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Abstract
Ascorbic acid (vitamin C, VC) increases the secretion of mature collagen by promoting the activity of prolyl 4-hydroxylase 
subunit α 1 (P4HA1). To explore the mechanism involved, we investigated the role of N-linked glycosylation, which can 
regulate enzyme activity. P4HA1 has two glycosylation sites, Asn (N) 113 and N259. Our studies show that glycosylation of 
N259, but not N113, by STT3B and magnesium transporter 1 (MAGT1) is augmented by VC. N259 glycosylation on P4HA1 
correlates with enhanced pepsin-resistant collagen 1α2 secretion. Downregulation of Stt3b and Magt1 reduces N259 glycans 
on P4HA1. In collagen 1α2 purified from Stt3b-silenced fibroblasts, decreased hydroxylation is found at five specific proline 
residues, while significantly increased hydroxylation is noted at two proline residues. Similarly, in collagen 1α1, reduced 
proline hydroxylation is detected at eight sites and increased proline hydroxylation is found at four sites. These results suggest 
that N-linked glycosylation of P4HA1 can direct hydroxylation at specific proline residues and affect collagen maturation.

Keywords Ascorbic acid · Type I collagen · Prolyl 4-hydroxylase · Post-translational modification · STT3B · MAGT1 · 
N-glycosylation

Introduction

Collagen is the main component of connective tissues in 
animals and comprises of 25–35% of the body’s protein 
content. Collagens can be separated into fibrillar and non-
fibrillar groups, fibrillar being the most abundant, and type 
I collagen being the main fibrillar collagen. Biosynthesis of 
type I collagen requires several steps [1]. After preprocolla-
gen is translated on the ribosomes along the rough endoplas-
mic reticulum (RER), the N-terminal signal is cleaved in the 
lumen of the RER to form procollagen. In the RER, proline 
and lysine are hydroxylated by prolyl and lysyl hydroxylases, 
for which ascorbic acid (vitamin C, VC) is a co-factor. The 
hydroxylation of proline and lysine is essential for collagen 
maturation [2]. Specific hydroxylysine residues are glyco-
sylated promoting the formation of the mature collagen tri-
ple helix that is pepsin-resistant. This triple helix is then 
transported to Golgi apparatus to be secreted.

Proline is hydroxylated by one or more of three isoforms 
of prolyl hydroxylase (P4H), P4HA1, P4HA2, and P4HA3 
[3–6], all of which use VC as a co-factor. Besides P4H, lysyl 
hydroxylase (Procollagen-Lysine, 2-Oxoglutarate 5-Dioxy-
genase, PLOD) also uses VC as a co-factor [7, 8]. Deficiency 
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of VC compromises P4H and PLOD activity, resulting in 
decreased hydroxylation of collagen leading to the disease 
condition known as scurvy. Although P4H activity has been 
reported to be regulated by short-term treatment with VC [9, 
10], the mechanism of enzymatic activity regulation is not 
completely understood.

N-linked glycosylation is one of the most common forms 
of post-translational modification, and serves to facilitate 
protein folding, solubility, and stability, and to regulate the 
function and activity of multiple enzymes [11].Glycosyla-
tion of P4HA1 has been reported [12]; however, the function 
of the N-glycosylation of P4HA1 remains unclear. In fact, 
the enzymatic activity of P4HA1 is reported to be unaffected 
by the lack of glycans [12, 13].

Since VC is required for collagen maturation, we sought 
to better understand the role of VC in collagen production, 
particularly the mechanism by which VC and P4H accelerate 
collagen maturation. We report that treatment of fibroblasts 
for 3–6 h (hours) with VC increases the secretion of mature 
collagen 1α2 (col 1α2) by increasing P4HA1 glycosylation, 
specifically at N259. N259 glycosylation induces P4HA1 to 
hydroxylate specific prolines in col 1α2, resulting in more 
pepsin-resistant collagen. Silencing STT3B or magnesium 
transporter 1 (MAGT1), the enzymes responsible for N259 
glycosylation on P4HA1, significantly decreases hydroxyla-
tion of five prolines in col 1α2 and eight prolines in col 1α1. 
On the other hand, a significant increase in hydroxylation 
of two prolines in col 1α2 and four prolines in col 1α1 is 
detected.

Results

Short‑term VC treatment increased col1α2 secretion

VC treatment stimulated proline or lysine hydroxylation and 
increased secretion of mature Type I collagen [9, 10], which 
is a triple-stranded helix composed of two α1(I) chains and 
one α2(I) chain. We verified the effect of VC on Type I 
collagen secretion on mouse embryonic fibroblast (MEF) 
cells, human foreskin fibroblast (HFF) cells, and human 
embryonic lung fibroblast (HEL) cells with 50 μM VC. 
Two bands were detected by immunoblot analysis 3 h after 
treatment (Fig. 1a–c, top panel; supplemental Fig. 1A). By 
silencing Col1a2 and producing an antibody specific for 
col 1α1, we determined that the protein with an apparent 
molecular weight of 150 kDa was col 1α2 and the 200 kDa 
protein is col 1α1 (Supplemental Fig. 1A). Since both pro-
teins showed similar pattern after VC treatment, we focused 
our study on col 1α2, because the antibody is commercially 
available.

VC treatment enhanced collagen secretion in skin 
fibroblasts [10], and we verified that 6 h of VC treatment 

significantly increased col 1α2 in the culture medium and 
reduced col 1α2 in the cell lysate of MEF, HFF, and HEL 
cells(Fig. 1a–c, middle and bottom panels, n = 3). Interest-
ingly, VC treatment did not increase Col1a2 mRNA. Actino-
mycin D, a transcription inhibitor, did not reduce the short-
term effect of VC (Supplemental Fig. 2B, n = 3). Thus, a 
short period of VC treatment did not enhance Col1a2 mRNA 
transcription, but increased col 1α2 secretion of pepsin-
resistant collagen (Supplemental Fig. 2C & 2D).

Prolyl hydroxylase was responsible for VC‑stimulated col 
1α2 secretion

Proline and lysine hydroxylation by P4H and PLOD, 
respectively, are important for collagen triple helix forma-
tion, which has increased pepsin resistance and secretion 
rate [14–17]. To determine if VC activates proline or lysine 
hydroxylases, MEF cells were treated with ethyl-3,4-dihy-
droxybenzoate (EDBH), a prolyl hydroxylase inhibitor, or 
minoxidil, an inhibitor of lysyl hydroxylase transcription. 
EDBH, but not minoxidil, treatment resulted in significant 
retention of col 1α2 in the cell, reduced col 1α2 secre-
tion, and decreased pepsin-resistant collagen in the culture 
medium (Supplemental Fig. 3A & 3B, n = 4). These results 
suggested that induction of one or more of the P4H isoforms 
accounted for the increased col 1α2 secretion.

P4HA1 enhanced pepsin‑resistant col 1α2 secretion in MEF 
cells treated with VC

Three isoforms of P4H have been shown to hydroxylate 
proline in collagen. P4HA1 and P4HA2 were expressed in 
MEF cells (Supplemental Fig. 4A). Expression of P4HA3, 
which is found primarily in cancer cells [6], was not assessed 
due to lack of a commercially available antibody for mouse 
P4HA3. Silencing P4ha1 in MEF cells with shRNAi did 
not affect protein or mRNA levels of P4ha2 (Fig. 2a, left 
and middle panels), and did not impact the mRNA levels of 
Col 1a2 (Fig. 2a, left panel). The amount of VC-stimulated 
pepsin-resistant col 1α2 in culture medium, however, was 
significantly decreased (Fig. 2a, right and middle bottom 
panels). Knocking out P4ha2 in MEF cells did not impact 
the P4HA1 expression or the amount of pepsin-resistant col 
1α2 in the medium (Fig. 2b). Thus, silencing P4ha1, but 
not P4ha2, significantly impacted col 1α2 secretion, indi-
cating that P4HA1 is one of the isoforms responsible for 
VC-induced proline hydroxylation on col 1α2.

Silencing P4ha1 could result in reduced col 1α2 protein 
stability. To determine the effect on protein stability, control 
and P4ha1 shRNAi transfected MEF cells were incubated 
with 100 μg/ml cycloheximide (CHX) and intracellular col-
lagen was measured from 0 to 2.5 h. Immunoblot analysis 
showed no detectable collagen secretion during this time 
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course (data not shown). No significant differences in the 
rate of intracellular collagen degradation were observed 
between control and P4ha1 silenced MEF cells (Fig. 2c, 
n = 3). These results indicated that silencing P4ha1 did not 
reduce col 1α2 stability. In addition, no significant differ-
ence in col 1α2 stability in culture media was detected with 
P4ha1-silenced or control MEF cells after VC treatment 
(Fig. 2d, n = 3).

Short‑term VC treatment stimulated N259 glycosylation 
on P4HA1

During the preceding studies, it was noted that the P4HA1 
antibody recognized an additional protein band in VC-
treated MEF cells that was not present in untreated cells 
(Fig. 2a). This suggested that VC treatment caused a post-
translational modification of P4HA1. In MEF cells treated 
with varying concentrations of VC for 6 h, a dose-dependent 
appearance of this additional protein band was noted with 
obvious effect at 40 μM of VC (Fig. 3a). This presumed 

post-translational modification of P4HA1 was also detected 
in HEL and HFF cells treated with 40 μM VC (Fig. 3b), 
raising the possibility that the conserved post-translational 
modification induced by short-term VC treatment might 
modulate the activity of the enzyme.

N-linked glycosylation of P4HA1 has been reported [18], 
suggesting that the additional protein band induced by VC 
treatment could represent a glycosylated P4HA1 protein. 
Therefore, MEF cell lysates were treated with peptide-N-
glycosidase F (PNGase F) to remove N-linked oligosaccha-
rides. This abrogated the double-band pattern induced by 
VC treatment and resulted in a single band with enhanced 
electrophoretic mobility (Fig. 3c). These results suggested 
that P4HA1 undergoes constitutive N-linked glycosylation, 
and may be further modified by additional N-linked glycans 
in response to short-term VC treatment.

Since N113 and N259 (based on numbering from the 
N-terminus of the immature protein) are the two known 
glycosylation sites on P4HA1, we investigated which 
glycosylation site was affected by VC. N113Q, N259Q, 
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Fig. 1  Short-term VC treatment enhanced pepsin-resistant col1α2 
secretion via a pathway independent of transcription. Time course of 
MEF cells (a), HFF cells (b), and HEL cells (c) treated with 50 μM 
of VC showed that more col 1α2 could be detected in the culture 
medium compared to non-treated cells. A consistent difference was 
first detected 3 h post-treatment of MEF cells (a: middle panel, n = 3). 
By 3 h after treatment, less intracellular col 1α2 was detected in VC-
treated cells compared with non-treated cells (a: bottom panel, n = 3). 

A consistent difference was detected 6 h after treatment of HFF and 
HEL cells (b, c: middle panel, n = 3). Significantly less intracellular 
col 1α2 could be detected in VC-treated cells compared with non-
treated cells at 6 h after treatment (b, c: bottom panel, n = 3). Laminin 
was used as a loading control for culture medium protein. Actin was 
used as a loading control for cell lysate protein. Asterisk indicates the 
position of col 1α2. Immunoblot densitometry was quantified using 
Image J and depicted graphically
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and N113Q/N259Q P4HA1 mutants were generated, and 
plasmids were separately transfected into P4ha1-silenced 
MEF cells. Interestingly, while electrophoretic mobility 
of influenza hemagglutinin epitope (HA) tagged wild-
type (WT) P4HA1 and HA-tagged N259Q P4HA1 was 
identical in the absence of VC treatment, mobility of the 
N113Q P4HA1 and N113Q/N259Q P4HA1 was increased 
equally (Fig. 3d). Treatment with PNGase F demonstrated 
that differences in the electrophoretic mobility of HA-
tagged P4HA1 were due to differences in the degree 
of N-linked glycosylation (Fig. 3d). These results sug-
gested that N113 glycosylation occurs constitutively in 
the absence of VC treatment. To prove that N113 glyco-
sylation was VC treatment independent, we treated MEF 
cells bearing N259Q mutated P4HA1 with or without VC 
for 6 h. We found that the migration of N259Q mutated 
P4HA1 was not affected by VC treatment (Fig. 3e, top 
panels). In addition, when the cell lysates were subjected 
to PNGaseF treatment, the mobility of the protein was 
consistently enhanced compared to cell lysate without 
PNGaseF treatment (Fig. 3e, bottom panels). Thus, N113 
was glycosylated, but the glycosylation was not induced 
by VC treatment.

To show that N259 glycosylation depended on VC 
treatment, P4ha1-silenced MEF cells were transfected 
with the N113Q P4HA1 mutant and treated with VC for 
6 h. Enhanced N259 glycosylation of P4HA1 was induced 
by VC (Fig. 3f, top panel), although with apparently lower 
efficiency than in WT MEF cells (compare Fig. 3a, f, 
top panel). When those cell lysates were treated with or 
without PNGaseF, the higher molecular weight band dis-
appeared, but the bottom band remained, suggesting that 
it was resistant to PNGaseF treatment (Fig. 3f, bottom 
panel). Thus, N259 glycosylation of P4HA1 is induced 
by VC treatment.

N259 glycosylation on P4HA1 was post‑translationally 
modified by STT3B/MAGT1 complex upon VC treatment

N-linked glycosylation can be co-translational or post-trans-
lational. Co-translational N-linked glycosylation depends on 
STT3A, whereas post-translational N-linked modification 
depends on STT3B/MAGT1 complex [19]. To investigate 
the nature of N113 and N259 glycosylation, we silenced 
Stt3a or Stt3b separately in MEF cells (Fig. 4a, b). Silenc-
ing Stt3a or Stt3b did not reduce P4HA1 protein and did not 
result in glycan-deficient P4HA1 in untreated cells (Fig. 4a, 
b). Thus, STT3A or STT3B did not affect N113 glycosyla-
tion on P4HA1. In addition, silencing Stt3a neither reduced 
N259 glycosylation induced by VC nor impacted the mRNA 
level of Stt3b (Fig. 4a). These results suggested that N259 
glycosylation induced by VC was independent of STT3A. 
On the other hand, downregulation of Stt3b significantly 
impacted N259 glycosylation induced by VC (Fig. 4b). 
These results indicated that VC-induced N259 glycosyla-
tion was STT3B-dependent and, thus, post-translational. If 
so, N259 glycosylation could be derived from the turnover 
of the pre-existing N113 glycosylated P4HA1. In MEF cells 
incubated with VC and CHX, the N113 glycosylated band 
disappeared, while the top glycosylated band was enhanced 
(Fig. 4c). Thus, the top glycosylated band was built upon 
N113 glycosylated P4HA1. Since MAGT1 is in the com-
plex with STT3B as a post-translational modification com-
plex, Magt1 was silenced to investigate the effect on N259 
glycosylation. Downregulation of Magt1 also significantly 
reduced N259 glycosylation without affecting P4HA1 pro-
tein level (Fig. 4d). These results suggest that N259 is post-
translationally modified by STT3B/MAGT1 complex when 
MEF cells are treated with VC.

Downregulation of Stt3b and Magt1 reduces 
pepsin‑resistant col 1α2 in culture medium by impacting its 
entry into the Golgi apparatus

The apparent correlation between col 1α2 secretion and 
appearance of N259 glycosylation on P4HA1 after MEF 
cells were treated with VC for 6 h suggested a causal rela-
tion between N259 glycosylation and proline hydroxylation. 
In a time-course study, col 1α2 was detected in the medium 
3 h after VC treatment. This time point correlated with the 
appearance of N259 glycans on P4HA1, although limited 
N259 glycosylation could be detected earlier (Fig. 5a). 
In addition, pepsin-resistant col 1α2 could be detected 
when VC concentration was 20 μM or higher, concentra-
tions that also produced increased N259 glycosylation of 
P4HA1 (Fig. 5b). These results showed a strong correlation 
between col 1α2 secretion and appearance of N259 glycans 
on P4HA1.

Fig. 2  P4HA1 contributed to VC-enhanced col 1α2 secretion. a 
qPCR showed that silencing of P4ha1 did not affect the expression of 
Col1a2 and P4ha2 mRNA but significantly reduced pepsin-resistant 
col 1α2 in the culture medium. P4HA1, P4HA2, or Col 1A2 mRNA 
or protein was detected with quantitative PCR or immunoblotting, 
respectively. NC: P4ha1-shRNAi-negative control; 3#: P4ha1-
shRNAi-3#; 4#: P4ha1-shRNAi-4# (n = 3) (left panel). b Knockout 
of P4ha2 did not impact P4HA1 protein level, its glycosylation, or 
pepsin-resistant col 1α2. Downregulation of P4ha1 did not reduce the 
stability of intracellular col 1α2 (c) and secreted col 1α2 (d). 50 μM 
of VC-treated P4ha1-silenced or control cells were treated with 
100 μg/mL CHX for varying times and cell lysates or culture media 
were immunoblotted for col 1α2 (c panels 1 and 4 for intracellular 
collagen stability; d panels 1 and 5 for stability of collagen in cul-
ture media). Wherever possible, Laminin was used as a loading con-
trol for culture medium protein, whereas actin was used as a loading 
control for cell lysate protein. Densitometry of cell lysate col 1α2 or 
secreted col 1α2 was quantitated using image J and depicted graphi-
cally (n = 3, p = NS). Asterisk indicates col 1α2

◂
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Since STT3B/MAGT1 complex regulated VC-induced 
N259 glycosylation, Stt3b or Magt1 silencing should impact 
col 1α2 secretion if N259 glycans play a role for P4HA1 
enzymatic activity. When Stt3b was downregulated and MEF 
cells were treated with VC, col 1α2 in the culture medium 
was slightly reduced and intracellular col 1α2 was increased 
(Fig. 5c, d). Much of the secreted col 1α2 after Stt3b or 
Magt1 silencing was not pepsin-resistant (Fig. 5c, d, n = 4). 
Since Stt3b or Magt1 silencing did not reduce P4HA1 pro-
tein, Col 1α2 mRNA, or col 1α2 protein, but did decrease 

N259 glycosylation of P4HA1 (Fig. 4b, d), these results sup-
ported the role of N259 glycosylation in P4HA1 activity and 
subsequent col 1α2 secretion.

To investigate which step of col 1α2 secretion was 
affected by decreased N259 glycosylation on P4HA1, 
intracellular trafficking of col 1α2 was assessed in 
MEF cells after VC treatment. Stt3b or Magt1 silencing 
decreased col 1α2 entry into the Golgi apparatus (Fig. 5e, 
f). In addition, confocal immunofluorescence microscopy 
showed that most col 1α2 protein was retained in ER when 
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Fig. 3  VC-induced N259-linked glycosylation on P4HA1. a Treat-
ment of MEF cells for 6 h with VC concentration of ≥ 40 μM induced 
expression of an additional protein band reacting to P4HA1 specific 
antibody. b HFF cells and HEL cells also expressed a second protein 
reacting to antibody specific to P4HA1 at 6 h after VC (40 μM) treat-
ment. c PNGaseF treatment of VC-treated and non-treated MEF cell 
lysate reduced the apparent molecular weight of the proteins reacting 
to antibody specific for P4HA1. d HA-tagged WT, N259Q, N113Q, 
or N113Q/N259Q double mutants were expressed in P4ha1-silenced 
MEF cells in the absence of VC. The cell lysates were immunoblotted 
with HA-tag antibody. The N259Q mutant showed the same appar-

ent molecular weight as WT, whereas the apparent molecular weights 
of N113Q and N113Q/N259Q double mutants were equal but lower 
than WT (left panel). WT, N113Q, N259Q, and N113Q/N259Q 
double mutants all showed the same motility as N113Q or N113Q/
N259Q double mutants after PNGase F treatment (right panel). e 
N259Q mutated P4HA1 did not show a motility shift after VC treat-
ment (top panel), whereas PNGaseF treatment increased motility of 
N259Q mutated P4HA1 with or without VC stimulation (third panel). 
f 40 μM or higher concentrations of VC induced an additional pro-
tein band reacting to HA-tagged antibody for N113Q-mutated P4HA1 
(top panel), which was sensitive to PNGaseF treatment (third panel)
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Stt3b was downregulated (Supplemental Fig. 5). To verify 
that silencing Stt3b did not alter P4HA1 subcellular locali-
zation, leading to reduced proline hydroxylation on Type 
I collagen, P4HA1 location in the Stt3b downregulated 
cells was assessed. Most P4HA1 co-localized with KDEL-
EGFP (Fig. 5g), a protein that indicates ER location. The 
same phenomenon was observed in the control cells. Thus, 
silencing Stt3b did not alter the subcellular localization of 
P4HA1. The nuclear staining for P4HA1 was likely to be 
non-specific, because the staining remained in nuclei in 
P4ha1-silenced cells (Supplemental Fig. 6). These results, 
together with the observation that silencing Stt3b reduced 
col 1α2 entry into Golgi apparatus, indicated that loss of 
N259 glycans could alter P4HA1 binding to collagen, thus 
decreasing collagen hydroxylation and secretion.

Reduced N259 glycosylation on P4HA1 decreased binding 
between P4HA1 and col 1α2 and attenuated proline 
hydroxylation on col 1α2

Lack of glycans on P4HA1 was reported to have no effect 
on its enzymatic activity in vitro [12, 13], but N259 gly-
cans on P4HA1 affected col 1α2 secretion in MEF cells. 
Therefore, the effect of N259 glycosylation on the interac-
tions between P4HA1 and col 1α2 in cells was assessed. 
Co-immunoprecipitation (Co-IP) of P4HA1 and col 1α2 
with anti-P4HA1 or anti-Type I collagen antibody showed 
significantly less P4HA1 which was associated with col 
1α2 in Stt3b-silenced cells (Fig. 6a, b, n = 3). The decreased 
association could impact on subsequent hydroxylation of the 
substrate (col 1α2).
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Fig. 4  Silencing Stt3b or Magt1 reduced VC-stimulated N259 gly-
cosylation on P4HA1. a Downregulation of Stt3a (white bars of 
top panel) did not reduce N113 glycosylation (middle panel) or the 
mRNA levels of Stt3b (black bars of top panel). NC: Stt3a-shR-
NAi-negative control; 1#: Stt3a-shRNAi-1#; 2#: Stt3a-shRNAi-2#. 
Immunoblotting showed that, in the absence or presence of VC, 
downregulation of Stt3a did not affect N113 glycosylation or N259 
glycosylation of P4HA1 or P4HA1 protein levels (n = 6). Silencing 
of Stt3b (b) or Magt1 (d) decreased N259 glycosylation on P4HA1 

induced by VC without affecting P4HA1 protein levels (left panel). 
qPCR confirmed efficient downregulation of Stt3b (b) or Magt1 (d). 
Silencing Stt3b did not affect the mRNA levels of P4ha1, Col1a2, 
and Magt1 (b). NC Stt3b-shRNAi-negative control; 1# Stt3b-shR-
NAi-1# (n = 4). However, silencing Magt1 enhanced Col1a2 but not 
P4ha1 and Stt3b mRNA levels (d). NC Magt1-shRNAi-negative 
control; 2# Magt1-shRNAi-2# (n = 4). c Incubation of cells with VC 
plus CHX at the same time for 6 h enhanced N259 glycosylation on 
P4HA1
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To prove that P4HA1 without N259 glycosylation 
hydroxylated fewer proline residues on col 1α2, col 1α2 
from Stt3b-silenced and control MEF cells was assessed by 
mass spectrometry. Although similar amounts of col 1α2 
were concentrated from Stt3b-silenced and control MEF 
cells (Fig. 6c), significant differences in proline hydroxyla-
tion on col 1α2 were noted. When Stt3b was silenced, col 
1α2 had reduced proline hydroxylation, especially on proline 
at sites 96, 294, 777, 795, and 1038 (based on numbering 
from the N-terminus of the immature protein) (Fig. 6d). 
However, the reduction of proline hydroxylation was not uni-
versal; significantly more hydroxylated proline was detected 
at sites 564 and 921 on col 1α2 (Fig. 6d). Similar results 
were observed for col 1α1 with reduced proline hydroxyla-
tion detected at eight sites and more hydroxylated proline 
found at four sites (Supplemental Fig. 7). Three sets of mass 
spectrometry results showed similar findings (Supplemental 
Table 1). These data supported the idea that VC-induced 
N-linked glycosylation of P4HA1 alters the association 
between enzyme and substrate and the subsequent proline 
hydroxylation and collagen maturation.

Discussion

Type I collagen is the most abundant collagen in the body 
and collagen production is essential for many physiological 
processes including tissue repair. Understanding how colla-
gen matures and is secreted will aid in understanding disease 
conditions due to deficiency or over-deposition of collagen. 
VC is a co-factor for collagen homeostasis in haplorrhini 
(including humans, guinea pigs, and some bats), which lack 
l-gulonolactone oxidase. Although the chemical reactions 
have been largely solved for proline and lysine hydroxyla-
tion on collagen [20–24], it remains unclear how specific 
proline and lysine sites on collagen are selected by these 
hydroxylases. Our studies show that prolyl hydroxylation is 
modulated by VC-induced enhancement of N259 glycosyla-
tion on P4HA1 (Fig. 6). However, N259 glycosylation does 
not seem to enhance affinity between P4HA1 and Type I col-
lagen, because no enrichment of N259 glycosylated P4HA1 
was detected in the Co-IP studies (Fig. 6b). The mechanism 
by which this occurs warrants further investigation.

Mammalian cells possess two oligosaccharyltransferase 
complexes (STT3A and STT3B) to catalyze N-linked gly-
cosylation, which may facilitate protein folding, enhance 
protein stability, modify immune recognition, and regulate 
protein interactions [25, 26]. Glycosylation of many NXT/S 
sites in glycoproteins is not reduced when Stt3a or Stt3b 
is silenced by siRNA-based method [27, 28]. Downregula-
tion of Stt3a or Stt3b does not affect N113 glycosylation on 
P4HA1. This could be due to low efficiency of downregula-
tion or to the existence of other oligosaccharyltransferase 

complexes. Work is in progress to understand this. In addi-
tion, the effect of N113 glycosylation on P4HA1 activity and 
collagen maturation remains unclear.

Downregulation of Stt3b or Magt1 does not eliminate 
VC-stimulated secretion of pepsin-resistant col 1α2 into the 
culture medium (Fig. 5c, d). Thus, there is an additional 
mechanism for VC-activated Type I collagen secretion. 
Interestingly, it has been reported that VC can stimulate pro-
collagen biosynthesis by enhancing the association between 
endoplasmic reticulum and ribosome [29]. Whether this is 
the mechanism responsible for the observed col 1α2 in the 
culture medium of Stt3b- or Magt1-silenced cells after incu-
bation with VC remains to be investigated.

When Magt1 is silenced, the level of Col1a2 mRNA is 
significantly elevated (Fig. 4d, right panel), without a con-
comitant increase in intracellular protein level of col 1α2 
(Fig. 5d). The explanation for this remains unclear. Col1a2 
translation efficacy or protein stability could be reduced.

It is reported that glycans on P4HA1 do not change its 
total enzymatic activity when purified enzymes are used to 
test enzymatic activity in vitro [12, 13]. In Stt3b-silenced 
cells, reduced N259 glycosylation decreases P4HA1 asso-
ciation with col 1α2 and altered hydroxylation of specific 
proline residues. The mechanism by which P4HA1 N259 
glycosylation alters P4HA1 association with col 1α2 or 

Fig. 5  VC-induced N259-linked glycosylation on P4HA1 altered col 
1α2 secretion. Enhanced col 1α2 in the culture medium and pepsin-
resistant col 1α2 could be detected 3  h after VC treatment of MEF 
cells (top two panels) (a) or when VC concentration was ≥ 40 μM (top 
two panels) (b). MEF cells were treated with 50 μM of VC for differ-
ent times (a) or with different concentrations of VC for 6 h (b). Col 
1α2 in cell lysates or in the culture medium was detected. Quantifi-
cation of collagen in the medium and N113/N259 and N113 glyco-
sylated P4HA1 confirmed a correlation between N259 glycosylation 
and collagen in the medium (a, b graphic pictures, n = 3). N113/N259 
glycosylated P4HA1 (or di-glycosylated P4HA1, Di-) is the top band; 
N113 glycosylated P4HA1 (or mono-glycosylated P4HA1, Mono-) 
is the bottom band. Silencing Stt3b (c, e, g) or Magt1 (d, f) reduced 
VC-induced pepsin-resistant col 1α2 in the culture medium (c, d) and 
VC-activated col 1α2 (red) entry into Golgi apparatus (green, indi-
cated by arrow) (e, f). However, silencing Stt3b did not alter P4HA1 
localization in ER (g). Stt3b- or Magt1-silenced or control MEF cells 
were treated with 50 μM of VC or without VC treatment for 6 h, col 
1α2 was detected in the cell lysates or in the culture medium (c, d) 
or was detected by confocal immunofluorescence staining (e–g). 
The ER marker KDEL-EGFP was expressed in Stt3b downregulated 
MEF cells. P4HA1 was labeled with polyclonal antibody specific to 
P4HA1. Most P4HA1 co-localized with KDEL-EGFP. Nuclear stain-
ing for P4HA1 was non-specific. Quantification of intracellular col-
lagen and pepsin-resistant collagen showed that silencing Stt3b or 
Magt1 significantly altered VC-induced pepsin-resistant collagen 
(n = 4). Laminin was used as a loading control for culture medium 
protein, whereas actin was used as a loading control for cell lysate. 
NT no VC treatment, VC VC treatment. Asterisk indicates col 1α2. 
Densitometry of immunoblots was quantified using Image J and 
depicted graphically

◂
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selection of proline residues for hydroxylation remains 
unknown. Silencing Stt3b and subsequent decrease in N259 
glycosylation of P4HA1 appear to reduce P4HA1 binding 
to its antibody when the antibody was used in Co-IP studies 
(Fig. 6a).

Although N259 glycosylation on P4HA1 modulates pro-
line hydroxylation, it does not have a universal effect on col 
1α2. In Stt3b-silenced cells, five proline sites of col 1α2 had 
decreased hydroxylation and two had increased hydroxy-
lation (Fig. 6). This suggests that N259 glycans fine tune 
the interaction between col 1α2 and P4HA1. Similar effects 
were detected for col 1α1. Identification of the mechanism 
by which the N259 glycans regulate proline hydroxylation 
at specific sites of collagen will require detailed structural 
studies.

Materials and methods

Antibodies and reagents

Ascorbic acid (A7506) and ethyl-3,4-dihydroxybenzoate 
(EDHB) (E24859) were purchased from Sigma-Aldrich 
(Darmstadt, Germany). GM130 rabbit polyclonal antibody 
(A5344), P4HA1 rabbit polyclonal antibody (A3999), Rab-
bit polyclonal antibody anti-Laminin (LAMC1) (A16020), 
Rabbit anti-HA-Tag polyclonal antibody (AE036), HRP-
conjugated goat anti-mouse IgG (AS003), goat anti-rabbit 
IgG (AS014), and HRP-conjugated rabbit anti-goat IgG 
(AS029) were purchased from ABclonal (Cambridge, MA, 
USA). Goat anti-human Type I collagen (1310-01s) anti-
body, which was shown to react to mouse Type I collagen, 
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Fig. 6  Lack of N259 glycosylation on P4HA1 reduces P4HA1 asso-
ciation with col 1α2. Co-IP was performed with anti-P4HA1 (a) or 
anti-Type I collagen (b) antibody (2 μg) using 1 mL of cell lysate. Co-
purified col 1α2 and P4HA1 were identified by immunoblot analysis 
using corresponding antibodies. IgG heavy chain was marked. Immu-
noblot analysis for col 1α2 was performed with 20 μL of cell lysate. 
The presence of N259 glycosylation on P4HA1 was indicated by two 
bands recognized by P4HA1 antibody. Statistical analysis showed 
that the presence of N259 glycans on P4HA1 significantly enhanced 
the association between col 1α2 and P4HA1 when Co-IP was per-
formed with anti-P4HA1 antibody (n = 3) (a) and anti-Type I collagen 
antibody (n = 3) (b). The ratio between P4HA1 and col 1α2 in control 
MEF cells was defined as 1. The relative ratio between P4HA1 and 
col 1α2 in Stt3b-silenced cells was calculated based on densitometry 
on immunoblots assessed by Image J using ratio between P4HA1 and 

col 1α2 from control cells as standard. c Immunoblotting with Type I 
collagen antibody confirmed that Type I collagen was loaded equiva-
lently from Stt3b-silenced or control MEF cells (indicated by asterisk 
and hash). The slices in a Coomassie brilliant blue stained gel corre-
sponding to the immunoblotting were cut and subjected to mass spec-
trometry analysis. d Significant differences in proline hydroxylation 
on col 1α2 were observed between Stt3b-silenced and control cells. 
The number of peptide containing specific proline sites identified by 
mass spectrometry was included in the bracket. p value was indicated 
for each proline site which showed significant differences in hydroxy-
lation between control and Stt3b-silenced cells. NC Stt3b-shRNAi-
negative control (white bars); 1# Stt3b-shRNAi-1# (black bars). Chi-
square analysis was used to analyze differences at each proline site on 
Type I collagen
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was purchased from Southern Biotech (Birmingham, AL, 
USA). Proteinase inhibitor cocktail (11697498001) and 
4′, 6-diamidino-2-phenylindole (DAPI) (10236276001) 
were purchased from Roche Diagnostics (Mannheim, Ger-
many). Alexa Fluor 555 conjugated donkey anti-goat IgG 
(ANT082) was purchased from AntGene Biotech (Wuhan, 
China). Alexa Fluor 488 conjugated donkey anti-rabbit IgG 
(A21206) was purchased from Invitrogen (Eugene, OR, 
USA). Protein G Agarose Fast Flow beads (16-266) were 
purchased from Merck Millipore (Darmstadt, Germany). 
PNGase F (P0704S) was purchased from New England Bio-
Labs (Beverly, MA, USA).

Fibroblast cell culture

MEF cells were purchased from ATCC and were grown in 
Dulbecco’s modified Eagle’s medium (DMEM; high glucose 
without ascorbic acid), supplemented with 1% antibiotic 
Penicillin–Streptomycin solution (PS) (03-031-1, Biologi-
cal Industries, Kibbutz Beit-Haemek, Israel) plus 10% fetal 
bovine serum (FBS) (04-001-1, Biological Industries, Kib-
butz Beit-Haemek, Israel). HFF cells and HEL cells were 
isolated and provided by Dr. Min-hua Luo at Wuhan Insti-
tute of Virology, Chinese Academy of Sciences, and used 
between cell passages six and ten. All cells were cultured in 
a 37 °C, 5%  CO2, 95% humidity incubator.

To evaluate the effect of VC on collagen production, all 
fibroblasts were seeded in 6-well plates and cultured for 
24 h in 10% FBS DMEM until reaching 85% confluence. 
Cells were then maintained in 1% FBS DMEM overnight 
and stimulated for 0, 1, 3, and 6 h in serum-free DMEM 
containing 50 μM VC or as indicated in the manuscript. At 
the end of treatment, conditioned media were collected and 
spun at 1000×g for 30 min (minutes). Collected media con-
taining Type I collagen were precipitated with 176 mg/mL 
ammonium sulfate for 24 h at 4 °C. Samples were then cen-
trifuged at 10,000×g for 1 h, and the pellet was solubilized 
in a solution containing 0.4 M NaCl, 0.1 M Tris, and pH 7.4.

The cells were rinsed twice with ice-cold phosphate-buff-
ered saline (PBS) and scraped into cell lysis buffer (20 mM 
Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 2.5 mM sodium pyrophosphate, 1 mM b-glycer-
ophosphate, 1 mM  Na3VO4, 1% Triton, 1 mM PMSF, and 
1× proteinase inhibitor cocktail) and sonicated at 1 J for 6 s 
on ice. The cell debris was removed by centrifugation and 
protein concentration was quantified using a Bio-Rad Protein 
Assay Kit II.

SDS‑PAGE and Western blotting analysis

To determine the level of type I collagen secreted from 
control and VC-treated fibroblasts, western blots were per-
formed on the cell lysate and conditioned media prepared 

as above. The samples were mixed with 4× sodium dodecyl 
sulfate (SDS) reducing sample buffer [40% glycerol (V/V), 
250 mM Tris–HCl pH 6.8 (V/V), 8% sodium dodecyl sulfate 
(W/V), 0.04% bromophenol blue (W/V), and 20% 2-mer-
captoethanol (ME) (V/V)]. The samples were then heated at 
100 °C for 10 min and loaded in a 7.5% SDS-PAGE. After 
electrophoresis, proteins were transferred to nitrocellulose 
membranes (HATF00010, Merck Millipore), which were 
further blocked with bovine serum albumin (BSA) in tris-
buffered saline (TBS) with 0.1% Tween-20 (TBST) at room 
temperature (RT) for 3 h and then incubated with anti-Type 
I collagen antibody (0.4 μg/mL), anti-Laminin antibody 
(1 μg/mL), anti-P4HA1 (1 μg/mL), anti-P4HA2 (1 μg/mL), 
or anti-actin antibody (0.2 μg/mL) overnight at 4 °C. Bound 
primary antibodies were detected with rabbit anti-goat, goat 
anti-rabbit or mouse HRP-conjugated secondary antibody 
(0.12 μg/mL), respectively. The amount of type I collagen 
was quantified by densitometry using the Image J software 
(NIH) and were normalized to actin loading controls. The 
data were presented as the mean ± SEM.

Intracellular and medium collagen stability in P4ha1 
silencing MEF cells

To determine intracellular collagen stability after P4ha1 
silencing, P4ha1-silenced or control MEF cells were incu-
bated with 100  μg/mL of CHX, the protein translation 
inhibitor, for various times. Cell lysates were collected and 
assayed by immunoblot analysis as indicated.

To determine medium collagen stability after P4ha1 
silencing, P4ha1-silenced or control MEF cells were treated 
with 50 μM VC for 3 h, and then 100 μg/mL of CHX was 
added for varying times (time 0 was defined as time of CHX 
addition). After treatment, cell lysates and media were col-
lected and assayed by immunoblot analysis as indicated.

Immunofluorescence (IF) staining

To investigate the effect of silencing Stt3b or Magt1 on 
Type I collagen’s entry into Golgi apparatus after VC treat-
ment, cells were seeded on confocal petri dishes (801002, 
NEST, China) and cultured for 24 h in 10% FBS DMEM 
until reaching 85% confluence. Cells were then maintained 
in DMEM containing 1% FBS overnight and stimulated for 
6 h in DMEM containing 1% FBS with 50 μM VC. After 
treatment, IF staining was performed to detect the col 1α2 
localization. The cells were rinsed twice with ice-cold PBS 
and then fixed with 4% (W/V) paraformaldehyde in PBS for 
10 min at RT. After washing three times, fixed cells were 
permeabilized with 0.1% (V/V) Triton X-100 in PBST for 
10 min. Permeabilized cells were blocked with 5% BSA in 
PBST for 2 h at RT. To detect the co-localization of col1α2 
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and Golgi apparatus, goat anti-type I collagen or rabbit anti-
GM130 antibody were applied for 2 h at RT. Bound primary 
antibodies were then detected with Alexa Fluor-conjugated 
donkey anti-rabbit or goat IgG. Nuclei were counterstained 
with DAPI (500 ng/mL) for 5 min.

To investigate whether silencing Stt3b affects P4HA1 sub-
cellular localization, Stt3b-silenced and control MEF cells 
were seeded on confocal petri dishes and cultured for 12 h 
in 10% FBS DMEM until 50% confluent. The ER marker 
EGFP-KDEL was transiently transfected in above cells with 
Lipofectamine 2000 reagent according to the manufacturer’s 
protocol. Briefly, the Lipofectamine 2000 reagent (6 μL) 
or vector (2 μg) was diluted in Opti-MEM Medium (150 
μL). The diluted vector was added to diluted Lipofectamine 
2000 Reagent (1:1 ratio). After 20 min incubation, the mix-
ture was added to the cells, and they were cultured for 24 h. 
Then, cells were maintained in DMEM containing 1% FBS 
overnight and stimulated for 6 h in DMEM containing 1% 
FBS, 50 μM VC. IF staining was performed as above.

Establishment of stable knockdown and knockout cell lines

To generate stable P4ha1, Stt3a, Stt3b and Magt1-silenced 
cells, shRNA against P4ha1, Stt3a, Stt3b, and Magt1 
were designed using online BLOCK-iT™ RNAi Designer 
software.

shRNAi against the above genes were subcloned into 
pLKO.1 Vector (VEC-PRT-0002,Oligoengine, US) accord-
ing to the manufacturer’s instructions. Briefly, the oligonu-
cleotide sequences were annealed and ligated into pLKO.1 
Vector at 22 °C for 2 h. The ligation product was trans-
formed into E. coli (DH5a). Positive clones were selected 
after EcoRI and NcoI digestion showing two fragments, a 
2 kb fragment and a 5 kb fragment.

Lentivirus particles were generated. Briefly, HEK293T 
cells were co-transfected with pLKO.1 recombinant con-
struct and the packaging plasmids pMD2.G and psPAX2 
(a gift supplied by Professor Cunyi Zheng, Wuhan Univer-
sity, China) for 72 h. Media were then collected and fil-
tered with a 0.45 μm filter. The shRNA retroviral stocks 

were used to infect MEF cells in the presence of 7.5 μg/
mL Polybrene (107689, Sigma, USA). The stably silenced 
cells were screened with 2 μg/ml puromycin (ant-pr-1, Invi-
voGen, USA) for at least 2 weeks. The interference effect 
was assessed with qPCR and immunoblotting. The target 
sequences by shRNAi are listed in Table 1.

To generate P4ha2 null MEF cells, CRISPR/Cas systems 
were used. The primers for P4ha2 knockout in MEF cells 
are listed in Table 1. To knockout P4ha2 in MEF cells, the 
primers (100 μM) were annealed and ligated to pX459. The 
recombinant plasmids were sequenced and transfected into 
MEF cells with Lipofectamine 2000 reagent according to the 
manufacturer’s protocol. Three day post-transfection, cells 
were screened with 2 μg/mL puromycin. P4ha2 knockout 
MEF cells were verified by DNA sequencing and western 
blotting.

RNA isolation and quantitative real‑time PCR (qPCR)

To evaluate whether silencing P4ha1, Stt3b, Magt1, or Stt3a 
in MEF cells influenced other genes expression, RNA was 
isolated from control and corresponding silenced cells using 
the total RNA purification kit (GeneMark, number TR01-
150, Taichung, Taiwan). RNA (1 μg) was reverse transcribed 
using a PrimeScript TM RT reagent kit (TaKaRa, number 
RR047A, Shiga, Japan). qPCR was carried out using SYBR 
Green Supermix (Bio-Rad, number 170-8882AP, Hercu-
les, CA, USA) on a Bio-Rad Connect TM real-time PCR 
instrument (CFX Connect TM Optics Module). Each reac-
tion volume of 10 μL contained cDNA templates, primer 
pairs, and SYBR Green Supermix. Amplification occurred 
after initial denaturation at 95 °C for 3 min, followed by 40 
cycles at 95 °C for 10 s, 53 °C for 15 s, and 72 °C for 15 s. 
β-Actin was used as a reference gene. Gene-specific primers 
are listed in Table 2.

Construction of plasmids

pHAGE-P4HA1 was constructed as below. Briefly, P4HA1 
was amplified with primers listed in Table 3 using the cDNA 
from MEF cells. The PCR amplified fragment was gel puri-
fied and digested with NotI and NheI at 37 °C for 2 h. The 
digested sample was further gel purified and ligated into 
pHAGE-CMV-MCS-IZsGreen vector by standard molecular 
biology techniques.

Constructs of pHAGE-HA-tagged-P4HA1 were amplified 
through insertion mutation with mutagenic primers listed in 
Table 3. Briefly, pHAGE-P4HA1 was amplified with muta-
genic primers containing influenza hemagglutinin epitope 
(HA) sequence. The amplified sample was digested with 
DpnI at 37 °C for 2 h. The digested sample was directly 
transformed into E. coli (DH5a). pHAGE-HA-tagged-
P4HA1-N113Q, P4HA1-N259Q, and P4HA1-N113Q/

Table 1  The P4ha1, P4ha2, Stt3a, Stt3b, and Magt1 sequences tar-
geted by shRNAi or sgRNA

Name sequence

P4ha1-shRNAi-sh3# 5′-GGA GTG CAA CAT AAG TCT TTC-3′
P4ha1-shRNAi-sh4# 5′-GCT GTC TAC TGT AGA TAA AGT-3′
Stt3b-shRNAi-sh1# 5′-GCT GCT TGC TTC ATT GCT ATC -3′
Magt1-shRNAi-sh2# 5′-GGA CTT GTG TAT CTG CGA AGA-3′
Stt3a-shRNAi-sh1# 5′-GCA TGC TGC TTA CTT ACT ACA-3′
Stt3a-shRNAi-sh2# 5′-GCT GTA ATG GTG CGT CTA ATG-3′
P4ha2-sgRNA-1# 5′-CGA TCT GAT TTA CGC AGA GA-3′
P4ha2-sgRNA-4# 5′-AGA TCA GCT GCC GAC CCC GA-3′
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N259Q (double mutations) were mutated with the corre-
sponding primers listed in Table 3.

The lentiviral packaging system consisted of one expres-
sion plasmid: pHAGE-CMV-MCS-IZsGreen and two 
packaging plasmids: pMD2.G and psPAX2. Generation of 
lentivirus particles containing WT and mutant P4HA1 was 
similar to shRNA retrovirus described above. The lentivirus 
stocks were used to infect P4ha1-silenced MEF cells.

Constructions of pcDNA3.1-EGFP-KDEL were amplified 
through overlap PCR with the corresponding primers listed 

in Table 3. The EGFP containing the amino acids KDEL was 
amplified from the pEGFP-N1 vector (the reverse primer 
containing the nucleotide sequence of KDEL motif). Signal 
peptide of calreticulin was amplified using the cDNA from 
MEF cells. These two DNA fragments were then mixed and 
annealed to obtain hybrid duplexes. The resulting hybrids 
were then extended and amplified to yield recombinant PCR 
products. The product was digested with NotI and XbaI and 
ligated into pcDNA3.1.

Glycosidase assay

PNGase F treatment was performed according to the manu-
facturer’s instructions. Briefly, MEF cells were stimulated 
with 50 μM VC for 6 h. Cell lysates were extracted and 
incubated with glycoprotein denaturing buffer. The samples 
were boiled for 10 min and then treated with PNGase F for 
1 h at 37 °C. PNGase F treated samples were then assayed 
by immunoblotting as above.

N113/N259 glycosylated P4HA1 and N113 glycosylated 
P4HA1 bands were quantitated by densitometry using Image 
J. Densitometry of collagen bands and glycosylated P4HA1 
bands were depicted graphically.

To investigate which glycosylation site was VC treatment 
dependent, stably transfected HA-tagged N113Q and N259Q 
P4HA1 cells were stimulated with 100 μM VC for 6 h. The 
cell lysates were treated with PNGase F as above and used 
for immunoblot analysis to assess glycosylation status of 
N113Q and N259Q mutated P4HA1.

To investigate if the STT3B/MAGT1 complex glyco-
sylated newly made P4HA1 or pre-existing N113-glycan 
form of P4HA1, MEF cells were maintained in DMEM 
containing 1% FBS overnight and treated for 6  h in 

Table 3  Primers used to 
amplify P4ha1 and EGFP-
KDEL and mutate P4ha1 

Gene name sequence

P4ha1
 Sense: 5′ATT TGC GGC CGC CAC CAT GAT CTG GGT TGT TTT AAT GA-3′
 Antisense: 5′-CTA GCT AGC TTC CAA TTC TGA CAG GGTG-3′
HA-tagged-P4ha1
 Sense: 5′-CGT AAA AAA CCC TGG ATG AGC GTA ATC TGG AAC ATC GTA TGG GT
AGG CTA AAG ACT GAG GAA G-3′
 Antisense: 5′-CTT CCT CAG TCT TTA GCC TAC CCA TAC GAT GTT CCA GAT TAC GCT 
CAT CCA GGG TTT TTT ACG -3′
P4ha1-N113Q
 Sense: 5′-ACT GCC TCT GAA TGG TTA GTT GAG AGA TGA AGC CAT CCGAC-3′
 Antisense: 5′-GTC GGA TGG CTT CAT CTC TCA ACT AAC CAT TCA GAG GCAGT-3′
P4ha1-N259Q
 Sense: 5′-GGT CGC CCG ACG CTG ACT TTT GGG CAT CTT TTT CTT TAC TCA -3′
 Antisense: 5′-TGA GTA AAG AAA AAG ATG CCC AAA AGT CAG CGT CGG GCG ACC -3′
Signal peptide of Calreticulin
 Sense: 5′-ATT TGC GGC CGC CAC CAT GCT CCT TTC GGT GCCG-3′
 Antisense: 5′-CAG CTC CTC GCC CTT GCT CAC TGC GGC GGC CAG GCC GAGGA-3′
Egfp
 Sense: 5′-TCC TCG GCC TGG CCG CCG CAG TGA GCA AGG GCG AGG AGCTG-3′
 Antisense: 5′-GCT CTA GAT TAC AGC TCA TCC TTG TAC AGC TCG TCC ATGCC-3′

Table 2  Primers used to amplify Col1α2, β-Actin, P4ha1, Stt3b, 
Magt1, and Stt3a from MEF cells

Gene name sequence

Col1α2
 Sense: 5′-GCG GTG AAG AAG GAA AGA GA-3′
 Antisense: 5′- CCA GGA GAC CCA GGA AGA C-3′
P4ha1
 Sense: 5′-CAA GCA GGA GGA CGA GTG G-3′
 Antisense: 5′-TGG GTT TGA AAT GGT GGC -3′
P4ha2
 Sense: 5′- GTG TGG ACG ACT GCT TTG G-3′
 Antisense: 5′-TTG ACA GTG ATT TCC CTC TTTCT-3′
Stt3b
 Sense: 5′-TGG TCC TTG CCT CCT ACA AT-3′
 Antisense: 5′-GCC AAT CAC TCC TCC GAA A-3′
Magt1
 Sense: 5′-TGT TAT TGG TGG ACT TGT GTATC-3′
 Antisense: 5′-GAA GAA CGA TGT GGG TTT CA-3′
Stt3a
 Sense: 5′-CCT GTC TGA TGC TCG GAT TT-3′
 Antisense: 5′-CCC ACT CGC CAC CTC ATT -3′
β-Actin
 Sense: 5′-CGT GCG TGA CAT CAA AGA GAAGC-3′
 Antisense: 5′-TGG ATG CCA CAG GAT TCC ATACC-3′
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serum-free DMEM containing 50 μM VC alone, or 50 μM 
VC plus 100 μg/mL CHX. After treatment, cell lysates 
were immunoblotted to visualize the glycosylation status 
of P4HA1.

Co‑IP

To detect the interaction between P4HA1 and col 1α2 in 
silenced or control MEF cells, Stt3b-silenced or control 
cells were grown in 10% FBS DMEM until reaching 85% 
confluence. The cells were then maintained in DMEM con-
taining 1% FBS overnight and treated for 6 h in serum-free 
DMEM containing 50 μM VC. Cell lysates were collected 
as above. Co-IP was performed with 2 μg of anti-P4HA1 
antibody or anti-Type I collagen antibody and their corre-
sponding isotype control antibodies. Briefly, 1 mL of cell 
lysate was incubated with P4HA1 or Type I collagen anti-
body and 40 μL of 50% slurry of protein G Sepharose beads 
(16-266, Merck Millipore) at 4 °C overnight. After washing 
six times with cell lysis buffer, the beads were boiled in 
40 μL 2× SDS reducing sample buffer. 20 μL cell lysates 
were used for Co-IP and proteins were separated on a 7.5% 
SDS-PAGE.

Liquid chromatograph–mass spectrometer (LC–MS)

To enrich media Type I collagen for LC–MS analysis, 
eight 15  cm Petri dishes of Stt3b-silenced and twelve 
15 cm Petri dishes of control cells were treated with VC 
as above. Conditioned media were collected and spun at 
1000×g for 30 min. Media containing Type I collagen 
were concentrated with Amicon Ultra-15, 30 K (UFC 
903001, Millipore). The concentrated media were mixed 
with 4× SDS reducing sample buffer and separated on a 
7.5% SDS-PAGE. The gel was stained by Coomassie bril-
liant blue. The slices corresponding to immunoblot con-
taining Type I collagen were cut off for LC–MS. The pep-
tide solutions were digested with trypsin and analyzed by 
Orbitrap Elite LC–MS/MS (Thermo, USA). Peptides were 
separated on the C18 Reversed Phase HPLC Columns 
(1.8 μm, 0.15 × 1.00 mm) at a flow rate of 600 nL/min with 
a binary gradient. Identification of peptides containing Pro 
residues and their hydroxylated forms was performed by 
searching the acquired MS/MS spectra against the Uni-
prot-Mus musculus.fasta using Proteome Discoverer 1.4 
software (Thermo). Quantitation of Pro 4-hydroxylation 
(4-Hyp) at a specific Pro site was calculated using the ratio 
of the number of peptides containing corresponding spe-
cific 4-Hyp site to the number of total peptides containing 
corresponding 4-Hyp and Pro site. The experiments were 
repeated three times.

Statistical analyses

Two major statistical tests were applied in this manuscript. 
When comparing the measurements under two treatment 
groups, a two-sample t test was performed to determine if 
the two measurements were significantly different. When 
comparing the proportions of two groups, a Chi-squared 
test was performed to determine if the two proportions were 
significantly different. All the experiments were repeated 
at least three times and analyzed by two-tailed t test. Den-
sitometry of immunoblots was quantified by Image J. Chi-
square test was used to assess the hydroxylated proline data 
obtained from Mass Spectrometry. Quantitative data were 
expressed as the mean ± standard error of the mean. p < 0.05 
was considered statistically significant.
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