collagen in cell
lysate was detected 3 and 6 hrs after treatment (Fig. 1e). Accordingly, more pepsin-resistant
Type I collagen was detected in the culture medium (Fig.1e). These results suggested that
LY83583 stimulated Type | collagen secretion as well as maturation. When MEF cells were
treated with different concentrations of LY83583, 0.25 uM LY 83583 increased pepsin-
resistant Type | collagen in the culture medium (Fig. 1f).

Although the above results suggested that LY83583 stimulated Type | collagen secretion,
ROS have also been shown to up-regulate collagen | and 111 gene expression [22-25].
Therefore, we investigated if the increased collagen in the culture media was due to
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enhanced transcription. RT-gPCR was performed to quantify the Type | collagen mRNA
levels from MEF cells incubated with or without LY83583. No significant differences in
Type I collagen transcripts were found (Fig 1g). In addition, treatment with actinomycin D
did not reduce the amount of LY83583-induced pepsin-resistant type | collagen in the
medium as measured by immunoblot analysis (Fig. 1h); and did not retain more intracellular
Type I collagen (Fig. 1h). These results confirmed that LY83583-induced Type I collagen
secretion was independent of Co/1all 1a2transcription.

1.3.2 P4HA1 and P4HAZ2 are both contributing to LY83583-induced Type I collagen

secretion

Two prolyl 4-hydroxylases PAHAL and PAHA2 were detected in MEF cells [26]. Earlier
reports showed that ROS increase prolyl hydroxylase activity and collagen production [27,
28]. Since LY83583-induced Type | collagen secretion is likely through prolyl hydroxylase,
the effect of LY83583 on expression of PAHAL and PAHA2 was assessed. Incubation of
MEF cells with LY83583 did not enhance the mRNA levels of P4AHAL and PAHA?2 (Fig. 2a),
and the protein levels of P4AHAL and PAHA2 were not increased (Fig. 2b). On the contrary,
the levels of P4AHAL and PAHA?2 were significantly decreased 6 hrs after LY 83583 treatment
(Fig. 2b, right panels). Hence, increased Type | collagen secretion was not due to increased
P4HA1 or PAHAZ2. To differentiate the role these two enzymes played in LY83583-
stimulated collagen secretion, P4hal or/land P4haZwere knocked-out in MEF cells with
CRISPR/Cas 9. Silencing either P4hal or P4haZ significantly diminished pepsin-resistant
Type | collagen in the culture medium (Fig. 2c and 2d). Silencing P4hal slightly enhanced
the protein level of PAHA2 whereas silencing P4haZ2 slightly increased PAHA1 protein level
(Fig. 2c and 2d). When both P4hal and P4haZwere silenced, we could not detect any
pepsin-resistant Type | collagen in the culture medium (Fig. 2e). These results suggested that
both P4AHA1 and P4HA? are involved in LY83583-induced Type I collagen maturation,
which is different from ascorbate-induced Type | collagen maturation [26].

1.3.3 N259 glycosylation of P4HAL is not required for LY83583-stimulated collagen

secretion

Since P4AHAL participates in LY83583-induced Type I collagen maturation, and previously
we showed that N259 glycosylation on PAHAL is required to alter PAHAL binding Type |
collagen when MEF cells were treated with ascorbate [26], the effect of LY83583 on N259
glycosylation on PAHAL was investigated. LY 83583 did not appear to induce N259
glycosylation as evidenced by the lack of band shift seen with ascorbate (Fig. 3a, panel 3
indicated by an arrow).

The level of pepsin-resistant Type | collagen in culture medium was lower than that induced
by ascorbate (Fig. 3a, panel 1). Accordingly, more cell lysate collagen was detected (Fig. 3a,
panel 2). To explore this further, the amount of collagen entering the Golgi apparatus was
investigated. A lower percentage of collagen entered the Golgi apparatus when MEF were
incubated with LY83583 compared with ascorbate (Fig. 3b), and hence less Type I collagen
was secreted. Statistical analysis of 3 independent experiments confirmed that significantly
more Type | collagen entered the Golgi apparatus when the cells were treated with LY 83583
as compared to vehicle treated cells (Fig. 3c).
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1.3.4 LY83583 treatment enhanced proline hydroxylation on Type | collagen.

The above observations suggested that LY 83583 could increase the proline hydroxylation in
Type | collagen. To test this, Type | collagen was concentrated and similar amounts of Type |
collagen were loaded for electrophoresis and detected with a polyclonal antibody specific for
hydroxyproline. LY83583 induced more proline hydroxylation on Type | collagen (Fig. 4a).
In addition, 0.25 uM LY83583 was sufficient to increase the hydroxyproline in Type |
collagen in the cell culture medium (Fig. 4b). Mass spectrometry demonstrated significantly
more hydroxyproline on Type | collagen in the conditioned medium of cells incubated with
LY83583 (Table 1 and Supplemental table 3). Therefore, LY83583 stimulates P4AHAL/2 to
hydroxylate proline on Type I collagen.

1.4 Discussion

Many reports show that collagen or prolyl 4-hydroxylase is normally regulated at the level of
transcription [27, 29-33]. Our data suggests that after an oxidative stress, collagen secretion
is increased by enhanced activity of PAHAL and PAHA2, Neither Type | collagen nor
P4HA1 and PAHA2 mRNA level was elevated within 6 hrs following LY 83583 addition.
More pepsin-resistant Type | collagen could be detected in the culture medium after
LY83583 addition. Silencing either P4hal or P4ha2 greatly reduced LY83583-induced
pepsin-resistant Type | collagen in the culture medium. Silencing both P4hai and P4ha2
blocked LY83583-induced pepsin-resistant Type | collagen in the culture medium.
Hydroxyproline specific antibody detected more signals from LY83583-induced Type |
collagen from conditioned medium. Mass spectrometry identified significantly more
hydroxyproline on Type I collagen purified from culture medium of cells incubated with
LY83583. Blocking O, by Tiron prevented the increase in pepsin-resistant Type | collagen
secretion, suggesting that the effect of LY83583 is mediated by its stimulation of O,
production.

The ability of ROS to increase Type | collagen maturation has been observed [16], and it is
hypothesized that prolyl 4-hydroxylase is involved [34]. We show that PAHA1 and PAHA2
participate in LY83583-induced Type | collagen maturation process. Although the exact
mechanism by which O,*" enhances prolyl hydroxylase activity remains elusive, the
enzymes involved in O, -induced Type | collagen maturation and ascorbate-induced Type |
collagen maturation are not identical. For O,"-induced Type | collagen, both PAHA1 and
P4HAZ2 participate and N259 glycosylation of P4AHA1 is not required. On the other hand, in
ascorbate-induced Type I collagen maturation P4HAL is mainly involved, and this effect is
significantly enhanced by N259 glycosylation of PAHA1 [26]. The cause of the decreased
amount of P4HAL or P4HAZ2 protein but increased amount of secreted Type | collagen 6 hrs
after LY83583 addition is unclear. The absolute amounts of PAHA1 and PAHA2 have not
been measured, and immunoblot analysis might be misleading due to differences in the
affinities of the P4HAL or P4AHAZ2 antibodies to their corresponding enzymes, but this
should not affect the relative change in the amount of each prolyl hydroxylase.

Although we provide evidence that L'Y83583 increases O,* production in SMC and MEF
cells. This leads to enhanced Type | collagen maturation and secretion with increased
hydroxylation of proline on Type I collagen via prolyl 4-hydroxylases. We do not identify
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specific proline residues that are hydroxylated. We can not exclude the possibility that other
prolyl hydroxylases also contribute to LY83583-induced Type I collagen maturation.
Furthermore, we cannot exclude other possible effects of O, in the production, maturation,
and secretion of collagen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. Intimal hyperplasia is characterized by smooth muscle cell accumulation and
Type | collagen deposition. Superoxide could induce Type I collagen
maturation and secretion.
2. Type | collagen maturation induced by short period of superoxide was not due

to transcription of Type | collagen and prolyl hyrdoxylases (P4HAS).

3. Superoxide activated Type | collagen maturation depends on P4AHA1 and
P4HAZ2, which is mechanistically different from ascorbate.

4, Superoxide could induce more hydroxyproline on Type I collagen.
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Figure 1. LY83583 stimulated O2«- dependent collagen secretion is independent of COL 1al/2
transcription.

(@) Incubation of MEF cells with LY83583 induced production of O,* which could be
blocked by O, scavenger Tiron. (b) Immunoblotting with Type | collagen specific antibody
showed that more Type | collagen was secreted into the culture medium 6 hrs post LY 83583
addition. (c) Addition of LY83583 for 6 hrs induced pepsin-resistant Type I collagen in the
culture medium. (d) LY83583-induced pepsin-resistant Type | collagen secretion into the
culture medium of MEF cells was blocked by O, scavenger Tiron. (e) Pepsin-resistant
Type | collagen could be detected in the culture medium 3 hrs after addition of LY83583.
Accordingly, less Type | collagen was detected from the cell lysates. (f) 0.5 pM of LY83583
induced detectable pepsin-resistant Type | collagen in the culture medium. Accordingly, less
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Type | collagen was detected in the cell lysates. (g) LY83583 stimulation did not result in
significant differences in Collal or Colia2 mRNA level within 6 hrs of treatment based on
RT-gPCR. (h) Immunoblotting with Type | collagen specific antibody showed that blocking
mMRNA transcription by Act D did not significantly reduce pepsin-resistant Type | collagen
in the culture medium induced by LY83583. Laminin and actin were used as loading control
for total proteins in the culture medium or cell lysates. Medium or cell lysate collagen to
actin was quantified by IMAGE J software. SMC: smooth muscle cell; MEF: mouse
embryonic fibroblast; Col 1 a1/2: Type | collagen a1/2; Actinomycin D: Act D. * indicated
the position of col 1 a2 or pepsin-resistant col 1 a2. P values were indicated in each panel if
available. Other than indicated, all experiments were independently repeated at least three
times with similar results.
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Figure 2. LY83583 stimulated Type | collagen secretion depends on PAHAL and P4HA2 activity

but not their expression level.

(a) Addition of LY83583 did not result in significant differences in P4hal or P4ha? mRNA
level within 6 hrs based on RT-gPCR. (b) Immunoblotting with PAHAL or PAHA2 specific
antibody showed that LY83583 did not enhance the levels of these two enzymes. In fact,
significantly less PAHAL or P4AHA2 was detected by immunoblotting 6 hrs after LY83583
addition. P4AHA1/actin or PAHA2/actin was quantified by IMAGE J software by arbitrary
defining the signal at O hr after addition of LY83583 as 1. (c, d and e) Silencing P4hal (c) or
P4ha2 (d) greatly decreased the amount of pepsin-resistant Type | collagen in the culture
medium (panel 1) but slightly enhanced the level of P4AHA2 (c-panel 3) or PAHAL (d-panel
4). Silencing both p4hal and p4haZ (e) totally blocked pepsin-resistant Type I collagen in
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the culture medium. Pepsin-resistant collagen in the culture medium to actin was quantified
by IMAGE J software and is depicted graphically. * indicated pepsin-resistant col 1 a.2.
N.s.: not statistically significant. P values were indicated in each panel if available.
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Figure 3. LY83583 stimulated collagen secretion is independent of PAHAL N259 glycosylation.
(a) Ascorbate but not LY 83583 treatment for 6 hrs induced N259 glycosylation on PAHAL

(panel 3, indicated by an arrow) and more pepsin-resistant Type | collagen in the culture
medium (panel 1). (b and c¢) Ascorbate treatment induced significantly more type I collagen
(red) entering Golgi apparatus (green stained by GM130, indicated by red arrows). The
higher resolution parts in the panels were indicated by the squares. Statistical analysis was
performed from three different immunofluorescence staining experiments. Co-localization
index (Pearson’s correlation) was calculated based on NIS-Elements AR software. Collagen
in the culture medium or lysate to actin was quantified by IMAGE J software. * indicated
pepsin-resistant col 1 a.2. P values were indicated in each panel if available.
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Figure 4. LY83583 treatment enhanced proline hydroxylation on Type | collagen.
(a) Similar amount of affinity purified type I collagen from MEF cells culture medium was

blotted with anti-hydroxyproline specific antibody (panel 1) or anti-Type | collagen specific
antibody (panel 2). More hydroxyproline was detected from samples 6 hrs after addition of
LY83583. (b) To assess the effect of LY83583 at 6 hrs on hydroxyproline content, protein
from MEF cells culture medium was concentrated, separated by SDS-PAGE, probed with
antibody to Type | collagen, and the blot stripped and re-probed with antibody specific for
hydroxyproline. More hydroxyproline was detected after addition of LY83583. * indicated

pepsin-resistant col 1 a.2.
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Type | collagen containing hydroxyproline and peptide hits by mass spectrometry.

Type | collagen Group Number of identical peptide

Number of hydroxyproline

Ratio  Chi-square p-value

Collal \ehicle 495
LY83583 512
Colla2 Vehicle 267
LY83583 247

538
731
246
296

1.08 0.001
1.43
0.92 0.033
1.20
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